EDITORIAL

National Conference “Sofia Electrochemical Days 2012” (SED2012)

The current issue of the Bulgarian Chemical
Communications consist of the papers, presented as
lectures and poster at the national conference “Sofia
Electrochemical Days” (SED 2012), having
international participants present, and held in Sofia
in 10 — 13 December 2012.

Following the last three successful conference
meetings, Sofia Electrochemical Days has
establishing itself as an important national forum
for exchanging information on the latest scientific
and technical developments in the field of
electrochemical science and technology. Sofia
Electrochemical Days 2012 (SED2012) brought
together both young and experienced Bulgarian and
international  scientists, engineers, university
researchers along with industry and government
employees to share results and ideas trough oral
presentations, poster and educational sessions, and
discussion.

Sofia Electrochemical Days 2012 noted 45 years
from the founding of the Academician Evgeni
Budevski Institute of Electrochemistry and Energy
Systems and 90 years from the birth of the founder
of the Bulgarian Electrochemical School Acad.
Evgeni Budevski.

SED2012 was co-organized by the Academician
Evgeni Budevski Institute of Electrochemistry and

Energy Systems - BAS, the Rostislaw Kaishew
Institute of Physical Chemistry - BAS and the
University of Chemical Technology and
Metallurgy. The conference was supported by the
Bulgarian Electrochemical Society, the Bulgarian
section of the International Society of
Electrochemistry, the Bulgarian Hydrogen Society,
and the Joint Innovation Centre of the Bulgarian
Academy of Sciences.

We would like to thank the SED 2012
participants for their contribution to the conference
success as well as for the warm and collaborative
atmosphere they created. We express our sincere
gratitude to the SED Organizing Committee, as
well as to the authors for their incentive
presentations, to the referees for their efforts in
reviewing the submitted manuscripts and the
Editorial Board of the Bulgarian Chemical
Communications for the publications in this issue.

Guest Editors:
Antonia Stoyanova
Reneta Boukoureshtlieva

Academician Evgeni Budevski Institute of
Electrochemistry and Energy Systems-
Bulgarian Academy of Sciences






Half a century of excellence

Founded in 1967 as the Central Laboratory of
Electrochemical Power Sources (CLEPS), the
Academician Evgeni Budevski Institute of
Electrochemistry and Energy Systems (IEES)
maintains the traditions of the Bulgarian Physical
Chemistry School of Stranski and Kaischev,
advancing electrochemical research. For five
decades already, IEES successfully applies
fundamental electrochemical research in the
development of novel electrochemical power
sources, provides international expertise in the field
of energy systems, and trains highly qualified
researchers and scientists.

Ever since the first years of its existence, the
Institute solves practical problems of the Bulgarian
battery industry:

e separators of unwoven fabrics and the first
plastic case for lead-acid batteries, introduced in the
Targovishte  battery plant, a number of
technological enhancements for the Bulgarian and
international lead-acid batteries production;

e primary  zinc-air  batteries,  successfully
introduced in the Samokov plant, provide power for
an electrical vehicle developed by CLEPS six
months earlier than General Motors. They power
the communication of the First Bulgarian
Himalayan Expedition and have been exported
continually in Poland and Germany;

e primary lithium batteries, ranking Bulgaria
among the first ten countries in the world to adopt
this advanced production.

The successful application of zinc-air batteries
for electrically driven vehicles continues with the
next generation of mechanically rechargeable zinc-
air batteries. A world record is achieved in
cooperation with a German innovation enterprise in
1997 during a competition in Salt Lake City (USA).

The expertise attained in the field of batteries is
efficiently directed towards novel and prospective
rechargeable systems. The Institute is an
internationally recognized research center for its
experience in the development of innovative ideas
and technologies.

IEES enters the 21st century with a new priority
— green energy and hydrogen energetics. Extensive
research is carried out at present on the production,
conversion and storage of hydrogen (fuel cells,
electrolyzers, metal hydrides).

Recently developed tools for e-science
implementation enhance the possibilities for
international cooperation and dissemination of the
avant-garde electrochemical testing and diagnostic
methods developed at the Institute.

IEES has a long-term tradition in intensive
international collaboration with other scientific
structures and firms. In the last ten years the
Institute has over 250 scientific and business
partners from 32 countries. More than 20 joint
investigations are contracted yearly with other
national and international institutions.

IEES started its participation in European
Programs in 1994. 14 successful projects have been
implemented up to now, five of which in the
Seventh Framework Program.

Since 2003 IEES is a European Centre of
Excellence in “Portable and Emergency Energy
Sources”. The institute is a host organization of
national and international scientific structures and
forums: European Internet Center for Impedance
Spectroscopy, publishing a free access electronic
peer reviewed journal; Bulgarian Electrochemical
Society; Bulgarian section of the International
Electrochemical Society; LABAT international
conference on lead-acid  batteries,  Sofia
Electrochemical Days — a national forum with
international participation; Technical Committee
TK64 for standardization in the field of Power
Sources.

Today the Institute’s staff comprises 90
employees. The academic staff consists of 7 full
professors, 5 professors emeritus, 5 honorable
professors, 11 associate professors, 30 assistants.
The auxiliary scientific staff includes 18 specialists
with  Master's or Bachelor's degrees. An
international consulting board elected by the
Scientific Board of the Institute aids by elaboration
of the scientific strategy of IEES.

IEES publicity relies on world renowned
scientists: Acad. Detchko Pavlov, Acad. Alexander
Popov, Prof. Zdravko Stoynov, Prof. Vesselin
Bostanov, Prof. lovka Dragieva, Prof. Raicho
Raicheff, Assoc. Prof. Anastasia Kaisheva, Assoc.
Prof. Prokopi Andreev, Assoc. Prof. Geno Papazov,
Assoc. Prof. Temelaki Rogachev.

I would like to congratulate the people who have
been in IEES since the establishment of CLEPS and
who are still actively devoted to the prosperity of
the Institute: Detchko Pavlov, Zdravko Stoynov,
Alexander Popov, Katia Veleva, Geno Papazov,
Petar Getmanov, Bogdana Parusheva, Margarita
Georgieva.

Prof.Daria Vladikova,
Director
Academician Evgeni Budevski Institute of
Electrochemistry and Energy Systems-
Bulgarian Academy of Science






Academician Evgeni Budevski — scientist and mentor

Acad. Evgeni Budevski is
a founder and the first
Director of the Institute of
Electrochemistry and Energy

Systems  (former  Central
Laboratory of
Electrochemical Power
Sources).

However, before the

establishment of CLEPS, he
was already world renowned
with his famous dislocation-
free single crystal.

The story starts in 1932 when Stranski and
Kaischew published their theory of 2-Dimensional
growth of “ideal” single crystals. For more than 30
years Acad. Kaischew pushed his assistants to
prove his theory experimentally. In 1958 the turn
came for the young Evgeni Budevski. He gathered
a small interdisciplinary team and finally
overcoming numerous obstacles the “perfect”
crystal was created at last.

The year was 1965. The theory was proven; the
atomically flat single crystal surface became the
ideal object for fundamental studies — nucleation
and growth, double layer structure, adsorption of
inorganic and organic species

But that is not all.... The dislocations problem
was of decisive importance in many other fields —
Metallurgy, Semiconductor  Electronics and
Materials Science. Only two years later and after
Budevski’s lectures in 15 American universities,
the leading Company Texas Instruments modified
our method and started to produce dislocation-free
silicon single crystals. Thus the highway for
microelectronics development was open.

1922 — 2008

At that time, the Bulgarian government decided
to establish the Central Laboratory for
Electrochemical Power Sources. The idea of Acad.
Pavlov to merge Budevski’s intelligence with the
large domestic battery industry was fruitful and
strategically sustainable. In just a few years,
CLEPS created several innovations adopted in
industrial production and soon became highly
recognized all over the world.

Being an excellent scientist, Evgeni Budevski
was also a careful director. He paid a lot of
attention to select gifted young chemists, physicists,
engineers and more experienced specialists. He was
our mentor — with his university lectures, during
everyday research work and in leisure — skiing,
camping, sailing and traveling. With his
intelligence, experience, and remarkable
personality he was the living standard for us. In our
eyes Budevski has grown as the perfect
international scientist — with hundreds of personal
relations worldwide, participating and organizing
dozens of international meetings, he was elected as
Vice-President of the International Society of
Electrochemistry.

Today, celebrating the 45th anniversary of IEES
(CLEPS), we are admiring the 90th anniversary of
Budevski’s birth, remembering with deep gratitude
Evgeni Budevski — our teacher, mentor and friend —
as we thank destiny for the chance to know the
remarkable scientist, manager, and human being
Evgeni Budevski.

Prof. Zdravko Stoynov

Academician Evgeni Budevski Institute of
Electrochemistry and Energy Systems-
Bulgarian Academy of Science
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Characterization of humidity sensors with Ce-modified silica films prepared via sol-
gel method
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Silica films modified by Ce-compounds have been deposited on corundum substrates with silver-palladium
electrodes. The depositions have been performed through dip-coating procedure of the substrates into sol-gel systems
composed by tetraethyl orthosilicate (TEOS) and cerous nitrate (Ce(NOs)s) as Si and Ce providers, respectively. After
posterior sintering of the obtained sensors at 400°C and 800°C, their electrical properties have been characterized by
means of precision impedance analyzer, in a humidity conditioning chamber. The respective superficial films have been
observed by scanning electron microscopy (SEM). As a result, the relation between the surface morphology and
electrical characteristics, as well as the properties of the investigated samples and their performance as humidity sensing

elements have been determined.

Key words: humidity sensors, sol-gel method, silica, cerium-dopant, impedance spectroscopy

INTRODUCTION

Humidity sensors are widely used in industry,
agriculture, medicine, for storage and transportation
of various products and raw materials, pieces of art,
etc. Various types of humidity sensors are known.
Ceramic and film elements based on metal oxide
materials, such as: Al;Os, TiO,, SiO2, SnO,, and
ZnO also belong to this group. They possess
numerous advantages, as a comparatively easy
manner of manufacturing, stability in aggressive
media, relatively low cost, etc. [1, 2].

One of the directions in the preparation of thin
film humidity sensing elements based on oxide
materials is by a sol-gel method [3, 4]. This method
makes possible the synthesis of nanostructured
ceramic  films. The specific features of
nanostructured materials should lead to humidity
sensing elements with improved parameters and
characteristics.

Humidity sensing elements based on SiO; are
less studied. Their application to the preparation of
humidity sensing elements with nanostructure is
promising, since it enables their integration with
other elements in the semi-conductor technology.
Previous studies [5-7] have investigated SiO»-based
sensor elements obtained by the sol-gel method,
using tetraethyl orthosilicate (TEOS) as a precursor.
The influence of humidity on sol-gel derived SiO,-
based films, doped with Fe;Os has also been

* To whom all correspondence should be sent:
E-mail: z_nenova@yahoo.com

studied [8, 9]. Cerium as an additive ingredient for
metal oxide humidity sensors excels other
frequently used dopants, because it corresponds to
the environmental regulations which impose severe
restrictions on the use of heavy metals [10, 11].

This paper proposes thin film humidity sensing
elements based on silica films, doped with Ce-
compound and prepared by a sol-gel method. The
characteristics and parameters of the sensing
elements obtained at different  sintering
temperatures have been investigated. Their
impedance characteristics and equivalent electric
circuits have also been determined.

EXPERIMENTAL
Sol-gel procedure

The initial sol was composed of 60 ml of TEOS,
,Alfa Aesar”- Karlsruhe (Germany), and 40 ml of
n-Buthanol (n-BuOH), preliminary heated up to
70°C in a covered beaker. The hydrolysis-
polymerization process was induced by the addition
of 2 ml of saturated solution (at room temperature)
of Ce(NOs3)s ,,Alfa Aesar”- Karlsruhe (Germany) in
concentrated HNOs. The sol-gel process was
performed at 70°C for 1 hour, on magnetic stirrer.
Finally, it was cooled at room temperature for 20
min. The sol-gel system obtained in this way was
left for one day at 5°C, in a covered vessel, in order
to avoid any evaporation of its ingredients, during
the polymerization process.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 11
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Film deposition

The film was deposited by a dip-coating
procedure by triple dipping of alumina substrates
with Ag-Pd electrodes. The sizes of the substrates
are 18x10x0.5mm, identical to those, used in
previous investigations [12, 13]. The procedure was
performed by subsequent dipping of the substrates
in the solution for 30 minutes at 70°C, and drying at
the same temperature. Finally, the samples were
sintered for 30 min, either at 400°C, or at 800°C.
The samples are marked as: S 400 or S_800,
respectively. Photograph of a sample, prepared as a
humidity sensor, is shown in Fig.1.

St TR 2 .

Fig. 1. Photograph of an investigated sample
Measurements

- Surface morphology observations: They were
performed by scanning electron microscopy (SEM),
in order to determine the morphological features of
the respective surface films. They were taken by
scanning electron microscope TESCAN, SEM/FIB
LYRA | XMU.

- Electrical characteristics and parameters: The
measurement of the impedance of the obtained
samples was taken by Precision Impedance
Analyzer 6505P, produced by Wayne Kerr
Electronics Ltd, at 500 mV of the excitation signal.
The influence of frequency was investigated in the
range from 20Hz to 1MHz. The investigated
samples were placed inside a humidity generator
VAPORTRON H-100BL, produced by BUCK
RESEARCH INSTRUMENTS L.L.C., which
provides conditioning of accurately controlled
humidity with maximal deviation of up to £1.5% of
relative humidity (RH). The range of relative
humidity used is from 30 to 93%.

RESULTS AND DISCUSSION

Scanning electron microscopy
Fig.2 presents low magnification SEM—images
of the surface of prepared samples S 400 and
S 800, sintered at 400°C or 800°C, respectively.
These images show that the sintering temperature

12

affects the size of the deposited aggregates of
primary crystals and the areas between them. The
size of these aggregates and areas between them
increases with the rise of sintering temperature.
Quartz, tridymite and cristobalite are the three basic
crystalline phases of pure SiO.. According to [14],
the phase transition of silica from quartz to
tridymite takes place at 870°C, whereas
transformation to crystobalite proceeds at a
temperature of 1470°C. Both sintering temperatures
used for the present research are lower than these
temperatures. Consequently, there are no phase
transitions of these types.
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Fig.2. SEM — images of samples: (a) S_400; (b) S_800

Electrical measurements
RH-impedance characteristics

The most widely used measure for humidity
determination is relative humidity (RH). It can be
defined as the percentage ratio of the measured
partial pressure of water vapours to the saturated
water vapours for given temperature [2]. The
performance of the obtained humidity sensors was
determined by impedance measurements at various
humidity levels and at 25°C. Fig.3 presents the
characteristics of samples S 400 and S 800 at
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different frequencies in the range from 20Hz to
1MHz and at a temperature of 25°C, where z is the
impedance and RH is the relative humidity.
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Fig. 3. Characteristics of samples: (a) S_400 and (b)
S_800 at a temperature of 25°C

The figures are similar for both samples — when
frequency increases, electric resistance decreases
but at the same time, to our regret, sensitivity to
humidity also decreases for both samples.

Sample S_400, sintered at a temperature of
400°C, exhibits higher sensitivity of impedance to
relative humidity in the range of 40-93 %RH. The
maximal sensitivity value is 7.0 MQ/%RH, 1.4
MQ/%RH and 166.5 kQ/%RH for 20Hz, 100Hz
and 1kHz, respectively. Sample S 800 has
exhibited practically a constant value of the
impedance for the 30-75%RH range, while at RH
higher than 75%, its impedance abruptly drops,
accompanied by enhancing its sensitivity, reaching

10.8 MQ/%RH, 2.4 MQ/%RH and 222.9kQ/%RH
for 20Hz, 100Hz and 1kHz, respectively. Thus, its
characteristics are of switching type.

The impedance of the samples decreases with an
increase in the relative humidity due to the
chemical and physical adsorption and condensation
of water in the areas between the deposited
aggregates. In the initial stage of adsorption there is
chemical adsorption of water molecules on the
surface of crystals [2]. The active role in this
process belongs to metallic atoms. They interact
with the water molecules to form hydroxyl groups
M-OH. In this way, the surface of crystals is
covered by a monolayer of water molecules.

After the formation of the first chemically
adsorbed layer, there is a second stage of physical
adsorption of water molecules on it. During this
stage, physical adsorption of water molecules
proceeds on the formed layer [2]. The physically
adsorbed layer is more weakly bonded to the
surface of crystals, only by intermolecular
interactions. The process of condensation of water
vapour depends on the size and distribution of the
areas between the deposited aggregates in the thin
film. The filling of areas of smaller size starts at
lower humidity, while the filling of areas of larger
size happens at higher humidity levels.

Based on the topographies of the samples from
the SEM images in Fig.2 and the investigations on
their electrical properties (Fig.3), it can be
concluded that an increase in the sintering
temperature causes enlargement of the size of the
areas between the deposited aggregates, lowers the
sensitivity of the elements at lower humidity, and
vice versa. This correlation of the size of areas
between deposited aggregates with the sensitivities
corresponds to the water vapour adsorption
mechanism described above.

Impedance spectra

The frequency characteristics z(f) and 0(f) of the
samples have also been studied, where z is the
impedance, and 0 is the angle, which change with
the change in frequency. Based on these
characteristics, the Nyquist plots of reactive
resistances on active resistances for samples S_400
and S_800 at various RH and a temperature of 25°C
have been obtained. Impedance spectra and
equivalent electric circuits for the sensor elements
are shown in Fig.4 and Fig.5.

In the absence of humidity, these plots are close
to a straight line which corresponds to Nyquist
plots of the initial films [15]. At lower levels of
humidity (in the case of 30% - Fig.4a and Fig.5a)

13



Z. P. Nenova et al.: Characterization of Humidity Sensors with Ce-modified Silica Films Prepared via Sol-gel Method

Nyquist plots are arcs from semicircles of very
large radii, and their equivalent circuit consists of a
resistance Ri and capacitance Ci; connected in
parallel.
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Fig.4. Nyquist plots and equivalent electric circuits for
sample S 400 at a temperature of 25°C and at relative
humidity of: (a) 30%; (b) 65 % and (c) 93%

This type of impedance spectra can be explained
by the prevailing type of electron conduction
through the base material and the adsorbed water in
the stage of chemical adsorption [15]. With an
increasing RH (Fig.5b — 65%RH for S_800) the
chemisorption enhancement and leakage current
increment lead to growing the curvature of the arc
and it gradually approximates a complete
semicircle. For sample S_400 this transition occurs
at humidity lower than 65%. Simultaneously, a
decrement in the sample impedance is observed
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related to the enhancement of this conduction. For
sample S_400 at 65%RH (Fig.4b), the equivalent
circuit is composed of two groups of resistance and
capacitance with parallel connection. The second
group of R2C; is explained by the appearance of
ionic type of conduction, as a consequence of the
presence of physical adsorption as well. Therefore,
the entire conduction mechanism is a combined
action of both electron conduction and ionic
conduction [15, 16]. In the Nyquist plots this is
shown with the initiation of a second semicircle
with a very large radius. For sample S 800 this
type of equivalent circuit and conductions is
observed at higher level of humidity of 93%
(Fig.5¢c) where the electron conduction still remains

significant.
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Fig.5. Nyquist plots and equivalent electric circuits for
sample S 800 at a temperature of 25°C and at relative
humidity of: (a) 30%; (b) 65 % and (c) 93%
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For sample S-400 at higher level of relative

humidity of 93% (Fig.4c) the ionic conduction is
higher compared to electron conduction, which is
illustrated by extending the predominance of the
second semicircle which turns into a nearly straight
line. The appearance of ionic conduction results in
sharp decrease in sample impedance. For sample
S_400 this happens at lower levels of humidity (at
humidity levels below 65%RH — Fig.4b). This
correlates also with the lower impedances of this
sample at lower levels of humidity (Fig.3).
On the basis of the impedance characteristics and
spectra, it can be concluded that the samples
sintered at 400°C, possess better sensing properties
to humidity, compared to those sintered at 800°C.
Therefore, it can be concluded that samples S_400
can be used as humidity sensing elements within
the range from 45 to 93%RH, and samples S_800
can be used as trigger switching elements for
humidity sensing.

CONCLUSION

Humidity sensing elements have been obtained
by deposition of SiO; films with the addition of Ce-
compound by a sol-gel method. Among the samples
investigated in the present work, increasing the
sintering temperature from 400°C to 800°C
increases the size of the deposited aggregates of
primary crystals and the areas between them,
leading to changes in the samples’ electrical
characteristics and parameters. Regarding the
application of the obtained samples as humidity
sensing elements, the best humidity sensing
properties belong to the samples treated for 30
minutes in solution with Ce(NOs); and sintered at
400°C. The samples, sintered at 800°C, can be used
as trigger switching elements for humidity sensing.
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(Pesrome)

[MosyueHu ca THHKH CJIOEBE OT CHIIUIMEB AMOKCU/, Jerupan ¢ Ce, BbpXy NOMJIOKKH OT JBYATYMUHHUEB TPHOKCH]L C
MPEBAPUTEITHO HAHECEHU CPeOBPHO-TATaIueB eliekTpoau. OTiaraHeTo Ha CIIOCBETE € U3BBPIICHO Ype3 METOAa Ha
MOTAlsHe Ha MOJJIOXKKHUTE B 30J-rel cucreMa oT tetpaetii oprocunukar (TEOS) u nepues nurpar (Ce(NOs)s. Cren
MOCJICIBAIIO CHHTepoBaHe Ha monydeHute obpasiu mpu 400°C u 800°C, ca u3cieBaHU TEXHHUTE CICKTPHYCCKHUTE
CBOHCTBa C IMOMOLITA Ha TPENU3eH HMIICAAHCEH aHAIW3aTOp KaTo Te ca IMOCTaBsSHM B KanuOpupaiia Kamepa 3a
BiaxHocT. [lodydeHuTe ciioeBe ca HaOJIIOMAaBaHH 4pe3 CKaHUpaIll eieKTpoHeH mukpockorn (SEM). Karo pesynrat e
ompejiefieHa BPb3KaTa MEXAy CTPYKTYpHaTa MOpPQOJIOTHS U EINEKTPUYECKUTE XapaKTePUCTHKU HA H3CIICABAHUTE
00pasiy, KaKTo U TEXHUTE CBOMCTBA U Bb3MOXKHOCTH 32 U3MOJI3BaHE KATO YyBCTBUTEIIHH EIEMEHTH 32 BIAKHOCT.
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Nowadays, the continuous rise of the Human population emerges diversification of the energetic sources, for
reliable energy supply. Furthermore, the sustainable development of the modern communities relays to environmentally
friendly energy production equipment. The apparent energy demand arisen during the last decades has promoted
remarkable scientific efforts for elaboration of entire new generations of photovoltaic elements (cells). In that means,
the present brief literature review is attempt to classify the basic types photovoltaic elements

Key words: Photovoltaics, Silicon Solar Cells (SSC), Copper Indium Gallium Selenide Cells (CIGS), Cadmium
Telluride Solar Cells (CTSC); Dye Sensitized Solar Cells (DSSC), Organic Solar Cells (OSC).

INTRODUCTION

Each system, composed by electron conductors
(electrodes), separated by ion  conductor
(electrolyte) can be considered as “electrochemical
system” [1]. The basic processes that proceed
inside  the electrochemical  systems  are:
electrochemical oxidation/reduction reactions on
the electrode surfaces (that proceed by participation
of electrons) and ionic transport between the
electrodes, through the electrolyte. In order to
work, all electrochemical systems require external
electric chain for delivery of electrons for the
respective electrochemical reactions. Additionally,
all electrochemical systems could be divided into
two general groups: (i) — electrochemical sources of
electricity (they convert the chemical energy of
spontaneous  electrochemical reactions 10120
electric power) and (ii) — electrolysers, and
Galvanic baths (for conversion of electrical power
to promote desirable electrochemical reactions). To
the former kind of electrochemical systems belong
all batteries from the most classical as the elements
of Danielli [2], Weston [3], Volta, [4], through the
widely used lead-acid accumulators (batteries) of
Gaston Planté [5] to the nowadays elaborating
lithium-ion batteries [6-10], and various kinds of
fuel cells [11-16].

Alternative approach for elaboration of new
generations of sources of energy is based on the
employment of the solar energy for excitation of
electrochemical reactions or metal/semiconductor’s
charge transfers on the interface between the

* To whom all correspondence should be sent:
E-mail: valentin_kitov@abv.bg

electrolyte and the electrodes. By that manner, the
thermodynamic demand for excitation of an
electrochemical reaction or alternatively electron-
hole charge transition can be satisfied by involution
of light energy via illumination. The response for
the necessity for development of systems for
elaboration of light induced energy sources is the
solar cells, or otherwise called “photovoltaics”. The
recent interest to these elements (devices) is
predicted from their potential application as sensors
for the industrial automation, as well [17].

In that means, the purpose of the present brief
review is description and classification of the
recently developed generations of photo-
electrochemical cells.

CLASSIFICATION OF THE BASIC TYPES OF
PHOTOVOLTAICS

As a result of the literature review, it was
established that there is a large variety of
photovoltaic elements (cells), but all they belong to
five general groups: Silicon Solar Cells (SSC),
Copper Indium Gallium Selenide Cells (CIGS);
Cadmium Telluride solar cells (CTSC), Dye
Sensitized Solar Cells (DSSC), and Organic Solar
Cells (OSC). All of them are based either on
conductor/semiconductor  junction, or photo-
activated electrochemical reactions. In the former
case, the light energy promotes electron-hole
transitions  through the  metal/semiconductor
interface, whereas in the latter case, photoactivated
oxidation/reduction reactions proceed on the
interface between electrolyte and electrode. Bube
[18] summarizes 6 kinds of semiconductor
junctions, according to the interface between the

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 17
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respective  semiconductors.  Completely all
electrochemical devices are based on
oxidation/reduction reactions on the

electrode/electrolyte interface, combined by ion
transport across the electrolyte.

Silicon Solar Cells (SSC)

It is the most widely spread kind of solar cells,
owing their origin since 1953 [19]. Cross-sectional
schematic view of such kind of photovoltaic
element is depicted in Fig. 1 [20].

g 00 &

I/
l"
1-3 a-Si-allo > Junction
-2 a-Si-allo > 2* Junction
} 3" Junction
-] a-Si-al r

Fig. 1. Schematic cross-section of multilayered triple
conjunction Si-solar cell [20].

Copper Indium Gallium Selenide solar cells (CIGS)

During the recent decades, large variety of
semiconductor non-electrochemical photovoltaic
elements (cells) have (has) been elaborated as an
alternative to the silicon ones. Among the most
favorite pretenders are the chalcopyrite CIGS and
the kesterite Cu»ZnSn(S,Se)s types of semi-
conductive materials, as is mentioned elsewhere
[21, 22]. As all the rest types of photovoltaics,
these cells are with multilayer structure, as well.
Example for this kind of solar elements is depicted
in Fig. 2.

In the construction, shown in Fig. 2, the p-n
transition proceeds on the Cu(InGa)Se2 — CdS.
This transition is excitised by ZnO photoactive
layer. The Indium Tin Oxide and the metallic
molybdenum perform the function of electric

18

contact layers for connection with the external
electrical chain.

O N {1

F|g 2. Schematlc illustration of CIGS —photovoltaic
[20].

Cadmium Telluride solar cells (CTSC)

Besides CIGS, cadmium telluride also can be
employed as adsorptive material. Nevertheless, Cd
is considered to be highly toxic metal. Its use is
limited by severe environmental restrictions [23].

0 800 O

- A _._-_'_~_.-.'- —

l-Al metal contact

Fig. 3. Cross-section of CdTe —solar cell [20].
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The organic chemical synthesis provides a great
variety of organic conductive materials as an
alternative to the application of heavy and toxic
metals. In that means, various materials as organic
dyes for Dye Sensitized Solar Cells, and even
entirely organic solar cells are object of intensive
research activities.

Dye Sensitized Solar Cells

These elements are based on photoactivited
(activated) electrochemical processes, unlike all the
rest photovoltaics. The interest to these elements
(cells) has been raised remarkably, after the
publications of O’Regan and Gritzel [24]. Its
construction is depicted in Fig. 4.

L % l@
3

. -
—

Oye-senstzed

Solar Cels

Light

TCO TIO;, © Dye Electrolyte
Fig. 4. Scheme of Dye Sensitized Solar cell [25]

The principle of function of these cells is based
on reversible electrochemical oxidation of iodine
ions (I — T) from (in) the electrolyte and their
diffusion through the electrolyte. This process
proceeds being promoted by photoactivation by dye
sensitized mesoporous titania [24 — 27]. This oxide
is considered to be non-toxic and biocompatible
and even appropriate for fabrication of implants [28
- 30], or drug delivers [31 — 33]. At last, this oxide
is described as a versatile material for large variety
of applications [34].

According to Stacow et al. [35], the
photosensitizers are substances, generally with
organic origin, able to transmit the light energy,
absorbed by them, to neighboring molecules.
Nevertheless, TiO, decomposes many organic
substances when is illuminated by UV light. This
fact means that titania is able to deactivate the
photosensitizer by its decomposition. In addition,
the presence of a liquid phase together with the
photosensitizer decreases the life time of these
elements. Furthermore, the simultaneous presence
of oxidized and reduced iodine ions in the bulk of
the electrolyte results in the recombination of the
former by their “quenching” by the reduced form.

As a result, difficulties related to the reaching of
high efficiency exist.

Among the most durable and reliable
photosensitizers are the tetrapyrole derivatives,
such as: porphyrines, chlorines, phatlocyanines and
naphtalocyanines. These compounds enable
formation of metal complexes, where the metallic
moiety could predetermine the optical properties of
the respective metal-organic complex [36]. The
properties of the respective metal-organic
photosensitizer could be rather easily modified by
involvement of different metal ions. Another
advantage of these substances is their tremendous
thermal and chemical durability, resulting in their
compatibility to TiO,-composed solids.
Additionally, in the same book, these compounds
are described as generally non-toxic and
environmentally friendly substances. Indeed, the
most famous presenters of these classes of
compounds are the chlorophyll [37] in the algae
and plants and the haemoglobin in the human and
animal’s blood [38]. Generally, the tetrapyrrole-
based dyes have various applications, for instance:
photodynamic therapy of cancer diseases, bleaching
of textile and paper, purification of air, or water
disinfection, as is mentioned elsewhere [39].

Various approaches for improvement of the Dye
Sensitized Solar Cells are available. The chemical
modification of TiO,, as DSSC layer enables
covalent binding with the organic photosensitizes,
in order to obtain a robust hybrid material (formed
by covalent bonded dye sensitizer on chemically
modified TiO, with maximal porosity and specific
surface area). Its activity could be supplementary
enhanced by its modification with by involvement
of transition metal ions, [40 - 43], noble metals [44,
45], or by other supplements [46 - 48] prior to dye
deposition.

Other approach for optimization of the DSSC
elements (cells) is the substitution of the liquid
electrolyte by solid state ones [49, 50]. However,
the solid state electrolytes supply unsatisfying
contact, as is established by Gong et al. [51]. In the
same article, they propose application of quasi-solid
(gel) electrolyte, remarking its advantages as: (i)
relatively high ambient ionic conductivity (6-8
mS.cm), (i) intimate interfacial contact with TiO,
and (iii) remarkable electrolyte stability. At the
initial step, the solvent with a low viscosity
penetrates the TiO,. The gels are considered as
“quasi-solid” state, because they are composed by
equally distributed liquid in the bulk of a solid
matrix [52].
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In quasi-solid electrolytes, framework materials
play an important role for providing of a liquid
channel for the I57/1” diffusion [53]. Examples for
such “quasi-solid” electrolytes by involvement of
nanoparticles [54 - 57], or organic gelator [58 - 63]
could be found in the literature. In [51] is
mentioned that an alternative direction for
optimization of the DSSC-elements (cells) is the
substitution of the iodine compounds by other
electrochemical mediators (electrolytes). Different
works are dedicated in this field [64 - 66].

Alternative direction for enhancing of DSSC
efficiency is via employment of carbon nanotubes
[67, 68]. They can be produced extremely easy by
simple spray pyrolysis of saccharose [69, 70].

Besides implementation of organic dyes,
fabrication of almost entire organic solar cells is
available, as well.

Organic solar cells

The organic chemical synthesis provides a great

variety of compounds composed by only several
elements: C, H, N, S, and O. In that means, the
Organic Solar Cells could be fabricated without of
any heavy metal (such as Cd), and rather less
amounts of semiconductors or novel elements.
Other advantage of OSC is that their industrial
fabrication could proceed at moderate temperatures,
without of remarkable energetic expense.
The functional principle of a typical organic solar
cell is described to be opposite to this of the light
emitting diodes [71]. When light is absorbed an
electron is promoted from the highest occupied
molecular orbital (HOMO) to the lowest
unoccupied molecular orbital (LUMO) forming an
exciton (see Fig. 5). In a PV device, this process is
followed by exciton dissociation. The electron
reaches one electrode while the hole must reach the
other electrode.

Sn-oxides could be SnO or SnO,, according to
the oxidation state of tin, whereas the most typical

a

Glass
— ITO
Input Organic material
; Al, Ca, Mg
LED mode

oxidation state of Indium is +3. In that means, the
difference the doping of Sn(IV)-oxide by In(lll)
promotes depletion of electrons (vacancies), while
the In(111) added Sn(l1)-oxide should possess excess
of electrons. When the element in Fig. 5-b is
illuminated, the organic substance becomes electric
conductor, and the more active metals from the
counter-electrode render their electrons to com-
pensate the electron vacancies in the InxSn;.xO4 **.

The conductivity of the organic substances
could appear only when they possess a
“conjugated” structure. This class of organic
substances has cyclic structures with subsequent
repetition of double bonds. They enable the
presence of delocalized =-molecule orbitals
enabling transmission of electrons through the
entire organic molecules [72]. All organic
substances with: (i) aromatic structures, (such as
benzene, naphthalene, the antraquinones,
phenantrenes); (ii) pyrrole (iii) aniline derivatives,
etc. possess electric conductivity. Among the most
appropriated organic conductors are the mentioned
in the previous section porphyrines and
phtallocyanines.

Regardless the apparent similarity between the
Dye Sensitized Solar Cells and the Organic Solar
Cells, the latter (e.g. OSC) are not electrochemical
devices, because any ionic transport is not involved
in their function. Consequently, the Organic Solar
Cells do not relay to the definition for an
“electrochemical device” [1].

Nowadays, there are various approaches for
optimization of the organic solar cells in both
directions of increasing of their efficiency, and
extending of their durability [73]. One of the basic
trends in the elaboration of new OSC is the
employment of junctions of more than one
polymer.

b

Glass

|_ ITO
Output

L

Organic material

Al, Ca, Mg

PV mode

Fig. 5. lllustrations of light emitting diode (a) and organic photovoltaic element (b) [71], ITO - Indium Tin Oxide
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Here should be mentioned that when elements as
O, S, or N are included in the organic compound, it
could reveal semiconductors properties. The reason
for these properties is the aptitude of these elements
to change their oxidation state (for example N(III)
— N(V); SUI) — S(VI), etc.). In that means
various polymers of organic substitution derivatives
are investigated [74 — 80]. Involvement of carbon
nano-particles is also described in the literature [73,
81]. Besides, there are technologies for their easy
production [69, 70].

The main disadvantages of the organic solar
cells are their relatively low efficiency [73], and
low durability. The main processes of deterioration
of these elements are: water and O2 uptake that
lead to corrosion of the metallic electrodes,
decomposition oxidation and hydration of the
organic stuff as is describe in detail, elsewhere [82].

CONCLUSION

As a result of the literature review done, several
important conclusions were reached:

The photovoltaics can be divided into five main
groups: (i) - Silicon Solar Cells (SSC), (ii) - Copper
Indium Gallium Selenide Cells (CIGS), (iii) -
Cadmium Telluride solar cells (CTSC); (iv) - Dye
Sensitized Solar Cells (DSSC), (v) - Organic Solar
Cells (OSC). The former three groups are
completely composed by inorganic materials,
whereas the latter two contain organic compounds
in their structures.

The latter two groups of PV are more
perspective for R & D, then the former, because
they are relatively newer classes, and do not require
toxic or environmentally incompatible elements,
such as cadmium.

From all five groups of PV, only DSSC can be
considered as photoelectrochemical devices,
because of presence of purely electrochemical
processes of oxidation/reduction and ion transport
between the electrodes.
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KITACUOUKALIMA 1 DYHKIIMOHAJIHA XAPAKTEPUCTUKA HA OCHOBHUTE
BUJIOBE ®OTOBOJITAMYHU EJIEMEHTHU

B. boxxunos*, C. Koxyxapos, E. byoes, M. Maukoga, B. Koxxyxapos
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(Pesrome)

B JAHCIIHO BpEME, IMOopaad HEIPCKbCHATOTO YBCJINYABAHC Ha HACCIICHUETO Bb3HUKBA I[I/IBepCI/I(l)I/IKa].[I/IH Ha
CHepFHﬁHHTe HU3TOYHHIIH. OcBen TOBa, YCTOﬁQHBOTO Ppa3BUTHEC Ha CBHBPEMCHHOTO O6H.ICCTBO CC TPOMCHS KbM
MMPpOU3BOACTBO Ha €KOJOTUYHO YHUCTA CHEPIHA. Bucoxoto HOTpe6J’IeHI/I€ Ha CHCPIud Mpe3 MOCICAHUTE NCCETUIICTHA €
HACbpPYIUIO 3a0€JIeKUTEITHO HAYYHUTC H3CJICABAaHUA 3a pa3pa60TBaHe Ha ICJIM HOBH ITOKOJICHHUA q)OTOBOJ'ITaI/I‘IHI/I
CICEMCHTHU (KJ'IGTKI/I). B T03m cmucha me 6’52[6 OpeACTaBCH KPATbK JUTCPATYpPCH 0630]3 Ha OCHOBHHUTC BHOBEC

(I)OTOBOJ'ITaI/I‘{HI/I CJIICMCHTH.
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The aim of the present research work is to elucidate the influence of various conditions on the spontaneous
deposition of cerium conversion layers from solutions of diammonium pentanitrocerate (NH4),Ce(NOs)s on D16 AM
clad alloy, via dip-coating, and to perform posterior comparative analysis on both the performance and features of the
obtained coatings. Their characterizations are done by means of durability tests in a model corrosive medium,
composed by 3.5% NaCl solution, combined by regular electrochemical measurements, and subsequent morphological
characterizations. The former were executed by Electrochemical Impedance spectroscopy (EIS) coupled by Linear
Sweep Voltammetry (LSV), whereas the latter were performed by Scanning Electron Microscopy (SEM), combined by
Energy Dispersive X-ray Analysis (EDX). As a result, the optimal conditions for deposition of cerium conversion layers

via dip-coatings are determined.

Key words: Aluminium alloy, corrosion, EIS, LSV, SEM, EDS

INTRODUCTION

The metal alloys encounter extreme importance
for all kinds of aircraft, automobile, railway,
pipeline and marine transport. Nevertheless, they
always possess considerable aptitude to suffer
corrosion. On the other hand, the recent
environmental restrictions [1 - 4], emerge the
application of environmentally friendly compounds
for coating depositions. In that means, intensive
research activities for application of Ce-compounds
as corrosion inhibitors or coating ingredients on
steels [5 — 9], aluminium [10 - 15] or magnesium
[16, 17] alloys have been undertaken. The real
coating systems are multilayered, and each layer
has its own function, contributing to the entire
coating system [18 — 20].

In that means, the Cerium Conversion Coatings
(CeCC) can serve as an excellent base for primer
and finishing layers, providing better adherence of
the upper layers, and active corrosion protection via
“self healing” effect [21, 22]. Arenas describes the
conversion coatings as products of chemical or
electrochemical process, consisted on formation of
a metallic oxide, with different properties, being
substitute of the native superficial oxide layer of the
respective substrate [22]. Undoubtedly, the features
and performance of the CeCC are predetermined by

* To whom all correspondence should be sent:
E-mail: stephko1980@abv.bg

the metallic surface prior to deposition, as well as
the deposition conditions. Conde et al. [23] remark
that the obtaining of desirable covering layer passes
through chemisorption processes on the superficial
oxide layer of the aluminum that could be described
in brief, as follows:

—Al—OH,* < —AIOH + H* (1)

—AI—OH + Ce3* < [—AI=0...Ce(lIN]** +2HT  (2)
According to them, this chemisorption process
passes via formation of intermediated complexes on
the metallic surface, such as: Al-O-Ce-(OH),*".
This intermediate process is crucial for the
formation of adherent protective film instead of
colloidal precipitates and sediments in the solution.

Taking into account that the superficial oxide
layer of the aluminum consists simultaneously on:
Al;O3, AI(OH)s and AIO(OH) phases [24], it could
be assumed that the composition of the oxide layer
has extreme importance for the formation of well
defined adherent protective layer, instead of
precipitates and sediments. The oxide layer as
structure and composition depends so on the
preliminary treatment applied, so on the pH of the
medium during the deposition.

Besides the metallic superficial composition and
roughness, the Al-oxide layer composition, the bulk
and localized solution pH, concentrations of
reactants, products and additives, reaction time and

24 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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temperature, are some of the more important
parameters that must be controlled [21].

The aim of the present research activities is to
follow the correlations between several important
parameters of CeCC deposition and combinations
of them on the features of the respective coatings,
and their performance in a model corrosive medium

EXPERIMENTAL

Metallic substrates

Clad alloy D16 AM, classified by GOST
172342-99 [25] delivered by Klockner Metalsnab
(Bulgaria) was used as a substrate material.
According to the standard, this aluminium alloy
contains: Cu, 3.8 — 4.9 %w;; Mg, 1.2 — 1.8%.; Fe
0.5%ut, Si 0.5 %ut, Mn 0.3 — 0.9 %wi, Zn 0.25 %ws,
Ti — up to 0.15%u, Cr — up to 0.10%.: as alloying
elements. Five coupons with equal sizes of
40x40x4 mm have passed different treatments and
subsequent depositions.

Preliminary treatments

All the substrates have passed preliminary
superficial treatment, either by only mechanical, or
combined with alkaline etching and acidic
activation, according to the following procedures:

- Mechanical grinding: All of the samples
underwent mechanical treatment. It was performed
by subsequent grinding with: 250, 500, 800 and
1000 grit SiC emery papers, followed by cleaning
with tap — and distilled water.

- Alkaline etching: The chemical treatment was
executed by etching in 50 g/l. NaOH aqueous
solution for 2 minutes at 55 °C. Afterwards, the
plates passed vigorous cleaning by tap and distilled
water. Finally, the samples have passed acidic
activation in HNOs: H,O (1:1) for 10 minutes at
ambient temperature. After each stage of
preliminary treatment, the plates passed vigorous
cleaning by tap and distilled water.

Deposition conditions:

The deposition procedures were performed by
dip-coating for 2 hours into the respective coating
solutions at 55 °C in thermostat. All of the coating
solutions contained (NH,).Ce(NOs)s, NaCl, H20- in
distilled water. For the purpose of the investigation,
the  respective  ingredients had  different
concentrations. Only the NaCl was always added to
be 35 g. per liter of the coating solution. The
compositions of the solutions and the preliminary
treatments are ordered in Table 1. Taking into
account the extreme importance of pH of the
coating solution, it was maintained by Lourier
buffer [26]. It was prepared by mixing of two initial

solutions in appropriated relation. Solution 1 was
obtained by dilution of 8.5 ml of 36% HCI, up-to
1000 ml. Solution 2 was prepared by dissolving of
7.5 g. glycine and 5.85 g. NaCl in 1000ml. of
distilled water. The final buffer solution was
obtained by addition of 600 ml of solution 2 to 400
ml. of solution 1, in measuring flask.

Measurements and characterization

Electrochemical measurements - A three-
electrode electrochemical flat cells with 100 ml. of
3.5%wt. NaCl solution were used for all
electrochemical measurements. Circular section
(area equal to 2 cm?) from each sample surface was
selected as a working electrode (WE). The counter
electrode (CE) was a platinum net with two orders
of magnitude larger area than that of the working
electrode in order to avoid the influence of its
surface capacitance on the experimental results. All
WE-potential values were measured versus a
commercial Ag/AgCIl — 3M KClI, referent electrode,
model 0726100, produced by Metrohm, with
potential E(Ag+/AgCl) = 0.2224 V. The
polarization and impedance measurements were
carried out by means of a potentiostat/galvanostat
AUTOLAB PG 30/2 of ECOCHEMIE,
Netherlands, supported by a frequency response
analyzer FRA-2. In order to avoid the influence of
the external static electric  fields, the
electrochemical cell was inserted in a Faraday cage.

- Electrochemical impedance spectroscopy:
Frequency range: between 10* and 102 Hz,
distributed in 7 steps per decade, at signal
amplitude: 10 mV vs. OCP.

- Cathodic polarization curves - in range:
from (OCP -500 mV), to (OCP + 10mV) with
potential sweep range: 1mV/s.

- Anodic polarization curves - in range: from
(OCP -10 mV), to (OCP + 500mV) with potential
sweep range: 1mV/s.

- Surface observation — The observations via
SEM were executed only on the best samples (e.g:
these specimens, that showed the highest barrier
abilities) using Scanning Electron Microscopy
(SEM), (TESCAN, SEM/FIB LYRA | XMU). The
SEM observations were combined by Energy
Dispersion X-Ray Spectroscopy (EDS), performed
by E, (Quantax 200 of BRUKER detector),
connected to the SEM-device.

RESULTTS AND DISCUSSION
Comparison of the impedance spectra:

Fig. 1 represents three impedance spectra in
Bode (a) and Nyquist (b) plots of the first three
samples, coated either in solutions with different
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Table 1. CeCC coatings and conditions of their preparations

sample Basic Concentration oH Presence Quantity of Preliminary
compound (M) of buffer H,Oo (ml /1) treatment
P1 (NH4)2Ce(NO3)s 0.10 2.00 + 25 Only mechanical
P2 (NH4)2Ce(NO3)s 0.10 2.00 + 25 Mechanical and
alkaline
P3 (NH4)2Ce(NOs3)s 0.05 2.00 - 25 Mechanical and
alkaline
P4 (NH4)2Ce(NOs3)s 0.05 2.61 - 25 Mechanical and
alkaline
P5 (NH4)2Ce(NOs3)s 0.10 2.00 + 50 Only mechanical
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Fig. 1. Bode (a) and Nyquist (b) plots of the El-spectra of three samples of Group 6. 1 — sample P1; 2 — sample P2; 3 —

sample P3

concentrations of (NH4)2Ce(NO3)5, or
different preliminary treatments.

It is obvious that the first sample P1 remarkably
excels the other two. The real part Z’ of its Nyquist
plot reaches 15 kQ.cm? (curve 1), while the rest two
stay between 3 and 5 kQ.cm? (curves 2 and 3). The
first one (P1) is prepared by higher content of
cerous ammonium nitrate, as the second one (P2),
but its substrate was prepared by only mechanical
grinding in contrast to specimens P2 and P3.

This fact means that the alkaline preliminary
treatment procedure possesses generally
detrimental character. Although this approach is
widely used for pretreatment of Al-alloys, it
obviously  modifies the metallic surface
composition. In alkaline media, the Cu-containing
Al alloys suffer preferential dissolution of the Al
matrix surrounding the Cu-intermetallics. That is
the reason for undermining and removal of the Cu-
containing particles and the resulting superficial
copper depletion. Furthermore, its impact is much

after
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more remarkable than the concentration of the basic
substance in the coating solution. This fact is also
obvious, because the difference between the
samples prepared by 0.1 or 0.05 M of
(NH4)2Ce(NO3)s (curves 2 and 3) is negligible,
compared to the difference of the preliminary
treatment approaches (curves 1 and 2).

Regardless the weak difference between the
samples coated by 0.05 and 0.1 M Ce-salt solutions,
the one with lower Ce-content seems to possess
better barrier properties (curves 2 and 3 in Fig. 1).
Obviously, the presence of buffer compensates the
double Ce-addition, by hindering of its deposition.
Probably, it does not allow the local pH increment
necessary for CeCC deposition, by formation of
Ce(OH)3/Ce(OH). species. Besides, in the case of
double addition of the Ce-compound (sample P2),
the relation of the addition of H,O, to the basic Ce-
substance decreases. In other words, the coating
solution for P2 contained 25 ml/l of H,O, for 0.1 M
(NH.).Ce(NOs3)s, and this relation was twice higher
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Fig. 2. Bode (a) and Nyquist (b) plots of the El-spectra of CeCC coatings deposited after mechanical pretreatment and
different H,O, additions: 1 — sample P1, after 48 hours of exposition; 2 — sample P5 after 48 hours of exposition; 3 —
sample P1 after 168 hours of exposition; 4 - sample P5 after 168 hours of exposition

for sample P3 ( prepared with 25 ml/l. H.O, but
only 0.05 M. Ce-salt). That was the reason to
compare the barrier ability and durability of two
samples with equal addition of 0.1 M Ce-salt, and
different additions of H.O.. The additions of the
peroxide were 25 and 50 ml/l, for P1 and P5,
respectively.

Experiments on samples with only 0.01 M
content were performed, as well. All of the samples
revealed completely unsatisfying results, regardless
the preliminary treatment approach, oxidant
additions, duration and temperature of coating
deposition, applied on the respective substrate. This
fact was the reason to terminate any further
measurements on samples coated by this
concentration of the Ce-compound.

Figure 2 contains impedance spectra, recorded
for both mechanically pre-treated samples P1 and
P5, after 48 and 168 hours of exposition to 3.5%
NaCl model corrosive medium.

The spectra after 24 h of exposure had not clear
shapes because the data points were strongly
dissipated. This fact imposed evaluation of the
sample barrier abilities by the spectra acquired after
48 hours (curves 1, and 2). The log|Z| = f(log(f)
curve of the Bode plot for the sample with 50 ml / |
of H,O,, at 0.01 Hz is by almost entire order of
magnitude higher than this of the sample with only
25 ml/l of the oxidizer. The respective Nyquist
plots reveal even higher difference. The analysis
via “find circle” function, reveals that the total
resistance Riw = Rp + Rcoat possess 15 kQ.cm?,
compared to 50 kQ.cm? On the basis of all these
observations, it could be concluded, that the
optimal ratio between the oxidizer and the basic

ingredient is about 500 ml. of 30% H-O,, for each
mol of (NH4).Ce(NOs)s. This optimal ratio is
correct only for the investigated system (i.e:
between 0.05 and 0.1 mol of the Ce-salt, or P3, and
P5, respectively). This ratio allows obtaining the
highest barrier ability for the investigated system.

Nevertheless, it could be also concluded,
comparing the curves 3 and 4 that they almost
overlap. These curves were recorded after 168
hours of exposition of samples P1, and P5 to the
corrosive medium. Regardless the fact that the P5
slightly excels P1, after one week of exposition the
former one has obviously lost its barrier ability,
(curves 2 and 4). The clear difference between the
spectra recorded after 48 and 168 hours of
exposition to the corrosive medium for the sample
P5, reveal its low durability in these conditions.

Influence of pH of the coating solution was also
followed. The pH value was maintained to be 2.00
by correction via dropping of HCI : H.O (1 : 3).
However, the sample P3 (prepared by mechanical
and alkaline treatment of the substrate, and coating
by 25 ml/l. H,O, and 0.05 M. Ce-salt, with
corrected pH = 2.00) was repeated by another
sample P4, but with its own pH = 2.61.

The comparison between the spectra of samples
P3 and P4 reveals that the specimen, coated by the
bath with pH = 2.61 has much better barrier ability,
than this one, with the pH = 2.00 corrected by acid
addition. The log|Z| value at 0.01 Hz, for P4 excels
by 1.5 orders of magnitude this one of P3.
Additional difference between the respective Bode
plots is that the curve ¢ = f(log(f)) possesses two,
clearly distinguishable maxima. This fact
undoubtedly evinces the presence of two superficial
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layers. It could be supposed that during the
deposition of the Ce-conversion coating, additional
oxide layer grows, due to the acidic nature of the
coating solution. These conditions cause
supplemental growth of Al-oxide layer on the
sample P3, as well. However, because of absence of
uniform film of CeCC, in the case of P3, its ¢ =
f(log(f)) curve has only one maximum at the middle
frequencies. It is originated from the Al-oxide layer
appeared in the conditions, described above.

After 168 hours of exposition, the spectra
remain their shapes. This fact is indication for the
relatively good durability of both coatings. The
Nyquist plots of P4 show that the real part (i.e: Z°)
of the semi-circles decrease from relatively 55
kQ.cm?, detected at 48 hours of exposition to 20
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kQ.cm? , after one week of exposure (Compare Fig.
3 (a, b) and (c, d)).

Linear polarization curves

When the cathodic curves acquired after 24 h.
are compared, it becomes obvious that the buffer
stabilizes the deposition process. The specimens
P3, and P4, prepared without buffer reveal
deviation from the rest. However, the lowest
cathodic current density belongs to P4, whereas the
highest one relays to P3. As a result, current density
of the coating deposited at pH = 2.61, without
buffer is about entire order of magnitude lower than
the buffer assisted coatings. Reciprocally, the other
coating deposited without buffer at pH = 2.00
possesses the highest current density.

70
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Fig. 3. Electrochemical Impedance Spectra recorded after 48 (a) and 168 (b) hours of exposure of two samples with
different pH of the coating solutions. 1 — specimen P3; 2 — specimen P4.
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The respective anodic curves confirm the
statements done for the cathodic ones. The lowest
current density belongs to P4. In addition, the
largest passivity region (between -760 and -410
mV) is attributed to this sample. The length of this
region is described in [27] as a measure for
“strength against pitting nucleation”. This measure,
together with the lower corrosion current densities
in both the cathodic and anodic polarization curves
indicate that the barrier ability of sample P4 excels
these of all the rest specimens in this study.
Obviously, the relatively higher pH value (pH =
2.61) prevents severe attack to the oxide layer on
the matrix, observed at pH = 2.00.

After 168 hours, the current densities of the
respective cathodic and anodic curves for P4 still
remain with up to about an order of magnitude
lower than the rest, although the remarkable
shortening of the passivity region of its anodic
curve. Both these facts indicate that after 168 hours
of exposition, the specimen prepared at higher pH
is relatively more durable than the rest samples,
regardless the loss of its strength against pitting
nucleation.

Morphological characterization of the samples

The different behavior of the samples in
corrosive medium reflect their individual structures,
as consequence of the conditions applied for the
deposition of the respective coatings. On the other
hand, the structures of these coatings could be
assessed by their superficial morphologies. For
these reasons, SEM — observations were executed
for description of the topographies of the coating
surfaces. The respective SEM — images are shown
in Fig. 5.

The SEM images reveal that the samples possess
completely different morphologies. Even the
preliminary treatments of the substrates result in the
mechanism of coating deposition (compare
positions (a) and (b)). The former has equally
distributed morphology, while the latter reveals
additional layer of deposits. The ratio between the
Ce-salt, and the oxidant renders its influence, as
well. The additional deposits observable for the
sample P2 are presented neither for sample P3, nor
for P4 (see positions (c) and (d)). This fact means
that because of the lower content of oxidant,
compared to the Ce-salt in the case of sample P2,
there is not enough intensive precipitation of Ce-
oxides/hydroxides.
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Fig. 5. SEM topological images of the investigated samples: a - specimen P1; b — specimen P2; ¢ — specimen P3; d —
specimen P4
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Fig. 6. EDS topological images of the investigated samples: a — specimen P1; b — specimen P2; ¢ — specimen P3; d —
specimen P4
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As consequence, the coating deposition passes
accompanied by corrosion process. That is the
reason for the coverage of the Ce-coating by
corrosion products, such as AI(OH)s. The
comparison between samples P3 and P4 (positions
(c) and (d)) shows that the pH has strong influence
during the deposition process. The unique
difference between the samples is that the former
coating was deposited at pH = 2.00, while the latter
is done at pH = 2.61. The corresponding coatings
possess entirely different morphology.

The EDS map analysis confirms the conclusions
done for the SEM observations. The superficial
sediments that cover the coating of P2 (see position
(b), Fig. 6) are almost entirely composed by Al -
compounds.

CONCLUSION

New electrolyte was elaborated, for deposition
of Cerium based conversion coatings (CeCC) for
protection of D16-AM alloy against corrosion. The
cerium salt - Diammonium pentanitrocerate was
used, in which, contrary to all rest electrolytes used
up to nowadays, the Cerium is represented in the
anionic moiety.

During its development, the influence of various
conditions was elucidated, related to the
preliminary treatment, the composition of the
electrolyte, and the deposition regime.

It is demonstrated that the preliminary treatment
has remarkable importance for the features of the
coatings. Two basic approaches were employed for
preliminary treatment of the D16-AM substrates:
only mechanical grinding, or in combination with
alkaline etching, and acidic activation. It is
established that the coatings deposited after only
mechanical treatment results in uniform films.

It is ascertained that the best Cerium Conversion
Coatings are obtained by the following electrolyte
composition: concentration of the Ce-salt 0.05 up to
0.1 M; molar ratio between the peroxide and the
Ce-salt, from 4 to 8; pH about 2.6; and NaCl
content — 35¢g/1.

It was observed that during the CeCC
deposition, pH of the coating solution rises,
resulting in undesirable precipitation of Ce-
oxides/hydroxides. The maintenance of the
electrolyte pH, in narrow optimal interval and to
avoid the precipitation of the Ce-salt, the
conversion bath was buffered by buffer of Lourier,
based on amino-acid. Nevertheless, the addition of

buffer should be compensated by higher Ce-
content.

By SEM-EDS observations was evinced that
even insignificant change of whatever parameter of
the deposition process results in completely
different superficial morphology of the coating.

By application of two, electrochemical methods
independent ~ between  themselves: Linear
Voltammetry and Electrochemical Impedance
Spectroscopy, the barrier ability and the durability
were investigated. As a result, it was established
that the best specimen possesses the highest value
for the total resistance R = 5x10* Q.cm? which is
a measure for the barrier properties of the coating.

After 168 hours of exposition, the CeCC
deposited at higher pH on mechanically grinded
substrate is relatively more durable than the rest
samples, regardless the loss of its strength against
pitting nucleation.
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BJIMSIHUE HA YCJIOBUATA HA OTJIATAHE HA HIOKPUTUA OT Ce-KOHBEPCMOHHU
BAHU BBHPXY CBOUCTBATA HA TUVIAKMPAHA CIUIAB /116 AM

JI. C. Poapures?, C. Koxyxapos®*, M. Maukosa?, B. Koxyxapos?
YVuueepcumem Buzo, Jlazoac, Mapxoncenoe 36310 (Mcnanus)

2Xumuxomexuonoauuen u Memanypeuuen Yuusepcumem, 6yn. “Kuumenm Oxpuocku”’, Copus ILK 1756 (Bvreapus)
IMoctenuna va 31 suyapu ronu, 2013 r.; Kopurupana na 4 ampur, 2013 1.

(Pesrome)

LenTa Ha HacTosimaTa paboTa € Ja ce OLEeHN BINSHUETO Ha Pa3lIMuHU YCIOBHUS BBPXY CIIOHTAHHOTO OTJIaraHe
Ha LIEPUEBH KOHBEPCHOHHHM CJIOEBE M3 pa3TBopH Ha nuamonueB neHranutporepaT (NH4)2Ce(NOs)s BBpXy ruiakupaHa
ciaB /{16 AM, moxpuTa 4pe3 MoTarsHe B IepHeBH KOHBEPCHOHHM BaHM, U Ja C€ TPOBEJIE MMOCIeBalll aHAJN3 BbPXY
MOBEJICHUETO M XapaKTEePUCTHKHUTE Ha MOJIY4EHHUTE IMOKpUTHSA. TeXHHTe oxapaKTepu3WpaHHA ca MPOBEACHH Upe3
TECTOBE 3a YCTOWYMBOCT CIIPSIMO MOJEJIHa KOPO3MOHHA Cpeja, cheraBeHa oT 3,5% pasteop Ha NaCl, cphueranu c
MEPUOINYHN EJIEKTPOXHMMHUYHM HM3MEPBAaHUS M TMOCIeIBalld MOP(OIOTHYHM oXapakTepu3upanusa. [IbpBHAT BHJ
n3MepBaHus Osxa mpoBereHn upe3 Enextpoxmmmuna MmmemancHa Cnekrpockormms (EMC), cpueraHa ¢ imHeiHa
BOJITAMIIEPOMETPHUSI C JIMHEHHa pa3rbBKka Ha norteHnuana (JIBA), a Bropute Osixa mpoBenenm upe3 CkaHuparia
Enextponna Muxkpockomust (CEM), cpuerana ¢ Ewnepruitno Pasmpenemutenen Pentreno Anamms (EPPA). Karo
pesyunrar, 0s1xa onpeieNieHH ONTHMATHATE YCIIOBUS 32 OTJIaraHe Ha [lepHeBU KOHBEPCHOHHH CIIOEBE.
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The present research work is investigation on the probabilities for application of a new cerium compound, for
cathodic electrodeposition of Cerium based conversion coatings (CeCC) for protection of D16 AM alloy against
corrosion. For the purpose of the present study, diammonium pentanitrocerate ((NH4).Ce(NO3)s was used, where the
cerium is represented in the anionic moiety, instead of the electrolytes used up to nowadays. The barrier abilities against
corrosion of all coatings were evaluated by two electrochemical methods — Linear Sweep Voltammetry (LSV), and
Electrochemical Impedance Spectroscopy (EIS). Additionally, selected specimens underwent morphological
characterization by Scanning Electron Microscopy (SEM) combined with Energy Dispersive X-ray spectroscopy
(EDX). As a result, the influences of the concentrations of the basic substance and the deposition activator, as well as
the density of the applied electric current were elucidated.

Key words: corrosion protection, Cerium Conversion Coatings, LSV, EIS, SEM, AFM

INTRODUCTION

The aluminium alloys, especially, AA2024 and
AAT075 are objects of special attention, due to
their remarkable mechanical strength [1],
predetermining their tremendous importance so for
the commercial [2], so for military [3 - 6] aircraft,
and recently, for the automotive [7, 8] industries.
For industrial applications, the alloys are usually
coated prior to their use as components for various
transport vehicles and equipment. In the aircraft
industry, it is commonly accepted to apply
multilayered, multifunctional coatings [9].

The Cerium Conversion Coatings (CeCC) are
generally composed by cerium oxides and
hydroxides, originated from the conversion of the
respective water-soluble cerium salts, according to
the following reactions [10]:

Al° — AP + 3¢ @
2H,0, + 4e- — 40H" 2
Ce* + 40H — Ce02.2. H,0 3

The dissolved oxygen in the solution also could
participate in reactions, and being reduced, it
produces additional quantities of OH" ions [11]:

O, + 2H,0 + 4e- — 40H" 4)

All these reactions lead to formation of insoluble

* To whom all correspondence should be sent:
E-mail: stephko1980@abv.bg

products of Cerium oxides or/and hydroxides. Here
should be mentioned that according to the
conditions, these products could form either
precipitates  (undesirable product), or layer
deposition (the aimed product).

The aim of the present research work is to
elucidate the influence of the addition of H.O, and
the current applied as enhancers of the deposition
process, by evaluation of the features and
performance of the respective CeCC in 3.5% NaCl
model corrosive medium.

EXPERIMENTAL

The basic material was D16 AM clad alloy, with
analogical composition to AA2024. For
confirmation of its content, Inductively Coupled
Plasma Optical Emission Spectroscopy (ICP-OES)
was performed in the Central Laboratory of
Scientific Research “Geohimia”, to “Ivan Rilsky”
University of Mining and Geology. The
composition determined is represented in Table 1.

Prior to CeCC deposition, the D16 AM
substrates with 60x60x4 mm of size dimensions
were submitted to: mechanical grinding with emery
papers, up to 1200 grit, cleaning in acetone for 10
min at room temperature, and at last, alkaline
etching in NaOH solution (50 g/l) at 55 °C for 5
minutes. Finally, the specimens underwent
activation in diluted HNO;z (1:1) for 5 minutes, at
ambient temperature.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 33
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Table 1. Composition of the investigated alloy according to ICP — OES analysis

Element Al Cu

Fe Mg Mn Ni Si

Concentration (wt.%) Residual  3.716

0404 1259 0537 0.055 <0.01

The basic substance was 0.05M (NH4)2Ce(NO3)s
in the conversion bath solution, and presence of 10,
25, 50 or 100ml/l. of 30% H>0O,. The depositions
were performed at Galvani-static regime for 5
minutes either at -2 or at -5 mA/cm?. In order to
compare the barrier abilities of the coatings,
obtained after different additions of H,O,,
electrochemical measurements were performed
after 24 hours of exposition to 3.5% NaCl model
corrosive medium.

The electrochemical procedures were performed
by PG-stat, “Autolab”- 30, coupled by Frequency
Response Analyzer FRA — 2.

The depositions and electrochemical
characterizations were performed in flat cells with
Ag/AgCI electrode and a platinum net as a counter
electrode, and 100 ml of volume. In order to avoid
the influence of the edge-effects on the
measurements, the areas for deposition were larger
than these for testing. Thus, the depositions were
performed on circuit areas with diameter equal to
39 mm, whereas the tests were executed on areas
with 15 mm. of diameter. The depositions and the
tests were performed in the cells shown in Figure 1.

Fig. 1. Photographs of deposition (a), and test (b) cells

After 24 hours of exposition to 3.5%w/w. NaCl
solutions, the respective impedance spectra were
acquired at frequency range from 10* to 10 Hz,
distributed in 7 frequencies per decade, with signal
amplitude of 10 mV vs. OCP. At last, individual
cathodic and anodic polarization curves were
recorded in a larger potential interval (OCP = 500
mV), at 1 mV/s potential sweep range. The anodic
curves were recorded after restoration of the OCP,
deviated by the respective cathodic ones. By
maintenance of this sequence, no disgrace of the
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experimental data as a consequence of any
electrode polarization could be admitted.

RESULTTS AND DISCUSSION
Chrono-pterntiometric curves

During the deposition, the equipment was
continuously measuring the potentials versus the
Ag/AgCI reference electrode and their evolutions
within the deposition process. The obtained
potential/time diagrams are shown in Fig. 2.

There, after the initial immediate fall of the
potential down to almost -1.65 V, the potential
reverses its values reaching about -1.30 to -1.32 V.
The initial potential drop is related to the current
spent for hydrogen evolution on the metallic
surface. This process appears due to both of the
reducing role of the cathodic current, and the
generally acidic character of the deposition
solution.

The subsequent reversion of the potential is
probably related to removal of the H, — gaseous
bubbles from the metallic surface. Probably the
reason for this removal and the reversion of the
potential is the so called “cathodic dissolution of
the aluminium” [12-15]. The peculiarities of the

corrosion damage to cathodically polarized
aluminum in aqueous solutions of different
composition cannot be explained by the

electrochemical process in which only the anodes
should be dissolved [12, 13]. The most probable
reaction is a chemical attack by hydroxyl ions
(product of reactions (2) and (4)) on the aluminium
cathode [13]. This process proceeds according to
the following reactions [14, 15]:

Al + 30H — AI(OH)3 + 3¢’ (5)
Al(OH)3 + 30H™ — AI(OH)4 (6)

The most extended continuation of the potential
reversing is observable for the samples prepared
with 100 and 50 ml/I H20: (175 seconds for curve
1, and 125 seconds for curve 2). The curves 3 and 4
of the samples with more uniform, dense and
homogeneous Ce-coatings achieve a minimum after
10 - 15 seconds.

After reaching maxima the potentials start to
reverse gradually again for all curves. This
phenomenon is related either to gradual growth of
uniform coatings (curves 3 and 4), or to occupation
of the metallic surface by cerium containing
agglomerates.
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Fig. 2. Chronopotentiometric curves obtained during the Galvani-static depositions of CeCC coatings after different
additions of H202 to the coating solutions: 1 —100ml/l H,0z; 2 - 50 — 10ml/l H202; 3 — 25ml/l H202; 4 - 10ml/I H,0,.

For the best coating, obtained by addition of
only 10 ml/l. H,O,, this gradual drop of potential
continued from the 50" (point (a)) to 200" (point
(b)) second after the beginning of the deposition.
During this time, the potential drops with 200 mV.
Taking into account that the deposition is
performed in Galvani-static regime (i.e: -2
mA/cm?) and, applying the law of Ohm, it could be
calculated that the resistance of the deposited film
increases with 100 Q.cm?/s. In other words, for the
entire period of film growth (between points (a) and
(b)) the total resistance of the best film (curve 1)
raises up to 15 k Q.cm?). As a general conclusion, it
looks that the increase of the H,O, content in the
deposition solutions probably favors the cathodic
dissolution of the underlying aluminum, hindering
the formation of uniform and homogeneous CeCC
coatings.

The curves, obtained during the
electrodeposition at -5 mA/cm? do not possess the
slope related to film growth. Consequently, at this
current density, any uniform and homogeneous
coating layer does not form (Fig. 2). It either favors
the hydrogen evolution process, or promotes the
mentioned above cathodic Al-dissolution. In both
cases, the acquired coatings possess elevated
porosity, or lower homogeneity.

EIS — examination

After the depositions, the obtained samples were
exposed to 3.5 %NaCl model corrosive media.
Their barrier abilities were examined by means of
electrochemical measurements (EIS, and LSV).
Unexpectedly, the addition of oxidant has not
presented its contribution in the impedance spectra.
In Fig. 3 (a, b), all of the spectra of the coatings
obtained at -2mA/cm? possess almost the same
shapes, regardless the significant difference of the

H>O, additions to the solution of the conversion
bath.

For the EIS — spectra of the samples with films
deposited at -5 mA/cm?, also cannot be seen any
significant difference among the shapes in Bode
plots. However, when the Nyquist plots of Fig. 3 (b,
d) are compared, clear Warburg diffusion elements
are observable in the latter position (e. g: at -5
mA/cm?). This fact evinces that the higher
deposition currents applied result in formation of
rather less uniform deposits. Indeed, the visual
inspections of the samples revealed rough and
grain-formed (agglomerated) precipitates, when the
higher current was applied. The unsatisfying
homogeneity of the coatings favors the access of
corrosive species to the metallic surface, resulting
in appearance of the Warburg diffusion impedance.

LSV — measurements

The linear voltammogams reveal more
distinguishable  features of the respective
specimens, than the EIS spectra. Fig. 4 represents
cathodic (a, ¢) and anodic (b, d) polarization curves
of specimens coated after different H,O, additions,
and current densities, recorded after 24 hours of
exposition to the model corrosive medium. Fig. 4,
(a, b) reveals that for the coatings deposited at -2
mA/cm?, the increase of the H.O, content
deteriorates the barrier ability of the resulting
coatings. Thus, the coatings prepared at lower
content of the oxidant (10 and 25 ml. 30% H»O, per
liter of coating solution), resemble lower current
densities, compared to the other two (50 and 100
ml. 30% H,O, per liter of coating solution). The
anodic curve of the sample, prepared at 50 ml./I.
H20,, does not possess any passivity region. Both
curves of the sample with 100 ml. H,O. addition
stay at lower current
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Fig. 3. Electrochemical impedance spectra, acquired after 24 hours of exposition to the model corrosive medium of four
specimens coated after different H,O; additions. a, ¢ — Bode plots; b, d - Nyquist plots: 1 —100ml/l addition of H,O; 2 -
50 — 10ml/I addition of H2O»; 3 — 25ml/l addition of H2O2; 4 - 10ml/I addition of H20>
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Fig. 4. Cathodic (a, ¢) and anodic (b, d) polarization curves recorded after 24 hours of exposition to the model corrosive
medium of specimens coated at -2mA/cm? (a,b) and -5mA/cm (c, d) after different H,O, additions. 1 — 100ml/I addition
of H,05; 2 - 50ml/I addition of H202; 3 — 25ml/I addition of H,O5; 4 - 10ml/I addition of H>0,
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densities, than these of the sample coated after 50
ml. H;O. addition. Nevertheless, the respective
anodic curve (of the sample with 100 ml. H,0O5) has
shorter region of passivity (from -750 to -550 mV)
than the curves of the samples with lower H,0;
additions. According Bethencourt and co. [16], the
shorter passivity regions indicate lower strength
against pitting nucleation.

Between the samples, prepared at lower H,O;
content, the cathodic curve of the sample prepared
after 25 ml / 1. H,O, addition, stays at lower current
densities, than this of the sample with 10 ml.
However, the respective anodic curves stay at the
same current densities, revealing very similar
barrier ability. Furthermore, the curve of the sample
with 10 ml. oxidant addition have relatively larger
passivity region. From these relatively equivocal
features of the polarization curves, could be
concluded that the optimal addition of peroxide
should be in the range of 10 and 25 ml. 30% H-0,
for liter of conversion bath.

Fig. 4 (c, d) reveals that at -5mA/cm?, the
voltammograms of the samples with different H,O;
additions are less distinguishable, compared to
those, deposited at lower current densities. This
phenomenon could be explained, having in mind
that the deposition current plays a role of reducer.
As a result, at higher current densities (-5mA/cm?),
the influence of the H,O as oxidant is less notable.

The supply of charged particles towards the
specimen (by the electric current) leads to
deactivation of the peroxide by obtaining of OH"
ions (equation 2) and acceleration of oxygen
reduction (equation 4). Both these processes result
in alkalisation of the medium near the substrate
surface and acceleration of Ce-precipitation
(equation 3).

However, the obtained Ce(OH)s/Ce(OH)4
precipitates do not form a coating layer, but rather
conjunction of clusters.

Superficial morphological observations

Following the literature [10], the increase of the
oxidant content should accelerate the coating
deposition. Consequently, it is expectable to
improve the density and barrier ability of the
coating after increase of H.0, addition.
Nevertheless, it was observed that the elevated
content of peroxide has detrimental effect on the
homogeneity and uniformity of the obtained
coatings. As could be seen in Fig. 5, all the samples
prepared with elevated additions of H2O, have not
uniform coatings, but rather they are covered by
rough aggregates. Furthermore, these aggregates
did not possess almost any adherence to the
metallic substrates, so that metallic shining under
the Ce-deposits was clearly observable, as a result
of partial removal of the Ce-containing aggregates.

Fig. 5. Photographs of four samples with coatings, deposited after different additions of oxidant: a — 10ml/I addition of
H203; b - 25ml/l addition of H,02; b - 50ml/I addition of H,O; d - 100ml/I addition of H,O;;
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The CeCCs, deposited at -5mA/cm? generally
reveal inferior features than those with CeCC
electrodeposited at -2mA/cm?,

In order to observe the morphology of the
coating, Scanning Electronic Microscopy (SEM),
combined by energy dispersion X-ray analysis were
applied on the best samples before and after 168
hours of exposition to naturally aerated 3.5% NaCl
model corrosive medium. These coatings possess
peculiar features. Larger oval hills are clearly
distinguishable on the surfaces. Probably these
sides are locations of preferential deposition of the
layer, as was observed in previous works [17-21].
Consequently, these oval hills are formed as
consequence of preferential  deposition on
intermetallics.

- EDX analysis — In order to clarify the real
composition of the samples, and the distribution of
the elements on their surfaces, EDX — map analyses
were executed during the SEM observations. The
next figure represents the elemental distributions of
the most important chemical elements: Al, Ce, Cu,
and oxygen. These elements were selected because
the aluminium could be presented not only from the
metallic substrate, but also to compose corrosion

products, in form of Al(OH)s, etc. The cerium was
selected because this element together with the
oxygen is the basic components of the coating. The
copper was also selected to be monitored, because
it should reveal whether the S-phases are preferable
locations of deposition, and is there a copper re-
deposition as evidence of corrosion during the
deposition. Fig. 6 shows EDX —map data and SEM
image of CeCC, obtained by deposition for 5 min.
from 0.05 M (NH.)2.Ce(NOs3)s with 10ml/I addition
of 30% H,0..

The Al-distribution map in Fig. 6 reveals that
there is aluminum deposited on the coating. It is
undoubtedly originated from corrosion products
formed during the deposition. The EDX-map of
cerium shows that the sides of preferable deposits
coincide with the highest abundance of cerium.
Nevertheless, there is uniform distribution of this
element on the rest part of the coated surface. The
copper is also equally distributed on the metallic
surface. This fact is consequence and indication of
copper re-distribution. This process passes because
of the cathodic Al-dissolution of the metallic
matrix.

.
% L

T

MAD 40648 5 NV 2000V WD 11 0 -

Fig. 6. SEM images (a, c¢), and EDX map data (b, d) of sample after prepared by deposition for 5 min. from 0.05 M

(NH4)2C€(N03)5 with 10ml/I addition of H,0O,
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CONCLUSION

As a result of the investigations performed, the
following conclusions are done:

Diammonium pentanitrocerate was used as
provider of Ce-ions during the coating deposition.
In this substance, the Ce is presented in the anionic
compositional part in difference of the widely used
CeCls, or Ce(NO3)s.

It is found that at different concentrations of

(NH4)2Ce(NO3)s in range 0.01 to 0.1 moles per
liter, the optimal concentration is about 0.05 M
(NH4)2Ce(NOs3)s.

It is determined that the optimal content of
peroxide is in the range of 10 and 25 ml/l. of 30%
H,O, for the investigated system.

It is established that the best CeCC were
electrodeposited at i = -2mA/cm? current density
and 5 minutes.

It was determined by SEM observations that the
morphology of the coating does not repeat those of
the metallic substrate, showing complete coverage
by the coating.

The Cerium conversion coatings elaborated in
the present research work could serve as a basis for
future coating systems.
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EJIEKTPOXUMMNYHO OTJIAI'AHE HA IEPUEBY KOHBEPCHMOHHH
ITOKPUTHNA 3A KOPO3MOHHA 3AIIINTA HA IIJTAKMPAHA CIIIAB 116 AM

X. A TI. Aiftoco?, C. Koxyxapos®*, M. Maukosa?, B. Koxyxapos?
YVuusepcumem Buzo, Jlazoac Mapxoncende 36310 (Mcnanus)

2Xumuxomexnonozuuen u Memanypauuen Ynusepcumem, 6yn. “Knumenm Oxpudcku” Ne 8 Cogpus 1756 (5)
[Mocremmna Ha 31 suHyapu, 2013 r.; Kopurupana Ha 21 Maif, 2013 r.
(Pesrome)

Hacrosmara paboTa mpeacTasst H3CIeABaHE BbPXY Bb3MOKHOCTUTE 32 M3IOI3BAHE HA HOBO LIEPHEBO CHEIMHEHHE 32
KaTOZHO EJIEKTPOXUMHUYHO OTJIaraHe Ha IIepHeBO-0CHOBaHM KoHBepcnoHHH nokputus (LIKII) 3a 3ammura Ha miuakupaHa
cmaB /{16 AM mnporuB koposus. 3a IEeNWTE Ha HACTOSIIETO M3CIEABaHE Oelle W3MOJ3BaH JAHaMOHHEB
nentanutporepat ((NH4)2Ce(NOs)s, ipu KO#TO 1EpHsIT € MPeJCTaBeH B aHWOHHATA ChCTABHA YACT HA ChEIUHEHUETO,
3a pas3iiiKa OT eJIKTPOJIMTUTUTE, U3MOJI3BaHU 10 cera. bapuepHara crocoOHOCT MIPOTUB KOPO3HOHHA aTaka Ha BCUYKH
n3cienBaHd o0Opasl B HacTosmata pabora Oemie OIGHEHa MO0 JBa pa3IMYHU EIEKTPOXUMHYHH METOJa:
Bonramnepometpus c JIutHeiiHa Pasreeka Ha [Totennumana (BJIPII) u Enextpoxummuna MmnenancHa CrieKTpOCKOINS
(CEM). B nonbnnenue, u3Opanu obOpa3um mnpemuHaxa Mopdosornyno omucanue upe3 Ckanupama EnekrponHa
Muxpockomust (CEM), cpuetana ¢ Erepruitno Pasnpenenurenna PearrenoBa Cnexrpockonus (EPPC). Kato pesynrar,
Oerre OLEHEHO BB3ACHCTBUETO HA KOHIEHTPAIMATE HA OCHOBHOTO BEIECTBO M AKTHBATOpA 3a OTJIAraHe, KakTo U
IUTBTHOCTTA Ha TPHIIOKEHHS TOK.
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Influence of hydroxyethylated-2-butyne-1,4-diol on copper electrodeposition from
sulphate electrolytes containing large amounts of zinc
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The influence of an organic additive hydroxyethylated-2-butyne-l, 4-diol (Ferasine) on the electroextraction of
copper from sulphate electrolytes was studied through of potentiodynamic and galvanostatic methods. It was found that
Ferasine decreases the cathodic currents reached at different vertex potentials and quantities of deposited copper which
shows that it inhibits the cathodic reaction of copper deposition. The influence of Ferasine is stronger expressed in
electrolytes containing 130 g/L H,SO, than in neutral electrolytes. The inhibiting effect of additive increases with
increase in cathodic potential. Dense and smooth copper coatings on Cu cathodes with current efficiency higher than
90% are deposited when Cu?* concentration is higher than 5 g/L and current densities are in the range 0.5 + 2 A/dm2,
More fine-grained coatings are obtained in the presence of H.SO, and hydroxyethylated-2-butyne-I, 4-diol (Ferasine).
Non-adherent, dark-red Cu slime is obtained when the concentration of Cu?* - ions is lower than 5 g/L. Ferasine changes
the preferred crystallographic orientation (hkl) of Cu coatings from (220) to (111) only during deposition in electrolytes
containing H2SO,. In the absence of acid the preferred orientation, both in the absence or presence of Ferasine remains

(111).

Key words: copper; cyclic voltammograms; deposition; electroextraction; zinc.

INTRODUCTION

The main part of the wastes containing Zn or Cu
is generated from hydrometallurgy, metal
galvanizing, plating industry and smelting
processes. For example, the waste product known
as “blue powder” that results by condensing furnace
gases during the thermometallurgical processing of
non-ferrous ores contains: Zn (25-41 wt.%), Pb (20-
25 wt.%), Fe (3-5 wt.%), Cu (0.5-1 wt.%), etc. [1,
2]. The purification of the electrolytes for Zn
electrowinning by cementation is another process
that produces wastes containing large amount of
different metals such as: copper cake, containing
36-54 wt.% Cu and 5-10 wt.% Zn; copper-cadmium
cake, containing 10 wt.% Cu, 30 wt.% Zn, 12 wt.%
Cd; collective cake, containing 5.8 wt.% Cu, 35.9
wt% Zn, 7.2 wt% Cd; cobalt-nickel cake,
containing 25 wt.% Cu, 20 wt.% Zn and 3 wt.% Cd.
[3]. Cementates obtained during the
hydrometallurgical zinc winning process, where the
sulphate leach liquor is treated with arsenic trioxide
and zinc powder for the removal of Cu, Ni, Co, Cd
and other impurities contain: Cu (28.6 wt.%), Zn
(22.4 wt.%) and Cd (6.7 wt.%) [4]. Flue dusts at a
secondary copper smelter treated in the
electrowinning zinc plant contain: Zn (40-65 wt.%)
and Cu (1-6%). [5]. These industrial wastes are a

* To whom all correspondence should be sent:
E-mail: gyunver@ipc.bas.bg

source of different valuable metals like copper,
zinc, cadmium, etc.

There are numerous investigation concerning the
influence of organic additives on the process of Cu
electrodeposition  in  sulphate  electrolytes,
containing only Cu?* ions but their influence on the
Cu electroextraction from electrolytes, containing
large amounts of Zn?" is not studied.

