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Experimental data for kinetic and equilibrium parameters for foam films, stabilized by mixtures of n-dodecyl-p-D-
maltoside (C12G2) with hexaethyleneglycol monododecyl ether (CiEg), dodecanol (Ci2Eo), and dodecyl
trimethylammonium bromide (C1,TAB) are obtained interferometrically. The influence of mixture composition and
total surfactant concentration on the film thinning, film type and its stability is investigated at low (0.001M) and high
(0.1 M) ionic strength. The results follows that: (i) the film stability strongly depends on the surfactant nature at low
ionic strength; (ii) the thinning rate for films from mixtures of 50:1 correlates with that for films stabilized by pure
C12Gy; (iii) for films from mixtures of 1:1 thinning rate is controlled by the component dominating in the adsorption
layer - for films from mixtures of C12G; + Ci12Es it is determined primarily by Ci2Eg, while for the C12G, + C1.TAB
mixtures — by both components.

Keywords: foam films; n-dodecyl-g-D-maltoside, hexaethylene glycol dodecyl ether, dodecyl trimethylammonium

bromide, film thickness; velocity of film thinning.

1. INTRODUCTION

Since in the practice colloids are usually
stabilized by mixtures of surfactants, investigations
of films in the presence of such surfactant mixtures
are of primary importance. The present study
comprises the non-ionic surfactant n-dodecyl-3-D-
maltoside (C1.G. or Gy) and its mixtures with the
nonionic hexaethyleneglycol monododecyl ether
(C12E6 or Es), or dodecanol (Ci2Eq or Eo), and the
ionic  surfactant dodecyl trimethylammonium
bromide (C1,TAB or TAB). The choice of these
surfactants, possessing the same hydrophobic tail,
but with different head groups, is not accidental -
they have the following special properties: (i)
sugar-based surfactants are non-toxic,
biodegradable, insensitive to temperature, pH, and
are not affected by the concentration of Ca and/or
Mg ions in the water. Information about the
advantages of these surfactants as an alternative to
some widely used nonionic surfactants is given in
Refs. [1-3]; (ii) ethylene oxides (CiEj) surfactants
are widely used in the practice as stabilizers of
colloidal systems, because of their low surface
tension, CMC and foamability, as well as in
mixture with other surfactants [3]; (iii) small traces
of dodecanol in many commercial surfactants as
impurity, its strong adsorption on interface at low
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volume concentration and ability to compete the

adsorption of some ionic surfactants at interface [4]
as well as to increase the surface elasticity [5] and
viscosity [6] make it an interesting additive; (iv)
C12TAB is often used as a stabilizer of foams and
foam films [4, 7, 8] as well as an additive to
nonionic  surfactants  [9-11]. Varying its
concentration in the individual solution or its
content in the mixture allows the surface charge on
the film surfaces to be controlled. Furthermore, the
investigation of mixtures with C,TAB is of
importance because of their antibacterial, antifungal
and antiseptic action.

From the literature review, it is clear that there
is a significant interest to the use of C1,G; and its
mixtures as stabilizers of thin films. Their
equilibrium [1,2,8,9] and kinetic [11-14] properties
are studied intensively. Moreover, in these papers
there is no convincing conclusion which surfactant
in the mixture has the dominant role in the film
behavior Such a conclusion could be reached if the
properties of the films from mixtures are compared
to those of films with individual surfactants.

The above considerations determine the aims of
the presented study:

e to test and discuss the influence of the
surfactant type and concentration, ionic strength
and molar ratio of the components in the mixture on
the equilibrium state and velocity of thinning for
films from mixed surfactant solutions: of C1.Go
with the nonionic Cq:Eg, or Ci2Eo and the cationic
ClzTAB;
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e to compare the drainage rate of films from
the mixtures to that of films from solutions of the
individual surfactants, in order to differentiate their
characteristics.