Muresan et al. [1, 2]. studied the effect of horse-
chestnut extract (HCE) and IT-85, representing a
mixture of triethyl-benzyl-ammonium chloride
(TEBA) and hydroxyethylated-2-butyne-I, 4-diol
(Ferasine) upon the morphology and structure of Cu
deposits, as well as upon the cathodic polarization
and compared to the effect exerted by thiourea and
animal glue. Varvara et al. [6-9] studied the
influence of TEBA, Ferasine and 1T-85 on the
kinetics of Cu electrodeposition from such
electrolytes and on the morphology and structure of
Cu deposits. Maher Alodan and William Smyrl [10]
established that at concentrations of thiourea
>1 mM strong effects on copper in solutions of
sulfuric acid is observed. Moo Seong Kang et al.
[11] observed that even in the presence of very low
concentrations of thiourea in sulphate electrolyte
extremely smooth and bright copper deposits. M.
Quinet, et al. [12] investigated the effects of
thiourea and saccharin, on copper electrodeposition
from acid sulphate solutions using different

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 41
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electrochemical methods: cyclic voltammetry,
chronoamperometry, and electrochemical quartz
crystal microbalance as well as using different
observation  techniques:  scanning  electron
microscopy (SEM) and atomic force microscopy
(AFM). A. L. Portela et al. studied copper
electrodeposition on platinum electrodes from
slightly acidic solutions of copper sulphate
containing nicotinic acid (NA) [13]. Run-lan YU et
al. [14] studied the inhibition behavior of some new
mixed  additives such as  gelatin  +
hexadecylpyridinium bromide (HDPBr), gelatin +
polyethylene glycol(PEG), gelatin + polyacryl
amide (PAM), gelatin + PEG + cetyl-tri-methyl
ammonium bromide (CTABr) and gelatin + PAM +
CTABr using cyclic voltammetry as well as
cathodic polarization in order to improve the
quality of cathodic copper [14]. DC and pulse
plating of copper in acidic sulphate solutions
containing benzotriazole (BTA) has been studied
by N. Tantavichet and M. Pritzker [15]. Using
electrochemical and spectroelectrochemical
techniques B. Bozzini et al. investigate the effects
of PEG during Cu electrodeposition from an acidic
sulphate solution [16].B. Bozzini et al. report in situ
visible electroreflectance measurements carried out
during potentiostatic electrodeposition of Cu from
acidic sulphate solutions in the absence and
presence of PEG [17]. The behaviour of 3-
diethylamino-7-(4-dimethylaminophenylazo)-5-

phenylphenazinium chloride (Janus Green B, JGB)
during Cu electrodeposition from an acidic sulphate
solution was studied by B. Bozzini et al. [18]. The
effect of a new ionic liquid additive 1-butyl-3-
methylimidazolium hydrogen sulfate-[BMIM]HSO,
on the kinetics of copper electro-deposition from
acidic sulfate solution was investigated by cyclic
voltammetry, polarization and electrochemical
impedance measurements and compared with those
exerted by the conventional additive, thiourea (Q.B.
Zhang et al. [19]. Copper electrodeposition on to a
platinum substrate from an acid sulphate plating
bath was investigated with and without the additive
benzotriazole (BTAH) by A. C. M. de Moraes et al.
[20]. Copper electrodeposition in the presence of
various types of aromatic and aliphatic amines was
studied by H.H. Abdel-Rahman et al. [21]. M. Gu
and Q. Zhong investigated copper electrodeposition
and nucleation on a glassy carbon electrode from
acid sulfate electrolytes in the presence of 3-
mercapto-1-propanesulfonate sodium salt (MPS)
and its combinations with chloride ions (Cl) or/and
polyethylene glycol (PEG) by utilizing cyclic
voltammetry (CV), chronoamperometry (CA) and
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scanning electron microscopy (SEM) [22]. To
improve the quality requirements for copper
deposits, the influence of some inhibition agents
added to the acidic copper bath has been studied by
C. C. Vaduva et al. [23].

The aim of this paper is to study the influence of
hydroxyethylated-butyne-2-diol-1,4 (Ferasine) and
some experimental conditions on the process of Cu
electroextraction from sulphuric acid electrolytes
containing large concentrations of Zn?* - ions. This
study is an attempt, using electrolytes modelling
wastes produced in zinc hydrometallurgy, to obtain
conditions for separately electrowinning of these
metals.

EXPERIMENTAL

The experiments were carried out in a
thermostated (37 + 1°C), three-electrode glass cell
without stirring of the electrolyte. The cathode (2.0
cm?) and both anodes (4.0 cm? total area) were Pt
plates. The reference electrode was a
mercury/mercurous sulphate electrode in 0.5 M
H,S04 (SSE), its potential vs. NHE being +0.720
V. The studies were carried out using a cyclic
potentiodynamic technique. Potential scanning at a
rate of 30 mV/sec in the potential range from
+1.000 to -1.800 V vs SSE was performed by
means of a computerized PAR 263A potentiostat /
galvanostat using Soft Corr Il software. Amount of
deposited metals was obtained by integration of the
respective anodic peaks on cyclic voltammograms
(CVAGS).

Galvanostatic deposition was carried out on
copper cathodes (4.0 cm?) at current densities in the
range 0.5 = 2 A/dm? using two Pb-Ag (1%) anodes.
Pt and Cu electrodes were degreased in ultrasound
bath and than only Cu cathode was etched in HNO3
(1:2).

Cu?*ions (1, 5 or 10 g/L) were added to the base
electrolytes: BE-1, containing 220 g/L
ZnS0.4.7H,0 (50 g/L Zn?*) and BE-2, containing
220 g/L ZnS04.7H,0O (50 g/L Zn?*) and 130 g/L
H,SO4. The organic additive in both electrolytes
was 30% solution of hydroxyethylated-butyne-2-
diol-1,4 (Ferasine).

X-ray powder diffraction patterns for phase
identification of copper cathode and deposits were
recorded in the angle interval 20-1100 (20) on a
Philips PW 1050 diffractometer, equipped with Cu
Ka tube and scintillation detector. The surface
morphology of the deposits was examined and
EDX Analysis was made by scanning electron
microscopy (SEM) using a JEOL JSM 6390
microscope.
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RESULTTS AND DISCUSSION
Potentiodynamic studies

Figure 1 shows CVAGs obtained in electrolytes,
containing 1 g/l Cu? and 50 g/l Zn?*" without
Ferasine (curve 1), and with 1 ml/l Ferasine (curve
2) and 1 g/l Cu?, 50 g/l Zn?*" and 130 g/l H,SO,
without Ferasine (curve 3) and with 1 ml/l Ferasine
(curve 4). The scan direction is changed at cathodic
potential (vertex potential) -1.6 V.
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Fig. 1. Cyclic voltammograms obtained on Pt cathode in
electrolytes, containing: 1) Cu®* - 1 g/L and Zn?* - 50
g/L, 2) Cu?* - 1 g/L, Zn?* - 50 g/L and Ferasine 1 mL/L,
3) Cu?* -1 g/L, Zn?* - 50 g/L and HxSO4 — 130 g/L, 4)
Cu®* - 1 g/L, Zn** - 50 g/L, H,SOs — 130 g/L and
Ferasine 1 mL/L. Everex = -1.6 V vs SSE.

It is observed that at potentials between -0.4 V
and -0.2 V anodic peaks, obviously due to the Cu
dissolution, appear. It is seen that only on the
curves obtained in electrolytes without H;SO.
(curves 1 and 2) more negative (at — 1.250 V)
anodic peaks, due to the Zn dissolution, appear. The
anodic peaks obtained in the electrolytes containing
Ferasine (curves 2 and 4) are lower than those
obtained in electrolytes without additive (curves 1
and 3) which means that Ferasine inhibit the metal
deposition.

Figure 2 shows CVAGs obtained in electrolytes,
containing 10 g/L Cu?" and 50 g/L Zn?* (curve 1),
10 g/L Cu?, 50 g/L Zn?* and 1 mL/L Ferasine
(curve 2), 10 g/L Cu?*, 50 g/L Zn* and 130 g/L
H,SO4 (curve 3) and 10 g/L Cu?*, 50 g/L Zn?*, 130
g/L H2SO4 and 1 mL/L Ferasine (curve 4). The scan
direction is changed at cathodic potential (vertex
potential) -1.6 V. The cyclic voltammograms are
similar to those obtained in the case with the lower
Cu?* concentration (1 g/L). In this case (10 g/L) at
all (even at more negative than -1.6 V) vertex
potentials only Cu deposition takes place.
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Fig. 2. Cyclic voltammograms obtained on Pt cathode in
electrolytes, containing: 1) Cu?* - 10 g/L and Zn?* - 50
g/L, 2) Cu?* - 10 g/L, Zn** - 50 g/L and Ferasine 1 mL/L
,3) Cu? - 10 g/L, Zn?* - 50 g/L and H,SO, — 130 g/L, 4)
Cu?* - 10 g/L, Zn?* - 50 g¢/L, H,SO4 — 130 g/L and
Ferasine 1 mL/L. Everex = -1.6 V vs SSE.

The influence of Ferasine on the cathodic
currents reached at different vertex potentials and
on the amount of deposited Cu during scanning to
different vertex potentials is shown in Figures 3, 4,
5 and 6. It is seen that Ferasine decreases
significantly the current values and the amounts of
deposited Cu or Zn only in electrolytes containing
H2SO4. The polarizing effect of additive is more
strongly expressed at more negative vertex
potentials which, perhaps, is due to the increased
Ferasine adsorption on the cathodic surface at more
negative potentials.
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Fig. 3. Current densities reached at different vertex
potentials on Pt cathode in electrolytes, containing: 1)
Cu?* -1 g/L and Zn?*" - 50 g/L, 2) Cu?" - 1 g/L, Zn?* - 50
g/L and Ferasine 1 mL/L, 3) Cu?* - 1 g/L, Zn?* - 50 g/L
and H,SO; — 130 g/L, 4) Cu®* - 1 g/L, Zn** - 50 g/L,
H2SO4 — 130 g/L and Ferasine - 1 mL/L.
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Fig. 4. Amounts of copper or zinc deposited during
scanning to different vertex potentials in electrolytes,
containing: 1) Cu?* - 1 g/L and Zn?* - 50 g/L 2) Cu?* - 1
g/L, Zn®* - 50 g/L and Ferasine 1 mL/L, 3) Cu®* - 1 g/L
and Zn?* - 50 g/L - Zinc, 4) Cu®* - 1 g/L, Zn?** - 50 g/L
and Ferasine 1 mL/L 5) Cu?* - 1 g/L, Zn?* - 50 g/L and
H,SO4 — 130 g/L - Copper, 6) Cu?* - 1 g/L, Zn?** - 50
g/L, H2SO4 — 130 g/L and Ferasine 1 mL/L.
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Fig. 6. Deposited copper versus vertex potentials
obtained on Pt cathode in electrolytes, containing: 1)
Cu?* - 10 g/L and Zn?* - 50 g/L, 2) Cu?* - 10 g/L, Zn** -
50 g/L and Ferasine 1 mL/L, 3) Cu?* - 10 g/L, Zn?* - 50
g/L and H;SO4 — 130 g/L, 4) Cu?* - 10 g/L, Zn** - 50
o/L, H2SO, — 130 g/L and Ferasine - 1 mL/L.
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Fig. 7. Preferred crystallographic orientations (hkl) of
Cu deposited from electrolyte containing: Cu?* - 10 g/L,

Fig. 5. Current densities reached at different vertex

potentials on Pt cathode in electrolytes, containing: 1)

Cu?* - 10 g/L and Zn?" - 50 g/L, 2) Cu?* - 10 g/L, Zn?* -

50 g/L and Ferasine 1 mL/L, 3) Cu?* - 10 g/L, Zn?" - 50

g/L and H,SO4 — 130 g/L, 4) Cu?* - 10 g/L, Zn?* - 50

g/L, H2SO4 — 130 g/L and Ferasine - 1 mL/L.
Galvanostatic studies

The effect of Ferasine on the preferred
crystallographic orientations, surface morphology
and composition of galvanostatically deposited
coatings on Cu substrates was also studied. In all
cases only copper is detected by EDX Analysis.

Ferasine changes preferred crystallographic
orientations (hkl) of Cu coatings from (220) to
(111) during deposition in electrolytes containing
H»SO, (Figures 7 and 8). In the case of deposition
from electrolytes without acid proffered orientation
is (111) both in the presence or absence of Ferasine.
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Fig. 9. SEM micrograph of Cu coating obtained after 30
min. deposition at 1 A/dm? in an electrolyte, containing 10
g/L Cu?, 50 g/L Zn?* and 130 g/L H,SO,. Magnification
x 1000.

Fig. 10. SEM micrograph of Cu coating obtained after 30
min. deposition at 1 A/dm? in an electrolyte, containing 50
g/L Zn?*, 10 g/L Cu?, 130 g/L H,SO; and 5 mL/L
Ferasine. Magnification x 1000.

Table 1. Grain size (um) of Cu coatings obtained in different electrolytes

Electrolyte Grain size (um)

10 g/L Cu?* + Zn?* 50 g/L 25-30
10 g/L Cu?*+ 50 g/L Zn?** + 1 mL/L Ferasine 15-18
10 g/L Cu?* + 50 g/L Zn?* + 130 g/L H,SO4 12-18
10 g/L Cu?* + 50 g/L Zn?* + 130 g/L H;SO4 + 1 mL/L Ferasine 10-12
10 g/L Cu?*+ 50 g/L Zn?* +130 g/L H2SO4 + 5 mL/L Ferasine <3

20 g/L Cu?* + 50 g/L Zn?* +130 g/L H,SO4 + 5 mL/L Ferasine 9-12
20 g/L Cu?* + 100 g/L Zn?* +130 g/L H,SO4+ 5 mL/L Ferasine 15-20
5 g/L Cu?* + 50 g/L Zn?* +130 g/L H,SO, + 5 mL/L Ferasine <6

1.25 g/L Cu?* + 14 g/L Zn** + 16.5 g/L H,SO4+ 0.6 mL/L Ferasine <1-2

Figure 9 shows SEM micrograph of Cu coatings CONCLUSION

obtained after 30 min. deposition at 1 A/dm? in an
electrolyte, containing 10 g/L Cu?*, 50 g/L Zn?* and
130 g/L H,SO.. The addition of Ferasine (5 mL/L)
— Figure 10, leads to more fine-grained surface
morphology of the coatings. In all cases the
coatings are light-red, smooth and bright.

It has been established that dense and smooth
Cu coatings are deposited when the Cu?
concentration is higher than 5 g/L and the current
density is in the range of 0.5 ~ 2 A/dm?2. At 1 A/dm?
the deposition potential is -0.500 + -0.600 V. In all
cases the current efficiency of Cu deposition is
higher than 90%. Non-adherent, dark-red Cu slime
is obtained when the concentration of Cu?*-ions is
lower than 5 g/L. In the case of low Cu?
concentration the deposition potential is more
negative (between —1.000 and —1.100 V) due to the
concentration polarization. In this case the current
efficiency is less than 75% because of increased
hydrogen evolution.

The grain size of all coatings is presented in
Table 1. It is observed that in all cases the coatings
deposited in electrolytes containing Ferasine are
more fine-grained.

1. Organic additive Ferasine decreases the
cathodic currents reached at different vertex
potentials and quantities of deposited copper which
shows that it inhibits the cathodic reaction of
copper deposition. The influence of Ferasine is
stronger expressed in electrolytes containing 130
g/L H.SOs. The inhibiting effect of additive
increases with increase in cathodic potential.

2. Dense and smooth copper coatings on Cu
cathode with current efficiency higher than 90% are
deposited when Cu?* concentration is higher than 5
g/L and current densities are in the range 0.5 + 2
A/dm?2. More fine-grained coatings are obtained in
the presence of H.SO; and organic additive
hydroxyethylated-2-butyne-1,4-diol (Ferasine).
Non-adherent, dark-red Cu slime is obtained when
the concentration of Cu?* - ions is lower than 5 g/L.

3. Ferasine changes  the preferred
crystallographic orientation (hkl) of Cu coating
from (220) to (111) during deposition in
electrolytes containing H,SO4. In the absence of
acid the preferred crystallographic orientation both
in the absence or presence of Ferasine.
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BJIMAHUE HA XNJAPOKCUETUJINPAHUA-2-BYTUH-1,4-INOJI BbPXY
EJIEKTPOOTJIAI'AHETO HA MEJ1 OT CYJI®ATHU EJIEKTPOJIMTU CBbABPXAILN
I'OJIEMU KOJIMYECTBA LHMHK

I'. A. Xomxkaorny, 1B. C. UBaHOB

Hnemumym no gusuxoxumus “Axao. P. Kauwes”, Bvieapcka Axademus na Hayxkume,
ya. “Akao. I'. Bonues”, 6ok 11, Copus 1113

IMoctbnuna Ha 5 ¢eBpyapu, 2013 r.; Kopurupana Ha 15 1onu, 2013 1.

(Pesrome)

IMocpencTBOM NMOTEHIMOAWMHAMHYHM M TaJIBAHOCTATHYHH METOIM Oelle W3CJIeBaHO BIMSIHUETO Ha OpraHMYHATa
no0aBKa XHUIPOKCHETHIUpaH-2-0yTuH-l,4-muon  (dhepacuH) BBPXY eNEKTPOSKCTpPaKUHUATA HAa MeA OT CyidaTHH
EJIEKTPOJIUTH ChIbPKAILM FOJIEMH KoaudecTa ZN%* - Honu. bellle ycTaHOBEHO, e (pepacuHbT HAMANABA KOJUYECTBOTO
Ha MeJiTa OTJIOXKEHA 110 BpeMe Ha CKAaHUPAHETO JI0 Pa3jIM4HH IMOTEHIIMAIN, KOETO [TO0Ka3Ba, ue TOW HHXHOHpa KaToHaTa
peakuusi Ha oTinaraHeTo i. BimsHueTo Ha (depacuHa € MO-CHIIHO W3pa3eHO B €NEKTPONUTH chabpxkaum HrSOa.
Muxubupamoro JeiicTBHE HApacTBa C MOBHIIABAHETO Ha KATOJHWS MOTeHUMAT. [IIBbTHU W TJaJKH MEIHU MOKPHUTHUS
BHPXY MEIHHS KaTojl, C JOOUB 110 TOK MO-BHCOK 0T 90%, ce oTiarar, KoraTo KoHieHTpanuara Ha CU?* e mo-Bucoka ot 5
I/11 M NIILTHOCTHTE Ha TOKa ca B uHTepBaia 0.5 + 2 A/nm2. Tlo-1peOHO3BPHECTH TOKPHTHS CE OIy4aBaT B IIPHCHCTBHE
na HSO4 1 Ha oprannunara no6aska Qpepacut. Trmuouepsen CU muiam ce morydasa, KOraTo KOHIeHTpanusTa Ha Cu?*
€ Mo-HucKa oT 5 1/1. depacHbT NPOMEHs IPEeUMYIIECTBEHaTa OPUEHTAlMs Ha MEAHOTO nokpute ot (220) na (111)
caMo IpH OTJIaraHe B eNeKTpoiuTH chabpkamy H>SO4. B oTcheTBHE Ha KncennHa MperMyIIeCTBEHATa OpPUEHTAINS,
KaKTO B OTCHhCTBHE, TaKa M B IPUChCTBHE Ha (epacun octasa (111).
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A phosphoric acid solution (0.5 and 1.0 M) modified with addition of FeSO4.7H,0 has been used to form porous
Al,Os-films on technical purity aluminum via AC-polarization. By combining the anodizing conditions (voltage and
time) porous aluminum matrices with different thickness have been formed. The nickel electrodeposition has been
carried out in a NiSO. (pH 4.0) solution at different voltages and durations. Spectral characteristics of the colored
electrodes have been recorded in the UV-VIS-NIR (200-2500 nm) and IR (2.5-20 um) regions. It has been found, that
during absorbance in the solar spectrum, the thickness has no significant influence due to the small values of reflected
light. The emission capability in the infrared region, however, depends strongly on the layer thickness. The tests carried
out show that the obtained coatings exhibit high absorption in terms of solar light and relatively low emission in the
infrared. These technical features present them as very promising for use in low and medium temperature solar

collectors.

Key words: alumina films, AC anodization, nickel electrodeposition, selective solar absorbance.

INTRODUCTION

In the late 19th century, at the very beginning of
anodic oxidation studies, alternating current (AC)
has been used to grow alumina coatings. The
advantage of this regime over direct current
polarization has been accounted for the use of two
identical electrodes and much simpler technological
equipment. AC-anodizing has been still abandoned
because of the severe condition to ensure equal
surface and composition of the electrodes, as well
as a superior quality of contacts.

Nowadays, the series production of some
aluminum-based parts, for instance panels for solar
absorption, seems to provoke the revival of the AC-
technology. Moreover, the anodic oxidation of
aluminum alloys with a relatively high content of
alloying elements has been found [1-4] to proceed
more easily in AC than in DC mode.

The aim of the present paper was to investigate
the possibilities to obtain efficient selective
coatings on the base of alumina matrices grown by
AC-anodization and filled by electrochemical
deposition of nickel. From technological point of
view, it was expedient to grow the porous matrices
in phosphoric acid solutions over aluminum of
technical purity. The alumina structures formed in
phosphoric acid are known [5] to have
comparatively  larger pore diameters; the
anodization in some modified electrolytes has been

* To whom all correspondence should be sent:
E-mail: christian.girginov@gmail.com

found [6] to lead to formation of thicker films at
equal other conditions.

The incorporation of metals into the porous
alumina films is normally carried out through their
AC polarization in aqueous solutions of metal
containing salts. Alongside with their decorative
and anti-corrosion properties, porous matrices with
incorporated metal particles exhibit selective
absorption of solar light. Nickel is one of the
mostly used metals for this purpose [7-15]. By
varying the conditions of matrix growth and of
nickel deposition, coatings with good selective
absorption can be obtained. In general, the
efficiency of a selective coating is determined [16-
19] by high absorption within the solar spectrum
(0.2 - 2.5 um) and low emission in the far infrared
region (2.5 - 25 um).

EXPERIMENTAL

The working electrodes were cut from technical
purity aluminum sheets (99.5% Al). The
pretreatment of the electrodes was carried out at
room temperature according to the following
procedure: (i) degreasing with acetone, (ii) etching
in sodium hydroxide (10%), (iii) neutralizing in
nitric acid (30%) and (iv) washing with distilled
water. The exposed working area of the samples
was 60 x 25 mm.

Anodizing was carried out in 0.5 M and 1.0 M
aqueous solutions of phosphoric acid, modified by
the addition of 5 g dm= FeS0..7H,0, as suggested
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in [6]. The porous matrices were simultaneously
formed on both electrodes under AC-polarization
(50 Hz) at 20 °C. The process was carried out at
two formation voltages (18 V and 50 V) for two
different durations (15 min and 30 min). Through
variation of anodizing voltage and time, porous
alumina matrices with different thickness were
formed. The time dependence of the current density
was registered with a Mastech MS 8050 multimeter
through a PC-based data acquisition system.

The electrodeposition of nickel was carried out
by AC-polarization (50 Hz), at two polarization
voltages (14 V and 50 V) for different coloring
durations (2 - 8 min). The coloring electrolyte
consists of 70gdm= NiSO4.6H.0, 30 g dm?
MgS04.5H,0 and 15 g dm™ H3BOs (pH = 4.0).
After coloring the samples were "sealed”, by
immersing them in boiling water for 2 minutes.

The spectral characteristics of the colored
specimens were recorded in the UV-VIS-NIR
region (200 - 2500 nm) by reflectance spectra at
normal incidence using a Shimadzu UV-3100 with
BaSO, sphere. Reflectance in the IR region (2.5 -
20  wm) was registered with a FTIR
spectrophotometer equipped with mirror reflectance
accessory.

RESULTTS AND DISCUSSION

Formation of porous anodic oxides and nickel
electrodeposition

The AC-anodizing kinetics in the modified
phosphoric acid electrolytes followed the well-
known current density vs. time dependence
observed during potentiostatic DC-anodization in
phosphoric acid. Initially, the formation of a
compact barrier layer of aluminum oxide takes
place, followed by partial dissolution of the
compact layer by the acidic electrolyte and
nucleation of pores. Finally, a balance between
oxide formation and dissolution at the pore bases is
reached, thus imposing steady current density
conditions.

The incorporation of nickel into the alumina
matrices obtained under various conditions in the
phosphoric acid solutions led to the coloration of
the coatings in beige, brown, or black shades. The
choice of the appropriate conditions both for matrix
growth and nickel deposition permitted to produce
highly reproducible black-colored coatings.

Spectral characteristics

The reflectance spectra of colored anodic films
were recorded at normal incidence of the light in
two different wavelength ranges.
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UV-VIS-NIR range from 200 to 2500 nm
Reflectance spectra of two samples (Nr. 2 and
Nr. 6) obtained through anodization and coloration

at boundary conditions are shown in Fig. 1.
40
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Wavelength (nm)
Fig. 1. UV-VIS-NIR reflectance spectra of two samples:
(A) Sample Nr.2, anodized in 1 M H3PO4 (30 min, at 50
V), colored for 8 min at 50 V; (B) Sample Nr. 6,
anodized in 0.5 M H3PO4 (15 min, at 18 V), colored for
2minat14 V.

The solar absorption coefficient (as) was

calculated in accordance with the European
Standard EN 410 (1998) using the formula:
Y Sip(A)A4
as=1-pg=1-+—
D SAZ
i=1
AL =300-2500nm. (@))

Here, S;i is the spectral distribution of solar
energy, p(4) is the spectral reflectance coefficient
and A/ the wavelength range. The results obtained
for the solar absorption coefficient as of different
samples are summarized in Table 1.

IR range from 2.5 to 20 um

Reflectance spectra of the same samples (Nr.2
and Nr.6) in the wavelength range from 2.5 to 20
um are presented in Fig. 2.

The heat emission coefficient (e;) was calculated
in accordance with the European Standard EN 673
(1997) from the data on surface reflection and on
heat emissivity of a black body at 373 K by using
the formula:

i=30

1
A=1-R=1-0 3 RG) @

Here, R, is the average value of standard
reflectance and R; (%) - the reflectance at 4. The
values of the heat emission coefficient ¢ of the
samples at 100 °C (e100) are summarized in Table 1
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in dependence of the anodizing and coloring

conditions.
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Fig. 2. IR reflectance spectra of two samples: (A)
Sample Nr.2, anodized in 1 M H3PO,4 (30 min at 50 V),
colored for 8 min at 50 V; (B) Sample Nr.6, anodized in
0.5 M H3PO4 (15 min at 18 V), colored for 2 min at 14
V.

Table 1. Light absorbance and heat emission of samples
obtained at different conditions

AC- Nickel
Sample anodization  deposition HsPO. G e
Nr. U t U t
O O
1 18 15 0 0 1.0 145 85
2 50 30 50 8.0 1.0 964 684
3 50 30 50 20 1.0 80.5 48.0
4 18 15 14 2.0 1.0 85.6 21.0
5 18 15 14 25 1.0 92.0 24.0
6 18 15 14 2.0 0.5 95.7 16.6
7 18 15 14 25 05 93,6 25.38

Both the conditions of matrix growth and of
nickel deposition proved strongly to affect the
optical properties of the coatings. The nano porous
structure of the anodic films caused interference
interactions in the whole wavelength range of
investigation, judging by the waves observed in the
reflectance spectra. The interference upon
absorption in the solar spectrum range (Fig. 1) had
no negative consequences because of the low
intensity of the reflected light. The emission
capability in the infrared region, however, strongly
depended on the thickness of the layer. Relatively
thick interference layers caused a noticeable
increase of the heat emission in the IR range, as
seen from the data for samples Nr.2 and Nr.6. The
solar absorption coefficients of both samples are
over 90 %, but the thicker sample (Nr.2), anodized
for 30 min at 50 V, had a high heat emission
coefficient, g100 = 68.4 %, while the thinner sample
(Nr.6), anodized for 15 min at 18 V, had a
coefficient 100 = 16.6 %.

It can be summarized that the deposition of
nickel particles into a dielectric alumina matrix
provides high light absorption in the solar spectrum
range (over 90 %). With sufficiently thin matrices,
the heat emission in the IR range can be reduced
below 20 %. Hence, the requirements for an
efficient selective coating are fulfilled.

Solar absorption calculation test

It was of interest to determine the absorptive
capacity of the produced coatings in terms of solar
radiation in the wavelength range from 300 nm to
2400 nm. For the purpose, the spectral data
obtained for sample Nr.6 in Table 1 were used with
ASTM G173-03 reference spectra derived from
SMARTS v. 2.9.2 (AM1.5) spectral radiation from
the solar disk plus sky diffuse light and diffuse light
reflected from the ground on a south facing surface
tilted 37 deg from the horizontal position [20]. In
the chosen wavelength range, a solar spectral
absorbance of 960.5 W m2 was calculated. The
highest possible absorbance being 1000.9 W m=2, a
solar absorption coefficient of the selective coating
amounting to 96.0 % was calculated. Using the
same procedure, a solar absorption of 94.2 % was
calculated for a commercially available selective
coating on copper base.

Stagnation temperature natural test

The stagnation temperature (T,) is defined as the
maximum temperature achieved by a solar collector
under specific conditions. This temperature is
reached when the total heat losses in the collector
exactly balance the energy absorbed by it. High
stagnation temperatures are a reliable indication
that the solar collector would have superior
performance in cold environment even at high
temperatures of the heated fluid. Under stagnation
conditions, no heat is delivered to the load and a
solar collector dissipates all the absorbed energy. In
terms of Duffie et al. [21] it means

U (T,-T,)=7G, 3)

where (7) is the transmittance of the glazing, («) is
the absorbance of the absorber plate, (U.) is the
total collector heat loss coefficient, (T,) is the
temperature of the solar collector absorber plate,
(Ta) is the surrounding air temperature and (G) is
the solar radiation in the plane of the solar
collector. Using this expression, the temperature of
the absorber during stagnation (T,) has been
estimated.

From the point of view of the absorber coating,
the temperature of the absorber (T,) depends on the
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absorbance of the absorber plate, as, and on ¢, the
heat emission of the absorber coating in the
infrared region, which is a part of U.. The higher
the ratio a/e, the better is the collector performance.
This ratio was used to compare different absorber
coatings. A simple side by side test for stagnation
temperatures was carried out to practically compare
the optical properties of sample Nr.6 with the
commercial selective coating on copper base.
Samples with small film resistance temperature
detectors (RTD’s) sealed on their back sides were
placed side by side in a well insulated wooden box.
The transparent cover was common for both
samples. The natural stagnation temperature test
was carried out with two types of covers:

(i) with a single cover of a standard 4 mm float
glass (Fig. 3, curves A);

(ii) with a cover of double glazed stack with low
coating on the inner glass, commonly used in
today’s fenestration units (Fig. 3, curves B).

As seen in Fig. 3 sample Nr. 6 proved to behave
as well or even better than the commercial
specimen, showing higher stagnation temperatures.

150
140 - 11-17h

130
Ou double stack

120

-
-
o

100
20
80
70 L

Stagnation temperature (°C)

60 -

Time (hours)
Fig. 3. Stagnation temperature vs. time: (A) single cover;
(B) double glazed stack. The filled symbols denote
sample Nr. 6, while the empty ones - coating on a copper
base.

CONCLUSION

Phosphoric acid solutions modified with
addition of ferrous ions proved to be suitable for the
formation of porous alumina matrices on technical
purity aluminum under AC-polarization conditions.
The careful choice of polarization conditions
enabled the obtainment of reproducible black-
colored  coatings  through  electrochemical
deposition of nickel into the pores of the matrix.

Optimal results for the absorbance (as) of the
coatings within the UV-VIS-NIR range (200 - 2500
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nm), as well as for their emission (e100) within the
IR range (2.5 nm — 20 um) are reached for samples
with low thickness of the absorbing interference
layer. The high selectivity of the low thickness
coatings is testified by the measured high
absorbance of solar light and low heat emission in
the IR range.

A side by side natural test for stagnation
temperatures ascertained the superiority of the
developed selective coating over a commercial
coating on copper base. Spectral characteristics and
test measurements of the developed coating
indicate its suitability for low and medium
temperature solar collectors. The main positive
features of the coating are associated with low
production costs and good radiation parameters at
commonly used temperatures: a solar absorption
coefficient of 94 - 96 % and a heat emission
coefficient of 14 - 18 %.
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CEJIEKTHMBHH ITOKPUTU HA OCHOBA HA TIPOMEH/IMBOTOKOBO AHOJUPAH
1 OLUBETEH C Ni AJIYMWHUU

I1. JI. Credues?, P. I1. Kupunos!, K. A. Tuprunos?’, E. X. Knaiin?

Ylabopamopus cnvnuesa enepaus u noeu enepautinu usmounuyy - BAH, 1784 Cogus, Bvreapus

2Xumuxomexuonoauuen u Memanypeuuen Yuusepcumem, 1756 Cogus, Bvreapus
Toctenmna Ha 7 despyapy, 2013 r.; Kopurnpana Ha 12 mapt, 2013 1.

(Pesrome)

Msnonsean e pasteop Ha HsPOy (0.5 1 1.0 M) moauduuupasn ¢ nob6aska Ha FeSO4.7H20 (5 g dm?) 3a popmupane
Ha nopectd Al;Os-puimu BepXy TexHuuecku anymuHuil B ycnoBus Ha AC-momsipuszanus (50 Hz). Upes komOuHupane
Ha YCJIOBHATA Ha aHOJWpaHe (HAaNmpe)XeHWe M BpeMe) ca (OPMHUpaHM IOPECTH ATyMHHHEBH MAaTPUIM C pa3jiidHa
nebenmHa. EnexTpooTiaraHeTo Ha HUKEN € m3BbpIIeHo oT pa3tBop Ha NiSOs (pH 4.0) cemo nmpu AC-momsipuzanms ¢
Pa3MYHO HAIPEKCHHWE W MPOABIKUTENHOCT. CHETH ca CHEKTPaIHUTE XapaKTEPUCTUKH HAa OIBETEHHUTE 00pa3ly B
UV-VIS-NIR (200-2500 nm) u IR (2.5-20 um) o6mactu. Hamepeno e, ye nmpu aGcopOLUATa HAa CIIBHUYEBUS CIIEKTHD
nebenuHaTa Ha (UIMHTE HE OKa3Ba CHINECTBEHO BIMSHME, MOpAJd MaJKHTE CTOMHOCTH Ha OTpa3eHaTa CBETJIMHA.
EmucronHaTta crocobHocT B MH(ppauepBeHaTa obimacT obade 3aBHCH CHIIHO OT jaebenuHata Ha cios. IIpoBenenure
TECTOBE IIOKa3Bar, ue MoJy4aBaHUTE MOKPUTHUS UMAT BUCOKA aOCOPOIMOHHA CIIOCOOHOCT 0 OTHOILEHHE Ha CI'bHYEBaTa
CBETJIMHA M CPAaBHHUTENHO cabo M3IbuBaHe B MH(ppayepBeHaTa oOnacT. Te3n TeXHH XapaKTEPUCTHKU T' HPEICTABST
KaTO MHOTO TTOJIXO/ISIIIHN 32 U3MOJI3BAHETO UM B HHCKO U CPEJTHO TEMIIEPATYPHH CIIbHYEBH KOJICKTOPH.

51


http://rredc.nrel.gov/solar/spectra/am1.5/ASTMG173/ASTMG173.html
http://rredc.nrel.gov/solar/spectra/am1.5/ASTMG173/ASTMG173.html

Bulgarian Chemical Communications, Volume 45, Special Edition A (pp. 52 — 56) 2013

Electrolytic coloring of porous aluminum oxide films in CoSO, solution

Ch. A. Girginov'*, I. A. Kanazirski?, V. G. llcheva®
tUniversity of Chemical Technology and Metallurgy, 1756 Sofia, Bulgaria
2University of Mining and Geology “St. Ivan Rilski” 1700 Sofia, Bulgaria

Received February 9, 2013; Revised April 10, 2013

Anodic oxide matrices have been formed in a 15 % H>SO4 solution on three types of aluminum electrodes: Al
(99.5%) and two alloys (8006 and 8011). The obtained Al,Os-films (thickness 20 um, porosity 0.15) have been colored
in a CoSO4 solution using AC-polarization with different duration (2-15 min) and at frequencies in the range (20-
100 Hz). A comparative study has been conducted on the spectral characteristics (in the UV-VIS-NIR region) of the
colored films with two different surface pretreatments: electropolished and chemically mat. It has been found, that in all
cases the increase of coloring time (the quantity of cobalt incorporated in the pores respectively) leads to an increased
absorbance capability of the coatings. The optimal process frequency is determined to be 60 Hz. Furthermore, the
pretreatment of the metal surface has no significant influence on the quantity of cobalt incorporated in the Al;Os-
matrices. The obtained results show that the colored in CoSO4 porous anodic films on aluminum and its alloys exhibit
good absorbance characteristics in the visible, as well as in the UV and NIR regions. This makes them suitable to serve

as decorative (black) coatings and also have a potential application as solar collector elements.

Key words: alumina films, cobalt electrodeposition, aluminum alloys, spectral characteristics.

INTRODUCTION

In the pores of anodic oxide films on aluminum
various metals can be electrochemically
incorporated. This is done by AC polarization [1] in
different aqueous solutions of salts of these metals.
The most common application of the porous Al,O;
colored in electrolytes containing metal ions is to
form decorative and corrosion resistant coatings on
aluminum and its alloys. The colored porous
alumina  films have  found increasing
implementation as light-absorbing coatings to
produce conversion layers as part of solar
collectors. Recently there has been a profound
interest in Al,Os matrices incorporated with cobalt
[2-5]. This interest is motivated by the attractive
magnetic properties [4] these systems exhibit. The
colored with cobalt Al,Os3 films also demonstrate
good color decorative properties [6]. Through
incorporation of cobalt it is possible to successfully
prepare black films [7] for short times (5 min) of
electrolytic coloring. A strict pre-treatment
procedure of the aluminum surfaces and control of
the coloring conditions of the porous arrays is
required in order to obtain high quality and
reproducible functional layers [8]. It is a matter of
interest to investigate the light reflectance of anodic
Al,Os colored in cobalt-containing solutions

* To whom all correspondence should be sent:
E-mail: christian.girginov@gmail.com

depending on the forming conditions, the type of
the aluminum alloy and the metal surface
pretreatment. The determination of the amount of
cobalt incorporated within the pores is of practical
interest as well.

EXPERIMENTAL

The electrodes (8 cm?) were cut from aluminum
sheets (99.5%) and two aluminum alloys: 8006
(97.90% Al, 0.25% Si, 1.44% Fe, 0.37% Mn) and
8011 (98.55% Al, 0.66% Si, 0.70% Fe, 0.06% Mn).
They were put through a standard pretreatment
procedure: annealing, degreasing, electropolishing,
rinsing and finally drying. Some of the specimens
were mat in an aqueous solution (2% NaOH and
3% NaNQOs). The film formation was carried out in
15 % H,SO, at constant current density (15 mA cm-
2), for 45 min, at 20°C. The formed under these
conditions anodic films have a thickness of 20 um
[9] and porosity of about 0.15 [10]. A two-electrode
cell with a platinum mesh serving as counter
electrode was used for anodization. The cobalt
deposition was carried out by AC (sinusoidal)
polarization in an electrolyte consisting of: CoSO4
(10 g dm®), (NH4):SO4 (30 g dm?) and H3BOs;
(50 g dm3) at 20°C. A custom AC galvanostat was
used as a power source for delivering and keeping a
constant current density of 3.75 mA c¢cm?, in the
frequency range 20 - 100 Hz. Graphite rods were
used as counter electrodes. The light reflectance
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spectra (R) in the UV-VIS-NIR region (200-2500
nm) have been measured using a Shimadzu UV-
3100 spectrophotometer with BaSO, sphere. The
amount of cobalt deposited within the pores was
estimated by means of ICP-OES (Prodigy,
Teledyne Leeman Labs). For this purpose the
coloured films were dissolved in a mixture of
concentrated nitric acid and water (1:1), at 20°C for
3-4 min.

RESULTTS AND DISCUSSION

1. Spectral characteristics
1.1. Effect of AC polarization frequency on the light
absorbance

The influence of the AC polarization frequency
on the light absorbance of the colored porous
matrices in the UV-VIS-NIR wavelength range
(200-2500 nm) has been investigated. The colored
oxide films are in the light grey, grey, black hue. It
is of practical interest to determine the light
absorbance and color characteristics of the obtained
functional coatings, depending on the AC
polarization frequency. For this purpose the
characteristics of the films obtained during the
longest (15 minutes) coloring have been plotted.
The spectral characteristics were determined as a
function of wavelength for five AC frequencies
(20-100 Hz). Fig. 1 presents results obtained for
polished and mat aluminum (99.5%) samples
colored at three frequencies.

The results show that with increasing frequency
the absorbance capacity of the films decreases. For
the experiments an operating frequency of 60 Hz
was chosen, which is relatively close to the
industrial power frequency (50 Hz).

100 -

40

Absorbance (%)

20 Hz 60 Hz 100 Hz

20 pol —4¢— —0— ——
mat —4— —8— —p—
Al 99.5%

0 i 1 i L i 1 " L i 1
0 500 1000 1500 2000 2500

Wavelength (nm)
Fig. 1. UV-VIS-NIR absorbance spectra of samples
colored in CoSO4 for 15 min at three frequencies. The
empty symbols denote electropolished, while the filled
ones — mat samples.

1.2. Effect of coloring time on the light absorbance

The Al;Os-matrices (thickness 20 pum, porosity
0.15), formed in H.SO. and electrochemically
colored in a CoSO;4 solution demonstrate good light
absorption properties in the wavelengths range 200-
2500 nm. The formed and colored under these
conditions oxide matrices are promising functional
layers with possible application in solar selective
absorbers. Moreover, their color characteristics
present them as very good decorative coatings. The
increase of coloring time leads to higher spectral
absorbance (Fig. 2), and to an increase of the color
intensity, respectively.

100 |

80 |

60 |-

40 |-

2 min 8 min 15 min
pol —o————0—
mat —4——vy———

Absorbance (%)

20
Al99.5% 60 Hz

0 L 1 i 1 " 1 L 1 L 1
0 500 1000 1500 2000 2500

Wavelength (nm)
Fig. 2. Absorbance spectra of samples, colored with
different duration, here also the empty symbols denote
polished, and filled ones — mat electrodes

1.3. Effect of surface pretreatment on the light
characteristics

The influence of the aluminum surface pre-
treatment on the light reflectance has been studied.
In all cases, the preliminary matting of the
aluminum surface leads to an increase of the light
absorbance, which is clearly evident from the data
presented in Fig. 1 and Fig. 2.

1.4. Effect of alloy type on spectral characteristics

It was of practical interest to study the influence
of the aluminum sample type. Comparative studies
of three types of aluminum samples (99.5%) and
two aluminum alloys: 8006 and 8011 have been
conducted. The results (Fig. 3) show that in all
cases, Al (99.5%) exhibits higher reflectance than
the aluminum alloys. This result indicates that the
presence of alloying elements increases the light
absorbance capacity of the colored anodic films.
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2. Amount of cobalt deposited into the pores
2.1. Effect of AC polarization duration

The amount of cobalt incorporated within the
pores was determined by the ICP-OES method.
This amount per unit area as a function of coloring
time has been estimated (Fig. 4), it can be seen that
it is proportional to the coloring time.

This result is logical and similar dependencies
have been obtained by other authors for different
metals [10] incorporated within the pore volume.

100

80 |
9
o 60
Q
s
2
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60 Hz
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Fig. 3. Reflectance spectra of three types of aluminum

samples at two coloring durations (2 and 15 minutes).
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Fig. 4. Cobalt amount deposited in matrices with

different coloring duration. Empty symbols are for

polished electrodes, and filled ones — mat samples.

2.2. Effect of AC polarization frequency

The amount of cobalt incorporated into the
porous matrices has been assessed according to the
AC-polarization frequency. It turns out that this
guantity is significantly affected by the frequency
of the coloring current. An example of this
influence for films formed on aluminum (99.5%) is
presented in Fig. 5.
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The data presented in Fig. 5 demonstrate a linear
meo(f)-dependence.  Furthermore the  surface
pretreatment (polishing, matting) has no significant

influence.
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Fig. 5. Amount of Co deposited in matrices (15
minutes) vs. coloring current frequencies. The empty
symbols denote polished, and filled ones — mat
electrodes.

2.3. Effect of alloy type

The actual application of colored oxide films
involves the use of different types of technical
purity aluminum and aluminum alloys. In this
respect investigating the influence of the type of
anodized aluminum on the amount of deposited
cobalt may be crucial for the application of these
coatings. For this purpose three different types of
aluminum have been used in the study: 99.5% Al
sheets and two (8006 and 8011) aluminum alloys

(Fig. 6).
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Fig. 6. Cobalt amount deposited in matrices of three
types aluminum samples, colored at 60 Hz.

The obtained results show a linear increase of
the amount of incorporated cobalt with coloring
time. For the 8011 alloy there is a tendency for a
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slower growth of incorporated cobalt. This may be
due to the presence of more alloying elements in
larger quantities than Al 99.5%. In general, the
spectral characteristics of colored samples
demonstrate high light absorbance capacity.

3. Absorbance of the colored coatings

As it has already been mentioned, the colored
porous matrices could find application as
decorative coatings and selective solar absorbers. In
this sense it was of interest to determine the
absorbance values (A) of the colored coatings in
two spectral regions:

i) visible range (380 - 740 nm)
ii) far infrared-visible-near UV (200 — 2500 nm).

It is necessary to take on account the incident
solar energy on the ground [11]. For this purpose,
data about the spectral dispersion of the solar
energy (AM2) that is characteristic for present
geographic location are used. The solar absorbance
(A4) is defined as a fraction of the radiation, incident
on the surface of the material that is absorbed. It is
a function of both the intensity of solar

radiation |, (1), and the total reflectance of the
sample R (1), and is given by [12]:

T I (A)[1-R(A)]dA
A=A

)
[ 1a(2)d2
%

The integration is done numerically using Gauss
guadrature method with 32 points. The values of
the integral absorbance (4) within these two
spectral regions for some of the samples are given
in Table 1.

Table 1. Absorbance of the colored coatings

_ Frequency Absorbance  Absorbance
Samples Aluminum (H2) (380-740 nm) (200-2500 nm)
(%) (%)
1 99.5% 20 95.45 93.81
2 99.5% 60 95.33 92.95
3 8006 20 94.37 93.59
4 8006 60 93.84 91.49
5 8011 20 91.95 89.97
6 8011 60 92.83 91.22

The obtained results indicate, that the colored in
CoSOs solution porous Al:Os-matrices exhibit high
light absorbance in the visible, as well as in the far
infrared-visible-near UV regions. This makes them
suitable as decorative (black coatings) and
perspective for application as a part of solar energy
collectors.

CONCLUSION

The Al;Os-matrices (thickness 20 um, porosity
0.15), formed in H.SO. and electrochemically
colored in a CoSO;4 solution demonstrate good light
selective properties in the wavelengths range 200-
2500 nm. The most intense coloring at equal other
conditions is achieved in AC (sinusoidal)
polarization at a frequency of 60 Hz. In all cases
with increasing coloring duration the obtained
coatings increase their spectral absorbance. It is
found that the amount of cobalt deposited per
electrode area is proportional to the coloring time.
The surface treatment (polishing, matting)
influences the characteristics of the colored porous
Al>Os-films. The mat surface provides greater light
absorbance. The formed and colored in CoSOs
solution oxide matrices are promising functional
layers with possible application as light-absorbing
coatings in solar collectors.
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EJIEKTPOXUMHWYHO OLUBETSBAHE HA IIOPECTH OKCUJIHN ®1JIMU
BbPXY AJIYMMHHWU B PA3TBOPU HA CoSO,

K. A. T'uprunos!, U. A. Kanasupcku?, B. I'. Unuesal
Xumuxomexnonozuuen u Memanypauuen Yuueepcumem, 1756 Cogpus, Bvreapus

2Munno-zeonoxcxu Yuueepcumem “Cs. HeanPuacku”, 1700 Cogpus, Bvrzapus
Tloctenuna Ha 9 despyapu, 2013 r.; Kopurupana Ha 10 anpui, 2013 r.

(Pestome)

B pasteop Ha H2SO4 (15 %) ca popmupaHn aHOTHHA OKCHUIHH MATPULM BBPXY TPH BUJAA alyMHHHEBH oOpasii: Al
(99.5%) u nBe crutau (8006 u 8011). ITonyuenure Al,Oz-punmu (nebemmna 20 um, mopecroct 0.15) ca onBeTIBaHH B
pastBop Ha CO0SO4 py NPOMEHIMBO-TOKOBA HOJIPU3ALMS C Pa3IMyHa MPOIBDKUTEIHACT (2-15 MUH) M IpH pa3iuyHa
gecrora (20 - 100 Hz). [IpoBeneHo e cpaBHHUTENHO HW3CIeABaHE Ha crekTpanHuTe Xapakrtepuctuku (B UV-VIS-NIR
obyact) Ha ouBETEHHTe (QWIMH BBPXY CJICKTPOIYM C JBE PA3IMYHH IPEIBAPUTEIHH OOpabOTKM Ha MOBBPXHOCTTA!
CJICKTPONOJIMPAaHH W XHMHYHO MaTHPAaHH. YCTaHOBEHO €, 4Ye BBB BCHYKM CIyYal C yBeIMYaBaHe Ha
NPOIBIDKUTEIHOCTTa HA OLBETSABAaHE (PECIEKTHBHO Ha BHEAPEHOTO KOJNMYECTBO KOOANT B MOpHTe) abCcOpOLMOHHATA
CIIOCOOHOCT Ha MOKPUTHsATA HapacTBa. ONTHMaNHATa YECTOTA HA MpoLeca Ha ENCKTPOXUMHUYHO olBeTsBane ¢ 60 Hz.
IpenBaputennara o0paboTKa He OKa3Ba 3HAYMMO BIIHSHHE BBPXY KOMHUYECTBOTO MeTan orTinokeH B AlOz-martpuna.
[Monyuenure pe3ynraru nokassar, 4e ousereHure B CoSO4 mopecty aHOAHU GUIMH BbPXY alyMUHHH M HETOBHU CIUIaBU
NposiBABAT N0OpH aOCOPOIMOHHU XapaKTEpPUCTUKU KakTo BbB BuamMmara, taka U B UV-VIS-NIR o6nactu. ToBa ru

MIPaBU TOAXOMAIIM KaTo NEKOPAaTHBHU (YEpHM HOKPUTHSA) U C MEPCHEKTHBA 3a MPHIOXKEHHS KaTo EJIEeMEHTH B
CIIBHYEBUTE KOJIEKTOPH.
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The kinetics of the individual deposition of Cu, Co and Ni as well as the alloy deposition of CoCu, NiCo and
NiCoCu in the slightly acidic citrate electrolyte (pH= 5,5) was investigated. Data about the alloy deposition in pulse
potentiostatic mode at different pulse frequencies was received also. The morphology and the elemental composition of
the coatings (using SEM and EDSA analysis) at stationary and pulse mode were compared. At potentiostatic conditions
the produced coatings have average grain size of 250 to 500 nm and Co content up to 85 wt.%. Using the pulse mode of
deposition decreases the grain size and the Co content was up to 76 wt.% for the three alloys. Applying the pulse
frequencies up to 500 Hz for CoCu alloy lowers the grain size under 100nm (60-70 wt.% Co). At the same conditions
the coatings of CoNi and CoNiCu have rounded grains with average grain size about 200-300 nm. The X-ray analysis
show that the binary alloys CoCu and NiCo are two-phased, composed from Co, Cu (in CoCu) and Ni and Co (in NiCo)
with face centred cubic lattice (f.c.c.). Only in the ternary alloy coating of Co-Ni-Cu, a presence of cobalt-containing

phase with hexagonal crystal lattice (h.p.c.) was ascertained also together with the cubic phases.

Key words: constant and pulse potential modes, nano-structured alloys, morphology, phase composition.

INTRODUCTION

Due to their high hardness, wear resistance,
endurance and corrosion resistance, the cobalt
alloys are widely used in medicine, in nuclear-
power systems, chemical- and oil industry etc. The
particular interest towards nano-sized Co alloys is
due to their increasing application in
magnetosensor technologies and
magnetoelectronics where miniaturization of items
is the underlying purpose [1-6].

Presence of Cu in Co crystallities makes the
spectra of electrical resistance of the deposits wider
and as result widening of their magnetic properties
[4]. Recently, electrodeposits of Co and CoCu
alloys have attracted intensive interest because of
their wide use as magnetic materials in electronic
devices for data saving, as electrical resistance
devices and in semiconductor technologies but the
electrocrystallization of CoCu alloy has been
considered little so far [11]. Low amounts of Ni in
CoCu alloy system can improve the properties of
the thin films and can favour the segregations of
small ferromagnetic particles and increase the
magnetoresistance of the ternary CoNiCu coatings;
decreases the stress in the copper/ ferromagnetic
interface and can improve the corrosion resistance
of the deposits [6]. The possibility for deposition of

* To whom all correspondence should be sent:
E-mail: katya59ignatova@gmail.com

CoNiCu alloy coatings is proposed as alternative to
Cu-Co -Ni/Cu multilayer preparation [12].

Recently, pulse electrodeposition has received
considerable  attention  for  synthesis  of
nanocrystalline and amorphous alloy coatings [7].
The advantage of the pulse over stationary
electrodeposition is that the properties of the
deposit could be improved by control of pulse
parameters, which gives a possibility for producing
of  nanostructured coatings [8]. Pulse
electrodeposition can be used as a means for
producing  the  coatings  with  properties
unachievable by stationary deposition. Plating at
extremely high amplitude polarization gives
conditions for non-equilibrium growth of the
coating, which may results in changes of the alloy
phase composition and formation of unusual
(anomal) metastable structures [8-10].

The electrodeposition of Co and Co-Cu coatings
was studied using sulphate [8, 11, 12], citrate [13-
15] and sulfamate [16] baths. Several authors
studied the pulse plating of CoCu alloys [10]. The
CoNi coatings were deposited mainly from sulphate
[17] and citrate [6, 18, 19] electrolytes.

The growing interest in using citrate electrolyte
in recent years was determined because of its
ability to serve as buffer, to form complexes, and to
add coating lustre, thus avoiding the need of
introduction of special organic additives in the
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electrolyte [18]. The difficulties in using citrate
electrolytes come from its stability, which depend
strongly on pH.

The magnetic properties of electrodeposited Co
films can be correlated with their structure and
plating conditions [7]. The electroplating
parameters effect on the structure and growth
modes of Co, CoCu [12] and CoNi [2, 4, 5] that is
why a great interest exists to investigate the relation
between the plate parameters, coatings structure
and coating properties [11, 14, 21-24]. Anomalous
galvanostatic deposition in gluconate bath of CoNi
[20] and potentiostatic deposition of CoNi and
CoNiCu [14] in citrate bath were performed. It was
established formation of CoNi solid solution with
hexagonal close packed lattice (hcp) [5] and solid
solution of NiCoCu with face centred cubic lattice
(fcc) [14].

In our previous study [25] some preliminary
results concerning the possibility for codeposition
of CoNi and CoNiCu alloy coatings in slightly acid
citrate electrolyte were presented.

The present paper resumes the conditions of
electrodeposition of the CoCu, CoNi and CoNiCu
coatings and the effect of the mode of deposition
(potentiostatic and pulse potentiostatic modes) on
the structure (morphology, elemental and phase
composition) of the alloy coatings.

EXPERIMENTAL

The experimental setup consisted of a three-
electrode cell (total volume 150 dmd) with disk-
shaped cathode (surface area 1cm?) from pure
electrolytic copper and Pt plate anode. The surface
area ratio anode: cathode was 30:1. The reference
electrode was saturated calomel electrode (SCE).
The experiments were conducted at room
temperature (20°C £1). Before the experiment the
cathode surface was etched in acid etching solution
and washed with distilled water. The anode was
cleaned in hot 1n HNOs and washed with distilled
water.

The experiments were conducted in slightly acid
citrate baths with composition as follows: 0.025M
Cu (as CuS0O4 5H,0); 0.32M Co (as CoSO, 7H,0);
0,38M Ni (as NiSOs H:0); 0.2M Nas citrate
(NasCsHs0O7); pH = 5,3-5,5. The pH was adjusted
using NaOH and H>SO4 and measured using pH-
meter.

The kinetics of deposition was studied using a
method of potentiodynamic polarization curves
(potential sweep rate 30 mVs?1) using a
potentioscan Wenking. The pulse electrodeposition
of the coatings was carried out using pulse potential
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with rectangular shape, generated by pulse
generator, connected to the input of a specially
designed potentiostat, connected to the three-
electrode cell. The average values of the
polarization, AE, (calculated as a difference
between the potential at the current and the
equilibrium potential) and the average current, l.y,
were measured using digital voltmeter with high
input resistance and miliammeter. The amplitude
values of the polarization, AE,, were controlled
using an oscilloscope.

The relation between the average (AE) and
amplitude  (AE,)  polarization  values  at
potentiostatic rectangular pulse conditions is:
AE=0.AE, , where g v

, Ty - pulse time,
T, +7T,

and 7,— time between the pulses. At each pulse

frequency ( f :%,Hz,T =7,+7,),and #=05 the

relations  AE — l,, and

calculated. Data about the average polarization

(AE) and the amplitude values of the polarization
(AE,) as a function of applied pulse frequencies

for the same value of the average current density
were compared.

The morphology and the elemental composition
(in wt %) of the coatings were determined using
scanning electron microscope (SEM) with Energy
Dispersive Spectral Analysis (EDSA) - equipment
of Oxford Instruments JSM-6390 — Jeol.

The phase and crystal structure of the coatings
were investigated using automatic Philips PW 1050
X-Ray diffractometer, equipped with secondary
graphite monochromator for Cu Ko radiation, and
scintillation counter. The diffractograms were
recorded in 20 range from 10° to 100° with a step
length 0.04° and a counting time of 1s per step.

RESULTTS AND DISCUSSION

Individual deposition of Cu, Ni and Co at
potentiostatic mode.

AE, —1,, were

The dependences of the individual deposition of
Cu (curve 2), Ni (curve 3) and Co (curve 4) onto
Cu surface (S= 1cm?), compared to the polarization
dependence in background electrolyte (0,2m
Nascitrat, curve 1), are presented in Fig.1.

The polarization curve, received in the
background electrolyte shows wide polarization up
to potential -1,4V; the following current growing is
due to the hydrogen evolution on the electrode.
When 0,025m Cu was introduced in the electrolyte
the increasing of the current begins at potential -
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0,96V and the polarization curve has two steps. The
processes in the bath for Cu deposition include two
stages of electrons transfer, the second one is the
real copper deposition (at -1,35 V). Between the
two, a chemical stage exists, related to the reaction
of disproportion of the copper. This mechanism
was proved in Cu deposition from ammonium-
nitrate electrolyte [26], as well as in other Cu
electrolytes [27].

The polarization curves for individual
electrodeposition of Ni and of Co have only one
plateau of the limiting current, related to the
reduction of the metallic ions. The
voltammerograms at different potential sweep rate
[25] have shown that in both cases a part of the
polarization has a diffusion reason, but in the Ni
electrolyte the activation part is prevailed.

The electrodeposition of Ni begins at potential -
1,1V and of Co at -1,2V (Fig.1).

In the studied electrolyte the continuity of the
electrodeposition of the metals under applying of
sufficiently high cathodic potential is Ni — Co — Cu
(Fig.1).

85+
80
75

10,2m Nacitrate
7] 20,025m Cu +Na,citrate
65 30,38m Ni + Nacitrate
60 40,32m Co + Nacitrate
55
50
45 4
404
35
() 30 4
25
20
15
10
54
0 T —T T T
0,0 05 1,0 15 2,0

"E(SCE),V

Fig.1 Polarization curves in background electrolyte
(0,2m Nascitrat, pH=5,5) — (1); of individual deposition
of Cu (2), Ni (3) and Co (4) in electrolytes with content:
0,025M Cu(1); 0,38M Ni(2) and 0,32M Co(3) all with
0,2M Nagcitrat; v = 30 mV.s™.

i, mAcm?

Electrodeposition of CuCo, NiCo CoNiCu alloys at
potentiostatic mode

Fig.2 represents voltammograms (potential
sweep rate 30 mVs?) of deposition of Co-Cu (2),
Co-Ni (3) and Co-Ni-Cu (4) alloys. With the aim of
comparison, the dependence in the background
electrolyte is shown as a curve 1.

The lowest values of the limiting current were
established for the electrolyte, containing
simultaneously Co and Cu (2). In all studied
electrolytes for alloy deposition, the range of
potentials was overlapped with this one for the pure

metal deposition. The alloy coatings of Co-Cu, Co-
Ni and Co-Ni-Cu with high quality in the studied
electrolyte can be deposited in the range of
potentials respectively -1,13V =+ -1,3V (SCE);-1,2V
+-1,4V (SCE) and -1,25V +-1,35V (SCE).

100 A 1-0.2m Na citrate
2-CoCu 4
3-NiCo
80 4 - CoNiCu 3
N
e
o 60 2
<
£
o 40
1
20
0 T T T T
0,0 05 1,0 15 2,0
-E,V (SCE)

Fig. 2. Polarization curves in background electrolyte
(0,2M Nagscitrat, pH=5,5) — (1) and in electrolytes for
deposition of CoCu (2); NiCo (3) and NiCoCu (4).
Content of electrolytes: 0,025M Cu(2,4); 0,38M Ni(3)
and 0,32M Co(2-4) all with 0,2M NasCitrat; v = 30
mV.st,

Pulse deposition

In the values of the average and amplitude
polarization the ohmic drop in the solution
(between Lugin capillary and working electrode),
as well as polarization, used for Double Electrode
Layer (DEL) charging are included. While the first
goes to negligible values as the polarization
increase, the second one is significant and is about
1/3 of the total polarization, especially at
frequencies over 1 000 Hz. At these frequencies the
pulse time is of the same order as the time for DEL
charging (7, << 0,5ms), that is why an assumption

exists that at frequencies over 1 000Hz the plating
is no effective. Nevertheless, frequencies of 5
000Hz and even 10 000Hz were applied with the
aim the change in the structure of the Co alloys at
these unusual conditions to be established.

Data about the average polarization (E) and
the amplitude values of the polarization (AE ) as a

function of applied pulse frequencies (from 100 Hz
to 2500 Hz at® =0,5), are shown in fig. 3. Data
was read in the three electrolytes for deposition of
CoNiCu (curves 1,1*), CoNi (curves 2,2*), CoCu
(curves 3,3*) for the same value of the average
current density (30 mAcm-2). The same
dependence was established at each value of the
cathodic current density, higher than the showed.
On the same figure the value of the polarization at
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the same current density in the stationary conditions
is given.
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Fig. 3. Current densities reached at different vertex
potentials on Pt cathode in electrolytes, containing: 1)
Cu?* -1 g/L and Zn?* - 50 g/L, 2) Cu®* - 1 g/L, Zn?* - 50
g/L and Ferasine 1 mL/L, 3) Cu®* - 1 g/L, Zn®* - 50 g/L
and H,SO; — 130 g/L, 4) Cu®* - 1 g/L, Zn** - 50 g/L,
H2SO4 — 130 g¢/L and Ferasine - 1 mL/L.

With the raise of pulse frequency from 100Hz to
2500 Hz the measured average polarization in the
three electrolytes (Fig.3, curves 1-3) is lower than
this one in stationary condition, which may be
explain with a possible decreasing of the diffusion
limitations as a result of diffusion gradient relax
during the time of pauses — effect, more important
at low frequencies. At the same time, with the rise
of the pulse frequency in the studied range, the
amplitude values of the polarization increase almost
twice (Fig.3, curves 1* -3*). As the polarization
may be used as a measure for oversaturation, it is
awaited to reach more fine-structured coatings
when apply higher frequencies especially in the
range 100Hz to 1 000Hz.

At the frequencies over 2 500Hz the tendency
towards lower average polarization than this one in
stationary condition was kept, but the “useful” part
of the measured total polarization (used for the
alloy deposition) decrease and the part for DEL
charging increase.

Morphology and elemental composition of CoCu,
NiCo and CoNiCu coatings.

Fig.4-6 show the SEM images of the CoCu
(Fig.4), CoNi (Fig.5) and CoNiCu (Fig.6) coatings.
The applied potentials, respectively polarizations,
correspond to the same value of current density,
which however is different for each type of coating
(28 mA.cm for CoCu, 35 mA.cm for NiCo and
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Fig.4. SEM images of CoCu coatings, deposited at
potentiostatic mode (a) and at pulse frequencies: 500 Hz
(b); 1000 Hz (c); 10000 Hz (d) in bath: 0,32M Co,
0,0,25M Cu and 0,2M Nagscitrat. The applied deposition
polarization corresponds to the same average current
1v=28 mA (S=1 cm?) in the polarization curve. Coating
composition (in wt.%): (a) 73%Co-27%Cu; (b) 35%Co-
75%Cu; (c) 38%C0-55%Cu (7%0); (d) 64%Co-32%Cu
(4%0)
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45 mA.cm? for CoNiCu). Current density chosen
corresponds to the same point of each polarization
curve, close to and before the plateau, thus ensuring
realization of identical kinetic conditions for the
deposition of each alloy. EDSA results for
elemental composition (wt. %) of the coatings are
given in the text captions.

Co-Cu (Fig.4): The deposited at stationary
conditions CoCu coatings are with numerous
needle-shaped crystals (Fig.4a) and bigger spherical
crystals. Small negative shift of the applied
potential makes the coating more fine-crystal with
average grain size of about 250-500 nm. The
coating composition is ranging within wide limits -
from 2% Co to about 82%Co.

Using the pulse mode changes significantly the
coating structure (Fig.4,b-d). The structure becomes
more homogeneous, with more levelled surface
compared to this one in stationary condition. At
pulse conditions the structure is levelled and with
round to spherical shaped crystals. Applying
frequencies up to 500 Hz (Fig.4,b), the coatings are
fine-crystal, with nano — measurements (grain size
less than 100 nm), with low Co content (35% Co).
With the increase of pulse frequency the content of
Co in coatings grow up (up to 64%) and the
average grain size increases up to 300 nm, in the
same time the coatings become smoother
(Fig.4,c,d). This result is in good correlation with
the pulse mode results which showed, that at
frequencies over 1000 Hz the average polarization
and the part of amplitude polarization, responsible
for the Faraday reaction, are close to these in
potentiostatic condition.

Ni-Co (Fig.5): Compared to the coatings
obtained in stationary mode (Fig.5,a), the ones
obtained in pulse mode (Fig.5, b-d) have low Ni
content (up to 12%). Judging on the weight % of
oxygen, the presence of oxides was found in the
coating at high frequencies. The application of
pulse mode in general and the higher frequencies of
pulses result in increased share of the more oval
crystals compared to the needle-shaped ones, their
size decreases reaching 200-400 nm and the surface
smoothes as a whole. The increase of frequency of
pulses above 1 000 Hz results in obtaining alloys
enriched in cobalt (about 90% Co). The blurred
SEM images at increased frequencies are explained
with obtaining of nano-size structure and
smoothing the surface.
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Fig.5 SEM images and EDSA data of NiCo coatings
deposited at stationary mode (a) and at pulse
frequencies: (b) 500 Hz; (c) 1000 Hz; (d) 10000 Hz in
electrolyte with composition: 0,32M Co, 0,38M Ni and
0,2M Nagcitrat. The applied deposition polarizations
correspond to the average current I,y =45 mA (S=1 cm?)
in the polarization curves. Coating composition (in
wt.%): (a) 76%Co0-21%Ni (3%0); (b) 88%Co -12% Ni
(c) 96%Co- 4%Ni, (d) 90%Co-5%Ni (5%0)
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CuNiCo (Fig.6): It was found that in the case of
deposition of the triple alloy CuNiCo, the coatings
obtained at frequency 500 Hz have larger crystals
and are more inhomogeneous compared to CoNi
coatings (Fig. 5,c and Fig.6,a). The increase of the
pulse frequency up to 1000 Hz results in obtaining
of rounded, more uniform, and finer crystals of
average diameter 400-500 nm (Fig.6, b). Moreover,
the percentage of nickel in the alloys increases (up
to 27% Ni). The percentage of cobalt, however,
does not change significantly and remains about 71-
76 %, and the content of copper decreases from 8%
to less than 5% at the applied potentials.

]

[ ]

10KV . X20,000,  1gm 08 20 SEI

10KV X20,000° 1pm .
b)

Fig. 6 SEM images and EDSA data of CoNiCu coatings
deposited in electrolyte: 0,32M Co, 0,38M Ni, 0,025M
Cu and 0,2M Nagcitrat in pulse mode with pulse
frequencies: (@) 500 Hz; (b) 1000 Hz. The applied
deposition polarizations correspond to the average
current l,y =35 mA (S=1cm?). Coating composition (in
wt.%):  (a)76%C0-9%Ni-8%Cu-(7%0);  (b)71%Co-
21%Ni-(5%Cu)-3%0

Phase composition of CoCu, NiCo u CoNiCu
coatings

B
4,08 20 SEI

The results from the X-Ray analysis show
(Fig.7), that in the studied alloy coatings Cu, Co
and Ni crystallize in cubic lattice (f.c.c.). Only in
the ternary CoNiCu coating deposited at pulse
frequency 1000 Hz (Fig.7, 4), a presence of Co
both with face-centred cubic crystal lattice (f.c.c.)
and with hexagonal crystal lattice (h.p.c.) was
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found. All diffraction images are characterized with
relatively wide peaks due to their fine structure
reaching nano-sizes. The clear Cu spectrum is due
mainly to the fact, that the coatings have small
thickness (about 3um) and are deposited on copper.
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Fig.7 X-Ray diffractograms of the CoCu coatings(1-3),
deposited at pulse condition at frequencies: 500 Hz (1);
5000 Hz (2); 10000 Hz (3); of the CoNiCu coatings at
pulse frequencies 1000 Hz (4) and of the CoNi coatings
(5-10) deposited in stationary (5) and pulse mode at
pulse frequencies: 500 Hz (6); 1 000 Hz (7); 5 000 Hz
(8); 10 000 Hz (9,10) in bath with the same composition
and at the same polarizations as these in Fig.4-6.

CONCLUSION

The conditions for the electrodeposition of
CuCo, CoNi and CoNiCu in potentiostatic and
pulse potentiostatic modes in citrate solutions were
determined. It was found that the applying of pulse
potentiostatic mode and higher frequency of pulses
significantly smoothes the surface and resulted in
finer crystals with rounded shape and average size
under 100 nm for CoCu coatings; up to 200-300 nm
for CoNi and up to 500 nm for CoNiCu (wt.% Co
up to 80%).
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Bulgarian Chemical

EJIEKTPOOTJIATAHE U CTPYKTYPA HA Co ITOKPUTUS (CoCu, NiCo AND CoNiCu) B
[TOTEHLHMOCTATUYEH U UMITYJICEH PEXXUM

K. H. Urnarosal, 1. C. Mapqua2

! Xumuxomexnonozuuen u memanypeuuen ynusepcumem, Cogpus 1000, Bvrzapus

2 Texnuuecku ynusepcumem, Cogpus 1000, Bvneapus
TTocrbrnuna Ha 18 ampw, 2013 r.; Kopurupana na 24 maii, 2013 .

(Pesrome)

W3cnenBana e KMHETHKATa Ha camocTosTesiHo omiarade Ha Cu, Co n Ni kakTo U Ha oTinaraneTo Ha ciiasute CoCu,
NiCo u NiCoCu B cnabokucen nutpateH enektponut (pH= 5,5). IloxydeHu ca U JaHHW 3a OTJIAaraHeTo Ha CIUIABUTE B
HMIIYJICEH TOTEHIMOCTAaTHYEH PEeXUM TPH Pa3IYHA YECTOTH Ha umiysicure. ChIIOCTaBeHH ca MOpP(OJIOTHATa U
enleMeHTHUS cbCeTaB (upe3 SEM u EDSA aHanu3u ChOTBETHO) Ha MOJIyYEHHUTE B CTAI[MOHAPEH U B MMITYJICEH PEKUM
CIUTaBHU MOKPHUTHUS OT BCEKH BUJL.

Y CTaHOBEHO €, 4e I0KaTO OTJIaraHUTe MOKPUTHUS B CTAI[MOHAPEH MOTEHIIMOCTATHYEH PEXKUM Ca ChC CPEJICH pa3Mep
Ha KpUCTanuTUTE OT okojio 250 mo cpenno 500 nm, a crabpkanneto Ha Co e Hax 85 wt.%, TO B UMITYJICEH PEKUM ce
HaOJI0/1aBa HAMAJICHWE Ha CPeJHMs pa3Mep Ha KPUCTAIUTUTE, a CchabpkaHueTo Ha Co e mox 76 wt.% 3a BCHUKH
criasu. [lpunaranero Ha yectotu Ha umnysicure 10 500 Hz npu ortnarane Ha CoCu cnaBu, BOAU 10 MOHMKEHUE Ha
pa3mepa Ha kpuctaiurure o 100 nm (mpu 60-70 wt.% Co). B cpmmre yenosust mokpurusita ot CoNi and CoNiCu ce
XapaKTepU3upaT C OKPBIVIEHA CTPYKTypa Ha KPUCTATUTHTE, ChC cpeaeH pazmep okoio 200-300 nm. Janaute ot X-Ray
aHaiM3a nokassar, ye nBoiHuTe crtaBu CoCu u NiCo ca aBydas3Hu u ce cheTosT OT (a3 Ha MeJ, KoOanT W HHUKEN ¢
KyOn4yHa cTeHHoueHTpupaHa pemeTka (f.c.c.). ExuacTBeHO B TpoitHOTO mokputne Cu-Co-Ni ocBeH KyOnuHu (a3 Ha
TPUTE METaNa € YCTaHOBEHO M Hajnnune Ha Co-chabpxaina ¢as3a B XxekcaroHainHa cuaronus (h.p.c.).
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Thermogravimetric way to test the oxidation resistance of Pt/C catalysts for fuel cells

S. V. Mentus*, I. A. Pasti, N. M. Gavrilov
University of Belgrade, Faculty of Physical Chemistry, Studentski trg 12 , 11158 Belgrade, Serbia
Received: 01.03.13; Revised 27.04.13

Carbon supported platinum catalysts for fuel cell applications were subjected to linearly programmed heating in air
atmosphere under thermogravimetric control. Relative to pure supporting carbon, the carbons composing the Pt/C
catalysts were significantly less resistant toward oxidation. Moreover, the Pt/C catalyst samples differed mutually in
their oxidation resistances depending on platinum content, carbon texture and presence of additive. Thus, besides of
both in-situ and cyclic voltammetric methods, thermogravimetric method was proposed as a fast supplementary way to
test the resistance of Pt/C catalyst against oxidation degradation.
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INTRODUCTION

The nanodispersed, carbon supported, Pt
catalysts are widely used to catalyse both cathodic
and anodic electrode reactions in polymer
electrolyte membrane fuel cells (PEMFC). Apart of
being current collector, the carbon support prevents
the Pt nanoparticles of agglomeration. Under
working regime, the cathode catalyst layer is
permanently exposed to gaseous oxygen, to provide
the electrode potential through the oxygen
reduction reaction:

Oz + 4H* + 4e" = 2H,0 (E° = 1.23 VV vs. SHE )...(1)

Thus the carbon support undergoes oxidation,
and the loss in its mass enables the loss in active
surface area of Pt catalyst through agglomeration.
Apart of this, positive potential causes slow anodic
dissolution of platinum, being an additional reason
of catalyst deterioration.

Searching for an acceptable mechanism, the
model of carbon oxidation by ozone reported by
Donnet [1], was adapted by Kinoshita et al [2], and
followed by other authors [3-5], in description of
carbon oxidation in fuel cells. According to these
reports, CO; is formed in two independent and
parallel paths:

C — CO, )

C — COgyri— CO2 (3)

where oxidation by mediation of surface carbon
oxides (COsuf) is much slower than the direct
oxidation. In fuel cells, the overall reaction (2) may
be presented as a part of the following

* To whom all correspondence should be sent:
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electrochemical reaction [2]:

C + 2H,0 — CO, + 4H* + 4e,
(E°=0.207 V vs.SHE ) 4)

Although the potentials of oxygen reduction
reaction (1) is typically well above the standard
potential of the reaction (4), low kinetic parameters
of oxidation make carbon black relatively stable. In
addition, the growth of surface oxides (2) may
either protect corrosion sites or make a barrier for
diffusion of the reactants [2].

The durability of Pt/C composite catalyst
manifest itself through the stability of the power of
the fuel cell. Usually, it is tested ex-situ, by a
persistent cyclic voltammetry and a subsequent
observation by electron microscope [6,7]. For
example, Wang et al. [6], for a commercial Pt/C
catalyst with 20% Pt, provided by Johnson —
Matthey, evidenced the decrease of active surface
area in function of number of polarization cycles in
nitrogen purged perchloric acid solution after 4000
polarization cycles. The TEM pictures taken before
and after the cyclo-voltammetric test, unveiled that
the agglomeration of Pt particles appeared
obviously to be one of the reasons of catalyst
collapse. In cyclic voltammetry, the fastest
degradation takes place when the potential passes
the vertex anodic value, since the concentration of
adsorbed oxygen species then passes maximum.
This way of testing of catalyst durability is very
time consuming. Platinum dissolution and
deposition under potentiodynamic condition may
cause regrouping of platinum particles resulting in
coarsening on account of disappearing of smaller
particles. The cyclic voltammetry test does not
allow to observe the contribution of carbon
oxidation separately from the contribution of
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platinum dissolution/deposition, in an overall
catalyst degradation. Therefore it would be useful
to dispose with the testing procedure which can
characterize carbon resistance to oxidation
separately from the other factors of -catalyst
durability.

The present authors applied the
thermogravimetric analysis for accurate
determination of platinum content in Pt/C catalysts.
In these experiments, the catalysts were subjected
to a progressively rising temperature in air
atmosphere up to complete combustion of carbon,
and the residual mass presented the mass of pure
platinum [8, 9]. These experiments indicated that
the Pt/C catalyst, obtained from various sources,
differ in respect of initial temperature of carbon
oxidation. Since the thermogravimetric curves
reflect also the kinetics of the observed chemical
process, we suggest that the thermogravimetric
measurements of Pt/C catalysts in air may be used
as an efficient method to characterize their
durability, supplementary to a usual cyclic
voltammetry method.

EXPERIMENTAL
The device

The device used in the experiments was the
thermobalance TA Instruments Model 2960. The
air flow rate of 70 cm?® s, and heating rate of 10
°C min, were constant in all experiments.

The samples

A commercial nanodispersed carbon provided
by Cabot Corp., trade mark Vulcan XC 72, used as
a support of commercial Pt/C catalyst of Johnson
Matthey Co., was used in this study as a reference
sample. According to the product specifications, its
BET specific surface area 220 m? g1, and according
to the TEM picture shown in the reference [10], the
mean particle diameter is close to 50 nm.

The second sample was a commercial Pt/C
catalyst sample HiSpecTM 4000, provided by Alfa
Aesar (with 40 wt% Pt nanoparticles dispersed on
Vulcan XC 72). The TEM picture of this sample
one may see in the reference [11].

The third, homemade sample Pt/C catalyst
sample, contained Vulcan support modified by thin
layer of Ta,Os in quantity 20%, overlayered by
10% of nanodispersed Pt. The oxide layer was
applied first, by drying the suspension of Vulcan in
ethanol + tantalum isopropoxide solution, and then
Pt nanoparticles were deposited by polyol method
[12].

The fourth of investigated samples was a
Degussa Pt/C catalyst, trade mark F 105 R/W, with
10% nanodispersed platinum deposited over
nanodispersed activated carbon with high surface
area of nearly 1000 m? g%

RESULTTS AND DISCUSSION

Fig 1, shows the thermogravimetric curves of
the three carbon supported platinum catalyst
samples described in the experimental section,
compared to the the thermogravimetric curve of
Vulcan XC R2 used as a reference sample. The
F105 R/W (Degussa) sample, thanks to a developed
surface area of supporting carbon black (CB),
contains a lot of adsorbed water, which caused an
initial mass drop of almost 15% on heating up to
100 °C. The Vulcan based catalysts do not absorb
significant amount of moisture, as visible from a
negligible mass change up to at least 200 °C. The
main mass drop observed in Fig. 1 is due to the
combustion of the carbon material. According to
the position of the TG curves along the
temperature axis, there is an obvious difference
between the observed samples in the resistance
toward oxidation. The final residual mass in Fig. 1.,
manifesting itself as a plateau, corresponded
precisely to an actual fraction of non-combustible
matter, Pt or Pt+Ta,0s.
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Fig. 1. TG curves of Vulcan XC R2, (10% Pt +20%
Taz0s)/Vulcan, 40% Pt/Vulcan (HiSpecTM 4000, Alfa
Aesar) and 10% Pt/CB (F105 R/W, Degussa) recorded
in air stream at a heating rate 10 °C min.,

For the purpose of more efficient comparison of
oxidation resistance of investigated materials, in
Fig. 2, the thermogravimetric data from Fig. 1
were expressed in a form of absolute reaction rate
in function of temperature. To do this, the fraction
reacted (o) was calculated:

a = (m; - m)/(m; - my) 5)
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where mj, m; and ms are initial, actual and final
mass, respectively; for a linearly rising temperature
T, time is t = T/b, where b is heating rate. In
relation to pure Vulcan, for any of the Pt/C
samples, the combustion process was shifted
markedly toward lower temperatures. The
combustion of Pt/C samples was self-accelerated
reaction, since, as Fig. 1 shows, for o > 0.4,
overheating happened relative to the programmed
temperature rise. The overheating might be
prevented by dilution of the sample with inert
substance, for instance with corund or silica,
however this was not performed in this study.
Therefore, only initial parts of the TG curves,
where overheating was negligible, were used to
compare the observed samples. As already expected
from Fig. 1, Fig. 2 confirms clearly that the
resistance toward oxidation, in average, decreases
in the series 10% Pt/CB (F105 R/W, Degussa) <
40% Pt/Vulcan (HiSpecTM 4000, Alfa Aesar) <
(10% Pt +20% Ta,0s)/Vulcan (homemade) <
Vulcan (XC72, Cabot Corp.).
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% & ® 40% PtVulcan (Alfa Aesar)
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Fig 2. Absolute oxidation rates in function of
temperature for Vulcan XC R2, (10% Pt +20%
Ta,0s)/Vulcan, 40% Pt/Vulcan (HiSpecTM 4000, Alfa
Aesar) and 10%Pt/CB (F105 R/W, Degussa); air
atmosphere; heating rate 10 °C min‘L.

There is the possibility to use thermogravimetric
data to express the reactivity in more quantitative
manner. Namely, first derivation of o vs. t gives the
dependence of absolute reaction rate (do/dt) on
time. Absolute reaction rate as a function of
temperature, generally, obeys the equation [13, 14]:

E
9% _ A7 £ ()

dt (6)

Here A and E are preexponential factor and
activation energy, respectively, and f(a) is a
function, the form of which depends on the nature
and morphology of the sample, and involves the
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reaction order, n. The list of available theoretically
derived functions for various predicted limiting
steps and for particles of variable geometry, one
may find in the corresponding literature [13, 14].
The determination of reaction parameters and most
suitable function f(a) is the matter of regression
analysis, which may be relatively simple by means
of a suitable software, some of which are published
elsewhere [15, 16].

The rate of oxidation of pure Vulcan XC 72,
may be compared with the literature data for non-
catalysed oxidation of various carbon materials. As
shown in a recent review published by Neff et al
[17] and Stanmore et al. [18], the kinetic of carbon
combustion is studied mostly with the aim to
remove the soot emitted from diesel engines. The
detailed study of carbon oxidation is provided by
Marsh et al. [19]. They proposed that the
combustion involves free carbon sites, chemisorbed
both localised and mobile molecular oxygen, and
chemisorbed both localised and mobile atoms of
oxygen. Moulijn et al. [20] proposed a relatively
simple carbon surface during combustion,
involving three types of carbon—oxygen complex,
carbonyl, semiquinone and pyrone groups, ordered
according the increased stability. According to
these authors [21], only less stable fraction of the
oxygen-containing surface complexes take part in
oxidation reactions. One can expect that for
different carbons obtained in a similar way, these
with higher specific surface area show higher
sensitivity toward oxidation, on account of higher
number of reactive surface groups. Accordingly,
comparing to the results published by Lopez-
Fonseca et al. [22], the initial temperature of
combustion of Vulcan XC 72 visible in Fig 1, lies
between that of Degussa carbons Flammruss 101
(30 m 2 g') (combustion started at 600 °C) and
Printex XE-2B ( 1170 m 2 g!) (combustion started
at 400 °C). By means of two isoconversional
methods, averaged value of activation energy of
150 kJ mol* for Flammruss 101, and 132 kJ mol
for Printex XE-2B was estimated, while the pre-
exponential factors amounted to 2.0-10° and 2.9-10°
min?t,  respectively [22]. Therefore, one may
expect intermediate values of these parameters for
Vulcan CX 72.

Many literature data evidence that the
combustion of carbon may be accelerated by means
of various catalysts [17, 23-33]. On the basis of
results of TPO experiments, Fe;0s3 y-A1,03, V20s,
CuO, TiO, as well as Pt/y-A1,0; , may accelerate
shoot oxidation [17]. This was investigated and
evidenced in the reactors were the shoot was mixed
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with the catalysts [23-30]. To explain catalytic
activity of nanodispersed Pt supported by y-Al1,03
in the oxidation of coke, oxygen spillover has been
postulated by several authors [29, 30]. The same
hypothesis has been suggested to explain higher
activity of alumina or copper oxide containing low
amounts of platinum in shoot combustion [31, 32,
33]. This hypothesis is in agreement with the report
that the oxygen ions of alumina are more mobile
when located in vicinity of Pt particles [34].
Moreover, platinum is known to enable the
exchange gaseous 20, with the 1°0O of the alumina
[35]. On this basis, it can be suggested that oxygen
is first adsorbed dissociatively on the surface of the
noble metal, and then activated oxygen spills over
on the supporting surface, where it is able to react
with carbon particles at a temperature lower than in
the absence of platinum. The experimental
arrangement for coke and shoot oxidation in
references [23-33], where carbon particles were
mechanically mixed with catalyst particles, differ
from that used for oxidation of Pt/C catalysts
studied here. Namely, in the last case, Pt
nanoparticles are applied directly through chemical
processes on carbon particles. The suggestion of
concentration of adsorbed oxygen on platinum
surface [29-35] as a factor of higher corrosion rate
of supporting carbon is applicable here, even
without any need of oxygen spillover, thanks to a
direct contact of platinum and carbon as the
reactant.

Between (10% Pt +20% Ta.Os)/Vulcan
(homemade) and 40% Pt/Vulcan (Alfa Aesar)
samples, one might reasonably expect higher
oxidation resistance of the first one, based on the
lower content of platinum. It appears to be actually
so at higher o values (i.e. higher temperatures), as
Fig. 2. shows. However, in initial oxidation stages,
the oxidation rate is almost identical for both
samples, indicating synergistic effect of the
Pt/Ta,0s combination in oxidation catalysis. The
disappearance of this effect at higher temperatures
may indicate the gradual disappearance of the
three/phase  boundaries Pt/Ta;Os/C with the
progress of carbon oxidation.

The comparison between two Pt/C catalyst
with high and low surface area of supporting
carbon (i.e., the Degussa and Alfa Aesar samples),
respectively, indicate higher oxidation resistance of
Alfa Aesar sample, in spite of its higher platinum
content. This emphasizes the importance of surface
area effect, connected reasonably with the content
of reactive C atoms [19,20].

After the experiments described in this
contribution, one may conclude that thermo-
gravimetric analysis under air flow is well capable
of detect fine differences in the resistance of
different carbon materials and Pt/carbon catalysts
towards oxidation. On the basis of similarity of
oxidation mechanism of carbons in gaseous and
aqueous media [2], the reactivity order of Pt/C
catalyst toward oxidation in air established by
thermogravimetry, may be expected to reflect the
reactivity order in fuel cells, too.

CONCLUSION

Thermogravimetric analysis under air flow is
capable of detect fine differences in the resistance
of different carbon materials and Pt/carbon
catalysts towards oxidation. Among investigated
samples, the resistance toward oxidation, decreases
in the series 10% Pt/CB (F105 R/W,
Degussa)<40% Pt/Vulcan (HiSpecTM 4000, Alfa
Aesar) < (10% Pt + 20% Ta0s)/Vulcan
(homemade) < Vulcan (XC72, Cabot Corp.).
Having in mind similar mechanism of oxidation of
carbon in gaseous and aqueous media, one may
expect similar order of oxidation resistances in
electrolyte media of fuel cells, too.

The thermogravimetric experiments confirmed
that

- Pt nanoparticles in Pt/C catalyst cause a
significant increase of the oxidation rate of
supporting carbon;

- the transition metal oxides used as
additives to Pt/C catalyst may influence the
rate of carbon oxidation, Ta;Os being the
catalyst of oxidation;

- the specific surface area of supporting
carbon competes to the platinum content in
determination of oxidation resistance of
carbon.
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TEPMOTPABUMETPUYEH METO/] 3A TECTBAHE HA YCTOMUYNBOCTTA HA
OKUMCJIEHUE HA P/C KATAJIM3ATOPHU 3A TOPUBHU KJIETKU

C. B. Mentryc*, U. A. Ilamrtu, H. M. I'aBpuiios

bencpaocku ynusepcumem, paxynimem no gusuxoxumus,
Cmyoenmckuu mpe 12, 11158 Fenepao, Cvpbus

IMoctenmna va 1 mapt, 2013 r.; npepaborena Ha 27 ampuin, 2013 T.

(Pestome)

ILtatuHoBu KaTaJIn3aTopu, OTIO0XKCHU BBbPXY BBIVICPOAHN HOCUTCIIM 34 TOPUBHU KIICTKU Ca IMOJJIOXKCHHU

Ha JIMHEHHO MPOTPaMHUPYEMO HarpsBaHe BHB BB3IYyIIHA aTMoc(epa Moja TepMOTPaBUMETPUYEH KOHTPOJL
VYcTaHOBEHO €, Ye CIpsIMO YHMCTHS BBIVIEPOJIEH HOCHTEN, Kartanu3aTopbT Pt/C € 3HaYMTenHO MO-yCTONYUB
KbM OKHUCJICHHE. YCTOMYMBOCTTa KbM OKHCIIEHHE 3a pasnuuHure Pt/C — koMmmo3uuuu e pasiuyHa B
3aBHCHMOCT OT CHIBPKAHHETO Ha IUIATHHA B TSX, BBIVIEPOAHATA UM TEKCTypa W HAJIMYHETO Ha nobaBku. B

paborata OCBeH

in-situ  METOABT W METOABT Ha IUKJIMYHATA BOJTAMETPOMETPHS,

€ MH3II0JI3BaH

TCPMOTrpaBUMCTPUIHUAT METOA KaTO 6’Bp3 HAa4Y¥H 3a OOI'BJIHHUTCIIHA IMPOBEpPKa Ha YCTOﬁqHBOCTTa Ha Pt/C
KaTajJn3aTop KbM OKHCJICHUC.
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The synthesis of invert glasses is possible in the oxide system Na,O/TiO2/BaO/Al,03/B,03/SiO,/Fe;03 for glass-
former concentrations less than 30 mol%. The prepared glasses are further annealed at different temperatures above the
glass transition temperature for different periods of time. This resulted in the simultaneous crystallization of cubic and
tetragonal BaTiOz as shown by x-ray diffraction. The scanning electron microscopy imaging shows precipitation of
globular crystals with sizes varying from some ten nanometers to 1-2 micrometers. The dielectric properties of the
glass-ceramic samples are investigated by the method of impedance spectroscopy as a function of frequency. High
dielectric constants of the order of 1000 at room temperature and frequency 13 Hz are obtained.

Key words: barium titanate, invert glass, crystallization, impedance spectroscopy, dielectric constant.

INTRODUCTION

Oxide glasses and glass-ceramics, containing
less than 50 mol% glass-forming oxides have high
tendency to crystallization and are known as invert
glasses [1]. These systems, although difficult to
obtain as amorphous solid, can be crystallized using
an appropriate thermal treatment in order to obtain
crystalline phases with distinct physical properties.
In an ideal case, the obtained glass-ceramic
materials combine advantageous properties of the
amorphous and of the crystalline phase. The
precipitation of crystalline phases with extremely
high melting temperature from such invert glasses
allows to decrease the synthesis temperature of the
corresponding material and to obtain high volume
fraction of the crystals. This technique can also be
applied to the preparation of dielectric materials
such as barium titanate. Barium titanate, BaTiOs is
a well-known dielectric which possesses numerous
allotropic modifications. In most cases, the
tetragonal modification of BaTiOs is preferred since
it is ferroelectric up to about 120°C and may be
utilized for the preparation of capacitors due to its
high dielectric constant and as a substitute of the
magnetic RAM, e.g. as ferroelectric RAM (FRAM)
[2-6]. The cubic modification of BaTiOsz also
possesses high dielectric constant and due to the
lack of ferroelectricity has isotropic dielectric
properties [2, 5, 6]. So, it can be applied for the
preparation of different types of electronic
elements, for example as multilayered capacitor for

* To whom all correspondence should be sent:
E-mail: ruza_harizanova@yahoo.com

energy storage [2, 4, 5]. Depending on its optical
properties, the cubic modification may be a
promising candidate for UV laser preparation for
optoelectronic  applications [6]. Multiple
experimental techniques are wused for the
preparation of barium titanate as bulk material, [2,
3, 5, 6]. There are also reports dedicated to the
preparation of BaTiOs in the form of thin films [4,
7].

Some authors report on the addition of 3d-
transition metal oxides, for example Fe, to systems
in which BaTiOs is crystallized [3]. Often, the
crystallization of BaTiOs with or without the
addition of iron oxide is achieved by treatment at
high temperatures [3]. Other investigations are
devoted to the preparation of barium titanate
nanorods with cubic symmetry showing emission in
the blue part of the visible spectrum [6] using
hydrothermal methods or, however, of the
tetragonal modification with potential application in
electronics [8]. There are also authors who prefer
traditional glass melting techniques to precipitate
core-shell nanoparticles composed of barium
titanate and magnetite which are promising
candidates for application in spintronics [9, 10].
The as obtained modifications of barium titanate
exhibit numerous interesting properties, i.e. electric,
optical and piezoelectric [6, 8, 11] which promotes
the further interest in their investigation.

Another important aspect in the preparation of
barium titanate or core/shell particles composed of
barium titanate and magnetite is the proper choice
of the initial glass composition, so that a tailored
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size of the precipitated crystals and large enough
volume fraction may be achieved. Studies carried
out using the composition
12Na;0/12Al1,03/14B,0:/37Si0,/25Fe,03 [12] or
similar oxide systems [13-19] show that the varied
ratio of the alkaline and alkaline earth oxides leads
to controlled viscosity of the melt. This allows
controlling the crystallite size and volume fraction
in the corresponding materials.

This work reports the results from the synthesis
of glasses from invert compositions with less than
30 mol % glass-forming oxides in the system (23.1-
X)Na.0/23.1Ba0/23Ti0./7.6B,03/17.4Si0>/5.8Fe;
Os/xAl,0; and the resulting microstructures.
Further, it shows the possibility to crystallize
BaTiO; with varying particle sizes from glass
compositions with different ratios [Na:O[/[Al.O3].
The dielectric constants of the synthesized glass-
ceramic materials are determined by impedance
spectroscopy.

EXPERIMENTAL

The ratio [Na;O]/[Al:O3] is varied and a series
of compositions with the formula (23.1-
X)Na.0/23.1Ba0/23Ti0./7.6B,03/17.4Si0>/5.8Fe;
0Os3/xAl,03 x = 0; 3 in mol% (batch composition)
are melted from reagent grade raw materials:
Na,COs, BaCOs, TiOz, A|(OH)3, B(OH)s, SiO; and
Fe,0s. All glasses are melted in 60 g batches for 1 h
at 1250 °C in air using a Pt crucible in a furnace
with SiC heating elements. Then, the melts are
guenched (without pressing) on a copper block and,
in order to reduce the mechanical stresses in the
glass, transferred to a pre-heated C-mould and held
for 10-15 min at 450°C in a muffle furnace. Then,
the furnace is switched off and the samples are
allowed to cool to room temperature.

The phase compositions of the samples from all
melted compositions are studied by Xx-ray
diffraction (XRD), Siemens D5000, using Cu-Ko
radiation (A= 1.541874 A) and Ni-filter. The
microstructure and the elemental composition of
the prepared glasses and subsequently, of the
crystallised ones is further analysed by scanning
electron microscopy (SEM), combined with
energy-dispersive (EDAX) analysis, (JSM-7001F,
JEOL Ltd., Japan). Imaging of the crystallised
samples is performed on both polished and if no
good contrast is achieved — on etched surfaces (5 s
in 1% HCI solution). The dielectric properties are
investigated by impedance spectroscopy at room
temperature in the frequency range from 1 Hz to
130 kHz. First the impedance modulus and the
phase angle are measured as function of frequency
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and then an appropriate equivalent circuit is
proposed (impedance meter Zahner IM6, Kronach,
Germany). The capacitance derived from the
equivalent circuit is determined at several
frequencies and the dielectric constant is calculated.

RESULTTS AND DISCUSSION

All prepared glasses after quenching on a copper
plate possess dark brown coloration. There are
some parts of the surface which seems to be slightly
crystallised. Here, the formation of droplet-shaped
light brown regions is observed. The bulk of all
samples appears glassy, as seen at a fractured
surface and as concluded from XRD patterns and
SEM imaging. The XRD patterns of the untreated
glass and samples annealed at 550°C for different
periods of time are shown for the composition with
20.3 mol% Na,O and 3 mol% Al;Os in Figs. 1 and
2 (samples G1 to G7).
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Fig. 1. XRD patterns of samples with 5,8 mol% Fe;O3
and 3 mol% Al,O; — glass as prepared (G1l) and
crystallization of BaTiOz (JCPDS 1-74-1962) after
annealing for 30 min (G3), 1 h (G4), 2 h (G5) and 5 h
(G7) at 550°C; lines — peaks of BaTiO:s.

Increasing annealing times lead to peaks of
larger intensity and to a larger volume fraction of
crystalline phase. The same results are observed
earlier for the same system [20] and for similar
borosilicate glasses from which BaTiOsz can also
subsequently be crystallized [21]. In the present
study and from our previous work [20], we have the
idea that with increasing Al,Os concentration, the
crystallization tendency on the surface decreases up
to the ratio [NaO)/[Al,0s] = 12.1/11. For a
concentration of 15 mol% Al,Os already
spontaneous and sporadic crystallisation occurs in
the bulk, although in the XRD-pattern no distinct
lines are observed. The average size of the crystals
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Fig. 2. XRD patterns of samples from the system
NaQO/BaO/TiOz/BzOs/SiOz/FEzOs with 5.8 mol% F6203
and 3 mol% Al,O; — crystallization of BaTiOz after
annealing for 15 min (G2) and 3 h (G6) at 550°C; lines —
peaks of BaTiOs; inset: magnified peak at 45.3° with
peaks of the tetragonal phase fitted.

formed during annealing at 550°C and for equal
periods of time show that an increasing ratio
sodium oxide/alumina leads to an increase in the
average crystallite size — as already reported in
[20]. Such a dependency of the size of the formed
crystals on the ratio [Na,O]/[Al.O4] is attributed to
the increase in the viscosity with decreasing ratio
and was already observed in other non-transition
metal containing aluminoborosilicate glasses [14-
16] or in glasses containing minor quantities of
polyvalent elements, e.g. tin or iron [17-19].
However, the same dependency on the viscosity
and thus, of the size of the precipitated crystalline
phase on the ratio between the alkali and aluminum
oxides is also seen for borosilicate glass melts with
higher Fe,Os concentration (between 14 and 25
mol%) [12]. The same situation is observed for the
crystallization products in the present study — see
Figs. 3 and 4. Here the formed crystals for
compositions without Al,Os are of the order of 1
micrometer while the crystals precipitated under the
same annealing schedule but for an alumina
concentration of 3 mol% are less than 600 nm. The
XRD analyses show that for both compositions
always one and the same crystalline phase — cubic
BaTiOs, JCPDS 1-74-1962, is formed. The same
observation was already reported in our earlier
works [20, 21]. The Rietveld refinement of the peak
at 45.3°, however, shows that the peak may be
represented as a combination of two peaks — see the
inset in Fig. 2, i.e. in the annealed samples with 3
mol% Al,Os obviously also the tetragonal
modification of barium titanate is present. This type
of analysis has already proved to be a trustful way
to establish the presence of cubic or/and tetragonal

BaTiOs [2, 8]. Usually, the size of the formed
particles and the preparation conditions are decisive
for the formation of either cubic or tetragonal
barium titanate [2, 4-8, 11]. The fit in Fig. 2,
however, suggests that here simultaneously cubic
and tetragonal BaTiOs; are present. The
simultaneous  presence of the tetragonal
modification which is ferroelectric but also of the
cubic one — paraelectric with isotropic dielectric
properties — may have an interesting impact on the
dielectric properties of the resulting glass-ceramics.
As seen in Figs. 3 and 4, the prepared glass-ceramic
materials are characterized by a high degree of
crystallization in the bulk and thus, high dielectric
constants are expected for them as already observed
in the work of other authors concerning barium
titanate based glass-ceramics [23].

Fig. 3. SEM of a polished and C-covered sample with
5.8 mol% Fe,Os and no Al,Oz — formation of spherical
core-shell crystals after annealing for 4 h at 550°C

Fig. 4. SEM of a C-covered sample with 3 mol% Al,O3
and 5.8 mol% Fe;0s, annealed for 3 h at 550°C -
crystallization of globular BaTiOs in the bulk [20].

The tendency of combining different transition
metals — here Fe and Ti — is a well-known method
for changing the type and the properties of the
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resulting crystals and is already observed in other
(Ba,Fe, Ti)-containing glass systems [3, 9]. The
simultaneous presence of two or more transition
metals in the composition of an oxide glass can
result in formation of core-shell structures
consisting of ferroelectric and ferromagnetic
crystals [9]. Such structures may combine the
properties of the two phases formed, which results
in a multiferroic property and finds novel and
interesting practical applications in electronics [9,
10]. Anyway, from the presented XRD data, as seen
in Figs. 1 and 2, and as concluded from the
elemental EDAX analyses performed on the
crystals from Fig. 3, only Ba and Ti are present in
the formed crystals, however, Fe is not detected in
the crystals. One reason for the total lack of Fe or
only undetectable minor Fe concentrations
incorporated in the BaTiOs crystals might be the
relatively low Fe;,O3 concentration. This is in
contrast to the results reported by other authors,
who by sintering routes obtain Fe-doped barium
titanate [3] or by applying appropriate annealing
programs  crystallize  core-shell  multiferroic
particles from a borosilicate amorphous matrix with
a comparable iron oxide concentration [9]. It should
be noted, that the Fe-doped barium titanate crystals
from Ref. [3] change their symmetry from
tetragonal into hexagonal due to the incorporation
of Fe in the crystals. This effect is disadvantageous
because the hexagonal phase exhibits no
ferroelectricity and also, possesses worse dielectric
parameters, in comparison to the cubic one as
reported in [3].

In order to evaluate the dielectric constants of
the obtained barium titanate based glass-ceramics,
impedance measurements were performed. Samples
from both compositions are prepared by roughly
polishing two plane parallel surfaces and sputtering
gold electrodes at them. Then, two points
measurement was done using an impedance
analyzer, first measuring the impedance modulus
and phase angle as function of frequency. Then,
after attributing the electrical behaviour at room
temperature to an RC-circuit in parallel, the
capacity is measured at a fixed frequency. The
results from the performed measurements at a fixed
frequency allow, for a known geometry of the
samples, to calculate the dielectric constants as a
function of the frequency at room temperature.
Data for two annealed samples are shown in Fig. 5.
It is to be mentioned that the samples show a
dependency of the dielectric constant on the
frequency typical for all dielectric materials — no
matter what the crystalline phase is [22].
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Fig. 5. Dielectric constant as function of frequency at
room temperature for samples with 20.1 mol% Na.O and
3 mol% Al,O3 — annealed for 15 min (G2) and 3 h (G6)
at 550°C.

However, in the present case a very high
dielectric constant in the whole frequency region is
obtained — results comparable to the results
reported by other authors in case of purely
ferroelectric barium titanate [23]. From Fig. 5 in the
present work it becomes clear that a longer
annealing time and the same annealing temperature
lead to a higher dielectric constant at one and the
same frequency. This fact can be explained by the
larger degree of crystallization of the sample
annealed for 3h compared to that crystallized for 15
min, though both are well-crystallized since in the
XRD-patterns almost no glassy halo is seen, cf.
Fig.2. The data in Fig. 2 also suggests that the
volume fraction and the size of the crystals in the
sample annealed for 15 min at 550°C, are smaller
with respect to those for the sample crystallized at
the same temperature but for 3h. In Fig. 5 it is also
shown that the decrease in the dielectric constant
with increasing frequency is steeper for the sample
crystallized for 15 min. One possible reason could
be the higher losses in comparison to those in the
sample crystallized for 3h for which the dielectric
constant shows only a slight variation with the
frequency. The explanation of this phenomenon for
the present system is still not clear.

CONCLUSION

The quenching of melts from the studied
compositions results in glass formation in the bulk
and slight crystallization at the surface. Annealing
of samples from the bulk above Tg leads to the
crystallization of spherical particles of cubic
BaTiO; for all ratios [NaO]/[Al,Oz]. The Rietveld
refinement of the x-ray diffraction data reveals
simultaneous crystallization of the tetragonal and
the cubic BaTiOs phase. No influence of Fe on the
crystal phase composition and symmetry is
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observed. The dielectric constant, calculated at
room temperature, is about 1000 at 13Hz and its
decrease with the increasing frequency depends on
the annealing time applied.
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KPUCTAJIM3ALIMA U IMEJEKTPUYHU CBOMCTBA HA MTHBEPTHU AJTYMO-
BOPOCHNIIMKATHU CTBKJIIOKEPAMUKU, CbABPXAIIN GAPUEB TUTAHAT
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(Pestome)

B cucremara Nazo/TiOz/BaO/A|203/BzO3/SiOz/FBzOs

€ BB3MOXCH

CUHTE3bT HaAa MWHBCPTHU CTHKJIA 3a

KOHLIGHTPAIMM Ha CThbKI00OpasyBaTenure mo-Maiku ot 30 mon%. IlomydeHuTe cThKIA ca MOJUIOKEHN Ha TEPMHYHO
TpeTHpaHe MU Pa3IMYHU TEMIIepaTypH HaJ TeMIeparypara Ha CTBKIO0Opa3yBaHe 3a pa3lIMuHO Bpeme. Pe3ynTarst e
eHOBPEMEHHATa KPUCTAITM3aLs Ha KyOuueH u TeTparonaneH BaTiOs, KakTo CBUIETENICTBAT JAaHHUTE OT PEHTTEHOBATa
Judpakuys. AHaJIM3UTE C IIOMOIITa Ha CKaHMPAIla eISKTPOHHA MUKPOCKOIHUS TIOKa3BaT 00pa3yBaHETO Ha III00YJIapHU
KpUCTalIH C pa3MepH, BapHpalld OT HSAKOIKO AECETKM HM 10 1-2 mukpomerpa. JueneKkTpuyHHTE CBOWCTBA Ha
CTBKJIOKEpAMHYHHUTE NMPOOH ca M3CIECABAHM 110 METOAA Ha MMIIEIAHCHATAa CIIEKTPOCKOMHS B 3aBHCHMOCT OT YECTOTAaTa.
OmnpeneneHn ca BUCOKH JUENICKTPUIHN KOHCTAaHTH OT mopsaapka Ha 1000 npu craitHa Temneparypa u gecrora 13 Hz.
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The processes of corrosion and degradation of electrode materials are crucial for the efficiency of pulse electrolysis
and are expected to depend on the electrical characteristics of the pulse (current/voltage, frequency, duty cycle). The
aim of the present paper is to investigate the effect of these characteristics on the electrochemical properties of Ti
electrodes. Pulse electrolysis was carried out in 6 M KOH for 24 and 72 h with current amplitude of 65 mA, frequencies
of the signal of 0.5-10 kHz and pulse duty cycle between 1 and 99%. The electrochemical properties of the titanium
anode and cathode surfaces after operation were characterized by electrochemical impedance spectroscopy in a borate
buffer solution (pH 7.4) at the open circuit potential, as well as by linear sweep voltammetry in a similar solution
containing an equimolar mixture of KsFe(CN)s and KsFe(CN)g as a redox couple to probe the electronic conductivity of

the surface films.

Key words: pulse electrolysis, titanium, electrochemical impedance spectroscopy, linear sweep voltammetry, electronic

and ionic conductivity.
INTRODUCTION

Pulse electrolysis of water is a highly efficient
method of production of hydrogen/oxygen gas
mixtures, sometimes called hydroxygen, that are
successfully used as additives to hydrocarbon fuels
in internal combustion engines [1-4]. The papers on
pulse  electrolysis of water to  obtain
hydrogen/oxygen mixtures are somewhat scarce [5-
9], focusing on the effect of pulse regime on the
overall process efficiency and the combustion
properties of the respective gas mixtures. It was
also demonstrated that application of short
inductive voltage pulses to the cell allows the
power of the primary circuit to be reduced, thereby
reducing the total power necessary for electrolysis
and achieving water splitting with an input voltage
as low as 1 V [7,8]. The interpretation of the
phenomena associated with hydroxygen production
has been recently a cause of controversy, invoking
a range of explanations from the formation of new
forms of matter [10-12] to that of charged water gas
clusters [13]. Regardless of the exact mechanism
of the process, it seems well established that in
conditions of pulse electrolysis of water, the rate of
the process is increased in comparison to the dc
regime. This poses more stringent requirements for
the electrode materials since the processes of their
corrosion and degradation are expected to depend

* To whom all correspondence should be sent:
E-mail: dhristova@hotmail.com

on the electrical characteristics of the pulse
(current/voltage, frequency, duty cycle). In most of
the commercial hydroxygen generators described
thus far, austenitic stainless steels, as well as pure
titanium were employed as both cathode and anode
materials [14]. A search of the literature revealed a
dearth of studies relevant to characterization and
optimization of the electrode material with respect
to its corrosion/degradation rates.

The aim of the present paper is to investigate the
effect of pulse characteristics (duty cycle and
frequency) on the electrochemical properties of
commercially pure Ti under pulse electrolysis
operating conditions and to correlate these
properties with the surface state of the material. The
electrochemical properties are characterized using
both electrochemical impedance spectroscopy in an
inert electrolyte and linear sweep voltammetry in a
similar electrolyte containing a redox couple to
probe the electronic conductivity of the surface
film.

EXPERIMENTAL METHODS

The laboratory setup to study the effect of
electrical characteristics of the pulse consisted of a
home-designed high-power pulse generator (60
V/15 A), a dc power supply (BK Precision, 100
V/15 A), a 7-digit multimeter (Tektronix), a digital
oscilloscope (Tektronix), and a flow meter
(Aalborg, 240 L/h). The setup was originally
designed for studies of the hydroxygen generation

74 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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efficiency in larger electrolysis cells using current
amplitudes up to 5 A. In the present paper,
however, a smaller cell was used since the main
goal was to investigate the degradation of the
electrode material. Thus pulse electrolysis with
current amplitudes of 12 -250 mA, pulse
frequencies (f) of 0.5 to 10 kHz and duty cycles (D)
between 1 and 99% and a duration of 24 h was
performed. The distance between the anode and the
cathode in the pulse electrolysis cell was 1 cm.

Investigations were carried out on Grade 2
titanium (99.2%) that served both as an anode and
cathode material. Its pretreatment consisted of
mechanical abrasion with emery paper up to 2400
grade followed by rinsing with bi-distilled water. 6
M KOH prepared from a p.a. chemical and bi-
distilled water was used as electrolyte.

The electrochemical properties of the electrodes
after  operation  were  characterized by
electrochemical impedance spectroscopy in a borate
buffer solution (0.5 M HzBOs;, 0.05 M
Na;Bs0;.10H.0, pH 7.4) at the open circuit
potential, as well as by linear sweep voltammetry in
a similar solution containing 0.5 M K4Fe(CN)s and
0.5 M KsFe(CN)s (1:1) as a redox probe of the
electronic conductivity of the surface films.
Electrochemical measurements were performed
with an Autolab PGSTAT30/FRA2 driven by
GPES and FRA software (Eco Chemie). The sweep
rate in voltammetric measurements was 1 mV s¥,
whereas the frequency range of the electrochemical
impedance measurements was from 0.01 Hz to 50
kHz with an ac signal amplitude of 15 mV (rms).
The linearity of the impedance spectra was checked
by measuring at signal amplitudes from 5 to 15
mV, whereas their causality — by a Kramers-Kronig
transform compatibility test embedded in the
measurement software. Fitting of experimental
voltammograms and impedance spectra to
appropriate  functions was performed using
Originlab software.

RESULTTS AND DISCUSSION
Electronic conductivity of the surface film

Results of the electrochemical probing of the
electronic conductivity of surface films on cathodes
and anodes after 24 h of operation with
voltammetry in a borate buffer solution (pH 7.3)
containing a KsFe(CN)s/K2Fe(CN)s redox couple
are presented in Fig. 1 and Fig. 2, respectively. The
curves were fitted to a Butler-Volmer equation
describing a first-order electrochemical reaction
limited by charge transfer, expressed as follows
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Fig. 1. Effect of pulse duty cycle (%) at constant
frequency of 1 kHz (a) and frequency at a constant duty
cycle of 10% (b) on the voltammetric response of Ti
cathodes after 24 h of operation at 65 mA, measured in a
borate buffer solution containing an equimolar mixture
of KzFe(CN)s and KsFe(CN)s. 0 — fresh sample. Points —
experiment, lines — best-fit calculation.
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Fig. 2. Effect of pulse duty cycle (%) at constant
frequency of 1 kHz (a) and frequency at a constant duty
cycle of 10% (b) on the voltammetric response of Ti
anodes after 24 h of operation at 65 mA, measured in a
borate buffer solution containing an equimolar mixture
of KzFe(CN)s and KsFe(CN)s. 0 — fresh sample. Points —
experiment, lines — best-fit calculation.
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=i [ exp(b, (E-E)) ~exp(-b.(E-E)|

where ip is the exchange current density of the
redox reaction, b, and b, are the exponential
coefficients and Eeq is the equilibrium potential of
the redox couple (0.30+£0.02 V vs. AgCl/Ag). The
best-fit calculations are shown in Fig. 1 and Fig. 2
with solid lines and demonstrate that this simple
model describes adequately the experimental
voltammograms.

In general, the electronic conductivity of the
surface films formed on both anodes and cathodes,
as characterized by the exchange current density,
decreases with increasing the duty cycle at a
constant frequency of 1 kHz (with the exception of
99% and dc regime) as well as with the increase of
the pulse frequency at a duty cycle of 10% (Fig. 3).
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Fig. 3 A comparison between the exchange current
density for Ti anode and cathode surfaces after 24 h and
72 h of operation at 65 mA/40 V for different duty
cycles at a constant frequency of 1 kHz (a) and at
different frequencies and a duty cycle of 10% (b).

However, this decrease is much more
pronounced in the case of films formed on anodes
and can be related to the increase of the thickness
and/or decrease in the number of defects during the
pulse anodic polarization. In that respect, it is worth
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mentioning that the exponential coefficient of the
oxidative partial reaction (b,) is of the order of 6 V-
! whereas that of the reductive partial reaction (bc)
is ca. 10 V!, i.e. the transfer coefficient for
oxidation is smaller than that for reduction, as
expected for an n-type semiconductor layer formed
on the Ti surface during operation. The sum of the
two exponential coefficients is however less than
40 V1 which is expected for one-electron reaction
at a bare metal surface. This fact is also in
accordance that an oxide film is present on the
surface and part of the applied potential is
consumed as a potential drop in this oxide.

The superimposed effect of the increase of
thickness (which lowers the probability for direct
tunneling of carriers) and the decrease of the
number of point defects (lowering the probability of
resonance tunneling and/or polaron hopping) [15-
17] qualitatively explains the influence of duty
cycle on exchange current density (Fig. 3a). In the
simplest case, when only direct tunneling is
involved, the exchange current density should

decrease exponentially with film thickness
according to the equation

i i oAl

iy =iy e Lo @

where iO’LO is the exchange current density of the

fresh sample (bearing a native oxide with a
thickness Lo), L is the thickness of the oxide on an
electrode that has been in operation and 3 is the
tunneling constant (of the order of 108cm™[17,18]).
The thickness of the native film on Ti being
reported as 7.9 nm [19], the values of L estimated
from equation (2) are of the order of 10-12 nm as
depending on the duty cycle. These values
demonstrate that during operation, film growth
plays a minor role and most of the charge passed
goes for water splitting.

lonic conductivity of the surface films

Further insight into the influence of operational
conditions on the electrochemical properties of the
surface films on Ti was sought by registering
electrochemical impedance spectra at open-circuit
potential in a borate buffer solution (pH 7.3). The
effect of the duty cycle at constant frequency of 1
kHz on the spectra is illustrated in Fig. 4 and Fig. 5
for the cathodes and anodes, respectively, after 24 h
of service at current amplitude of 65 mA.
Qualitatively similar spectra (not shown for the
sake of brevity) were obtained as depending on the
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Fig. 5 Effect of pulse duty cycle at constant frequency of 1 kHz on the impedance spectra of Ti anodes after 24 h of
operation at 65 mA/40 V. Left- impedance magnitude vs. frequency, right — phase shift vs. frequency, 0 — fresh sample.

Points — experiment, lines — best-fit calculation.

pulse frequency at constant duty cycle. In the phase
angle vs. frequency dependences, two overlapped
time constants were detected by preliminary
deconvolution of the impedance spectra. The higher
frequency time constant is tentatively ascribed to
the charge transfer processes at the film/solution
interface, whereas the time constant at lower
frequencies that is characterized by a much larger
value of the associated resistance would correspond
to the capacitance of the surface film in parallel to
the resistance of ionic transport through it.

In order to extract quantitative information
concerning the influence of pulse regime on the
electrochemical properties of the surface films and
their interface with the electrolyte, the impedance
spectra were interpreted with the following transfer
function

1
Z=R,+ 1
ijd+Rct‘1+_—_l
jJoC, +R,, 3)
where Re is the uncompensated electrolyte
resistance, Cy the interfacial double layer

capacitance, Re — the charge transfer resistance at
the film/solution interface, Cs — the capacitance of
the semiconducting surface film and Rion — the ionic
transport resistance through the latter. It is worth
mentioning that due to the geometrical and/or
energetic non-homogeneity of the surface the
capacitance of the double layer was approximated
with a constant-phase element (CPE) and the values
of the apparent capacitance were extracted from the
data using the approach of Brug et al. [14]:
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CIJ;E = C; “ (Rell + Rctl) (4)
where Qcpe and o are the CPE parameters.

The best-fit calculations according to the above
transfer function are presented in Fig. 4 - Fig. 5
with solid lines and demonstrate the adequacy of
the model in describing the experimental data. It is
worth mentioning that due to the significant overlap
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of the two time constants, the values of the charge
transfer resistance Rq were computed with a large
error and will not be commented further. Plots of
the estimated values of the remaining transfer
function parameters (Cq4, Rion and Cy) as depending
on the operational characteristics of the pulse (duty
cycle and frequency) for both anodes and cathodes
that have been in service for 24 and 72 h at 65 mA
are presented in Fig. 6 - Fig. 7.
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Fig. 6 A comparison between the double layer capacitance (above), the ionic transport resistance (middle) and the
surface film capacitance (below) for Ti cathodes after 24 and 72 h of operation in a pulsed regime for different duty
cycles at a constant frequency of 1 kHz (left) and for different frequencies at a duty cycle of 10% (right).
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The double layer capacitance increases with
duty cycle, indicating an increase of the geometric
and/or energetic heterogeneity of the surface as a
result of pulse electrolysis operation. This increase
is much more pronounced for the cathodes in
accordance to what we reported in a parallel study
of the effect of operational conditions on cathodes
made of AISI 316L stainless steel [21].

The ionic conductivity of the oxide, that can be
assumed to be inversely proportional to Rion,
decreases significantly for anodes in comparison to

a reference sample that has not been in operation.
This trend can once more be correlated to oxide
growth on the Ti surface during pulse electrolysis
and/or decrease of the number of defects in the
oxide. It is to a certain extent corroborated by the
decrease of the film capacitance Cs, although the
comparatively small decrease of this parameter
indicates that it most probably represents the
depletion layer in the semiconducting oxide, rather
than being correlated to the whole thickness of the
oxide.
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If we assume that the oxidation reaction at open
circuit is the growth of the oxide at the metal/film
interface via inward high-field assisted migration of
oxygen by a vacancy mechanism, balanced by
chemical film dissolution at the oxide/solution
interface, then the following approximate
expression can be derived for the ionic transport
resistance [22]

RTa K. ol/a

Rion = 1
4F’D, (1-a) Kq

()

where a is the half-jump distance for ion transport,

Do'is the apparent (field-dependent) diffusion

coefficient, a is the part of the applied potential
consumed at the film/solution interface, kg is the
rate constant of generation of oxygen vacancies at
the metal/film interface, k. — the rate constant of
consumption of the vacancies at the film/solution
interface and L is the film thickness. According to
this equation, the resistance of ionic transport is an
exponential function of film thickness. Since it has
been demonstrated above in relation to the effect of
film thickness on the exchange current density of
the redox reaction that film thickness increases with
duty cycle, the exponential increase of Rion with
duty cycle that is detected in Fig. 7 can be
understood in terms of equation (4). Of course, to
guantify the effect of pulse parameters on film
thickness and composition, surface analytical data
are needed. In that context, further investigations of
the composition of the oxide film with surface
analytical techniques are underway in order to
establish a quantitative correlation between surface
layer composition and electrochemical properties.

CONCLUSION

The effect of dynamic characteristics of the
process on the electrical and electrochemical
properties of surface films formed on Grade 2
titanium during pulse electrolysis of alkaline
solutions was characterized using voltammetry and
electrochemical impedance spectroscopy. A
conclusion can be drawn that the combination of
electrochemical and surface analytical methods
employed is suitable for the characterization of the
electrochemical properties of electrode materials
for pulse electrolysis of water. The decrease of the
electronic conductivity of the anodes as a result of
operation can be understood in terms of an increase
of film thickness and hence a decrease of the
probability of direct tunneling through the oxide as
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the rate-controlling step of the redox reaction. The
increase of film thickness, however, has been
estimated to be relatively small and thus most of the
charge passed is consumed for water splitting and
formation of hydroxygen gas mixture. The ionic
transport through the anodes has been qualitatively
in terms of film growth via high-field assisted
inward migration of oxygen by a vacancy
mechanism. Further investigations using surface
analytical techniques to obtain information on the
composition and structure of the surface films
would enable a quantitative correlation of these
characteristics ~ with  the  electrical and
electrochemical properties of the oxides. Such
studies are underway and the results will be
reported in the near future.
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MIOHHA U EJIEKTPOHHA TTPOBOJVIMOCT HA TIOBEPXHOCTHU ®UJIMU BHPXY
TUTAH [10 BPEME HA UMITYJICHA EJIEKTPOJIM3A HA BOJA

I. Cr. Xpucrosal, U. I'. Betosa?, 11s. b. LiseTkos!

Yenmovp no 6000poonu mexnonozuu, Xumuxo-mexnono2uuen u memanypauien ynusepcumem, 6yn. Ce. Kuumenm
Oxpuocku 8, 1756 Coghus
2Texnuuecxu ynueepcumem — Cogpus, 6ya. Ce. Knumenm Oxpuocku 8, 1000 Cogpus

IMoctenuna Ha 26 despyapu, 2013 r.; Kopurupana Ha 12 ampum, 2012 1.

(Pestome)

IMpouecure Ha KOPO3WS M JETpafalysi Ha €ICKTPOIHUTE MAaTEPUANN ca OT PEIaBaIlo 3HauYeHHE 332 €(h)eKTHBHOCTTA
Ha WMITyJICHaTa eJEKTPOJM3a W Hali-BEpOATHO 3aBUCAT OT EJIEKTPUYHUTE XapaKTEPUCTUKHM Ha HMILyJIca
(TOK/HampexeHne, YecToTa, HACUTEHOCT Ha uMITyica). LlenTa Ha HacTosmara pabora e 1a ce u3cnensa edpexTa Ha Te3U
XapaKTepUCTUKH BBPXY CIEKTPOXUMHUYHUTE CBOMCTBA HA TUTAHOBH €JEKTpo 1. MIMITyJICHATa eeKTPOJIN3a € IPOBeACHa
B 6 M KOH 3a 24 u 72 gaca ¢ aMIuutya Ha Toka 65 MA, dectoTr Ha curHaia B uarepsaia 0.5 — 10 KHz u nacutenoct
Ha umnynca Mexay 1 u 99 %. EnekTpoXuMHUHUTE CBOICTBA HA MOBBPXHOCTUTE HA TUTAHOBUTE aHOIHM M KaTOAM CIIEN
CIIEKTPOIIH3a Ca M3CIICIBAHHU Upe3 NICKTPOXUMIYHA UMITEIAHCHA CIIEKTPOCKOIHsI B pa3TBOp Ha 6oparten 6ydep (pH 7.4)
IIpU MOTEHIMaJd Ha OTBOPEHA BepuUra, a ChLIO0 Taka M C JIMHEHHa BOJTaMeTpus B IOJO00EH pa3TBOp, ChIBPIKALL
exsunopmania cmec ot  KuFe(CN)s u KizFe(CN)s kato pemokc JBoiika ¢ 1men HW3Cle/[BaHE Ha EJIEKTPOHHATa
MIPOBOAMMOCT Ha OBBPXHOCTHHUTE (DHIIMH.
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A thermodynamical analysis of the sulfuric acid dissolution process into oxidation and reducing conditions of the
Waelz-clinker (a waste product of zinc production) was carried out. The analytical study was executed by the help of a
professional program HSC Chemistry Ver. 5.11 as the module for the calculation and construction of Eh - pH diagrams.
The Fe-Cu-S-H,O and Fe-Ag-S-H.O systems which describe the dissolution of iron, copper and silver compounds
(oxides and sulfides) in a sulfuric acid medium were investigated. The influence of temperature (70 and 80°C) and
oxidation potential on the substance composition of the solutions was determined based on the calculated and

construction Eh - pH diagrams.

Key words: waelz clinker, dissolution, sulfuric acid, sodium sulfite, Eh pH- diagrams.

INTRODUCTION

In the process of zinc production in waelz
furnaces, a waste called waelz clinker is formed. It
contains copper (1.92-2.0 %) and silver (128-146
g/t) in quantities comparable to those in ores which
makes it a valuable raw material. The main reason
of the lack of a method suitable for recovery of
these metals is the high iron (36.87-37.35%) and
carbon (13.55%) content in the clinker.

Besides, according to the waste product
classifications, it falls within the ,hazardous waste”
category which requires search for a technology
suitable for its treatment.

Currently, one of the main methods for clinker
processing in Bulgaria is floatation which yields
copper concentrate with high carbon content
without, however, recovery of the silver.

In the world practice, there are a number of
hydrometallurgical methods for recovery of copper
and silver from lean raw materials, and quite a few
research studies on the application of sulphuric-acid
dissolution of copper bearing raw materials using
SO, or Na,SOs as reducer were conducted over the
recent years. According to a number of authors: C.
Sequeira et al. [1], R. Bartlett et al. [2], E. Silvester
et al. [3], W. Yuill et al. [4], G. Fuentes et al. [5]
the purpose of sulphuric-acid dissolution of
sulphide copper-bearing raw materials with sulphur
dioxide as reducer is transformation of the more
complex copper sulphides such as: chalcopyrite and
bornite into the less complex sulphides chalcozine

* To whom all correspondence should be sent:
E-mail: K333444@abv.hg

(Cu,S), digenite (Cui.sS) or covelline (CuS). The
interaction takes place as follows:

CuFeS, +Cu* =2CuS + Fe" 1)

In the presence of reducer, such as sulphur dioxide,
the reaction velocity is considerably increased [6].
The process can be described by the following
reaction:

CuFeS, + 250, + 4H,0 +3Cu>" =

2
2Cu,S + Fe** +2H,S0, +6H " @

According to D. Collier el al. [6] SO, and
Na;SOs (sodium sulphite) are the reducers most
suitable for chalcopyrite and bornite. The authors
explain the higher velocity of dissolution in the
presence of SO, by dissolution of the hematite and
clearing of the reacting surface of the sulphide-
bearing minerals. According to Sohn and
Wadsworth [7], the presence of SO; in the solution
creates conditions for selective recovery of copper.
At high concentration of Na,SQOs, (for example, 150
/1) the copper will precipitate in the form of double
salt - Cu,S03.CuS0s.2H,0 [8].

In the opinion of S. I. Sobol [9], the chemical
interactions taking place during dissolution of
different metal sulphides with the participation of
sulphur  dioxide or sodium sulphite are
accompanied by separation of elementary sulphur.
When sodium sulphite is used, initially the reaction
runs with separation of sulphurous acid:

Na,SO, + H,S0, = Na,S0, + H,S0, )

Which, upon heating, can decompose with emission
of sulphur dioxide
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HZSO4 —)SOZ + HZO (4)

or form thiosulphate upon reaction with free

sulphur

H,S0, +S°=H,S,0, ©)
During dissolution of the iron-bearing minerals

in the presence of SO, (or sulphurous acid) the
following chemical reactions take place:

2FeS, +S0, +2H,S0, = FeSO, +2H,0+3S°
(6)
FeS +2S0, = FeSO, +2S° ™

2Fe,0, +9H,50,,. =6FeSO, +35° +9H,0

©))
Fe,0; +3H,50,,, =2FeS0, +5°+3H,0

FeCO, + H,S0, = FeSO, + H,CO, (10)

Dissolution of the copper-bearing sulphide
phases according to [6] takes place through the
reactions:

2CuFeS, +2H,S0, + S0, = 2FeS0, +Cu,S +2H,0+3S°
(11)

2Cu,FeS, +2H,50, + S0, = 2FeSO, +5Cu,S +45° +2H,0
(12)

Cu,S +3S0, +2H,0 =CuS +2H,S0, (13)
In principle, the reactions of metal sulphide
dissolution in the presence of SO, do not result in
formation of hydrogen sulphide. However, in the
presence of a metal phase in the raw material, for
example iron, in gaseous hydrogen sulphide is

released in the system as a result of the following
interactions:

3H, +50, =H,S+2H,0 15)

Upon introduction of Na;SOs in the solution
formation of Na,S is also possible as a result of the
following reactions:

Na,SO, +S° = Na,S,0, (16)
Na,$,0, = Na,$ + Na,SO, +28° + S0, 1y

The reaction products (H2S and NayS) sulphidize
metal ions present in the solution by one of the
following reactions:

Me* +H,S = MeS +H, a8)
Me? +H,S = Me,S +H, 19)

Where Me?* and Me" are: Cu*, Cu?*, Ag*, Fe?, etc.

Herein, a thermodynamic analysis of the process
of sulphuric-acid dissolution in the reducing
medium of waelz clinker is carried out and Eh-pH

aq

diagrams have been built in order to assess the
thermodynamic probability of execution of the
reactions and stability of the elements in the Fe-Cu-
S-H,0 and Fe-Ag-S-H,0 systems.

Chemical and Mineralogical Composition of
Clinker

The chemical composition of waelz clinker is
presented in Table 1. It is determined by means of
atomic adsorption analysis.

Table 1. Chemical composition of the waelz-clinker

Fe,% Cu,% Agglt S, % C, % Others
36.87 1.92 128 4.33 1355  ~43.23

Beside the elements indicated in the table in the
column ,,others”, the total content of Pb , Zn, Mn,
As below 1%, NaO, K-0, CaO, MgO, SiO,, Al,Os3
etc., is indicated.

The mineralogical studies of the clinker carried
out show that the main minerals in the clinker are
magnetite, hematite, jarosite, siderite, metal iron,
pyrite, bornite, chalcozine, arsenic  pyrite,
pyrrhotite, galenite, sphalerite (10-15 %), oxides;
calcium, iron, lead, zinc and copper sulphates and
carbonates (5 %), aluminum silicates of potassium,
sodium, magnesium, iron, lead and copper (20-25
%) and carbon (15-20 %).

The phase analyses of iron and copper in the
clinker show that ~28 % of the iron is in metal
phase, ~ 58 % as FeO and the rest is in the form of
Fe,03 and FesO4. The copper is found mainly in a
sulphide phase (~ 80 %). The rest of the copper is
distributed between the oxide (~ 15 %) and metal
(~ 5 %) phases. Silver in the clinker is found
mainly in the form of sulphide.

Therefore, the process of dissolution of iron,
copper and silver compounds (oxides and
sulphides) in a sulphur-acidic medium with the
participation of sulphur dioxide or sodium sulphite
as reducer can be described by the systems Fe-Cu-
S-H,0 and Fe-Ag-S-H0.

Analytical Investigation of the Process of na Waelz
Clinker Dissolution

The analytical investigation is carried out by
means of a professional code HSC Chemistry Ver.
5.11. Two modules are used: Reaction Equation
and Eh-pH diagrams.

Computation of Gibbs function

On the basis of the literature study carried out as
above, the possible reactions in both investigated
systems were divided in two main groups: reactions
with participation of reducer and reactions with
formation of copper and silver sulphides. The
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Table 2. Computed values of the Gibbs function and equilibrium constant of the possible chemical interactions during

reducing dissolution of the clinker

Reactions

T=25°C
AG, kJ LogK

T=80°C
AG, kJ LogK

A. Reactions with participation of reducer
Naz2S03+H2504= Na2S0s + H2S03(a)
Fe+H2S04=FeSOas+H2(Q)

SO2(g)+ 3H2(g)=H2S(g)+2H20
2FeS2+S02(g)+2H2S04=2FeS04+2H,0+5S°
FeS+2502(g)=FeS0s+2S
2CUFeS2+2H2S04+S02(g)=2FeS04+Cu2S+2H20+4S°
2CusFeS4+2H2S04+S02(g)=2FeS04+5Cu2S+4S%+2H20
Cu2S+3S02(g)+2H20=2CuS+2H2S04

NazS03 + S° = Na2S203

Na2S203 = 3/4NazS + 1/4Naz2SO04 +S02(q)

B. Reactions of sulfide formation
CuFeS2+Cu*?=2CuS +Fe*?

2Cu?*+H,S(a)+4e- =Cu2S+H2(g)

2AgH+H2S(a)+2e- = AgaS + Hz(g)

-111,33 19.51
-135.01 23.65
-207.52 36.37
-124,07 21.74
-122.74 21.52
-149.69 26,24

-115,05 17,02
-138,57 20,49
-191,58 28,34
-117,27 17,3
-102,36 15,14
-139,52 26,84

-91,45 16,03 -80,79 11,95
-25.65 451 -4,69 -0,69
-3.61 2.64 -3.306 2.046
138.12 -24.20 126.99 -18.78
-73,53 12.89 -73,36 10,85
-189,72 33.065 -191,44 28.32

-166,10 29.08 -158,12 23.39

thermodynamic probability for the possible
chemical interactions to take place is assessed in a
temperature range from 25 to 80 °C at atmospheric
pressure. The computed values of the Gibbs
function and equilibrium constants are given in
Table 2.

The analysis of results obtained shows that the
process of clinker dissolution in a sulphuric acid
medium in the presence of reducer (SO; or Na2SOs)
will take place with formation of elementary
sulphur and sulphides.

The reaction of hydrogen sulphide generation
from SO, and H, present in the system has the
highest value of the Gibbs function (AG = -208.99
kJ). The latter will form upon dissolution of the
metal iron. The reactions of sulphidization of the
copper ions (AG = -189,72 kJ) and silver ions (AG
= -166,10 kJ) present in the solution are also
thermodynamically probable.

The low value of the Gibbs function of the
reaction with formation of sodium thiosulphate and
its decomposition to Na,S is thermodynamically
impossible in the conditions of the investigation. In
all interactions with the participation of SO,
accompanied by temperature rise the values of AG
and LogK negligibly decrease.

Computation and building of Eh-pH diagrams

A module of the code HSC Chemistry — Eh-pH
Diagrams is used to determine the stability ranges
of ionic and nonionic forms of the substances Fe-
Cu-S-H20 and Fe-Ag-S-H,0 present in the studied
systems. In the process of building the diagrams,
the molar composition of the solution was taken
into consideration. The computations were carried

out for molar concentrations of the elements present
expressed as mol/kgnzo: 0.175 Na, 1.727 S, 0.66 Fe,
0.030 Cu and 0.000186 Ag. They correspond to the
molar composition obtained upon dissolution of 20
g clinker (Table 1) in 100 ml solution with
concentration 150 g/L H2SO, and 75 g/L NazSOs,
The analysis is carried out with serial multiplication
of the diagrams: Na-S-H,O; Na-S-Fe-H;O, Na-S-
Cu-H20, Na-S-Ag-H,0, Na-S-Fe-Cu-H,O and Na-
S-Fe-S-H:0.

The species of ionic and nonionic forms of the
substances present in the solution and the Gibbs
function used in building of the respective diagrams
are presented in Table 3.

Figure 1 presents a diagram of Na-S-H,O at
temperature 25 and 80°C.

It can be seen that with rising of the temperature
to 80°C the stability range of sulphur and of the
HSO, and NaSO. ions negligibly expands in the
direction of a higher potential and lower acidity.

Figures 2, 3 and 4 present the triple diagrams
Na-S-Fe-H,O, Na-S-Cu-H,O and Na-S-Ag-H.0O
built for 80°C.

The analysis of the Eh-pH diagrams shows that
in a highly acidic medium and low reduction
potential, the stable phases are FeS,, CuS, Cu.S and
Ag:S. Upon reduction of the solution’s acidity the
stability of these phases shifts towards lower
potentials which, in practice, means establishment
of a highly reducing medium. Therefore, upon
dissolution of the clinker at low reduction potential,
one can expect, besides the Fe?* ions, the presence
of insoluble FeS; as well.
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Table 3. Types of ionic and nonionic forms in the systems Na-Cu-Fe-S-H,O and Na-Ag-Fe-S-H,O and free energy of
their formation

Species AGPgg (kJ/mol) Species AG%g3 Species AGP298
(kJ/mol) (kJ/mol)
Cooper lron Silver
Cu 0.000 Fe 0.000 Ag 0.000
Cu? 65.52 Fe3* -10.96 Ag? 268.63
Cu* 45.76 Fe?* -91.82 Ag* 717
CuFeS: -190.53 FeO -241.79 Ag20 -7.50
CusFeSs -394.85 Fe203 -725.99 Ag2S -41.79
CuO -123.00 FeS -102.04 Ag2S0Os3 -396.19
Cu20 -143.65 FeS2 -156.66 Ag2S04 -600.29
CuS -56.73 FeSO4 - 805.69 AgSO« -648.92
CuzS -87.48
CuSOq4 -640.61
Cu2S04 -636.51
Sulfur Sodium Sulfuric acid
S 0.000 Na 0.000 H2S04
HS 17.93 Na* 266.03 H2S0z3(a) -667.18
H2S(a) -27.09 NazS -352.53 H25203(a) -524.29
S02(a) -297.74 Na>SOs -990.26 H25204(a) -518.24
S03(a) -505.03 Na2SO4 -1248.22 -595.17
S03% -457.41 NaSO4 -982.96
S04% -712.25
EpgVolks) . : Epgv
14 1 L4 |
12 + L2 b
L0 L0
0.8 08
0.6 06 |
0.4 F 04 F
0.2 f 02 k
0.0 - 0.0
0.2+ 0.2
0.4t TSI 04 |
0.6 | . 45
D8 I H2S(a) ] e |
-1.0 + HS(-a)| | -1.0
1% L 1 12 F
14 — e 14
2 <1 8 1 2 3 4 8 & 7 B B d B oM R0
pH 2
Elemens Molality Pressure
Elements  Molality Pressure Na 1.750E-01 1.000E+00
Na 1.750E-1 1.000E+00 Cu 3.020E-02 1.000E+00
S 1.727EH00 1.000E+H00 S 1.727E+H00 1.000E+00
Fig. 1. Eh-pH diagram of the system Na-S-H,O at 25 Fig. 3. Eh-pH diagram of the system Na-Cu-S-H.O at
and 80°C 80°C
EpfVols) Eh{Volts) S
14 Fe(+3a) ] }g i Ag(+a) a(+a
:ﬁ : fos Fe203 : 1:0 | HSO‘(—E)""— - {Na$ _.‘)‘”-'.
08 Rt 0.8 AgSO4-a) B —eel]
0 [ e 1 0.6 |
0.4
03 bo
0.0 F
02 |
04 |
05
08 |
-19
-2
-14 S
2 -1 o 1 2 3 4 5 & 71
pH
Elemets Molality Pressure Elements Molality Pressure
Na 1.750E01  1.000E+00 Na 1.750E-01 1.000E+00
Fe 6.600E-01  1.000E+00 Ag 1.860E-04 1.000E+00
1.727E+00  1.000E+00 1.727E+00 1.000E+00
Fig. 2. Eh -pH diagram of the system Na-Fe-S-H,O at Fig. 4 Eh-pH diagram of the system Na-Ag-S-Hz0 at
80°C 80°C
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Figures 5 and 6 present Eh-pH summary
diagrams of the systems Na-Cu-Fe-S-H,O and Na-

Ag-Fe-S-H,0 at a temperature of 80°C.
Eth:lts) .
14 -

12 1
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08 F
05 S
04 |
02 ¢
00
02 P
04 ¢
-06
-08
-10
-12
-14

Elementis Molality
Na 1.750E-01
Cu 3.020E-02
Fe 6.600E-01 1.000E+00
S 1.727E+00 1.000-+00

Fig. 5. Eh-pH diagram of the system Na-Cu-Fe-S-H,O
at 80°C
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pH
Elements Molality Pressure
Na 1.750E-01 1.000E+00
Ag 1 860E-04 1.000E+00
Fe 6.600E-01 1.000E+00
S 1.727E+00 1.000E+00

Fig. 6. Eh-pH diagram of the system Na-Ag-Fe-S-H20
at 80°C

The diagrams indicate that at initial
concentration of H.SO4 — 150 g/l, i.e. high acidity
(pH ~ -1.5), the simple sulphides of copper and
silver are stable phases in both systems. The
electrochemical potentials of the stability range of
copper sulphides vary as follows: of CuS from 0.1V
to 0.43V, and of Cu,S from 0.2V to 0.12V. The
stability range of Ag,S is at a potential from -0,1V
to 0.55V. At the same pH of the solution the stable
phase of iron are the ions of Fe?* (-0,52+0.82V) .
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CONCLUSION

On the basis of computed values of the Gibbs
function, a thermodynamic assessment of the
possible chemical interactions taking place during
dissolution of the waelz clinker in sulphuric acid in
the presence of reducer (Na.SOs) is made. It is
determined the raise of temperature (from 25 to
80°C) has a negligible effect on the investigated
reactions.

The analysis of the stability ranges of ionic and
nonionic forms in the systems Na-Cu-Fe-S-H.O
and Na-Ag-Fe-S-H,O shows that the process of
waelz clinker dissolution in a highly acidic medium
(pH ~ -1.5) in the presence of sodium sulphite
reducer (0.3 mol/L) will take place with formation
of copper and silver sulphides.
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AHAJIUTUYHO U3JIEIBAHE HA ITPOLHECA HA PA3TBAPAHE HA BEJIL-K/IMHKEP
B CAPHA KUCEJIMHA C IIOMOIITA HA Eh - pH ITUAT'PAMUA

K. Hparanosa, Bi. Ctedanona, I1. Ununes

Xumuro-mexnonoeuuen u memanypeuyer ynueepcumem, oyi. Ce. Knumenm Oxpuocku 8, 1756 Coghus

[ocrpnuna va 27. 02. 2013 ., mpuera 3a nevar Ha 15. 05. 2013 1.

(Pestome)

IIpoBeneH e TepMOAMHAMUYCH AHAIM3 Ha MPOIECa HA Pa3TBApSHEC Ha BENI-KIMHKep (OTmambyeH MPOAYKT OT
MPOW3BOACTBOTO HA IMHK) B CAPHA KHCENWHA. AHAJIUTHYHOTO H3CICABAHE € pPEANTU3MPaHO C MOMOINTA Ha
npodecuonanna nporpama HSC Chemistry Bep. 5.11, kato moayn 3a u3uncisiBaHe u moctposiane Ha Eh - pH
nuarpamu. Uscnensanu ca cucremure Fe-Cu-S-H.0 u Fe-Ag-S-H,0, kouro onucear pa3TBapsHETO Ha KEJIE3HH, MEIHH
U CcpeObpHU CheAnHEHNs (OKCHIN U CyI(UIN) B CIpHO-KHCeNa cpena. Biumstauero Ha temmeparypata (70 u 80 °C) u
OKHCIIUTEITHUS IOTEHIMAN BbPXy ChCTaBa HA Pa3TBOPUTE € OIpeleiieH Ha OCHOBa Ha W3YMCICHHTE M HoctpoeHH Eh -

pH auarpamu.
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In recent years, fluoride containing electrolytes are used for the formation of porous structures on valve metals such
as Ti, Nb, W, Ta and alloys thereof. The presence of fluoride ions allows the growth of nanoporous/nanotubular
templates with well-defined structures. Very recently neutral sulfate-fluoride solutions have been successfully used to
form nanoporous films on Al as well. As a continuation of this work, the present study reports on the initial stages of
growth of porous anodic films on two Al alloys in fluoride-containing electrolytes by voltammetry and electrochemical
impedance spectroscopy. A Kkinetic model based on the surface charge approach was employed to fit the impedance
spectra and to estimate the main transport parameters of the oxide formation and dissolution process as depending on

applied potential and alloy type.

Key words: aluminium alloy, sulfate-fluoride electrolyte, nanoporous alumina, electrochemical impedance

spectroscopy, surface charge approach

INTRODUCTION

In recent years, there has been a growing interest
towards the electrochemical formation of
nanoporous and nanotubular structures on a number
of valve metals, including Al and its alloys [1-9].
Nanoporous anodic films on aluminum and its
alloys allow the incorporation of metallic or oxide
nanoparticles within their pores, resulting in the
production of new functional nanomaterials. These
materials find increasing application as sensors,
catalysts, electrodes for fuel cells and batteries with
enhanced photo-catalytic and electro catalytic
activity.

Neutral fluoride-containing electrolytes are
widely used for the formation of porous structures
on Ti, Nb, W, Ta, Zr, as well as on Al [10-13]. In
that respect, the present paper aims at investigating
the initial stages of nanoporous alumina formation
in a neutral fluoride-containing electrolyte. First,
results from electrochemical measurements (cyclic
voltammetry, chronoamperometry and electro-
chemical impedance spectroscopy) are reported and
discussed in view of the parallel processes of
alumina formation and dissolution of the substrate
through the forming oxide. Second, the surface
charge approach proposed earlier by some of us
[14] is adapted to the aluminum/oxide/electrolyte
system and by fitting EIS data to the transfer
function of the model, the main transport
parameters of the model are estimated as depending
on applied potential and alloy type.

* To whom all correspondence should be sent:
E-mail: christian.girginov@gmail.com

EXPERIMENTAL

The electrodes (4 cm?) were cut from pure
aluminum (99.999%) sheets and two aluminum
alloys: 8006 (97.90% Al, 0.25% Si, 1.44% Fe, and
0.37% Mn) and 8011 (98.55% Al, 0.66% Si, 0.70%
Fe, and 0.06% Mn). The specimens were then
degreased and electro polished in a phosphoric-
chromic acid electrolyte (210 cm?® H,0, 40 g CrO3,
450 g 85 % H3POs4, 150 g 96 % H>SO.) at 80°C and
by constant anodic current density of 0.2 — 0.3 A
cm2 for ca. 3 min. Finally, they were rinsed with
bi-distilled water and dried at 40°C in air. Prior to
the experiments, the electrodes were brightened in
an aqueous solution (1.8% CrOs; and 7% H3PO,) at
75°C for 3 minutes and rinsed with bi-distilled
water.

The electrochemical measurements were carried
out at constant temperature (20£1 °C) in a three-
electrode cell featuring a Pt-mesh counter electrode,
situated symmetrically around the working
electrode, and a Ag/AgCI/3M KCI reference
electrode. An electrolyte with a composition of
0.5M (NH4)2SO4 + 0.075M NHF, prepared from
analytical grade chemicals and bi-distilled water,
was employed. Electrochemical measurements
were carried out with an Autolab PGSTAT 30 with
a FRA2 module driven by GPES and FRA software
(Eco Chemie, The Netherlands). Current density vs.
time dependencies were registered by 1 h of
polarization at each applied potential (-1.2 V to 5.0
V). After reaching a constant value of the current
density at a given potential, electrochemical
impedance spectra were measured in the frequency

88 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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range (10 mHz to 10 kHz) with an amplitude of 10
mV of the superimposed AC signal (rms). Fitting of
the impedance spectra to equivalent circuits has
been performed using ZView software (Scribner).

RESULTS AND DISSCUSSION
Current vs. potential curves

The steady-state current-potential curves for the
studied alloy types compared to pure Al (Fig. 1)
suggest several process stages:

25

£

o

<

£

- ®  pure Al
0.0 o 8011

A 8006
0.5
-1.0 - : L : : :
-1 0 1 2 3 4 5

E/Vvs. Ag/AgCI
Fig. 1 Current vs. potential curves for pure Al and the
two studied alloys in sulfate-fluoride electrolyte

i. Quasi-exponential increase of the current (-
1.2/-0.9 V) due to dissolution of Al (and other
alloying elements) superimposed to hydrogen
evolution

ii. Much slower increase of the current (-1.0/0.0
V) that can be associated with barrier layer
formation (passivation)
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iii. At ca. 0-0.5 V, a current plateau is reached,
indicating that chemical dissolution of the oxide is
rate determining. At still higher potentials, there is
some indication of current increase, especially for
the 8006 alloy.

The obtained results for the three alloy types
demonstrate that the current densities vs. potential
dependences are qualitatively similar. At the most
negative potentials, hydrogen evolution
predominates over Al dissolution for both alloys,
which can be due to preferential reduction of water
on secondary Si, Fe and Mn-containing phases. On
the other hand, the higher current density in the
passive range registered for 8011 Al alloy was
apparently due to the greater amount of the alloying
element Si which is actively complexed by fluoride
ions.

Impedance spectra

Impedance spectra have been recorded in the
range of potentials -1.2 to 5.0 V. Typical spectra at
several potentials as depending on the type of
material are shown in Fig. 2-Fig.4.

The spectra consist of three time constants:
high-frequency capacitive, intermediate -frequency
pseudo-inductive and a further low frequency
capacitive. These time constants can be interpreted
as a first approximation by taking into account the
migration of main current carriers (probably
oxygen vacancies) and recombination of oppositely
charged current carriers. The capacitive branch
detected at lowest frequencies can be interpreted by
a thickness modulation at a constant potential
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Fig. 2 Electrochemical impedance spectra of pure Al in the range of potentials -1.2 to -0.6 V. Left-impedance
magnitude vs. frequency, right — phase angle vs. frequency. Points — experimental data, solid lines — best-fit calculation.
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Fig. 3 Electrochemical impedance spectra of 8006 alloy in the range of potentials -1.2 to -0.6 V. Left-impedance
magnitude vs. frequency, right — phase angle vs. frequency. Points — experimental data, solid lines — best-fit calculation.
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Fig. 4 Electrochemical impedance spectra of 8011 alloy in the range of potentials -1.2 to -0.6 V. Left-impedance
magnitude vs. frequency, right — phase angle vs. frequency. Points — experimental data, solid lines — best-fit calculation.
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Fig. 5 Equivalent circuit according to the surface charge approach [14]. R1 — electrolyte resistance, Rz — surface
charge resistance, L, — surface charge pseudo-inductance, R; — ion migration resistance, CPE; — oxide capacitance
generalized in the form of a constant phase element, R4 — charge transfer resistance at the film/solution interface, C, —
faradaic and/or adsorption pseudo-capacitance.
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due to the ac signal or by slow adsorption of some
intermediate species of the overall reaction. Thus
the obtained spectra can be compared with an
appropriate equivalent circuit [14] (Fig. 5). Fits to
this equivalent circuit are presented in Fig.2-4 with
solid lines and illustrate the ability of this model to
reproduce the data for all the studied materials. The
parameters of the equivalent circuit for both alloys
and pure aluminum are determined for all applied
potentials.

At this stage of the investigation, main attention
is paid to the parameters associated with film
growth. According to the surface charge approach
[14], the following dependences of the parameters
on the applied potential (E) and current density (i)
are predicted:

R,i=(RT/2FaE,)E
R,i=[(1-a)/a|(RT /2FaE)E
L i*=[(1-a)/a|(RT /2FaSE, )E

where E is the applied potential, a is the half-jump
distance (cm), EF - field strength in the oxide (V
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c

cm-1), a - part of the applied potential consumed at
the oxide/solution interface as opposed to film bulk
and S - capture cross-section for a point defect
(cm2 C-1). In addition, for a quasi-dielectric oxide
(i.e. a total depletion of the film with electronic
charge carriers) the high-frequency  film
capacitance is given by
C,=¢5,E. /I(1-a)E

The film capacitance was estimated from the
CPE element in Fig.5 by using the formula
proposed by Brug et al. [15].

The values of Cb, Rsi, Roi and L;i? as depending
on the applied potential are presented in Fig. 6.

All the dependences in Fig. 6 are linear in the
range of potentials -0.5 to 5.0 V, further supporting
the validity of the model. At lower potentials, a
more complex interplay between film growth and
dissolution is observed for the alloys. From the
obtained linear dependences, the main transport
parameters of oxide growth are estimated and
collected in Table 1 as depending on alloy
composition.
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Fig. 6 Dependences of the equivalent circuit parameters associated with film growth and dissolution on applied

potential

91



Ch.A. Girginov, M.S. Bojinov: Anodic oxidation mechanism of aluminum alloys in a sulfate-fluoride electrolyte

Table 1. Transport parameters estimated from the fitting of the impedance data to the model equations. A value of 8.9

was adopted for the dielectric constant of the oxide.

Material a Er/ MV cm? (1-a) EF! /nm V1! a/nm S/cm?mC?!

Pure Al 0.51 5.46 0.90 0.31 58.7
8006 0.44 591 0.94 0.27 53.1
8011 0.49 5.07 1.01 0.31 52.4

The values of the parameters are only slightly
dependent on alloy composition and exhibit values
in agreement with those recently estimated for the
anodic oxides on Al in sulfuric acid-oxalic acid
mixtures using fitting of EIS data by the surface
charge approach [16]. In particular, the anodizing
ratio is very close to that usually reported for
sulfuric acid anodizing [17]. The main differences
between the alloys and pure Al are in the parameter
S characterizing to the formation of negative
surface charge at the film/solution interface, which
in turn is related to dissolution of the alloying
elements. In order to correlate this to the properties
of the oxide formed on the alloys, additional data
on its composition and structure are needed. Such
data are being produced and will be reported in the
near future.

CONCLUSIONS

In the present work, an investigation of the
initial stages of anodic alumina growth in neutral
sulfate-fluoride electrolyte using voltammetry and
electrochemical impedance  spectroscopy s
reported. The following conclusions can be drawn
on the basis of the obtained results:

«  Voltammetric results indicate that at the most
negative potentials, hydrogen evolution
predominates over Al dissolution for both alloys,
which can be due to preferential reduction of water
on secondary Si, Fe and Mn-containing phases. On
the other hand, the higher current density in the
passive range registered for 8011 Al alloy was
apparently due to the greater amount of the alloying
element Si which is actively complexed by fluoride
ions.

* A kinetic model based on the surface charge
approach employed to fit the impedance spectra and
to evaluate the dependences of the main parameters
of the oxide formation and dissolution on alloy
type.

«  Fitting of the impedance spectra to the
equations of the surface charge approach adapted to
the aluminum oxide growth demonstrated that the
process of film thicknening is assisted by constant
field strength, the anodizing ratio being within the
range of values typical for porous anodic alumina.

» At lower potentials, a more complex interplay
between film growth and dissolution is observed for
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the alloys. Additional data on the composition and
structure of the surface film as depending on
potential and alloy composition are needed in order
to establish a quantitative correlation between film
nature, its electric and electronic properties.
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MEXAHUWU3BM HA AHOJITHO OKNCJIEHUE HA AJIYMUHUEBU CITVIABU B CYJII®ATHO-
OJIYOPUIEH EJIEKTPOJIUT

K. A. FI/Ipl“I/IHOB*, M. C. boxunoB
Kamedpa @uszuxoxumus, Xumuxomexnonoeuuen u memaiypeuier ynugepcumem, 1756 Cogpus, bvreapus
TocTenmna Ha 28 depyapn, 2013 r.; Kopurupana na 21 mapr, 2012 1.
(Pesrome)

ITpe3 nocnenuuTe roauHMU, HIyOpHUA-CHIBPIKAIIN EIEKTPOIUTH CE U3IONI3BAT 3a (JOPMHUPAHE HA TIOPECTH CTPYKTYPH
BBpPXY BeHTHJIHU MeTanu kato Ti, Nb, W, Ta u texnu cruiaBu. Hanmimumero Ha (iyopuaHu HOHM ITO3BOJISIBA pacTexa Ha
HAHOIMOpECTH / HAHOTYOyJNapHHW MaTpuuu ¢ Ao0pe aedpuHUpaHH CTPYKTYpH. ChbBCeM HAacKOpO ca OWJIM YCIHEIIHO
W3NOJI3BaHU HEyTpaHH CyJI(aTHO(IYOPUAHU ENEKTPOIUTH 3a (opMHpaHe Ha HaAHONOpPECTH (WIMH U BBPXY
anmyMmuHuid. Hacrosmoro u3cnenBaHe € IOCBETEHO Ha HadyaJIHUTE €Taly Ha PAacTeX Ha MOPECTH aHOJHU (UIMHU BBPXY
JIB€ aJlyMHHUEBU CILIABH B TE€3H EIEKTPOJIUTH YPE3 BONTAMMETPHS M €IEKTPOXUMHYHA MMIIEAAHCHA CIIEKTPOCKOIMSI.
[IpunoxeH € KHHETUYEH MOAEN, OCHOBAaH Ha MOJAXOJa HA MOBBPXHOCTHUTE TOBAPH, 32 HHTEPIPETALNS HA MOy4YECHHUTE
nMIeaHcHN cnekTpu. OneHeHn ca OCHOBHHUTE TPAHCIOPTHH MapaMeTpH IIPU MpOoLecuTe Ha GOpMHUpaHE U pa3TBapsHE
Ha OKCUJA B 3aBUCHMOCT OT IIPHJIO’KEHUS MOTEHIMA ¥ BUJA HA CIIJIABTA.
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Anodic oxide films on antimony were grown in aqueous solutions of oxalic acid in a large current density and acid
concentration range. Under galvanostatic conditions, the common linear increase of the formation voltage with time
proved to occur at current densities higher than 2 mA cm and in electrolytes with oxalic acid concentrations lower than
0.01 M. Under these only conditions the relationship between the ionic current density and the field strength is described

by Giintherschulze and Betz equation.

The electrical breaking down of anodic antimony oxide in the oxalic acid electrolytes was studied. The experimental
data obtained for the breakdown voltages are well described by Burger and Wu equation. The amplitude and the frequency
of voltage oscillations during electrical breaking down were found practically not to depend on current density.

The results are compared with those obtained for anodic oxidation of antimony in other aqueous solutions. Under
specified conditions, the oxalic acid electrolyte proved to be suitable for the formation of anodic oxide films on antimony.

Key words: anodic antimony oxide, galvanostatic anodization, breakdown voltage, oxalic acid

INTRODUCTION

Apart from the assumed effect of its formation in
lead—acid batteries, antimony oxide has found
applications as electro catalyst, photoconductor, for
thin film capacitors and in preparing electro chromic
devices [1]. Barrier-type anodic oxide films on
antimony have been grown in a number of aqueous
solutions of acids, bases and salts [2-11], as well as
in non-aqueous electrolytes [12, 13]. In all cases,
however, a strong influence of nature and
concentration of the forming electrolyte on the
kinetics of anodizing has been established. The
anodizing of antimony often exhibits a specific
Kinetics, such as appearance of induction periods, S-
shaped curves and maxima in the kinetic
dependencies [3-6, 10]. It was therefore of interest to
search for electrolytes ensuring a linear potential
growth during galvanostatic anodizing of antimony
in a wide range of concentrations and current
densities.

In the present study, data for the formation
kinetics and the breakdown phenomena of antimony
oxide films in aqueous solutions of (COOH), at
various current densities were obtained.

EXPERIMENTAL
Specimens of high purity (99,999%) antimony

were cut out of polycrystalline Sb with a working
area of 2.5 cm? The electrodes were mechanically

* To whom all correspondence should be sent:
E-mail: kindwrd@yahoo.com

polished with sandpaper R 4000 (d = 5 um). The
anodizing was carried out under galvanostatic
conditions at a temperature of 293 K. The current
densities (J) varied from 2 mA cm2to 20 mA cm2,
Various (COOH); solutions in the range from 0.01
M to 0.1 M were used as forming electrolytes. The
electrolytes were not stirred in order to avoid the
influence of hydrodynamic effects.

The formation of the films was carried out in a
two-electrode cell with a platinum mesh serving as a
counter electrode, using a high voltage generator of
constant current (600 V, 0.5 A). Kinetic curves, i.e.
dependences of the formation voltage (Ur) on time
(t) were registered with a precision multi meter
(Mastech MS 8050) and a PC-based data acquisition
system.

RESULTS AND DISSCUSSION
Kinetics of galvanostatic anodization

The formation of barrier anodic films on valve
metals at galvanostatic and isothermal conditions is
known to be associated with a linear increase of the
formation voltage (Ur) with time (t), or respectively
with the density of electric charge passed (Q). It
turned out that the concentration of the oxalic acid
and the current density used had a strong influence
on the kinetics of the process. Examples of kinetic
Us(t)-curves  (respectively  Ux(Q)-dependencies)
obtained in solutions with different concentrations at
a constant current density of 2 mA cm? are
presented in Fig.1.
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Formation Voltage / V

Time / min

Fig. 1. Kinetic curves of galvanostatic anodization of
antimony in oxalic acid solutions with different
concentrations

The kinetic curves proved to have different
shapes depending on the concentration of the oxalic
acid. As it was shown earlier [14], a linear
relationship between formation voltage (Us) and time
(t) was observed only at the lowest concentration
(0.01 M). That is why the corresponding electrolyte
was chosen for subsequent experiments.

It was of interest to trace the influence of current
density (J) on the anodization kinetics. Figure 2
presents Kinetic curves obtained at different current
densities. The slopes (0U#/0Q) of these curves are
also calculated.
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50

Formation Voltage / V

0 1 2 3 4
Charge Density / C cm?

Fig. 2. Kinetic curves of antimony anodization in 0.01 M
(COOH); at different current densities

During galvanostatic anodization, the ionic
current (J;) is known to depend on the intensity of the
electric field (E) in the oxide. This Ji(E)r-
dependence is described in a first approximation,
known as the high field approximation, by
Giintherschulze and Betz equation [15],

J; = A exp(B;E), M

At constant temperature, the constants Ag and Bg
are independent of the field intensity. The current (J)

flowing  through the system  metal/oxide
film/electrolyte is assumed to be completely ionic,
i.e. J = Ji. It has been shown [12] that the high field
approximation  describes the anodization of
antimony in a number of aqueous electrolytes as
well. The validity of egn. (1) has been further
confirmed for the anodizing kinetics in a phosphate
buffer [16], the anodic antimony oxide being
determined as Sh,0s.

As a matter of fact, egn. (1) describes well the
anodizing kinetics of antimony even after the
appearance of induction periods [13]. Unfortunately,
there are differing opinions about the composition of
the anodic antimony oxide and, moreover, no
reliable methods for determining the film thickness.
Hence, it seems impossible to calculate the electric
field intensity (E). Based on Faraday's law, this
intensity can be expressed:

E:ZF—”(%}
M A Qs @

Here, F is the Faraday constant, M is the
molecular mass and p is the density of the film, z is
the number of electrons involved in the
electrochemical process, and (6U#/0Q) is the slope of
the kinetic curve. The fact that the growth rate of
formation voltage U with charge density (Q)sr
remains constant during the first anodizing stage,
could be an indication that film growth dominates
over film dissolution and a barrier type film is
formed. In this case, the ionic current is controlled
only by the film properties and (6Uy/0Q);r should
depend on the current density. The Giintherschulze
and Betz equation can be used to describe the
anodizing kinetics on replacing the field intensity (E)
by its proportional magnitude (6U#/0Q);T. AN
assessment of the validity of egn. (1) was carried out
by replacing the field intensity in eqn. (1) by the
proportional magnitude (6U#/0Q),.r from eqgn. (2):

J,= A, exp[ By (8U, / 8Q), | @

The notation Bg" marks here the expression
BG* = BGZFp/M.

Figure 3 presents the plot of (6U#/6Q)s1 vs. Ind.
The obtained linear dependence shows that egn. (3)
adequately describes the anodizing kinetics of
antimony in 0.01 M (COOH)z.
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Fig. 3. (0U#/0Q)s1 / InJ - dependence for galvanostatic
anodization of antimony in 0.01 M (COOH),. Similar
relationships for two other electrolytes are presented for
comparison.

Values for the constants Agand Bg® were
determined from the data in Fig. 3. These values
were then compared (Table 1) with those estimated
for anodization of antimony in a glycol-borate
electrolyte (GBE) [12] and in a phosphate ester
(CsHsCH20)3P04 [13].

Table 1 Values of the constants Agand Bg" in
equation (3)

Electrolyte Ag (Acm?) B; (CVicm?)
0.01 M (COOH), 0.56 x 10 0.017
GBE [12] 1.25 x 10 0.058
(CsHsCH0)sPOs B [13]  2.30 x 108 0.020

It is worth noting that the anodization in
(CsHsCH20)3P04, which occurs with the appearance
of a pronounced induction period, is also well
described by eqgn. (3) [13]. It was of interest to study
the dependence of (0U#/0Q),r on the concentration
of (COOH); during anodization at a constant current
density. An example of such dependence during
anodizing with J = 102 A cm is presented in Figure
4. It turned out that the dependence was linear only
at lower concentrations (under 0.02 M). A similar
picture is observed [17] during anodization of
antimony in sulfuric acid solutions.

Breakdown phenomena

The breakdown phenomena are important
anodizing characteristics. It is well known that the
increase in anodic film thickness, respectively the
anodizing voltage, is limited by the occurrence of
electrical breakdowns. The first evidence for a
limiting voltage attained during anodization has
been furnished in the pioneer work of
Giintherschulze and Betz [15].
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Fig. 4. (0U+#0Q),.1 / logC - dependence for anodization of
antimony in (COOH). solutions. For comparison, a
similar dependence in H,SO4 solutions is presented [17].

Numerical values for breakdown voltages of
antimony oxide in some acid, base and salt solutions
have been calculated by Ammar and Saad [3, 9]. The
dependence of the breakdown voltage (Ug) on the
electrolyte resistivity (o) for anodic films on
different valve metals is well described by the
empirical equation of Burger and Wu [18]:

Ug=a;+bylog p (@)

The only question remaining controversial is
whether the constants ag and bg depend on the
electrolyte composition. To clarify this, the
breakdown voltage of Sh was studied in oxalic acid
solutions with different concentrations (or specific
resistances p, respectively), as shown in Fig. 5.
Current density and temperature were held constant.