2. EXPERIMENTAL PART
2.1. Materials

The nonionic surfactants: n-dodecyl-f-D-
maltoside (C1.G, purity>99.5%), purchased from
Glycon; dodecanol (Ci2Eo), purchased from Merck;
hexaethyleneglycol monododecyl ether (Ci:Es),
purchased from Fluka, were used without further
purification. The cationic dodecyl
trimethylammonium bromide  (C1.TAB, purity
>98%) was purified by a procedure given in [10].
Sodium chloride (NaCl) and sodium bromide
(NaBr) were obtained from Merck and Sigma,
respectively. They were roasted for 4h at 400°C to
remove the organic contaminants.

All glassware was cleaned with concentrated
chromic sulphuric acid and then was rinsed
thoroughly with double distilled water before use.
All solutions were prepared with double distilled
water immediately before each experiment at 25°C
+ 1°C.

2.2. Experimental conditions

In accord with the aim of the presented study,
experiments were performed with foam films of
different radii, obtained from mixed solutions of
varied total surfactant concentration, molar ratios of
the surfactants and ionic strength. In order to
compare the results for different mixtures, all
concentrations are given in terms of their CMC,
chosen as a reference. The used CMC values are
given in [15]. The equilibrium surface tension (see
Figs. 1-2) of mixed solutions, from which the foam
films were formed, was measured by the Wilhelmy
plate method.

2.3. Interferometric method for foam films

investigation

From each solution of defined composition at
least 50 foam films of different radii (from 0.05 to
0.15 mm) were obtained in a glass cell (with radius
of the holder 2.15 mm) designed by Scheludko and
Exerowa [16]. Each film was visually observed in
reflected monochromatic light (wavelength, A = 551
nm, 6.3 x objective lens and 5 x eye-piece)
immediately after filling the holder of cell with
solution, but its evolution was recorded (by Sony—
SSC-M388CE photo camera) when the equilibrium
state in the system was reached (after 1 hour). The
film thicknesses at every one moment as well as
equilibrium thickness (hweq) were determined by a
procedure descripted in details in [12]. The real
equilibrium thickness (he;) was obtained by

correcting of hweq value based on five (for C1.G, +
Cu12Es ), or three (C12G, +C1,TAB) layers model of
film structure [13,11]. The values of equilibrium
thicknesses are presented in Table.1. They were
used for calculating of the surface potential by the
equilibrium method [17].

2.4. Determination of the film thinning velocity

For velocity of thinning in [18] is used the
empirical equation (Eg.1) and it is shown that its
form (Eq.2) yields a linear dependence whose slope
gives the value of the drainage coefficient o

—dh/dt =ah (1),

Inh=Inh, —at (2),
where: h is the current thickness; ho is the initial
thickness (after the maximum in the kinetic curve),
from which the time of thinning t from ho to h is
measured.

Base on the linear dependence Inhvs. t the
drainage coefficients for all investigated films were
received (for details see Refs.12,13,15). It is clear
that the thinning velocity expressed through o is
obtained from the experimental h (t) data, it is not
derived from any of the models. We have employed
the empirical parameter o for several worthy
reasons; namely, it: (i) gives the real experimental
thinning rate; (ii) accounts for all known and
unknown factors, which affect film thinning; (iii)
yields reliable information about the film thinning
rates in the relevant thickness range below 100 nm.

3. RESULTS AND DISCUSSION

In this study we present experimental data for
the equilibrium parameters and kinetic behavior of
films from mixed solutions of C1,G, with non ionic
surfactants Ci12E¢ and Ci:Eq or the ionic Ci.TAB.
The results are systematized in two groups
depending on the ionic strength of the solutions.

3.1 Equilibrium properties of foam films

Films, obtained from solutions with low ionic
straight (0.001M). The experiments under these
conditions allow checking the role of surfactant
adsorption on the surface charge density, as well as
the influence of the electrostatic repulsion on the
equilibrium state and velocity of film thinning.
From data presented in Table 1 the following
conclusions can be extracted:

v" Below 0.5 CMC all films are stable except
the films stabilized by mixtures C1.G»: C12Eo = 50:1
and C1,Go: CoTAB=50:1.

v At 1 CMC are obtained several types of
films: (i) stable CF from Cy:Es, C12G2 : CioEs = 1:1
and CpG; Ci,TAB = 50:1 solutions; (ii)

8



D. S. lvanova et. al.: Kinetic and equilibrium properties of foam films stabilized by mixtures of...

metastable CF, or NBF from CiG, and
C12G2:C12Es = 50:1 solutions; (iif) NBF from
C12G2:C12E0=50:1 solution.