300

250 -

200 -

150 -

Breakdown voltage / V

10° . 10° . - “10‘
p/Qcm
Fig. 5. Breakdown voltages are shown as a function of the
specific resistance of the oxalic acid electrolyte. The
results are compared with those obtained in two other
solutions.

The anodizing process was conducted in
galvanostatic regime with a current density of 102 A
cm2 at a constant temperature (293 K). In all cases,
after reaching a specific value of Uy, voltage
oscillations which are typical for the electric
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breakdown could be observed (Fig.1). The
oscillations began at different values of U depending
on the type and concentration of the contact
electrolyte. Next, the voltage increased slowly, with
continuous oscillations and after a certain time (or
charge density passed) remained practically
constant. The value of Uy, after a charge of 3 Ccm™
passed since the first appearance of oscillations [17],
was adopted to be the breakdown voltage (Us). The
data obtained for Ug (Fig. 6) allowed the calculation
of the constants in egn. (4). This equation proved to
describe well the experimental data obtained during
anodization of antimony in oxalic acid solutions.
The values of the constants az and by are presented
in Table 2. For comparison, values for the same
constants obtained in solutions of other two acids,
H3PO, [12] and H2SO4 [17], are also presented.

Table 2 Values of the constants in the Burger and Wu
equation

Electrolyte Current density ag (V) bg (V)
(COOH), 102 Acm? -104+18 7245
HsPOs[12]  10% Acm? -180+23 72+8
H,SO4[17]  10° Acm?? 585+42 24+3

The studies on breaking down during anodization
of antimony in aqueous oxalic acid solutions showed
that breakdowns obeyed the common regularities
typical for valve metals. On the other hand, the
constants ag and by for antimony oxide in Burger
and Wu equation [18] depended on the nature of the
forming electrolyte as the other oxides on valve
metals. The amplitude and frequency of the voltage
oscillations during breaking down were analyzed.
Fragments of the oscillations are presented in Fig. 6.

1504

2mAcm’
150.2 | 20°C,0.01 M (COOH),

150.0 -

149.8

Formation Voltage / V

149.6

149.4 - L L
2500 2520 2540 2560 2580 2600

1666
SmAcm®

1654 - 20°C, 0.01 M (COOH), '

Formation Voltage / V

1000 1020 1040 1060 1080 1100

Fig. 6. Fragments of the kinetic curves during breaking
down for anodization with two current densities

The results show that both the frequency and the
amplitude of voltage oscillations during breaking
down are insensitive to the applied current density.
A similar result has been obtained with oxide films
on other typical valve metals.

CONCLUSIONS

Oxalic acid solutions are suitable for the formation
of anodic oxide films on antimony. The common
kinetics of linear increase of the formation voltage
with time in galvanostatic conditions were observed
only at current densities greater than 2 mA.cm2 and
electrolytes with concentrations lower than 0.01 M
(COOH).. The kinetics of formation is subject to
known relationships between current density and
field intensity (Giintherschulze and Betz equation).
Breaking down is discussed on the base of Burger
and Wu equation which describes well the
experimental data. Furthermore, the amplitude and
frequency of formation voltage oscillations during
electric breakdowns is found to be practically
independent of current density.
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MEXAHWU3BM HA AHOIHO OKHNCJIEHUE HA AJIYMHWHUEBU CITJIABU B CYJI®ATHO-
OJIYOPUIEH EJIEKTPOJIUT

E. Jlunos, K. Tuprunos, E. Knain™

Xumuxomexnonoeuven u memainypeuuer ynueepcumem, 1756 Coghus, bvrcapus
IMocrenuna Ha 28 despyapu, 2013 r.; Kopurupana na 13 ampu, 2013 1.
(Pesrome)

W3cnenBana ¢ KHHETHKATa HA 00pa3yBaHe HA AaHOHU OKCUAHH (HUIMH BbB BOJHHU PA3TBOPH Ha OKCAIOBA KHUCEIHHA.
IMporechT ¢ u3y4eH MpHu IMHPOKO BapHpaHe HA KOHICHTPALUITA U IITHTHOCTTA Ha TOKA. Y CTAHOBEHO €, ue oOnYaiHaTa
KHHETHKA C JIMHEWHO HapacTBaHe Ha (DOPMHUPAIIOTO HANpEKEHHE C BPEeMETO (B TalBAHOCTATHYHH YCIOBHS) Ce
HabJII0/1aBa TIPY aHOJMPAHE C TUILTHOCTH Ha TOKa Haj 2 MA ¢cm™ B eJIEKTPOJIUTH ¢ KOHIIEHTpalus 1o-Hucka ot 0.01 M
(COOH),. Ipwu Te3u ycnoBus € B CHiia ypaBHEHHETO Ha ItoHTepinyiie u ber, KoeTo onmmMcBa 3aBUCUMOCTTA Ha WOHHUS
TOK OT CHJIaTa Ha MPUI0KEHOTO EIEKTPUYHO ToJie. [1oayueHnTe eKCepuMEeHTAIHH JaHHHU 33 IPOOUBHUTE HATIPSKCHHS
[0 BpeMe Ha aHOJMPAHETO Ha aHTHMOHA C€ OMUCBAT JA00pe ¢ eMIUPUYHOTO ypaBHeHue Ha byprep u By. CroliHocTuTe
HA KOHCTAHTUTE B YPABHEHUETO Ca CHIIOCTABEHH C TE3H, MOJYYCHHU MPH aHOAUPAHETO HA AHTHMOH BB BOJHU Pa3TBOPU
Ha JIPYr'd KUCETHHHU. Y CTAaHOBEHO € CBINO TaKa, 4Ye aMILUTUTYIATa M YeCTOTaTa Ha OCHUIALMUTE HA HAPEKCHUETO 110
BpeMe Ha MPOOMBHUTE HE CE MOBIHIBAT 3HAYMTEIHO OT IUThTHOCTTA HA TOKA. [IpH OnpeieieH  YCIOBUs BOJHHUTE Pa3TBOPU
Ha OKCAJ0oBaTa KHCEIMHA Ca MOAXOISIIH 32 (OpMHUPAHETO HA AaHOJHU OKCHIHH (HHIMH BbPXY aHTUMOH.
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Pulse electrolysis of water solutions is a highly efficient method of production of hydrogen and
hydrogen/oxygen gas mixtures, sometimes called hydroxygen. When pulse current is applied during electrolysis, the
amount of hydroxygen formed is increased in comparison to the dc current regime. The aim of the present paper is to
investigate the effect of ultra-short current pulses on the rate of hydroxygen gas mixture production as related to
efficiency enhancement of the process by means of the reducing power consumption during electrolysis. Pulse
electrolysis was carried out in a laboratory electrolysis stack consisting of nine cells featuring electrodes of 316L
stainless steel at a spacing of 10 mm. Typically the experiments were carried out for 1min with current amplitudes of 1
— 1.4 A, frequencies of the signal 1 kHz and pulse saturation (duty cycle) between 1 - 5%. The volume of the produced
hydroxygen gas mixture by pulse electrolysis was measured by gas flow meters and compared to the produced gas
volume in the same electrolysis cell under a constant current regime of 1-5 A. On the basis of the results obtained,
preliminary conclusions regarding optimization of the pulse current regime are drawn and a discussion on a possible

mechanism of rate enhancement is given

Keywords: pulse electrolysis, electrical parameters, hydrogen/oxygen gas mixture, process efficiency

INTRODUCTION

The potential of hydrogen for playing an
important role in future energy systems has lead
researchers to investigate methods of reducing
hydrogen production costs to levels that can
compete with petroleum products [1-3]. Nowadays,
only 4-5% [4] of total global production of this
most abundant substance of the universe [5] is
being done by water electrolysis. Water electrolysis
is known to be one of the important assets for
hydrogen production [6-11]. One of these methods
is the application of pulsed current regime to a
practical electrolysis system [1-5]. Electricity
power demand expense constitutes the largest
fraction [12] of hydrogen production costs by using
electrolysis method.

At temperature of 298 K and at pressure of 1
atm, the reversible decomposition voltage for water
is 1.23 V. The required voltage value of an
electrolysis cell is higher than the decomposition
voltage of a water molecule. No gas evolution is
observed in practice until voltages of 1.65 - 1.7 V
are applied [13-17]. Practical cells operate at
voltages of 1.8- 2.6 V, as a result of overvoltage

* To whom all correspondence should be sent:
E-mail: vasko_kar@yahoo.com

and ohmic losses. Overvoltage has mainly two
components: (i) activation overvoltage that results
from the finite rate of the electrode reactions. It
varies with metal used as the electrode and its
surface condition. It is reduced by operating at
elevated temperatures and pressures, and increases
with the current density of the electrode reaction.
(if) The concentration overvoltage arises as a result
of changes in the composition of layers of
electrolyte close to the electrodes. lons are at
discharged the electrode surface and hydrogen and
oxygen are formed. Research results show that
temperature, pressure, electrode material,
electrolyte formulation and concentration, physical
setup of the cell and power supply output waveform
have an influence on the value of the overvoltage.
In particular, when ultra-short pulses with
somewhat longer pause periods between them are
applied (i.e. using high-frequency pulse currents
with low duty cycles), the structure of the double
layer remains perturbed, the process of adsorption
of intermediate products remain in a transient state
and thus the overall rate of the process is expected
to increase.

In that respect, the main objective of the present
study is to quantify the effects of the electrical
parameters of the pulse on the performance of
water electrolysis for hydrogen gas mixture
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generation. First, the pulse electrolysis system
employed is briefly described. Second, results of
the effect of pulse electrolysis parameters on the
efficiency of the process are presented and
discussed. Finally, some thoughts on a possible
mechanism of rate enhancement in the pulse regime
are given and directions for further work are
outlined.

EXPERIMENTAL

To test the influence of electrochemical
parameters on the efficiency of the generator pulse
electrolysis process of water tests was used
generator for HHO gas mixture consists of nine
series connected cells with electrodes of stainless
steel 316L and area of 20 cm? and electrode spacing
of 10 mm. During the tests were used two
electrolytes with different concentration of KOH
(0.1 and 0.4M) to monitor the effects of different
concentrations of electrolyte. The volume of the
KOH solutions used was 2 I. A laboratory made
pulse generator "Electra 06" type VSDC-09/VO,
60V / 15A was used for the pulse current
experiments, see Error! Reference source not
found.. Typically the experiments were carried out
for 1 min with current amplitudes of 1.0 — 1.4 A,
frequencies of the pulse 1 kHz and pulse saturation
(duty cycle) between 1 - 5%. The volume of the
produced hydrogen/oxygen gas mixture by pulse
electrolysis was measured by gas flow meters and
compared to the produced gas volume of the
constant current electrolysis in  the same
electrolyzer and applied current of 1 —5 A, in order
to achieve optimal efficiency, i.e. the highest
amount of gas produced spend at a small amount of
applied electrical energy.

Fig. 1. Experimental setup: 1- electrolysis cell, 2- pulse
generator, 60V/15 A, 3-dc power supply (100 /15 A), 4
— digital oscilloscope, 5 - PC, 6 — flow meter (240 L/h),
7-digit multimeter.

RESULTS AND DISCUSSION
During the test runs conducted to examine the
influence of different process parameters, the
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effects of electrolyte concentration, applied current
and duty cycle are investigated. The constant
current is varied from 1.0 A to 5 A, the applied
current amplitude in pulsed current regime is from
1to 1.4 A at a duty cycle from 1 to 5% for all of the
experiments in 0.1 and 0.4 M KOH. The frequency
of the pulse is kept constant at 1 kHz.

The electrolysis efficiency (Pv) in constant
current regime and the cell potential are shown in
Fig. 2 as depending on the applied current in 0.4 M
KOH electrolyte. The efficiency of the process
increases with the applied current on the
electrolysis cell. However, the cell potential
increases together with the efficiency. For applied
currents higher than | = 3 A, the efficiency of the

process becomes constant.
T T T T T 15,0

2,0
1,84
1,64
1,44
1,24
1,04
0,8
0,6 -
0,44
0,24

—a— ml/min.W/| i

Pv, mlI/min.W

T T T T T 11,0
1 2 3 4 5
I,A
Fig. 2. Efficiency of water electrolysis in constant
current regime. Electrolyte: 0.4 M KOH.

A typical test run in electrolyte of 0.1M KOH in
constant current regime is show in Figure 3. The
relatively high Pv efficiency for smaller currents
drastically drops with increasing currents and
reaches stabilization at 4 A.

The efficiency of water electrolysis in the pulse
current regime in 0.4 M KOH as depending on the
duty cycle D in the range 1 — 5 % at a frequency of
1 kHz is displayed in Fig.4. The examination of the
figure reveals that at lower duty cycles (smaller
than D = 2%) the efficiency increases with the
current, whereas a reverse trend is observed above a
duty cycle of 3%. During test run with I = 1 A we
obtain a maximum of Pv at D = 3 % and
stabilization after this value. Test run with | =1.4 A
efficiency is approximately constant which can be
also observed in Figure 5 for experiments in 0.1 M
KOH, the results being comparable. Comparable
results we can observe also in bought curves of | =
1A applied current in the two different electrolytes
we have used.

The efficiency of the electrolysis in pulsed
current regime with duty cycle (D) of 1to 5 % and
frequencies of 1 kHz in 0.1 M KOH and applied
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current of 1 and 1.4 A is shown in Figure 4 . In both
cases the efficiency of the process increase with
applied current. An interesting observation is that at
a lower current (I = 1 A) Pu increases in a
monotonous fashion with duty cycle, whereas with
applied current of 1.4A, Pv exhibits a maximum at
a duty cycle of 3%, slowly decreasing at higher
currents. Another observation is that the Pv have
higher values when compared to the constant
current regime at applied current of 1 A, which
means that at only 5% of power consumption we
have a higher efficiency of the water splitting
process.
21 T T T T T 18

—u—ml/min.W|

2,0

-
©w
1

Pv, mlI/min.W

-
N

T T T T

I, A
Fig. 3. Efficiency of water electrolysis in constant
current regime. Electrolyte: 0.1M KOH.

1,751

-
o
=]

-
N
o

Pv, ml/min.W

D, %
Fig. 4. Efficiency of water electrolysis in the pulsed
current regime as a function of the duty cycle, f=1 kHz,
0.4M KOH.

The interpretation of the phenomena associated
with hydrogen/oxygen mixture (or hydroxygen)
formation and its properties has been recently a
cause of some controversy, invoking a range of
explanations from the formation of new forms of
matter [18-20] to that of charged water gas clusters
[21]. The following mechanism of hydrogen
evolution during electrolysis with inductive
kickback pulses has been proposed: as no hydrogen
adsorption/absorption peaks were detected for non-
noble metal electrodes such as stainless steel,

1,80 T T T T T

1781 [—a=1=10A 1
1,70 - —0—|=14A
1,65 . ]
1,60 ]
1,55 ]
1,50 ]
1,45 ]
1,40 1
1,35 1

1,30 T T
1 2 3 4 5

D, %
Fig. 5. Efficiency of water electrolysis in the pulsed

current regime as a function of the duty cycle, f=1 kHz,
0.1 M KOH.

during the very short pulse the electrons from the
metal directly discharge hydrogen ions and H:
molecules are formed much more intensively than
on Pt on which an adsorbed layer of atomic
hydrogen forms [22-23]. In other words, our
experiments are consistent with a picture in which
the intermediate species of both the reduction and
oxidation reactions of water are unstable and their
rate of decomposition is much higher during pulse
electrolysis when compared to conventional
constant current process. Further investigations of
the exact gas mixture composition are underway to
try to elucidate the intimate mechanism of
efficiency enhancement.

CONCLUSIONS

In conditions of pulse electrolysis of water, the
rate of the process significantly increases in
comparison to the dc regime.

The larges efficiency is obtained using cycles
of low duty (less than 5%) as well as higher
current amplitudes.

Results in the two employed electrolytes are
comparable to each other, i.e. the effect of
electrolyte concentration in the studied range is
small.

A concept of the process featuring much higher
decomposition rates of intermediate species during
both reduction and oxidation of water is advanced,
based on previous ideas in the literature. Further
work is needed to quantify this concept and propose
a mechanism of the process in pulse electrolysis
conditions.

Acknowledgement. This work is supported by the
Bulgarian Science Fund, Ministry of Science, Youth
and Education, under contract DDVU-02-99/2010
“Pulse electrolysis as a highly efficient method for
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NMITYJICHA EJIEKTPOJIM3A B AJIKAJIHA BOJHU PA3TBOPU KATO
BUCOKOE®EKTUBEH METO/] 3A TEHEPUPAHE HA OKCHBO/IOPO/IHU 'A30BU
CMECH

. RapacCTosIHOB B. LIBCTKOB
B. K 1’ 2

Xumuxomexnonozuuen u Memanypauuen Ynuueepcumem, 1756 Cogpus, Bvreapus
2 [Jlenmvp no 6000pooHu mexuono2uu, Xumuxomexuonoauuen u Memanypauuen Yuusepcumem, 1756 Copus, Bvreapus

IMoctrenuna Ha 1 mapr, 2013 r.; kopurupana Ha 21 mapt, 2013 1.

(Pesrome)

HmmyncHaTa eNeKkTpojn3a BbB BOAHU Pa3TBOPU € BUCOKOE(EKTHBEH METOJ 3a IPOU3BOJICTBO HA BOIOPOI U
BOJIOPOJIHO/KHCIIOPOJHM T'a30BH CMECH, MOHSKOra HapHuaHH OKCHBOJOpoJ. Koraro e mpuioxeH HMIYJICEH TOK IO
BpeMe Ha €JEKTPOJIM3HMS IMPOIEC, KOJIMIECTBOTO MOIYYeH OKCHBOAOPO] HapacTBa B CPaBHEHHE C €JIEKTPOJIH3a IPH
IIPaBOTOKOB pexkuM. Llenrta Ha Tazu pabora e 1a u3cnenBa e(heKTa Ha NPUIOKEHH MHOTO KbCH ITyJICAIIMH HA TOKA BBPXY
KOJINYECTBOTO Ha MPOM3BEAEH ra3, KaTo Ce€ CBhPXKE C yBeln4yaBaHe Ha e()eKTHMBHOCTTA Ha Ipolieca 10 OTHOILIEHHE Ha
HaMaJsBaHe KOHCYMallMsATa Ha EHEePrusl [0 BpeMe Ha eJICKTPOJIN3aTa.

NmmyncHaTa enekTpoinsa € mpoBe/eHa B JabopaTopHa eJICKTPOJIM3HA KIETKa, ChAbPIKAIla JAEBET CEPUH €IEKTPOIN
oT HepbxkaaeMa cromana 316L ¢ pascrostHne Mexay enekrpoante ot 10 MumnMerpa. O6eMbT Ha M3II0JI3BAHHS AJIKAJICH
pastBop (0.5M KOH) e 2 n. ExcriepuMeHTHTE ca TPOBEACHU 3a €JHa MUHYTa C aMIUTUTyAa Ha Toka oT 0.7 mo 1A,
yecrora Ha curHana ot 0.4 1o 1 kHz u HacuteHocT Ha mmmynca ot 2 10 95%. OOeMbT IPOM3BEACH ra3/ra3zoBa cMec
Ype3 UMITYJICHA EJIEKTPOJHM3a € M3MEpBaH 4Ype3 JeOMTOMep M CpaBHABAaH C HPOMU3BEAEHOTO KOJIMYECTBO Ta3 OT
IIPaBOTOKOBATA €JIEKTPOJIN3a, 3BBPILICHA B CHINUS €IEKTPOIU3bOP NPH NMpUiI0keH TOK oT 5 1o 10 A. Ha ocHoBara Ha
MOJyYCHUTE PEe3YJITAaTH ca MPEACTABEHH TPEIBAPUTEIHMA HW3BOIM 32 ONTHUMH3AIMS HAa HUMITYJICHHS PEXHM U €
JUCKYTHPaH BB3MOKHUS MEXaHU3bM 32 yBEIMYaBaHE Ha CKOPOCTTA.
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Different plasma-chemical methods have been used lately in SOFC technologies form creation of nano-layers by
magnetron or laser plasma spaying methods to use of sintering nano sized powders. The use of nano-sized powders
obtained by plasma-chemical reactors, as electric-arc plasmatron Vissokov and co-workers used or high frequency
inductive thermal plasma reactors (HFI), proves to be efficient and ecologically friendly method. Optimizing the
parameters of Fuel Cells using nano powders we achieve higher specific capacity, current density and lower degradation
rates of the material, as it is proven by various novel approaches by using plasma-chemical methods for FC production.
The process of powder vaporization is limiting for any PCR, so we are looking to optimize the characteristics of the
plasma generator in order to obtain nano particles with high purity and the reaction taking place in gaseous phase
should modeled to produse the right size uniform size nano powders. There have been considered schemes for
vaporization of micron-sized particles in electric arc and high frequency inductive thermal plasma reactors (HFI).
Making use of the set of equations (RCF-method), we also performed calculations for the following oxides: Al.Os,
Ca0, CuO, Fez03, MnO2, M0Os, NiO, SiOy, TiO2, ZrO2, MgO. When modeling the process, one usually consider the
most unfavorable case of vaporization taking in account the largest micron particle diameter. Changes in the diameter of
micron-sized particles are calculated along the plasma-chemical reactor axis, using the set of equations constructed by
the team searching for selection of the optimal parameters. A comparison is made between the calculated literature data
and specific research results in thermal plasma.

Keywords: powder vaporization, plasma-chemical methods, (HFI), SOFC, nano powders

INTRODUCTION

Different plasma techniques have been
developed and adapted to the specific requirements
of efficiency in SOFC fabrication. The nano-
particles can be synthesized by a number of
synthetic methods, such as co-precipitation method,
assembly process, template method , sintering of
nano-powders or cost-effective spray process as
atmospheric plasma spray (“APS”), vacuum plasma
spray (“VPS”), radio frequency plasma spray
(“RF”PS), and high velocity oxy-fuel (“HVOF”)
spray. Solid oxide fuel cells (“SOFC”s) are capable
of generating electric power through the chemical
reaction between hydrocarbon fuels and oxygen
with high efficiency. Their further mechanical
reliability can be improved and manufacturing cost
can be reduced by reducing cell operating
temperature. Therefore, the development of
intermediate temperature SOFC technology has
attracted a lot of worldwide attention of future
energy markets. As relates to SOFC technology,

* To whom all correspondence should be sent:
E-mail: dimovabas@gmail.com

lower operating temperature requires higher activity
of electrodes, high ionic conductivity of
electrolytes, low over potential of
electrode/electrode, and lower overall internal
resistance loss is a goal . It is how to fabricate the
thin (<20 pm) electrolyte layer with the full density
(>97%) that is required to provide satisfactory gas
tightness and internal resistance loss. These
requirements can be met by developing new
electrode/electrolyte membrane materials,
improving cell assembly concepts, and novel
fabrication methods using plasma technologies. The
theory and practice of heterogeneous catalysis have
demonstrated that the activity of solid-phase
catalysts is determined by their chemical and phase
content, crystal structure and active specific
surface. A correlation of slopes is usually observed
between the catalysts’ active and total specific
surface dependencies. On the other hand, it is also
known that one can use LTP [6,11] to produce
condensed-phase compounds (metals, oxides,
nitrides, spinel materials, etc.) that have highly
developed specific surface with the size of their
ultra-dispersed particles (UDP’s) of the order of
few tens of nanometers (nanopowders NP). These

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 103
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compounds manifest high catalytic activity [1-
3,14]. When the plasma-chemical synthesis (PCS)
of UDP’s is accompanied by chemical reactions,
and when an effective quenching of the reaction
products takes place at rate dT/dt = 105 — 106 K s-
1, then conditions are created for condensation of
UDP’s with an unusual distribution of the additives
[3,9], degenerated crystal structure [3,18,] and
numerous defects in the crystal lattice; these also
exhibit high catalytic activity in heterogeneous
catalytic processes [1-3,9-18,] and low deteriorating
rate in high temperature applications. All stated
above makes the material obtained by plasma-
chemical synthesis extremely suitable for SOFC
applications. Plasma processes for sequential
fabrication of the multiple layers in a SOFC unit by
spraying or sintering are the best offer at present for
the fabrication of nanostructured electrodes for
high-performance primary and rechargeable lithium
batteries are showing a great deal of promise when
applied to SOFCs and stacks.

2. THERMAL PLASMA SYNTHESIS OF
NANOSIZED METAL POWDERS -THEORY

Recently metal powders with relatively large
sizes of 50 ~ 500 nm are increasingly in demand in
various industries as the alternatives to
conventional micron-sized ones. For example, Ni
powders with sizes of 50 ~ 200 nm are very
promising as the attractive electrode materials in
high performance or SOFC. However practical
applications for most kinds of metals with sizes of
<50 nm exhibiting particular properties due to the
size effect , are now limited because they are still
expensive .The plasma-chemical technique (PCT)
thus turns out to be efficient in synthesizing highly
active catalysts [1-3, 9-103] Although at present the
investigations on the preparation of highly active
catalysts are still at the laboratory, pilot-plant, or
patenting stage, reports on the item have been
found in the specialized literature on the synthesis
and activation of catalysts under low-temperature
plasma conditions [1-3,6,9-17]. The way of catalyst
preparation affects such important properties as its
specific surface, porosity, density, mechanical
strength, thermal stability, etc. This is why the
preparation procedure is sometimes as important as
the catalyst’s chemical composition. According to
Roginskiy’s theory of over-saturation [17],
catalysts obtained under the conditions of energy
over-saturation must possess an increased activity.

The extent of energy over-saturation of a system
increases with the increase in the rate of heat
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transfer to the system, according to the following
equation:

dQ/dz= oT1-T2)dF4 1)

where T; is the temperature of heat carrier (plasma
in the case considered here) and T, is the
temperature of the heated substance (micrometer-
size particles), dF is the surface separating plasma
and particles. If one assumes that the material
treated is of spherical shape with radius R, then the
specific surface of particles belonging to different
fractions will be inversely proportional to their radii

Fi/F2 = R12/R: 2

or, the smaller the particles, the higher will be their
specific surface. However, decreasing the particles
size is only reasonable to a certain limit, defined by
Biot’s number

Bi = aR/A = (RIA)(1/c) 3)

where A is the particle coefficient of heat
conductivity and o is the coefficient of the heat
transfer from the heat carrier to the particle.

The numerator in Equation 3 characterizes the
resistance to heat propagation from the surface to
the centre of the particle, and the denominator, that
to transfer of heat from the heat carrier to the
particle surface. When R is large, the heat-transfer
process is limited by the heat resistance of the
particle, and inversely, for small R, by the heat
resistance of the phase interface. There obviously
exists a value of R for which the two quantities are
equal (Bi =1)

R=a. 4)

To create the maximal energy over-saturation,
the raw material must be pre-dispersed to a particle
size as close as possible to that defined by Equation
4. The calculations for the case of catalyst, e.g.,
elemental Fe or iron oxides yield a value of
approximately 50 um. It is well known that
industrial catalysts must comply with the following
requirements:

1) Activity — the catalyst should provide
sufficient reaction rate under the specific
technological conditions;

2) Stability — the catalyst should not lost its
activity over a lot period of time;

3) The catalyst should exhibit a lack of
sensitivity to catalytic poisons, mostly chlorine and
sulfur compounds;

4) Selectivity — the catalyst should accelerate the
desired reaction only, and not side reactions;

5) It should have good mechanical strength;
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6) Most of the catalysts are produced as oxides
and have to be reduces before use the reduction
period should be as short as possible in order to
avoid a decrease in the production efficiency.

The assumption for the limiting role of the stage
of condensed-phase vaporization in heterogeneous
PCP has found wide acceptance. An important
consequence of the assumption is that, besides
ensuring  suitable thermodynamic  conditions
(temperature, reagents ratio), one has to guarantee
also sufficient time of residence of the particles in
the PCR so that they are completely vaporized. The
presence of these conditions will allow one to
synthesize the product desired in gas phase.
Following an appropriately fast cooling of the
reacting mixture, i.e., at a given quenching rate
dT/dz, the product can be obtained in the ND form
needed. The above makes obvious the necessity of
modeling the particles vaporization process. One
could thus obtain sufficiently accurate data to
determine the process’ optimal parameters, such as,
PCR dimensions, time of residence of the particles
in it, temperature profile along the reactor’s axis,
temperature in the zone near the walls, temperature
of the reactor wall, etc. Some researchers (Polack et
al. [32]) have modelled the process up to the
particles” melting point; others (Panfilov et al.
[30,31]) have applied numerical methods to solve
the set of differential equations describing the
process - a procedure inconvenient for practical
engineering calculations.

3. EXPERIMENTAL RESULTS

Primarily Vissokov and co-workers used to
solve the set of equations for the case of an iron
particle. Metal iron (radius 5um and 30um) in
electric-arc  plasmatron LTP  (cathode-anode
distance of 10 mm and diameter of the anode-
nozzle channel of 5 mm) is used as a raw material
in the production of catalysts for ammonia
synthesis. To perform the calculations, one needs to
know the values of cp, Cp, J/Kg.K; Tpo, Tgo, Tpb, Tpv,
K; L pb, L pv, JIK; pg, pp, KGIM3; Mg, Mp; Gpo, G g0,
kg; g9, gp, ka/s; Vg, V po, m/s, which can easily be
found in the specialized reference literature; other
parameters are set a-priori: plasma forming gas
(argon) with consumption in the range 2,6.10-4
ka/s (~0,5 m3/h Ar) - 9,93.10-4 kg/s (~2 m3/h Ar);
metal powder consumption (fraction 1 -50 um)
(1,39-4,17).10-5 kg/s (50 -150g/h); plasma
temperature 8 000 K.

Tp. K Tg. K
P 8000 ﬂ
3000} - ‘\‘
- - 6000
2000}
R S/Wm
\R=5um  \Re154M 4000
R= 15
1000+ . 3100
\ \
\\ \
1 L 1
10° 10 103 102 TS

Fig. 1 .Variation of the particles (Tp, K) and gas (Tg, K)
temperature as functions of the time of contact (z, s) and
particle radius (t, s).

As one can see in Fig.1 particles with diameter
below 30 um are fully vaporized in the PCR, which
IS an important practical fact for the efficient
guenching of the vapor-gas mixture in the
production of nano-dispersed catalytic mass. The
data obtained (Fig.1) concerning the temperature,
time of particles melting and vaporization and the
gas temperature as functions of the time of contact
between the gas and the particles, and between the
gas and the PCR walls, are in good agreement with
the experimental data. the equations can also be
employed to find preliminary values for the
coefficients of heat-exchange between the gas and
the particles and between the gas and the reactor
walls.

The set of equations is solved by means of the
RKF 45 program The Runge-Kutta-Felberg
technique is applied to solving sets of ordinary
differential equations. When modeling the process,
one usually considers the most unfavorable case of
vaporization, namely, the largest particle diameter.
In order to account more precisely for the influence
of the wvaporization Kkinetics on the product
transformation degree, it is suitable [39] to
introduce the quantity of relative (dimensionless)
time of residence (t) obtained by dividing the time
of residence of the particle in the reactor (tp) to the
time necessary for its total vaporization (1) for the
same average mass temperature in the reactor:

T, =—", )

To determine tp, the set of equations (2.10 —
2.17) is solved for the following boundary
conditions: d,- dpo, 0; S - 0, So; Tg= Tgo, Where Sp is
the length of the plasma chemical reactor, m; T is
the average mass temperature of the plasma-
chemical rector, determined by making use of its
energy balance, K. To determine 1y, we apply the
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following boundary conditions dp- dgo, 0; S-0, So;
Ty= Tqo.Besides the relative time of residence, let
us now introduce with the same purpose the
quantity of degree of vaporization (j3):

0

5=LOGP.100’ % (6)

GP

where Gg is the initial mass of the particle, kg; and

G, is the mass of the particle at the moment 1, at

the reactor’s exit, kg.

The set of equations constructed can be used in
the selection of the optimal parameters (PCR
dimensions, minimal necessary time of contact
between the plasma jet and the particle, place of
quenching agents’ introduction, as a result of
determining the temperature profile along the
reactor axis, the temperature strength of the reactor
material, etc.) of processes taking place in high-
temperature jets with the participation of a
vaporizing phase, including the preparation of
NDP. Considering the least favorable case, namely,
the radius reduction of an iron particle due to
vaporization for initial radius of 50 um as a

S
SR

1;,.106111
Vo 5 10 15 20 25

~= < < =

Fig. 2. Variation of the radius of an iron particle with
initial diameter 25 um depending on the plasma jet
temperature and on the particle location along the PCR
axis.

6
L, *10" m

function of the plasma-forming gas (argon)
consumption and of the particle’s location along the
PCR axis (Fig. 2). As one can see, due to
vaporization, the iron particle’s radius at the PCR
exit is reduced to approximately 1 um; while an
iron particle with initial diameter of 20 um is fully
vaporized when the temperature of 8 000K is
reached (Fig. 3). Of course, in the cases of PC
preparation of complex compounds (e.g., catalysts,
amorphous alloys, composite materials),one can
also add in the system of ingredients compounds
(oxides, salts, elements) with boiling temperature
lower than 3 000 K. For example, one can see in
Fig. 4 that, for initial diameter of 20 um, the
particles of all elements considered (Mg, Al, Si, Ca,
Ti, Mn, Fe, Ni, Co, Cu, Zn, Zr, Mo) are fully
vaporized in the PCR. Returning to the least
favorable case (vaporization of particles with
diameter of 50 um), one sees that the Mg and Ca
particles are fully vaporized, while the degree of
vaporization of the other elements is negligible.

25

10° m
15 20

R .
{
Aﬂxo 5 pw

Fig. 3 Variation of the radius of an iron particle with
initial diameter 20um depending on the plasma-
forming gas (argon) consumption and on the particle
location along the PCR axis.
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Fig. 4 Variation of the radius of a particle with initial diameter 50 um and 20 um depending on the molecular mass
of the respective element and the particle location along the PCR axis.
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Fig.5a. Variation of oxide particles’ temperature
(Tp, K) as a function of their location along the

PCR axis initial diameter from left to righ :5, 10, 20,

25 and 30 pum.

The particles with dp, =20 um reach the boiling
temperature within the first 1/3 - 1/5 of the PCR
length while those with the largest diameter
d, = 50 um are heated up to the boiling.

Making use of the set of equations, we
performed calculations for the following oxides:
A|203, CaO, CUO, Fe203, MnOZ, |\/|003, NiO, SiOz,
TiOy, ZrO,, MgO. These are used as raw materials
for various types of syntheses of NDP. We plotted
the variation of the particles’ radius of the
respective oxide as a function of their location

NiO
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10 pm

Fig. 5b. Oxide particles’ radius (rp, m)
variation as a function of their location along
the PCR axis (Lc) initial diameter from left to

righ :5, 10, 20, 25 and 30 um.

along the PCR axis and illustrated the variation of
the temperature of the oxide particles depending on
their location along the PCR axis giving example
with NiO and Fe;Os. PCR parameters are set a-
priori: plasma forming gas (argon) with
consumption in the range 2,6.10* kg/s (~0,5 m*h
Ar) -9,93.10%kg/s (~2 m*h Ar); metal powder
consumption (fraction 1 -50 um) (1,39 - 4,17).10°
ka/s (50 - 150 g/h); plasma temperature 8 000 K.
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Fig. 6. Variation of Fe;O5 particles diameter along the axis of a CW PCR (a) and WW PCR (b)

In order to select appropriate experimental
conditions (PCR length and diameter, ingredients’
granulometry) for PC preparation (activation of
spent samples) of nano-dispersed catalysts for
steam conversion of hairdo carbons (natural gas
reforming), we calculated the motion, heating,
melting and vaporization of micron-sized particles
(deq = 10, 15, 20, 25, 30 u 35 um) of Ni, NiO, Al,
Al;O3, Ca0, Fe:0; Mg and MgO in CW and WW
PCR.

CONCLUSIONS

The results of the calculations performed agree
well with the results of the synthesis and/or
regeneration of catalysts for natural gas reforming
(steam conversion of methane) and all experimental
data received of nano powder obtained. Depending
on the features of the target materials and employed
plasma torches, various synthesis routes have been
analyzed In order to select appropriate experimental
conditions for PC preparation of nano-dispersed
powders. In-flight treatment of solid precursors
may be preferable in the preparation of nano-sized
glass powders and single phase oxides, such as,
ZrO,, NiO, SiOz, AlO; and TiO,. Among them,
single phase oxides can be prepared by reactive
thermal plasmas synthesis. However, their
reproducibility and stoichiometry problems should
be solved for practical applications with the use of
proper computational methods. Depending on the
physical properties of ceramic materials, such as
melting points, enthalpy, evaporating rate and
guenching the treated products can become a metal
core — ceramic shell structured particle or a metal
catalyst dispersed on ceramic supports. For the
ceramic powder of BaTiOs; with relatively low
melting point, the mixed Ni metals can be buried
into BaTiO3 droplets and reformed into Ni core -
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BaTiO; shell structured nano-composite. We can
conclude that the advantages of thermal plasmas,
such as, high enthalpy flows combined with a rapid
quenching rate, can be very promising in the
synthesis of not only a single phase material but
also binary or higher nano-materials useful for
SOFC production.Nanosized powders in the range
of 10-120 nm have been prepared by introduction
and evaporation of coarse-grained commercially
available powders of chemical elements, oxides or
salts in radio-frequency nitrogen, oxygen or air
plasma as well as electic arc plasmatron. The
necessary conditions for preparation of nanosized
powders include evaporation of precursors, control
of particle growth and elimination of formation of
precursor particles or extra phases and promotion of
formation of product particles. Evaporation of
mixture of raw powders in the inductively coupled
plasma creates good conditions for preparation of
multicomponent, highly homogeneous nano-
particulate composits Main advantages of plasma
technique are relative high production rate,
production ability of several composite powders
with high definite specific surface area, phase and
chemical composition. The main drawbacks of the
plasma technique relate to high energy
consumption and wide particle size distribution.
Nanostructural materials from prepared powders
are  manufactured by using conventional
pressureless sintering, hot pressing and spark
plasma sintering.

The knowledge accumulated and production
experience convinces that nano-sized powders
produced by ICP plasma technique can be applied
successfully for manufacturing advanced ceramic
materials.
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HAINIPEABK B CUHTE3A U OINIPEAEJIAHE HA 3ABUCUMOCTTA OT U3ITAPEHUETO HA
YACTULUTE C MUKPOHHU PASMEPU B TEPMWYHA ITJIASMA -ITPUJIOKEHUE BBB
BUCOKOTEMIIEPATYPHU 'OPUBHU EJIEMEHTU

K. I'eopruesa, I'. Bucoxos
Hnuemumym no Kamanusz, bvreapcka Axademus na Haykume, yn. Axaoemux I'. Bonueg ba. 11, Cogus 1113, bvreapus
[Tocreruna Ha 28 ¢espyapu 2013 r.; Kopurupana na 21 ampui, 2013 1.

(Pesrome)

HampaBena e oOmmpHara JuTepaTypHa CHpaBKa ,IpOyYBaHE M OLEHKA Ha ChbBPEMEHHOTO HUBO HA pa3BUTHE Ha
npoOiieMaTuKara Ipy NPWIOKEHHE Ha IUIa3MEHHUTE TEXHOJOTHH B MIPOM3BOJICTBO- TO HA TBBPAO OKCHIHH T'OPUBHU
enemenTH (SOFC). HanpaBeHa e oneHKa Ha CHHTE3MPaHUTE HAHO JUCIEPCHU NpaxoBe OT Mpod. BHCOKOB 1 KOIEKTHB.
OneHeHa € 3aBUCUMOCTTAa Ha M3MAapeHUE Ha TPUHAJECeT XUMHUYHU €JIEMEHTa €, a ChII0 Ha Pa3IUYHH OKCHIU KaTo
IUPKOHHEB OKCHJ SBABAIl CE OCHOBEH MaTepHal Ipu m3paboTKaTa Ha MEMOpaHU TBBPAO OKCHAHUTE TOPHUBHHU
€JIEMEHTH ,KakTo W crherudpuaanTe (U3NKOXUMHYHH XapaKTePHCTHKH Ha IONYyYCHHST MaTepuai. Biemaiiku mox
BHUMAaHHE CSKOJOTHMYHHS HUMIIAKT, MOXEM Ja OTHECeM IUIa3MEHHWTE METOJHM Ha CHHTE3 KbM INAJIAIIN EKOJIOTHSATA
MIPOU3BOJICTBA.
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Lithium-air batteries have recently received attention due to their high theoretical specific capacity, which is much
higher than that of existing lithium-ion batteries.

This work aims to study the gas-diffusion electrode behavior in various non-aqueous electrolytes, potential
candidates for use in lithium-air battery, and also its work in a semi cell against lithium metal electrode.

Gas-diffusion electrode was prepared with two catalysts — pyrolyzed CoTMPP and Active Carbon Co/Ni tested in a
standard 2032 button cell. The slow cycling voltammetry (CV) of CoTMPP electrode shows irreversible O reaction
instead of Co/Ni electrode where the capacity of oxygen evolution reaction is about 3 times less than of the oxygen
reduction reaction. Nevertheless, the obtained reversibility at slow CV, the galvanostatic cycling tests at 1 mA shows
irreversibility of the process most probably to the very high polarization at that current.

Keywords: lithium-air battery, non-aqueous aprotic electrolyte, catalysts for oxygen reduction reaction, gas-diffusion
electrode, cobalt tetramethoxyphenil porphirine (CoTMPP).

INTRODUCTION

The progress of humanity demands more and
more energy resources, which in most cases are
limited. The technological revolution led to
invention of steam engine, in-exhausting engines,
automobiles, fossil-fuel power plant etc., uses fossil
materials as source of energy. These materials are
both exhaustible and ecological polluters and lead
to a global change of climate. Therefore the science
community must seek new high effective
electrochemical power sources, with bigger energy
capacity for saving of the energy obtained by
renewable resources as photovoltaic, wind power
electricity, hydroelectricity etc.

Such battery could be based on the Lithium-Air
electrochemical system, because of it’s high
theoretical specific capacity (13000Wh/kg) [1]
close to that of the petrol (13200 Wh/kg). This
would allow applying this system in areas
demanding high electricity power as electrical
vehicles, mobile electronics, UPS etc.

The concept of Li-air battery was introduced by
researchers at Lockheed in 70s years of 20th
century. They proposed aqueous alkaline solution
as electrolyte but the problems relating to low

* To whom all correspondence should be sent:
E-mail: ip1997alp@yahoo.com

efficiency and safety problem due to the parasitic
chemical reaction of Li with the water generating
hydrogen led to the abandonment of this concept in
the 1980s [2-5].

In 1996 Abraham and Jiang [6] devise a
prototype of a working reverse system: Li-Air using
non-aqueous aprotic electrolyte. The interest of this
electrolyte is generated by its successful usage in
lithium-ion batteries and will lead to the faster
usage of the new system in real products.

The possible electrochemical reactions in the
Lithium-Air system with non-aqueous aprotic
electrolyte are done on the limit of gas-diffusion
electrode (GDE) — electrolyte [3] and are as follow:

On the negative electrode
Li— Lif+e
On the positive electrode
2Li*+ Oy, + 26" — Li,0,
4Li* + Oz + 4e° — 2Li20
It becomes clear that the electrochemical
mechanism of the reactions on the positive
electrode is not totally defined and the ultimate
results depend a lot from the used catalysts.

To the present moment the problems with the
contemporary Lithium-Air batteries are the
following:

1. Low practical energy density versus the
theoretical

110 © 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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N

High polarization of the air electrode during the

charge-discharge cycles;

3. The oxidation of the electrolyte and the gas-
diffusion electrode leads to side products (CO)

4. Low power density according to Li-ion

5. Battery capacity depends on the electrolyte
guantity that is wetted the electrode. The low
solubility and diffusion of the oxide in
contemporary electrolytes also has resulted in
low outcomes.

6. The metal lithium tends to transformation of
dendrites leading to the necessity of using a
protective layer between the metal and the
electrolyte

7. Keeping of the reaction products (Li-O, Li»Oy);
These problems are mainly a result of the

inefficiency of gas-diffusion electrode including the

difficult transportation of O, through the pores and
the more important deposing of the products of the
reaction of oxygen reduction in the active layer of

the electrode [7-9].

The usage of suitable catalysts could solve the
biggest part of the existing problems, to improve
the reaction dynamic which will lead to the
diminishing of energy loss connected to
polarization and also to the perspective of a reverse
reaction to be done. The literature data [10, 11]
pointed that the usage of bipolar catalysts can
improve the oxygen reduction and the
fragmentation of the ultimate products. The cobalt
containing catalysts Co/Ni (Cobalt/Nickel) and
CoTMPP (Co-tetramethoxyphenylporphyrin) we
used in metal-air systems with water based
electrolytes were checked in Li-air system in order
to see the reaction kinetics and the polarization of
charge/discharge cycles. Reason for this is given to
us by the fact that these catalysts were explored in
detail and successfully installed in the Zn-Air and
Mg-Air batteries developed in IEES — BAS.

The aim of this research is to study the
sustainability of the electrode gas-diffusion layer in
several electrolyte solutions as well as the
electrochemical behaviour of a couple different
catalysts in lithium-air system with aprotic non-
aqueous electrolyte.

EXPERIMENTAL

The CoTMPP-700 catalyst was especially
immobilized on VS-50 for SEM and EDS
investigations. The CoTMPP solution was
impregnated on dispersed SiO, (VS50) and after
drying was heated in Ar atmosphere at 700 [C.
Pyrolysed CoTMPP catalyst was produced by
impregnation of acetylene black with CoTMPP

solution, drying and subsequent treatment in Ar at
800 [C. During the heat treatment the CoTMPP
molecule is decomposed and the pyrolysis residual
products are formed in the porous structure of the
carbon substrate and are responsible for the
observed high electrochemical activity of the
catalyst in Zn-Air system [12]. Active Carbon CoNi
catalyst was prepared by impregnation of active
carbon Norit NK with a solution of both Co- and
Ni-acetates, drying and heat treatment in air at 300

C. The electrodes were prepared via consecutive
pressing of gas-diffusion layer and catalyst active
layer.

We observe the behavior of a couple carbon
materials in non-agueous non-proton electrolytes
and explore the behavior of cobalt containing
catalysts Co/Ni and CoTMPP. That’s why we did
two types of experiments: wetting tests and basic
electrochemical examinations.

Gas diffusion (GD) layer was prepared by a
special technology described previously [13].
Teflonized acetylene black with PTFE content of
35% (XC-35) or 40% (XC-40) were used for
preparing. The PTFE was used as binder and
lyophobic agent. After the teflonizing, the material
was palletized by pressing at 200 kg cm?. Thus
prepared gas-diffusion layer mainly contains
mesopores with sizes 20nm and 50nm and it is
successfully used in our Zn-Air and Mg-Air
batteries [14]. The pores size significantly
influences the electrode behavior in the Li-air
system and the optimal size mentioned in the
literature [15-17] is also between 20 to 60nm.

We check pellets of teflonized acetylene black,
carbon paper TP 0,120mm thick and also polymeric
material Nafion| of the company Alfa Aesar
0,180mm thick for wetting in Propylene carbonate
(PC)/Ethylene carbonate (EC), Dimethoxyethane
(DME) and PC/Dimethyl carbonate (DMC)
solvents.

A simple weight method was used for checking
the porosity of the GD layer. The pellets with
previously checked weight and volume were wetted
in acetone for few hours. After drying of the
surface the weight of the pellets was checked again.
The porosity was calculated on the collected data.
Mercury porosimetry method was not used due to
the flexibility of the pellet which will be smashed
by the pressure.

The gas diffusion electrode (GDE) was prepared
by adding the mixture of catalyst and teflonized
acetylene black on the one side of the pellet and a
nickel grid on the other as a current collector and
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for mechanic stability. The components again were
pressed with 300 kg cm

For the electrochemical tests of gas-diffusing
electrode we did a semi-cell against metal lithium
electrode. The cell assembling was done in an
argon glove box with less than 50 ppm moisture. A
standard button cell type 2032 with five 0,2 mm
holes on the can was used for this purpose. The
used electrolyte was LiClOs solved in a solution of
PC:EC — 1:1. The used separators were AGM type,
the thickness of the lithium foils was 0,3mm. A
layer of Parafilm® was putted on the holes of the
assembled cell before taking out from the box and
the cell was closed with the device for button cell
2032. Before the electrochemical research start the
Parafilm® layer was removed and the open circuit
voltage (OCV) was measured. Cycling
voltammetry (CV) analysis was done on
EcoChemie® Autolab® device and the charge-
discharge cycling was carried out on a homemade
galvanostatic cycling device in the voltage limits
between 1,8 to 4,6 V at a constant current of 0,5
and 1 mA.

‘Soekinn £, ACCGH, Rarkimesa, B
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RESULTS AND DISCUSSION

The SEM images of Co/Ni catalyst incorporated
on Norit NK substrate are shown on Fig. 1 where
the places of EDS analysis are numbered. The
Co/Ni catalyst mainly covers the surface of Norit
NK particles. The results of EDS analysis are
illustrated in Fig. 2. Except the presence of carbon
due to the Norit NK it is evident the catalyst of Co
and Ni oxides (non-stoichiometric ones). The traces
of magnesium registered by EDS (Fig. 2a, b) most
probably are due to some impurities in Norit NK.

Then .'; L > ) X ; ! R
Fig. 1. SEM image of Norit NK immobilized with Co/Ni
catalyst
SN _ _
(b)
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Figure 4. Results from EDS carried out in p. 2 and p. 3. (Fig.3a).

The same investigations were carried out for the
other catalyst. SEM picture of CoTMPP-700
catalyst incorporated on VS-50 are shown on Fig.3.
Different size of particles were obtained after the
pyrolysis process which is probably due to the
generation of carbon particles from CoTMPP
pyrolysis and SiO; particles agglomeration initiated
by the same process (Fig. 3a and Fig.3b).

Energy dispersion spectroscopy was applied in
points 2 and 3 mentioned in Fig. 3a. The results are
illustrated in Fig.4. VS-50 explained the presence
of silicon while the carbon in the spectra is due to
the CoTMPP pyrolysis. The choice of VS as a
substrate allows us to demonstrate the carbon
generation during the CoTMPP decomposition.

The registered small amount of Sodium most
probably is due to the production of VS-50 which is
dispersed SiO;.

The next stage of work was to explore the
wetting ability of the carbon materials XC-35, XC-
40, teflonized carbon paper and Nafion® in a
solution of PC/EC, a mixture of PC/DMC and pure
DME. The results are listed in Tablel.

The results show that all carbon materials were
wetted in PC/DMC and partially wetted in PC/EC
after 40 days staying. DME solvent covers only the
surface of the pellets and there is not wetting in the
pellet volume. Based on these results for the initial
electrochemical studies we worked with EC/PC
solvent because it is a widely used solvent in the
Li-lon batteries. The Nafion® membrane was
swelling after a prolonged contact with the tested
solvents. Probably its usage as a protect layer for
the metal lithium won’t be proper.

The measured porosity of the teflonizes carbon
pellets (35% Teflon) by the method described
above is in the range 76 — 79 %.

The second part of the work was the study of the
electrochemical behaviour of the GDE with both
catalysts. The assembled button cells 2032 were
connected to the EcoChemie Autolab® device by a
button cell holder (Fig.5) for a slow voltammetry
cycling. The electrodes were tested in the potential
range 1,8 — 4,8V with scan rate of 50 — 70 pV/s.
The tests were started from the OCV potentials:
OCVCoNi = 3,067V and OCVCoTMPP = 3,26V.

Tablel. Wetting of teflonized carbons and Nafion® membrane in different aprotic electrolyte

. Solvent
Material
EC/PC PC/DMC DME
*
XC35 Wetted Wetted Wetted surface
0,7 mm
*
XC40 Wetted Wetted Wetted surface
0,7 mm
NAFION* Material swelling and Material swelling and
Solvent color change
0,18 mm solvent color change solvent color change

Carbon Paper 0,12

No wetting
mm

No wetting No wetting
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Fig. 5. Li-Air button cell 2032 and holder
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Fig. 7. Slow cycling voltage test of Co/Ni catalyst.
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Fig. 9. Slow cycling voltage test of Co/Ni catalyst.

The obtained results from the slow CV of the
electrodes with Co/Ni catalyst are shown on Fig.6.
A sloping sharp voltage peak of the oxygen
reduction reaction is evident. The average voltage
value lies between 2.0 — 2.5 V. The obtained
electrochemical capacity is 1.64 C. On the opposite
side — oxygen evaluation reaction, a small broad
peak between 3.1 — 3.6 V is evident. It can be
concluded that this catalyst is not enough effective
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Fig. 8. Charge-discharge voltage curve for CoTMPP
catalyst at 1mA current.

for this reaction. This conclusion was confirmed
from the galvanostatic tests.

The charge-discharge curve of cell with Co/Ni
GDE is illustrated on Fig. 7. The electrode
possesses specific capacity of 6 mAh at 0.6 mA
current. A reverse reaction is not evident at this
current rate.

The slow CV of the CoTMPP electrode is given
on Fig. 8. A very large voltage peak was obtained
for the oxygen reduction reaction with the average
voltage value at 2.4 V. This means that the
CoTMPP catalyst is very effective for this reaction
but unfortunately this catalyst is not effective at all
for the opposite oxygen evolution reaction. This is
the reason to carry out only discharge galvanostatic
test of the cell with CoTMPP GDE. The result is
pointed out on Fig. 9. The obtained specific
capacity from the electrode is 3 mAh at 1 mA
current.

CONCLUSIONS

The obtained discharge capacity is respectively
3 mAh for CoTMPP and 6 mAh for Co/Ni, but this
value is obtained at twice less power charge (0,5
mA) from the case of CoTMPP electrode. These
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results show that the two catalysts can be used as

primary  Li/O;

batteries  with  non-aqueous

electrolyte. The cell with catalyst Co/Ni shows
reversibility at the slow cycling voltammetry test,
but at a charge of 1mA it is very quickly polarized
to the charge voltage limit.

1.
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HOBEJEHUE HA I'A3OJM®Y3MOHEH EJIEKTPO B HEBOJHU EJIEKTPOJIUTU
3A CUCTEMATA JIMTUU-BB3AYX

Y. Tlonos™™, B. Benes?, 1. MHnymeBal, P. EyKypeumMeBal, C. XpI/ICTOBl, T. CTaHKy.HOBl, b. banos",

1

A. Tpudonosa?

YUncmumym no enexmpoxumus u emepautinu cucmemu, Bvnzapcka axademus na naykume, Cogpus 1113
2 AIT Aécmpuiicku mexnonoauuen uncmumym, Buena, Ascmpus

IMocTenuna Ha 5 maprt, 2013 1., npuera Ha 19 ampui, 2013 1.

(Pesrome)

Barepuute mUTHI-BB3AYyX ca MHOTOOOCIIABAIIY TIOPATH BUCOKUAT CH TEOPETUYCH CeNH()UICH KalaluTeT, KOUTO €
MHOTO TIO-BHUCOK OT CHIICCTBYBAIUTE JIUTUCBO-HOHHH OaTepHH.
Ienta Ha HacTosmaTa paboTa € Ja U3CJIeABa MOBEACHUETO Ha ra30u(y3nOHEH eNeKTPOJ] B HEBOAHU €JICKTPOIUTH
3a U3M0JI3BaHE B CUCTEMAaTa JIUTHUH-BB3AYX, KAKTO M HEroBaTa paboTa B MOJIyKJIETKA CPEIly METaJIeH JIUTHEB €JIEKTPO.

T'a30auy3MOHHUAT €IEKTPOJT € MPUTOTBEH C JBa BUAa Katanu3atopu: nuposusupad CoTMPP u akTuBeH BBIJICH C
Co/Ni u e u3cnenBan B crpaHgaptHa kieTka tun 2032. Ilukmuunata Bonrammepometpusi (CV) Ha enekrpoaa ¢
karanu3atop CoTMPP noka3sa Heodparuma O peakitusi, 10kato Ha enektponaa ¢ Co/Ni kataau3arop Oelie ycTaHOBeHa
00paTUMOCT Ha peaKIys — KHCIOPOJAHA E€BOJIIONHS C KamaluTeT 3 MbTH MO-MallbK OT Ta3W Ha KHCIOPOJHATA PEILYKITHSI.
He3zaBucumo oT momydeHata oOpaTUMOCT IPU OaBHA MUKIMYHA BOJITAMIIEPOMETPH, Ha TaIBAHOCTATHIHHUTE UKINYHA
TecToBeTe Ipu | MA mOKa3BaT HEOOPAaTUMOCT Ha Ipolleca, KOMTO ce NBIDKM Ha MHOTO BHCOKAaTa TOJSIPU3AIMs Ha

06paTHaTa pcaknus B FaSOI[PI(i)yBI/IOHHI/Iﬂ CJICKTPOA NPH MPHUITOKCHUA TECTOB TOK.
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Obtaining of electroless Ni-P/ZrO, composite coatings on flexible substrates of
polyethylene terephtalate
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The incorporation of dispersed particles into metal matrices, achieved by the electroless codeposition process, has
led to the obtaining of new generation of composite materials with definite chemical and physical properties.

The aim of these studies is to obtain Ni-P/ZrO, composite coatings by electroless plating process on flexible
substrates from polyethylene terephthalate (PET). These coatings would ensure better mechanical properties in

comparison with only electroless nickel plated samples.

In connection with the obtaining of these composite coatings, preliminary optimization of the electrolyte for
electroless nickel plating is performed. For this purpose, the influence of its main parameters — i.e. NiSO4, NaH2PO»,
surface active agents (SAA, known also as surfactants) and pH has been studied.

Keywords: Electroless Ni-P plating; Zirconium dioxide (ZrO;), Metal-matrix composites; Flexible materials; Metal

dispersion coatings.
1. INTRODUCTION

The electroless nickel plating represents
autocatalytic reduction of nickel ions on the
interface of heterogeneous system. The most widely
used electrolytes for electroless nickel plating
contain two main components: nickel salt and
reducing agent, such as sodium hypophosphite,
borohydride, bor-nitrogen compounds, hydrazine,
etc. Most widely used in the practice are the
solutions with sodium hypophosphite as reducing
agent. They also contain ligands of the nickel ion,
buffer substances, stabilizers, accelerators, surface
active substances (SAS), brighteners, etc.

The electroless nickel plating process with
hypophosphite as reducing agent possesses the
following characteristics:

- the reduction of the nickel ions is conducted
only on several metals, which are capable of
catalyzing the process, or on catalyzed dielectric
surfaces;

- the obtained product does not represent pure
nickel and always contain phosphorous, which is
included in the coating in the form of intermetal
compound. The quantity of phosphorous in the
coating is changing depending on the conditions for
the process implementation. The phosphorous
content increases with the increase of the solution
acidity; the process speed strongly depends on the
temperature [1].

* To whom all correspondence should be sent:
E-mail: mgeorgieva@ipc.bas.bg
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Stabilizers are added to increase the stability of
the electroless nickel plating solutions. J. Cheong et
al. in [2] have established that the adding of
thiourea to the electroless nickel plating solution
increases its stability. With the thiourea
concentration increase the phosphorous content
decreases. Upon the adding of 180 - 300 ml/I
Maleic acid the coating becomes bright.

The optimization of the electroless nickel
plating process of textile fabrics is very important
for the industry. The process parameters such as -
time, temperature, pH - are crucial for the obtained
electroless coatings. They have been discussed by
S.Q.Jiang etal. in [3].

S. Armyanov et al. in [4, 5] have studied in
detail electroless deposition and some properties of
Ni-Cu-P and Ni-Sn-P coatings. The introduction of
Cu or Sn as a third component improves
considerably the corrosion resistance of Ni-P
alloys.

Most frequently metalized among the flexible
polymer substrates is the polyethylene terephthalate
(PET), since the textile industry needs material with
average molecular mass of approx. 15 000. It is a
linear homopolymer and a dominating composition
of polyester fibres [6]. At room temperature they
are acid-resistant. Long boiling in hydrochloric acid
destroys the polyester, and the action of 96 %
sulphuric acid causes destruction of the polymer.

C.W.M. Yuen et al. in [7, 8] have studied the
properties of electroless nickel plated polyester
after treatment with low-temperature plasma. It
contains oxygen and argon and is used to obtain

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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hydrophilic properties of the polyester specimen
and to facilitate the absorption of the palladium
catalyst, which catalyzes the surface prior to the
electroless nickel plating.

R.H. Guo, S.Q. Jiang et al. in [9] have also
studied the properties of the electroless nickel
plated polyester fabric, depending on the electrolyte
composition and the metalizing conditions. It has
been found out that with the increase of NiSO,
concentration the deposition speed increases
linearly, while the phosphorous contents decreases
from 11 to 7 %. SEM-micrographs show nodular
(knotty) type of coating structure, which is
indicative of the presence of amorphous structure.
The efficiency of the shielding of the nickel plated
polyester fabric against the electromagnetic
interferences depending on the concentration of
Ni* in the electrolyte is studied and it varies from
20 to 40 dB within a frequency interval from 10 to
18 GHz.

The preliminary processing of polymer
(polypropylene and polycarbonate) substrates,
aiming at increasing the adhesion of the chemically
deposited metal coating is studied in [10]. M.
Charbonuier and M. Romand replace the classical
roughening of the polymers using a mixture of
CrOs and H.SO4 with preliminary treatment using
plasma or UV laser in O2, H> / NHz atmosphere.

Obtaining chemical dispersion  Ni-P/ZrO,
coatings is poorly studied. Ye Yuzhong et al. in
[11] have been shown that coating containing 5.6 %
ZrO, possesses higher high temperature oxidation
resistance than the nickel coating itself.

K. Zielinska et al. [12] and P.A. Gay et al. [13]
describe the deposition of the composite Ni-P/ZrO;
coatings by electroless process, and the
characterization of their mechanical and
tribological properties.

From the literature review it has been concluded
that the electroless nickel plating of the polyester
fabric is of high importance for the practice.

The aim of this work is the development of
appropriate in terms of composition and operation
mode electrolytes for obtaining of disperse nickel-
phosphorous coating with ZrO, particles on
polyethylene terephthalate, as well as study of the
properties of the obtained coatings.

2. EXPERIMENTAL

The experiments have been made using
substrates of flexible non-woven fabric from
polyethylene terephthalate (PET), subject to
reinforcement through additional compaction
(pressing). The surface of the PET substrate is 8

cm?. The preliminary treatment of the substrates is
accomplished according to the following
technological scheme:
e Degreasing in alkaline solution at 60 °C for 15
min;
e Activation in PdCl, colloidal solution at room
temperature for 5 min;
e Acceleration in alkaline solution at room
temperature for 5 min;
The electroless nickel plating has been
accomplished in a solution, containing the
following components, described in Table 1.

Table 1. Chemical compositions and operating
conditions of the plating bath.

Electrolyte components: Concentration:

NiSO4.7H,0, g/l 25
NaHzPOQ.HQO, g/| 22
CH3COONa, g/l 20
Lactic acid, g/l 20
Stabilizer 2, mg/l 1
(a commercial product of TU-Sofia)

Sodium lauril sulphonate (NaLS), g/l 0.01
Operating conditions:

pH 46-4.8
Temperature, (°C) 82
Time, (min) 30-60

ZrO, with different size of the particles: 30/60
nm, 1/3 um and 7/10 pm has been added as
dispersoid to this base electrolyte. Their
concentration in the electrolyte has been varied
within the limits 2.5 + 5.0 g/l, while the particles
have been preliminary wetted with SAA (NaLS =
0.01 g/I) and in this form added to the electrolyte.

The disperse coatings have been obtained under
continuous air agitation using air flow — 100 ml/
min/ 250 ml electrolyte (with open glass surface ~
38 cm?).

The deposition speed of the disperse coatings
has been determined gravimetrically through the
conditional thickness of the obtained coatings 6
(um). At these investigations is used the term
“confidential thickness”, as the surface of the
samples is without determined geometry. The
difference of mass of the deposited coating has
been measured as a difference in the mass of the
substrates after and before metallization.

Am =M - My,
where Am is the mass of the deposited coating [g],
M, is the mass of the specimen prior to
metallization [g], and M — after metallization [g].

The morphology of the composite coating has
been determined with scanning electron microscopy
(JSM 6390 apparatus, JEOL, Japan).
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3. RESULTS AND DISCUSSION

Impact of the main nickel electrolyte components

25

t=30min

T=82°C e =
20 |

15

10

Coatings' thickness, um

5 1 1 1 1 1 1 1 )
5 10 15 20 25 30 35 40 45

Concentration of NiSOA . 7TH,0, gll
Concentration of NaH,PO,. H,0, g/l

Fig. 1. Influence of NiSO4 and NaH»PO. concentration
on the Ni-P coatings’ thickness.

Usually acid solutions are used for electroless
nickel plating of polymers. The concentration of the
Sodium hypophosphite is of high importance for
the deposition speed and the stability of the
electrolytes [1]. In Fig. 1 the deposited Ni-P
coatings’ thickness upon a change in the
NaH2PO2.H.O and NiSO4.7H,O content has been
established. From the obtained data, shown on
Fig.1, it is observed the appearance of the
maximum at both components at concentrations 25
g/l for NiSO4.7H.0 and 22 g/l for NaH,PO2.H,0.

The ratio between Ni** and H,PO, , which should

be within 0.25 — 0.6, is of high importance for the
electrolytes’ operation. For the following studies
the used by us electrolyte included: 25 g/l
NiSO4.7H.0, 22 g/l NaH:PO..H,0, and the ratio
between Ni** and HPO,; was 0.41. For
concentrations above 30 ¢/l NiSO4.7H,O and
NaH2PO,.H,0 the solution becomes unstable and a
spontaneous reduction of Ni?* within the whole
volume is possible. By this reason our studies were
carried out with the above mentioned
concentrations.

Influence of the organic additives

During reduction of the nickel ions with sodium
hypophosphite the concentration of the hydrogen
ions in the solution continuously increases — i.e. pH
decreases. This leads to a change in the deposition
speed. Therefore, organic acids and their salts are
added to the electrolyte for nickel plating that
exercises buffering effect and do not allow quick
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Fig. 2. Influence of the lactic acid and sodium acetate
concentrations on the Ni-P coatings’ thickness.
Deposition time 30 min at 82 °C and pH = 4.8.

change of pH during operation. The anions of the
organic acids, respectively of their salts, participate
in the formation of different, sufficiently
sustainable complex nickel ions and decrease the
concentration of the free Ni?* ions. Thus the
electrolyte stability is increased.

Petrov [1], as well as Shalkayskas & Vashkialis
[14] recommend as complexing agent in the acid
solutions to use the following acids /or their salts/:
lactic, aminoacetic (glycocol), citric, glycolic, etc.
The complex formers can possess buffer properties
as well. Such is the lactic acid, which at relatively
low temperature possesses both properties. The
organic additives exercise big influence on the
speed of nickel reduction. For many of them the
dependence of the nickel plating speed on the
additive concentrations passes through a maximum.

The process acceleration is explained with the
buffer action of the organic additives, and the speed
reduction at high concentration of the additive is
due to the blocking of the catalytic surface of the
adsorbed organic substances.

According to Badet [15] the action of the
accelerators can be explained with the loosening of
the bond between the hydrogen and phosphorous in
the sodium hypophosphite molecule. It should be
noted that the majority of the accelerators are
efficient buffers.

With aim of increasing the reduction speed of
the nickel ions, we have studied the influence of the
following buffering and complexing compounds:
Sodium acetate and Lactic acid. From the obtained
data, shown on Fig. 2, we had chosen 20 g/l as
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optimal concentration for both organic additives
used for the next investigations from us.

Influence of pH

The change in the acidity of the nickel plating
bath exercises big influence on its operation and
stability, as well as on the phosphorous contents in
the obtained coating.

For pH values below 4 the dissolution of the
nickel coating in the acid medium is possible,
which shows that uncovered sections are obtained.

content of P in the coating is seen, which decreases
with the pH increase of the solution [1].

Influence of the surface active agents (SAA) and the
stabilizers

According to the reference [1] SAA can also
play the role of stabilizers of the electroless nickel
plating.

The results from the dependence of the
deposited nickel coating thickness on the different
SAA (veranol H-10, sodium lauryl sulfonate(NaLS)

Table 2. Influence of pH solution on the Ni-P coatings’ thickness. Deposition time 30 min at 82 °C.

pH 38 40 48 5.0 55
5, pm 13.63 2052 3857 37.85 3731
(Am, g) (0.1067)  (0.1607) (0.3021) (0.2964)  (0.2922)
EDS, wt %
CK 5.39 8.70 8.89
oK 0.78 1.03 2.79
PK 7.07 5.94 5.38
Ni K 86.76 84.33 82.94

Besides that during the reduction of the nickel
ions high-soluble nickel phosphite is formed.

These studies were asked to establish the most
appropriate pH - values for which the selected by us
nickel electrolytes have the biggest deposition
speed, stability and utilization. The dependence of
the deposition speed on different pH values of the
electrolyte is shown in Table 2.

From the obtained data it is seen that with pH
increase the speed of reduction is increased, but
during previous work at pH — value above 5.0
sediments of insoluble compounds are obtained and
the probability for spontaneous reduction of the
nickel ions within the whole electrolyte volume is
increased. Due to this reason during our later
studies we worked with pH within the range 4.6 +
4.8. From the data in the table the change of the %
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Fig. 3. Influence of the type and concentration of
Surfactants on Ni-P coatings’ thickness.

and PEG-4000) concentration on Fig. 3 were
shown. The obtained results show that PEG-4000,
which is non-ionogenic SAA, reveals constant
values, but at high electrolyte concentrations. For
anion-active surfactant such as NaLS, the
deposition speed is the highest but at low
concentrations in the electrolyte. The veranol, from
one side, is environmentally danger and is
forbidden from the EU because it contains
polyphenol. From the other side, the obtained
results from us show diminishing of the deposition
speed. Therefore, we preferred to work with NaLS
within the range 0.01+0.1 g/l and by financial point
of view also.

With the aim to optimize the electrolyte
composition the influence of the coating thickness
has been studied in relation of presence of
preliminary selected by us optimal SAA (NaLS)
concentrations and of the following stabilizers:
NazS,0s, Stabilizer 1 (a commercial product of TU-
Sofia) and Stabilizer 2 (a commercial product of
TU-Sofia).

Table 3. Influence of the Stabilizer type on Ni-P
coatings’ thickness in the presence of 0.01 g/l NaLS in
electrolyte to electroless plating. Deposition time: 30
min.

Type of Stabilizer, 1 mg/l S, pm (Am, g)
NaLS + Na,S,03 22.08
(0.1729)
NaLS + Stabilizer 1 23.73
(0.1858)
NaLS + Stabilizer 2 26.04
(0.2039)
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The obtained data in Table 3 has showed that in
the presence of NaLS and Stabilizer 2, the
deposition speed, respectively the thickness of the
obtained coatings is the highest, due to which all
further studies have been conducted using this
combination.

Obtaining of composite Ni-P/ZrO; coatings

The data on Fig. 4 show the change in the
thickness of the composite Ni-P coating in the
presence of different size ZrO, particles. The
studies have been conducted for two different

70

60 |

50

4
40 O25g/L
30

b m5.0g/L
20
10

1 2 3

Fig. 4. Influence of ZrO, concentration and type on the
conditional thickness of the composite coatings: 1 - ZrO;
30/60 nm; 2 - ZrO, 1/3um; 3 - ZrO2 7/10 pm.

(a)
Fig. 5. SEM micrographs of the composite Ni-P/ZrO,: a) ZrO, 30/60 nm; b) ZrO; 1/3 pum; ¢) ZrO, 7/10 pm.

concentrations (2.5 g/l and 5.0 g/l) of the dispersoid
in the electrolyte. No significant change in the
thickness of the coatings depending on the particle
sizes is observed. With the increase of the
concentration of the dispersoid in the electrolyte the
thickness of the composite coating is also
increasing. With increasing of the particles’ size in
the electrolyte, their number in the composite
coating diminishes.

The results for the increasing of ZrO; in the
composite coating have been confirmed by the
taken SEM-micrographs of the surface morphology
of the three disperse coatings on Fig. 5 for equal
concentration of the dispersoids in the electrolyte,
and EDS-analysis, showing the contents of Zr
incorporated in the coatings as follows: 1 (ZrO;
30/60 nm) — 30.60 wt. %, 2 (ZrO2 1/3 um) - 20.30
wt. % and 3 (ZrO, 7/10 um) - 18.44 wt. %.

CONCLUSIONS

In connection with the obtaining of electroless
composite  Ni-P/ZrO,  coatings  preliminary
optimization of the electrolyte composition and of
the electroless nickel plating has been conducted.
For this purpose the influence of NiSO., NaH.PO,,
SAA, stabilizers and pH has been studied.

The inclusion of disperse ZrO- particles in metal
Ni-P matrices, on flexible substrates has led to the
obtaining of composite materials, characterized by
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definite chemical and physical properties, wich will
be studied at our following investigations.

The obtained materials are implementable for
raising the wear resistance of machine elements, as
well as for restoration of worn working surfaces of
rubbing parts.
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[MOJIYYABAHE HA XUMMWYHU KOMITO3UTHMU Ni-P/ZrO; IOKPUTHUS BHPXY I'bBKABU
MNOJIOXKHU OT ITOJIMETUJIEH TEPEDTAIJIAT

M. T'eopruesa, M. IlerpoBa, B. Yakbposa

Huemumym no gusuxoxumus, bvieapcka axkademus na naykume, yi. ,,Axao. I. bonues ™, bn. 11, 1113 Coghus,
bvreapus,

Toctenmna Ha 25 depyapu, 2013 r.; Kopurupana na 29 mapr, 2013 r.

(Pe3tome)
BxtouBaneTo Ha MUCIEPCHH YACTHIIM B METATHW MATPUIM, TMOCTUTHATO 4Ype3 Mpolleca Ha XUMHYHO
ChOTJIaraHe, JOBeJe 10 MOyd4aBaHETO HA HOBO ITOKOJIEHHE KOMIIO3UTHU MaTepHalli, XapaKTepU3UPAIHU ce C

OIIpeleNICHH XUMUYHHU U (U3NYHHI CBOMCTBA.

Llenta Ha Te3W M3CIEABAHHS € TOJyYaBaHETO HA XUMUYHU KOMMO3UTHH Ni-P/ZrO; mokpuTus BbpXy
I'bBKaBU NOUTOKKH OT nonuetwieH Tepedranat (PET). C Te3n mokputus ce mocTuraT mo-a00py MeXaHUIHA
XapaKTepUCTUKH, B CPAaBHEHNE C TAKMBA, B KOUTO HAMA BKIFOUCHU YaCTHIIH.

BB Bpb3Ka C IOJYYaBaHCTO Ha TE3W KOMIIO3UTHH TIIOKPUTHA MPCABAPUTCIHO € MPOBCACHO
ONTUMH3HMPAHE Ha EJEKTPOJIMTA 3a XMUMUYHO HHUKEIMpaHe. 3a Ta3u 1IeJ € H3CJIEABAaHO BIMSHHUETO Ha
OCHOBHHTE My mapamerpu, a umeHHo NiSOs, NaH2PO,, ITAB u pH.
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Glassy carbon (GC) electrode modified with electrodeposited ZrO, and ZrO; + Ce;03
+ Y,03 nanostructures as a cathode in the obtaining of active chlorine
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The experiments onto glassy carbon (GC), modified by electrodeposited oxide layers from zirconium, cerium and
yttrium with sizes 30-100 nm are performed. The morphology and structure of deposits is characterised by SEM and
elemental composition is investigated by XPS. Electrochemical activity of the modified glassy carbon is investigated by
cyclic voltammetry as well by potentiodynamic method and tested with respect to the electrolysis of sodium chloride in
order to obtain active chlorine. It is established, that the thin film of ZrO; onto glassy carbon with intermediate layer of
copper obtained in the regime of the reversive current increase the current efficiency of the process as a result of

catalytic effect onto hydrogen evolution reaction.
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1. INTRODUCTION

The modification of the electrode surface with
deposits by organic and inorganic compounds,
metals, metallic oxides, polymers, etc. favourised
the widening of their application for the
electrocatalytic and analytical properties, corrosion
protection, improvement of magnetic and
semiconducting properties and others. Especially
the modification of the glassy carbon has important
aspects. Some papers depict explanations of the
obtaining of catalytic active thin films from the
mixtures of RuCls + K4Ru(CN), [1] u OsOs +
K4Ru(CN)s [2] onto glassy carbon. It has been
proved, that rhuthenium film furthers the catalytic
oxidation of As** [1] (also by mixed Os-Ru — thin
film) methanol [3] and dythiocianat [4]. The
coatings from Ag*™ and Mo(CN)s™ onto glassy
carbon could also be used for the determination of
the nonelectroactive ions [5].

In the last decade there has been a tendency
in the modification of the surface of glassy carbon
by films with the nuclei under 100 nm or shortly
named nanostructures. The modification of the
surface done this way gave the possibility for the
wide application of the GS (mostly in the analytical
chemistry) as an electrode with the increased
sensitivity and selectivity for the determination of
the different compounds as ascorbic acids [6],
hydrazine [7], acetaminofenol [8], tyramine [9]

* To whom all correspondence should be sent:
E-mail: Lubomir_petkov@abv.bg
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,Cré*[10], methylene blue [11], 2-4-6 trinitrotoluene
[12], dopamine [13] .

The method of obtaining electrochemically
produced nanostructures is widely applied due to its
advantages - ability to regulate the content of the
coatings —the form and size of the particles, small
expense, and easy control [14]. From this point of
view the ,template synthesis”, where the different
materials — metals, oxides, semiconductors and
other could be deposited onto porous substrate -
polycarbonate ,,foams”, glassy carbon. By this way
the process of the deposition ensures forming of
nanotubes, nanorods and nanowires which
dimensions could be easily controlled by changing
the geometry of pores and the conditions of the
electrodeposition [15-18].

It is well known that at by electrolysis of water
solution of NaCl in the cell without diaphragm the
follows processes proceed:

2CI™- 2¢'=Cl, 1)
Cly+ OH = CIO™ + HCI @)
ClO™ + 3H,0 = CI" + 20H ©)

The reaction (3) occurs to be a secondary
reaction which leads to a decrease of the yield of
the active chlorine — CIO". In order to suppress this
reaction some amount of Cr & is added which could
be reduced onto the cathode to the Cr3* and three
valence chromium forms passive Cr(OH)s film,
which embarrass the access to the ions of CIO™ to
the cathodic surface and thus, the rate of their
reduction. This method is ineffective from an
ecological point of view. Its alternative is a

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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obtaining of suitable material with selective
properties which allow the hydrogen evolution
reaction and also embarrass the speed of cathodic
reaction. Some appropriate material, investigated at
the process of obtaining of active chlorine is ZrOa,
where the oxide is obtained by thermal and anodic
oxidation of zirconium at the respected defined
conditions [19].

The aim of the presented work is two-fold:
modificated glassy carbon electrode (500 pores
inch®?) by nanosized layers of ZrO, and ZrO, +
Ce;03 + Y03 obtained electrochemically from
organic (alcohol) solutions to be characterised by
SEM, XPS, linear and cyclic voltammetry and
moreover, by the method of cathodic efficiency the
possibility to use this electrode as a cathodic
material with mentioned selective properties to be
proved.

2. EXPERIMENTAL

The experiments about modifying the electrode
surface were performed onto samples from glassy
carbon foam (500 pores inch?) (with size 20x20
mm). Before electrolysis in  the alcocholic
solutions, containing Zr, Ce and Y onto carbon
surface were deposited thin layer of copper ( from
sulfuric electrolyte) at different conditions (current
density; time of deposition): sample 1 - 15 mA cm-
2. 5 min; sample 2 — 1.5 mA cm?, 2 - 5 min;
sample 3 - reversive regime of deposition with
cathodic period 240 mA sec and anodic period — 15
mA sec [20].

The samples has been deposited by ZrO, in the
solution of absolute ethyl alcohol, containing 60 g
dm? - ZrCl; at the following conditions: for the
sample 1 — at the temperature 15 °C, time of
deposition — 1 hour, current density 250 mA cm?,
for the sample 2 - at the temperature 35 °C, time of
deposition — 1 hour, current density 250 mA cm?;
for the sample 3 - at the temperature 12 °C, time of
deposition — 1 hour, current density 2000 mA cm
[21].

The films of ZrO, + Ce0s; + Y03 was
obtained onto glassy carbon with copper coatings,
deposited during 50 sec — sample 4, 15 sec — for
the sample 5 and the sample 6 was not deposited
with sublayer of copper. The oxides were deposited
in the solution of their respected salt in the absolute
ethyl alcohol / ZrCls -3.2 g dm™, CeCl; .7H,0 -5.7
gdm™ u YCl3.6H,0-3.5 g dm™ / at the potential
9V, temperature 8-12 ° C for 60 minutes/

The morphology, structure and the size of
particles of the obtained ZrO, and ZrO;
+Ce203+Y>0 3 thin films was studied by means of
scanning electron microscopy (SEM) using a JEOL

200CX scanning microscope under conditions of
secondary electron image (SEI).

The chemical states and composition of layers
were investigated by XPS analysis. They were
carried out by means of a VG Escalab Mk Il
spectrometer (England) using an Al K, excitation

source (1486.6 eV) with a total instrumental
resolution of ~1 eV, under a base pressure of 1.10®
Pa. The O 1s, Zr 3d, Ce 3d and Y 3d photoelectron
lines were calibrated to the C 1s line. The surface
composition of the mixed oxide layers was
determined from the ratio of the corresponding
peak areas, corrected with the photoionization cross
sections [22].

Electrochemical characterisation was performed
by cyclic voltammetry and potentiodynamic
polarisation technique in the thre electrode cell with
volume 100 cmi. The counter electrode was
platinum rode and reference electrode was
Ag/AgCl with potential +0.197 V vs SHE. The
experiments were performed onto potentiostat-
galvanostat GAMRY FRAMEWORK PHE 200
with scan rate 25 mV sec®. The concentration of
the solutions was as follows: NaCl — 100 g dm;
NaOH — 40 g dm?3, NaCl 100 g dm  + NaCIO -
5.52 g dm*

Catalytic activities of the samples were
investigated volumetric, by comparative analysis of
the quantities of evolved from the cathode
hydrogen. The experiments were performed at the
cathodic current density -0.05 A cm™, temperature
-22° C and measuring time — 6 minutes. At this
experiments the solutions of NaCl (100 g dm?) ,
was used -100 g dm® and NaCl - 100 g dm?,
containing NaClO — 5.52 g dm™ (obtained at the
electrolysis of the solution of NaCl with ORTA) at
the current density — 0.05 A cm? and time — 4
hours.

3. RESULTS AND DISCUSSION
Morphology of the coatings

The investigations of the structure and
morphology of the modified glassy carbon with
electrodeposited oxides of Zr, Ce and Y were
performed by scanning electron microscopy. The
systematic electron-microscopic investigation of
the macro and microstructure of the porous carbon
substrates, performed in the wide range of
microscopic magnifications (from 50x to 100 000x)
established that they are characterized with the size
of macropores 50 to 300 um (Figure 1a). The
elementary structural elements, that buid the
microstructure of the carbon material have a size
about 10-20 nm, which firms the aglomerates with
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(d)

Fig. 1. Scanning electron images of glassy carbon: a) magnification 300x; b) modified with Cu (magnification
(20 000x); c) modified with Cu and ZrO, (20 000x) (sample 3) ; d) modified with ¢ Cu u ZrO,-Ce,03-Y203 (20 000x)
(sample 5).
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Figure 2. Photoelectron spectra of ZrO2 and ZrO,-Ce,03-Y,03 films, electrodeposited onto porous carbon surface
(sample 3 and 5); a) Zr3d; b) Ce3d; c) Y3d.

size 25-50 nm. These agglomerates as well the
existing much bigger ,,defects” (with size 0.5-4 um)
onto the smooth surface of the carbon material,
which construct the macropores of the investigated
,carbon foam”, most probably represent the
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energetically  favourable  places for  the
growth/deposition (electrochemical or chemical) of
the ,carrier” from copper film (Figure 1 b) and
»catalytic active phase” from oxides (ZrO or ZrO,-
Ce,03-Y203) layers (Figure 1c, d). The presence of
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the carried copper layer with very high specific
surface would guarantee the requisite adhesion of
the coated afterward catalytic-active layers.
Together, the high specific area of the copper
sublayer with combination of extremely high
specific (working) surface of the glassy carbon will
work for the increasing of the catalytic activity of
the complex system ,,foam carbon substrate- copper
sulayer — ZrO; or ZrO, -Ce203- Y203,

Figure 1c and d shows that the electrodeposited
layers of the real catalytic phases of ZrO; or ZrO.-
Cez03-Y,03 (Figure 1 c, d) characterise with
higher developed specific (working) surface,
consisted from nanoparticles with sizes 30-100 nm.

XPS characterisation of the coatings

Figure 2 shows the parts of XPS spectra that
were used for the characterisation of the chemical
state of the elements in the electrodeposited oxide
layers on the basis of Zr and Zr-Ce-Y onto
deposited with a thin copper layer porous carbon
substrates.

The binding energy of Zr3d5/2 peak in the
spectrum of the electrodeposited thin film of ZrO,

at 182,3 eV (Fig.2a) for both samples (C/Cu/Zroxide
and C/Cu/Zroxide-Ceoxide-Y oxice) is characteristic for

Zr0, [23-26]. Also the obtained value of 2.4 eV for
the peak separation between Zr 3d3/2 and Zr 3d5/2
is in accordance with other data for ZrO..

The Ce3d spectra (Figure 2b) are typical for
Ce(l1) and Ce (1V) oxidation state since the spectra
contain two spin orbit doublets formed due to final
state effects. Obviously, Ce.Os; oxide is formed
during the process of electrodeposition of ternary
oxide system Zr —Ce —Y . The binding energy of the
Y3d peak at 156.7 eV for electrodeposited mixed
ternary system Zr —Ce —Y (Fig.3,c) corresponds to
yttrium in Y203 [27].

Cyclic voltammetry

Figure 3 presents the cyclic voltammetry curves,
obtained onto glassy carbon with and without ZrO,
deposits - samples 1, 2 and 3 in the solution of
NaCl . From the figures it can be seen that at the
samples with oxide layer the depolarizing effect
onto cathodic process - in this case, the hydrogen
evolution reaction. The observed effect is about 400
mV and is not affected from the type of the sample.

The same effect of depolarisation of the
cathodic process is observed at the relationships,
recorded in 1M NaOH — Figure 4. In this case the
depolarisation effect is smaller- about 200 mV.
Moreover, the sharp increasing of the current
density (second part of the polarisation curves) in

the samples 2 and 4 starts at the more positive,
about 100 mV potentials.

The addition in the solution of NaCIO /5.5 g dm"
%/ leads to the changes of the type of the
investigation. The maximum of current onto sample
1 is observed at the potentials 0.6-0.8 VV — Figure 5.
The same correspond to the reduction of the NaCIO
and its height at the sample 1 is higher than those,
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Fig. 3. Cyclic voltametric curves in the solution of NaCl

onto the glassy carbon, sample 1, 2 and 3.
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Fig. 5 . Cyclic voltametric curves in the solution of
NaCl+ NaCIO onto the glassy carbon, sample 1,2 and 3.
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Fig.6. Cyclic voltametric curves obtained onto sample 5
in three investigated solutions NaCl, NaOH and NaOH
+NaClO.
onto the GC sample. As could be seen from the
same figure onto the samples 2 and 3 the similar
peak can not be observed (see Figure 5). Onto the
samples form glassy carbon and the sample 1 the
peak of current.

The maximum value of current density,
respected to the reduction of NaClO also is
observed at the samples from glassy carbon - ZrO »
+ Ce 20 3 + Y2 O3 (samples 4, 5 and 6), but with
smaller height in comparison with the sample 1 and
the glassy carbon without oxide layer. Due to the
similar behaviour of the run of the curves for all
three above mentioned samples in Figure 6 the
cyclic voltammetry curves for sample 5 are
presented.

Potentiodynamic investigations

In Figures 7, 8 and 9 the potentiodynamic
dependencies obtained in the solutions of NaCl,
NaOH and NaCl + NaClO are depicted for samples
1, 2 and 3. From the obtained results it can be seen,
that for all investigated solutions the dependencies
have the same character. Some differences in the
range of potentials for the cathodic parts of the
sample 1 from one hand and samples 2 and 3 could
be detected. Some conclusion about effect of
depolarisation of the cathodic process which can be
observed in sample 3 (and partially sample 2).
Similar differences are not observed at the
potentiodynamic dependencies for the samples with
coatings from ZrO , + Ce;03 + Y03 -Figures 10
(due to the similarities the results for sample 5 only
is given).

Volumetric determination of the catalytic activity

In order to determine the catalytic activity of the
samples and their selectivity, experiments were
conducted connected with the quantities of the
evolved hydrogen from the solution of NaCl and
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Fig. 8. Polarisation curves onto sample 2 — in the
solutions NaCl, NaOH and NaCl + NaClO.
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Fig. 9. Polarisation curves onto sample 3 — in the
solutions NaCl, NaOH and NaCl + NaClO.

the solution of NaCl, containing NaCIlO (5.52 g.dmr
%). The obtained results are presented in Table 1.

From the results, presented in Table 1 it can be
seen, that the modifying of the surface of the glassy
carbon with oxides of Zr and Zr+Ce + Y could lead
to the increasing of the reaction rate of the
hydrogen evolution reaction in comparison with the
non-modified glassy carbon from the solution of
NaCl.

The presence of NaClO leads to the decreasing
of the quantity of the evolved hydrogen — results of
the reduction onto the cathode. The slightest effect
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is at probe 2 and just before probe 3 — at these
samples the process of the reduction of the active
chlorine Cl+ proceeds with smallest rate. The
observed results correlate with the absence of the
peak ot current density onto the samples 2 and 3
onto the cyclic voltammetric curves, respected to
the reduction of the

E, V vs Ag/AgCI

log j

Figure 10. Polarisation curves onto sample 5 in the
solution of NaCl, NaOH and NaCl +NaClO.
hypochlorite. It should be noted some depolarised
effect of the process for sample 3, observed onto
the potentyodynamic dependencies — Figure 8.

CONCLUSIONS

1. The modification of the surface of the glassy
carbon with nanosized ZrO; u ZrO; + Ce;03 +
Y.0; leads to the increasing of deposition rate of
the hydrogen evolution reaction in comparison with
the cases of glassy carbon without coatings.

2. At the presence of the NaCl of the active
chlrine /NaClO/ this effect is sligher due to the
reduction of process of the reduction of active
chlorine to chloride ions.

3. Deposition of sublayer onto the glassy carbon
in the regime of reverse current effects positively
onto the layer of ZrO; in the relation of its
selectivity of the hydrogen reaction and
simultaneously the rate of reduction of Cl+ do not
increase.

4. Modification of the surface of glassy carbon
with a nanosized oxides of Zr and Zr + Ce + Y
could be alternative to the compounds of Cré*
related with suppressing of the process of reduction
leaded to the decreasing of current efficiency of its
electrochemical obtaining.

Acknowledgments: Financial support of the
National Science Fund (Bulgaria) by project DVU-
10-022-2012 and of the European project
BG051P0001-3.3.06-003 is gratefully
acknowledged.

Table 1. Quantity of evolved hydrogen in the solutions
of NaCl and NaCl + NaClO.

Sample Vhz/cm™ Vhz/em™
NaCl, 100 gdm™  NaCl, 100 g dm™+
NaClO
5,52 g.dm™

Classy 6.4 3.0
carbon

1 8 3.6

2 8.4 5.0

3 7 6

4 7.8 4.4

5 7.8 4.6

6 8.2 4.4

As it was notes in the Experimentals the sample
3 presented the modified with ZrO2 glassy carbon,
which should be coated with copper with the
regime of reversive current. The obtained by these
way coatings, characterized with high surface with
comparison with copper coatings onto the other
samples, obtained in the regime of direct current.
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CTBKJIOBUJEH BBI'JIEPO/I (CB) MOAUDUILIMPAH C EJIEKTPOOTJIOXKEHU
HAHOCTPYKTYPHU HA ZRO2 U ZRO2+CE203+Y203 KATO KATO/I ITPU ITOJIYHABAHETO
HA AKTUBEH XJIOP

JI. IletkoB?, K. Mocudos!, A. Ilanes?, JI. Ctoitues?

Xumuxomexnonozuuen u memanypauuen ynueepcumem, 1756 Cogpus, Bvneapus, 6yn. Kn. Oxpudcku Ne 8
2 Uucmumym no ¢usuxoxumusi — 5AH, 1113 Cogpus, Bvneapus, yn. Axao. M. Bouuee, 61.11, em. |V

Iloctpimna Ha 2 mapt, 2013 r.; kopurupana Ha 29 maprt, 2013 r.

(Pestome)

[TpoBenenu ca ekCHEpUMEHTH ChC CTHKIOBHIEH BbIiepo (CB), Monuduimpan ¢ elnekTpooTI0KEHH OKCUAN
Ha LUPKOHMH, nepuu u utpuu ¢ pasmepu 30 — 100 nm. Mopdororusra U CTpyKTypaTa Ha IMOKpUTHATA €
oxapakrepusupana upe3 SEM, a eneMeHTHHAT cbhcTaB ¢ u3ydeH upe3 XPS. EnekrpoxuMuvHaTa aKTUBHOCT Ha
MOJUMUIMPaHUs CTHKIOBUIIEH BBIVIEPOJ € H3CIEABaHA, KAaKTO 4Ype3 LMKIMYHA BOJTAMIIEPOMETpHS, Taka W upe3
NOTEHIMOANHAMHYEH METOJ M € TECTBAaHA IT0 OTHOLICHHE Ha EJICKTPOJIM3aTa Ha HATPUEB XJIOPUJ C Liel MOJIyYaBaHETO
Ha aKTHBEH XJIOp. YCTaHOBEHO €, 4e THHBK (M oT ZrOz BbpXy CTHKIOBUICH BBITICPOA C MEKAWHEH MEJICH CIIOH,
MOJIy4YeH B PEXKUM Ha UMITYJICEH TOK, IOBUIIABA TOKOBATa €()EKTHBHOCT Ha MpOLeca B PE3yJITaT Ha KaTaIUTHICH eeKT
BBPXY pEaKUATa Ha OTJCISHE Ha BOAOPOI.
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Monitoring of the water (domestic and/or industrial) pollution continuously and on regular bases is a quite severe
issue, which still demands proper solution. Here we report on development of an amperometric biosensor for detection
of phenol degradation in water and we compare the analytical data with those obtained from the most common
analytical method: HPLC (High Performance Liquid Chromatography).

The described biosensor consists of an enzyme electrode, comprising a porous hydrophobic carbon electrode with
immobilized enzyme, namely: Tyrosinase from mushroom (EC 1.14.18.1). In accordance to study the efficiency of
tyrosinase amperometric sensor for the determination of phenol concentration, experiments at constant potential of 0.0V
vs. Ag/AgCI reference electrode in phosphate buffer solution (pH 7.0) are performed. The response time is not
exceeding 3 min and the amperometric response increased linearly up to 2 uM phenol concentration. The tyrosinase
electrode exhibited a sensitivity of 330 nA uM! and the apparent Michaellis constant was calculated to be K¥Py = 12.6
puM with detection limit for phenol of 0.4 uM. Moreover, the tyrosinase electrode exhibited a good reproducibility and
stability during 35 days of periodical measurements.

The tyrosinase electrode investigated in our study is applied efficiently for the detection and determining of the

phenol concentration in real water samples.

Keywords: biodegradation of phenol, tyrosinase, gas-diffusion electrode, Klebsiella oxytoca strain

INTRODUCTION

Development of new, advanced technologies for
removing wastewater contaminations is crucial
issue regarding worldwide environmental pollution
as result from human activities. Xenobiotics are one
of the most toxic wastes from chemical,
petrochemical, pharmaceutical, textile, and coke-
chemical industry. Phenol and its derivatives are
usually presented in higher than officially limited
(restricted) concentrations in effluents from these
industries [1].

The methods of wastewater treatment are
various — physical [2, 3, 4], chemical [5, 6],
physicochemical, thermal. The most advantageous
among them are the biochemical methods, but
phenol derivatives are among the most resistant
compounds to biodegradation by microorganisms.
However, here are known possibilities for
degradation of phenol compounds by eukaryotic
and prokaryotic organisms, despite their toxic
effects in some cases. These organisms are capable
of using such a phenolic compounds as a carbon
and energy sources. This process involves a series
of biochemical reactions, varying between different

* To whom all correspondence should be sent:
E-mail: renirib@abv.bg

strains of bacteria and yeast. Phenol degrading
microorganisms belong to different taxonomic
groups - bacteria, fungi, yeasts and algae and the
very first example of biodegradation of phenols has
been reported by Stérmer (1908). Since than, over
the decades of extensive research, were found many
strains of microorganisms capable of degradation of
phenol. Among them the most commonly used are:
Bacillus stearothermophilus [7]; Pseudomonas
putida [8]; Agaricus bisporus, [9], Pseudomonas sp.
[10], Fusarium sp. [11], Alcaligenes sp. [12],
Klebsiella oxytoca [13] and others. These
microorganisms posses a multienzyme systems to
break down organic compounds, converting them
into harmless products. They are highly specific at
very low energy consumption.

As we mentioned before, the most common
methods for determination of phenolic compounds
are colorimetric, gas or liquid chromatography and
spectrophotometric analyses. However, some of
these techniques are expensive, time consuming
and they are unsuitable for on site or field based
analyses [14, 15].

The use of electrochemical biosensors has been
shown to be a suitable alternative with respect to
conventional well established analytical techniques
for the monitoring of phenolic compounds content
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in local environment. Advantages of the presented
analytical approach are its simplicity, relatively low
cost and high selectivity [16].

The first report for polyphenoloxidases
application in biosensors was published in 1977 by
Macholan and Schanel [17]. Enzymes with wider
substrate tolerance such as laccase, tyrosinase,
peroxidase along with more specific enzymes, for
e.g. phenolhydroxylase and catecholoxidase, could
be used for enzyme electrode construction [18].
The phenoloxidizing enzymes mechanisms and
some examples of their use in the construction of
phenolselective biosensors are nicely reviewed by
Peter and Wollenberger [19]. The biosensors based
on the immobilization of tyrosinase on different
electrode materials can be found in recent literature.
Thus different materials [20-24] have been used to
prepare tyrosinase electrochemical biosensors. In
spite of the big amount of literature two general
limitations need to be solved yet in order to
improve their practical usefulness - the stability and
high sensitivity of the biosensors [16].

The enzyme tyrosinase catalyzes phenols
oxidation through hydroxylation with oxygen to
catechols and subsequent dehydrogenation to the
respective quinines compounds (1, 2). The
electrochemical reduction of the product o-quinone
is used as indicating reaction (3):

Phenol + O, —XI"%€ 5 Catechol (1)
Catechol + O, —fesinase 0-quinone 2
0-quinone + 2H* + 20 —— Catechol 3

The catechol produced in the electrochemical
reaction (3) is also taking place in the enzymatic
reaction (2), so that an “enhancing effect” is
observed [25].

The goals of this work is to study the feasibility
of a biosensor for determining the phenol
concentration during biodegradation of phenol
using Klebsiella oxytoca VA 8391.

EXPERIMENTAL
The experiment of phenol biodegradation

Klebsiella is a genus of fixed, gram-negative,
oxidase-negative, rod-shaped bacteria.

Inoculum of Klebsiella oxytoca strain is
obtained on medium with a composition (Meat
extract ("Fluka™) - 10 g/l, Peptone ("Fluka™) - 10
g/l, NaCl - 5 g/l and distilled water was added to 1
liter total volume, which is seeded from agar
medium. Cultivation — on a shaker "WiseCube" at
30 °C, speed - 150 rpm, pH 7.0, duration of the
process - 24 hours.
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Experiments of phenol biodegradation were
conducted in a thermostated glass reactor with a
total volume of 200 ml with stirring (thermostat
"MLW UH").

Medium used for biodegradation of phenol was
MgS04.7H20 - 0.2 g/l, CaCl,.2H,0 - 0.2 g/l, NaCl -
5 g/l, phenol - 1 g/l and phosphate buffer (pH 7.0)
with the following parameters: pH 7.0; revolution
speed - 200 rpm; temperature 30 °C; inoculum aged
24 hours, pH ~ 7.0; volume of seed culture - 20 ml,
volume of medium — 200 ml; temperature 30 °C;
revolution speed = up to 100 rpm.

The biomass concentration was determined by
measuring the absorbance of a sample at
wavelength A = 590 nm on spectrophotometer
Specol (CARL Zeiss, Jena, Germany). The biomass
concentration of the bacterial strain Klebsiella
oxytoca VA 8391 is calculated according to the
equation (4):

C =(A-0.0223) / 1.0019 4)

wherein C - biomass concentration g/l, A -
absorption.

The concentration of phenol in the culture broth
was determined by HPLC. The HPLC system was
composed from a quaternary pump "Knauer S -
1000", UV - detector "Knauer", software for the
collection and processing of data (“Eurochrom'),
and C18 column "Discovery" (Shimadzu). As the
mobile phase 10 % methanol in phosphate buffer
pH 3.0 was used. The determination was carried out
at a wavelength A = 280 nm at flow rate 1 ml/min.

Periodically, samples were taken to determine
the biomass and the amount of the phenol in the
culture medium.

Enzyme electrode preparation

The investigated electrode comprises a porous
carbon supporting layer placed in a conical plastic
tube. Enzyme tyrosinase from mushroom (EC
1.14.18.1) is immobilized on the carbon electrode
surface from the narrow end of the conic tube to
form the enzyme electrode. For the enzyme
immobilization the carbon electrode was treated
with tyrosinase solution (4 mg/ml) and with
neutralized Nafion 117 (Fluka) (5 weight %),
solution. A porous carbon electrode made by
pressing from a composite carbon material
(acetylene black treated with polytetrafluorethylene
(PTFE) by a special technology [26]) was used.
This carbon electrode possesses a very high
porosity (0.95 cm®/g) combined with a high
hydrophobicity and electronic conductivity. The
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collection of current is achieved by a Ni wire
pressed into the porous carbon electrode.

The enzyme gas-diffusion electrode is mounted
in the electrochemical cell in a way providing
contact between its enzyme layer and the
electrolyte. The opposite side of the working
electrode is out of the cell and is in contact with the
air.

The electrochemical ~measurements were
performed in a two-electrode cell (5 cm®). A
chlorinated silver wire was used both as reference
Ag/AgCl and counter electrode respectively.
Constant potential 0.00 V was maintained between
the investigated and the reference electrodes.

Tyrosinase by “Sigma-Aldrich” — lyophilized
powder, > 1000 unit/mg solid was used in all
experiments. The substrate, phenol, was purchased
from “Sigma”. 0.1 M phosphate buffer solution
containing 0.1 M KCI with pH 7.0 was used as
main background electrolyte.

The experimental set up for measurements
includes a two-electrode cell with stirring,
potentiostat connected with voltmeter and recording
device for the plotting electrode signal vs. time.

RESULTS AND DISCUSSION
HPLC analysis

Batch process of phenol biodegradation by
Klebsiella oxytoca strain at an initial concentration
in the medium 0.200 g/l is presented on Fig. 1. The
experiment was conducted using the methodology
described in the experimental part above. Samples
were taken every 30 minutes. They were analyzed
chromatographically.
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Fig. 1. HPLC analyses of the phenol biodegradation
using Klebsiella oxytoca.

It is noteworthy that the time for biodegradation in
these experiments is very short — 60-90 minutes.

Enzyme electrode analysis

After a stable background current is obtained a
definite amount of phenol was added to the

electrolyte in the cell and the amperometric
response of the tyrosinase electrode was recorded.
From our previous studies [25] the value of 0.00V
versus AQ/AgCI reference electrode has been
accepted for the working potential of the
investigated tyrosinase electrode. The background
current at this potential is practically zero. At this
low potential interferences from easily oxidizable
species are minimized. The amperometric signal of
the investigated tyrosinase electrode (the steady-
state current at a constant potential) is presented in
Fig. 2 (a) as a function of the phenol concentration
in the electrolyte. The experimental points are
obtained by consecutive addition of aliquots of 0.1
mM phenol stock solution to the electrolyte in the
cell with simultaneous registration of the current.
The response time (defined as the time when 95%
of the steady-state current is reached) was less than
3 min. It is seen that the amperometric signal
increases linearly with the increase of the phenol
concentration in the electrolyte up to 2 uM. The
detection limit for phenol was found to be 0.4 uM
calculated as being three times the signal-to-noise
ratio (S/N = 3). The values of the steady-state
current are presented in the other part of the Fig. 2
(b) as a function of the sensitivity, expressed by the
ratio between the steady-state current and the
phenol concentration at which it is obtained
(electrochemical ~ Eadie-Hofstee  plot).  The
biosensor sensitivity is calculated to be 330 nA uM-
1 It is seen that the sensitivity of the investigated
electrode is practically constant up to concentration

of phenol at which a calibration curve is linear
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Fig. 2. (a) Steady-state current of the enzyme electrode
as a function of the phenol concentration in the
electrolyte. Experimental conditions: applied potential E
=0.00 V vs. Ag/AgCl; 0.1 M phosphate buffer solution
containing 0.1 M KCI (pH 7.0); phenol concentration 0.1
mM. (b) Corresponding electrochemical Eadie-Hofstee
plot.
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(vertical part of the curve). In this region of phenol
concentration diffusion control of the processes on
the electrode is predominate. At higher phenol
concentration kinetic control predominates in the
enzymatic reaction. From the curve in this region
the value (slanted part of the curve) of the apparent
Michaellis constant of the enzymatic reaction is
estimated as K&Py = 12.6 uM.

The calibration curve obtained with a stock
solution of phenol is used as a foundation for
calculating the unknown phenol concentrations in
real samples taken at hour 0, hour 1 and hour 4

since the beginning of the process of
biodegradation with Klebsiella oxytoca strain.
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Fig. 3. Dependence of the phenol concentration in real
samples on the biodegradation time. Experimental
conditions: applied potential E = 0.00 V vs. Ag/AgCl;
electrolyte — 0.1 M phosphate buffer solution containing
0.1 M KCI (pH 7.0); 150 pl (-m-), 250 pl (-e-), 350 pl (-
A-) and 450 pl (-V-) diluted (1:9) solution of real
samples.

The reducing of phenol concentration during the
biodegradation process is illustrated on Fig. 3,
which represents the dependence of phenol
concentration ~ from  biodegradation  time.
Measurements are performed with the same
electrode and the amperometric signals are obtained
by addition of 150 ul, 250 ul, 350 ul and 450 ul of
diluted (1:9) solution of real samples taken at hour
0, hour 1 and hour 4 since the onset of
biodegradation. The unknown concentrations of
phenol for real samples are obtained by
recalculation based on the phenol calibration curve.

It is seen from the figure that over the first hour
of phenol biodegradation, the phenol concentration
decreases, compared with that, obtained from the 0
hours sample (i.e., immediately after “feeding” the
microorganisms with phenol). Very low values of
the steady-state current (and of the phenol
concentration, respectively) are obtained with a
sample taken on hour 4. This shows that the phenol
concentration in the sample is drastically reduced of
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the 4-th hour, i.e. the process of phenol
biodegradation by then is completed.

A well-known fact is that enzyme
immobilization is one of the crucial problems in the
investigation and development of enzyme
electrodes. Carbon electrode materials provide wide
range for enzyme immobilization. A various ways
for improving immobilization of the tyrosinase
enzyme were tested and used [27 and reference
therein]. It is possible to combine cross-linking
with other immobilization techniques to produce
very reliable tyrosinase sensors.
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Fig. 4. Long-term stability of the tyrosinase electrode

kept in buffer solution at 4 °C. The same experimental
conditions as in Fig. 2.

To characterize the enzyme electrode stability,
the response of the electrode to 0.8 uM phenol
solution at constant potential 0.00 V vs. Ag/AgCl
was periodically registered. In between the
measurements the electrode is kept in 0.1 M
phosphate buffer solution at 4 °C for more than 40
days. The relative response (percentage of the
electrode response to the initially measured one) for
tyrosinase electrode as a function of the storage
times is presented in Fig. 4. Between the fifth and
the thirteenth day measurements have been carried
out with real samples, so there is no information on
the storage stability during this period. It should be
noted that the measurements made with this
electrode have commenced after forty days stay in
buffer at 4 °C. Fig 4. shows that tyrosinase
electrode is still retained about 70 % of its original
response after 35 days of storage. The
investigations indicate that tyrosinase electrodes
prepared by layering of pre-mixed mixed enzyme
layer, containing carbon material, Nafion and
tyrosinase shows relatively stable characteristics
over long period.
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CONCLUSIONS

The possibilities of wastewater treatment via
biodegradation, and particularly of phenol
contaminations, using the microbial strain
Klebsiella oxytoca in a batch process are explored.
The biodegradation was monitored by HPLC
analyses and compare with an electrochemical
analysis with enzyme immobilized electrodes.
Electrochemical biosensor for determination of
concentration of phenol in water solution used is
based on an enzyme gas-diffusion electrode with
enzyme tyrosinase. This investigation indicates that
tyrosinase electrodes display relatively stable and
reproducible characteristics after 40 days of storage
and during 35 days of periodically measurements.
The unknown concentrations of phenol for real
samples are obtained by recalculation based on the
phenol calibration curve.
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I[MPOCJIESIBAHE ITPOLECA HA BUOJEI'PAJJALINA HA ®EHOJI C EJIEKTPOXHMUWYEH
BMOCEH30P

P. Bykypeuymuesa'”, C. Sukosa?, B. bemkos?, 1. Munymesa®, I'. Haiinenosa?, JI. TTonosa?,
I'. Hotor?, C. Xpucros!

YUncmumym no Enexmpoxumus u Enepautinu Cucmemu, BAH, 1113 Cogus, Bvazapus
2Uncmumym no Huocenepna Xumus, BAH, 1113 Cogus, Bvazapus

ITocrpnuna Ha 1 mapt, 2013 r.; Kopurupana Ha 5 maid, 2013 1.

(Pestome)

IToCTOSHHUAT WM NEPUOAMYEH KOHTPOJN Ha CTEIeHTAa Ha 3aMbPCEHOCT Ha OTHAABbYHH BOXM (OUTOBH WM
MHIYCTPUAJIHHU) € I0CTa CEPHO3EH BBIIPOC, KOHTO BCe OIIE HE € pelleH. B Ta3u cratus JokiansaMe 3a pa3padoTBaHETO
Ha aMIepoMeTpHYeH OMOCCH30p 3a OTKpHBaHE Ha ()eHOJHA OHoIerpaganyiTa BbB BOAA U CpaBHSABAME aHAIUTHYHHTE
MaHHW C TE3W, TONyYeHH OT Haii-uecto wm3monsBanus aHamutuaeH Meronq BETX (Bucoko EdextnBHa Teuna
Xpomarorpadus).

OmucaHuAT OHOCEH30pP BKIIIOYBA CH3UMEH SJICKTPOJI, KOWTO Ce ChCTOH OT IOopecT XHA0(poOeH BBITIEPOLICH eIEKTPO]
¢ uMoOWIM3UpaH BepXy Hero eHsuM Tuposunaza (EC 1.14.18.1). 3a uscnenBaHe epeKTHBHOCTTA HA THPO3WHA3HUS
aMIIepOMETPUYEH CEH30p 3a oNpeJelisiHe Ha (DeHOJIHA KOHLEHTpaLusl, OsXa IPOBEJCHN EKCIIEPUMEHTH NPU MOCTOSHEH
noteniman 0.0V cop. Ag/AQCI cpaBuutenen enektpon BbB hocharen Oydep ¢ pH 7.0. Bpemero 3a OTKIHK Ha CEH30pa
HEe HaJBHINaBa 3 MHH. M aMICPOMETPUYHUS CHTHANI HapacTBa JIMHEHHO 1O KOHLEHTpauus Ha ¢eHon 2 pM.
THPO3MHASHUAT ENEKTPOJ MoKasza 4yBCTBUTENHOCT 330 NA M, u3uncnena e mpuBmaHata MuxaenucoBa KOHCTAHTa
K#®Py = 12.6 uM mpu otkpuBaema rpanuna 3a ¢geron 0.4 uM. OcBeH TOBa, THPO3WHA3HUS E€NEKTPOJ MOKa3za qo0pa
BB3MPOU3BOUMOCT M CTAa0MIIHOCT 110 BpeMe Ha 35 JTHEBHHU NEPHOIUYHHE U3MEPBaHUSL.

Kato 3akmodeHue, onmMcaHusaT THPO3UHA3EH €JIEKTPOA OM MOT'BJI Jla HaMepH MPHUJIoKEHHE 32 €(pEeKTUBHO OTKPUBAHE
U onpeJielisiHe Ha ()eHOJTHH KOHICHTPAIM B PEaIHU BOAHU ITPOOU B PEATHO BpEMe.
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In this study mixed ion conductivity of a composite material based on proton conducting BaCeg ss5Y0,1502,925 (BCY15)
and oxide ion conducting CeogsY0,1501,925 (YDC15) electrolytes has been investigated by Electrochemical Impedance
Spectroscopy in relation to its application as a membrane (named central membrane CM) in an innovative design of a
high temperature Dual Membrane Fuel Cell (DMFC). One of the most important advantages of the new architecture is
the separation of hydrogen, oxygen and exhaust water in three independent chambers. The key-point of the DMFC
development is the design and fabrication of the porous CM, which has to combine high mixed ion (proton and oxide
ion) conductivity with sufficient porosity necessary for the evacuation of the water produced in this layer. In order to
understand and evaluate the processes taking place in the CM, impedance studies were carried out and presented in this
work. The obtained results show that a composite central membrane with 50 v % BCY15 and 50 v % YDC15 and
porosity about 35-40 % obtained by addition of pore former (graphite) could be used for the fabrication of the first
(Proof of the Concept) generation Dual Membrane Fuel Cell.

Keywords: Impedance Studies, BCY15, YDC15, Composite Electrolyte, Central Membrane.

INTRODUCTION

The classical solid oxide fuel cell (SOFC) is a
high temperature device, that converts the chemical
energy of fuel directly in electricity and heat. The
oxide ions diffuse through the solid electrolyte
toward the anode where they react with the
hydrogen and produce water and electricity (Fig.1
a). The basic disadvantage of this concept is that
water dilutes the fuel and inhibits the catalytic
activity of the electrode.

The second existing concept is that of the proton
conducting solid oxide fuel cell (PCFC). Here the
reaction takes place on the cathode side (Fig.1 b)
and thus the fuel dilutes the oxidizing gas. In
addition the produced water is very aggressive and
causes severe corrosion problems.

Recently a new concept named Dual Membrane
Fuel Cell has been developed [1-4]. It combines the
advantages and eliminates the disadvantages of
both SOFC and PCFC in respect to the water
formation. The main idea consists in joining the
anode part of a PCFC with the cathode part of a
SOFC by means of a central membrane where the

* To whom all correspondence should be sent:
E-mail: milenazk@bas.bg

water is produced and evacuated (Fig. 1 c¢). Thus
the cell consists of three independent chambers for
hydrogen, oxygen and water which could be
separately optimized.

The key factor for the performance of the new
concept is the central membrane, which has to
ensure high anionic and protonic conductivities in
the presence of sufficient porosity. The proper
connectivity among the different phases (proton
conductor, oxide ion conductor, open porosity for
water evacuation), should avoid tortuous and/or
resistive paths. Moreover, both solid phases
(BCY15 and YDC15) must percolate towards their
respective electrolyte, and porosity must percolate
towards the outside of the cell for water evacuation.
Thus each triple phase boundary (TPB) segment
should be connected to both electrolytes.

The aim of this study is impedance
characterization and optimization of the CM which
has to combine high proton and oxide ion
conductivity, thermochemical and mechanical
stability and porosity needed for the evacuation of
the water.
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Fig. 1. Representation of: a) SOFC design, b) PCFC design and c) IDEAL-Cell concept.

EXPERIMENTAL

The mixed conductivity of the CM has been
ensured by the design of a composite based on
proton conducting BaCeossY0,1502,925 and oxide ion
conducting CeossY0,1501,925.  Preliminary tests
determined a composition of 50 % BCY15 and 50
% YDC15. For the performance of impedance
studies a new type of electrolyte supported
symmetrical half cell with metal electrodes:
PH/(BCY15+YDC15)p000/Pt ANA Ag/(BCY15+YDC15)pma/Ag WAS
introduced. Graphite and starch (2 - 7 wt %) were
used as pore former. The composite electrolytes
were sintered at temperatures 1300-1350°C.

The impedance measurements were performed
on Solartron 1260 Frequency Response Analyzer in
temperature interval 100 - 800°C in a frequency
range from 10 MHz down to 0,1 Hz and density of
5 points/decade. They were carried out in two
modes: potentiostatic and galvanostatic. The
change of mode and amplitude, which depends on
the sample resistance, ensures higher quality of the
measured data [4].

An original moment in this study is the
performance of the measurements in O, and in H..
A correction of the parasitic inductance and
resistance of the measurement rig has been also
applied [5, 6]. As it can be seen in Fig. 2, at higher
temperatures, the errors coming from the parasitic
elements can reach 30 %.

RESULTS AND DISCUSSION

For evaluation of the YDC15 and BCY15
conductivity, measurements of half cells with dense
electrolyte support obtained in the absence of pore
former and sintering temperatures respectively
1350 and 1450°C were performed. The comparison
of the obtained results with data from the literature
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Fig. 2. Complex plane impedance diagrams of Pt/CM/Pt
half cell before (@) and after (m) correction of parasitic
resistance and inductance.

[7, 8] shows that the conductivity of YDC15 is
similar to that of the commonly applied oxide ion
conductors (Fig. 3 a). BCY15 enters in the group of
the best proton conductors (Fig. 3 b).

The application of starch and graphite as pore
formers influenced the microstructure of the
composite CM. The results obtained by Scanning
Electron Microscopy (SEM) showed that starch
caused big cracks which made the samples
mechanically fragile. The addition of 2 - 3 %
graphite ensures mechanically stable structures with
sufficient porosity (Fig. 4).

As already mentioned the impedance
measurements of the CM were performed in O, and
H.. The data obtained in oxygen ensure information
about the conductivity of the YDC15 phase in the
real structure, i.e. in the presence of the proton
conducting phase and the pores. Measurements in
hydrogen separate the conductivity of the proton
conducting BCY15 phase. The Arrhenius plots of
the CM with different porosity are presented in Fig.
5. Logically the results show that the increase of the
porosity leads to decrease of the conductivity. This
effect is more pronounced for the proton
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Fig. 3. Comparison of the conductivity of: a) dence YDC15 and YDC15 in composite CM with 30% porosity (0) with
data from the literature for oxide ion conducting electrolytes [7], b) dence BCY15 and BCY15 in composite CM with
30 % porosity (0) with data from the literature for proton conducting electrolytes [8].
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c)
Fig. 4. SEM micrographs of central membrane with different microstructures: a) without pore former, grain size 1-2
um; b) 2 % graphite, grain size 1-5 pm; ¢) 5 % starch, grain size 1-3 pum; d) 7 % starch, grain size 1-3 um.
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Fig. 6. Arrhenius plots for CM in O; and in H;
atmosphere.

conducting phase which, however, has higher
conductivity (Fig. 6), confirmed also by
measurements of dense BCY15 and YDC15
samples (Fig. 3 a, b). The comparison of the
conductivities for the two ceramic phases in the
porous composite CM with data from the literature
obtained for dense materials shows that the
registered conductivities for samples with 30-40 %
porosity are in the frames characteristic for the
applied electrolyte materials (Fig. 3 a, b). Thus for
composite central membranes with 50 v % BCY15
and 50 v % YDC15 and porosity 30-40 % obtained
by graphite pore former good compromise between
conductivity and porosity is obtained.

CONCLUSIONS

The impedance studies of the new functional
CM layer of the innovative DMFC concept ensured
the design and fabrication of appropriate membrane
combining sufficient mixed ion conductivity with
optimal porosity and good mechanical and thermal
stability. It was used for the construction of the first
model cell with which the new concept was
successfully proved [4, 9].
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HUMIIEJJAHCHO U3CJIEJIBAHE HA ITOPECT EJIEKTPOJIUT CbC CMECEHA
[TIPOBOJVMOCT

M. Kpwmuancka®”, JI. Bnagukosal, 3. Croitnos!, A. Uecno?, A. Topen?, I. Paiikosal, E.
MunanenoBal, . I'enos!

Uncmumym no enexmpoxumus u enepauiinu cucmemu “Axao. E. Byoeecku” — BAH, yn. “Axao. I'. Bonues”,
on. 10, 1113, Cogus, bvreapus
2[Jenmvp no mamepuanosuanue, Munvo — Tex Iapuxc, BP 87, 91003, Espu, @panyus

Toctenmna Ha 3 mapt, 2013 r.; Kopurupana na 18 anpui, 2013 r.

(Pestome)

B Hacrosmiara crarusi ¢ momoluta Ha ENeKTpoXMMHYHa MMIIEJaHCHA CIIEKTPOCKONHUS € W3ClieBaHa cMeceHara
MPOBOAUMOCT Ha KOMIIO3UTEH MaTepuall, ChCTOSI Ce OT MPOTOH mpoBosiiy BaCeggsY 1502925 (BCY15) enexrponur u
kuciopox npoBosin CeggsYo1501,925 (YDC15) enexktpoaut, ¢ men U3MoI3BaHETO My Kato MeMOpaHa (T.H. IEHTpaTHa
MeMOpaHna - [[M) B HOB 1n3aiiH Ha BUCOKoTeMIepaTrypHa ropusHa kietka (JAMI'K). Eqno ot Hali-Ba)kKHUTE NIpeTUMCTBa
Ha HOBHS AM3aiiH € pa3feisiHeTO Ha BOJOPOJA, KHCIOpPOJa W BOAATa B TPH OTACTHH, HE3aBHCHMHM €IHA OT Jpyra
kamepu. KirrouoB MmoMeHT B paspaborBaneTo Ha IMI'K e cw3maBanero Ha 1IM, kosTO TpsiOBa Ja KOMOWHHUpA BHCOKA
cMeceHa (IPOTOHHA W KHCIOPOAHA) IMPOBOAMMOCT M ONTHMAlTHA IOPUCTOCT HEOOXOAMMa 3a OTBEXKIAHETO Ha
¢dopmupanara B MeMOpaHaTa BoJa.

IMpencraBeHn TyK MMIIEJAHCHM M3MEPBAaHWS ca M3BBPIICHM C [EJI Aa ce pa3depaT M OLECHAT HPOLECUTE KOUTO
npotudat B LIM. [lonmydenure pesynraTtu nmokassar, ye kommosutHa LIM cbe ceeraB 50 v % BCY15n 50 v % YDCI5 u
nopuctoct 35-40 % (monmydyena ¢ mopooOpaszoBaren rpaduT) MOKE Ja C€ M3IOJ3BA 3a IOJy4aBaHETO Ha IIbpBa
re"epanus JIMI'K, koeTo TOTBBpKaBa BATHIHOCTTA HA HOBATa KOHIIETITHS.
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Metal-air batteries have attracted much attention for their future potential as clean mobile power sources. However,
the study is mainly focused on alkaline electrolyte Zn-air batteries and Al-air batteries. A very few studies on neutral
saline Mg-air battery were carried out so far.

Air gas-diffusion electrodes (GDE) for reduction of oxygen from the air are commonly used as cathodes in metal-air
systems and fuel cell with alkaline electrolytes. They are also used in electrochemical cells operating with neutral
electrolytes: Mg-air cells, Al-air batteries and microbial fuel cells. The electrodes, which are subject of this study,
consisted of two layers: hydrophobic and an active one. One of the most important tasks in the development of air gas-
diffusion electrodes is to find proper catalysts for the electrochemical reduction of oxygen, which ensures high
electrochemical characteristics and long exploitation time. Various non-platinum catalysts, introduced into the active
carbon, are studied: cobalt tetramethoxyphenylporphyrine (CoTMPP), VS50—-CoTMPP-700 and active carbon with Co
and Ni (ACCoNi). Transport hindrances that occur in the catalyst layers are evaluated with potential AE vs. current
density (i) analysis. The optimal values of the parameters of the overall structure of the electrodes and the optimal

composition of the catalyst are found.

Mg-air cells operating with saline electrolyte NaCl-solution are developed and investigated.

Key-words: air gas-diffusion electrodes, catalysts for the electrochemical reduction, CoTMPP, Mg-air cells

INTRODUCTION

As efficient, clean, energy converters, fuel cells
and metal-air batteries have attracted much
attention in recent years due to the possible energy
crisis induced by power demands and the increasing
importance of protecting our environment.
However at the current stage of technology, high
cost is one of the big obstacles hindering the
commercialization of fuel cells.

Bidault et al. [1] are given review of the state-
of-the-art in gas diffusion cathode development.
The overall cell performance and stability is
dominated by the behavior of the cathode, leading
to a focus of research effort on cathode
development. Many publications have discussed the
behavior of porous electrodes in alkaline fuel cells.
Whereas some authors have focused on specific
issues such as current distribution [2], or the degree
of catalyst utilization [3, 4], the majority have tried
to understand the overall mechanism of operation in
the GDE related to the structure; considering
factors such as gas diffusion and electrolyte

* To whom all correspondence should be sent:
E-mail: joschi@abv.hg

penetration. Several models have been used such as
the simple pore model [5], the thin film model [6]
or the dual scale of porosity model [7]. In the
former, a range of porosities is considered, where
macropores are gas filled and micropores are
electrolyte filled [8, 9]. Giner [10] listed the
limitations of this ‘flooded porous electrode’ model
introducing the concept of ‘flooded agglomerates’.
The operational mechanism of this structure
consists of catalyst particles, which form porous
agglomerates ‘flooded’ with electrolyte under
working condition. It has been reported elsewhere
that the concept of ‘flooded agglomerates’ gives a
satisfactory explanation for the behavior of
Polytetrafluoroethylene  (PTFE) bonded gas
diffusion electrodes, and is in good accordance with
experimental findings [11-14].

Optimizing the cathode performance is essential
because it governs the overall performance of the
fuel cell. According to Bockris [15] at high current
density, 80% of the polarization may be due to the
oxygen reduction. The Oxygen Reduction Reaction
(ORR) is a complex process involving four coupled
proton and electron transfer steps. Several of the
elementary steps involve reaction intermediates
leading to a wide choice of reaction pathways. The
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exact sequence of the reactions is still not known,
and identification of all reaction steps and
intermediates, and their Kinetic parameters is
required, which is clearly challenging. Appleby
[16] has reviewed and discussed the issues relating
to the ORR in acid and alkaline solution. In acid
electrolyte, the ORR reaction is electrocatalytic, as
pH values become alkaline, redox processes
involving superoxide and peroxide ions start to play
a role and dominate in strongly alkali media. The
reaction in alkaline electrolytes may stop with the

formation of the relatively stable HO2 solvated
ion, which is easily disproportionated or oxidized to
dioxygen. Although there is no consensus on the
exact reaction sequence, two overall pathways take
place in alkaline media [17]:

Direct 4-electron pathway:

02+2H20 +4e —»40H (1)
Peroxide pathway or ‘2 + 2-electron’ pathway:

02+H20+2 —HO2 +OH  (2)
With:

HO2 +H20+2e —30H  (3)
The peroxide produced may also undergo
catalytic decomposition with the formation of

dioxygen and OH , given by:

2HO2 —20H +02 4)

Due to the inherently faster kinetics for the ORR
in alkaline media, a wide range of catalysts have
been studied including noble metals, non-noble
metals, perovskites, spinels, etc. However, it is
important to appreciate that the carbon support
plays a role in the kinetics as well as the catalyst
supported on its surface, so that in evaluating the
performance, it is necessary to assess the loading of
the catalyst and the type of carbon used where its
hydrophobic properties as well as its surface
groupings greatly affect the final hydrophobic
structure of the electrode.

Developing non-noble catalysts to replace
expensive platinum-based catalysts is one of the
major approaches being explored to reduce the cost
[18-20]. Among the non-noble catalysts that have
been discovered, metalloporphyrin complexes have
been investigated for several decades as promising
candidates for a fuel cell ORR catalyst.

Oxygen electrocatalysis that J. Lee et al. [21]
first defined is considered as the most important
phenomenon in almost all electrochemical
industries because it is the most sluggish reaction
that governs the overall reaction rate in
electrochemical cells. In this review, they covered

two main areas of oxygen—water electrocatalysis,
oxygen reduction to water and oxygen evolution
from water. This review will be of value to both
electrochemists and other applied scientists
interested in this field of electrocatalysis.

In the paper Liu H. et al. [22] described the
mechanism and kinetics of oxygen and hydrogen
peroxide electrochemical reduction that is catalyzed
by an adsorbed CoTMPP on a graphite electrode
was investigated using cyclic voltammetry and the
rotating disk electrode technique. Carbon particle-
based air cathodes catalyzed by CoTMPP were
fabricated for metal-air fuel cell application. The
obtained non-noble catalyst content cathodes show
considerably improved performance and stability.

Catalysts containing mixed Ni-Co oxides
prepared by impregnating active carbon with
solution of Ni-acetate and Co-acetate and
subsequent heat treatment are investigated [23].
Here we present a study on selection of
hydrophobic material with optimal physical,
chemical and electrochemical characteristics for the
gas layer of the air gas-diffusion electrode and
investigation and selection of suitable catalyst for
the electrochemical reduction of oxygen that occurs
on the air gas-diffusion electrode.

EXPERIMENTAL

During the last few years in our laboratories
research efforts in the field of Metal-air systems
have been directed towards developing a Mg-air
battery with neutral chloride electrolyte. The air
gas-diffusion electrode is a porous, thin and light
tablet, which serves as a wall of the metal-air cell
and separates the electrolyte of the cell from the
surrounding air. This configuration poses some
conflicting requirements to the air electrode: it must
be highly porous and permeable for gaseous oxygen
and simultaneously the leakage of the electrolyte
through the porous electrode must be completely
avoided. The electrode must be electrically
conductive and must possess enough mechanical
strength to withstand the hydrostatic pressure of the
electrolyte and the eventual hydrodynamic shocks.
The air electrode must contain an active catalyst for
electrochemical reduction of oxygen in contact with
the electrolyte. Stable operation of the air electrode
with time is also needed.

The air gas-diffusion electrode developed in our
laboratory [24-30] is a double-layered tablet
(thickness ca.1.5 mm), which separates the
electrolyte of the cell from the surrounding air. The
electrode comprises two layers: a porous, highly
hydrophobic and electrically conductive gas layer
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(from the side of the air) and a catalytic layer (from
the side of the electrolyte). During operation
oxygen from the atmospheric air diffuses in a gas
phase trough the free of electrolyte hydrophobic
pores of the gas layer and trough the catalytic
layer’s hydrophobic zones and reaches the partially
flooded with electrolyte catalytic zones in the
catalytic layer. Electrochemical reduction is taking
place on the three-phase boundary
oxygen/catalyst/electrolyte.

Porous hydrophobic material

The hydrophobic gas layer of the air electrode
possesses high porosity (0.7-0.9 cm?/g) enabling
effective oxygen transport through this layer. From
the experimental porograms measured by both
mercury and KOH-porometry, the contact angle
@ of the hydrophobic material with water
electrolytes is obtained (@:+=116° — 118°). Because
of this high hydrophobicity, the gas layer prevents
completely the leakage of the electrolyte through
the electrode. The hydrophobic material possesses
relatively high electronic conductivity (1.0 — 2.0 &
1em?), which allows the current collection to be
achieved through a metal grid pressed on the gas
layer of the electrode. In this way the current
collector grid is not in contact with the electrolyte
and thus corrosion is avoided. This is very
important especially in the case when the electrode
operates in NaCl-electrolyte.

Catalysts for the electrochemical reduction of O,

Various carbon-based catalysts are tested in the
investigated air gas-diffusion electrodes: active
carbon promoted with mixed Co-Ni oxides and
catalysts prepared by pyrolysis of active carbon
impregnated with some N-4 chelate compounds.

ACCoNi catalyst was prepared as active carbon
NORIT NK was impregnated with a solution
containing both Co- and Ni-acetates, dried and heat
treated at 300° C in open air. VS50-CoTMPP-700
type was prepared while dispersed SiO, (VS) was
impregnated with a solution of CoTMPP and after
removing the solvent and drying, the material was
treated at 700° C in argon. Pyrolyzed CoTMPP
catalyst is produced by impregnation of a dispersed
carbon material with a solution of CoTMPP, drying
and subsequent heat treatment in Ar at 800° C.

Several types of experimental Mg-Air cells are
tested, differing in their size (working area of the
air electrodes used) [31].
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RESULTS AND DISCUSSION

Fig. 1 represents a comparison between the
polarization curves of the air electrodes and the
investigated types of catalysts: pyrolyzed CoTMPP,
VS50-CoTMPP-700 and ACCONI. The
measurements were performed in 4M NaCl
electrolyte operating both in air and in pure oxygen.
The comparison with the polarization curve for the
electrodes with CoTMPP catalyst shows that the
chelate-promoted electrodes have also better
current-voltage characteristic.
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Fig. 1. Current-voltage characteristics of the electrodes
with catalysts VS 50 CoTMPP 700, ACCoNi and
pyrolyzed CoTMPP, operating in pure oxygen and in air
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Fig. 2. Comparative methods for diagnostics of the
transport hindrances (a) and activity (b) in the electrodes.

The differences in the behavior of the air
electrodes with various catalysts is strongly
influenced both by the activity of the catalyst used,
and also by the hindrances in the transport of the
reagent (oxygen) in the porous structure of the
catalyst.

Comparative methods for diagnostics of the
transport hindrances (Fig. 2a) and the activity (Fig.
2b) in the electrodes are used. The transport
hindrances in the air electrodes with the
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Fig. 3. Current of the air electrode as a function of the
catalytic layer content at constant potential.

investigated catalysts are studied by the use of the
difference AE (AE = E oxygen — E air). It is
theoretically shown that at low current densities,
where the transport hindrances in the porous
structure of the air electrode are negligible, the
value of AE remains constant. At higher current
densities the value of AE increases with the
increase of the current density. This increase is
much faster when the transport hindrances in the
electrode are more pronounced. From the AE-i
dependences of the air electrodes with the
investigated catalysts, presented in Fig. 2a it can be
seen that the transport hindrances in the electrode
with catalyst VS50-CoTMPP-700 are
comparatively low versus the electrodes with
catalysts ACCoNi and pyrolyzed CoTMPP. The
activity of the catalysts was compared based on the
experimental Tafel plots (Fig. 2b). The more active
catalysts are VS50-CoTMPP-700 and pyrolyzed
CoTMPP.

One of the main advantages of the developed air
electrode is the possibility to vary independently
the parameters of its structure: thickness of the gas
layer, thickness of the catalytic layer and the ratio
catalyst/hydrophobic material in the catalytic layer.
One of the important structural parameter of the air
electrode is the ratio between the amounts of
catalyst and hydrophobic material in the catalytic
layer. This ratio is given by the value (1-p), which
expresses the amount of the catalyst per unit weight
of the catalytic layer. In Fig. 3 the potential at
constant current as a function of the ratio (1-p) is
presented. At low value (1-B) the amount of the
catalyst is low and the potential is also low. With
the increases of (1-B) the current density increases
and reaches a maximum value. Further increase of
(1-p) value results in current density decrease. This
is connected with the transport hindrances in the
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Fig. 4. Current generated from the air electrode at
constant potential as a function of the ratio

catalyst/hydrophobic material in the active layer.
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Fig. 5. Optimization of the oxides content in the catalyst
ACCoNi.

catalytic layer. With the increase of (1-B) the
dimensions of the hydrophobic zones in the
catalytic layer decrease which results in an increase
of the transport hindrances of the gaseous reactant
towards the catalytic zones.

To investigate experimentally the influence of
the active layer thickness, the polarization
characteristics of a series of air supplying layers
100 mg/cm? XC-35 and corresponding value of
catalyst mixture (0,2 g (14%); 0,3 g (21%); 0,4 g
(28%); 0,5 g (35%); 0,6 g (41%)) were measured.
The dependence of the generated by the electrodes
current at constant potential amount of catalyst
mixture is studied. Measurements showed, that the
optimal value is 0,5 g (35%) catalyst mixture (Fig.
4).

In Fig.5 are presented the current densities of air
electrodes measured at constant potential as a
function of the content of metal oxides (expressed
as a sum of Co + Ni content) in the catalyst. From
this figure the optimal content of the mixed Co-Ni
oxides in the catalyst is found (ca. 5% Ni + Co).
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Fig. 6. Current-voltage and power characteristics of the
Mg-air cell.

The experiments have shown that high power
Mg-air cells can be constructed. In Fig.6 are
presented the voltage and the power characteristics
of an experimental Mg-air cell: air electrode with
pyrolyzed CoTMPP catalyst (total area 660cm?);
Mg — electrode — Mg alloy type MA8M 06;
electrolyte - 4M NacCl solution.

The described Mg-Air cells are designed as
experimental "mechanically rechargeable cells".
Once the magnesium anode has been discharged, it
is removed out of the cell together with the
electrolyte and new magnesium electrode and fresh
saline electrolyte are introduced in it. After this
"mechanically recharge" the magnesium-air cell is
operational again. The essential feature in this case
is that the air electrodes in the cell are used many
times. The Mg-air cell can be stored for a long time
without electrolyte and without Mg anode. When
needed it can be put in operation only by
introducing electrolyte and Mg-anode.

CONCLUSIONS

Presented here is a study on selection of
hydrophobic material with optimal physical,
chemical and electrochemical characteristics for the
gas layer of the air gas-diffusion electrode and
investigation and selection of suitable catalyst for
the electrochemical reduction of oxygen that occurs
on the air gas-diffusion electrode. Accordingly, the
air gas-diffusion electrodes suitable for operation in
NaCl-solution are designed and tested under
various conditions. Several carbon-based catalysts
for the oxygen reduction reaction were developed.

The performance of the air gas-diffusion
electrode is influenced not only by the activity of
the catalyst but also by all transport processes
taking place in its porous structure. At low current
densities, where the transport hindrances in the
electrode are negligible low, the value AE is
practically independent on the current density.
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For the CoTMPP catalyst the ratio between
catalyst and the amount of the hydrophobic material
presented in the catalytic layer is experimentally
investigated. The maximum reached value of the
ratio is 0,68, which corresponds to catalyst contents
of 68% at the active layer.

The investigation of the dependence of the
generated by the electrodes current at constant
potential amount of catalyst mixture showed
optimal value when the amount of catalyst
(CoTMPP)/hydrophobic material in the active layer
is 35%.

For the ACCoNi catalyst the investigation of the
current densities of air electrodes, measured at
constant potential as function of the contents of
metal oxides, showed that best mixture of Co-Ni
oxides in the catalyst is ca. 5% Ni + Co.

The results shows that the Mg-air cells are with
substantially increased power output. They could be
used as primary and emergency power sources for
the residential, commercial and industrial markets.
A great advantage of the magnesium-air cells and
batteries is the use of the non-toxic magnesium and
a non-aggressive salt-water electrolyte and
particularly see/ocean water.
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Bb3AYIIHN I'A30/IN®Y3MOHHHN EJIEKTPOIU 3A EJIEKTPOXMMWYHI KJIIETKH
MATHE3UU-BB31YX, PABOTEIIU C PASTBOP HA HATPUEB XJIOPU/I

M. 1. Munymesa®, P. U. bykypeupinesa, C. M. Xpucros

YUnemumym no enexmpoxumus u enepautinu cucmemu “Axad. E. Byoescku “— Bvreapcka axademus na
naykume, yi. Axkao. I'. Fonueg 01.10, Cogpusa 1113, Bvacapus

[ocremmna wa 03. 03. 2013; mpuera 3a mevat Ha 13.04. 2013

(Pesrome)

[Ipe3 mocnenHNTE TOAUHU TOPUBHUTE KJIETKH M METAJO-BB3AYIIHUTE OaTepuy NPUBIMYAT HAYYHO BHUMAaHHE KaTo
epukacHu TpeoOpa3yBaTeNy Ha €Heprus. 3a KaTOAM B METAIO-BB3AYIIHUTE €NEKTPOXUMHUYHHU KICTKH C€ H3IIOJI3BAT
NpeiMMHO BB3AYIIHU ra3oaudysuonnu enekrpoau (BI'JIE), BbpXy KOHWTO HpoTHYa €JIEKTPOXUMHUYHA PEAYKIHS Ha
KHCJIOPOA M C€ OCBHIIECTBABA KOHTAKT MEXAY €JICKTPOJIMTHHUS Pa3TBOP M ra3oobpasHus Kuciopox. B mureparypara
4ecTo ce 00CHKAa MOBEICHNETO Ha MMOPECTH ENEKTPOIH B aJIKATHU TOPUBHU KJIETKH, HO CHIIECTBYBAT OrpaHUYEH Opoit
n3cnenBanus 3a paborara Ha BI'JIE B HeyTpanen enextposnut. llen Ha HACTOSAMIOTO M3CIEABaHE € ONTUMHU3UPAHE HA
BI'IE 3a paboTa B elIeKTpOXHMMHYHA KJIETKAa MarHe3uid-Bb3ayXx ¢ eiaektpoiuT NaCl. ['azoBusr ciioii € u3paboteH ot
pasinuHu XuApo(hoOMpaHN CaXIU U € ONTUMM3NpaHa JeOeMHaTa U KOJIWYECTBOTO BBITIEPOJICH MaTepHal B ra30BUs
cioi Ha eylekTpoja. M3roTBeHM ca KaTaaM3aTOpPH 32 €JIEKTPOXMMHYHATA PEAYKIMsS Ha KHCIopoja Ha 0OazaTa Ha
BBIVIEPO/IHM MaTepHaId U Pa3IMYHA MPOMOTOPH M Ca ONPEAEIEeHH eJIeKTpOXUMHUIHNTE Xapakrepuctuku Ha BIJIE c
KaTalu3aTopUTe. MUpoNu3upan kobant terpamerokcudenmnoppupud (CoTMPP), VS50 - COTMPP - 700 u aktuBeH
BoriieH ¢ Co u Ni ( ACCoNi ). Uscienano e BIMSHUETO HA JeOETHHATA HA AKTHBHUS CJIOH M CHOTHOIIEHHETO HA
KOIMYecTBaTa Ha KaTanu3aTopa W XuApodoOHMS Marepwand B aKTUBHHUS CIOH BBPXY HOAPU3AIHMOHHHUTE
XapaKTePUCTUKU W TPAHCIOPTHUTE 3aTPyIHEHUS BbB BB3AYLIHUTE €JIEKTPOAU ¢ pasznuuHu Katanusaropu. BI'JIE e
W3MO03BaH B IIBPBUYHA E€IEKTPOXHMUYHA KJIETKA MAarHe3Wi-BB3AyX, KOATO TIIOKa3Ba [OOpPH EIEKTPOXUMHIHU
XapaKTePUCTHKU U pabOTH C HETOKCHYCH MarHe3ueB eneKkTpo/ i HearpecuseH enexrpoiaut NaCl.
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It is well known that ultrasound waves accelerate chemical, physicochemical and electrochemical processes. In this
respect, it deserves to investigate the applicability of this technique for synthesis of high tech materials with specific
applications. Ferroelectric ceramics are used for production of various devices for electronic components like high-
temperature capacitors, non-volatile memories (ROM), etc. The commonly used compounds for ferroelectric materials
production are Bi»Os3 TiO,, SiO2 and Nd»Os and their different combinations. The classical route to obtain ferroelectric
materials, particularly their high temperature specific phases, is to prepare a batch by weighing and mixing the
precursors of the starting compounds in a hand mortar followed by high temperature melting usually over 1300°C
which need higher class ovens and then tempering the molten compositions. This work presents a novel approach for
synthesis of ferroelectric ceramic materials of the system Bi»Os-TiO2-SiO2-Nd,O based on agitation of the precursors in
powerful ultrasonic field generated by custom-made specialized device. The method is extremely simple and energy
saving since it avoids using high temperature equipment. Applying this innovative approach the high-temperature phase
Bi1.TiO2 having specific optical properties was synthesized at room temperature and verified by XRD analysis, optical
microscopy and IR spectroscopy. The ultrasound agitation has pronounced effect on thermally treated samples too.
Furthermope, studies are under way to establish the relationship between the mayor process parameters and the
properties of the obtained ceramic materials (power of the applied ultrasonic field, temperature, duration, etc.). Our
experiments show that this new useful method exhibits wide applicability in future hydrogen energy conversion
systems, for optical, electro-optical and ferroelectric ceramic materials production. We suggest using it for production
of other glass ceramics, superconductors, metal ceramics and composite materials, and also as an alternative or addition
to the mechanochemical methods for both synthesis and activation.

Keywords: bismuth titanate ceramics, ultrasonic synthesis, electrical characteristics, microstructure, XRD

INTRODUCTION

Aurivillius family oxides including BisTizO1
are of great interest in the last years due to their
potential for electronic applications as transducers,
capacitors, and acoustic piezo-sensors with high
temperature piezoelectric properties, (high Curie
temperature) [1, 2]. Many techniques have been
employed for preparing a layered structure of
bismuth titanate phases including powders and bulk
ceramics: molten salt synthesis, co-precipitation,
reactive calcinations, sol-gel synthesis,
mechanochemical method and others. Between
them the crystallization from melts or glasses [3-6]
gives the possibility to control more easily the
particle size distribution, morphology and

* To whom all correspondence should be sent:
E-mail: magnetics.ultrasonics@gmail.com

crystallographic orientation. As it is well known the
phase formation and the properties of these
materials are strongly influenced by the method of
preparation. On the other hand co-doped BisTizO1,
ceramics are very promising to direct
commercialization. The introduction of Nd-Os as
additive allows obtaining of materials with more
effective electrical and dielectric properties, such as
a higher remnant polarization and height resistance
to fatigue [7-18]. The other challenge is the
existence of solid solutions in the system Bi,Os-
TiO2-Nd20s. By S. Kunej et al. [19] were described
the solubility limits of three solid-solutions: Bie-
1,08x)Ndei20(6,4+0,3x), (0,25<X<0,96), Nd,«BixTi,07,
(0<X<0,35), and Bi4.dexTi3012, (0<X<2,6).

In the previous studies [20, 21] it has been
shown that the introduction of 20 - 40 mol% SiO;
simulates the partial amorphization of the samples.
The main established phases in super cooled melt
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are either Bi,Ti,O7 and BisTizO12 or only BisTiz012,
in dependence of the cooling rate and composition.
The other important result was that simultaneous
introduction of SiO, and Nd,Os3 as additives [21] in
bismuth-titanate ceramics changes the glass-
formation ability and electrical properties.

These results motivated us to continue our
experiments in this field. The purpose of the present
work is to prepare, by melt quenching method,
polycrystalline or glass-crystalline materials in the
system Bi»O3-Ti0,-SiO2-Nd>03; and to study their
electrical properties depending on composition and
temperature and to compare the results obtained
after ultrasonication of precursors.

Beneficial effects at using ultrasound technology
are described in [22, 23].

EXPERIMENTAL

The melting is performed in alumina crucibles at
500 °C to 1450°C according to way of preparation.

The samples are homogenized in two ways
(Figure 1): 1) 15 minutes mixture; 2) 15 minutes
mixture and then ultrasound homogenization (20
min).

The obtained samples with their batch
compositions, visual observation and method of
preparation are presented in Table 1 (obtained
without ultrasound treatment) and Table 2
(obtained with ultrasound treatment).

Data for selected samples will be presented
below. The samples, obtained by the first method,
are heated in temperature range 1260 — 1450°C.

The samples, obtained by the second method, are
heated in temperature range 500 — 1200°C.

Way of Preparation

Starting oxides

Y
Mixture
15 minutes

v
/ \
yd Ultrasound
yd treatment
pd 20 minutes

Fast cooling at room
from 1260 and 1450 °C temperature || §

Free cooling
A from 1200°C

Free cooling
from 840 °C

Y Free cooling

1 from 500 °C
Fast cooling
from 1200 °C

Fig. 1. Scheme of preparation of the samples.
RESULTS AND DISCUSSION

In this method ferroelectric materials are melted
in alumina crucibles at 1450°C and super cooled to
room temperature by pouring between two cooper
plates. The detected main phases are BisTizOxa,
BiuTiOzo and 6—Bi203.

Samples were treated by ultrasound at room
temperature which leads mainly to forming of
phase Bi1,TiOy (for samples J, L, 4D) and Nd.Os;
(for samples 6, 11). Subsequent thermal treatment
shows the formation of the phase BisTizOuy,
maintaining the phase Bi2TiO2 (Figures 2- 4).

Table 1. The obtained without ultrasound treatment samples with their batch compositions, visual observation and

method of preparation.

Phase formation

Batch Composition

according XRD

Method of Preparation

6 40Bi,03.40Ti0,.20Nd>03

Tm=1450°C

BisTiz012, Bi12TiOx,
8-Bi20s.
11 50Bi203.40Ti02.10Nd203
BisTiz012, Bi12TiOx,
8-Bi;0:s.
4D 32Bi03.40Ti0,.20Si02.8Nd203

BisTisO12
j 40Bi,03.40Ti02.20Si02
BisTi3012
| 40Bi203.50Ti02.10Si0>
BisTi3012

Fast cooling

1450°C, 15 min.

Tm=1450°C
Fast cooling

1450°C, 10 min.

Tm=1450°C
Fast cooling

1450°C, 10 min.

Tm=1260°C
Fast cooling

1260°C, 15 min.

Tm=1260°C
Fast cooling

1260°C, 15 min.
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Table 2. The obtained with ultrasound treatment samples with their batch compositions, visual observation and method
of preparation.

Batch Composition

Phase formation

Method of Preparation

according XRD
4D 32Bi203.40Ti0,.20Si0,.8Nd;03 Tm=840°C
Ultrasound treatment
Bi12TiO20,BisTizO12,Bi2SiOs Slow cooling
840°C, 8 hours
11 508i203.40Ti02.10Nd203 Tm=840°C
Ultrasound treatment
BiuTiOzo, Bi4Ti3012, Slow coollng
840°C, 8 hours
11 50Bi;03.40Ti02.10Nd,03 Tm=1200°C
Ultrasound treatment
Bi1,TiOz, BisTizOu2, Slow coollng
1200°C, 15 min.
j 40Bi,03.40Ti0,.20SiO; Tm=1150°C
o o Ultrasound treatment
Bi12TiOz, BisTizO1, Fast cooling
Bi2SiOs 1150°C, 15 min.
i 40Bi203.40Ti0,.20SiO, Tm=1180°C
o o Ultrasound treatment
Bi12TiOx, BisTisO12, Slow cooling
Bi2SiOs 1180°C, 15 min.
| 40Bi,03.50Ti0,.10Si0O; Tm=1180°C
o o Ultrasound treatment
Bi12T10z, BisTisOz, Slow cooling
Bi2SiOs 1180°C, 15 min.
; e
E 4000 ot e e f‘l o Homogenize with ultrasonic
2 3300 4 "B T, = — = B TO,
% 3000 4 T E .:::Dc? “az-0186
2500 1500 JEPDS 4f 0398
2000 2.|?1 .
1500 ] 2..” 1000 + 1,76
L&l 500 o N 2'97 243215 ‘89 ‘59 .
Euzi S ! o2 “l UII“ J JJI A J 1 "LJ x.lh,.i,.»w«*\«’
10 ZID 3‘!3 4‘0 5‘0 SID 3‘0 10 20 30 40 50 BID TO 8‘0
a) 260 (degree) b) 28 (degree)
T e
=] . ;CPTD§4N!395 5% Homogenize with ultrasonic
_:: 600 JCPDS 42.0186 e
:E 500 ' ?CSFSS 36-0287
585, 5.:: 2338? 3355 iy 153 N 152
1004 504 O | J 4232? e "1?
0 aMJJM*]M"WWJ“ J’ w'\ \:‘:Juuij ‘-LiiIIMEﬂJE«

T T T T
10 20 30 40

c)

50 0
20 (degree)

Fig. 2. XRD patterns of sample with composition: a) 32Bi»03.40Ti0,.20Si0,.8Nd>0s homogenized with ultrasound at
room temperature; b) 32Bi»03.40Ti0,.20Si0,.8Nd,03 homogenized with ultrasound and heated at 500°C;
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¢) 32Bi203.40Ti02.20Si0,.8Nd»03 homogenized with ultrasound and heated at 840°C.
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Fig. 3. XRD patterns of the external part of sample with composition: a) 40Bi»03.40Ti0,.20Nd,O3 homogenized with
ultrasound at room temperature;b) 40Bi,03.40Ti02.20Nd,03 homogenized with ultrasound and heated at 500°C;
¢) 40Bi»03.40Ti0,.20Nd,03; homogenized with ultra sound and heated at 840°C.
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Fig. 4. XRD patterns of the external part of sample with composition: a) 50Bi>03.40Ti02.10Nd,O3 homogenized with
ultra sound and heated at 840°C;b) 50Bi,03.40Ti0..10Nd>03; homogenized with ultra sound and heated at 1200°C;

c) 40Biy0:.40Ti0,.20Si0, homogenized with ultra sound and heated at 1150°C;d) 40Bi»03.50TiO,.10SiO;
homogenized with ultra sound and heated at 1200°C and fast cooled.
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Fig. 6. IR spectrum of sample with composition: a) 32Bi»03.40Ti0,.20Si0..8Nd.0s3;
b) 32Bi,03.40Ti0,.20Si0,.8Nd203; ¢) 50Bi203.40TiO2.10Nd,0s.

The infrared spectroscopy of the investigated
material gives some additional information
concerning especially the connectivity of the short
range building units as well some characteristic
bands corresponding to the obtained crystal phases.
Several bands are observed in the spectrum. Bands
near 1000 cm, 800-900 cm™ as well as band near
470 cmt are observed. This means that they may
possess bridging bond Si-O-Si corresponding to the
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band (above 1000 cm™) connected to partially
polymerized SiOs tetrahedra. At 920 cm™ bridging
bond Ti-O-Si decrease, the band below 920 cm?
due to Bi-O vibration of Bi»Os. At decrease of
Bi,0j3 content this band shifts to higher frequency.
At frequency 450 cm? replacement of silica by
Nd.O; up to 10% is quite interesting because the
spectrum will be as similar as for pure BisTisO12 for
this compound. The typical band one is near 820
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cm?, the other band is near 580 cm™ and the
following one is near 450 cm™®. Up to now there is
no adequate explanation for the origin of this
vibration (Figure 5, 6).

CONCLUSIONS

The investigation carried out confirms that
depending on the condition of the melting and
additional heat treatment of the super-cooled melt
different poly-phase ceramic materials with various
microstructures could be obtained in the system
Bi203-TiO2-Si02-Nd2Os.

1. In the synthesized samples the presence of

several phases including BisTizO012, Bi203
polymorphs and BixTiOz are registered by melt
quenching.

2. Samples treated by ultrasound without
heating leads to formation mainly of the phase
Bi,TiOx and of small amount of the phase
BisSisO12 (for samples with SiO, presence in the
batch composition) and Nd;O; (for samples with
Nd»Os3 presence in the batch composition).

3. Subsequent heating of ultrasound treated
samples (in temperature range 500 - 1200°C) shows
the formation of the phase BisTizO12, and of the
phase BilzTiOzO.

4. The IR spectra confirms the degree of the
connectivity between different types of the
polyhedral building the short range order in the
structure of the materials:

a) The increased amount of TiO. in glass
ceramic material preserves the bridging bonds Si-
O-Si and Si-O-Ti up to 40 % TiO..

b) The increased amount of Bi.O; instead of
SiO; leads to formation of isolated SiO4 units.

¢) The introduction of Nd>Os does not change the IR
spectra of the phase BisTisO1 up to 10 % Nd.Os.

5. Because of the proven efficiency of direct
ultrasound synthesis (sonosynthesis) we can
conclude it to be a very perspective technique for
application in many cases like in glass, glass
ceramics and ceramics pre-synthesis and
preparation where evaporation or sublimation of
volatile components occur in uncontrolled manner
and in this way the final chemical and respectively,
the phase composition is changed. In particular
cases the composition is very different from the
initial one and researchers try to use various
analytical methods to determine the final
composition. But all analytical methods have their
respective  natural  limits,  precision and
reproducibility. These efforts, as well as, expenses
and time wasted could be avoided by applying the
proposed ultrasonication method. The best

analytical method appeared to be the analytical
scales because 100% of the initial components are
present in the final chemical and phase composition
by using this method of preparation. One of the
main problems in glass melting, as well as, in
ceramics synthesis and sintering could be solved
successfully by applying ultrasound treatment
technique.
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JUPEKTEH VJITPA3BYKOB CUHTE3 HA BUCOKOTEMIIEPATYPHU
KEPAMUWYHU ®A3U ITPU OBUKHOBEHU YCJIOBHA 110 MTHOBATHUBEH METO/{
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(Pesrome)

JloOpe W3BECTHO €, 4e YNTPa3BYKOBUTE BBIHMA YKOPSIBAT XUMHYHHUTE, PU3HKOXUMHIHHTE M CICKTPOXUMHYHUTE
mporiecd. BpB BpB3ka ¢ TOBa CH 3aciykaBa Ja Ce¢ HW3CIeIBa NPWIOKHMOCTTa Ha Ta3W TEXHHKAa 3a CHHTE3 Ha
BHCOKOTEXHOJIOTHYHH MaTepHalI ChC CHEIMM(DUIHHM TPUIOKEHUs. DepoeNeKTpUYHNTE KepaMHKH Ce H3IMOJI3BAT 3a
MIPOM3BOJICTBO HA PA3JIMYHU EJIEKTPOHHM KOMIIOHEHTH KaTo BHCOKOTEeMIIepaTypHH KoHienzatopu, ROM mnamer 3a
KOMMOIOTPH U ApyrH. [LIHpoKo M3MON3BaHUTE CHEIMHEHHS 3a TPOM3BOJICTBO Ha (epoenekTpuuHn Matepuann ca BirOs,
TiOy, SiO; and Nd2Os, kakTo W pa3nuuHKM TeXHW KOMOWHaIMK. KiacMueckusi HAUWH HA CHHTE3 3a MOJydaBaHEe Ha
(bepoeneKkpryHu MaTepuaii 1 0COOEHO BUCOKOTEMIIEpAaTypHHUTE UM (a3u € Jia ce MPUTOTBU ChCTAB Ype3 MpeTeriisiHe 1
CMECBaHEe Ha TPEKyPCOPHUTE Ha M3XOHUTE MaTepHald B pPbUYEH XaBaH MOCIEIBAaHO OT TOIIEHE IPU BUCOKA TeMIIepaTypa
obukHoBeHO 10 1300°C. ToBa W3HMCKBa MO-BHCOK KJIAC IEIIH, CJIEI KOETO CIlie[Ba TEMIICpUPaHE Ha CTOICHHTE
komnosuiun. Hacrosimara pabota mpeacraBisiBa HOB ITOAXO]] 32 CHHTE3 Ha (DEpOCIIEKTPHYHA KePaMHIHH MaTepHallu
ot cucremara BioO3-Ti02-Si02-Nd>O ocHoBaH Ha 00IbUYBAHE HA MPEKYPCOPHUTE C BUCOKO MOIIHO YIATPAa3BYKOBO TIOJIE,
TCHEPHUPAHO OT CIECIHAIN3APAHO YCTPOUCTBO H3pAOOTEHO 1O MOPHYKa. METOIBT € MHOTO JIECEH U € €HePTOCIIeCTSIBALLI,
TBI KaTo ce M304rBa H3IOI3BAHETO HA BUCOKOTEMIIepaTypHO obopynBane. C MpriiaraHeTo Ha TO3W MHOBATHBEH TOIXOT
BucoKkoTemrepaTypHara (aza Bi1oTiO, kosTo uma crierupuuHE ONTHYECKH CBOMCTBA Oellle CHHTEe3UpaHa MpH CTaiHa
TeMmIepaTypa, Koeto Oemre MOTBBpPAEHO C peHreHoB (a3 ananu3z XRD, ontmuna Mukpockomus u HMH(padepBeHa
criektpockonus. OOTPYBAHETO C YATPa3BYK MMa U3siBEH e(eKT W BBPXY TEPMUUHO TpeTHpaHUTE oOpa3iu. B xonx ca
W3CIIEBaHMS, KOUTO IEJST JIa Ce YCTAaHOBHM BPB3KaTa MKy OCHOBHUTE TEXHOJOTHMYHH MapaMeTpH M CBOHCTBAaTa Ha
MOJNyIeHUTe KepaMHYHW MaTepuain (MOIIHOCTTA Ha MPUIOKEHOTO YIATPAa3ByKOBO IIOJIE, TeMIIeparypara,
MPOABIDKUTETHOCTTa W JAp.). Hammre excrnepuMeHTH IIoKa3BaT, Y€ TO3M HOB IIOJE€3€H METOJ HMa IIHpPOKa
MIPHUII0KUMOCT B OBJICIINTE BOAOPOIAHU IpeoOpa3yBaTeIN Ha HEPT U, KaKTO U 3a MPOM3BOJCTBO HA ONTHYHH, CIEKTPO-
ONTUYHU ¥ (EpOCICKPUYHN KEepaMHYHH Marepuain. Hue mpemnarame H3MOJI3BaHETO HA TO3H METOA M 3a APYTH
CTBKIIOKEpAMUYHHU MaTepUAIIH, CBPHXIIOPOBOIHUIIN, METAJIOKEPAMUYHA U KOMIIO3UTHU MAaTEPUANH, a CHIIO TaKa M KaTo
aNTEpPHATHBA WK JOMBIHCHAC HA MCXaHOXHUMHUYHHUTE METOJIH C IIeJI CHHTE3 ¥ aKTUBUPaHE HAa MaTepHAIIH.
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Electrochemically deposited nanostructured ZnO layers on the front side
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ZnO nanostructures layers are deposited by electrochemical method on different c-Si solar cells structures. Acid
aqueous solutions of ZnCl, (5. 10 M) and KCl (0.1 M) with pH 6.0 at temperature of 80°C is used as electrolyte using
a three-electrode electrochemical cell and saturated calomel electrodes (SCE) as a reference electrode. ZnO layers
deposition time varies between 20 and 90 min. An analysis of the surface morphology of such layers is performed by
means of Scanning Electron Microscope (SEM). Measurements of the reflection and diffused reflection spectra of ZnO
based nanostructures deposited on the front side of tree different types of c-Si solar cells is performed, as well. The
obtained structural and optical properties of the ZnO electrochemical thin films deposited on the top front surface of
different c-Si solar cells for different deposition time are compared. The study demonstrates that the deposition of ZnO
nanostructured films results in decreasing of the specular reflection and the diffused reflection better expressed in the
case of un-textured Si surface. The obtained ZnO layers can be applied as antireflection coatings in c-Si solar cells to

enhance their light harvesting properties.

Key words: ZnO, nanostructure, electrochemical deposition, c-Si solar cell.

INTRODUCTION

ZnO is a unigue material possessing
variety of useful properties. It is among the most
investigated I1-VI group semiconductors with wide
direct band gap of 3.4 eV and large free exciton
binding energy of 60 meV [1]. ZnO possess
hexagonal wurtzite structure with lattice parameters
a=325Aandc=5.12A[1].

Zinc oxide nanostructures are most promising
one-dimensional (1D) materials received increased
attention over last decade because of their exciting
potential applications in optoelectronic devices,
such as field effect transistors, nano-sensors,
optical switches, solar cells and light emitting
diodes [2-6]. Recently, J.Y Chen and K.W.Sun
reported application of vertically aligned ZnO
nanorod arrays as an antireflective coating on Si
solar cells [7]. ZnO can be prepared with the large
variety of nanostructure configurations as nano-
rings, nano-springs, nano-belts, nano-combs, nano-
rods, highly ordered nano-wires arrays or tower—
like sticks [8] and can be synthesized by a diversity
of chemical and physical methods [2-6, 9-10].

* To whom all correspondence should be sent:
E-mail: lov4@abv.bg

Among chemical methods are precipitation in non-
aqueous solution [11], chemical-bath deposition
[12, 13], hydro-thermal precipitation [13] and
electrodeposition [6-8,15-17].

Electrodeposition has some advantages because
it is a low cost industrially up-scalable process,
relevant to different substrates for preparation of
well defined nanostructures with reasonable
physical parameters [2, 3, 15].

Design of novel functional configurations of the
materials depends on depth understanding of
connection between the electro-physical parameters
of the material and particle size and morphology of
nanostructure.

In this paper results from investigation of the
optical and the structural properties of
nanostructured ZnO thin films formed by
electrochemical deposition on the top front side of
c-Si solar cells are reported. The c-Si solar cell
consists of ~0.4 um n*- type emitter on p-type Si
wafer with p*-type back surface field (BSF). Three
different types of c-Si solar cells are used — type 1 —
with deposited ITO film on the textures front side
(ITO/(textured)n*-Si(~0.4um, emitter)/p-Si—
base,/p*-Si(~200um, BSF)), type 2 -  with
deposited ITO film on the un-textures front side

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 153
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(ITO/(un-textured)n*-Si(~0.4pm, emitter)/p-Si—
base/p*-Si(~200um, BSF)), and type 3 — without
deposited ITO and un-textures front side ((un-
textured)n*-Si(~0.4um,emitter)/p-Si—base/p*-
Si(~200um, BSF)). The obtained ZnO layers are
characterized by SEM, by spectra of specular
reflectance, diffuse reflection and haze ratio in
reflection.

EXPERIMENTAL

ZnO nanostructured films were deposited by an
electrochemical process from slightly acid aqueous
solution of ZnCl; (5. 10 M) and KCI (0.1 M) with
pH 6.0 at 80°C and different deposition times (in
the range of 20-90 min) using a three-electrode
electrochemical cell and Saturated Calomel
Electrodes (SCE) as a reference electrode. As a
working electrode c-Si solar cell were used.
Spectrally pure graphite rod electrode waw used as
anode. The electrolyte was agitated by magnetic
stirrer. The oxygen is provided in the system by
supplement of H,O,. The deposition was carried out
controlling the redox potential of the high power
potentiostat  system WENKING HP 96. The
deposition potential was kept at -700 mV (vs.
SCE). The oxygen content in solution was
determined by Dissolved oxygen and temperature
meter Hanna Instruments 9146. The surface
morphology and the thickness of the deposited
films were imaged under a Scanning Electron
Microscope (SEM) Philips 515. The thicknesse of
the deposited ZnO layers were between 0.50 and
1.2 um.The optical properties (specular reflectance,
diffuse reflection and haze ratio in reflection) were
measured by a spectrophotometer Shimadzu UV-
3600 in the range of 300 - 1200 nm employing a 60
mm integrating sphere.

RESULTS AND DISCUSSION

Despite the wide number of works, recipes
and regimes for electrodeposition of ZnO, there is
no adequate interpretation of the mechanism and
reaction route. Deposition of thin film zinc oxide
could be explained as a product of interaction of
OH- and Zn?" in aqueous solution on the surface of
the electrode.

Zn?* + 20H" — Zn(OH), — ZnO + H,0 (1)

Since the zinc hydroxide is unstable, it does
dehydrate into ZnO [18]. The standard free energy
of formation of ZnO is G*%;,0 = -361.08 kJ/mol
[18].

Hydroxide ions are produced by reduction of
oxygen, dissolved in electrolyte:

154

02+2H20+4e'=40H",E%H=0.644V  (2)

Reaction (2) presents the reduction process on
the oxygen electrode with standard electrode
potential 0.644 V, against SCE [18].