Decreasing of the equilibrium thickness with an
increase of the surfactant concentration, is due to
the increasing of surfactant adsorption, which leads
to a decrease of the surface charge. It was found
that some films obtained from solutions of C1.G; or
C12G2:Ci2Es = 50:1 at concentration 1CMC,
spontaneously jump into NBF, while some films
become equilibrium CF. It means that these films
are in a metastable state. The stability of the
obtained CF can be connected with an electrostatic
force, while the stability of NBF - with steric
repulsive force.

The films, obtained from the mixed
C12G2:Ci2Eo= 50:1 solution, with concentration up
to 0.5 CMC are unstable, which can be explained
with the influence of C1,E, as an antifoaming agent.
According to [5] the foams produced from
dodecanol solution are unstable. Because of the

dodecanol high surface activity, even at low
concentration, it predomines in the adsorption
layer, which probably leads to a decrease in the
film stability. When the total surfactant
concentration of the C1.G2:C12Eo= 50:1 solution is
above 0.5 CMC, the obtained films are stable NBF.
At this condition their surfaces are covered
predominantly of C12G2 molecules.

The films formed from a mixed solution C1,G; :
C12TAB = 50:1 up to 1CMC are unstable, too. It
follows that a small addition of cationic surfactant
leads to a full reset of the surface charge. In the
films, from solutions at 0.5 CMC, mobile black
spots appear which very quickly merger and rupture
the film. It means that the adsorption of C1,G, under
these conditions is high enough, but it is not
sufficient to stabilize the film. The films formed of
this mixture but at 1 CMC are equilibrium CF and
they jump into NBF but only after some
contraction.

Table 1.Type, stability, equilibrium thickness (nm) and surface potential (¢po, mV) for films obtained from single or
mixed surfactant solutions with low and high ionic strength.

lonic strength 0.001M

below 0.5 CMC 0.5 CMC 1.0 CMC
CiG CF (59.7 nm) CF (51.8 nm) CF (42.5 nm), o = 14.1 mV
1222 @0 =44.6 mV @0 =23.9mV NBF (6 nm)
CiE CF (50.1 nm) - CF (44.0 nm)
126 @0 =22.7mV @0 =14.4 mV
C1,TAB - - CF (28 nm) at | = 0.15M
) —En. CF (56.25 nm) i CF (31.5), 9o =9.0 mV
C12G2:C12B6 =50:1 @0 =31.9mV NBF (6 nm)
. . CF (57.1 nm) CF (59.0 nm) CF (45 nm)
C12G2:Crobe =1:1 0o =33.1 mV 00 =318 mV o= 15.0 mV
. _cQ- CF (50.0 nm), @o = 19.5 mV
C12G2:C1,TAB=50:1 unstable unstable NBF (6 nm)
C12G2:C1oEg = 50:1 unstable unstable or NBF NBF (6 nm)
lonic strength 0.1M
Ci2G unstable NBF (6.5 nm) NBF (6.5 nm)
C12Es unstable CBF (12.0 nm) CBF (12.0 nm)
C12.TAB unstable - CBF (15.0 nm)
C12G2:C12E6=50:1 unstable NBF (6.5 nm) NBF (6.5 nm)
. - NBF (6.5 nm)
C12G2:CroEe=1:1 unstable CBF (13.0 nm) CBF (12.0 nm)
C12G2:C12,TAB=50:1 - - NBF (6.7 nm)
. 1. CBF (16.0 nm)
C12G2:C1,TAB=1:1 unstable - NBF (6.7 nm)

C12G2:C12,TAB=1:50 -

- CBF (16.0 nm)

Films, obtained from solutions with high ionic
strength (0.I1M). At high ionic strength the
stabilizing role of electrostatical disjoining pressure
can be excluded and the film behavior could be
connected with some appropriate non-DLVO
forces. From data presented in Table 1 it follows:

v’ upto 0.5CMC all films are unstable;

v'at 1 CMC the obtaine films are CBF (from
C12E5; C12G2:C12E5 = 1:1; ClzTAB; Clszl ClzTAB
= 1:1 and 1:50 solutions), or NBF (from C1,G;
Clszicles = 50:1; C1oGy: Cio,TAB = 50:1
solutions). The latter ones form by spontaneous
transition from CF.
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These results show that the film type depends on
the surfactant type and the composition of the
mixture. The films from the mixed solutions of
C12G; with Ci2Eg and C12 TAB (at molar ratio 50:1)
jump spontaneously into NBF, which is an
evidence of the significant role of C1,G; on the film
equilibrium state. Data for films from C12G; : Ci2Es
= 1:1 solution at 0.5 CMC, show that the film
reachs to different equilibrium states: NBF and
CBF, which could be associated with a small
difference in the predominant adsorption of the
surfactants from the mixture on the film interfaces.
At total concentration 1 CMC the obtained films
are only CBF, which is a proof for the dominating
role of C12E¢ in the film surfaces. The impact of the
competitive adsorption in the films from mixed
solution of C12G, : Ci,TAB = 1:1 is strongly
expressed. In the films produced from it, before

0.10
11a —8— (QE0=50:1 unstable, =57.0 mN/m
] —— G2TAB=30:1 ynstable, 6=55.0 mN/m
0.08 Q2 CF, =52.5 mN/m
] A& RE=50:1
0.06 -
8 ]
0.04:
0.02 0.1CMC
] Tonic strength 0.001M
o+ttt
0.00 0.05 0.10 0.15 0.20
rf, mm

0.08 b
] 1 - G2 NBF,¢=352 mN/m
1 4—- G2EG6-50.1 NBF, 0—32.9 mN/m
0.06 T —#-G2E0=50:1 NBF, =352 mN/m
] —- G2TAB=30:1 CF, ¢=352mN/m
" 004 }
3 . !.v\\-‘\-‘\
: \i;;;;;.‘\“-&.
002 | :‘!?\}
1 1.0 CMC
Ionic strength 0.001M
0.00 +——r——+——r+r—rrtr—rtrrtr
0.00 002 004 006 008 010 0

reaching of the equilibrium state of adsorption (in
the first few films), Newtonian spots, arise which is
an evidence of the dominant adsorption of Ci.G;
molecules. When the equilibrium state in the
system is reached, the films have a thickness
similar to that of films stabilized by single C1oTAB.
It is a proof that in the films from a mixed solution
1:1 the surfaces are firstly covered by Ci.G;
molecules, partially replaced afterwards by C1.TAB
species through a competitive adsorption.

3.2. Influence of the surfactant type and the molar
ratio of the components in the mixture on the
velocity of film thinning

Comparison of the velocity of thinning for
films from solutions of low ionic strength. Fig.1lab
presents the values of the drainage coefficient o

Ty, mm

Fig.1. Drainage coefficient (o)) of foam films stabilised by C12G; or by its mixtures with three different additives -
C12Es, C12Ep and C12TAB at ratio C12G,: additive = 50:1: (a) at 0.1 CMC; (b) at 1.0 CMC.

for films stabilized by C1,G2 and its mixtures with
C12Ee, C12Eo and C1,TAB. The mixed solutions are
at total surfactant concentration 0.1 CMC (a), or 1.0
CMC (b) and molar ratio C1.G; : additive= 50:1.
From the dependences shown, it is clear that in both
cases the rates of thinning of the films from the
mixture with Cq:Eo are higher than those for C1,G>
films. The dependenceso(rs)for films from the

other mixtures have a similar trend. They are close
to the values for individual C1.G; films. From data
presented in Fig.1 it follows that:

v'adding of Ci:Eo to the solution of Ci.G:
accelerates the film drainage which means that the
films surfaces have greater capability of
corrugation. We expected dodecanol to boost up the
Gibbs elasticity and viscosity of the mixed surface
layer with C12G,. Our measurements by the DSA
method revealed that Gibbs elasticity increased

10

with the concentration, but only up to 0.5 CMC.
Elasticity decreased above this level, to reach its
minimum at CMC, which explains the accelerated
thinning. Indeed, the measured Gibbs elasticity of
mixed adsorption layers (at 0.lor 1.0 CMC) is
lower (46.6 and 26.3 mN/m) than that of C1,G>
layers (50.1and 67.0 mN/m);

v" Adding C12Es and C1,TAB to the solution
of C12G, at molar ratio 50:1 does not substantially
affect the film thinning, but it changes the film
stability: the films from the mixture with C,TAB
are unstable while those with Cq,E¢ are stable.