Standard electrode potential of zinc according
the reaction (3) is much more negative (-1.005 V vs
SCE) than that of OH" by equilibrium (2):

Zn? + 26" = Zn;E%np: = - 1.005 V 3)

The reaction of electrodeposition of ZnO
depends on reduction of dissolved oxygen in the
solution and can be described by four electron
process according to the reaction:

02+ 2H20 +2Zn?*+4e'=2Zn(0OH),=2Zn0+H.0 (4)

The difference between standard electrode
potentials of Zn and oxygen (according to the
reaction (2)) is:

E%mn- - E%zn2+ = 1.163 V, (5)
while the factor G/nF for four electron process is:
G/4F =0.936 V (6)

The comparison of the values in (5) and (6)
shows that the difference between standard
electrode potentials of zinc and OH" (5) is bigger
than the depolarization factor of the chemical
reaction (6), (E%on- - E®zno+) > G*®Zn0. This is the
case of induced co-deposition mechanism by the
rules described by Brener [19] and Kroger [20].
This means that at appropriate ratio of
concentrations of Zn?* and OH" ([Zn?*]/[OH] >
10%+-10%) a large interval of deposition potentials
will exist, where the composition of the deposited
material will be determined only by the
thermodynamics of the process and will be close to
the stoichiometric one.

Since the reduction of oxygen by Eq. (2) is a
step determined by the potential [20], it is possible
to control the overall electrodeposition process by
measuring the Redox potential of the system. In the
ideal case, in equilibrium the redox potential of the
electrolyte determines the ability of deposition of
Zn0.

In Figure 1 the dependences of both dissolved
oxygen concentration (left) and Redox potential
(right) on the time are shown. Initial time (T=0)
corresponds to the moment of the supplying of the
hydrogen peroxide into deposition solution. The
curves have similar behavior — a sharp rise until 15
min is observed and then the values decrease and
go to equilibrium.

In order to provide electrical conductivity of the
electrolyte, the process of electrodeposition of ZnO
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in aqueous solutions is carried out in the electrolyte
containing ZnCl and KCI. The KCI salt influences
the solubility of the oxygen by Henry’s Low.
Another factor is the temperature of the electrolyte.
In details this matter is treated in large extension by
Cooper [21].

It has been reported that ZnO thin layers are
obtaining at Redox potential in interval 300 + 400
mV (vs SCE) [22]. At potentials below 300 mV
there is no electrodeposition of ZnO because there
is no enough dissolved oxygen in the solution. At
potentials above 400 mV (vs SCE) the solution is
over-saturated of oxygen and the deposition of zinc
peroxide (ZnO) takes a place. In this case the
deposited layers have dendrit structure with very
rough surface and are non-adherent to the substrate.
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Fig. 1. Dependences of the concentration of the
dissolved oxygen (left) and of the Redox potential (right)
on time.

Fig. 2. SEM images (with different magnification) of ZnO electrochemical thin films deposited on textured Si-solar

cells with ITO — type 1. The ZnO is deposited for 60 min.
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Fig. 3. Spectra of diffuse reflectance (a), specular reflection (b) and haze ratio in reflection (c) in visible region of ZnO
electrochemical thin films deposited on textured Si-solar cells with ITO (type 1). The ZnO layers are deposited for

different time. ‘

Fig. 4. SEM images (with different magnification) of ZnO elec
cells with ITO - type 2. The ZnO layer is deposited for 40 min.

In this work the electrodeposition is carried out
at cathode potential of -700 mV (vs SCE) where
stoichiometric ZnO is produced. At potentials more
positive than -700 mV the rate of the reaction (2),
and respectively (4), is very low or does not run at
all. At deep cathodic potentials, below -1050 mV,

& \
IO Lo 1 M. A ; S!JOnm g

trochemical thin films deposited on untextured Si-solar

the deposition potential of zinc is reached (reaction
(3)) and the layers consist of ZnO with metallic
zinc.

SEM images of the surface of electrochemically
deposited ZnO on the top surface of the c-Si solar
cell type 1 (with ITO and textured front surface) are
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presented in Figure 2. It is seen that the ZnO
nanowires with hexagonal shape have grown on the
different side of the pyramidal etched surface of the
solar cell. Similar hexagonal shape is reported in
[23] and is typical for ZnO nanowires.

Figure 3 shows spectra of specular reflection,
diffuse reflection and haze ratio in reflection of
ZnO deposited on textured c-Si solar cell structures
with ITO layers (type 1). ZnO layers are deposited
for different time. The corresponding spectra of
solar cells structures before deposition of ZnO are
given for comparison as well.

Electrochemical deposition of the ZnO results in
decreasing of the intensity of the band of
reflectance at about 400 nm by about 10% and
slightly increase (about 0.2%) of the diffuse
reflection in the range 550 - 1000 nm compared to
the value of the based structure.

Applying ZnO nanorod areas on the surface of
the solar cell could increase generation of the
carriers and the value of the photocurrent in the
spectral range 400 - 480 nm. It seems that the

deposition time of 20 and 30 min for ZnO
nanostructures could be more favorable.

Figure 4 shows the SEM of the surface of solar
cell structure (type 2) with a flat front surface
(untextured). ZnO  nanostructured layer is
electrochemicaly deposited for 40 min. The column
structure of electrochemical layer deposited on
untextured solar cell is recognizable and the
hexagonal formations are seen.

The spectra of specular reflectance, diffused
reflection and haze ratio in reflection from the
surface of c-Si solar cell type 2 with ZnO deposited
for different time are shown in Figure 5. As in the
previous case, the values of reflectance and
diffused reflection at in the range 350-500 nm
decrease after ZnO grown, however in the range
550 - 1000 they increased slightly (for diffused
reflection from 1 to 3 %) and the haze ratio (in the
range 550-800 nm) is higher compared to the
sample without deposited ZnO.
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Fig. 5. Spectra of diffuse reflection (a), specular reflectance (b) and haze ratio in reflection (c) in visible region of ZnO
electrochemical thin layers deposited on textured Si-solar cells with ITO (type 2). The ZnO layers are deposited for

different tie.
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Fig. 6. SEM imges (with different magnification) of ZnO thin films electrochemically deposited on untextured Si-solar
cells without ITO - type 3. The ZnO was deposited for 60 min.
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Fig. 7. Spectra of diffused reflection, specular reflectance and haze ratio in reflection of c-Si solar cells type-3 with ZnO

electrochemically deposited for different time.
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Similar experiments have been performed on the
c-Si solar cell structure with untextured top
however without front ITO layer — type 3. SEM
pictures of the sample with ZnO electriochemically
deposited for 60 min are shown in Figure 6. The
hexagonal rods grown with different orientation to
the substrate are seen.

The spectra of reflection, diffused reflection and
haze ratio in reflection of the structure type 3 before
and after deposition of ZnO nanowired layers are
shown in Figure 7. Values of reflectance and
diffused reflection decrease in the samples with
deposited ZnO and with the time of deposition. The
haze ratio in reflection is very high (~95%) and
increases slightly after ZnO deposition.

The preliminary experiments for application of
ZnO nanostructured films to solar cell demonstrate
that the value of the diffused reflection and the
specular reflectance can be decreased after
deposition of ZnO nanolstructured layers on the top
side of the c-Si solar cells. Better antireflective
properties are obtained when the ZnO nanorod
arrays are deposited on the front surface the c-Si
solar cells with un-textured front size.

CONCLUSIONS

The study of the optical properties (diffuse
reflection, reflectance and haze ratio in reflection)
of nanostructured ZnO layers deposited by
electrochemical methods on the front side of c-Si
solar cell is performed. After deposition of ZnO
layers the decrease of the reflectance is observed
and this tendency increases with deposition time.
Electrochemically deposited ZnO layers on c-Si
solar cells with un-textured front surface results in
significantly reduction of the reflectance and
diffuse reflection and can be applied as
antireflective coatings in c-Si solar cell.
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HAHOCTPYKTYPUPAHU ZnO CJIOEBE, OTJIOXKEHU YPE3 EJIEKTPOXNUMHUYEH METO/]
BBPXY ®POHTAJIHATA CTPAHA HA ®OTOEJIEMEHTH OT c-Si.

K. Jlopunnos!, M. 'anues?, M. ITetpos?, X. Huues?, JI. JlumoBa-Manunosckal,
Jx. C. I'pad?, A Vasmmn?

! [lenmpanna nabopamopus no civHyesa enepaus u HOGU eHepauting usmounuyu — Bvreapcka akademus na naykume,
72, Lapuepaocko woce, 17184 Cogus, bvreapus
2 CUHTE®, Uscnedosamencku nvm 1, I1. kymus 124, Bnunoepn, 0314, Ocno, Hopeeaus

Mocrenuna Ha 13 mapt, 2013 r.; nmpepabotena ua 3 ampui, 2013 r.
(Pestome)

Hanoctpykrypupanu cioese ot ZnO ca OTJIOKEHH BBbPXY (pOHTaIHATa CTpaHa Ha (hOoToereMeHTH OT C-Si upe3
€JIEKTPOXUMUYEH TIPOLIEC B EJIEKTPOJIMT OT ¢iabo Kucen BojeH pasteop Ha ZnCly (5. 103 M) u KCI (0.1 M) ¢ pH=6.0
npu 80°C, u3noNBaiiKK TPU €JIEKTPOIHA EIEKTPOXUMHUYHA KileTka. Bpemero Ha otiiarane Ha ZnO ciioeBe Bapupa MEXIy
20 u 90 MuHYyTH 32 OoTHenHUTE 00pasuu. Upes MeTosa Ha ckaHupalla eJIeKTpoHHAa MUKpockonus (SEM) e uscnenpana
MOBBPXHOCTHATA MOP(OJIOrHs Ha OTIOKECHUTE CIIoeBe. MI3MEpeHH ca CIIEKTPHUTE Ha OTpaKeHHE U TU(Y3HO OTpakeHHE
Ha ZNO HaHOCTPYKTYpPHUpPAHH CJOEBE, OTIIOKEHH BBPXY TPH PA3IMYHU BHAA (OTOENEMEHTH C TEKCTypHpaHa M He-
TeKcTypupana noBbspxHOCT oT C-Si ¢ ITO; u 6e3 ITO Ha He-TekcTypupaHa MOBbPXHOCT. CTPYKTYPHHUTE U ONTUYHUTE
cBoifctBa Ha ZnO ciioeBe, OTIIOKEHH KaTo TOPEH CIIol B C-Si ()OTOETEMEHTH, Ca CPaBHEHU B 3aBHCUMOCT OT BPEMETO Ha
omnarae. Pe3yirature OT M3CIEABaHMATA MOKAa3BaT, Ye MPU OTIAraHETO Ha HAHOCTPYKTypupaH ZnO ce HaOnronaBa
HaMaJsBaHe Ha OTPaXEHHETO U JU(yY3HOTO OTpa)KEHHE, KaTo TOBa HaMalleHHE € I10-100pe HM3pa3eHO MpH CIOeBeTe
OTJIONKEHH BBPXY He-TEKCTypHUpaHH (oToeneMenTH. M3cieiBaHusITa Ha CBOWCTBATa Ha oTiioxkeHute ZnNO croeBe Morar
na 6bIaT U3MOJI3BaHK KaTO aHTH OTPA3sBAIM TIOKPUTHS B C-Si (hoTOeneMeHTH 3a yBenuaBaHe Ha eheKTUBHOCTTA UM.
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Investigations of glass-crystalline TiO2-V,05-P,0s samples
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Bulk samples of the ternary system TiO.-V20s5-P20s have been synthesized by standard melt quenching
technique. The structure of the materials has been studied by X-ray diffraction. The obtained samples possess glassy-
crystalline structure. Impedance investigations have been performed by using impedance spectroscopy at different
temperatures. The spectra are analyzed by two phase concept: crystalline grains distributed in glassy matrix The
conductivity is obtained using fitting procedure. The conductivity is most likely caused by polaron hopping between

aliovalent vanadium ions.

Keywords: oxides, X-ray diffraction, impedance analysis

INTRODUCTION

The oxide semiconductors are large group of the
semiconducting glassy alloys. The electrical
properties of oxide glasses containing transition-
metal ions such as V, Fe and W are of interest
because of their switching properties. The
semiconducting behaviors of the glasses are due to
the presence of transition-metal ions in more than
one valence state. Oxide glasses with high content
of V:0s exhibit considerable electronic
conductivity governed by cross-linking of the glass
network supporting enhanced electron hopping
along V#*- O- V* bonds [1-2].

Pietrzak et al. [3] have shown that vanadate—
phosphate glasses with a composition 90V,0s-
10P,0s undergo thermal nanocrystallization, which
leads to a significant increase in the electronic
conductivity.

Hirashima et al. [4] have studied TiO,-V20s-
P,Os glasses containing up to 30 mol% TiO; at
different temperatures and have established that the
ternary glasses are semiconducting due to polaron
hopping similarly to the V,0s-P,Osglasses. The d.c.
conductivity has been established to decrease when
V>0s is replaced by TiO. but increases when P,Os
is replaced by TiO,. The variations of the
conductivity values are mainly due to changes in

* To whom all correspondence should be sent:

E-mail: tpetkova@bas.bg

the activation energy.

The aim of the present work is to study electrical
transport in the ternary TiO2-V.0s5-P,0Os5 glass-
crystalline materials with a view to their further
application in electrochemical systems.

EXPERIMENTAL

Bulk samples with compositions
(Ti02)20(V205)50(P20s)30 ~ and  (TiO2)10(V20s)s0
(P20s)30 were synthesized by melt-quenching
method. As row materials were used powders of
TiO; and V205 and liquid HsPO4. The samples were
thoroughly ground (homogenized) in agate mortar,
melted in quartz crucibles at temperature 1000-
1200 °C and fast cooled between ice cold copper
plates. To obtain samples with a specific form
required for impedance measurements, the melts
were cooled in a copper matrix with 1 cm diameter,
depth of 1 mm and pressed with copper plate.

The phase formation of the samples was studied
by X- ray diffraction (XRD) method. XRD patterns
were recorded by means of X-ray diffractometer
Philips APD-15. The data were collected with a
constant rate of 0.02 deg.s? over an angle range 20
= 20°+70 deg using CuK, radiation (A = 1.54178
A). All X-ray investigations were performed at
ambient temperature.

The preparation of the samples for impedance
study included polishing and deposition of silver
paste contacts on the surfaces. The impedance
measurements were carried out by means of
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Autolab PGSTAT 30 (Eco Chemie) frequency
response analyzer, in the frequency range 0.05Hz -
1MHz. The study was performed at different
temperatures in the temperature range from 20 to
120°C with a step of 20°C.

RESULTS AND DISCUSSION
e XRD

XRD spectra of the synthesized samples are
presented in Fig.1. The spectra show a
combination of broad diffraction halos and
crystalline peaks, which prove the glassy-
crystalline structure. Peaks of rutile (TiO,) (JCPDS-
PDF#89-4202) are obtained on the XRD-spectrum
of the (Ti02)20(V20s)s0(P205)30 sample. The peak
positions on  the  (TiO2)10(V20s)e0(P20s)30
diffractogram are very close to those of the
compounds  TisPsO23  (JCPDS-PDF#39-0004),
NaTi2(PO4); and NaVTi(PO4); (JCPDS-PDF #49-
1114, #84-2012). The crystalline structure of the
last two corresponds to NASICON type structure
(acronym of Na Super lonic Conductor). This is
mixed metal phosphates type structure with a
general formula AxB2(PO4)s, where A is a
monovalent ion and B is ion in three, tetra, or
penta-valent state [5, 6]. The structure is described
as a covalent skeleton [B2(POa)s]” consisting of the
PO, tetrahedral and the BOs octahedral units,
forming 3D interconnected channels with two types
of interstitial spaces M, and My, where conducting
A" cations are distributed. When cations are absent
(x=0) the NASICON structure is termed empty.
Since this structure is discovered in some binary
and ternary metal phosphates like NbTi(PO.,)s,

¥ - NASICON type structure

400
T O - Rutile
350 |-
v .
- | (2) - (Ti05)44(V205)50(P205)39
[72]
Qo
(8]
2
D
c
Q
£
10 20 30 40 50 60 70
20/ degrees
Fig. 1. X-ray diffraction patterns of

(Ti02)20(V205)50(P205)30  and  (Ti02)10(V205)s0(P20s)30
samples.
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NbVosTios(PO.)s [6] our hypothesis is that titan-
vanadium phosphate possesses empty NASICON
structure. It is correlated with the investigation of
S. Titlbach and co-workers, who has established the
NASICON related structure in vanadyl (V)
titanium(lV) phosphate with structural formula
(VVO)TiVe(PO4)o [7].

e Impedance

Figure2  represents the  complex-plane
impedance (Nyquist) plots of the samples under
investigation. Two semicircles (arc) observed for
the both samples are interpreted with two phase
concept. The phases observed on the diffracto-
grams: crystalline and amorphous correspond to the
two arcs on the impedance plots. They define
crystalline grains and the area between them (grain
boundary) where the glassy phase is distributed.
The simplest equivalent circuit describing two
phase model consists of two Voigt elements in
series, as presented in Fig. 2c. (Voigt element is R
and Capacitor - R/C or R and Constant Phase
Element-R/CPE in parallel) [8, 9]. The high-
frequency semicircle is due to ac response of the
grains Rq/CPEy while the lower-frequency part
expresses electrical properties of glass matrix
Rg/CPEg. The conductivity is obtained using fitting
procedure and the activation energies are
determined from slopes of the Arrhenius plots (Inc
versus 1/T) presented in fig.3. The calculated
values of the conductivity at room temperature and
activation energy are presented in Table 1.

-2x10°;

/ Rgr Rgl _(c)

Al r
AT oooa £ | CPEgr | CPEgl

1S
O
/1x10°  2x10

-2x10%
(o]
N _x10%t+ / sample 2-fit
/ O sample 2- experimental
" (b)
[L t t } t
1x10° 2x10° 3x10° 4x10° 5x10°
5.0x10°
sample 1-fit
® sample1- experimental (a)

i i
T T T T
0.0 5.0x10° 1.0x10" 1.5x10" 2.0x10" 2.5x10"
2z

Fig. 2. Nyquist plots of (a) (TiO2)20(V20s)s0(P20s)s30; (b)
(Ti02)10(V205)60(P20s)30 samples and (c) equivalent
circuit.
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The first arc of the (TiOz)zo(VzO5)5o(P205)3o

10° 5 » o of (TiO2)10(V205)g0(P205)30 ) ) /
b, of (T03)0(V;08)e0 080 sample is connected Wlth_ ac response _of_ the: rutile
wil © o, of (TiO3)z(V05)50(P208)30 phase, however the obtained conductivity is (og-
5 o, of (Ti02z0(V;08)50(P208)30 wile= 9.9x108 S.cm™) much higher compared with
B el the pure TiOz-rutile (cruie<10'? S.cm™). It is well
@ known that the electrical conductivity of undoped
10° ] rutile is very dependent on sample preparation
conditions like temperature, atmosphere during
10°4 sintering and cooling rate. The samples become
increasingly semiconducting when quenched from
10"+ temperatures above ~700°C in ambient atmosphere
o 37 BA 2% 9% @i 52 5a [10]. On the other side the solid solution of rutile

1000 1T, K with vanadium exhibits also semiconducting
properties [11]. The values of conductivity (cgr-ruile)
and activation energy of the samples under this
study are close to those of the Tioe1Vo.090:

Fig. 3 Arrhenius plots of the conductivities of
(TiO2)20(V20s5)50(P20s)30  and  (Ti02)10(V205)60(P20s)30
glass-crystalline samples.

Table 1. Conductivities and activation energies of the (TiO2)20(V20s)s0(P20s)30
and (Ti02)10(V20s)60(P20s5)30 glass -crystalline samples.

Sample Ogr Eagr oyl Eagl

S.cm? eV S.cm? eV

(TiOZ)zo(Vzos)so(ons)go 9.9X].0'8 0.37 2.1x107 0.44
(Ti02)10(V205)eo(P205)3o 1.1x10° 0.31 5.0x107 0.30

and this suggests that higher conductivity of the
samples with higher TiO, content is due most REFERENCES
probably to inclusion of vanadium into the rutile 1. P. Jozwiak, J. E. Garbarczyk, M. Wasiucionek,

structure. Mater. Sci. -Poland, 24, 147 (2006).

The increase of the V.Os content (sample 2 '(\:"'C- léf}glgrjzngr{"zo“é'd Levym, J-L Souquet,
(Ti02)10(V20s)s0(P2Os)so) leads to an increase in the T.eﬁ.mhie'tr'za(, | E_( Garb?ol.rczyk, M. Wasiucionek
Ogr-nasicon CONCUCLiVity In two orders in respect to I. Gorzkowska , J. L. Nowinski, S. Gierlotka, Solid
Ogr-ruile.  The conductivity values of the glassy State lonics, 192, 210 (2011).
components caused by electron hopping between 4 H, Hirashima, K. Nishi, T. Yoshida, J. Am. Ceram.
V4 and V°* centers (polaron conductivity) are very Soc., 66, 704 (1983).
alike in the both samples. The results propose that 5. S. Benmokhtar, A. El Jazouli, A. Aatig, J.P.
vanadium is incorporated into NASICON type Chaminade, P. Gravereau, A. Wattiaux, L. Fournes,
crystal structure which correlates with XRD results. J.C. Grenier, J. Solid State Chem., 180, 2004 (2007).

6. P.A. Agaskar, R.K.Grasselli, D.J.Butterey and B.

CONCLUSIONS White, in Third World Congress on Oxidation

The conclusions drawn from the results obtained Catalysis, by S.T. Oyama, A.M. Gaffney, J.E.
in this study can be summarized as follows: Lyons, R.K. Grasselli (eds), Elsevier Science B.V,
e the investigated oxide system reveal two 1997, p. 219.
phase glassy_crysta“ine structure; 7. S. Titlbach, W. Hoffbauer, R. Glaum, J. Solid State
e the XRD results demonstrate that the Chem., 196, 565 (2012).

8. Z .Stoynov, D.Vladikova, Differential Impedance
Analysis, Marin Drinov Publishing House, 2005.
N. Bonanos, B.C.H. Steele, E.P. Bulter, Application

crystalline phase in the sample with lower titanium
content is mixed titan-vanadium phosphate with

NASICON type crystal structure while the ' of Impedance Spectroscopy, in Impedance
diffraction peaks in the sample with higher titanium Spectroscopy, Theory, Experiment, and
concentration belong to rutile phase; Applications, E. Barsoukov, J. Ross Macdonalds
e The conductivity of the glass crystalline (eds), John Wiley & Sons, Inc., Hoboken, New
samples is most likely caused by polaron hopping Jersey, 2005, p. 205.
between polyvalent vanadium ions. 10. \;01—?:;1 AR. West, J. Am. Ceram. Soc., 96, 218
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N3CJIEABAHE HA TiO2-V205-P205 CTBKJIO-KPUCTAJIHU MATEPUAJIN

J. B. birbckoBa-Kommmaaposal?, T. ITetkosa?”, JI. ®aunkos?, E. Jledpreposa?, U. Kanasupckn?®,
I1. Anrenos?, C. Bacunes?

Xumuxomexnonozuuen u Memanypauuen Ynusepcumem, 6yn. ”Kn. Oxpuocku” 8, 1756, Cogpus, Bvreapus
2Uncmumym no Enexmpoxumus u Enepeutinu cucmemu, Bvneapexa Axademus na Hayxume, yn. ,, Axao. I'. Bonueg”
01.10, 1113, Coghusa, Beaecapusa
SMunno-I'eonoxcku Yuusepcumem yn."Ce. Hsan Puncku”, Cogpus, 1700 Bvreapus

[ocTpnuna Ha 19 mapt 2013 r.; [IpepaboTena Ha 23 anpun 2013 r.
(Pesrome)

Cunresupanu ca obpazuu ot cucremara Ti02-V20s5-P20s mo meroma Ha Obp30TO oxnaxkaane. CTpykTypaTa Ha
MaTepHalinuTe € W3CIeABaHa C PEHTIICHOBAa AWU(PaKIus. YCTaHOBEHO €, 4Ye OOpasluTe HMMAaT CTHKIO-KPHUCTAIHA
CTpyKTypa. VMemaHCHHTE W3CIEABAaHHS Ca MPOBEJACHH TMPH pPa3IMYyHM TEMIEpaTypu. 3a OmnpejesisiHe Ha
MPOBOJIMMOCTTA, TIOJNYYCHUTE CIEKTPU Ca aHAIW3UPAHH M alpOKCHMHUPaHH ¢ JABy(daszeH Mojen (KPUCTATHHA YACTHIIH,
pasmpesielieHd B CTBKIOOOpasHa MaTpwuiia). IIpoBoamMocTTa ce OOSICHSABA C MOJApPOHHM TIPECKAYaHHUS MEKITY
AMOBAJICHTHUTE BaHAIHEBU HOHH.
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Chemical and phase content of alloyed tin-cobalt plating deposited in direct-
current or impulse modes
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The subject of the recent study is the impact of various factors on the chemical and phase content of
alloyed tin-cobalt plating that deposit out of electrolyte containing original, patented three-component additive
by means of direct and pulse current. Through application of AAA and RFA it is found that depending on the
combination of the three components, the Sn-Co plating that deposit are low-alloyed (up to 0.01 wt.% Co), and
middle-alloyed (up to 6 wt.% Co), and high-alloyed (up to 13 wt.% Co) in the case of constant-current
electrolysis. The application of pulse current of appropriate characteristics, i.e. frequency and fill factor, in the
same electrolyte results in deposition of only high-alloyed alloys with twice as high content of cobalt 20 — 22 wt.
%. The experimentally obtained dependencies about the impact of chemical content are duly described through
derived mathematical equations. Using HRD analysis, the phase content of the deposited low-, middle- and high-
alloyed SN-Co plating is characterized as fully as possible. It is found out that the first are mechanical mixture of
BSn, BCo and aCo, and the latter except BSn contain chemical compounds of the type CozSh, and CoSnOz. A
high-alloyed Sn-Co alloy of typical amorphous structure is obtained for the first time in both deposition modes,
i.e. stationary and non-stationary. The textures of the registered phases are identified with their typical crystal
lattices.

Key words: tin-cobalt plating, fluoride-sulfate and fluoride-chloride electrolytes, direct and pulse current,

chemical content, phase content, AAA, RFA, HRD
INTRODUCTION

According to RoHs (Restriction of Hazardous
Substances) Directive  2002/95/EU,  stringent
restrictions are introduced on the use of the
classical tin-lead resist (70/30) in manufacture of
PCBs and for industrial electronics and electrical
engineering begining 27.01.2003, as well as for use
of hexavalent chromium compounds for the process
of chroming. There are various options suggested
for replacing this type of plating [1-3]. The use of
tin-cobalt alloys [4-5] is a very resourceful solution
of the problem.

The reason is that those alloys can be obtained
with various contents of cobalt. According to this
indicator, it is appropriate to classify the plating as
low- (bellow 0.1 wt. %), middle- (up to 5+6 wt. %)
and high-alloyed - (above 6 wt. %) [6 — 9]. The first
are applicable mainly as a metal resist in
manufacture of PSBs, and the second are applicable
for replacement of silver plating of the contact
elements, and the third are applicable as alternative
to shining chromium finishes. In recent years
another strategic areas for their application are also
outlined: as active anode material in manufacturing
of lithium elements, as high-efficient catalyzer in
relation to evolution of hydrogen, as well as in

elaboration of solar collectors [10 — 12]

The recent investigations prove the possibility to
obtain low-, middle- and high-alloyed Sn-Co
plating out of fluoride electrolyte containing an
original additive that enables to obtain the three
types of alloys solely through various combinations
of the components and without alteration of the
basic composition and the operation mode.

There are few references available for the
structure and the phase content, and they mainly
concern the plating obtained from pyrophosphate,
citrate and gluconate electrolytes [13 — 15]

The impact of various factors on the chemical
and phase content of Sn-Co plating deposited from
fluoride electrolytes that contain an original
patented additive at constant and pulse current
modes is studied.

EXPERIMENTAL CONDITIONS AND
METHODS OF INVENSTIGATION

The basic composition of the investigated
electrolyte is:

SnSOq: 60 g/l

C0S0s4. 7TH20: 80 g/l
NHF: 70 g/l

KD —2: 1 ml/l
Sodium hypophosphite: 5 g/l

pH = 4; room temperature; ix = 1.5 A/dm?

* To whom all correspondence should be sent:
E-mail: dani709@abv.bg
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When adding KSCN of concentration 30 g/l
to the electrolyte in question, there are high-alloyed
plating formed in the range of cathode current
densities from 1 A/dm? to 4 A/dm?.

The phase content is studied using X-Ray
diffraction (XRD). All samples are X-rayed in
angular range from 15 to 58 degrees. For
identification of the different phases and textures,
the data are compared with the JCPDS cards with
extent of compliance at least three reflexes. The
thickness of the plating is 12 pm.

The chemical content is determined using
Atomic Absorption Analysis (AAA) and X-ray
Fluorescence Analysis (RFA). The studies on the
influence of various factors on the percentage of
cobalt in the plating were carried out with varying
each parameter while the basic values of the others
remain constant, as follows: T=25°C; i =1 A/dm?;
pH = 4.5; Ccosos720 = 80 g/l. The content of
SnSO, is constant (60 g/l), the concentration of
NHF is 70 g/l.

The weight percentage content of the two metals
in the alloy is estimated from the data from AAA.

The study for the impact of different factors on
the percentage content of cobalt in the plating in
impulse mode are carried out applying fractional
factorial experiment of the type 2" for four
variables: X1 (@), X2 (Im ), X3(T), Xa (CSn/Co)- The
fill factor © is changed through . at constant value
T, = 50 psec, and the average pulse density im ®
was changed through the amplitude density of
current i, The basic concentration of CoSO4.7H-0
for obtaining both low- and high-alloyed plating
was the assumed value 80 g/l. Therefore, when
planning the experiment the ratio of the two metals

in the solution Cswco Was varyed by lowering Csnsoa
in the electrolyte at constant value of Ccosoa.7H20 =
80 g/l

EXPERIMENTAL RESULTS AND DISCUSSION
Chemical content

First of all, using AAA the impact of different
factors (i, T, Ccosos, pH) on the percentage of
cobalt in the low-alloyed plating was studied.

It is seen from the experimental results
presented in Fig. 1 that the percentage of cobalt at
the above values of basic parameters is about
0.01%. Except pH, the increase of ik, Ccosos. 7H20
and T results in increased content of cobalt in the
alloy. It is worth noting, however, that the
temperature is the most influential characteristic
since with increase from 25 °C to 55 °C the
percentage of cobalt increases ten times. The
influence of the rest two characteristics (i,
Ccosoa7H20) is equal and less significant, i.e. for
times increase.

Despite the too low concentration of cobalt, we
believe that it is included in the plating by
electrochemical way. The observed dependencies
can be explained considering the regularities of
electrolytic alloying and the fact that the deposition
potential of cobalt Ei (Co) in this particular case is
more negative than that of tin Ei (Sn), although the
opposite is valid for their corrosion potentials: Ec,
o) = -500 mV; Ec, (sn) =- 670 mV. Based on the
experimental results we can assume that the
increase of temperature has stronger depolarizaton
impact on kinetics of deposition of cobalt than on
kinetics of deposition of tin.

T=25°C i=2 Afdm?
003
0,02
5 4 1
X 0,015 g 2 2
g 001
v o
“ 0,005 - Yoo
0
0 0,5 1 15 2 0
a 5 6
H 2
ik, Afdm oH
0.05 i=1A/dm?
0,04 - 3 01
X 003 o4 4
g w 008
o 002 § 006
0,01 e 0,04
0,02
0
0 40 80 120 160 200 240 15 25 EH] as 55 65
Ccosos. TH20, g/l T°C

Fig. 1. Impact of cathode density of current (1), pH of the medium (2), concentration of CoSO4. 7H0 in the
electrolyte (3) and temperature (4) on the percentage of tin plating low-alloyed with cobalt in presence of KD- 2
with concentration 1ml/I.

164



D. S. Lilova et al.: Chemical and phase content of alloyed tin-cobalt plating deposited in direct-current or impulse modes

Similar but less pronounced is the effect of
increasing the concentration of cobalt, regardless of
its deposition control, as in the range of current
densities studied from 0.4 A/dm? to 1.6 A/dm? the
needed condition for alloying is achieved, i.e. E; sn)
= Eico)

The most probable and most logical explanation
of dependence 2, Fig. 1, is the variation of the
constant of resistance of the complex tin
compounds that is known to be largely dependant
on pH, as the most stable tin compounds are formed
in the range pH = 4t0 4.5.

The data from AAA were fully confirmed after
applying RFA (Fig. 2).

Energy (keV)

Analyte

Concentration Intensity
Co 54 ppm 0,8
Sn 99.99 Wt % 3655.7
a)
Analyte Concentration Intensity
Co 188 ppm 2.2
Sn 99.98 Wt % 2808.1

b)
Fig. 2. RFA of low-alloyed tin-cobalt plating deposited
in presence of KD- 2 at direct (a) and pulse (b) current:
ik =im=1 A/dm? ® = 0,01, 1, = 50 ps; & = S5um

When applying the impulse mode (Fig. 2b) in
the same electrolyte, a significant increase of cobalt
in the alloy (2 times) is achieved without changing
the other conditions. Likewise in DC electrolysis,
that can be explained with the kinetics of processes
but necessarily taking the specifics of non-
stationary electrolysis into account.

Similar studies have been performed for the
high-alloyed plating too, where KSCN of basic
concentration 30 ¢/l is added to the basic
electrolyte composition with pH = 4.5 containing
KD - 2. Comparison of the dependences in Fig. 3
with those of Fig. 1 shows that the regularities of
the process of electrolysis alloying are also
observed in obtaining high-alloyed plating: the
content of metal with more negative electric
deposition potential, i.e. Co, increases with the
increase of cathode density of current, the
temperature and the concentration of CoSO,4. 7H,0
in the electrolyte.

The main differences are in the degree of
involvement of the individual factors. While the
deposition of low-alloyed compounds is mostly
dependent on the temperature, in the other case this
parameter has the most insignificant impact, i.e. the
content of Co increases from 12 % to 15 % while T
varies from 25 °C to 50 °C. As seen in 1, the linear
dependence is maintained until cathode density 2
A/dm2, An important advantage is the fact that in
the intensive mode ix = 2+3 A/dm? recommended
for using in practice, the percentage of cobalt
remains constant, which is a prerequisite for
formation of alloy plating on profile cathodes that
are uniform in composition and properties.

Until 1 A/dm? middle-alloyed Sn-Co plating are
obtained with Co content up to 60 %.

In Table 1 the levels and the ranges of variation
of the individual factors in impulse deposition of
Sn-Co plating are presented.

Table 1. Plan of the experiment for studying the impact
of various factors on the percentage of cobalt in Sn-Co
plating at pulse mode.

Xy Xz X3 X4

@) N T.C Cer/Ce gl
-1 001 -1 05 -1 25 -1 0.5
+1 002 -1 05 -1 25 +1 2
-1 001 +1 3 -1 25 +1 2
+1 0.02 +1 3 -1 25 -1 0.5
-1 001 -1 05 +1 60 +1 2

+1 0.02 -1 05 +1 60 -1 0.5
-1 001 +1 3 +1 60 -1 0.5
+1 0.02 +1 3 +1 60 +1 2

After processing the results, the following
regression equation was obtained:

Y =175+ 0.53. X1 + 0.73. X2 + 0.15. X3— 0.89. Xa (1)

Using equation (1), graphical dependencies (Fig.
4) were built representing the impact of each of the
four factors on the percentage of Co in the plating,
while the rest factors were assumed constant at
basic levels ® = 0,01; in = 2 A/dm?, T = 30 °C;
Csnico = 2.
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Fig. 3. Impact of cathode density of current (1), temperature (2), concentration of CoSOa. 7H.0 in the electrolyte
(3) and concentration of KSCN (4) on the percentage of cobalt in high-alloyed Sn-Co plating.
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Fig. 4. Impact of average current density during pulse deposition (1), fill factor (2), temperature (3), and ratio
between Csi/Cco in the electrolyte (4) upon the percentage of cobalt in high-alloyed Sn-Co plating at pulse mode

of electrolysis.

It turned out that the change of through
variation of 1z practically has no effect. For both
modes of deposition the change of ¥V depending on
CSn/Co is negligibly small (Fig. 36, dependence 3
and Fig. 37, dependence. 4), regardless of the fact
that the ratio CSn/Co is varied in two ways: either
through decrease of concentration of SnSO4 (in
impulse mode), or through increase that of
Co0S04.7H20 (in direct current mode).

The main differences are associated with the
density of current. While in DC deposition its
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variation in the range from 0.5 A/dm2 to 2 A/dm2
results in threefold increase of Y (from 4 to 12 %),
in pulse mode this parameter's effect is less
significant, i.e. 1.07 times (from 20.3 to 21.7 %).
The impact of temperature in the range from 30
°C to 60 °C is commensurate in both modes: ¥
increases 1.2 times from 12 % to 15 % at direct
current, and from 22.4 % to 27 % at pulse current.
The application of pulse current results in almost
double increase of the concentration of cobalt in the
plating that changes insignificantly at normal



D. S. Lilova et al.: Chemical and phase content of alloyed tin-cobalt plating deposited in direct-current or impulse modes

temperature from 20.53 % to 22.4 % at im= 0,53
Aldm?,

The results from RFA of high-alloyed plating
deposited at two different densities of pulse current
are presented in Fig. 5. It is seen that the
concentration of Co determined mathematically
completely coincides with the one read from
dependencies a and b, Fig. 4, which confirms the
adequacy of the derived mathematic equation /1/
again. The observed effect indirectly suggests the
conclusion that the kinetics of processes is radically
changed in the case of pulse deposition. It can be
also assumed that the polarization phenomena
would also affect the kinetics of other parallel
processes, e.g. release of hydrogen, which in turn
leads to a change of pH in the cathode

s
=

Energy (keV)

Analyte Concentration Intensity
Co 21,73 Wt % 2910,6
Sn 78,27 Wt % 2071,4
‘ (@)
Analyte Concentration Intensity
Co 22,49 Wt % 4475,8
Sn 77,51 Wt % 3039,2

(b)
Fig. 5. RFA of high-alloyed Sn-Co plating obtained
applying pulse current of parameters im = 2 A/dm?, (a);
and im = 3 A/dm?, (b).

Phase content

The X-Ray image of low-alloyed Sn-Co alloy
deposited at DC density 1 A/dm? is presented in
Fig. 6.

& — BSn
1004 o —pCe o [211] o B
& — oCo

Intensity. cps
L=
L=}
L
—
=
=
L]

[111]o o301

20 30 40
28. degree

Fig. 6. X-ray analysis of low-alloyed Sn-Co plating
deposited in presence of KD-2; i= 1 A/dm2

The clearly formed five diffraction peaks give
grounds to characterize the plating as such of
marked crystal structure although the insignificant
increase of background in the range from 20.5 to 26
degrees suggests certain amorphousness too. The
three most intensive reflections ® = 22.5, 27.5, and
32.45 correspond to distances between surfaces
equal to 2.01, 1.66 and 1.44 accordingly. These
distances are typical for the B- crystallographic
modification of tin with its typical tetragonal
lattice. There is a pronounced texture effect
observed along [211] and [321], and a less
significant one along [301].

At ® = 37.7 and 22.15 degree, another two
reflection peaks are registered that correspond to
the presence of both phases, as the -phase being
predominant with its characteristic cubic crystal
lattice. Its orientation is along [111] and [220],
while the a-modification (hexagonal crystal lattice)
is orientated along [002] and [110].

Analogical studies were also carried out for
middle- and high-alloyed plating deposited in the
presence of KD-2 and potassium rodanide
composition.

The first essential difference compared to
electro-deposition of low-alloyed alloys is that
there the variation of direct current density strongly
affects the crystal structure and the phase content.
While up to i = 1 A/dm? where middle-alloyed
plating are formed, the alloy has a marked crystal
structure, especially that at i = 1 A/dm? (Fig. 7,
positions a and b), than the alloy is typically
amorphous in a wide range of current densities
from 2 A/dm? to 4 A/dm? (position c).

Existence of the following three phases is
established: fSn (above 80%) and the chemical
compounds CosSh, and CoSnQOs. The orientations
of BSnati=1 A/dm? are along [101] and [211], but
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Fig. 7. X-ray analysis of middle- (a, b) and high-alloyed
(c) with cobalt tin plating at various densities of direct
current:a-0,5;b—1;¢- 2, 3,4 Aldm?,
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at i = 0,5 A/dm? a clear diffraction reflection is
registered along [200] too. The impact of the
parameters of pulse current on the phase content of
high-alloyed plating was studied in more details.

It is clearly seen from the X-ray images
presented in Fig. 8 that at a constant average pulse
density im = 0,5 A/dm?, the change of fill factor ©
(through variation of t;) does not affect the type of
diffractograms and they are completely identical.
The alloy plating have the same crystal structure as
in deposition with direct current although a certain
amorphousness is observed, most probably due to
amorphous tin. In the pulse mode mainly three
phases are registered: p Sn, CosSn, and CoSnOs
that are analogical to those in direct current
deposition. In our understanding, the similarity in
the phase contents of the two modes observed can
be explained with the high frequencies selected
initially (from 0.40 kHz up to 6.67 kHz) that
correspond to those during examination of the
chemical content. As was found during studying the
impact of various factors upon the chemical content
of the Sn-Co plating in pulse mode, the variation of
® through t, does not affect the percentage of tin,
but it increases significantly from 12+14 % to
nearly 22+23 % compared to the direct current
deposition.

[101]6 o BSN
[101] = CoSnOq
2 [211] s CoySn,
. 2
[200]
10 20 30 20
20, degree

Fig. 8. X-ray analysis of high alloyed tin-cobalt plating obtained at pulse current of various fill factors ®: a - ®

=0,5;
direct current of density i = 0,5 A/dm? .
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b-©=0,25c-0=0,01; 1p= 50 psec; im = 0,5 A/dm?; d — middle-alloyed Sn-Co plating obtained at
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Fig. 9. X-ray analysis of high alloyed tin-cobalt plating
obtained at pulse current of different fill factors ©@: a - ®

=0,01; b-©=0,5;1,=>500 psec; im = 0,5 Aldm?,

Therefore, the chemical content is not a
determinant for the phase content in the
electrochemical system studied.

At analogical fill factors ®, however realized at
ten time lower frequencies (from 40 Hz to 670 Hz),
the diffractograms change significantly (Fig. 9),
which means that the impact of ® is substantial in
this case.

The comparison between the diffractograms
indicates that at lower frequencies and equal fill
factors, the plating have less pronounced crystal
structure (having about 3 times higher density), as
the phase content is also changed. Except the three
abovementioned phases, in this case the alloy
contains another compounds between the two
metals, i.e. CoSnz and Co0,SnO4, as reflexes
corresponding to cobalt sulfides CoS and Co.Ss are
also registered. We found out that at frequency 40
Hz and low fill factor ® = 0.01, after insignificant
increase of im through i, (from 0.5 to 0.8 A/dm?),
the alloyed plating obtained have typical
amorphous structure (Fig. 10), while at direct
current this effect is achieved at density about 2
times higher.
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Fig. 10. X-ray analysis of high-alloyed tin-cobalt
plating obtained at pulse current of different
densities: a - im = 0,5 A/dm?; b - in = 0,8 A/dm?; 1, =
500 psec; © =0,01.

CONCLUSION

The impact of various factors on the chemical
and phase contents of alloyed tin-cobalt plating
deposited from fluoride electrolytes containing an
original patented three-component addition in
direct-current and pulse modes is studied. It is
proved that in presence of KD - 2 only, the content
of cobalt in the low-alloyed plating is about 0.01%
at normal temperature and density of direct current
i =1 A/dm?, and in the case of pulse deposition it
increases two times at appropriate parameters of the
pulse current. Through adding KCNS with
concentration 20+30 g/1, low- (up to 6 %) and high-
alloyed (up to 13 %) tin-cobalt plating are obtained
only through variation of cathode density of direct
current. The application of pulse current of
appropriate frequency and fill factor (v =200 Hz, ®
= 0.01) allows deposition of only high-alloyed
plating with twice higher content of cobalt (from 20
to 22 %), in a wide range of densities of current
from 0.5 A/dm? to 3 A/dm?.

The phase content of the deposited low-,
middle- and high alloyed tin-cobalt plating obtained
from fluoride electrolytes is characterized as fully
as possible. It is indicated that the first are
mechanical composition of fSn, BCo, aCo, as their
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XVUMUYEH U ®A30B ChCTAB HA CITJIABHU KAJIAM-KOBAJITOBU ITOKPUTU S
OTJIOXKEHMU ITPU ITOCTOAHHOTOKOB 1 UMITYJICEH PEXUM

M. C. Jlunona, Wn. X. 'amxkos, . JuMuTpoB
Xumuxomexuonozuuen u Memanypeuuen Ynueepcumem — Cogpus, bvneapus, 6yn. Kn. Oxpuocku 8

[ony4ena Ha 22 mapt, 2013; nmpuera Ha 10 ampmu, 2013

(Pesrome)

W3zcnenBaHo € BIUSHHUETO HAa Pa3inIHU (PaKTOPH BBPXY XMUMHYIHHSA U (Pa30B ChCTaB Ha CIUIABHH Kajai-KoOanTOBU
TIOKPpUTHUA, OTJIaraHu € MOCTOAHCH U HUMITYJICEH TOK OT (I)Hyopm{eH CJICKTPOJIUT, ChAbpIKAIl OpUTHHAJIHA, ITATCHTHO
3alUTeHa TPUKOMIIOHEHTHa ao0aBka. Upe3 mpwiarane Ha AAA u PDA e ycTaHOBeHO, 4e B 3aBHUCHMOCT OT
KOMOWHAIMATA Ha TPUTE KOMIIOHEHTA Ha J00aBKaTa MPH MOCTOSHHOTOKOBA €JIEKTPOJIM3a MOTAT Ja Ce OTJIaraT, KaKTo
nuckonerupanu (o 0,01 1. % Co), Taka u cpeano (o 6 T. % Co) u Bucokonerupanu (10 13 1. % Co) Sn-Co nokputus.
[Ipunaranero Ha UMITYJICEH TOK C TOAXOJIAIIN apaMeTpH (decToTa M KOS(UITMEeHT Ha 3aITbJIBAHE) B CHIIUS CIEKTPOIUT
BOJM 10 OTJIATaHETO CaMO Ha BUCOKOJIETHPAHM CIUIaBH C JIBOMHO TMO-BHUCOKO ChIbpkaHue Ha kobant 20 — 22 T. %.
ExcriepuMeHTaTHO TOTYYCHUTE 3aBHCUMOCTH 3a BIHMSHHCTO Ha pa3lNYHU (DaKTOpU BHPXYy XHMHYHH CBCTAaB ca
aZicKBaTHO ONWCaHW, C WU3BeACHW MaremMaTwyHu ypaBHHuHS. Ypes HRD anamm3 BB3MOXKHO HAi-IBIIHO €
oxapaktepu3upaH (pa3oBHs ChCTaB HA OTIATAHUTE HHUCKO, CPEIHO M BUCOKOJICTHPAHU Kallaii-KOOAITOBHU MOKPUTHSL.
Hamepeno e, ye mppBuTe npencraBinsBaT mexannyna cmec ot fSn, BCo, aCo, a Bropure, OcBeH BSn ChABpKAT U
XAMWYHH ChequHeHus oT Buaa — CosSn, u CoSnOs. 3a npbB BT € MOJTyYeHa BUCOKOJIETUPaHa Kallaii-ko0anToBa CIuiaB
¢ THITHYHA aMop(HA CTPYKTypa U MPH BaTa PeXNMa Ha OTJIaTaHe — CTAIIMOHAPEH U HecTanpoHapeH. Vnentupunupana
€ TeKCTypata Ha  permctpupanute  ¢Gasd ¢ XapakTepHUTE 32  TIX  KPUCTAJIHH  PEHICTKH.
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Electrochemical characteristics and structural specifics of carbonaceous electrodes,
modified with micro- and nanodeposits of platinum metals
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For a series of graphite and glassy carbon electrodes, modified with micro- and nanodeposits of (Pd+Pt) and
(Pd+Au) mixtures in varied proportions of the catalytically active components, surface topography of the modified
electrodes has been studied with atomic force microscopy (AFM). It has been established that, catalytic activity of the
modified electrodes in the reduction of H,O, depends on the specific nature and structure of the metal phase,
electrochemicaly deposited on the carbonaceous carrier. Moreover, the specifics of the structure, morphology of the
metal deposits as well as their surface coverage has been shown to dramatically depend on the type of catalytically
active components (nature and ratio of the two metals in the modifying mixture) and the nature of the carbonaceous

matrix (type, porosity and surface condition).

Key words: modified electrodes, nanoparticles, electocatalysis, electroreduction of hydrogen peroxide, AFM studies

INTRODUCTION

The reaction of electroreduction of hydrogen
peroxide is of current significance to modern
electrochemical science and technology [1-5]. The
rate and selectivity of this reaction to a great extent
determine the working basic characteristics of a
series of amperometric biosensors of the first
generation, applied in the selective quantitative
analysis of various analytes in medicine, food
industry, ecology and other spheres.

The rate of the reaction electroreduction of
hydrogen peroxide, as well as its selectivity,
depends on the used electrocatalysts, the best of
which are platinum metals. Due to their high price,
limited availability and insufficient specific
activity, the modern trends in developing
electrocatalysts are connected with reducing their
use to the minimum and, at the same time,
achieving a significant catalytic effect. In
connection with this, these studies are aimed at
developing electrocatalysts on the basis of micro-
and nanosized multi-component systems (binary
and trimetal catalytic phases) [6-21].

Fundamental and applied research in the field of

* To whom all correspondence should be sent:
E-mail: horozova@uni-plovdiv.bg

platinum electrocatalysts shows that their catalytic
activity depends on their nature, on the nature of
their surface layer, on their structure and specific
surface. All these factors can be utilized by
optimizing the conditions and methods for
obtaining them. By choosing a suitable type of
carrier, composition and proportion of the
components in the modifying mixture and the
method of obtaining, new electrocatalysts with an
enhanced catalytic activity and stability can be
obtained.  Such a research method aimed at
obtaining new, inexpensive modified carbon
electrodes for selective reduction of hydrogen
peroxide was applied by us. Based on the
advantages of carbon materials (chemical inertness,
wide working range of potentials, low cost, etc.),
our research in recent years has shown that porous
graphite (porosity of 20 — 25%) and glassy carbon,
electrochemically modified with nano- and
microquantities of mixtures in different proportions
of (Pd + Pt) and (Pd + Au), are effective
electrocatalysts for the reduction of H,O, at low
working potentials — 0 and -50 mV (vs. Ag/AgCl)
[14-21]. The modification of the carbonaceous
materials in the above-mentioned studies was
conducted while modeling the conditions for
obtaining — deposit time of the catalytically active
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phase 10 s and deposit potential of -50 mV (in
relation to a reversible hydrogen electrode). An
inexpensive  method, not requiring costly
equipment, was used to obtain nanosized metal
coating, namely electrodeposition. In all these
publications the prospective application of the
developed peroxide electrodes as a basis for
creating first-generation amperometric biosensors
has been demonstrated, as well. The carbon
materials, thus modified, show the following
positive  characteristics:  presence of  high
electrocatalytic activity in the reduction of H2O- in
a wide range of potentials — from 250 to -250 mV
(vs. Ag/AgCl); simplified procedure of obtaining;
high working stability in a wide pH range;
sufficient electrocatalytic activity for a long period
of time — for over a year, etc.

It is evident from the stated above that the
main way of influencing the electrocatalytic
activity of the electrodes is the choice of suitable
conditions, procedure and method of obtaining. The
improvement of the methods of obtaining
electrocatalysts with the specified properties and
the understanding of the nature of their catalytic
activity require not only electrochemical tests but
also investigation of the structure of their surface
layer.

With reference to this, the aim of this study,
which is a follow-up of our previous studies
referred to above [14-21], is to investigate the
surface  morphology of the modified carbon
electrodes and to compare the structural data with
the results from their electrocatalytic activity in the
target reaction — the reduction of H,O.. On this
basis, the main factors ensuring the increase of the
electrochemical activity and stability of the
obtained modified carbonaceous electrodes are to
be identified.

EXPERIMENTAL

Materials

Two types of inert carbon matrices were used as
carriers:

1. Graphite of the GMZ type with Sgeom = 1.7
cm? and with the following structural
characteristics: specific surface of 0.8 cmig?! ;
density of 1.6 — 1.7 g.cm; porosity of 20 — 25 %.

2. Glassy carbon with Sgeom = 1.35 cm?.

Modification of the electrode surface

The electrochemical modification of the carbon
matrixes with nano- and microgquantities of
mixtures of (Pd + Pt) and (Pd + Au) was performed
as follows: the catalytically active components are
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deposited in a potentiostatic mode E; = 0.05 V (in
relation to a reversible hydrogen electrode) via a
brief electrolysis (10 s) from the following
electrolytes: mixture (Pd + Pt) of 2% PdCl, + 2%
H2PtClg + 0.1 M HCI (in the following proportions
Pd:Pt 50:50; Pd:Pt 70:30; Pd:Pt 90:10, volumetric
parts); mixture (Pd + Au) of 2% PdCl, + 2%
HAuCI; + 0.1 M HCI (in the following proportions
Pd:Au 50:50; Pd:Au 70:30; Pd:Au 90:10,
volumetric parts).

Apparatuses and determining polarization
dependencies

A standard three-electrode glass cell with
separate electrode spaces and a working volume of
11 — 15 cm?®, reference electrode — Ag/AgCl (1M
KCI) and a counter electrode — a platinum wire,
was used for the electrochemical tests. The
electrode sensitivity was determined as the relation
of the stationary current (Is) to the substrate
concentration (C).

For the purpose, the concentration polarization
dependencies of the stationary current are
established: the working electrode — modified
graphite or glassy carbon is placed in the working
space of the electrochemical cell containing 11 ¢cm?
0.1M phosphate-citrate buffer with a pH = 7.0 at
25°C. It is connected to the electrochemical system
comprising the following apparatus modules:
bipotentiostat Bi-PAD (TACUSSEL, France),
generator EG 20 (Elpan, Lubawa, Poland) and a
recording device of the XY type (VEB,
Messapparatewerk; Scholtheim, Germany).

The methods of determining the concentration
polarization dependencies of the stationary current
is described in studies [14-21].

Surface structure of the modified electrodes

Detailed information about the topography of
the modified electrode surface was obtained by
applying the method of atomic-force microscopy
(AFM). The surface structure of the modified
carbonaceous electrodes was investigated using an
atomic-force microscope AFM (Anfatec
Instruments, Germany).

RESULTS AND DISCUSSION

Electrochemical characteristics of the modified
carbonaceous electrodes in the reaction of
electroreduction of H>,O;

The electrochemical reduction of hydrogen
peroxide on the modified carbonaceous -electrodes
proceeds by the following equation:

H,0, +2e +2H" —» 2H,0



The dependence of the current of
electroreduction from the concentration of H,O is
linear, allowing its quantitative determination. The ratio
of the current to the concentration of H,O,, which is
determined from the linear portion of the concentration
polarization curve, gives the sensitivity of the electrode.

The ratio between the components (in
volumetric and molar %) of the electrolyte mixtures
of (Pd + Pt) and of (Pd + Au), used for modifying
the matrixes of graphite and glassy carbon is shown
in Table 1. This table also presents the
electrochemical characteristics (electrode
sensitivity and linearity of the signal) of the
investigated electrodes in the reaction of hydrogen
peroxide electroreduction.

The investigated catalytic systems (Tablel) are
based on the element Pd. Pd is relatively
inexpensive (approximately 2.5 times cheaper than
Pt) and therefore it is a wvery promising
electrocatalyst. The graphite and glassy carbon
modified with nano- and microquantities of pure Pd
are characterized by the following electrochemical
properties in the electroreduction of H.O;: for Pd/C
— electrode sensitivity of 0.56 pA.uM* and linearity
of the signal of up to 500 uM, and for Pd/GC — 0.26
uA.uM* sensitivity and up to 500 uM linearity of
the signal [21].

The increase of the electrocatalytic activity of
Pd was achieved by introducing microquantities of
Pt and of Au in the modifying mixture (Tablel).
The microadditions of 13 molar % of Pt and 18
molar % of Au to the main element in the mixture
(Pd) result in a 1.5 increase of the electrode
sensitivity of graphite modified with a mixture of
(Pd + Pt) (electrode Ne2) and with a mixture of (Pd
+ Au) (electrode Ne5). The addition of 25 molar %
of Pt to Pd doubles the electrode sensitivity of the
graphite modified with a mixture of (Pd + Pt)
(electrode Ne3). The glassy carbon matrix modified
by 6 and 34 molar % of microquantities of Au to Pd
exhibits  electrocatalytic  activity which is
approximately 1.4 times as high as that of electrode
Pd/GC. In the three investigated series of modified
graphite, the microadditions of Pt and Au to Pd in
all molar percentages shown in Table 1 result in an
improvement of the linear range of concentration
dependence of the signal, as compared with
electrodes Pd/C and Pd/GC.

The data provided in Table 1 shows that
modified glassy carbon electrodes (series IlI)
exhibit a lower electrode sensitivity in the
guantitative determination of HO, as compared to
modified graphite. This fact is probably due to the
structural peculiarities of glassy carbon, which is

known to be characterized by an exceptionally
uniform, homogeneous, almost flawless outer
surface. The reasons for the lower activity of this
series of catalysts can be summed up as follows: 1/
substantial reduction of Sra of modified glassy
carbon during the specific processes of re-
crystallization, occurring after the deposition of the
metal phase; 2/ mechanical loss of part of the
deposition; 3/ resistance of the glassy carbon
material.

In conclusion, the modified graphite electrode of
the type Pd:Au (82 molar % : 18 molar %) exhibits
the best electrochemical characteristics among all
the investigated electrodes — it has the highest
sensitivity (0.86 pA.uM™) and the longest linearity
range of the calibration graph (up to 1270 uM).

AFM (atomic-force microscopy) of the surface of
modified carbonaceous electrodes

The surface structure of modified carbonaseous
electrodes was examined by applying the method of
AFM. Fig. 1 shows AFM-images of the surface of
graphite modified with mixtures of (Pd + Pt). It can
be seen that there is a substantial difference in the
relief of the electrode surface depending on the
content of the microaddition of Pt to Pd in the
modifying mixture. When a metal phase (Pd + Pt),
in which the Pt content is at least 4 molar per cent,
is deposited on the graphite, an electrode (Nel) with
the lowest sensitivity (0.22 pA.uM™) is obtained.
The AFM — image of the surface of this catalyst
(Fig. 1a) clearly shows different in size dendrites
(60 — 400 nm), densely populated with unclearly
shaped fine-grained formations.

When the Pt content in the modifying mixture is
increased to 13 molar per cent, the metal phase of
(Pd + Pt) is deposited on the graphite (electrode
Ne2) mainly in the form of metal islands (Fig. 1b).
Fine, parallel plates, forming compact plateau-like,
sharp-edged structures, can clearly be seen in the
said image. In the periphery of these plateaus, there
are fine formations, under 50 nm in size. This type
of metal deposition exhibits the highest electrode
sensitivity — 0.82 pA.uM* of all the electrodes in
series I. When a metal phase (Pd + Pt) with an
even higher Pt content — 25 molar per cent, is
deposited, the surface of the electrocatalyst
(electrode Ne3) is densely strewn with a multitude
of different in size oval formations (20 — 120 nm).
The metal deposition with this structure also shows
a relatively high electrode sensitivity in the
electroreduction of H.0, - 0.62 pA.uM™L
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Table 1. Composition of the electrochemical bath (in volume and molar %), electrode sensitivity (Is/C) and linearity
range of the electrocatalytic electrodes responce at the reduction of H,O3; temperature 25 °C; 0.1M phosphate-citrate
buffer pH = 7.0; E = - 0.05 V(vs.Ag/AgCl, 1M KCI).

Bath composition Electrode Linearity
Electrode No Type of difvi : sensitivity range
- matrix mo Ifylng volume % molar ]J,A].LM-l at M !
components % E=-0.05V n
1 Pd:pt 90:10 96:4 0.22 up to 400
2 graphite (seriés ) 70:30 87:13 0.82 up to 600
3 50:50 75:25 0.62 up to 500
4 Pd:Au 90:10 94:6 0.30 up to 750
5 graphite (seriés 1) 70:30 82:18 0.86 up to 1270
6 50:50 66:34 0.34 up to 840
7 glassy Pd:Au 90:10 94:6 0.35 up to 980
8 carbon (seriés 1) 70:30 82:18 0.19 up to 1020
9 50:50 66:34 0.36 up to 760

g
=

Fig. 1a, 3D
g
=

0.8 um
Fig.1b, 3D
540.6 nm

g
=

Mum] ) 0.8 um
Fig. 1c Fig. 1c, 3D

Fig. 1. AFM images of the surface morphology of modified graphites: a) 96%Pd:4%Pt/C; b) 87%Pd:13%Pt/C; c)
75%Pd:25%Pt/C (ratio of the modifying components in molar %).
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Fig. 2. AFM images of the surface morphology of modified graphites: a) 82%Pd:18%Au/C; b) 66%Pd:34%Au/C (ratio

of the modifying components in molar %).

The AFM — images presented in Fig. 1b and Fig.
1c differ in the size and shape of the insular
formations of the deposited metal phase. On
electrode Ne2 (Fig.1b) they are smaller in size and
have sharper building components — a structure
which probably contributes to the higher activity of
this electrode, as compared to that of electrode Ne3
(Fig.1c).

The microadditions of Au to Pd in the
modifying mixture radically change the surface
morphology of the depositions of (Pd + Au) on the
same graphite carrier (Fig. 2). The topography of
the surface of the graphite thus modified
significantly differs from that of the ones discussed
so far (Fig. 1).

With electrode Ne5, where 18 molar per cent of
Au were added to Pd (Fig. 2a) and electrode Ne6,
where 34 molar per cent of Au were added to Pd
(Fig. 2b), different in size formations are observed
on the surface. These formations are ribbed,

probably as a result of the gradual overlaying of the
metal phase. With electrode Ne5 (Fig. 2a) the
deposition (Pd + Au) is visibly with clusters which
are smaller in size and sharper in shape, both in the
periphery of the islands and in their inner part, as
compared to electrode Ne6 (Fig. 2b). On the basis of
the observations of the structure of electrode Ne5 it
can be concluded that the smaller content of the Au
microaddition (18 molar per cent) to Pd results in
the formation of a structure with the highest
electrocatalytic  activity in the quantitative
determination of H,O, (electrode Ne5 of series 1I is
the most active one — Table 1).

Fig. 3 shows the AFM images of the surface of
depositions of the same modifying mixture (Pd +
Au), but on another carbonaceous matrix — glassy
carbon. With electrode Ne7, in which the Au
addition to Pd is only 6 molar per cent, the image of
the surface is specific and does not resemble any of
the ones discussed so far. Two forms of deposition
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are clearly identifiable (Fig. 3a): light plates tightly
covering the protruding areas of the matrix, and a
multitude of well-shaped grains, approximately and
less than 10 nm in size. Most of these fine grains
are grouped in structures resembling chains,
situated in the grooves of the relief, with an
insignificant number of them clearly separated.

In the deposition of a metal phase (Pd + Au), in
which the Au content is much higher — 34 molar
per cent (electrode Ne9), the surface of the
electrocatalyst (Fig. 3b) is very different from that
in Fig. 2b, which shows the deposition of the same
modifying mixture but on a different carrier —
graphite. With electrode Ne9 the metal phase is
deposited evenly on the glassy carbon, forming
grains of the same type (Fig. 3b). The grains in this
metal formation are less than 50 nm in size, and
vary within relatively narrow range (from 10 to 50
nm).

The comparative examination of Fig. 2b and
Fig. 3b, showing AFM images of metal depositions
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Fig. 3b, 3D
Fig. 3. AFM images of the surface morphology of modified glassy carbon electrodes: a) 94%Pd:6%Au/GC; b)
66%Pd:34%Au/GC (ratio of the modifying components in molar %).

of the same modifying component (Pd + Au) (66
molar %: 34 molar %), but on different carbon
matrixes, proves that the nature of the carbon
material also has a significant effect on the
structure of the deposited active phase. While the
structures observed on the graphite matrix (Fig. 2b)
are ribbed, most probably following the
morphology of the carrier itself, with the glassy
carbon matrix (Fig. 3b) the granular formations are
distinctly shaped and distributed across the whole
visible surface.

CONCLUSION
The presented AFM images of the surface of the
modified  carbonaceous electrodes  provide

sufficient grounds to conclude that the catalytic
activity of the electrocatalysts upon the
electrochemical reduction of H.O. depends both on
the type of the catalytically active modifying
component (nature and ratio between the two
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EJIEKTPOXUMMNYHU XAPAKTEPUCTUKU U CTPYKTYPHU OCOGEHOCTH HA
BBIJIEPOIHU EJIEKTPOAU, MOJUOULTMPAHU C MUKPO- U HAHOOTJIOXXEHU A
OT INTATUHOBU METAJIN

T. M. Jlonesckal, E. I'. Xopososa?, H. JI. Jlumuena®

YVuueepcumem no xpanumennu mexnonoauu, kameopa ,, Heopeanuuna xumus u usuxoxumus “, Inosous 4002
2[Tnoeouscku ynueepcumem ,, laucuii Xunenoapcku “, xkameopa ,, Qusuxoxumus “, Inosoue 4000

Tloctenmna Ha 22 mapt, 2013 r.; Kopurupana Ha 13 mait, 2013 .
(Pestome)

[ToBbpXHOCTHATA TOTMOTpadusi Ha CepUst OT TPAPUTOBH M CTHKJIOBBITICPOJHU CICKTPOIH, MOIUGBHUIUPAHHU C
MHKpO- U HaHooTiokeHus: oT cmecu (Pd + Pt) u (Pd + AuU) B pasnuyHHM CHOTHOIICHHUS HA KATATUTHYHO-aKTHBHHTE
KOMITOHEHTH, Gelle u3cieiBana ¢ aToMHa ciioBa MuUkpockomnus (AFM). YeraHoBH ce, Ye KaTaluTHYHATAa aKTHBHOCT Ha
MOAUGDHUIUPAHUTE EINCKTPOAUTE B peakuusta Ha pexaykuus Ha HpO, 3aBucH OT crnenupuKdTe B OPHPOIATa U
CTpyKTypata Ha MeTanHaTa (a3a, CIEKTPOXHMUYHO OTJIOKCHA BBPXY Bbriaepoguus Hocured. OcobeHocture B
CTpyKTyparta u MOpPGOIOTHsITA HA METAIHHTE OTJIOKCHHUs, KAKTO W CTEIICHTa Ha 3aCelICHOCT Ha eJIEKTPOLHATA
HOBBPXHOCT, C€ OMpPENCIAT OT BHAA Ha KAaTAIUTHYHO-aKTHBHHUTE KOMIIOHCHTH (IPUpPOAA U CHOTHOIICHHE HA BaTa
MeTana B MoAM(HIMpamaTa CMec) M IPUPOJaTa HAa BBIJIEPOAHATA MaTpul@ (TUI, MOPHO3HOCT WU CHCTOSHHC Ha
MOBBPXHOCTTA).
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The work presents a research on the preparation, physical characterisation, and electrochemical activity of bimetallic
platinum-iridium (Pt-Ir) thin films with varying metal ratio as oxygen reduction reaction (ORR) catalysts. The films are
deposited upon gas permeable hydrophobic carbon paper substrates by co-sputtering from Pt and Ir pure metal targets.
To achieve different metal ratios, the sputtering power applied on the iridium target is varied in the range 0 - 100 W at
constant power of the Pt target. The ORR catalytic activity is investigated in 0.5M H,SO4 and proton conductive
polymer electrolyte Nafion. The study reveals that the efficiency of the co-sputtered Pt-Ir catalysts is superior compared
to pure Pt and depends on the sputter regime and alloy composition.

Keywords: oxygen reduction, magnetron sputtering, platinum iridium electrocatalysts, PEM fuel cell

INTRODUCTION

The oxygen reduction reaction (ORR) is the
main source of energy dissipation in the polymer
electrolyte membrane fuel cells (PEFC) [1]. The
best ORR catalyst among the pure metals is Pt but
its performance even at comparatively high
loadings (0.4 mg.cm™) is not fully satisfactory for
PEFC mass production. To improve the ORR
efficiency, catalysts with enhanced activity and
better utilisation at decreased catalytic loadings are
required [2,3]. The stability and durability are also
a serious challenge for the successful PEMFC
commercialisation. Various Pt alloys have shown
improved catalytic activity compared to pure Pt.
Typical examples are the alloys of Pt with
transition metals (Cr, Fe, Co, Ni, Cu, etc.) which
have been studied intensively over the last decades
[4-6]. However, these metals are not stable in acidic
media and can be easily leached out from the alloy,
causing degradation of the catalyst, poisoning of
the polymer electrolyte, and gradual decay in the
fuel cell performance.

The platinum group metals (Au, Pd, Ir, Os, Ru,
Rh) on the other hand, have excellent chemical
stability and are attractive alloying elements
capable to enhance the activity of Pt, at the same

* To whom all correspondence should be sent:
E-mail: ivan.radev@gmail.com

time improving the catalyst durability [7-9]. Among
these metals, iridium is of particular interest since it
shows extremely high stability. The existing
literature data on the catalytic performance of Pt-Ir
alloys are still scarce and refer mainly to Pt-Ir
nanoparticles prepared by wet chemical reduction
or thermal decomposition of metal salts. loroi and
Yasuda investigated unsupported Pt-Ir alloys with
varying Ir-content as oxygen reduction catalysts
[8]. In acidic solutions they observed increase in the
kinetic current density by a factor of about 1.5 for
Pt-Ir samples containing 5-20 wt. % Ir. Similarly,
under PEMFC working conditions, the dependence
between Ir content and the specific current density
showed an enhanced ORR activity at |Ir
concentration in the range 5-20 wt.%. Popov et al.
studied mixtures of unsupported Pt- and Ir-black as
catalysts for unitized regenerative fuel cells [9].
They reported that the Pt-Ir mixed catalyst with 15
wt. % Ir and electrochemical active surface area
comparable to that of Pt-black, showed the highest
round-trip efficiency at various current densities. At
the same time, the fuel cell performance of this
catalytic mixture was very similar to the efficiency
of the Pt-black, despite the fact that Ir is known to
possess lower ORR activity than Pt. In the last
decade there is an increased interest to the method
of magnetron sputtering as an alternative catalysts
preparation technique [10-15]. It can be easily
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adopted for direct incorporation of variety of
catalytic materials into the active PEMFC element
— the membrane electrode assembly (MEA)
[12,13]. The method offers advantages related both
to the optimisation of the catalytic properties and
the assembling of the MEA [14,16]. The surface
structure and morphology of the catalytic film can
be strictly controlled by simple variation of the
process parameters [10,17,18]. Other advantageous
feature of the method is its excellent reproducibility
as well as the possibility to deposit not only pure
metals but also alloys (co-sputtering) and
compounds (reactive sputtering). In a more recent
work an optimal regime for sputtering of low Pt
loaded catalytic films directly on gas diffusion
substrates was found [14]. This paper is focused on
the fabrication of thin bimetallic Pt-Ir films by co-
sputtering from Pt and Ir pure metal targets. The
aim is by varying the power of the applied electrical
field to optimise the composition and morphology
in order to obtain catalysts with high ORR
efficiency at low overall metal loading. Intra-
atomic electronic interactions between both metals,
resulting in increased ORR efficiency are also
expected.

EXPERIMENTAL

The co-sputtered Pt-Ir films were deposited on
commercial gas diffusion electrodes (hydrophobic
carbon paper E-TEK 120/30 WP) over a thin Ti-
adhesion layer [18]. The pressure of the argon
plasma (par), the working distance between the
metal target and the substrate (WD), and the dc
power applied to the Pt target (Pe) were held
constant for each sample (9 Pa, 78 mm, and 100 W,
respectfully). To provide thin Pt-Ir films with
various metal ratio the power of the Ir target (Pi)
was varied in the range between 20 and 100 W.
Further in the text the samples are referred in
accordance to the power of the It target (Pt-1r20
stays for the sample sputtered at P = 100 W and
P|r = 20 W)

The films were characterised by energy
dispersive X-ray spectroscopy (EDX), X-Ray
diffraction (XRD), scanning electron microscopy
(SEM), and X-ray photoelectron spectroscopy
(XPS) [19]. The influence of the Pt-Ir ratio on the
catalytic activity toward oxygen reduction in 0.5 M
H>SO;, electrolyte was studied at room temperature
by cyclic voltametry (CV) and linear sweep
voltammetry (LSV) on rotating disc electrode
(EG&G PARC, Model 616). The experiments were
performed in a three electrode electrochemical cell
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with Pt wire counter electrode and saturated
Ag/AgCIl reference electrode. In the text all
potentials are referred to reference hydrogen
electrode (RHE). The Pt and Pt-Ir catalytic films
deposited on commercial gas diffusion layers
(carbon Toray paper, 30% water proofed, 300 um
thick) were attached mechanically to a glassy
carbon disk electrode, leaving working area of 0.5
cm? exposed to the electrolyte. The CV
measurements were carried out in Ar-saturated
electrolyte. The electrochemical active surface area
(Sa) was calculated via integration of the area under
the  hydrogen  adsorption/desorption  peaks
according a common electrochemical procedure
[2]. The polarisation curves were obtained in
oxygen saturated electrolyte. The activity of the
catalysts was assessed comparing the current
density in the kinetic range of the curves (j at 0.9 V
vs. RHE). Selected samples were integrated in
membrane electrode assemblies using a commercial
Nafion 117 membrane (Alfa Aesar) and tested as
cathodes in a single cell hardware supplied with Pt
hydrogen  reference electrode  (Fuel Cell
Technologies Inc.). The testing conditions were: 80
°C, total pressure of 2.5 atm abs., fully humidified
hydrogen and air. The electrochemical experiments
were performed using Solartron Analytical 1287
Electrochemical  Interface  potentiostat  and
CorrWare™ software.

RESULTS AND DISCUSSION
Structural and morphological characterisation
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Fig. 1. Influence of sputtering power on the content of Ir

in the co-sputtered Pt-Ir films; Cell parameter of Pt-Ir

films as function of Ir content (inset figure).

The iridium content (my, at.%) determined via
EDX is given in Table 1. In the same table are
included the measured catalytic loadings and some
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Table 1. Structural characteristics of Pt-Ir films co-sputtered at various power of Ir target (Pir) on carbon paper; WD =

78 mm; par = 9 Pa; Ppy= 100W.

Ptir leat mi, D111 D200 a
Sample (W] [mg.cm?] [at.%)] [nm] [nm] [A]
Pt 0 0.143 0 11.8 7.7 3.9244
Ptir20 20 0.108 6.8 11.7 8.7 3.9202
Ptir30 30 0.107 10.7 11.0 8.2 3.9167
Ptir40 40 0.118 15.3 10.4 115 3.9100
Ptir50 50 0.110 20.5 9.7 10.7 3.9065
Ptir100 100 0.078 42.5 7.6 7.9 3.8846
Pure Ir 100 0.067 100 6.0 5.0 3.8403

structural data extracted by the XRD analysis. The
established linear dependence between m;: and Py,
(Fig. 1) allows an easy control of the catalyst
composition and loading by simple variation of the
sputtering power and duration of the process. The
results show that although the sputtering time was
kept constant for all samples, their catalytic
loadings (lcar) are not identical. A general trend of
decrease in lcae With the increasing Py is observed.
This is related to the lower deposition rate of Ir
which grows in a more disordered columnar
structure with smaller crystallites compared to Pt
[20]. For this reason the increase in my leads to
formation of layers with higher porosity, more open
structure and lower density.

The effect of Py, on the surface morphology and
film structure the Pt-Ir samples was investigated
using SEM and XRD analysis and these results
have been presented in details elsewhere [17,19].
Briefly, the size of the particles decreases with the
increasing Py, varying varies in the range 20-10
nm, while the increase in Ir content leads to
changes in the crystallites shape and formation of
elongated structures, more clearly seen on the
samples obtained at Py > 30 W. The observed
changes in the morphology are related to the
increasing amount of Ir atoms taking part in the
film growth that compete with the sputtered Pt for
the most favourable surface sites, leading to change
in the preferential plains of the crystal growth and
formation of smaller crystallites with different
crystal habitus. The XRD analysis revealed
displacement of the diffraction peaks with the
increasing my, to higher angles in respect to pure Pt,
indicating a lattice contraction due to the inclusion
of Ir atoms. The increase in m; leads also to
decrease in the cell parameter following a linear
trend (the inset in fig. 1) and in accordance with the
empirical Vegard's law proves a substitution of a
solid solution type [21]. The estimated structural
characteristics of the catalysts are summarized in
Table 1.

The positions of Pt 4f;, and Ir 4f;, peaks (at
bonding energies of 71.2—71.6 eV and 60.6—61 eV,
respectively) derived from XPS spectra [19]
indicated that both components are in metallic
form. With the increase of Ir content a shift of
about 0.3 — 0.4 eV to higher binding energies was
registered for the Pt4f; line. At the same time the
Ir 4f, peak was equally shifted to lower binding.
The observed displacements in the binding energy
of the core-level orbital are related to changes in the
electron density, indicating an intra-atomic charge
transfer [8].

Electrochemical tests
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Fig. 2. RDE polarisation curves of Pt-Ir30 at different
rotation rates; RDE polarisation curves of pure Pt and
selected Pt-Ir films obtained at 1200 rpm (inset figure)

The electrochemical activity of the co-sputtered
Pt-Ir films was investigated using linear sweep
voltametry (LSV) on rotating disk electrode (RDE).
Figure 2 shows the polarisation curves of the Pt-
Ir30 sample obtained at varying rotation rate (w).
The typical regions of kinetic, mixed and diffusion
control of the reaction are well distinguished. The
inset in fig. 2 presents the current-potential curves
of the Pt-Ir films having an enhanced ORR
efficiency compared to the pure Pt at rotation rate
of 1200 rpm. The the oxygen reduction is most
intensive on the Pt-Ir30 catalyst. In order to
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evaluate the catalytic efficiency of each sample, it
is necessary to determine the kinetic current density
(j), to construct the Tafel plots, and using the
equation n = at+b logjk, to calculate the exchange
current density (jo), which is a measure for the
intrinsic catalytic activity.

According to the Levich RDE theory, the overall
disk current (j) is related to the diffusion limited
current (jim), the Kinetic current (ji), and the
reaction order (m) according to eg. (1):

log j = m log(1-j/jiim) + logjk 1)
while, the limiting current density is represented by
eq. (2):

jim = 0.62nFCoDo*3 16 (2),

where n is the number of electrons transferred per
molecule of O, F - the Faraday constant, C, - the
bulk concentration of oxygen, D - its diffusion
coefficient, v - the kinematic viscosity, and @ - the
electrode rotation rate.

The equation (2) is an ideal response of a fast
electron  transfer  processes. For  reactions
proceeding under mixed transport-kinetic control,
the electrode current is described by the modified
Kutecky-Levich equation (3):

1/j = Ujiim + Ljk

According the RDE theory, for fixed
overpotentials the plots 1/j vs. 1/&“? should
generate straight lines with intercepts proportional
to jx and slopes independent on the potential and
proportional to n. The Koutecky-Levich analysis is
broadly used to estimate the kinetic current density

However, it should be noted that Eqg. (3) is valid
only for first order reactions [6,22-24]. In order to
verify its validity for the catalysts under study the
plots of Igj vs. Ig (1-j/jim) for the sputtered Pt (Fig.

(3)
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3 a) and Pt-1r30 (Fig. 3 b) catalytic films were built
at different rotation rates and electrode potentials.
The obtained slopes of the straight lines were
higher than 1 (in the range 1.32-1.45), showing a
deviation of the ORR from the first order kinetics.
The observed deviations in the hydrodynamics of
the studied systems most probably are related to the
highly porous structure of the electrodes. In this
case the Koutecky-Levich analysis is not valid and
the catalytic activity can be compared using the
current density at low overvoltages normalized by
the real surface area of the electrode, Sa [14, 23].
The values of Sa for the Pt-Ir samples (Table 2)
were determined by cyclic voltammetry (Fig. 4)
following the well established experimental
procedure [2]. The Sa of the Pt-Ir sample under
study does not differ significantly as Pt-1r20 and Pt-
Ir30 have slightly higher active surfaces than pure
Pt.

Table 2. Electrochemical data obtained from the cyclic
voltametry curves and the Tafel plots.

Sample jo.ov Sa Tafel slope b
MA.cm?2  CMPrea.CM™2 mV.dec™?
geom
Pt 4.7x10° 22.5 110
Pt-Ir20  7.22 x10° 23.9 102
Pt-Ir30  10.2 x10° 25.5 98
Pt-1r40 5.4 x10° 25.4 108

The data in Table 2 show that the oxygen
reduction is most intensive on the Pt-1r30 catalyst.
Fig. 5 presents the current density js normalised to
the Sa vs. potential in the kinetic range where the
mass transport effects are negligible (0.9V vs.
RHE). The values of the Tafel slope b determined
form these plots are included in Table 2. The lowest
is the slope for the Pt-1r30 sample but in general,
the values for all samples are very close (101-111.
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Fig. 3. Reaction order plots for Pt (a) and Pt-1r30 (b) catalytic films in 0.5M H2SO4 at various electrode potentials
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Fig. 5. Tafel kinetic plots for selected sputtered Pt-Ir
films in 0.5M H2S04

mV.dec?), suggesting that the rate determining step
is the transfer of the first electron to the oxygen
molecule (b =120 mV.dec™). The comparison of all
the results obtained indicates that the bimetallic Pt-
Ir films are more efficient ORR catalysts than the
pure Pt film. With the increase of my, the rate of the
reaction increases, goes through maximum at
concentrations around 11 at.% Ir (for Pt-Ir30 the
increase is by factor of 2.2 compared to Pt), and at
higher m;, decreases again.

While Pt is known to possess the highest ORR
activity among the pure metals, including those
from the Pt group (Pt > Pd > Ir > Rh), numerous
theoretical calculations and experimental data have
shown that various Pt alloys (if properly designed)
demonstrate an improved catalytic behavior
compared to pure Pt [24-26]. The enhanced ORR
activity is related to geometry factors such as
particle size effect and the Pt-Pt nearest neighbour
bond distance and/or electronic factors such as intra
atomic interactions resulting in modification of Pt
electronic structure [27]. The results obtained in
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Fig. 6. ORR polarisation curves in PEMFC presented as
mass activity

this study show that the concentration of Ir
influences strongly the catalytic efficiency of the
sputtered Pt-Ir alloy as both groups of the afore
mentioned factors are involved. The performed
XRD and SEM analysis registered systematic
change in the morphology, particle size, and lattice
parameter with the change of the sputtering power,
respectively with the content of Ir in the sputtered
film. The alloying leads to shrinkage of the metal
lattice and decrease of the Pt-Pt nearest neighbour
distance thus, inducing low energy Pt surface sites
for enhanced oxygen adsorption. At the same time
due to the stronger affinity of Ir to OH adsorption,
the formation of Ir-OH,gs starts at less positive
potentials than the Pt-OH.gs surface coverage (Fig.
4). The earlier formation of Ir-OH coverage and the
steric hindrance between the already adsorbed OH-
groups leave more free active Pt sites for the
adsorption of oxygen. It should be noticed that both
the decrease in the lattice parameter and the
increase of Ir concentration follow a linear trend
with the increasing sputtering power Py, while the
electrochemical measurements proved a superior
catalytic activity for the Pt-Ir30. This most active
catalyst has moderate lattice parameter and Ir
content of ~11 at.%. Obviously, at higher Ir
concentration (m;, >15 at.%) the discussed positive
effects induced by Ir diminish due to the
accompanying decrease of the Pt active surface
sites which in turn, hinders the adsorption of
oxygen and results in lower ORR intensity. The
observed enhanced activity of the Pt-Ir films can be
related also to the electronic interactions between
both metals registered by the XPS analysis [19].
The displacement in the binding energies of Pt 4f7
and Ir 4f;, is a result of changes in the electron
density, indicating an intra-atomic charge transfer
between both metals. In general, the partial electron
transfer in an alloy occurs from the less
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electronegative to the more electronegative
component. The electronegativity values of Pt and
Ir are 2.18 and 2.22 respectively. Therefore, in Pt-Ir
alloy the partial electron transfer should be from Pt
to Ir. This assumption is in agreement with the XPS
analysis where a positive shift in the binding energy
of the core level electrons of Pt atom is observed.
Since the sputtered Ptir films are envisaged for
fuel cell applications Ptlr30, PtIr50 and the pure Pt
were integrated in membrane electrode assemblies
and investigated in laboratory PEMFC. The
obtained polarisation curves are shown in fig. 6
where the current density is normalized to the
catalytic loading and presented as mass activity, jm.
In accordance with the results obtained in sulfuric
acid solution, the performance of MEA with Ptlr30
cathode (mass activity per overvoltage) in the
potentials range 0.75 — 0.5 V vs. RHE exceeds by a
factor of 2 that of MEA with a pure Pt cathode.