Comparison of the velocity of thinning for
films from solutions of high ionic strength. Fig. 2
presents juxtaposition of the coefficients of
thinning for films from solutions of individual
substances Ci2Es, C12Eo and C,TAB and their
mixtures of different molar ratios. By comparing
the data for individual surfactants with those for the
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corresponding mixtures we aim to establish which
of the substances in the mixture has the
predominant efect on 0. For mixtures with a molar
ratio 50:1 the answer to this question is almost
trivial, since Ci2G, concentration is strongly
prevailing. Of a particular interest is the mixture of
molar ratio 1:1, for which the dominating
component could not be predicted.

Fig. 2a presents data for o of films from
mixed solutions from nonionic substances. It can be
seen from that there are no large differences in the

values of «, regardless of the composition. The
0.045

12 B 1CMC Q2 NBF, 6 =352 mN/m

©- 1 CMCES6 CBF. = 30.7 mN/m

0.035 ~&-1CMC G2E6=1:1 CBF, 6=30.7mN/m

ix —#— 1 CMC G2E6=50: NBF, 6= 33.9 mN/m

= 0025
3
0.015 1
1.0 CMC \?fq
1 Ionic strength 0.1M
0.005 At
0.00 0.05 0.10 0.15 0.20

rp,mm

mixture with molar ratio 1:1 is with surface tension
close to that of Ci2Es, but lower than that for C1,G..
Consequently, Ci2Es is the dominant component in
this mixture. Accordingly, the o values of films
from 1:1 mixtures should be similar to those of
films from Ci2Es. Such a tendency emerges in Fig
2a, but only for films of small radii. Thus the films
are divided into two groups, according to their
drainage coefficients: from C12G; solutions and a
mixture of C12G,:C12Ee = 50:1; from Ci2Es and a
mixture of C12G2:C12Es = 1:1.

0.055
| 2b Xsop= 0992 —¢- G2TAB=3501 zgf,_oi%? mN/m
Xs.,=0.836 -®-G2TAB=11 — o
0.045 4 b ek T - 6=339mN/m
Mg = UALS = G2TAB=130 (BF, 6=36.5 mNim
—4-TAB  (BF,0=352mN/m
0.035 - G2 NBF, 6 =352 mN/m
0.025 +
0.015
1CMC
| Tonic strength 0.1M
0.005 +————r—t————r—t
0.00 0.05 0.10 0.15 0.20 0.25

Fe,mm

Fig.2 Comparison of the drainage coefficient ([1) for foam films stabilized by individual surfactants and their mixtures
of molar ratios 1:1 or 50:1: (a) for C12G, + C12Es; (b) C12G2 + C12TAB.

Fig. 2b presents data for o of films with close-
packed surfaces (1.0 CMC) from a mixture of
C12G, and Cy,TAB. The curves for films from
mixtures of molar ratios 1:1 and 1:50 are situated
higher than the curves for films from pure C1,G>
and Cy,TAB. The films formed from mixed
solution 1:1 (after time, sufficient for attaining
adsorption equilibrium) and 1:50 are CBF, as are
the films from pure Ci,TAB. According to Ref.
[17] at these molar ratios the presence of C1.TAB
in the adsorption layer leads to positively
(re)charged film surfaces. Indeed, the added
electrolyte 0.1 M should have screened the positive
charge, but the fact that such films are formed
indicates the presence of some residual electric
charge. This charge affects considerably the films
equilibrium state, but to a lesser extent the velocity
of thinning. That is why we connect the differences
found for the thinning of films from these mixtures
with the different composition of the adsorption
layer, which determines its capability for
corrugation. From the data for the molar part of
C12G> (see Fig. 2b) in the mixed adsorption layer
(obtained by the procedure of Ingram [11]) is clear
that in the film from a mixture with molar ratio 1:1