CONCLUSIONS

The influence of Ir sputtering power on the film
composition, structure and morphology, and the
ORR electrocatalytic activity were studied in
details. It was found that the increasing power
results in gradual Ir enrichment of the film, leading
to formation of catalysts with higher porosity,
decrease in the particles size, and shrinkage of the
metal lattice. Electronic interactions and intra-
atomic charge transfer between both metals were
also registered. It was shown that these effects
reflect on the catalytic activity of the co-sputtered
films that goes through maximum at |Ir
concentrations in the range 10-15 at.%. The results
obtained give credence to consider the co-sputtered
Ptir films as promising durable cathodes for PEFC
applications capable to offer enhanced ORR
efficiency at relatively low metal loading.
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KATAJIUTUYHA AKTUBHOCT HA Cb-PA3IPALLEHN ®UIMHU OT Pt-Ir CIIPSIMO
PEIVKLIUS HA KUCJIOPO/]
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2 Uncmumym na mamepuanume no enexkmpomexuuxa |, RNTH, Yuusepcumem 6 Aaxen, 52074 Aaxen, I'epmanus
3 Esponeiicka xomucus, Ienepanna oupexyus Coemecmen usciedosamencku yenmup, Uncmumym no
enepeemuka u mparcnopm, PO Box 2, 1755 ZG Ilemen, Xonanous

IMoctenmna Ha 14 sryapu, 2013 r.; npepabotena na 23 mapr, 2013 r.
(Pe3srome)

Hacrosmara cratusi € T1OCBETGHAa Ha NPUTOTBAHE, (U3UKO-XUMHYIHO XapaKTepH3WpaHEe M OLEHKa Ha
€JIEKTPOXMMHUYHATA AKTUBHOCT Ha OMMeTanHu miatuHa-upuauii (Pt-Ir) TeHKYM QuiME ¢ pa3inYHO CHOTHOLICHUE MEXIY
JBaTa MeTajla KaTO KaTaJu3aTOpH CHPSIMO PeAyKIMs Ha KucnopoA. OUiIMHUTE ca OTIIONKEHU BBPXY Ia30-NPOMYCKINBA
xuapodoOu3upaHa BbIVIEPOJHA XapTHS IOCPEICTBOM Ch-pasmnpamBane Ha Pt w Ir merannu mumenu. 3a ga ce
MOCTUTHAT pa3nuuHu Pl-Ir choTHOIICHNS, MOIIHOCTTa Ha pa3lpallBaHe, NPHIOKEHAa BBPXY HpHUIUiieBaTa MUILEHA €
npoMensiHa B auarnazoHa 0 - 100 W npu nocrosiHHa MOIIHOCT Ha IUIaTMHOBaTa MulleHa. EnexTpo-kaTanuTuuHarta
AKTUBHOCT CIIPAMO peIyKIHs Ha Kuciaopon e usciaensana B 0,5 M H2SO4 v poToH mpoBO I TOTUMEPEH €IeKTPOIUT
Nafion. Pesynrature mokaspart, 4e eJIeKTpO-KaTaINTHYHATa aKTHBHOCT Ha Ch-pasnpaimenure Pt-Ir kaTainsaropu e mo-
BHCOKA B CpaBHEHHE C Ta3u Ha Pl ciutHO ce moBnMsABa OT peXXnMa Ha pasIpallBaHe U ChCTaBa Ha CIUIABTA.
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A novel non-carbon gas diffusion layer for PEM water electrolysis anodes
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The work presents a research on the development of novel gas diffusion layer (GDL) suitable for
application in PEM water electrolysis. The traditionally used carbon-based GDL is replaced by GDL
containing sub-stoichiometry Magneli phase titanium oxide. The newly developed GDE is integrated in a
membrane electrode assembly (MEA) containing highly active Pt catalyst and proton conductive polymer
electrolyte membrane. The MEA performance is characterized in a laboratory PEM electrolyser at standard
operative conditions by cyclic voltammetry and steady state polarization techniques. It is found that the new
layer ensures excellent electrical conductivity and has very good stability at high anodic potentials. The
determined morphology factors of the platinum catalyst however, show that further optimization of the
porosity is required in order to improve the water transport to the reactive zone and the catalyst utilization.

Keywords: gas diffusion layer, PEM water electrolysis, Ebonex, membrane electrode assembly

INTRODUCTION

PEM water electrolysis (PEMWE) is an
innovative technology for production of hydrogen,
offering several advantages overall the traditional
methods such as high efficiency, low current losses,
and excellent (more than 99. 99%) purity of the
produced gasses. The usage of polymer proton
conductive membrane as an electrolyte is also very
favorable since it allows the size of the electrolyzer
to be dramatically reduced and avoids hazardous
leakages in the environment. All these advantages
make PEM water electrolysis a very attractive and
highly efficiency technology. The main energy
converting component in the PEMWE is the
membrane electrode assembly (MEA) which
consists of two gas diffusion electrodes separated
by the polymer electrolyte membrane. The gas
diffusion layer (GDL) is an important part of the
gas diffusion electrode, providing the water flow to
the reactant zone where the electrochemical
reactions take place, the removal of the produced
gases (H, and 0O,), and serving as a current
collector. Therefore, the performance of PEMWE
strongly depends on the properties of GDL. It has
to possess a low resistant micro porous structure
and optimal hydrophobisity. The traditional GDLs
broadly used in PEM fuel cells are based on carbon

* To whom all correspondence should be sent:
E-mail: gal.rusev@gmail.com

materials - carbon blacks (mainly XC72), carbon
fibers, nanotubes etc. [1]. In order to provide the
required hydrophobicity, different agents such as
polytetrafluoroethylene (PTFE) [2-4], polyvinyl-
idene fluoride (PVDF) [5], fluorinated ethylene
propylene (FEP) are wused [6-7]. The GDL
preparation includes mixing of carbon with the
hydrophobic agent at optimized ratio, spreading of
the obtained emulsion on an electrically conductive
carrier, drying, and thermal treatment at elevated
temperature to form a homogeneous porous layer.
The commercially available GDLs based on carbon
black XC72 provide excellent electrical
conductivity and highly developed surface area but
are not stable at the operative potentials of PEM
water electrolysis (generally above 1.8 V). At such
high anodic potentials the carbon is easily oxidized
to CO. leading to lose of electrical conductivity,
decrease of the catalyst active surface area, gradual
decomposition of the anode, and degradation of the
whole MEA.

The aim of this work was to develop a new gas
diffusion layer, stable at the high anodic potentials
typical for the oxygen evolution reaction in PEM
water electrolysis. The chosen material for the
replacement of carbon is a nonstoinometric
titanium oxide known under the commercial name

Ebonex® (Atraverda, UK) having excellent
electrical conductivity and high stability to
oxidation.
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EXPERIMENTAL
Catalyst

The novel gas diffusion electrode was prepared
using a commercial product Ebonex® (Atraverda,
UK), which is a mixture of Magneli phase titanium
oxides with common formula TinOzn.1. This
material has unique properties among which an
electrical conductivity closes to that of the metals
(=1.103 S.cm') and corrosion  resistance
approaching that of ceramics both in acid and in
alkaline media [8]. A disadvantage of Ebonex in
view of its application as a GDL is the large size of
the particles (5um) resulting in a low surface area
(4 m2gl). To reduce the particles size, the
commercial product was treated mechanically in a
planetary ball mill for 40 h. The obtained much
finer powder (particle size in the range 40-60 nm)
was mixed with isopropanol and stirred with a
magnetic stirrer at temperature of 60°C until a
homogeneous suspension was formed. After that a
polytetrafluoroethylene emulsion (Teflon®,
DuPont, 0.95g.ml?) was added drop wise to
achieve Ebonex/PTEF ratio 70/30 wt. %. The
obtained paste was spread over a carbon cloth
(DeNORA), dried at 80°C for 30 min and weighted.
The procedure was repeated to obtain a loading of
10 mg.cm?. The next step was sintering at 360°C
for 30 minutes to create the required porous
structure of the layer. To prepare a MEA for PEM
water electrolysis, thus obtained GDL was loaded
with 5 mg.cm? Ebonex-supported Pt catalyst
forming the oxygen evolution electrode (anode)
which is the working electrode under study. The
cathode (hydrogen evolution electrode) was a
commercial electrode with a carbon-based GDL
and Pt/C catalyst (E-TEK, 40 wt. % Pt) with the
same loading. Both electrodes were hot pressed on
a proton conductive polymer electrolyte membrane
Nafion® 117 (DuPont, USA) applying the
laboratory procedure described elsewhere [9]. The
evaluation of the newly developed GDL was
performed by cyclic voltammetry and steady state
polarization techniques in a self made laboratory
cell, consisting of two gas compartments where the
reactions of hydrogen and oxygen evolution take
place, separated by the MEA and a reference
electrode (E-TEK 40 wt. % Pt) situated in the H,
compartment. The electrochemical tests were
performed at 20°C (room temperature) and 80°C
(typical operative temperature for PEMWE).

All electrochemical measurements were carried
out with a commercial Galvanostat/ Potentiosat
POS 2 Bank Electronik, Germany.

RESULTS AND DISCUSSION

In the last years Ebonex has been intensively
studied as an alternative catalyst support [9]. In
addition to the already mentioned unique
properties, namely the high electrical conductivity
and corrosion resistance, this material due to its
hypo-d-electron character is capable to interact with
hyper-d-electron metals such as Pt, Ni, Co etc.
which results in well defined synergetic catalytic
effects [9, 10]. Since the commercial product has
low surface area, usually a mechanical treatment is
necessary in order to reduce the size of the
particles. The exact parameters of this treatment
(gaseous atmosphere, temperature, duration, etc.)
have been optimized to achieve a reliable process
leading to essential decrease in the size of the
particles and a tenfold increase in the surface area,
measured by BET method (from 4 to 40 m2g?).
These effects, highly desirable when Ebonex is
used as catalytic support, are also required for its
application as a replacement of the commonly used
carbon materials in GDLs.

Fig.1 and fig. 2 present the XRD spectra and the
SEM images of the as-obtained and the
mechanically treated Ebonex, respectively. The
results show that the crystallinity of the material
after 40 hours of mechanical activation sustains,
while the size of the particles is visibly reduced.
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Fig. 1. XRD spectra of Ebonex before and after 40 hours
mechanical treatment

Fig. 2. SEM images of Ebonex a). before and b). after 40
hours mechanical treatment
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The Ebonex-based gas diffusion layer was
prepared using the mechanically treated material
mixed with PTFE in accordance with the already
described procedure. A membrane electrode
assembly with an anode (as working electrode),
containing this novel GDL and a cathode (a counter
electrode) with a standard carbon-based GDL, both
having catalytic loading of 0.5 mgPtcm? was
tested in the laboratory PEM electrolysis cell
presented schematically in fig. 3.

Catalysed carbon cloth  PEM Graphite felt

Reference
* electrode

J

02 Ho Foamed Nickel

Fig. 3. Principle scheme of the laboratory PEM water
electrolyser

Fig. 4 presents the cyclic voltammetry curves
recorded in the potential range of water electrolysis
(-0.1 to 1.8V) after different numbers of potential
cycles. All current peaks typical for Pt are well
depicted at the corresponding potentials in the
hydrogen and oxygen ranges. The shape of the
curve is characteristic for an electrode with
comparatively low porosity and a crystalline Pt
catalyst with a prevailing (111) orientation. The
latter has been proven previously by XRD and
SEM analysis [11], while the former can be
explained by the high density and comparatively
low specific surface area of Ebonex (3600 kg.cm?®
and 1-3 m?.g* compared to 264 kg.cm® and 254
m2.g* for carbon black XC72) [8]. The area under
the CV curve and its shape do not change with the
potential cycling (the curves of the 10 and 100™
cycles are identical). At the same time, the anodic
current peak at about 0.7-0.8V related to oxidation
of carbon, that is characteristic for electrodes with
carbon-based GDLs, is not seen on the CV.
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Fig. 4. CV curves of Pt/Ebonex anode with Ebonex-
based GDL after different number of potential cycles in
the range -0,1 to 1,8V, scan rate 100 mV.s* and working
temperature a) 20°C and b) 80°C
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The experimental data demonstrate stable
performance of the anode under study at the applied
aggressive operative conditions — oxygen in
presence of moisture and high temperature.

To investigate the electrode stability at close to
real operative conditions and to verify the
protective properties of the new GDL (expected and
demonstrated by the cyclic voltammetry results),
potentiostatic tests at high anodic potentials of
intensive oxygen evolution were performed. In fig.
5 are compared the anodic polarisation curves
obtained at 1,8 V at room and elevated
temperatures. The current reaches quickly a stable
value and does not change further during the test
duration. The electrode performance at 80°C is
superior due to the lower activation energy of the
process. The inset graph presents the performance
of the electrode for a period of 24 hours at this
typical PEMWE temperature. No changes in the
curve and degradation phenomena both of the
catalyst and GDL are registered, confirming the
stability of thus prepared MEA. On the other hand,
the obtained values of the current density are lower
in comparison to those obtained previously for the
same catalyst deposited on a carbon-supported
GDL [9].
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Fig. 5. Potentiostatic polarization curves of the electrode
under study at different temperatures and test duration

In order to estimate the real active surface
available for the electrochemical reaction of
interest, the morphological factor (f) serving as a
measure for the unusable part of the catalyst was
calculated. The approach firstly suggested by da
Silva [12, 13] is based on a repetitive potential
cycling in the water window potential range (-0.1 to
1,8 V) at varying scan rate (5 - 300 mV.s?)
followed by determination of the anodic current
density (jo) at fixed potential, just before the
beginning of intensive oxygen evolution. The
morphology factor is determined from the
dependence of the current density on the scan rate
(v). The slope of the linear section of the curve at
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low scan rates is a measure for the capacity of the
total active electrode surface (Cy), while the slope at
high cycling rates represents the easily accessible
electrode surface (Cex). The difference between
both values gives the capacity of “internal”, hardly
accessible part of the catalytic film (Cix) and the
ratio Cin/C; determines the morphology factor f.

The obtained experimental data of j, (at potential
of 1,6V) as function of scan rate are illustrated in
fig. 6. There are two well distinguished linear
regions of the curve, suggesting that at high scan
rates part of the electrode surface is not accessible
for the reaction. The calculated value of the
morphology factor is about 0,7. This means that
only about 30% of the Pt in the catalytic layer is
used efficiently. For comparison, the typical
catalyst utilization in MEA with a carbon-based
GDL is more than 60% [14].
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Fig. 6. Dependence of current density ja at 1.6 V on the
scan rate v

The results obtained prove the stability of the
developed Ebonex-based GDL to oxidation at the
conditions of PEM water electrolysis. The low
current density and the calculated values of the
morphology factor however, support the CV data
implying insufficient porosity. To improve further
the properties of this novel GDL, it is necessary to
optimize the process of sintering during which the
porous structure is formed.

CONCLUSION

A new GDL based on Ebonex, suitable for
application in PEMWE was developed. The
research performed proved a stable electrochemical
behavior at high anodic potentials. The new gas
diffusion layer prevents degradation of the anode,
ensuring a reliable work of MEA and long term

10

13

service of the electrolyser. The obtained results
established insufficient porosity of the electrode
which requires further optimisation of GDL
preparation procedure in order to improve the
utilization of catalyst and thus, the efficiency and
cost of electrolysis.
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HOB HECBH/IBPXKAILLl BBIJIEPO]I TA3OAUDY3UOHEH CJION 3A AHOY B I[IEM BOJHA
EJIEKTPOJIM3A

I'. P. bopucos*, A. E. CrostroBa, E. /1. JIepTepona, E. [1. CnaBueBa
Hncmumym 3a Enexmpoxumus u Enepeutinu Cucmemu - bAH,

ya. I'. Bonues 6n. 10, 1113 Cogus, Bvreapus

Tloctenmna Ha 11 stryapu, 2013 r.; npepabotena Ha 30 ronu, 2013 r.

(Pesrome)

Hacrostmata pabora e 6a3mpana Ha pa3paboOTBaHETO Ha WHOBATHBEH Ta30AW(y3MOHHEH CIIOW, IPHIOKHAM BBHB
BOJIHHUTE EICKTPOIM3BOPH C IOJMMEpHA IMPOTOHIPOBOAAIIA MeMOpaHa. TpPaaWIIMOHHO H30MOJ3BAHUTE BBITIEPOIHH
ra30au(y3nOHHN CIIOEBE Ca 3aMCHEHHU ChC CJOeBe, 0a3MpaHM Ha HECTEXCOMETpHUeH THTAaHHEB okcua Magneli ¢aza.
Housr razopudysuonen cioit (I'/IC) e nnterpupan B MemOpaneH enekrpojeH naketr (MEIT), koiTo chabpka BUCOKO
aKTHBEH IIJIATHHOB KaTaJlM3aTop M MOJIMMEpHA IPOTOHNpoBosma MemOpana. MEII e oxapakrepusupan 1abopaTopHO B
I[IEM enexTponu3Ha KJIETKa MOCPEICTBOM METOJMTE Ha LMKIMYHATA BOJITAMEpPUS M Pa3IMYHH IOJSPU3ALUOHHH
TeXHUKH. YcTaHoBeHO e, ye HoBuAT ['JIC uMa J1o0pa eraekTpudecka NpOBOAMMOCT U CTaOMITHO NOBE/ICHHUE MIPU BUCOKHU
aHonHu noteHnuanu. CrolHOcTTa 32 MopdosornyHus (akTop Ha IUIATHHOBHUS KaTajau3aTtop obaye Mokas3Ba, 4e ¢
HeoOXoauMMa TO-HaTaThIIHA ONTHMHU3alUs Ha cTpykrypata Ha ['JIC, ¢ men yBennmuaBaHe Ha IOPHO3HOCTTa My U
CHOTBETHO NMOJOOPSIBAHETO JOCTABKATA HA PEAareHT A0 KaTaJld3aTopa U HErOBOTO IO-ITBJIHO OMOJI30TBOPSBAHE.
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MEA with carbon free Pt-Fe catalysts and gas diffusion layers for application in PEM
water electrolysis
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Mono and bimetallic compositions containing Pt and Pt-Fe supported on Magneli phase titania (Ebonex®) are
integrated in membrane electrode assemblies with novel carbon-free gas diffusion layers and investigated in relation to
their electrocatalytic activity and stability toward the oxygen evolution reaction in PEM water electrolysis. The
investigated Pt-Fe/Ebonex exhibits enhanced efficiency compared to pure Pt with the same catalytic loading due to
formation of surface oxides and electronic hypo hyper-d-electron interactions between the hypo-d metallic components
(Fe and Ti), on one hand and the hyper-d Pt, on the other hand. The utilization of the catalysts is assessed applying a
repetitive potential cycling at varying scan rate to determine the morphology factor f, serving as a measure for the
unusable part of the catalyst. The results obtained show that the part of the Pt-Fe/Ebonex not accessible for the
electrochemical reaction, is less than that for the pure platinum catalyst. The Ebonex-based GDL has a good electrical
conductivity and is more resistant to oxidation than a commercial carbon black GDL which has a positive impact on the
stability of the catalyst, the oxygen electrode, and the MEA.

Keywords: PEM water electrolysis, oxygen evolution reaction, Pt, Fe, Ebonex, GDL

INTRODUCTION

The electrocatalysts play an important role in the
electrochemical energy systems such as hydrogen
generators based on electrolysis of water in
polymer electrolyte membrane (PEM) cells. In this
regard, the development of highly active and
durable catalysts, particularly for the oxygen
evolution reaction (OER) is one of the most
important issues with great impact both on the
efficiency and the cost of PEM water electrolysis
(PEMWE). To date, Pt-based materials are the most
successful PEMWE catalysts employed in the
practice. However, even these expensive and highly
active materials are not capable to accelerate
significantly the naturally sluggish OER Kkinetics.
There are intensive research efforts to reduce or
replace Pt with less expensive metal alloys in form
of nanoparticles [1-5]. One of the main approaches
is the development of composite catalysts with
increased activity through realization of synergetic
effects between the metallic components of the
catalyst and the catalytic substrate. In this way,
partial or total replacement of Pt with cheaper
metals can be achieved without sacrifice of OER
efficiency.

* To whom all correspondence should be sent:
E-mail: antonia.stoyanova@gmail.com

Another successful approach to reduce the cost
of catalysis is the dispersion of the catalytic
nanoparticles on proper supports, ensuring highly
developed active surface and thus, better utilization
of Pt. It is commonly recognized that the supporting
material plays a critical role in both the activity and
durability of the catalyst. Carbon and graphite are
the most widely used catalyst supports, offering
excellent electrical conductivity and large active
surface (up to 200-300 m2.g?). However, the
majority of the C-based supporting materials are
not stable at the aggressive operating conditions of
PEMWE anode (high anodic potentials, moisture,
oxygen, enhanced temperature) which in turn often
leads to gradual degradation of the anode and
severe performance losses [6]. Therefore, in order
to improve durability of PEM water electrolysis
cells, it is necessary to explore novel more stable
alternatives.

The gas diffusion layer (GDL) is another
essential component of the polymer electrolyte
membrane assembly. It distributes the reactant
over the catalyst layer and conducts the electrons
from the reaction sites to the outer electric circuit.
Therefore, the structure of GDL is also essential for
MEA performance.

It has been shown recently that
nonstiocheometry Magnelli phase titania is a good
candidate as catalyst support. Our previous results

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 191
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have demonstrated that the partial substitution of
Ebonex-suported Pt catalyst with Fe increases the
mass activity toward oxygen evolution reaction
(OER) in PEM water electrolysis. The supporting
material of choice is known for its stable behaviour
and good corrosion resistance at the high anodic
potentials of intensive oxygen evolution and its
ability to contribute to the catalytic efficiency via
electronic  interactions with  the  metallic
components (the so called strong metal support
interaction, SMSI) [7]. However, since these
composite Ebonex-supported catalysts were spread
onto carbon GDL, gradual degradation of the anode
in the course of electrolysis was observed [8]. The
objective of this work is to investigate the
efficiency and reliability of Pt-Fe/Ebonex as anode
catalyst integrated in MEA with a novel carbon-free
GDL, prepared by mixing Ebonex powder with a
hydrophobic agent polytetrafluoroethylene (PTFE,
Teflon®).

EXPERIMENTAL

The synthesis of the chosen composite
catalysts consisted in direct selective grafting of the
metals from acetilacetonate precursors
(M((CsH702)n)m or M-acac (M = Pt, Fe). The
substrate used was a commercial Ebonex powder
(non-stoichiometri titanium oxide with common
formula Ti,Ozn.1) With average particle size 5 pm.
Before synthesis it was subjected to mechanical
treatment in a planetary ball mill for 40h, resulting
in reduced particle size and increased surface. The
metallic part in each of the catalysts was 20 wt. %
while the Pt:Fe weight ratio in the precursors was
1:1. The preparation procedure included two steps.
The first one was the pretreatment of the support
and the precursors using magnetic stirrer and
ultrasonic bath, their mixing and heating at
temperature 60°C until a fine gel was obtained. In
the second step of the synthesis, the mixture was
heated in inert atmosphere at temperature at 200 °C
(for Pt/Ebonex) and 250°C (for Pt-Fe/Ebonex. The
reduction atmosphere was 100% H, and 95% Ar +
5% H,, respectively.

The composition, morphology and surface
structure of the prepared materials were studied by
bulk and surface analysis, such as EDX, XRD, and
SEM. The catalysts composition was examined by
energy-dispersive X-ray spectroscopy (EDX) as a
part of scanning electron microscope appliance.
XRD  spectra were recorded by X-ray
diffractometer Philips APD15. The diffraction data
were collected at a constant rate of 0.02 °.s™ over an
angle range of 20 = 10 — 90 degrees. The size of Pt
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crystallites was determined by Scherrer equation
[9]. The morphology and surface structure were
studied by scanning electron microscopy (SEM)
using a ZEISS GEMINI 982 microscope with an
acceleration voltage 10 kV.

The electrochemical tests were performed on
membrane electrode assemblies (MEAs) with a
commercial polymer membrane Nafion 117 (Alfa
Aesar), as an electrolyte. MEA was prepared by hot
pressing of the electrodes for hydrogen and oxygen
evolution on both sides of the membrane using a
5% Nafion solution as a binder. The electrodes with
geometric area of 0.5 cm? had a double layered
structure, consisting of a hydrophobic backing layer
(GDL) and an active catalytic one. The synthesized
Ebonex-supported catalysts were used to prepare
the electrode for the oxygen evolution reaction
(OER). A commercial E-TEK catalyst containing
20% Pt on carbon support was used for the
reference (RE) and the hydrogen (HE) electrodes.

The catalytic layers were spread upon the
backing one as an ink (catalyst particles mixed with
diluted Nafion ionomer) at several steps as after
each one the electrode was dried for 30 min at
80°C. The procedure was repeated until a metal
loading of 0.5 mg.cm® was reached. The gas
diffusion layer for the anode was prepared mixing
Ebonex with 30 wt.% Teflon emulsion as
described elsewhere [10].

The performance characteristics of the prepared
MEA were investigated in a self made laboratory
PEM electrolytic cell, consisting of two gas
compartments where hydrogen and oxygen
evolution take place, separated by the membrane
electrode assembly under study. A reference
electrode was situated in the hydrogen evolution
compartment. The catalytic activity of the prepared
catalysts was studied using the techniques of
cyclovoltammetry and steady state polarization at

temperatures of 209C and 800C. All
electrochemical measurements were carried out
with a commercial Galvanostat/Potentiosat POS 2
Bank Electronik, Germany.

RESULTS AND DISCUSSION

The XRD spectra of the synthesized Pt/Ebonex and
Pt-Fe/Ebonex catalysts are presented in Figure 1.
For easier phase identification the spectrum of the
Ebonex support is also included. In all spectra the
characteristic peaks of the Magneli phase titanium
oxide are registered. The typical fcc Pt peaks that
appear on the spectrum of the pure Pt/Ebonex shift
significantly to higher diffraction angles with Fe
addition. The new positions are closer to the PtM3
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crystal phases than to PtM (M=Fe) [11]. The cell
parameter decreases from 3.916 A for Pt/Ebonex to
3.769 A for Pt-Fe/Ebonex (Table 1).

Table 1. Calculated Pt crystallite size and cell
parameters

Sample Pt/Ebonex  Pt-Fe/Ebonex
Crystallite size D111, nm 14 6
Pt cell parameter, A 3.916 3.769

The results indicate that most of Fe atoms are
incorporated in the Pt crystal cell. Additionally,
Fes0s phase is also identified.

(111)
* e (ST

——PHEBONEX
& Pt

(200)
(220) 311
* (311)

swess EBOBEX
| PtFe/EBONEX
IL © Pty Fey (0.5<x<0.75)
:
Ul o Fe0,

Intensity, arb. units

20
26/degrees

Fig.1. XPD spectra of the composite catalysts

SEM images of the investigated catalysts are
presented in Figure 2. It can be seen that the
catalytic particles are uniformly distributed on the
Ebonex- surface. There is a correlation between the
results of the XRD spectra and SEM images. For
Pt/Ebonex (Fig. 2a) the size of Pt- particles is larger
than this of Pt-Fe (Fig. 2b). Moreover Pt-Fe
particles are less contrast due to the presence of
Fes0,4 phase of the surface.
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Fig. 2. SEM images of the composite catalysts:
(a) Pt/Ebonex; (b) Pt-Fe/Ebonex

The composition of the synthesized materials
was determined by EDX analysis and is presented
in Table 2.

Table 2. EDX data for Pt/Ebonex and Pt-Fe/Ebonex

Catalyst Pt/Ebonex Pt-Fe/Ebonex
Weight  Atomic . .
Element % % Weight %  Atomic %
Ti 76.8 94.6 81.7 88.3
Pt 23.2 53 8.0 2.2
Fe - - 10.3 9.5

The determined Pt:Ti ratio in Pt/Ebonex is
0.23:0.77. The metallic part in Pt-Fe/Ebonex (Pt
and Fe) is around 18 wt. % and the ratio between
both metals is Pt:Fe<0.8:1, i.e. almost identical to
the ratio of both metals in the precursors. The
cyclovoltammetry tests at temperature of 20°C were
performed to obtain a qualitative information about
the nature of the processes occurring on the catalyst
surface (Fig.3).
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Fig.3. CV curves of Pt/Ebonex and Pt-Fe/Ebonex at
20°C and 100 mV.s*

On the CV curve of Pt/Ebonex all current peaks
typical for Pt are well represented at the
corresponding potentials in the hydrogen and
oxygen regions. The shape of the curve is
characteristic for an electrode with comparatively
low porosity and a crystalline Pt catalyst with a
prevailing (111) orientation [10]. At the same time,
the characteristic anodic current peak at about 0.7-
0.8V which almost always presents on CVs of
electrodes with carbon-based GDLs does not
appear in this case. The CV of the Pt-Fe/Ebonex
shows two nearly reversible anodic and cathodic
peaks situated in the potential range 0.75 — 0.80 V.
These peaks are prescribed to the redox Fe®'/ Fe?
transition. Their existence corresponds well with
the results from XRD and the previously published
XPS analysis [8], indicating an existence of FesO4
phase.

One of the goals in this study was to estimate the
real active surface area of the anode when the
conventional carbon based GDL in the MEA is
replaced by GDL consisting of Magnelli phase
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titanium. This was done determining the value of
morphological factor (f) which is a measure for the
unusable part of the catalyst. The approach, firstly
suggested by de Silva is based on a repetitive
potential cycling in the water window potential
range (0 - 1.8 V) at varying scanning rate (5 —
300 mV.s?), followed by determination of the
anodic current density (jo) at fixed potential, just
before the beginning of intensive oxygen evolution
[12]. Fig 4 presents the jJ/v plot of both catalysts.
As seen, there are two linear sections with different
slopes at low and high potential scan rates. This is
an indication that at high rates, respectively at the
high operative overvoltages, part of the catalytic
loading is not used for the electrochemical reaction
of interest. The determined morphological factors
are 0.725 for Pt/Ebonex and 0.570 for Pt-
Fe/Ebonex. These values are significantly higher
than those for Pt/Ebonex catalyst integrated in
MEA with GDL containing carbon black Vulcan
XC72 [13]. The corresponding utilization of
platinum in Pt/Ebonex is only about 30%, while the
morphological factor for the bi-metallic catalyst
indicates a slightly better utilization. The results
can be explained with the low surface area of the
catalysts, spread on GDL with insufficient porosity.
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Fig. 4. Dependence of current density j. at 1.6 V on the

potential scan rate v

Figure 5 shows the results obtained form
polarization experiments carried out at the typical
PEMWE working temperature of 80°C. It should be
noted that the content of Pt in the bimetallic Pt-
Fe/Ebonex is essentially reduced compared to pure
Pt/Ebonex, leading to much lower noble metal
loading. That is way, for better comparison the
anodic current of the oxygen evolution reaction was
normalised relative to the Pt content and presented
as mass activity, jm /mA.mge; .
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Fig. 5. Polarization curves of Pt/Ebonex and Pt-
Fe/Ebonex at 80°C and scan rate 1 mV.s'1

The polarization curves demonstrate an enhanced
efficiency of the binary Pt-Fe/Ebonex. It can be
seen that the OER on the bimetallic Ebonex-
supported catalyst starts at lower potentials
compared to pure Pt. Similarly, an improved
efficiency of OER in presence of Pt-Fe/Ebonex was
found previously when these catalysts were
integrated in MEA with carbon-based GDL. The
effect was prescribed to occurrence of hypo-hyper-
d-electron interaction between Pt and Fe, leading to
changes in the electron density of Pt d-orbital [8].
The data in Table 1 show that in the recent case,
structural effects and geometry factors (smaller
particle size, respectively the higher active surface
area available for the electrochemical reaction) also
contribute to the increased efficiency of Pt-
Fe/Ebonex. An additional positive effect of the
second metallic component, related to the cost of
catalysis, is the nearly double reduction of Pt-
loading.
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Fig. 6. Potentiostatic polarization curves obtained at
1.8V and 80°C

Having in mind the stable behaviour and good
corrosion resistance of Ebonex at the high anodic
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potentials of intensive oxygen evolution it was to
be expected that the replacement of carbon in the
GDL with Ebonex should increase additionally the
anode stability and thus, the MEA durability. In the
research presented herein, this effect was verified.
It is illustrated in Fig. 6, presenting durability tests
of anodes with identical catalytic layers spread on
different (carbon- and Ebonex-based) GDLs.

The results confirm the suitability of Ebonex as
a reliable electrode material at aggressive operative
conditions of intensive oxygen evolution, moisture,
and high temperature. This conductive oxide is not
only an attractive alternative of carbon as catalytic
support but can be also considered as a promising
material for fabrication of gas diffusion layers with
specific application in PEMWE.

CONCLUSIONS

The bimetallic Pt-Fe catalyst dispersed on
mechanically treated Ebonex support and integrated
in anode with a carbon-free GDL possess higher
mass activity toward oxygen evolution in PEM
water electrolysis than pure Pt, resulting from
realization of electronic interactions between the
components of the catalyst and geometry factors
related to the size of the catalyst crystallites, the
increased active surface, and the improved catalyst
utilization. A realization of synergetic effect as a
result of hypo-hyper-d-electronic interactions
between the catalyst and the support, which further
increases the OER efficiency, is also assumed. The
used newly developed Ebonex-based GDL is
resistant to oxidation and degradation phenomena
which has an additional positive impact on the
stability of the anode and durability of the MEA
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MEIT C HECbABbPXKAIIU BBIJIEPO/J] Pt-Fe KATAJIM3ATOP Y1 '”A30IN®Y3UOHEH
CJIOU 3A IITEM BOIHA EJIEKTPOJIM3A

A. E. CrosnoBa*, I'. P. bopucos, E. JI. Jlepteposa, E.Il. CraBueBa
Hncemumym 3a enexmpoxumust u enepeutinu cucmemu - BAH, yn. Axao. I'. Bonues 0. 10, 1113 Cogpusa, bvreapus
Ioctenuna Ha 10 centemepu 2012 r.; Kopurupana na 15 noemspu, 2012 1.

(Pesrome)

MoHo- n OmMeTalHH KOMIO3WIuH, chabpkamm Pt m Pt-Fe Bepxy Hocuren EGoHekc ca wHTerpupanu B
MeMOpanHu enekTpoanu naketu (MEIT) ¢ HOB, HeChABpIKaI BBIIIepoa razonudy3noHeH cioid. M3cnenBanu ca TAXHATa
€JIEKTPOKATATUTHYHA aKTUBHOCT W CTaOMIIHOCT IO OTHOIICHHE Ha peakIysaTa Ha OTAeIsIHe Ha Kuciopos B IIEM BoxHa
enektpoiusa. Cunresupanure Pt-Fe/Ebonex karamuzatopu nmokas3paT yBelmdeHa eEKTHBHOCT B CpaBHEHHE C YHCTaTa
Pt mpu e1HO W CHLIO KATATUTHYHO HATOBApBaHE, IBIDKAIIY ce Ha popMHUpaHe Ha HOBBPXHOCTHHU okcuau u hypo hyper-
d-exexTpoHHHM B3ammozeiicTBus Mexay hypo-d merannure xomnonentu (Fe u Ti) ot emna crpana u hyper-d Pt or
Ipyra. 3a OlleHKa Ha M3MOJI3BaEMOCTTa Ha KaTajlu3aropa € u3ducieH Mopdosorndnus My ¢dakrop (f) upe3 cuemane Ha
LIUKJIMYHE KPHUBU B €HAa M ChIIAa IOTEHIMANHAa O0JIaCT NPH Pa3IMYHM CKOPOCTH Ha CKaHWpaHEe Ha IOTEHIHana.
Pesynrarurte moka3BaT, e HEJIOCTBITHATA 32 EJICKTPOIHATA PeaKis MOBBPXHOCT 3a Pt-Fe/Ebonex e mo-maska ot tasu
3a Karanm3aTopa, ChIbpXKAll 4YuWcTa IulaThHa. [a3zomudy3moHHUAT crnoi, Oasupan Ha EOoHekc, mma mo0pa
€JIEKTPOTIPOBOANMOCT M € IO-yCTOWYMB KBM OKHCICHHE CHPSMO KOMEPCHAJHHA, CHABPKAIl BBIJICH, KOETO BIIHSIE
MIOJIOKUTETTHO BBPXY CTA0OMITHOCTTA HAa KaTalIu3aropa, Kuciopoauus enextpoa u MEIL.
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Electropolymerization of poly(3,4-ethylenedioxythiophene) layers in the presence of
different dopants and their effect on the polymer electrocatalytic properties.
Oxidation of ascorbic acid and dopamine
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Received June 12, 2013; revised June 25, 2013

Electrochemical synthesis of poly(3,4-ethylenedioxythiophene) (PEDOT) is carried out in four different
polymerization solutions. Three sulfonate-based dopants, i.e. dodecylsulfonate (SDS), polysterensulfonate (PSS) and
poly(acrilamidopropane-sulfonate) (PAMPS), as well as the non-ionic surfactant polyoxyethylene-10-laurylether (PLE)
in combination with LiClO4 are used to obtain the polymer layers. The electrocatalytic performance of the four types of
PEDOT-coated electrodes is investigated with respect to ascorbic acid (AA) and dopamine (DA) oxidation in phosphate
buffer solution. It is found that the PEDOT/PLE layers are most suitable for the oxidation of ascorbate anions whereas
the PEDOT/PSS-coated electrodes are most appropriate for the oxidation of the positively charged dopamine species.
These results are commented in terms of possible hydrophobic/hydrophilic and/or electrostatic interactions occurring
between the analyte molecules and the anion-doped PEDOT surface.

Keywords: PEDOT, ascorbic acid, dopamine, polyanions

INTRODUCTION

Conducting polymers are often studied for
electrocatalytic applications due to their intrinsic
redox activity that supports the catalytic reactions.
In the recent years a great number of studies were
devoted to the involvement of conducting polymers
in electroanalytic measurements for the detection of
a variety of bioactive molecules that take part in the
human metabolism, e.g. ascorbic and uric acids,
glucose, neurotransmitters, drugs [1-4].

Poly(3,4-ethylenedioxythiophene)
(PEDOT) is a conducting polymer with high
electrochemical stability in aqueous solutions
preserving its electrochemical redox activity in a
large pH range [5,6]. For that reason it is most
suitable for electroanalytical applications under
physiological conditions and more specifically for
the oxidation of bioactive compounds, e.g.
dopamine (DA), ascorbic acid (AA), nicotinamide
adenine dinucleotide, paracetamol, morphine etc.
[3.4].

In general, the electrochemical and
morphological properties of conducting polymer-
coated electrodes depend on the electrochemical
procedure for polymerization and the composition
of the polymerization solutions [5,6]. The anions
available in the electrolyte play a specific role and
act as doping agents compensating the positive

* To whom all correspondence should be sent:
E-mail: tsakova@ipc.bas.bg

electrical charge arising along the polymer chains
in the course of their formation. They become
incorporated and eventually immobilized in the
polymer layer and specify to a great extent the
morphology of the layer and the ionic exchange in
the course of electrochemical redox transition.
There are several papers exploring these effects in
the case of PEDOT [7-12].

Most of the papers on the electrocatalytic
activity and electroanalytic properties of PEDOT
do not address the role of the dopant used during
synthesis. The PEDOT layers are synthesized in a
given environment (most frequently in the presence
of polysterenesulfonate, PSS) and ho comparison is
drawn between polymer layers obtained in the
presence of various dopants.

In our former investigations we have
demonstrated that PEDOT layers modified with
copper crystalline species present sensitive
electrode materials for the determination of DA (in
the nanomolar concentration range) in the presence
of excess (millimolar concentration) of AA [13,14].
The PEDOT layers were synthesized in the
presence of inorganic perchlorate anions and the
non-ionic surfactant PLE that is necessary to
increase the solubility of the EDOT monomers in
the polymerization solution [15, 16]. In the present
study the synthesis of PEDOT is carried out in the
presence of four different dopants — perchlorate
anions combined with bulky anions, i.e. PSS,
sodium dodecylsulfate (SDS) or poly(acrylamido-
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propane-sulfonate) (PAMPS) and the non-ionic
surfactant polyoxyethylene-10-laurylether (PLE) in
the presence of perchlorate anions.

The aim of the present investigation is to reveal
the role of the doping agent and the thickness of the
PEDOT layers for their electrocatalytic properties
with respect to the electrooxidation of AA and DA.
These two compounds are chosen not only for their
practical importance in the electroanalysis of blood
and urine but also due to the opposite charge of the
corresponding species when dissolved in aqueous
solution. It is expected that the surface of the
PEDOT layers obtained in the presence of various
dopants will have a different amount and type of
surface charging. Thus charge selective interaction
between the two oppositely charged analyte species
and the charge-carrying surface of the PEDOT
layers is expected to take place [17].

EXPERIMENTAL

All  electrochemical measurements  were
performed in a three-electrode set-up consisting of
a glassy carbon electrode with surface area S = 0.08
cm?, a platinum plate counter electrode and a
mercury/mercury  sulfate  (Hg/Hg.SO40.5 M
K2S04) reference electrode. All potentials in the
text are referred to the saturated mercury sulfate
electrode (MSE) (Emse = 0.66 V vs. standard
hydrogen electrode). All solutions were de-aerated
with argon before the onset of the electrochemical
measurements. The electrochemical measurements
were carried out by means of a computer driven
potentiostat/galvanostat (Autolab PGSTAT 12,
Ecochemie, The Netherlands).

Each experiment consisted of several steps
occurring consecutively in four electrochemical
cells:

1. Electrochemical polymerization of EDOT
was carried out in four different aqueous solutions
consisting of 10 mM EDOT, 0.5 M LiClO4 and 34
mM anionic dopant (PSS, PAMPSA or SDS) or
non-ionic surfactant (PLE). Polymerization of
EDOT occurred at constant anodic potential, E. =
0.37 V, for different times. PEDOT layers with four
different polymerization charges (1, 2, 4 and 8 mC)
were used in this study. The polymerization charge
is expected to be proportional to the polymer layer
thickness with a 240 mC c¢cm? per 1 pm ratio
commonly used to estimate roughly the PEDOT
thickness.

2. After synthesis the polymer coated electrodes
were transferred in supporting electrolyte (0.5 M
LiClO4) to measure their voltammetric behaviour.

3. Voltammetric measurements in phosphate
buffer solution (PBS), consisting of 0.1 M K;HPO,
and 0.1 M KHxPO., (pH = 7.0), were carried out for
all PEDOT-coated electrodes in the absence of
analytes in the buffer solution. These reference
measurements were necessary for assessing the
contribution of the current due to the intrinsic
electroactivity of the PEDOT in the buffer solution.
The scan rate used in these experiments was 20 mV
st

4. Voltammetry in the presence of 1 mM DA or
1 mM AA was carried out in PBS for all
synthesized PEDOT layers. The scan rate used for
the voltammetric measurements was 20 mV s

RESULTS AND DISCUSSION

Formation of PEDOT layers in the different
polymerization solutions

PEDOT layers  with  four  different
polymerization charges were synthesized in each
polymerization solution containing one of the four
different dopants (PSS, SDS, PAMPS or PLE).
Although the concentration of the EDOT
monomers in all solutions was one and the same the
polymerization rate was found to depend
significantly on the type of the available dopants

(Fig.1).
25 4
PLE
20
< 15 PSS
>
2 10
= SDS
" PAMPS
0 L L] L) L]
0 500 1000 1500 2000

t [s]
Fig. 1. Current transients obtained in the course of
potentiostatic polymerization of EDOT at E=0.34 V in
the presence of different dopants.

The time necessary to obtain layers with one and
the same polymerization charge (e.g. 8 mC) varied
between 440 s (for the PLE solution) and 2200 s
(for the PAMPS solution). Intermediate times were
found for polymerization in the two remaining
solutions — 750 s and 1730 s for PSS and SDS,
respectively. Various factors, e.g.
hydrophobic/hydrophilic interactions, extent of
deprotonation (for PSS and PAMPS) and
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competitive doping due to the available large
excess of perchlorate ions in all four polymerization
solutions may affect the rate of polymer formation.
In fact the anions available in the polymerization
solution provide the necessary negative charge
compensation of the positively charged PEDOT
chains arising in the course of polymer synthesis. It
is obvious that the non-ionic surfactant PLE does
not take place in the charge compensation process
and thus the perchlorate ions that are small and
mobile (in comparison to the remaining anions used
in this study) are the only source for charge
compensation in the PLE containing solution. It
was suggested that at the concentrations of PLE
used in the polymerization solution the surfactant
builds micelles that play the role of reservoirs for
the EDOT molecules and deliver the monomer at
the electrode surface without interfering with the
growth of the polymer chains [16]. The presence of
bulky anions with hydrophobic tails (e.g. SDS) or
polyanions (e.g. PAMPS and PSS) together with a
large excess of perchlorate anions in the course of
polymer synthesis provides a more complicated
situation. Bearing in mind that the general trend of
the polymerization curves (Fig. 1) remains one and
the same for PLE and PSS solutions it could be
argued that PSS does not significantly affect the
polymerization process in comparison to SDS and
PAMPS. The delayed polymerization observed in
SDS and PAMPS solutions shows a marked
influence of these two dopants on the polymer layer
formation. It could be expected that partial doping
with these bulky anions occurs but the bulky
hydrophobic parts of the anionic species present at
the polymer surface impede the growth of the
already existing polymer chains.

Oxidation of ascorbic acid

In neutral solutions ascorbic acid exists as a
monodepronated ascorbate anion. The oxidation of
these species proceeds in two consecutive steps
through the following reactions [3]:

o o o}
oH ° OH
OH
o ‘ 0] o]
-H* -2e” H,0 OH
—— o) —
o” o}
% Ho %
BH OH Ho

L-ascorbate

HO’

dehydro-L-ascorbic acid 2 3-diketogluconic acid

Figure 2 shows voltammetric curves measured
in PBS with and without ascorbic acid by using
four PEDOT-coated electrodes. The PEDOT layers
are obtained in the SDS-containing solution for
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different times and have different polymerization
charges. The grey lines denote the intrinsic
pseudocapacitive currents of the polymer layers
that are due to the charging of the individual
polymer chains within the layers and increase with
increasing the amount of deposited polymer. A
small difference in the intrinsic capacitive currents
(grey lines in Fig.2) is observed for the layers with
1 and 2 mC polymerization charge indicating very
probably the packing of the initially formed
polymer structure. A further increase in the
polymerization charge (from 2 to 4 and to 8 mC)
results in a proportional increase of the intrinsic
pseudocapacitive currents pointing to an increase of
the internal polymer surface proportional to the
amount of deposited PEDOT. Thus a preservation
of the polymer structure should be assumed at the
advanced stages of polymer growth.

104

10 . . r .
0,6 0,4 0,2 0,0
E vs MSE [V]

Fig. 2. Voltammetric curves measured in the presence
(full lines) and the absence (grey lines) of 1 mM AA in
PBS wusing PEDOT/SDS layers with different

polymerization charges: 1, 2, 4 and 8 mC.

The measurement carried out in the presence of
ascorbic acid (full lines in Fig.2) show the
appearance of an oxidation peak at about -0.42 V.
The peak is irreversible as the electrochemical step
of ascorbate oxidation is followed by a fast
chemical step resulting in the formation of
electrochemically inactive species. It is obvious
that the intrinsic currents of the PEDOT layers have
a significant contribution to the measured oxidation
peaks. In order to obtain the peak currents due to
AA oxidation alone the voltammetric curve of each
PEDOT layer, measured in PBS (without AA), is
subtracted from the corresponding curve obtained
in the presence of the analyte. The resulting
voltammetric curves (Fig. 3) show that with
increasing amount of deposited polymer the AA
oxidation peak decreases.
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Fig. 3. Voltammetric curves of AA oxidation obtained
after subtraction of the curves measured in PBS alone at
PEDOT/SDS layers with different polymerization
charges: 1, 2, 4 and 8 mC.

Similar measurements were carried out with
PEDOT layers synthesized in the three remaining
polymerization solutions containing PLE, PSS or
PAMPS. The results for the AA oxidation currents,
after subtraction of the corresponding PEDOT-
related capacitive components, are represented in

Fig. 4.
8 PLE
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6 "~a—"
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Fig. 4. Data for the AA oxidation currents obtained with
PEDOT layers synthesized in different polymerization
solutions at various amounts of the deposited polymer.

The polymer layers synthesized in the presence
of PLE which is nonionic and can not be involved
in the doping of PEDOT are the highest. Lower AA
oxidation currents are observed for all bulky
sulfonate-based anionic dopants used in the course
of the synthesis due very probably to electrostatic
repulsion between the acorbate ions and the
immobilized dopants. It is interesting to note that
the dependences on the amount of deposited
polymer (i.e. on the polymerization charge used to
obtain the PEDOT layer) have different trends for
the various dopants. For all four type of layers the

data for the lowest amounts (polymerization
charges 1 and 2 mC) show a slight decrease in the
electrocatalytic activity. This effect may relate to
the already discussed effect of compressing the
layers occurring in the initial stages of growth. A
further decrease in the AA oxidation currents with
increasing amount of deposited PEDOT is observed
only for layers obtained in the presence of SDS. In
all remaining cases thickening of the layers (beyond
polymerization charge of 2 mC) results in increase
of the AA oxidation currents which becomes
significant for the PEDOT/PSS layers. In this
respect the difference in the behavior of the SDS-
doped layers, on the one hand, and the PSS and
PAMPS-doped layers, on the other hand, should
relate either to strong hydrophobic interactions in
the case of SDS or to a different surface
morphology of the layers. Scanning electron
micrographs (not shown here) give evidence for a
more compact surface morphology of the
PEDOT/SDS layers in comparison to PEDOT/PSS
and PEDOT/PAMPS layers.

Oxidation of dopamine

The electrochemical oxidation of dopamine
occurs via the following reaction [3]:

OH CH,CH,NH;* O CH,CH,NH,*
jij/ D/ +2H*+ 2¢°
OH

(o)

Dopamine Dopamine-o-quinone

The experiments on the oxidation of DA were
carried out with PEDOT layers synthesized in the
four different polymerization solutions and with
four polymerization charges for each solution. Fig.
5 shows a series of voltammtetric curves obtained

in the dopamine containing solution at
PEDOT/SDS layers.
20- .
10
<
2 o
-10 -
06 04 02 0,0
E vs MSE [V]

Fig. 5. Voltammetric curves measured in the presence 1
mM DA in PBS using PEDOT/SDS layers with different
polymerization charges.
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The redox pair observed at about -0.2 V relates
to the dopamine oxidation/reduction according to
the reaction depicted above. The more negative
volatmmetric peak pair should be ascribed to the
dopaminechrome/leucodopaminechrome redox
transition as commented by Li et al [18] and
Luczak [19]. In order to compare the
electrocatalytic activity of the various layers for the
dopamine reaction the corresponding voltammetric
curves measured in buffer (without DA) were
subtracted from the curves obtained in the presence
of DA. The data for the DA oxidation currents (Fig.
6) taken at -0.2 V, after subtraction, show generally
one and the same trend for all solutions.

304
PSS
B /
20 PAMP!
g L
— L J
3 2 10- sDs
<
54
0 T T v T T
0 2 4 6 8
only [mC]

Fig. 6. Data for the DA oxidation currents obtained with
PEDOT layers synthesized in different polymerization
solutions at various amounts of the deposited polymer.

Nevertheless, also in this case the PEDOT/SDS
layers are the least suitable for DA oxidation thus
confirming the suggested role of hydrophobic
interactions impeding the access of the dopamine
species to the polymer surface. Obviously, the
PEDOT/PSS and PEDOT/PAMPS layers that are
expected to have immobilized polyanions are
advantageous for the oxidation of the positively
charged dopamine moieties.The PEDOT/PLE
layers that show the highest oxidation currents for
AA are however not suitable for the DA
electrocatalytic reaction due most probably to the
fact that there are no immobilized anionic species
and the general charge distribution over the
polymer surface favors the access of negative rather
than positively charged moieties such as DA.

CONCLUSIONS

The investigations presented in this study
demonstrate the role of the dopants for the
electrocatalytic properties of PEDOT layers with
respect to the oxidation of organic species. It is
found that even at low analyte concentrations (i.e.
1 mM) the rate of both AA and DA oxidation
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reactions is not controlled only by diffusion but
depends also on the surface properties of the
polymer layer. The charge state and hydrophilicity
of the dopants used in the course of the PEDOT
synthesis affect the final state of the PEDOT
polymer surface and provoke marked differences in
the sensitivity for the oxidation of positively or
negatively charged species. Thus the most
hydrophobic surface that is least suitable for both
oxidation reactions is obtained in the case of
PEDOT/SDS. The synthesis in the presence of the
non-ionic surfactant PLE and perchlorate anions
results in a polymer surface suitable for oxidation
of negatively charged species. An exchange of the
mobile perchlorate anions with ascorbate anions is
assumed to occur in this case and favor the
oxidation reaction. On the other hand the synthesis
of PEDOT in the presence of bulky polyanions (i.e.
PAMPS and PSS) that results in immobilization of
these species in the polymer structure is
advantageous for the oxidation of positively
charged species, e.g. dopamine.

Another aspect of this study is to reveal the role
of the “thickness” of the various polymer layers for
their electrocatalytic activity for AA and DA
oxidation. Apart from the very thin layers where an
effect of packing of the initial structure is assumed
to occur [20] the general trend is increase in the
electrocatalytic currents with increasing the amount
of polymerized material. This could be ascribed to
the involvement of a larger external and
occasionally internal polymer surface in the
oxidation reactions. The only exception present the
PEDOT/SDS layers in the case of AA oxidation
where the hydrophobic interactions together withan
electrostatic ~ repulsion  between immobilized
anionic species and analyte moieties seem to play a
determining role.

Finally, the investigations presented so far show
that the involvement of conducting polymers in
electrocatalytic and electroanalytic applications
requires a fine tuning of their properties which may
be achieved by varying both the type of the dopant
(and/or surfactants) used in the course of
electrochemical synthesis and the amount of
deposited polymer. These effects may become of
major importance when  selectivity and high
sensitivity with respect of one of several coexisting
analyte species present in the same solution should
be achieved.
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EJIEKTPOITIOJIMMEPU3ALINA HA T10JIA (3,4- ETUJIEHEJIUOKCUTHUO®DEH)
CJIOEBE B ITPUCBCTBUETO HA PA3JIMUYHU JOITAHTU U EGEKTA UM BbPXY
EJIEKTPOKATAJIMTUYHUTE CBOMCTBA HA TTIOJIMMEPUTE. OKMCJISIBAHE HA
ACKOPBMHOBA KNCEJIMHA 1 JOITAMWH

JI. I'. ®unpoga, I'. I1. NUnuera, B. L. [lakora

Unemumym no ¢usurxoxumus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonues*, on. 11, 1113 Cogus,
bvreapus

IMonydvena Ha 12 ronu, 2013; kopurupana Ha 25 rouu, 2013

(Pestome)

Enextpoxumuunus cunrte3 Ha nonu (3,4-etunenetunenennokcuruoden) (PEDOT) e npoBesieH B YeTHPH pa3invHU
MOJIMMEPHU3aMOHHN pa3TBopH. Tpu cymndoHaT-6a3upaHy JONAaHTH, a UMEHHO noieuw cyidonar (SDS), nomuctupen
cynpornat (PSS) um momm(axpmwiamugonpornan cyndponat) (PAMPS), xakTto W HEHOHHO NOBBPXHOCTHO AaKTHBHO
BemecTtBo nonuokcuetwieH-10-maypuierep (PLE) B komOmnamms ¢ LiClO4 ce wm3monm3BaT 3a moiydaBaHe Ha
MIOJIMMEPHHTE clloeBe. ENeKTpokTannTHIHNTe XapakTepUCTHKX Ha detHpute Buja nokputu ¢ PEDOT enexkrpoan ca
U3CJIeIBAHM 10 OTHOIICHHE HA OKUCJICHHE ¢ ackopOuHoBa kucenuHa (AA) u gonamun (DA) BB dochaten Oydepen
pa3tBop. YcraHoBeHO e, sic cinoeBere PEDOT/PLE ca Hali-moaxoasiiy 3a OKUCIICHHE Ha aCKOOMHOBU aHHOHH, JTOKATO
enektpoau nmokputu ¢ PEDOT/PSS ca Hail-moaXoas1y 3a OKUCIIEHHE Ha TOJIOKUTEITHO 3apeJIeHH JOTTAMUHOBH BUIOBE.
Te3n pesynraTé ca OOCHACHHW IO OTHOUICHHWE HA BB3MOXKHH XUAPODOOHW/XUAPOPHUIHM W/HMIN eNeKTPOCTaTUIHU
B3aMMO/ICHCTBHS BB3HUKBAIIN MEXKIY aHATM3UPAHUTE MOJIEKYJIN 1 aHHOH-I0THpaHaTa moBbspxHOocT Ha PEDOT.
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Dear Reader,

This section of the special issue collects selected
papers, presented during the International Scientific
Workshop “HYDROGEN ECONOMY - A
ROADMAP TO THE FUTURE”, which held on
30th November 2012 in Blagoevgrad, Bulgaria. The
workshop was organized by the Bulgarian partners
from South-West University “Neofit Rilski” —
Blagoevgrad and Eco Energy Foundation within the
framework of the project “Hydrogen economy
cooperation network for research - public awareness
- business opportunities across Greek-Bulgarian
borders” (HYDECON), funded by European
Territorial Cooperation Programme “Greece-
Bulgaria 2007-2013” through a Contract B1.33.01/
2011.

The scope of the workshop was focused on the
state-of-the art of research and development
activities in the field of hydrogen technologies in
Greece and Bulgaria and the perspectives for their
application in the both neighbour countries in the
context of Hydrogen Economy concept. Greek and
Bulgarian scientists and students from Chemical
Process & Energy Resources Institute, Center for
Research and Technology - Hellas (CPERI /
CERTH), Thessaloniki; Aristotle  University,
Thessaloniki; Plovdiv Univesrity “Paisii
Hilendarski”; Institute of Electrochemistry and
Energy Systems - Bulgarian Academy of Sciences,
Sofia; Institute of Chemical Engineering - Bulgarian
Academy of Sciences, Sofia; University of Chemical
Technology and Metallurgy, Sofia; and South-West
University”Neofit Rilski”, Blagoevgrad, presented
14 scientific reports and 8 posters, divided into three
thematic sessions - Novel Materials for Energy
Conversion; Hydrogen Production and Storage; Fuel
Cell Technologies. Students from universities as
well as high schools participated in a Round table
discussion “Possibilities for Hydrogen
Applications”. A special demonstration of “Off-grid
system for power generation based on hydrogen
technologies” was made for all participants in the

Scientific Workshop
Hydrogen Economy -
a Roadmap to the Future

newly developed "INNOVATIVE CENTER FOR
ECO ENERGY TECHNOLOGIES".

The organizers of the workshop and all
participants in the successfully completed project
HYDECON truly believe that the established
network between researchers from both countries
will assist the further promotion of hydrogen
technologies among the society and decision-
makers. We gratefully use the chance to disseminate
a part of our achievements among the audience of
this journal.

Professor Mario Mitov,
Chairman of the Organizing Committee
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Optimization of conditions for formation of electrochemically active biofilm on
carbon felt anodes during operation of yeast-based biofuel cells

E.Y. Chorbadzhiyska!*, M.Y. Mitov!, Y.V. Hubenova?

!Department of Chemistry, South-West University, Blagoevgrad, Bulgaria

2Department of Biochemistry and Microbiology, Plovdiv University, Plovdiv, Bulgaria
Received May 27, 2013; Revised July 18, 2013

In this study, yeast-based biofuel cells using Saccharomyces cerevisiae as a biocatalyst were investigated under
different operation conditions. The biofuel cells were operated under permanent load in a semi-batch regime. The
increase of the anode mass as well as the improvement of the MFC outputs during operation indicates a formation of
electrochemically active biofilm on the anode. The most active biofilm, resp. highest generated power, was obtained
with the lowest load (100 Q) applied. Besides the complexity of the system, a good reproducibility of the results was

observed under controlled experimental conditions.

Key words: yeast-based biofuel cell, Saccharomyces cerevisiae, electrochemically active biofilm

INTRODUCTION

Microbial fuel cells (MFCs) are devices that
convert the chemical energy of natural available
organic substrates directly into electricity by using
different microorganisms as bio-microreactors [1,
2]. In a typical MFC, electron donors, such as
organic materials in wastewater, are oxidized by the
electrochemically active bacteria mostly growing as
a biofilm on the anode surface [3, 4]. The power
generation is still insufficient for the practical
applications. In order to improve the MFC
performance, efforts have been made to enrich
more electrochemically active bacteria [5, 6], to
improve reactor configuration [7], to identify better
electrode materials [7, 8, 9], as well as to optimize
process parameters [7,10]. Many factors, such as
nutrient supply, flow rate, pH, temperature [4, 7,
11, 12, 13], have been found to strongly affect the
MFC performance and start-up time. Optimizing
the growth conditions for the electrochemically
active bacteria on the anode is also an important
consideration for improving the performance of
MFCs.

One of the most important and most
investigated factors is the anode potential at which
the MFC is operated, as it controls the theoretical
energy gain for microorganisms [14]. Finkelstein et
al. [15] reported that a larger and earlier maximum
current was obtained at a more positive applied
potential due to the increased energy yield for
microbial colonization. Besides the anode potential,

* To whom all correspondence should be sent:
E-mail: elli_el@abv.bg

the effect of external resistance applied to the
electrical circuit also received wild attention since
controlling the growth condition for the
electrochemically active bacteria by changing the
external resistance is more feasible than poising the
anode potential in MFC applications. In general,
MFC performance improves with decreasing the
applied external resistance. Liu et al. [16]
demonstrated that the lower external resistance was
applied, the higher maximum power output was
obtained.

Bacteria such as Escherichia coli [17, 18]
Geobacter sulfurreducens, Pseudomonas
aeruginosa [17, 18, 19], Rhodoferax ferrireducens,
Shewanella oneidenis, Shewanella putrefaciens [17,
18], Enterobacter cloacae [2, 18], etc., have been
most frequently studied for application in MFCs.
Eukaryotes, e.g. yeasts, are still rarely investigated
for this purpose.

In this study, the influence of the experimental
conditions (load resistance value, temperature,
purging with nitrogen) on the formation of yeast
anodic biofilm on carbon felt electrodes and its
impact on the performance of yeast-based biofuel
cell were investigated.

MATERIALS AND METHODS

Baker’s yeast Saccharomyces cerevisiae was
applied as a biocatalyst in double-chamber MFC.
1g dry yeast biomass was suspended in 80 ml of a
modifed minimal M9 salts nutrient medium [20],
prepared as follows:

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 205
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M9 salts solution consisted of 64 g/l
Na;HPO4.H,0, 15 g/l KH;PO,, 2.5 g/l NaCl and 5.0
g/l NH,Cl was prepared and sterilized by
autoclaving. 0.489 g/l MgSO., 0.011 g/l CaCl;, and
4 g/l glucose as a carbohydrate source were add to
200 ml of M9 solution, and the volume was adjust
to 1 | with distilled water. The final nutrient
solution was sterilized again by autoclaving.

The prepared yeast suspension was used as an
anolyte in the MFCs. 1 ml (0.1%) methylene blue
was added to the anolyte suspension as an exogenic
mediator. 100 mM Kjs[Fe(CN)g] dissolved in 67
mM phosphate buffer (pH 7.0) was applied as a
catholyte and terminal electron acceptor.
Rectangular carbon felt samples (5 cm height, 3 cm
width; SPC-7011, 30 g/m?, Weibgerber GmbH &
Co. KG) were used for both anodes and cathodes.
Prior to use the electrodes were sonicated in
ethanol-acetone mixture (1:1) for 15 min. Samples
with equal specific resistance were applied as
electrodes. The anode and cathode chambers of the
MFCs were connected with a salt bridge — Fig.1.

R

S
6

1 5

Fig. 1. Scheme of double-chamber MFC: 1-anode
chamber (volume 100 cm3); 2-cathode chamber volume
100 cm3); 3-anode; 4-cathode; 5-anolyte; 6-catholyte; 7-
salt bridge.

The fuel cells were operated at a load of 100,
500, 1000 or 5000 Q for at least one week. During
these experiments, the terminal voltage as well as
the anode and cathode potential, measured against
Ag/AgCI reference electrode, were monitored with
time. After the 3 day from the beginning of
experiments every day the anolyte was replaced
with a fresh cultivation medium. Before each
medium replacement, polarization measurements
under a variable resistor load were carried out using
resistor box. The voltage was measured by digital
mutimeter and the current was calculated by using
the Ohm’s law. At each load the voltage was
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allowed to stabilize for at least 2 minutes before a
reading was taken. The results were plotted as
polarization curves U=f(l). The generated power at
each load was estimated by equation P = U.l and
plotted as power curves P = f(1).

In a series of experiments the yeast biofuel cells
were operated at the same conditions, but part of
them were incubated in a thermostat at a constant
temperature (22+1 °C ) and the rest were cultivated
at a temperature varying between 15 and 25 °C. In
another series of experiments part of the MFCs
were operated with purging of nitrogen in the anode
chamber to create strict anaerobic conditions, and
the rest - under normal conditions (without purging
with nitrogen).

During the MFC-experiments the optical density
of the anolyte suspension was measured at the
wavelength 600 nm (OD600). The
spectrophotometric studies were performed by
using Agilent Hewlett-Packard 8453A UV-VIS-
NIR Spectrophotometer.

After the end of MFC operation, the anodes
were dried overnight and weighted by using Mettler
AE 100 analitycal balance. The mass of the anodic
biofilm was calculated as a difference of the masses
of used anodes before and after the polarization
tests in yeast-biofuel cell.

Each MFC-experiment at identical conditions
was carried out in triplicate.

RESULTS AND DISCUSSION

Relatively high values of the open circuit
voltage (above 500 mV) were recorded few hours
after the start-up of the investigated MFCs. After 3
days operation the OCV grew up to values
exceeding 800 mV, but after the first replacement
of the anolyte with a fresh medium a drop of about
100 mV was observed (Fig. 2).
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Fig. 2. Variation of open circuit voltage (OCV) of the
studied yeast biofuel cells with time

Possible explanation of this decrease is that
electrochemicaly active compounds, produced
under polarization by yeast, are removed from the
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system with the exhausted medium. Stabilization of
the OCV at higher values was achieved after six
days operation of the MFCs at constant load.

In parallel, a shift of the anode potentials from
160£30 mV to -530+20 mV was observed in a
contrary to the cathode potentials, which values
remain relatively constant (Fig. 3).
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Fig. 3. Variation of anodic (A) and cathodic (B)
potential of the yeast - biofuel cells with time

These results show that the processes taking
place on the bioanode have predominant role for
the performance of the examined yeast biofuel
cells. Such abrupt changes of the anode potential in
a negative direction by more than 300 mV is often
associated with the formation of an active anodic
biofilm [21]. The change in the optical density
OD600 of the anolyte suspension, presented in Fig.
4, is in accordance with such suggestion. Three
days after the start-up of the MFCs the measured
optical density of the cell suspension drastically
decreased in comparison to the initial one and the
subsequent refreshments of the nutrient medium
practically did not change its values. The observed
decrease of the optical density of the anolyte can be
connected with a lack of yeast cells in suspension
due to formation of anodic biofilm.

After stabilization of the anode potential
referred to a biofilm formation the achieved
terminal voltage values under a load also showed
relatively constant and high values - Fig. 5.

Very close electrical outputs (open circuit
voltage, short circuit current, maximum power) can

be derived from the polarization (Fig. 6A) and
power curves (Fig. 6B) of MFCs operated under the
same load and other conditions.
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Fig. 4. Variation of the optical density OD600 of the
anolyte cell suspension with time
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Fig. 5. Variation of the terminal voltage of studied
MFCs under a load of 1000 Q
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Fig. 6. (A) Polarization curves and (B) power curves
obtained at the 3™ day after the start-up of the yeast

biofuel cell

207



E.Y. Chorbadzhiyska et al.: Optimization of conditions for formation of electrochemically active biofilm on carbon felt anodes...

This indicates that reproducible characteristics
could be obtained at controlled conditions besides
the complexity of the system.

The maximum power, obtained from different
MFC operated under the same conditions, also
shows same tendencies of variation with time and
close values (Fig. 7). Connecting these results with
those received for open circuit voltage (Fig. 2),
anode potential (Fig. 3) and optical density (Fig. 4),
it can be concluded that six days are optimal for the
formation of an active anode biofilm, and the
periodic replacement of the medium contributes to
its stability and activity for a longer period of time.
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Fig. 7. Variation of generated maximum power from
yeast biofuel cells with time

Table 1 presents the results from the weight
analysis of the formed biofilm. It is obvious that the
mass of the formed biofilm on the anodes of three
MFCs, operated under the same conditions, is quite
close and the observed deviations of the values are
insignificant. These results explain the similar
electrochemical behaviour of the studied yeast
biofuel cells and confirmed the suggestion that the
behaviour of the MFC strongly depends on the
formed anodic biofilm.

Table 1. The mass of biofilm, formed on the anode of
three yeast biofuel cells, operated for one week (load
resistance 1000 Q)

No MFC Mass of the biofilm, g
1 0.0325
2 0.0346
3 0.0362

Set of experiments aiming to clarify the factors that
contribute for the optimum of the operating
characteristics were performed. The results
presented on Fig. 8 show that maintening a strict
constant temperature is not essential for the electric
outputs of the studied yeast biofuel cells.
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Fig. 8. Power curves obtained with the yeast biofuel cells
operating in a thermostat and at ambient temperature

In contrary, the maintenance of strict anaerobic
conditions results in significantly lower operating
characteristics than those obtained under normal
conditions (without purging with nitrogen) - Fig. 9.
This is associated with the fact that in aerobic
conditions yeast catabolizes the substrate (glucose)
through the processes of cellular respiration, in
which the total number of generated electrons is
much bigger than those of anaerobic fermentation.
Such results have been also reported for other types
of yeasts [22].
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Fig. 9. Power curves obtained with the yeast biofuel

cells operating with and without purging of nitrogen
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The role of the load resistance on the activity of
the formed anode biofilm, resp. MFC outputs, was
also examined. The highest maximum power of
1943 mW/m2 was achieved with MFCs operated
under the lowest load of 100 Q and the generated
power decreased with an increase of applied
external resistance — Fig.10. The same tendency for
formation of more active biofilms at lower loads
was also reported by other researchers [23, 24].

CONCLUSION

A long-term operation of yeast-based biofuel
cells using Saccharomyces cerevisiae as a
biocatalyst can be accomplished by periodical
replacement of the anolyte with a fresh nutrient
medium. The formation of electrochemically active
biofilm on the anode has a predominant role for the
MFC-performance. From all studied factors, the
major impact on the activity of the formed anode
biofilm has the load resistance, by which the MFC
is polarized. The lower resistance is applied, the
more active biofilm is formed. The maintenance of
strictly anaerobic conditions diminishes the MFC-
outputs due to the fact that at such conditions the
facultative yeasts catabolize the substrate through
fermentation, which generates quite less electrons
in comparison with the processes of respiration.
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OIITUMU3UPAHE HA YCJIOBUSATA 3A IIOJIVHABAHE HA EJIEKTPOXVUMHUYHO-AKTUBEH
BUODWJIM BBPXY BBIJIEPOJAHN AHOAM B JJPOX/EH BUOI'OPUMBEH EJIEMEHT

E. M. Yop6amxuiickal”, M. 1. Muros ', i1. B. Xy6enona?
1Kamedpa , Xumusa ', O2o3anaoen ynusepcumem ,, Heogpum Puncku’’, brazoesepad, bvieapusa
2Kame()pa ., buoxumus u Muxpobuonoeus *, [lnoeduscku Yuueepcumem ,, [laucuti Xunenoapcxu “, bvieapus
[Tonyuyena na Maii 27, 2013; PeBusupana Ha tOnu 18, 2013
(Pesrome)

B nacrosmara pa3paboTka ca W3CIEABaHU OPOXKICHU OHMOTOPUBHHU EIEMEHTH, W3MOJ3BAILU JPOXKAH
Saccharomyces cerevisiae karo OuMokaTanu3aTop, NPH Pa3IMYHU YCIOBHs. BHOTOpUBHHTE eleMEHTH Osixa
TECTBAaHH B TIOJYHENPEKBCHAT pPEXHUM IPU IOCTOSHHO TPHIOKEHO TOBApPHO CBHIPOTHBICHUE.
VBenuyaBaHeTO Ha Macarta Ha aHOJa, KAaKTO M TOA0OPSBAaHETO CTOMHOCTUTE HAa OINEPAllMOHHHTE
XapaKTepUCTUKM Ha MHUKPOOHMOJIOTMYHHTE TOPHBHM €JIEMEHTH CBHJCTENCTBA 3a 00pa3yBaHETO Ha
EJIEKTPOXUMHUYHO-aKTUBEH aHojieH Onodunm. Hali-akTiBer 6noduiaM, ChOTBETHO HAH-TOISIMA eNIEKTPHYECcKa
MOIIHOCT, OfiXa TONYYeHH C Hai-MaJKOTO NPWIOKEHO ToBapHO chmportuierne (100 Q). Bwnpekn
CIIO)KHOCTTa Ha CHCTEMaTa, NOAIbP)KAHETO Ha IIOCTOSHHU EKCIHEpUMEHTATHH YCJIOBUS BOAU IO
MOJTy4aBaHETO Ha JOOpe BB3NPOU3BOAUMHU PE3yITaTH.
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Perovskites have the ability to accommodate large concentrations of vacancies in their structure and to reversibly
pick up and deliver oxygen at high temperatures, thus they are ideal candidates for use as oxygen carrier materials. The
performance of perovskites with the general formula La;xMexMyFe1.,O3 (Me = Sr, Ca, M = Ni, Co, Cr, Cu) as both
oxygen carriers for syngas generation from methane in the Chemical Looping Reforming (CLR) concept and as dense
membrane materials in the Dense Membrane Reactor (DMR) concept is explored in the present work. Oxygen is
withdrawn from the crystal lattice of the perovskites by oxidation of a fuel. Water, oxygen or carbon dioxide, are then
added to the solid which provide the necessary oxygen atoms to fill-in the lattice vacancies. The performance of the
mixed perovskitic materials doped with 5% M in the B-site (M=Ni, Co, Cr or Cu), is compared. Also, substitution of Sr
with Ca in the A-site of the perovskite is explored. Dense, disc shaped membranes of the materials were utilized in a
membrane reactor. Experiments at 1000°C revealed the possibility of performing the reduction and oxidation steps
simultaneously and isothermally on each side of the membrane reactor. The system is able to operate on partial pressure
based desorption without the need of a carbon containing reductant, so that a process towards hydrogen production,

based only on renewable hydrogen source such as water, can be established.

Key words: Hydrogen, Perovskites, Chemical-looping reforming, Dense membrane reactor

INTRODUCTION

It has been established that CO, emissions
resulting from human activity have led to an
increase in the atmospheric CO2 concentration,
from a pre-industrial level of 280 to 450ppm [1].
This results in a mean annual temperature increase
at the earth's surface which is commonly known as
global warming.

The optimum approach to minimize CO;
emissions is to enhance the use of renewable
energy resources, such as biomass, solar and wind
energies. However, in the medium-term, other ways
to reduce CO; emissions are receiving increasing
interest.

A possible solution is CO, sequestration which
consists of capturing CO; in an emission source and
storing it where it is prevented from reaching the
atmosphere. [2]. There are currently a number of
available processes for CO; capture. Increasing
interest among them is being gained in the recent
years by the Chemical Looping Combustion (CLC)
technology [3]. CLC involves the use of a metal
oxide as an oxygen carrier. This process is
configured with two interconnected fluidized bed
reactors: an air reactor and a fuel reactor. The solid
oxygen carrier is circulated between the air and fuel

* To whom all correspondence should be sent:
E-mail: nalbanti@cperi.certh.gr

reactors. In CLC, the gaseous fuel is fed into the
fuel reactor where it is completely oxidized by the
lattice oxygen of the metal oxide to CO, and water
vapor. By condensing water vapour the free-of-
water CO; can be sequestrated or/and used for other
applications. The technology has recently been
successfully demonstrated for more than 1000 h
and at scales up to 140 kW [4-6].

An alternative promising option to reduce the
CO; emissions is the use of H, as fuel. Presently,
hydrogen is produced mostly by reforming of
natural gas (i.e. methane), partial oxidation of
heavy oils and naphtha and gasification of coal [7-
8]. However, in the conventional process, air is
used for the oxidation of methane, thus the
generation of NOx is inevitable. Furthermore, the
N2 in the product dilutes the produced syngas and
brings about severe purification demands. A
promising new procedure for H, production from
natural gas is the “Chemical Looping Reforming
(CLR)” process [9]. In CLR a suitable oxide
catalyst is circulated between two reactors as in
CLC. In the first reactor methane is oxidized to
synthesis gas by the lattice oxygen of the oxide, and
in the second reactor, the reduced oxide is re-
oxidized by air. This way the products are not
diluted with N.. A schematic diagram of the CLR
and/or the CLC process is presented in Figure 1a.

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 211



A. Evdou et al.: Novel materials as oxygen carriers for energy applications

Fuel oxidation
Dt.epleted products
Air or H2 CO2+H20 or CO+H>

T T

Oxidized
Solid |
Solid Fuel
oxidation Reduced ue
reactor Solid reactor
Air or Fuel
H.0 (e.g- CHy4)
a)

Fuel oxidation
Depleted products
Air or Hz CO2+H20 or CO+H:

T T

Vo, e
P g
g
Oxidation O d  Fuel
@ reactor Q reactor
0 G
o O
o] g
Oxygen
carrier -
Dense
I ane T
Air or Fuel
H:0 (e.g. CHy)
b)

Fig. 1. (@) Schematic diagram of the Chemical Looping Combustion (CLC) and/or the Chemical Looping Reforming
(CLR) process (b) Dense Membrane Reactor-Chemical Looping Combustion (DMR-CLC) and/or Dense Membrane

Reactor-Chemical Looping Reforming (DMR-CLR).

Chemical Looping -Dense Membrane Reactor
Concept

One of the biggest concerns in Chemical
Looping processes generally and of the CLR
specifically is the recirculation of the solid
materials between the two reactors. Many materials
with good oxygen transfer capacity are not suitable
due to their high attrition indices. Furthermore all
this movement of solids requires a lot of energy.

In order to overcome these problems the dense
membrane reactor concept (Figure 1b) is proposed
in this work. It is based on the use of a dense mixed
conducting membrane reactor to perform the
reduction and oxidation steps simultaneously at
either membrane side. It is composed of two
compartments gas tightly separated by the dense
membrane. A hydrocarbon (e.g. natural gas) is
oxidized in the “Fuel” compartment in the absence
of gaseous oxygen, by pulling oxygen atoms from
the solid. Due to chemical potential difference,
oxygen is transferred through the membrane from
the opposite “oxidation” side. If air is added in the
“oxidation”  compartment, gaseous  oxygen
molecules decompose on the membrane surface and
the oxygen atoms fill the oxygen vacancies of the
membrane. Alternatively, water can be added in
this compartment, which decomposes on the
membrane surface into oxygen atoms that fill the
oxygen vacancies and pure gaseous hydrogen,
ready to use in fuel cell applications.

In either case, a net oxygen flow is formed in the
dense membrane from the “oxidation” side to the
“fuel” side, which renews continuously the oxygen
content of the oxygen carrier, thus permitting the
uninterrupted oxidation of the fuel. At the same
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time, a counter flow of oxygen vacancies (Vo) is
formed from the “fuel” side to the “oxidation” side
of the membrane, thus permitting the uninterrupted
consumption of oxygen.

The dense membrane reactor (Figure 1b) is
compared to the general scheme of the chemical
looping processes (Figure 1a). The general scheme
of the 2 processes is very much alike. They both
have a “fuel reactor” in which the fuel is oxidized
in the absence of gaseous oxygen, by utilizing the
lattice oxygen of a solid “oxygen carrier (OC)”.
They also both have an “oxidation reactor” where
the solid OC is refilled with oxygen, by either air or
H20. In the Chemical Looping the OC is a
powdered solid while in the dense membrane
reactor the OC is the membrane itself. Thus the two
processes are equivalent and readily
interchangeable. The advantage of the dense
membrane reactor process is that it ensures
continuous and isothermal operation of the
Chemical Looping Processes, while there is no
need for energy demanding solid recirculation.

One key issue with the Dense Membrane
Reactor - Chemical Looping Reforming (DMR-
CLR) process that needs to be further studied is the
development of the proper materials that can serve
as both oxygen carriers and oxygen ion conducting
membranes. The ideal candidate materials should:

* be able to accommodate large
concentrations of vacancies in their structure

* be able to reversibly pick up and deliver
oxygen at high temperatures

* have high catalytic activity in methane
partial oxidation
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* have good thermal stability and suitable
mechanical properties

» exhibit mixed type conductivity for the
necessary transfer of anions, vacancies and
electrons

Perovskite-type mixed conducting materials are
ideal candidates for use in Dense Membrane
Reactor - Chemical Looping Reforming, since they
fulfil most of the above characteristics.

The performance of the candidate materials is
ranked by taking into account the H, and CO vyields
during the fuel oxidation step as well as the amount
of oxygen per mole solid (8) that can be delivered
reversibly to the fuel.

EXPERIMENTAL

Powder material synthesis and membrane
preparation

The metal precursors used were: La(NOs).-6H,0
(Fluka Analytical), Sr(NOs). (Sigma Aldrich),
Fe(NOs)s-9H,O (Merck), Ni(NO3).-6H,O (Merck),
Co(NOs),:6H,O (Sigma Aldrich), Cr(NOs);-9H,0O
(Merck) and Cu(NO3)2-:3H.0 (Merck). High purity
Black Nickel Oxide (NiO) (Ni content 76.6-77.9%)
was purchased from Inco Special Products.
Anhydrous citric acid (purity >99.5%) was
purchased from Sigma Aldrich.

Materials are synthesized by the citrate method
[10]. Stoichiometric amounts of the precursors of
the corresponding metals are dissolved in deionised
water. After the addition of an aqueous citric acid
solution, 10% in excess, the solution is stirred,
evaporated at 70°C and the obtained solid is dried
at 250°C, overnight. Finally the solids are calcined
at 1000°C, in air, for 6 h.

The dried powdered sample was initially ball-
milled, dried, roll-granulated and uniaxially pressed
in the form of cylindrical pellets with a diameter of
10mm and height 15mm. The compacted
speciments were sintered in air and cut in thin
slices, thickness 1-5mm, with a diamond micro
wheal (Struers, Accutom-5).

Material characterization

The basic physicochemical characterization of
the prepared samples includes crystalline phase
identification, surface area determination and
morphology observation by Scanning Electron
Microscopy. The crystalline phases formed in the
prepared samples are examined by X-ray
diffraction. Powder XRD patterns are recorded with
a Siemens D500 X-ray diffractometer, with auto
divergent slit and graphite monochromator using
CuKa radiation, having a scanning speed of 2° min

1, The characteristic reflection peaks (d-values) are
matched with JCPDS data files and the crystalline
phases are identified. Specific surface area, pore
volume and pore size distribution are determined by
Nitrogen adsorption — desorption isotherms at the
boiling point of liquid nitrogen (77 K) under
atmospheric pressure using a Micromeritics, Tristar
instrument. Prior to N> sorption measurements, the
samples are degassed at 523 K, under vacuum, for
at least 16 hours. A JEOL 6300 instrument
equipped with Oxford — ISIS EDS was used for the
morphology observation of the samples.

Pulse reaction experiments

The capability of the prepared powders to
deliver oxygen at high temperatures and to convert
CHjy to synthesis gas during the fuel oxidation step,
as well as their ability to reversibly pick up oxygen
during the solid oxidation step are evaluated by
pulse reaction experiments in a fixed bed pulse
reactor. Reaction experiments with the materials in
powder form are performed in a reaction unit
(Altamira AMI-1) using a U-type quartz reactor
into which 100+3 mg catalyst is inserted (Figure 2).
A detailed description of the experimental unit is
provided elsewhere [11-12]. During the fuel
oxidation step, methane is fed to the reactor as
constant volume pulses, through a special closed
loop valve, in pulses of volume 100ul. During the
catalyst oxidation step, either oxygen or water is
injected to the reactor, also as constant volume
pulses, at its entrance before the catalyst. The
reactor outlet stream is directed to a quadrupole
mass spectrometer (Baltzers — Omnistar) where all
the reaction products are continuously monitored
and quantitatively analyzed, based on calibration
curves for all reactants and products of the process.

Membrane reactor experiments

The membrane reactor consists of two co-axial
tubes as shown in Figure 3. The membrane
specimen is fixed on top of the inner a-Al,Os tube
and divides the membrane reactor into two
compartments. An inlet and an outlet stream exist
in each compartment, all connected individually to
a mass spectrometer (Balzers-Omnistar) for
chemical analysis. The membrane specimen is gas
tightly sealed at the end of the inner tube with
specially developed ceramic sealing mixtures based
on commercially available ceramic kits. To control
leakage free operation during the entire duration of
the experiment, different inert carrier gases are
used; helium is used in compartment 1 and argon in
compartment 2.
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RESULTS AND DISCUSSION
Physicochemical characterization

The prepared Lag7Sro3Mo.osFe0.9503, samples for
M=Ni, Co, Cr and Cu, are examined by X-ray
diffraction in order to identify the crystalline phases
formed. All the samples are crystallized in mixed
perovskitic  structures similar to the mixed
compound LaixSryFeOz; (JCPDS card 35-1480)
which is the major phase identified in the
Lao7SrosFeOs sample. No impurities or unreacted
species are identified in the XRD patterns of the
prepared powders with 5% substitution of Fe,
indicating that the second metal (M) is in all cases
incorporated in the perovskitic structure.

The surface area of all the synthesized powders
is relatively small (< 5 m?/g), as they are prepared
by calcination at high temperatures (1000°C).

Pulse reaction experiments

Experimental procedure: The capability of all
the prepared powders to reversibly deliver and pick
up oxygen was evaluated by successive reduction —
oxidation steps in the fixed bed reactor. During the
reduction — fuel oxidation step, CH4 was used as the
reductant, in all experiments. During the solid
oxidation step air, water or carbon dioxide
injections were used.
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A typical plot of the amount of oxygen
exchanged by the perovskite sample during three
different experiments is shown in Figure 4a. Both
experiments start with 25 constant volume (100 pl)
injections of CH.. During the CHa injections step,
the solid is delivering its lattice oxygen to the fuel,
according to the reactions (1) and (2):

Lal.XerMyFel.y03 + 81/4 CHs — 61/4 CO, + 84/2

H20 + LaixSrkMyFe1.yOz-51 1)
LaixSrxMyFe1.yO3 + 82 CHs — 62, CO + 2 5, Ho +
Lal-xerMyFel-yO3-82 (2)

thus becoming oxygen deficient.

In the first experiment air, as constant volume
pulses, is injected to the reactor, in order to oxidize
the solid. During the oxidation step, the solid is
recovering its oxygen stoichiometry, according to
the reaction (3):

Lal-xseryFel-yOS-S + 02 —> Lal-xseryFel-yOS (3)

reaching its initial, fully oxidised state.

In the second experiment, the 25 methane pulses
are followed by water injections. The solid in this
case splits water in order to replenish its lattice
oxygen, while producing H..

Lal-xseryFel-y03-5+ HZO—>H2+ Lal-xseryFel-yog
(4)



A. Evdou et al.: Novel materials as oxygen carriers for energy applications

In the third experiment carbon dioxide is
injected to the reactor, in order to oxidize the solid.
In this case carbon monoxide is produced,
according to reaction (5).

LaixSrxMyFe1.yO3.5+CO,—CO+Lar«SrxMyFe1yO3
(®)

As shown in Figure 4a, the final state reached by
the solid in the 2 later cases is not the fully oxidised
state, as with the O injections. This is due to the
different Gibbs free energies of the 2 oxidation
reactions of the B-cation (Fe?* — Fe3* and Fe®*" —
Fe*), required in order the perovskite to reach its
initial oxidation state, as has been discussed
elsewhere [13].
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Fig. 4. Sample Lag 7Sro3FeO3 (a) Oxygen loss and uptake
(b) product distribution during the fuel oxidation step

A typical product distribution during the fuel
oxidation step is shown in Figure 4b. Initially, at
low &, only H.O and CO; are produced. At higher
oxygen deficiency of the solid, the yields of water
and carbon dioxide decrease and finally only H»
and CO are produced. As shown in Figure 4b, the
product yields are almost stable in a wide range of &
values.

Effect of a second metal addition in the B-
position: The performance in the fuel oxidation and
the solid oxidation reactions was studied initially
for the “reference case” sample Lag7Sro3FeOs with
no substitution in the B-position (y=0).

The mixed perovskites with the general formula
Lao7SrosMyFe1,Oz (M=Ni, Co, Cu and Cr) are
tested at the pulse reactor. Their capability to
reversibly exchange oxygen, the product yields
during the fuel oxidation step as well as hydrogen
production during oxidation with water are
compared to each other and to the “reference case”
Lao7SrosFeOs (y=0) material.

In Figure 5 the performance of the mixed
perovskite materials doped with 5% M (M=Ni, Co,

Cr or Cu), are compared.
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Fig. 5. Effect of B-site doping of the Lag7SrosFeOs
perovskite with 5% Ni, Co, Cr and Cu

The H; yields obtained with the above samples
are compared to the reference sample Lag 7Sro3FeOs
in Figure 5b. The fully oxidized samples (5 close to
0) present negligible H, production. The measured
H, vyields increase with increasing oxygen
deficiency of the solid, for all tested samples, until
they reach an almost equilibrium value when the
oxygen deficiency of the solid exceeds a minimum
d value. Cr and Cu doping increase the obtained H;
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yields compared to the reference case, Ni doping
has almost no effect and Co doping has a negative
effect, decreasing the obtained H- yields during the
fuel oxidation step.

In Figure 5a the hydrogen production capability
of the prepared 5% doped perovskites, when water
is injected instead of air during the solid oxidation
step, is compared to the corresponding H.
production capability of the “reference case”
Lao.7SrosFeOs perovskite.

In Figure 5a, the total quantity of produced H is

shown as a function of the quantity of injected H-O.
The total quantity of produced hydrogen with the
Cu and Cr doped perovskites is higher than the
“reference case”, while total H> with the Ni and Co
doped samples is lower. Doping with Cr gives the
best hydrogen production capability, among the
perovskites prepared in this study.
By combining the results shown in Figure 5 it can
be concluded that the Cr doped sample gives the
best performance, both in the fuel oxidation step
where it has the highest H, yield and in water
splitting during the oxidation step where it produces
the highest Hz quantities.

Effect of a second metal addition in the A-
position: In order to study the effect of replacing
the metal at the A site of the perovskite, Sr was
replaced by Ca. The performance of the perovskites
with the general formula La;xCaxFeOs (x=0.3, 0.5,
0.7) is compared to the “reference case”
Lao.7SrosFeOs in Figure 6.

From Figure 6a, where the H; yield during the
fuel oxidation step is shown, it can be observed that
for all the Ca containing perovskites the maximum
H, yields are identical to the “reference case”
sample. However, the production of the desired
products, H, and CO in the presence of all Lai-

xCaxFeOs; samples, reaches its maximum at
significantly lower oxygen non-stoichiometry
values (8). In Figure 6b the water splitting

capability of the Lai-«CaxFeOs materials, during the
solid oxidation step, as percent H.O conversion, is
compared to that of the “reference case” perovskite.
It can be observed that for all the Ca containing
samples, oxidation with water proceeds until much
lower O-nonstoichiometry (8) values, compared to
the reference case perovskite. Furthermore, the
final & value becomes lower as the Ca/La ratio of
the perovskite decreases.

Membrane reactor experiments

In the membrane reactor the two steps of the
water splitting reaction, lattice oxygen removal-
activation and hydrogen production—deactivation,
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are performed simultaneously at the different
compartments of the reactor.
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Fig. 6. Effect of A-site doping of the La;xMexFeOs
perovskite with Sr or Ca

Membrane specimens of the composition
Lao7SrosFeOs are mounted in and tested at the
membrane reactor. Because of technical reasons
related with the complexity of mass spectrometry
analysis, the experiments towards demonstrating
the membrane reactor principle are performed with
carbon monoxide as the reductant at the activation
step, instead of methane which was used during the
batch reactor experiments.

During a typical experiment, the membrane
reactor is heated to 860°C, initially with inert gas
flow in both compartments, while the signals of
water and hydrogen in compartment 1 are
continuously monitored. The injection of water in
compartment 1 does not involve any changes in the
signal of hydrogen in compartment 1, which
maintains its background value, since the
membrane is initially inactive.

The injection of CO in compartment 2, results in
the reduction of the membrane surface in side 2,
creating oxygen vacancies. Due to the ionic
conductivity of the perovskitic material the oxygen
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vacancies are transported through the crystal lattice
to the surface of the membrane in compartment 1
and activate it. The water that is injected in
compartment 1 is thus split, hydrogen is produced,
while simultaneously oxygen is delivered to the
solid which fills its anion vacancies. The lattice
oxygen is transported once again via the material to
the surface of membrane in compartment 2, where
it is continuously consumed oxidising CO. Globally
a clean flow of oxygen ions, originating from
water, is created, from side 2 to side 1 of the
membrane, while simultaneously oxygen vacancies
flow from side 1 to side 2 of the membrane. Thus a
steady state is reached where the surface of the
membrane in compartment 2 is rich in oxygen,
continuously oxidising CO, while the membrane
surface in compartment 1 is rich in oxygen
vacancies, continuously splitting water at the
highest initial conversion. By optimising the

process parameters e.g. gas flows, temperature,
membrane thickness, it is possible to keep the
membrane material at its highest activation state,
during the steady state operation of the reactor.

—---a--i-e

H20 signal (arbitrary units)

Hydrogen signal (arbitrary units)

0 30 60 90 120 150
Time of experiment (min)
Fig. 7. Hydrogen and water MS signals in compartment
1 during a typical experiment with Lag3Sro7FeOsss ()
produced H; (b) injected H,0,
—: water off, ®— : water on, = =»: CO on,:
@ —»CO off

The interruption of CO injection in compartment
2 results in decreased hydrogen production rate in
compartment 1. However, hydrogen yield does not
become zero, instead it reaches a new steady value,
which is of course lower than before (Figure 7). In
this case the oxygen ions are desorbed from the
membrane surface in side 2 as molecular O, only
under the effect of oxygen partial pressure
difference between the two sides of the membrane.
The flow of oxygen ions is in this case smaller,
however it is not insignificant. The water continues
be split, producing hydrogen which originates only
from renewable water.

Periodical water feed shut downs in

compartment 1, were performed during this steady
state, in order to excluded the possibility of base-
line shifting and quantify the obtained results. As
shown in Figure 7, interruption of H,O injection
results in a significant drop of the H, signal, down
to its background value, which proves that the
observed hydrogen signal is due to real hydrogen
produced from the decomposition of the injected
water.
Similar experiments with inactive membrane
materials (a-Al.O; and fused silica) did not show
any significant change in the hydrogen signal
during water feed shut downs, either before or after
CO injection in compartment 2.

CONCLUSION

Perovskite materials are suitable for use as
oxygen carriers in Chemical Looping Reforming.
Upon reduction with methane, powdered Lai-
xSrkMyFe1.,O3 (M = Ni, Co, Cr, Cu) materials are
found to loose oxygen. Subsequent oxidation of the
solid is performed either with gaseous oxygen or
water or with carbon dioxide. When oxidation takes
place with air, heat is generated because the
reaction is exothermic. When H,O is used to
oxidize the material, simultaneously is produced
very pure Hy, ready to use in fuel cell applications,
but the oxidation reaction is endothermic. After
oxidation with CO,, CO produced but again the
oxidation reaction is endothermic. The additional
heat required during the oxidation with H.O or
CO,, is the energy penalty for the additional
production of H, or CO. The best, thus far,
performance was obtained with the
Lao.7Sro.3CroosFeossO3 sample, with Hy yield up to
70% and very good stability in repetitive

Acknowledgements: The present study was funded
by the program ’Hydrogen Economy Cooperation
Network for Research - Public Awareness -
Business Opportunities across Greek-Bulgarian
borders — HYDECON'. The Project is co-funded
by the European Regional Development Fund and
by national funds of the countries participating in
the ETCP “Greece-Bulgaria 2007-2013"" through
Contract B1.33.01.

REFERENCES

1.Blesl M, Kober T, Bruchof D, Kuder R. Energy
Policy; 38, 6278 (2010)

2.ADEME, BRGM, IFP. CO, capture and storage in the
subsurface. Geoscience Issues, France, 2007.

3.Hossain MM, Lasa HI.. Chem. Eng. Sci., 63, 4433
(2008)

217



A. Evdou et al.: Novel materials as oxygen carriers for energy applications

4.Proll T, Bolhar-Nordenkampf J, Kolbitsch P, Hofbauer 9.Diego LF, Ortiz M, Adanez J, Garcia —Labiano F,

H. Fuel, 89,1249 (2010) Abad A, Gayan P., Chem. Eng. J., 144, 289 (2008)
5.Linderholm C, Mattisson T, Lyngfelt A., Fuel, 88, 10. Pecchi G, Reyes P, Zamora R, Campos C, Cadus LE,
2083 (2009) Barbero BP. Catal. Today, 133-135, 420 (2008)
6.Adanez J, Dueso C, Diego LF, Garcia-Labiano F, 11.Evdou A, Zaspalis V, Nalbandian L., Int J Hydrogen
Gayan P, Abad A. Energy & Fuels; 23, 130 (2009) Energy; 33, 5554 (2008)
7.Balat M., Energy Sources Part A, 31, 39 (2009) 12. Evdou A, Nalbandian L, Zaspalis VT., J Membr Sci.,
8.Chen WH, Chiu TW, Hung HI., Int J Hydrogen 325, 704 (2008)
Energy, 35, 12808 (2010). 13. Nalbandian L, Evdou A, Zaspalis V., Int J Hydrogen

Energy, 34, 7162 (2009)

HOBU MATEPUAJIN KATO ITPEHOCUTEJIN HA KUCJIOPO/I 3A EHEPI'MMHU [TPUJIOKEHUS
A. Enoy*?, B. 3acnamuc® ?, JI. Han6anauan'*
Ylabopamopus no neopzanuunu mamepuanu, Hucmumym no XuMudHu npoyecy u eHep2utinu pecypc,
Hayuno-uscneooeamencku u mexnonozuuen yenmvp — Xenac, Tepmu-Conyn, I'opyus

2Kamedpa no xumuuecko undicenepcmeo, Apucmomenos ynusepcumem, Coayh, I'opyus
[Monyuena na Maii 27, 2013; PeBusupana na Asryct 18, 2013

(Pesrome)

[TepoBcKUTHTE MMAT CIIOCOOHOCTTA ja (OPMHPAT IOJIIMO KOJMYESCTBO BAKAHLMK B CBOUTE CTPYKTYPH H JIa IpUeMar
W OTHaBaT OOpaTUMO KHCIIOPOJ IIPU BHCOKH TEMIIEPATypH, KOSTO T'M IPaBU MICATHH KaHIMAATH 32 NPEHOCUTENIN Ha
kuciopoa. B HacTosmara pa3paboTka € u3cie1BaHO MMOBECHUETO Ha TIEPOBCKUTH ¢ obmIa popmyna LaixMexMyFe1,Os
(Me = Sr, Ca, M = Ni, Co, Cr, Cu) xaTo npeHOCHUTEIN Ha KHCJIOPO] 3a TeHePUPaHe Ha CHHra3 OT METaH, KAKTO M KaTo
IUTBTHA MeMOpaHHU MaTepuaid. KHUCIOpoxbT ce W3Teris OT KPUCTATHATA PEIIeTKa Ha MEPOBCKUTHUTE Ype3 OKHCICHUE
Ha ropuBo. Cren ToBa KbM TBbpAaTa (aza ce 100aBsi BoJa, KHCIOPOJ WM BBIVIEPOJCH ITUOKCHI, KOETO OCHUTYpsBa
3aIbjBaHe HA BaKaHIMHUTE C HEOOXOAMMUTE KHCIOPOJHH aToMU. CpaBHEHO € IMOBE/ICHHETO Ha CMECEHH IEPOBCKUTHH
Mmarepuany, 3amectenu ¢ 5% M Ha B-msicto (M=Ni, Co, Cr u Cu). U3cnensano e chIo Taka u 3aMecTBaHeTo Ha St ¢ Ca
Ha A-MscTO B mepoBckuTuTe. [1mbTHH MeMOpaHu OT Marepuanute ¢ gopmara Ha JMCK ca M3IMOJI3BaHU B MEMOpaHEeH
peaktop. IlpoBenenure excnepumentd mnpu 1000°C paskpuBaT BH3MOXKHOCTTAa 33 CIHOBPEMEHHO M H30TCPMHUYHO
NPOBEX/IaHe Ha eTaluTe Ha PEAyKUHs U OKUCICHHE OT JBETe CTpaHW Ha MeMOpaHHus peakrop. Cucremara Moxe Ja
GbyHKIMOHMpA 0e3 10OaBsHETO Ha BBIVICPOA-ChABPIKALL PEAYKTOP, TaKa Ye € Bb3MOXKHO PEATM3HPaHETO Ha IPOLeC 3a
NPOU3BOJICTBO Ha BOAOPOJ, OCHOBABAIll CE Ha Bh30OHOBSEM BOJIOPOJICH H3TOYHHUK, HAIIP. BOJA.
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Catalyzed borohydride hydrolysis is a perspective method for hydrogen-on demand production. The produced
hydrogen is with high purity, the process requires no energy and its kinetics can be easily controlled by proper catalysts.
In this study, three Co-based nanocomposites (CoMnB, CoNiMnB and CoNiMoW) electrodeposited on nickel foam
were investigated as catalysts for borohydride hydrolysis. Kinetics of the catalyzed reaction was investigated by water-
displacement method at different temperatures from 16 °C to 40 °C. The highest hydrogen generation rates of 0,9
ml/min at 16 °C and 2,1 ml/min at 40 °C was obtained with CoNiMnB catalyst. At the same time, the process takes
place with the lowest activation energy of 36,9 kJ/mol with this catalyst. The obtained results show that CoNiMnB-
electrodeposits possess the highest catalytic activity among studied materials and can be used as a catalyst in hydrogen-

on-demand generators for portable applications.

Key words: Hydrogen, borohydride, hydrolysis, hydrogen generator.

INTRODUCTION

Among all alternative power sources, hydrogen
is claimed as the cleanest fuel of the future. Both in
combustion engines and fuel cells its reaction with
oxygen produces only water. In 1970’s John
Bockris first coined the term “hydrogen economy”
as a concept for delivering energy using hydrogen.
Nowadays, both the depletion of the fossil fuels and
the environmental pollution drive to intensification
of the R&D of the hydrogen technologies as an
alternative to the current energy system.

Except the cost, hydrogen seems as a perfect
fuel. The by-products of hydrogen combustion are
electricity, water and heat. Although its low density
makes efficient storage difficult, hydrogen has the
highest energy of combustion per unit of mass.
Energy conversion devices using hydrogen are
highly efficient and produce very little or no
harmful emissions. As an energy carrier, hydrogen
can be produced safely and abundantly from
diverse renewable resources such as
hydroelectricity, solar and wind power. Since many
of these are domestic sources, it can help decrease
the dependence of nations on others for fuels
eliminating the political polarizations that arise
from cartel pricing, conflicting ideological and
economic policies and hostilities among nations.

* To whom all correspondence should be sent:
E-mail: george_ggg@abv.bg

For the same reasons, hydrogen is anticipated to
join electricity as the foundation of a globally
sustainable energy system using renewable energy
[1, 2].

A wide range of technologies for hydrogen
production has been developed. However, the
steam methane reforming accounts for about 95
percent of the hydrogen produced today in the
United States [3]. Another method, called partial
oxidation, produces hydrogen by burning methane
in air. Both processes produce a “synthesis gas”,
which is reacted with water to produce more
hydrogen. Another attractive method is the
renewable electrolysis, which uses an electric
current to split water into hydrogen and oxygen.
The electricity required can be generated using
renewable energy technologies, such as wind, solar,
geothermal, and hydroelectric power.

The wide use of hydrogen has several
disadvantages. The production of hydrogen gas
currently relies on fossil fuels, mainly natural gas,
which results in huge CO; emissions and
environmental pollution. The storage is tough,
because hydrogen is a low-density gas. The
distribution and infrastructure need to be
refurbished to cope with hydrogen [4].

One of the promising methods for production of
hydrogen-on-demand is the hydrolysis of alkaline
borohydrides. Using sodium borohydride as a
hydrogen carrier has several advantages. The
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produced hydrogen is quite pure. In some cases it is
extremely important, because any waste may
damage the proton-exchange membrane (PEM) in
the fuel cells, for example. The borohydride
hydrolysis reaction can be highly controllable — it
stops if the catalyst is removed from the reactor.
The reaction needs no energy and can operate at
ambient temperature and pressure. According to the
application, the amount of the released gas can be
controlled by using proper catalyst. Among all
catalysts studied, ruthenium catalysts possess the
highest activity [5].

Low cost and effective transition metal catalysts
are of interest for the development of on-board
hydrogen generation systems for the fuel cell
vehicles. With the aim of designing an efficient
low-cost hydrogen generator for portable fuel cell
applications, nickel-cobalt materials were reported
to be promising catalysts [6-7]. The main method
for their preparation is by a chemical reduction
method [8].

In the present study, three types of Co-based
composites were electrodeposited on Ni foam and
investigated as catalysts for borohydride hydrolysis.
The kinetics of the process was monitored through
the volume of the evolved hydrogen at different
temperatures. For each catalyst, the hydrogen
evolution rate as well as the activation energy were
estimated and compared.

EXPERIMENTAL
Catalyst preparation

CoMnB, CoNiMnB and CoNiMoW coatings
were produced by electrodeposition from on Ni-
foam. Complex electrolytes consisted of 5 g/l Co?*,
5 g/l Mn?, 0-5 g/l Ni?* and 35 g/l HsBO3s were used
to produce CoMnB- and CoNiMnB-electrodeposits.
The electrolysis was carried out at 40 °C for 30
min. Cobalt was used as an anode and the
supported material (Ni-foam) was connected as a
cathode. The electrolyte for CoNiMoW preparation
consisted of sodium citrate — 72 g/I, Na;WO4.2H,0
— 24 g/l, Na,MoO, — 6g/l, Ni(SOsNH), — 16 g/l,
Co(SO3NHy)2 — 16 g¢/l. The pH of the obtained
solution was adjusted to pH = 10 with NH,OH. The
morphology of the developed materials was
analyzed by scanning electron microscopy (SEM)
using Leo 1455VP microscope.

Experimental setup

The experimental setup wused in this
investigation is presented on Fig. 1. 10,0 ml
alkaline solution of sodium borohydride (5%
NaBH4/6M KOH) was placed in the reactor (2).
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The temperature of the reactor was controlled by a
thermostat (1). The investigated catalyst (5) was
placed in the borohydride solution and the reactor
was closed hermetically with rubber stopper with a
gas outlet (3). The produced hydrogen was
measured by water displacement method. The
hydrogen generation rate was estimated as a
volume of the produced hydrogen per unit of time.
Series experiments were carried out for each
catalyst at different temperatures in the range from
16 °C to 45 °C. Using the obtained kinetic data, the
activation energy was calculated.

III]
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Fig. 1. Experimental setup: 1 — Thermostat; 2 — Reactor;
3 — Outlet for the generated gases; 4 — Cylinder; 5 —
Catalyst; 6 — 5 % NaBH4/6M KOH solution.

RESULTS AND DISCUSSION

All produced electrodeposits have similar
dendrite structure. The coatings cover almost the
whole surface of the supported material (Ni-foam),
following its porous structure - Fig. 2.

S s ) % . Ehs &2,

om_ £ i . aa
Fig. 2. SEM image of CoMnB electrodeposit on Ni-
foam.

The kinetics of the borihydride hydrolysis by
using studied catalysts is presented on Fig. 3. As
seen from the graphs, the hydrogen evolution
begins right after the catalyst contacts with the
borohydride solution and linear dependences of the
quantity of generated hydrogen with time are
observed for all investigated materials. The values
of the reaction rate obtained with the
electrodeposited catalysts, however, are higher than
that with the bare Ni-foam.
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Fig. 3. Hydrogen generation during sodium

borohydride hydrolysis process, catalyzed by Ni-foam,
CoMnB, CoNiMnB and CoNiMoW at 25 °C.

The values of the hydrogen generation rate
obtained with the catalysts at different temperatures
as well as the activation energy, estimated from the
Arrhenius plots, are summarized in Table 1. The
highest rate values, exceeding with an order of
magnitude those with the other materials, were
achieved with the CoNiMnB catalyst. The lowest
activation energy of 36,9 kJ/mol, which is even
lower than the values reported for the ruthenium
catalyst (Ea = 56 kJ/mol) [9], was also obtained
with this catalyst. Besides the similar composition
and close activation energy with that of CoNiMnB,
the lowest reaction rates were achieved with
CoNiMoW catalysts, which reveals their potentials
as anodic electrocatalysts for direct borohydride
electrooxidation.

Table 1. Hydrogen generation rate (ml/s) and activation
energy (kJ/mol) of the sodium borohydride hydrolysis,
catalyzed by the investigated materials.

Hydrogen generation rate (ml/s) Eq
16°C 25°C 30°C 40°C (kJ/mol)

Material

CoMnB 0,061 0,162 0,277 0,501 54,9
CoNiMnB 0,901 1,300 1,402 2,101 36,9
CoNiMoW 0,063 0,076 0,115 0,252 37,8

CONCLUSION

The results from the present study show that the
CoNiMnB electrodeposits possess the highest
catalytic activity towards borohydride hydrolysis

among investigated materials. Although the
achieved hydrogen generation rates are lower than
those with other reported catalysts, these materials
can be used in hydrogen-on-demand generators for
portable applications. The low catalytic activity of
the other two catalysts (CoMnB and CoNiMoW)
makes them proper candidates as anode
electrocatalysts for Direct Borohydride Fuel Cells,
where the hydrolysis is a competitive process to the
direct borohydride electrooxidation.
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CPABHUTEJIHO U3CJIEABAHE HA Co-CbIBbPXAIL KATAJIM3ATOPU 3A
XNAPOJIM3A HA HATPUEB BOPXU/IPU /|
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Tlonyuena na Maii 27, 2013; PeBusupana Ha FOuu 28, 2013

(Pesrome)

KartanuruuHara xuapoiu3a Ha OOpXUAPHIM € MEPCIEKTHBEH METO/| 3a IPOU3BOJCTBO Ha Bojopox. [loxyuaBaHust
BOJIOPOJ € C BHCOKAa YMCTOTA, NPOLECHT HE M3MCKBA BHACSHE HAa CHEPrUs W KUHETHKaTa My MOXKE JIECHO Jia ce
KOHTPOJIMpa Ype3 MNOAXOAALIM KaTaau3aTtopu. B Hacrosimara paspaborka, Tpu Co-ChAbpXalld HaHOKOMIIO3HMTA
(CoMnB, CoNiMnB u CoNiMoW), enekTpooTIoXeHH BbPXY TEHOOOpa3eH HUKEN, Ca M3CIEABAHN KaTo KaTaau3aTopH
Ha XWIpoJiM3aTa Ha HaTpueB Oopxuapua. CkopocTTa Ha mpoleca Oe ompenensHa dpe3 H3MepBaHe Ha obema BOJa,
N3MECTEH OT T'CHEpUPAHMs BOJIOPOA 3a eauHHNA BpeMme. KnHeTHkara Ha peaknusaTa O MpociensBaHa MpPU Pa3InIHA
TemrepaTypu B uatepBana ot 16 °C o 40 °C. Haii-ronemu ckopocTH Ha mosydaBaHne Ha Bogopoxa ot 0,9 ml/min mpu
16 °C u 2,1 ml/min mpu 40 °C 6e noxyuena ¢ CONiIMnB karamuzatop. B cwioro Bpeme, ¢ TO3M Karanu3aTop
peakiumATa MpoTHYa M C Hal-HHUCKa akTHBHpama eHaprus ot 36,9 kJ/mol. IlomydeHnTe pesynTaTH IOKa3BaT, de
enektrpooTioxeHuTe CONiIMNB HaHOKOMIO3WTH NPHTEkKABaT Hal-BHCOKA KaTAIMTHYHA aKTHBHOCT OT H3CJICABAHHUTE
MaTepualli U MOKe Jia ObJaT M3MOJ3BaHU KaTO KaTalM3aTOpW B T€HEPaTOpPH Ha BOJOPOA 3a MOPTATHBHU MOOMIHU
MIPUIIOKEHUSI.
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In this study, results obtained during eighteen months operation of column-type Sediment Microbial Fuel Cells
(SMFCs) using river sediments and soil collected near Blagoevgrad, Bulgaria, are presented and discussed. The SMFCs
were operated without any supplying of nutrients except periodic addition of water for compensation of the losses from
evaporation. Polarization measurements under constant as well as variable load resistances were carried out during
SMFCs operation. Higher electric characteristics and efficiency as well as more stable performance were obtained with
the SMFC using river sediments. Power supply, constructed of two SMFCs connected in series, is able to supply low-
power consumers, which demonstrate the perspectives for further development and application of the technology.

Key words: sediment microbial fuel cells, fresh water sediments, electrogenic bacteria, electricity generation, power

supply.
INTRODUCTION

Sediment Microbial Fuel Cells (SMFCs), in
which bacteria-assisted conversion of the organic
matter in aquatic sediments into electricity takes
place, are considered as one of the most perspective
representatives of the innovative Microbial Fuel
Cell (MFC) technology for power supplying
electronics in remote areas or for monitoring of
different aquatoria. SMFCs offer a unique
opportunity to investigate the efficiency of
harvesting electricity from natural systems and the
potentials for their real application in power
generation or  bioremediation in  natural
environments.

SMFCs are adaptation of reactor-type microbial
fuel cells (MFCs), where anode and cathode are
contained in one or two closed compartments. The
anode is embedded into the sediment placed at the
bottom of the reactor and the cathode is immersed
in the aerobic water column above the phase
boundary with the sediment and the device operates
on the potential gradient at a sediment-water
interface (Fig. 1). Unlike other MFCs, where
proton-exchange membrane (PEM) and mediators
are used to create the needed conditions for the
bacteria to generate current, SMFCs are very cost-
effective since the expensive PEM is not necessary.
Sediments themselves act as a nutrient-rich anodic
media, inoculum and proton-exchange membrane.
This fact allows cheap and easy to build SMFC,
which can be used successfully on the field.

* To whom all correspondence should be sent:
E-mail: mitovmario@mail.bg
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Fig.1. Scheme of SMFC.

The first practical devices to be powered by
SMFC technology were reported in 2008 [1].
Meteorological buoys capable of measuring variety
of parameters and transferring data via real-time
line were powered by benthic SMFCs. Until now,
most of the research in the field has been performed
with marine sediments [1-3] and very few reports
reveal the potential application of freshwater
sediments [4, 5] or soil [6, 7] for electricity
generation.

In this paper, we report the results from over
eighteen months operation of SMFCs using river
sediments and soil collected near the town of
Blagoevgrad, Bulgaria. The collected data verify
the possibility for electricity generation by
utilization of these widely spread natural materials
and the potential of SMFC technology for power
supply application.
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EXPERIMENTAL

River sediments and water were collected from
the basin of river Struma (GPS coordinates:
41.990354, 23.067501). Soil samples were taken
near Blagoevgrad (GPS coordinates: 42.051209,
23.076744).

Cylindrical plastic vessels were used for
construction of single-chamber fuel cells. Half of
the vessel volume was fulfilled with the collected
sediments/soil. Graphite disk (6 cm diameter, 1 cm
thickness; GES Co., apparent density 1.68 g/cm?,
porosity 24%, electrical resistance 6.0 pQ.m)
served as anode was buried into the sediment 3 cm
above the vessel bottom. Water from the place of
the sample collection was poured above the
sediment layer. Graphite cathode with the same
dimensions as the anode was placed few
millimeters beneath the water surface.

The constructed SMFCs were operated for over
18 months without any supplying of nutrients
except periodic addition of water for compensation
of the losses from evaporation. Polarization
measurements under constant or variable load
resistances were carried out periodically using
resistor box. The cell voltage was measured with a
digital voltmeter MAS- 345 and the current was
estimated by using Ohm’s law.

RESULTS AND DISCUSSION

Few hours after the start up the open circuit
voltage (OCV) of both types of MFCs stabilized
and began to rise slowly. This increase continued
till the 15" day for the river sediment MFC and the
20" day for the soil MFC, respectively, after which
a slow drop began — Fig.2. When the drop of
voltage was significant some measures, such as
replacing the water layer, cleaning and shifting the
cathode, were taken in order to restore it.

Two months after the start up, the SMFCs were
polarized for 20 days using a 510 Q load resistor.
After switching the external resistance, the voltage
dropped initially and stabilized at relativity constant
values. The estimated mean current values were
0.30 mA for the sediment MFC and 0.15 mA for
the soil MFC, respectively, which shows that the
electrochemical processes in the sediment MFC
take place twice faster.

Right after disconnecting the loads, the OCV of
the both MFC rose sharply to 450 mV for the
sediment MFC and 300 mV for the soil MFC. After
the initial sharp increase, the voltage continued to
rise slowly and in the following days, values up to
350 mV for the soil MFC and 770 mV for the
sediment MFC were recorded. Such high values
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had not been achieved to that moment. This fact
indicates that the operation of the SMFCs under an
electric load stimulates the metabolism and growth
of the electrogenic bacteria.

At the end of the fourth month of the MFCs
operation an electrical air ozonator was placed near
them. Its purpose was to enrich the air around the
cells with the highly reactive ozone. This led to an
increase in the voltage of both MFCs. The OCV of
the Soil MFC reached a record value of 590 mV.
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Fig.2. Variation of the measured voltage with time
during operation of : a) Soil MFC; b) Sediment MFC.

Along with the voltage measurements at open
and closed circuit conditions under constant load,
polarization measurements of the studied SMFCs
under variable resistances were also carried out.
The obtained data were plotted as polarization (U-I)
and power (P-1) curves — Figs. 3 and 4. As seen
from the graphs, the sediment MFC generates
higher current and power and at the same time the
data fluctuations are smaller.

From the linear slopes of the polarization
curves, the values of the MFCs internal resistance
were calculated. Despite some fluctuations, the
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estimated values of the internal resistance maintain
near constant throughout the whole long-term
experiment and they are close to the resistance of
the load, at which the maximum power is achieved.
This is in accordance with the theory, which claims
that the internal resistance of a galvanic element is
equal to the external resistance at which the

element generates maximum power.
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Fig. 3. a) Polarization curves; b) power curves obtained
with Soil MFC at several subsequent days (shown as
dates in the legend) starting from the 50th day after the
beginning of experiment.

It is worth noticing that the polarization
characteristics obtained with Sediment MFC few
days after the continuous work under load were
much higher than those achieved before. The
maximum power reached 410 pW, which is over
five times higher than the maximum power
measured in the previous period. In contrary, the
Soil  MFC  showed worse  polarization
characteristics, which indicated that the system was
exhausted from the continuous work under a load.

—s—05.11
350 —Aa—07.11
i —e—09.11
w0l —=—10.11
e A 11.11
250 g B N
S B, e
z 200 \A-\. \'
AN\
o} AL
150 A
i \ .
\ -
100 - \‘_ \
\\ ue
504 [ -i\
RN .
0 . — Al
0.0 02 0.4 06 0.8 1.0
I (mA)
(@)
100
—=—05.11
. —A—07.11
80 - o " —e—09.11
™ .
o \_ —=—10.11
- 11.11
60 - / \
[ ]

P (uw)

Y 4
& \ \
L3 R oy
N | iy of
0.0 0.2 0.4 0.6 0.8 1.0
I (mA)

Fig. 4. a) Polarization curves; b) power curves obtained
with Sediment MFC at several subsequent days (shown
as dates in the legend) starting from the 50th day after
the beginning of experiment.

After 18 months operation, the SMFCs’ outputs
have continued to be stable and even grown up. The
OCV values 900 mV and 650 mV have been
achieved with the Sediment MFC and Soil MFC,
respectively [9]. Connected in series, both SMFCs
are able to su/pply low-power consumers — Fig. 5. ]

) )

b 9

Fig. 5. Connected in series SMFCs supplying digital
watch
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CONCLUSION

Based on the results obtained in this study, it can
be concluded that Sediment microbial fuel cells
using river sediments and soil are able to generate
current during long term operation. The better
performance of the SMFC utilizing river sediments
is probably due to the higher content of organic
matter as well as to specific electrogenic properties
of the bacteria in this type of sediments. The low
cost and easy maintenance make sense the further
research and development of this promising power
supply devices.
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CEAMMEHTHU MUKPOBUAJIHU TOPMBHU EJIEMEHTU U3I1OJI3BAIIY PEYHU
CEJUMEHTHU U ITOYBU

U. bepaapos?, M. Xy6enosa?, M. Muros'*

YKameopa ,, Xumus “, FOz03anaden ynueepcumem ,, Heogpum Puncku“ — Bnazoesepao, Bvazapus
2Kameopa ,, Buoxumus u muxpobuonozus “, Inosouscku ynusepcumem ,, Iaucuii Xunenoapcku *, Bvaeapus

Tlomy4yena na Maii 27, 2013, PeBusupana Ha FOnu 28, 2013

(Pesrome)

B nacrosmiara paboTta ca mpencTaBeHH W AMCKYTUPaHW pe3yiaTatu oT 18-mecedunu m3nuranus Ha CeNMMEHTHH
Muxpobuanau I'opuBau Enementu (CMI'E) oT KOJOHEH THII, H3MOI3BAIIM PEYHH CEIUMEHTH M MOYBH, CHOpaHH OT
nokpaiiHuHUTE Ha braroesrpan. Ilpes menus nepuo Ha M3ClieBaHEe TOPUBHUTE elleMEHTH paboTrexa 0e3 mojaBaHe Ha
XpaHWTEIHN BELIECTBA, OCBEH MEPUOJMYHO JOOaBsSHE Ha BOJa 32 KOMIIEHCALUsS Ha 3aryoute oT u3napenue. Paborara
Ha m3cnenBannte CMI'E Ge orenena upe3 mpoBexaHe Ha MOIIPU3ALHOHHN W3MEPBaHMS KaKTO MPH MMOCTOSHHH, TaKa
U TIpY NIPOMEHJIMBM TOBAapHU CBHIPOTHBIECHUS. [10-7100pH enekTpuyeckn XapaKTepHCTHKH, TO0-BHCOKAa eEKTHBHOCT,
KakTO W mo-ctabwieH pexuM Ha paboTa Osixa mocturHaté cb¢ CMI'E c peunu ceaumentn. 3axpanBain OJIOK,
KOHCTPYUpaH OT JBa mocienoBaTenHo cBbp3aHn CMIE, Ge ycmemHo HM3MOJ3BaH 3a 3aXpaHBaHE Ha €JIEKTPHUYECKU
YCTPOMCTBA C MajIka KOHCYMAI[isl, KOETO IEMOHCTPUpA MEPCIEKTUBUTE 3a MMOHATATHIIHO Pa3BUTHE U NMPHIOKEHHE Ha

TCXHOJIOTHATA.
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In this study, silica coated iron oxide nanoparticles were loaded on carbon felt by means of two different techniques
- impregnation of carbon felt samples in suspension of silica coated Fe3O4 nanoparticles (Method 1) and attachment of
silica coated Fe3O4 nanoparticles to carbon felts samples with covalent bonding through amine functional groups
(Method 2). The surface morphology of the newly prepared nanomodified carbon materials was studied by scanning
electron microscopy (SEM). The Si-coating efficiency was monitored by High-resolution transmission electron
microscopy (HR-TEM) in combination with X-ray EDS Microanalysis. The performed physicochemical
characterization analysis showed that Method 2 is superior for the deposition of the magnetite nanoparticles than
Method 1. Based on this, the electrochemical performance of the samples prepared by Method 2 in neutral phosphate
buffer solution was investigated in respect to their potential application as electrodes in microbial fuel cells (MFCs)
and/or microbial electrolysis cells (MECs).

Key words: silica coated iron oxide nanoparticles; nanomodified carbon felt; modified electrode materials; microbial

fuel cells; microbial electrolysis cells.

INTRODUCTION

Bioelectrochemical systems (BESs) based on
utilization of whole microorganisms as biocatalysts
such as Microbial Fuel Cells (MFCs) and Microbial
Electrolysis Cells (MECs) are intensively studied
during the last decade as promising technologies for
simultaneous  wastewater  purification  and
electricity generation or bio-hydrogen production
[1-6]. Mimicking the ability of some
microorganisms, known as exoelectrogens, to use
an exogenous final electron acceptor, both
technologies are based on an extracellular electron
transfer from the living cells to a solid conductor
serving as a BES anode. The most studied are the
so-called “metal respiring” bacteria from Geobacter
and Shewanella families, which naturally use iron
or manganese (hydr)oxides as final electron
acceptors for their respiration processes [7].

Carbon-based materials such as graphite, carbon
cloth, carbon felt, etc., are most commonly used as
electrodes in BESs due to their biocompatibility,
good conductivity, corrosion stability and low
price.

* To whom all correspondence should be sent:
E-mail: nalbanti@cperi.certh.gr

In previous studies [8, 9], it has been found that
modified with nickel and iron carbon felt materials
used as anodes improve significantly the electric
outputs of mediatorless yeast-biofuel cell. In
another study [10], it has been demonstrated that
the same materials possess high corrosion
resistance and electrocatalytic activity towards
hydrogen evolution reaction (HER) in neutral and
weak acidic solutions, which makes them proper
cathodes for MECs in respect to bio-hydrogen
production.

The aim of this study was to develop methods
for loading silica coated iron oxide nanoparicles on
carbon felt and examine the electrochemical
performance of the prepared nanomodified
materials in neutral electrolyte in respect to their
potential applications as electrodes in MFCs and/or
MECs.

MATERIALS AND METHODS
Materials

Chemicals used in experiments were of
analytical grade and used without any further
purification. Ferric chloride (FeCls-6H>0), ferrous
chloride (FeCly'4H-0), sodium hydroxide (NaOH),

© 2013 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 227
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ammonia (NH4OH), tetraethylorthosilicate (TEOS)
and ethanol were purchased from Merck.
Aminosilane  coupling agent 3-aminopropyl-
triethoxysilane (APTES) was obtained from Sigma
Aldrich. In this study, only deionized water (18
MQ) was used. Carbon felt (SPC-7011, 30 g/m?)
was purchased from Weiligerber GmbH & Co. KG.

Preparation and silica coating of the magnetic
nanoparticles

Magnetic nanoparticles (NP’s) of FesOs were
synthesized by a conventional chemical co-
precipitation method [13-14]. Aqueous solutions of
Fe?* and Fe** chlorides in a molar ratio of Fe*"/Fe®*
= 0.5 were precipitated by NaOH, under N flow in
order to prevent oxidation. The precipitate was
aged for 10min and ultrasonicated for another
10min. The resulting magnetic nanoparticles
underwent washing with water.

In order to coat the surface of the nanoparticles
with thin silica (SiO,) layer, 40mg of the
synthesized Fes;O4 nanoparticles were dispersed in a
solution of ethanol/water (4:1) and the pH of the
solution was adjusted to 9 by addition of NH,OH.
Finally the Si-source, TetraEthylOrthoSilicate
(TEOS) was added dropwise and the solution was
stirred mechanically for 10 hrs [15-16]. The
precipitate was washed several times with water.
Subsequently, water was added to redisperse
ultrafine  magnetic  particles. The obtained
magnetite dispersion will be called in the next
paragraphs magnetic fluid (MF).

Two types of NP’s were prepared, with different
TEOS concentration, which resulted in different
silica layer thickness (S0.008 has thinner silica
layer than S0.016).

Loading of silica coated Fe;O4 nanoparticles to
carbon felt samples

Circular pieces of carbon felt with diameter 1cm
are used. Prior to the deposition of the nanoparticles
the carbon felt samples are rinsed with ethanol,
unless otherwise mentioned. Two different methods
were used for attaching the magnetic nanoparticles,
either by simple physical adherence or through the
formation of covalent bonds.

Impregnation of carbon felt samples in
suspension of silica coated FezO4 nanoparticles
(Method No1): The magnetic fluid is ultrasonicated
for 15 minutes in order to achieve the best
dispersion of the NP’s and to become
homogeneous. Then a piece of carbon felt is added
in the dispersion and stirred at room temperature
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for 2 hrs. The carbon felt is removed, washed with
water and dried at room temperature.

Attachment of silica coated FesO4 nanoparticles
to carbon felts samples with covalent bonding
through amine functional groups (Method No2): 3-
aminopropyl triethoxysilane (APTES), as a source
of amine groups, is added to the suspension of
silica coated iron oxide nanoparticles. After stirring
for 2 min, a circular piece of carbon felt with
diameter 1cm, previously washed with ethanol
(unless mentioned otherwise), is inserted in the
solution and stirred for 5 hrs. In the end the carbon
felt specimen is removed, washed with water,
ultrasonicated in water for 30 min and dried at
room temperature.

Physicochemical Characterization

The crystalline phases present in the prepared
nanoparticles are identified by X-ray diffraction
(XRD). Powder XRD patterns are recorded with a
Siemens D 500 X-ray diffractometer, with an
autodivergent slit and graphite monochromator
using CuKa radiation, with a scanning speed of
2°min. The characteristic reflection peaks (d-
values) are matched with JCPDS data files and the
crystalline phases are identified.

Scanning electron microscopy (SEM) is used for
inspecting the morphology of the prepared samples.
The instrument used is a JEOL JSM 6300 scanning
electron microscope equipped with an Oxford ISIS
2000 energy dispersive analysis system (EDS).

High-resolution transmission electron
microscopy (HRTEM) images are obtained in a
JEOL JEM 2010 microscope operating at 200 kV
and equipped with an Oxford Instruments INCA
EDS detector. In order to prevent eventual
agglomeration, the sample was mixed with pure
ethanol in an ultrasonic  apparatus and
superimposed on a lacey carbon film supported on
a3 mm Cu grid.

Electrochemical characterization

The electrochemical performance of the newly
produced nanomodified carbon felt materials in
phosphate buffer (PBS, pH 7.0) solutions was
investigated by means of Linear Sweep
Voltammetry (LSV). The studied samples with a
geometric area 1 cm? were connected as a working
electrode in a three electrode arrangement. A
platinum-titanium mesh (10 cm?) was used as a
counter electrode. All potentials were measured
against Ag/AgCl reference electrode.

To examine the corrosion behaviour of the
materials, the potential was swept with a scan rate 2
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mV/s in a positive direction in the range from -400
mV to 600 mV (vs. Ag/AgCl). To evaluate the
electrocatalytic activity of the studied materials
towards hydrogen evolution reaction (HER), LSV
measurements with the same scan rate were
performed in a negative direction from 0 to -1200
mV (vs. Ag/AgCl).

The electrochemical studies were performed by
using potentiostat - galvanostat PJT 35-2
(Radiometer-Tacussel) with IMT 101 interface and
VoltaMaster 2 data acquisition system. LSV tests
were carried out in triplicate and the third scan was
used for analysis of the performance.

RESULTS AND DISCUSSION

Two types of nanoparticles were used in these
experiments, nanoparticles with thin silica layer
(samples 1,5) and nanoparticles with a relatively
thick silica layer (samples 2,3).

Physicochemical properties of the Si-coated
magnetic nanoparticles

Only stable magnetic fluids were used in the
further steps of the study. Optical inspection gave a
first indication whether the prepared samples had
properly dispersed nanoparticles. The prepared
nanoparticles were examined by X-ray diffraction
in order to identify the crystalline phases formed.
The experimental peaks were perfectly matched
with the theoretical data of the JCPDS card No 19-
629, thus indicating the presence of pure magnetite.
The crystallite size, determined from the line
broadening by the Scherrer formula, was in the
range 9-12 nm.

The Si-coating efficiency was monitored by HR-
TEM, in combination with X-ray EDS
Microanalysis. Figure 1 presents a characteristic
image of crystalline magnetite nanoparticles, coated
with a surface silica layer. The nanoparticles are
visible as agglomerates of small nanoparticles of
10-20nm, coated with a thin layer of silica.

Fig.. TEM img of silica coated Fe304 nanoris

Physicochemical Characterization of NP-loaded
Carbon Felt Samples

Samples prepared by Method Nol: Magnetite
nanoparticles after different treatment were used for
the preparation of each of the following samples:

Sample PO: Pure FesO4 nanoparticles, without
further modification were loaded on the carbon felt
sample. In Figure 2, SEM images of the prepared
sample show that only few big aggregates have
been attached to the carbon felt fibers.

7/

~100pn

Fig. 2. SEM images of sample PO

Sample P1: Magnetite (FesOs) nanoparticles,
treated with TEOS in order to obtain a silica layer
(S0.016) were loaded on this sample. SEM images
reveal that the silica coating increases the number
of attached NP’s and also reduces the size of the
aggregates, however the results are still not
acceptable.

Sample P2: The carbon felt sample was immersed
in an aqueous suspension of silica coated (S0.016)
magnetite (Fes0.) nanoparticles, functionalized
with surface amine groups, after treatment with 3-
AminoPropyl-ThriEthoxySilane (APTES). As
shown in Figure 3, the presence of amine groups of
the surface of the nanoparticles has greatly
enhanced their affinity to the carbon felt fibers.
However, the NP’s are still loosely attached as
aggregates, not forming a homogeneous layer of the
surface of the fibers.
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Fig. 3. SEM morphology of sample P2

Sample P3: Finally the effect of reducing the
thickness of the silica layer has been examined.
Sample P3 was prepared by using an agueous
suspension of amine functionalized magnetite
(FesO4) nanoparticles coated with a thinner silica
layer (S0.008). By observing the morphology of the
prepared carbon felt sample, no major difference
from sample P2 can be seen, thus it is concluded
that the thickness of the silica layer does not have a
significant effect on the adhesion behavior of the
NP’s on the carbon felt fibers.

Samples prepared by Method No2: The reaction of
the surface hydroxyl groups of silica with the amine

APTES NH;

Surface
hydroxyl \
groups o Po ™~
Q
* “ HiO EtOH
Mo "ol

A AR A Al 4
7 7 7 7 7 7
Si0,

source, which leads to the formation of functional
surface amine groups, is shown schematically in
Figure 4.

The parameters studied for the samples loaded
through the formation of covalent bonding between
the nanoparticles and the carbon felt fibers were:

— the pretreatment of the carbon felt samples
with ethanol
— the thickness of the surface silica layer of
the nanoparticles
— the quantity of nanoparticles available to be
attached to a carbon felt specimen
Sample C1: The carbon felt sample used for
preparing sample C1 was pretreated with ethanol
for 120 minutes before the nanoparticles loading
procedure. Magnetite (Fes0.) nanoparticles, treated
with TEOS in order to obtain a silica layer (S0.016)
were loaded on the sample, the same NP’s as those
used in Sample P1. In Figure 5 the SEM images
obtained from sample C1 are shown. It is clear that
the affinity of the nanoparticles to the carbon felt
fibers has been greatly enhanced. The NP’s have
been attached almost uniformly around the fibers,
forming a continuous magnetite layer. Local
elemental analysis with X-ray EDS (Figure 6)
clearly reveals the presence of iron and silica, thus
confirming that the deposited layer is composed
from the magnetic NP’s.

At this point it should be emphasized that prior
to the SEM morphology observation, the samples
have been placed in the ultrasonic bath for 30
minutes, nevertheless the adherence of the
nanoparticles remained strong, showing that
Method 2 for the deposition of the NP’s is superior
than Method 1.

e Ifsixo/‘“\

A A A S A o
77 7 77 7
Sio, SO,

Fig. 4. Reaction scheme for the formation of surface amine groups.
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Lt *8
3 P s i
Fig. 5. SEM morphology of sample C1

Full scale =7 counts/s

Fig. 6. Elemental analysis (X-ray EDS) of sample C1.

Sample C2: Sample C2 was prepared to investigate
the effect of the pretreatment of the carbon felt with
ethanol. Thus the preparation of sample C2 was
exactly the same as sample C1, but without
pretreatment with ethanol. The results, presented in
Figure 7a, indicate that there is not a significant
difference in the morphology of the fibers, from
sample C1.

(a)
Fig. 7. SEM morphology of (a) sample C2, (b) sample C3 and (c) sample C4

R

Sample C3  Sample C3 was prepared in order to
study the effect of reducing the thickness of the
silica layer. Magnetite (FesO.) nanoparticles,
treated with TEOS in order to obtain a thinner silica
layer (S0.008) were used, the same NP’s as in
sample P3. By comparing the SEM images of the
prepared carbon felt specimens, shown in Figure
7b, to the images of samples Cl and C2, it is
concluded that the effect of the silica layer
thickness on the fibers morphology is not
significant.

Sample C4 Finally, the quantity of nanoparticles
available to be attached to the carbon felt specimen
was investigated by preparing sample CA4.
Magnetite (FesO.) nanoparticles, treated with
TEOS in order to obtain a thinner silica layer
(S0.008) were used, the same NP’s as in sample
C3. However, 30% less nanoparticles were used for
the deposition. The morphology of the obtained
sample C4 is shown in Figure 7c. The number of
attached nanoparticles on the fiber surface is
significantly smaller than in the previous samples,
eventually there were not enough NP’s to form a
continuous layer as in the previous samples C1-C3.
However, the NP’s are still not aggregated and very
firmly attached to the fibers.

Electrochemical performance

The LSV studies performed in a positive
(anodic) direction indicate a good corrosion
stability of all studied materials in neutral PBS
solution. As a measure of the corrosion rate, the
exchange current density values estimated from the
Tafel plots, presented in Figure 8, varies in the
range 10®+ 107" mA/cm?. These low corrosion rates
reveal the potential possibility to use the modified
materials, produced by covalent bonding of FeszO4
nanoparticles to carbon felt, as electrodes in MFCs
or MEGCs, in which neutral PBS solution is
commonly used as an electrolyte. The performed
potentiodynamic measurements with modified
materials at negative potentials from 0 to -1200 mV
(vs.Ag/AgCl), however, show an absence of
reduction process in a broad range of potentials, as
seen from the LSVs shown in Figure 9.

(©)
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Fig. 8. Tafel plots of modified and non-modified carbon
felt samples obtained by LSV with a scan rate 2 mV/s in
PBS (pH 7)
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Fig. 9. Linear voltammograms of modified and non-

modified carbon felt samples obtained with a scan rate
2mV/sinPBS (pH 7)

The highest electrochemical activity at
potentials more negative than -700 mV
(vs.Ag/AgCl), corresponding to a noticeable
hydrogen evolution, is observed with sample C3.
Although the rate of HER, estimated from the slope
of the linear region in voltammogram is twice
higher for sample C3 than that for the non-modified
carbon felt, it is rather small in comparison with the
hydrogen production rates of electrode materials
with a practical impact [10-12]. The rest of the
studied modified materials exhibit even less than
the carbon felt or negligible electrocatalytic activity
towards HER. This exludes these materails as
potential cathodes for bio-hydrogen production in
MECs.

CONCLUSION

Two different methods were used for attaching
magnetic FesOs nanoparticles on carbon felt in
order to obtain modified electrode materials for
BESs application. The direct immersion of carbon
felt samples in an aqueous suspension of silica
coated magnetite nanoparticles results in loose
attachment of NPs aggregates. In the contrary, the
attachment of silica coated FesO; nanoparticles
through covalent bonding with amine functional
groups leads to the formation of a uniform
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magnetite layer around the carbon fibers, showing
that the second method for deposition of the NPs is
superior.,

All the carbon felt samples modified by covalent
bonding of the magnetite nanoparticles possess
high corrosion resistance in neutral PBS solution,
commonly used as an electrolyte in
bioelectrochemical systems. However the prepared
samples are not suitable for use as cathodes for
bio-hydrogen production in MECs.

The newly synthesized FesOJ/carbon felt
materials need to be further examined as anodes in
MFCs using metal respiring bacteria (e.g.
G.metalloredusence, S.oneidensis) as biocatalysts,
since they combine high corrosion stability in
neutral medium and specific properties due to the
attached NPs.
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CVIIEPITAPAMATHUTHU HAHOYACTHUIH 3A BUOEJIEKTPOXUMHNWYHHA
I[TPUJIOXXEHUA
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B HacrosimaTa pa3paboTKa, HAHOYACTHIIM OT MarHeTUT, TIOKPUTH ChC CHIIMKArel, 0sxa HaHECEHH BbPXY BBIJIEPOJTHO
Ke4ye upe3 JBE pa3zIM4YHU TEXHUKH — UMIIPETHHpaHe Ha o0pa3ly OT BBIJIEPOAHO Kede B cycrneHsus ot FeszOy
HAHOYACTHUIIM, TIOKPUTH cbc cuimkaren (Metox 1) M KOBaJIeHTHO CBBP3BaHE Ha MOKPUTUTE Chc cuumkaresn FesOq
HAHOYACTHUIIM C BBIVICPOJHOTO Keue upe3 (yHKIHOHANHU amMuHO-rpynu (Metox 2). IloBbpxHOCTHaTa MOP(OJIOTHS Ha
HOBOCB3/13ICHUTE HAHOMOAN(DHULIMPAHH BHIJICPOAHN MaTepualid 0e oxXapakTepH3HpaHa 4pe3 CKaHMpalla eJIeKTPOHHA
mukpockonusi (CEM). EdekruBHoctra Ha Si-mokpuTHe O€ OIEHEHa Ype3 BUCOKO-pa3JeiHuTeNIHa TPAHCMHUCHOHHA
enektpoHHa Mukpockormus (BP-TEM) B koMOHWHAmus ¢ €HEpro-AHCIEPCHOHHA PEHTICHOBA CIIEKTPOCKOIIHS.
[IpoBeneHuTe (YU3MKOXMMUYHN aHAJIH3M IOKa3zaxa, 4e Merox 2 e mo-7o0Bp 32 OTJIaraHe Ha HAHOYACTHUIINTE OT
MarHeTHT. Bp3 0cHOBa Ha TOBa, O¢ M3CIEABAHO ENEKTPOXUMHUYHOTO IMOBEACHUE Ha 00pa3nu, HU3roTBeHH 1o Merton 2, B
HeyTpaieH ¢ocdaTteH Oydep ¢ orien Ha MOTCHIHATHOTO UM H3MOJN3BaHE KAaTO EJICKTPOTU B MHUKPOOHMAITHH TOPUBHU
enementn (MI'E) w/mm mukpobuanau enexkrponnsau xietku (MEK).
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numbers in the text should be enclosed in brackets
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bold, the initial page is given and the year in
parentheses. Attention is drawn to the following
conventions:

a) The names of all authors of a certain
publications should be given. The use of “et al.” in

the list of references is not acceptable.

b) Only the initials of the first and middle names
should be given.

In the manuscripts, the reference to author(s) of
cited works should be made without giving initials,
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ence carries the names of three or more authors it
should be quoted as “Bush et al. [7]”, if Bush is the
first author, or as “Bush and co-workers [7]”, if
Bush is the senior author.

Footnotes should be reduced to a minimum.
Each footnote should be typed double-spaced at the
bottom of the page, on which its subject is first
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Tables are numbered with Arabic numerals on
the left-hand top. Each table should be referred to in
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possible but they must define units unambiguously.
The units are to be separated from the preceding
symbols by a comma or brackets.
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figures, equations, etc. are referred to the text
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Table, Scheme.

Schemes and figures. Each manuscript (hard
copy) should contain or be accompanied by the
respective illustrative material as well as by the
respective figure captions in a separate file (sheet).
As far as presentation of units is concerned, Sl units
are to be used. However, some non-SI units are also
acceptable, such as °C, ml, I, etc.

The author(s) name(s), the title of the
manuscript, the number of drawings, photographs,
diagrams, etc., should be written in black pencil on
the back of the illustrative material (hard copies) in
accordance with the list enclosed. Avoid using more
than 6 (12 for reviews, respectively) figures in the
manuscript. Since most of the illustrative materials
are to be presented as 8-cm wide pictures, attention
should be paid that all axis titles, numerals,
legend(s) and texts are legible.

The authors are asked to submit the final text
(after the manuscript has been accepted for
publication) in electronic form either by e-mail or
mail on a 3.5 diskette (CD) using a PC Word-
processor. The main text, list of references, tables
and figure captions should be saved in separate files
(as *.rtf or *.doc) with clearly identifiable file
names. It is essential that the name and version of
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the word-processing program and the format of the
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institution or organization. The Editorial Board of
the journal is not obliged to accept these proposals.

programme.

EXAMPLES FOR PRESENTATION OF REFERENCES

REFERENCES

1. D. S. Newsome, Catal. Rev.—Sci. Eng., 21, 275 (1980).
2. C.-H. Lin, C.-Y. Hsu, J. Chem. Soc. Chem. Commun., 1479 (1992).
3. R. G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules, Oxford Univ. Press, New York, 1989.
4. V. Ponec, G. C. Bond, Catalysis by Metals and Alloys (Stud. Surf. Sci. Catal., vol. 95), Elsevier, Amsterdam, 1995.
5.

G. Kadinov, S. Todorova, A. Palazov, in: New Frontiers in Catalysis (Proc. 10th Int. Congr. Catal., Budapest,

1992), L. Guczi, F. Solymosi, P. Tetenyi (eds.), Akademiai Kiado, Budapest, 1993, Part C, p. 2817.
6. G. L. C. Maire, F. Garin, in; Catalysis. Science and Technology, J. R. Anderson, M. Boudart (eds), vol. 6, Springer-

Verlag, Berlin, 1984, p. 161.
7. D. Pocknell, GB Patent 2 207 355 (1949).
8. G. Angelov, PhD Thesis, UCTM, Sofia, 2001.

9. JCPDS International Center for Diffraction Data, Power Diffraction File, Swarthmore, PA, 1991.

10. CA 127,184 762q (1998).
11. P. Hou, H. Wisg, J. Catal., in press.
12. M. Sinev, private communication.

13. http://www.chemweb.com/alchem/articles/1051611477211.html.

236



Bulgarian Chemical Communications, Volume 45, Special Issue A, 2013

CONTENTS

e - (01 ST RO RP
Z.P.Nenova, S.V.Kozhukharov, T.G.Nenov, N.D.Nedev, M.S.Machkova, Characterization of
humidity sensors with Ce-modified silica films prepared via sol-gel method...................
V. Bozhilov, S. Kozhukharov, E. Bubev, M. Machkova, V. Kozhukharov, Classification and functional
characterization of the basic types of photovoltaicelements ....................coel,
D. S. Rodriguez, S. Kozhukharov, M. Machkova, V. Kozhukharov, Influence of the deposition
conditions on the properties of D16 AM clad alloy, dip-coated in Ce-containing baths ...........
J. A. P. Ayuso, S. Kozhukharov, M. Machkova, V. Kozhukharov, Electrodeposition of cerium
conversion coatings for corrosion protection of D16 AM clad alloy .. .
G. A. Hodjaoglu, I. S. Ivanov, Influence of hydroxyethylated-2- butyne 1 4- d|0| on copper
electrodeposition from sulphate electrolytes containing large amounts of zinc .....................
P. L. Stefchev, R. P. Kirilov, Ch. A. Girginov, E. H. Klein, AC-anodized and Ni-pigmented aluminum
for selective solar abSOrpltion ... ..o
Ch. A. Girginov, I. A. Kanazirski, V. G. llcheva, Electrolytic coloring of porous aluminum oxide films
([ OL0 1@ o 11 o] o SR
K. N. Ignatova, Y. S. Marcheva, Electrodeposition and structure of Co coatings (CoCu, NiCo and
CoNiCu) in potentiostatic and pulse potential modes ..............cooiiiiiiiiiiiiieen
S. V. Mentus, I. A. Pasti, N. M. Gavrilov, Thermogravimetric way to test the oxidation resistance of
Pt/C catalysts for fuel cells .
R. Harizanova, C. Bocker, G. Avdeev C Russel 1 Gugov Crystalllzatlon and d|electr|c propertles of
BaTiO3-containing invert aluminoborosilicate glass-Ceramics..........c.covveinerieneneisisisesenes
D. Hristova, I. G. Betova, Tzv. B. Tzvetkoff, lonic and electronic conductivity of the surface film on
titanium during pulse electrolysis of Water ...
K. Draganova, VI. Stefanova, P. lliev, Analytical study of the process of sulphuric acid dissolution of
Waelz-clinkerwith Eh - pH diagrams ............oooiiiiiii e
Ch.A. Girginov, M.S. Bojinov: Anodic oxidation mechanism of aluminum alloys in a sulfate-fluoride
BlECEIOIY e o e
E. Lilov, Ch. Girginov, E. Klein, Anodic oxide films on antimony formed in oxalic acid solutions ......
V. |. Karastoyanov, Tzv. B. Tzvetkoff, Pulse electrolysis of alkaline solutions as highly efficient
method of production of hydrogen/oxygen gas MixXtures ............ocoevuiiiiiieiniieieieiieenns.
K. D. Georgieva, G. Vissokov, Advances in synthesis, application and dependence of vaporization of
micron sized particles in thermal plasma in SOFC technologies ............c...ocoeviiiiiiiinin.
I. Popov, B. Velev, J. Milusheva, R. Boukoureshtlieva, S. Hristov, T. Stankulov, B. Banov, A.
Trifonova, Behaviour of gas-diffusion electrode in various non-aqueous electrolytes for the
I UM-AIT Sy S O L. e e e
M. Georgieva, M. Petrova, V. Chakarova, Obtaining of electroless Ni-P/ZrO, composite coatings on
flexible substrates of polyethylene terephtalate ............ccoooiiiii i,
L. N. Petkov, K. Sv.Yosifov, A. S. Tsanev, D. Stoychev, Glassy carbon (GC) electrode modified with
electrodeposited ZrO, and ZrO- + Ce;0s + Y03 nanostructures as a cathode in the obtaining
OF aCtiVE ChIONING ... .o e
R. Boukoureshtlieva, S. Yankova, V. Beschkov, J. Milusheva, G. Naydenova, L. Popova, G. Yotov, S.
Hristov, Monitoring of the phenol biodegradation process with an electrochemical biosensor ..
M. Krapchanska, D. Vladikova, Z. Stoynov, A. Chesnuad, A. Thorel, G. Raikova, E. Mladenova, 1.
Genov, Impedance studies of porous electrolyte with mixed ion conductivity .....................
Y. D. Milusheva, R. I. Boukoureshtlieva, S. M. Hristov, Air gas-diffusion electrodes for operation in
magnesium-air cells/NaCl — electrolyte ....... ..o
P. V. Angelov, S. S. Slavov, Sv. R. Ganev, Y. B. Dimitriev, J. G. Katzarov, Direct ultrasonic synthesis
of classical high temperature ceramic phases at ambient conditions by innovative method ......
K. Lovchinov, M. Ganchev, M. Petrov, H. Nichev, D. Dimova-Malinovska, J. S. Graff, Al. Ulyashin,
Electrochemically deposited nanostructured ZnO layers on the front side of c-Si solar cell ......
V. Blaskova-Kochnitcharova, T. Petkova, L. Fachikov, E. Lefterova, I. Kanazirski, P. Angelov, S.
Vassilev, Investigations of glass-crystalline TiO2-V20s-P2Os samples ..............ccccoeevenne.

11

17

24

33

41

47

52

57

64

69

74

82

88
94

99

103



Bulgarian Chemical Communications, Volume 45, Special Issue A, 2013

D. S. Lilova, Il. H. Gadjov, D. Dimitrov, Chemical and phase content of alloyed tin-cobalt plating
deposited in direct-current or impulse MOAES .........c.oviiriiiiii e,
T. M. Dodevska, E. G. Horozova, N. D. Dimcheva, Electrochemical characteristics and structural
specifics of carbonaceous electrodes, modified with micro- and nanodeposits of platinum
190 71 £
I. Radev, G. Topalov, G. Ganske E. Lefterova, G. Tsotridis, U. Schnakenberg, E. Slavcheva, Catalytic
activity of co-sputtered Ptlr thin films toward oxygen reduction .................ccoevviieiiinn..
G. R. Borisov, A. E. Stoyanova, E. D. Lefterova, E. P. Slavcheva, A novel non-carbon gas diffusion
layer for PEM water electrolysis anodes ...........oooviniiiiiii i
A. E. Stoyanova, G. R. Borisov, E. D. Lefterova, E. P. Slavcheva, MEA with carbon free Pt-Fe
catalysts and gas diffusion layers for application in PEM water electrolysis .......................
D. G. Filjova, G. P. llieva, V. Ts. Tsakova, Electropolymerization of poly(3,4-
ethylenedioxythiophene) layers in the presence of different dopants and their effect on the
polymer electrocatalytic properties. Oxidation of ascorbic acid and dopamine ..................
Scientific Workshop Hydrogen Economy —a Roadmap tothe Future ...............ccoooiiiiiiniinnnn,
E.Y. Chorbadzhiyska, M.Y. Mitov, Y.V. Hubenova, Optimization of conditions for formation of
electrochemically active biofilm on carbon felt anodes during operation of yeast-based biofuel
CCIIS et
A. Evdou, V. Zaspalis, L. Nalbandian, Novel materials as oxygen carriers for energy applications ......
G. Y. Hristov, E. Y. Chorbadzhiyska, R. S. Rashkov, Y. V. Hubenova, M. Y. Mitov, Comparison
investigation of Co-based catalysts for the catalytic hydrolysis of sodium borohydride .........
I. Bardarov, Y. Hubenova, M. Mitov, Sediment microbial fuel cell utilizing river sediments and soil ...
E. Patrikiadou, V. Zaspalis, L. Nalbandian, E. Chorbadzhiyska, M. Mitov, Y. Hubenova, Synthesis
and characterization of Si-coated superparamagnetic nanoparticles for bioelectrochemical
Y 0] 0 Lo 1 o) 1
INSTRUCTIONS TO THE AUTHORS . .. .. ctttetetttt et etete e et e et et e e e e et e et e et e e e ae e e e e e e s e s anee

238

171

179

186

191

196
203

205
211
219
223

227
235



Bulgarian Chemical Communications, Volume 45, Special Issue A, 2013

CBABPXXAHUE

TIDEOCOBOPD ..ottt e bbbt a e r e e

3. II. Henosa, C. B. Koocyxapos, T. I'. Henos, H. J]. Heoes, M. C. Maukosa, OXxapakTepu3upaHe Ha
ceH3opu 3a BiaxHOCT ¢ Ce-lerupanu CHUIMIIMEBO-AHOKCHIHU CIIOEBE, U3TOTBEHU I10
T O N N1 Y (<1 K0 )1 PP P PRSP PRT PR

B. bBoorxcunos, C. Koocyxapos, E. bybes, M. Maukosa, B. Koowcyxapos, Knacudukanmsa u
(yHKIIMOHAIHA XapaKTEPUCTHKA HA OCHOBHUTE BUJIOBE (DOTOBOITAUYHH EIIEMEHTH ............

Jl. C. Poopuzes, C. Koacyxapos, M. Mauxosa, B. Koocyxapog, BnusiHue Ha yClOBUATa Ha OTJaraHe
Ha TOKpuTHs 0T Ce-KOHBEPCHOHHH 0aHM BbPXY CBOMCTBaTa Ha Iuakupana cruias J[16 AM ...

X. A. II. Auroco, C. Koocyxapos, M. Mauxosa, B. Koowcyxapos, EneKTpoXMMHYHO OTJaraHe Ha
[IEPUCBHU KOHBEPCUOHHU MTOKPUTHS 32 KOPO3UOHHA 3alllMTa Ha TuTakupaHa ciias J[16 AM ......

I A. Xooocaoeny, Hs. C. Heanos, BnusHue Ha XUIOKCHETHIUpAHUS-2-OyTHH-1,4-THON BBPXY
€JIEKTPOOTIIATAHETO Ha Me OT CyN(haTHU ENEKTPOIUTH ChIBPKAIIN TOJIEMH KOINIECTBA IIMHK

1. JI. Cmegpues, P. Il. Kupunos, K. A. I'upeunos, E. X. Knatin, CeeKTUBHH TIOKPUTHS Ha OCHOBa Ba
MPOMEHJIMBOTOKOBO aHOIUPAH M OLBETEH C NI QITYMUHUH .. ...veenineeieaiaienianieananann.

K. A. T'upeunos, U. A. Kanasupcxu, B. I'. Hnuesa, ENeKTpOXUMUYHO OIBETSBAaHE Ha IOPECTU
OKCUITHU GUIMHA BBPXY ATyMHUHHANA B Pa3TBOPH HA CoSO4 .. ..o

K. H. Henamosa, U. C. Mapuesa Erexmpoomaacane u cmpyxmypa na Co noxpumus (CoCu, NiCo
AND CoNiCu) 8 nomeHyuoCmamuiet U UMNYICEH DEHCUM ........uuueenneananeeeeneeiianeananns

C. B. Meumyc, U. A. Ilawmu, H. M. I'aspuros, TepMorpaBUMeTprueH METOJ 3a TECTBaHE Ha
YCTOWYMBOCTTA Ha OKHCeHHe Ha Pt/C xaTaan3aTopy 3a TOPUBHHU KIIETKH .....vvvvevennnnnns...

P. Xapusanosa, Xp. boxvp, I. Aeoees, Xp. Procen, Hs. Iyeos, Kpuctanuzamus u JuUEICKTPUUHU
CBOICTBA Ha WHBEPTHH aTyMO-OOpPOCHIMKATHH CTHKIOKEPAMHKH, CHABPXKAIIA OapueB
7 2 2t PR

. Cm. Xpucmoea, U. I'. bemosa, [ls. b. Ileemxos, Wonna u €JIEKTPOHHA IPOBOJUMOCT Ha
MOBBPXHOCTHH ()MJIIMH BHPXY TUTAH I10 BpeMe Ha UMITYJICHA €JIeKTPOJIN3a BbB BOJA ..........

K. lpacanosa, Ba. Cmeganosa, I1. Hnues, AHaNNTUYHO W3JE€IBAaHE HA IMpolieca HA pa3TBapsiHE Ha
BEJI-KJIMHKED B CSpHA KHcenrnHa ¢ momorira Ha Eh — pH muarpamu ...

K. A. I'upeunos, M. C. Boscunog, MeXxaHU3bM Ha aHOJHO OKHCJIEHUE HA AJIlyMUHUEBH CIUIaBU B
CYA(PATHO-(DIYOPUICH EITEKTPOIIHT «..eeeeeeeeeetetetet et et et et et et et e ee e eaneaneanes

E. Jlunos, K. I'upeunos, E. Knaiin, MexaHu3bpM Ha aHOJHO OKHUCIICHHE Ha alyMHHHEBHU CIUIABU B
CYN(PATHO-PITYOPUICH EITEKTPOITHT ..o ueeneententeneententent et eateten e et e ae e et e teeenaneneanenns

B. Kapacmosnos, 1[s. I[gemxog, VIMmysicHa eNEKTpOIN3a B QJIKAIHH BOJHHU pPa3TBOPH KaTo

BHUCOKOS(EKTHBEH METO/] 38 TCHEPUPAHE Ha OKCUBOJIOPOHH TA30BH CMECH .. ....uvneneneieeenenanenennes

K. I'eopeuesa, I'. Bucoxos, Hanpebk B CHHTE3a U OIPEJIENISTHE Ha 3aBUCUMOCTTA OT M3IIAPEHUETO Ha
YaCTHIIUTE C€ MHUKPOHHU pa3Mepd B TEepMHYHA IUla3Ma — TPWIOKECHUE BbB
BHUCOKOTEMITEPATYPHHU TOPUBHHU CIIEMEHTH .. euenntnntnttttantene ettt ettt et et eieateaieaneanean

HUn. Ilonos, b. Benes, U. Munyweea, P. Byxypewnuesa, C. Xpucmos, T. Cmankynos, b. Banos, A.
Tpugporosa, IloBenmenme Ha ra30nu(y3UOHEH EJNEKTPOJ B HEBOJIHHU CIICKTPOIUTH 3a
(97 (o NS VE:1 B0 1700207 =3 5631 o GO

M. [leopeuesa, M. Ilemposa, B. Yaxwposa, IlomyuaBane Ha xumuuHu kommo3utHu Ni-P/ZrO2
MOKPUTHUS BHPXY I'bBKABH MOJJIOKKU OT TOTUETHIICH TEPEPTATIAT .. .eovveerveeeeivieieeiieeie e e

JI. ITemkos, K. ﬁocudjoe, A. Ianes, JI. Cmotiues, CrokioBuaen Boriepon (CB) momnbummpan ¢
CJIEKTPOOTIIOKEHN HaHOCTPpYKTypu Ha ZrO; u  ZrO,+Ce03+Y,03 karo katon mpu
MTOJTYYABAHETO HA AKTHBEH XITOP .. eenenntntentntentent et et et et et et et et et eneetennenneneenes

P. Byxypewnueea, C. Anuxoea, B. bewkos, U. Munywesa, I'. Hatioenoea, JI. ITonoea, I. Homos, C.
Xpucmos, Tlpocnenssane mnporieca Ha Ouojnerpaganus Ha (EHONT C ENEeKTPOXUMHYECH
(827 007370 o

M. Kpwvnuancka, /l. Braduxosa, 3. Cmotinos, A. Yecno, A. Topen, I'. Paiikosa, E. Mnaoenosa, Y.
T'enos, IMIiegancHO M3ciieIBaHE HA TIOPECT EIEKTPOJIUT ChC CMECeHa MPOBOIUMOCT ...........

H. JI. Munywesa, P. U. Byxypewnuesa, C. M. Xpucmos, Bp3aymay ra3onuy3HOHHN eIeKTPOIH 3a
EICKTPOXUMUYHHU KJICTKH MarHe3uii-Bb3IyX, pa0OTEIIH C pa3TBOP HA HATPUEB XJIOPHUL .........

16

23

32

40

46

51

56

63

68

73

81

87

93

98

102

109

115

121

128

134

139



Bulgarian Chemical Communications, Volume 45, Special Issue A, 2013

Il. B. Awneenos, C. C. Cnaeos, Cs. P. I'anes, A. b. /fumumpues, XK. I. Kayapos, Jlupexten
YITPa3ByKOB CHHTE3 HA BUCOKOTEMIIEPATYPHH KepaMUIHH (a3u Py OOMKHOBEHH yCIIOBHS 110
1508 (0): 220N 70153 ¢ 0 (< 4o Y1 (U
K. Jloguunos, M. I'anues, M. Ilempos, X. Huues, /]. /flumosa-Manunoscxa, /{oc. C. I'pap, An. Yuswun
Hanoctpykrypupann ZnO crioeBe, OTIOKEHH 4Ype3 EIeKTPOXUMHYEH METOH BbPXY
(bpoHTaNHATA CTpaHa Ha POTOETEMEHTH OT C-Si ...ovititiit ittt e
. B. Bnwvckosa-Kownuuaposa, T. Ilemxosa, JI. @auuxos, E. Jlepmeposa, U. Kamaszupcxu, I1.
Aneenos, C. Bacunes, Uscnenpane Ha Ti02-V205-P20S5 CTHKIO-KPUCTATHU MATEPHUATH ......
. C. Jlunosa, Un. X. T'aoocos, . [umumpos, XumudeH W (Pa3oB ChCTaB Ha CIUIAaBHU KaJai-
KOOAJITOBH MOKPHUTHS OTIOKEHH MTPH MOCTOSTHHOTOKOB U UMITYJICEH PEKHM ....uennennenannanne.
T. M. Jooescka, E. I. Xopososa, H. . Jumuesa, EneKTpOXUMHYHH XapaKTEPUCTHKH U CTPYKTYPHHU
0COOCHOCTH Ha BBIVIEPOIHU CIEKTPOIH, MOTUPHUIIUPAHH C MHUKPO- M HAHOOTIOKCHHUS OT
JURIE: U705 00):)7 050 (=g X2 1) 1 A
U. Paoes, I. Tonanos, I'. I'ancxe, E. Jlepmeposa, I'. Llompuouc, V. Ilnaxendype, E. Cnasuesa,
KaranutnyHa akTUBHOCT Ha Ch-pa3npalieHu ¢puimu ot Pt-Ir cipsMo peayKius Ha KHUCIOPOJT .
I'. P. bopucos, A. E. Cmosnosa, E. /. Jlepmeposa, E. II. Crnaguesa, HoB HeChIbpKall BBIIEPOT
ra301u¢y3uoHeH cJoi 32 aHOU B [IEM BOJTHA €IIEKTPOIIHBA ...\vveeeeeenraneaneanneneannannannnns
A. E. Cmosnosa, I'. P. bopucos, E. JI. Jlepmeposa, E.Il. Crasuesa, MEII ¢ HeChaBpKAITH BBIIICPOT
Pt-Fe karanuzaTtop u razoandysuoneH cioii 3a [IEM BogHa eMeKTPONIu3a ....vvveuenenenenn.e,
U I @umwosa, I Il. Hmueea, B. I. IJaxosa, Enextponommmepuzamus Ha momu (3,4-
CTUJICHETHIICHETMOKCUTHO(EH) CJI0E€BE B MPUCHCTBUETO HA PAa3IMYHU JIOTIAHTH M e(heKTa UM
BBPXY CJEKTPOKATAINTHYHUTE CBOWCTBA Ha monmMmepure. OKHUCIABaHE HA acKOpOWHOBA
KUCEITMHA H IOTTAMEH . ...ttt ettt e e et et e e et et e e ettt e e et e et e e eennans
Hayuen cumnosuym ,, Booopoonama ukoHomMuka - Remua Kapma 3a Ob0CWemo " . ..........oevveenianann.
E U Yopbaodaicuiicka, M. U. Mumos, . B. Xybenosa, ONTUMU3KUpPaAHE HAa YCIOBUATA 32 TOJyYaBaHe
Ha ENeKTPOXMUMUYHO-aKTHBEH OMO(MUIM BBPXY BBIJIEPOIHH aHOAU B IPOXKIEH OHOTOPUBEH
N1 (5 ) s
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