C12G> again has the dominant role in the interfaces.
The molecular interaction parameter in the
adsorption layer is evaluated equal to 2.29, which
shows that the mixture does not behave as an ideal
one. Although the content of Cy,TAB in the
adsorption layer is (relatively) low, its presence
there makes the layer non-homogeneous and
reduces its coherence. The presence of domains of
C12G; and/or C12TAB modifies the adsorption layer
corrugation capability, which we believe to be the
reason for the higher values of drainage coefficient.
Increase of the amount of C1,TAB in the mixture
1:50 adds to the coherence in the layer and
decelerates the film thinning.

5. CONCLUSIONS

In the presented study data of the kinetic and
equilibrium properties for films from mixed
solutions of Ci12G, with the nonionic surfactants
Cu12Es, or C12Eq and ionic C1,TAB in the presence
of electrolyte (0.001 and 0.1M) have been obtained
and discussed. The experimental results follow that:

» at low ionic strength the film stability
strongly depends on the surfactant nature;
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» at high ionic strength, the influence of
additive nature on the type of equilibrium films
(CBF or NBF) manifest only when the films
surfaces are covered;

» the velocity of thinning of films from
mixtures at molar ratio 50:1 correlates with that of
the films stabilized by single C1.G, solutions (see
Fig.1-2); with the exception of films from mixture
C12G2:C12Eo = 50:1, which was attributed to the low
elasticity of the mixed adsorption layer;

»  the rate of thinning of films from mixtures
of molar ratio 1:1 depends on the impact of the
species dominating in the adsorption layer; for a
mixture of C12G, + CazEs it is determined by CizEs
(see Fig.2a), while for a mixture of C1,G,+ C1,TAB
both components contribute substantially (see
Fig.2b).
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KUHETUYHU 1 PABHOBECHH CBOMCTBA HA ITEHHU OWJIMH OT
CMECEHH PA3TBOPU HA n-JOAELWJI-B- D-MAJITO3W/] C HEUOHHU 1
NOHHU ITOBBbPXHOCTHOAKTHUBHU BEILIECTBA

H. Cr. Usanosa®”, K. Kp. Anrapcka® u E. JI. Manes?

Yllymencku ynueepcumem ,, Enuckon Koncmanmun Ipecnascrku” , @axyamen no npupoou nayxu
2Cogpuiicku ynusepcumem ,, Ceemu Knumenm Oxpudcku”’, @axyimem no xumus u papmayus

[Moctrenuna Ha 9 ronu, 2015 r.; kKopurupana Ha 5 okTomBpH, 2015 T.

(Pesrome)

Upe3 uHTEpPEPOMETPUIHUS METOA Ca TOIYYCHH CKCIICPHUMEHTANHU [aHHH 32 KHHETHYHUTE U
PaBHOBECHH TIapaMeTpH Ha MEHHU (QIIMH OT CMECEHH pa3TBopH Ha n-ponenmi-f-D-mantosun (C12G2) ¢
xekcaeTwieHrmukoa MoHononenmn erep (CioEs); momexanon (Ci2Eo) m ¢ monmermwn TpuMeTHIaMOHHEB
o6pomua (C12TAB). Aranmusupano e BiausiHEeTo Ha Tuna Ha [TAB, MOTHOTO UM CHOTHOIIIEHHE W TOTAJIHA
KOHIIEHTPAIHS B CMeCTa BbPXY BUJIa, CTAOMIIHOCTTA M CKOPOCTTa Ha M3ThHSABaHE Ha (UIMHUTE MPU HHUCKA
(0.001M) u Bucoxka (0.1M) fionHa cuna. Pesynraturte nokassar, de: (i) BIUsHUETO Ha nmpupoaaTa Ha [TAB
BBPXY CTaOMIHOCTTa Ha (PUIMHTE € CHIHO H3pa3eHO INpH HHUCKaTta HoHHa cmima; (i) ckopocTra Ha
M3THHSBaHE Ha QUIMHTE OT CMECH C MOJHO ChoTHomeHue 50:1 e MHOTrO OyiM3Ka 10 Ta3u Ha QUIMHTE,
crabummsupanu camo ¢ C12Gy; (iii) 3a puaMuTe, MOTyYeHN OT pa3TBOPH Ha CMECH C MOJIHO ChOTHOIIEHHE
1:1, ckopocTTa Ha U3THHABAHE 3aBHUCH OT JOMUHHPAIIUSI KOMIIOHCHT B aJCOPOIMOHHMUS CIOH - 3a cMecTa
C12Gz + C12E6 — ce ompenens ot C12Es, nokato 3a C12G2 + C1oTAB — oT ABaTa KOMIIOHEHTA.
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Drugs containing corticosteroids are used for treatment of lung inflammations. Due to corticosteroid’s amphiphilic
nature, they are surface active molecules which are able to modify surface properties of pulmonary surfactant. In the
present study natural and synthetic pulmonary therapeutic preparations (PTP) are used as a model of the (lung)
pulmonary surfactant. Effect of corticosteroids on surface activity of PTP is evaluated by the black foam film method
and probability for formation of black foam films stabilized with PTP in the presence of corticosteroids is assessed.
Stable black foam films are formed at higher concentrations. Disjoining pressure isotherms indicate an increase of film
thickness in mixtures from PTP and corticosteroids. The results suggest that in the presence of corticosteroids, a mixed
adsorption layer of the pulmonary surfactant is formed. Effect observed is stronger in synthetic PTP.

Key words: thin liquid foam films, pulmonary surfactant, corticosteroids

INTRODUCTION

Pulmonary surfactant (PS) is a complex lipid-
protein mixture [1]. PS forms a variety of thin films
at the alveolar surface and prevent alveoli collapse
during the process of breathing. The PS consists of
lipids and specific proteins (SP-A, SP-B, SP-C, and
SP-D). Polar phospholipids (mainly
dipalmitoylphosphatidylcholine (DPPQC),
phosphatidylglycerol, represent about 70% of the
pulmonary  surfactant.  Respiratory  distress
syndrome (RDS) is a significant cause of morbidity
and mortality in preterm infants. RDS is caused by
a deficiency, dysfunction, or inactivation of
pulmonary surfactant. Pulmonary therapeutic
preparations (PTP) are drugs that are administered
by instillation into the trachea and they are used to
treat RDS in neonates and adults.

Corticosteroids are anti-inflammatory drugs that
can be used in asthma to reduce airway hyper-
responsiveness and to decrease bronchial edema
and mucus secretion [2]. In clinical practice, PTP
and corticosteroids are often used together. Their
simultaneous use shows larger effect in comparison
with their separate application. Administration of
PTP and Budesonide enhance lung functions and
alleviate inflammation more effectively than
Budesonide-only and surfactant-only treatment, as
reported in Mikolka et al. [3]. PTP are used as
carriers of medical drugs to lung epithelium [4, 2].
So far little is known about the interaction between
these medicines and complexes of pulmonary
surfactant [4]. Therefore, the impact of

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

corticosteroids on pulmonary surfactant (PS) is of
great interest.

Recently, the advantageous simultaneous
application of corticosteroids and PTP has been
reported [5]. PTPs are used as carriers of
corticosteroids to deliver them to the lung
epithelium [4, 5]. Identified advantages refer to
avoiding first-pass metabolism and eliminating
potential side effects caused by high systemic
dosage. This makes pulmonary drug delivery an
ideal method for treating respiratory diseases, such
as asthma, chronic pulmonary infection,
emphysema, cystic fibrosis, pulmonary
hypertension, and lung cancer [5]

Wang et al. [5] have investigated biophysical
interaction between natural PTP Infasurf and two
corticosteroids: Budesonide and Beclomethasone
dipropionate. Their interaction is assessed by the
surface activity measurements by the Langmuir
balance and lateral film structure studied by atomic
force  microscopy  suggesting an  optimal
concentration range of corticosteroids for
pulmonary delivery. Infasurf may carry less than
1% Budesonide and up to 10% Beclomethasone
without significantly compromising its surface
activity [5]. The use of corticosteroids is benefital
in the case of asthma and croup, but their effect
could be controversial in other diseases [6].
Investigation of clinically used PTP as carriers of
corticosteroids and their influence on PTP
properties are important from a practical point of
view. The standard protocols of corticosteroid
applications should be followed, and physicians
should be alerted to the potential hazards of their
prolonged use, as reported in [6]. Curosurf, a
natural porcine surfactant, combined with
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Beclomethasone at 800 pg/kg, is effective in
reducing the oxidative lung stress and improving
the respiratory function in preterm lambs with
RDS, as reported in Dani et al. [7].

In our study we investigate the effect of two
corticosteroids, Budesonide and Beclomethasone,
on Curosurf, a natural-origin PTP, and on a
synthetic PTP containing two phospholipids and
two peptides analogues of human surfactant
proteins B and C, using the thin liquid foam film
methods.

EXPERIMENTAL

Natural and synthetic PTP are used as a model
of pulmonary surfactant. As a natural PTP we used
Curosurf, provided by Chiesi Pharmaceuticals,
Italy. Curosurf preparation is obtained from porcine
lung mince and consists of approximately 98%
phospholipids and 2% hydrophobic surfactant
proteins (SP-C and SP-B). It is provided as an
aqueous suspension with concentration of 80 mg/ml
in physiological electrolyte concentration (0.15 M
NaCl). For the purposes of the study, a stock
solution with concentration 800 pg/ml at the same
electrolyte concentration was prepared from the
ready-made suspension and further used to prepare
the working solution with the respective
concentration.

Synthetic PTP consists of 98.3% (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine)  DPPC
and (palmitoyl-oleoyl-sn-glycero-3-
phosphoglycerol) POPG in a ratio
(DPPC:POPG=1:1) and two synthetic peptide
analogues of SP-C (1.5%) and SP-B (0.2%) [8].

Corticosteroid stock solutions of 1.5 mg/ml
dimethyl sulfoxide (DMSO) were prepared.

Studies of microscopic foam films were carried
out with modernized microinterferometric method
of Scheludko and Exerowa. To study the
probability of black foam film formation, we used a
cell with a cylindrical holder. In this cell, the film
was formed at constant capillary pressure, when
two surfaces of a biconcave drop approach one
another. The measurements of the disjoining
pressure isotherms were carried out with Exerowa-
Scheludko cell with porous plate [9-11], enabling
application of variable pressure. The foam film was
formed in the orifice of the porous plate when
pressure was applied.

Using the thin liquid foam film method we
carried out investigation of probability (W) of black
foam film formation on surfactant concentration
(C). In general, probability is determined
experimentally as the ratio of the number of films
in which black films are observed AN to the total
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number of studied films N, and can be expressed as
percentage or parts of a unit. The two most
important characteristics obtained from a W(C)-
curve are critical concentration (C¢) and threshold
concentration (Cy). C. is defined as the highest
concentration at which all films are ruptured
without black film formation (W=0). C: is the
lowest concentration above which all films become
black (W=1).

Film stability was determined by observing
films at two different waiting times (30 min and 60
min), the waiting time being defined as the time for
which the solution is left as a drop in the cylinder
holder of measuring cell before film formation.

RESULTS AND DISCUSSION

The films from natural and synthetic PTP and
their mixtures with Beclomethasone were studied.
Film destabilization was not observed for the
synthetic and natural PTP at both corticosteroid
concentrations studied. At lower corticosteroid
concentration (3 pg/ml Beclomethasone), there was
no significant difference between C. for mixtures
and for the pure natural preparation. C; for mixture
shifted to lower concentrations of PTP (Fig. 1)

Matural FUP. 30 min

=3pg'ml Beclom
Hhpgml Beclom L

100 - "'
50
&0 4
40

20 1

Probability, %

40 S50 BO 70O 8O0 S0 100
Natural PTP, ug/ml

Fig. 1. Probability of formation of black foam films
stabilized with natural PTP and mixture of natural PTP
with added 3 pg/ml Beclomethasone and 6 pg/ml
Beclomethasone at 30 min waiting time.

At higher concentrations of Beclomethasone (6
pug/ml), W(Cs) curves for natural PTP (Fig. 1)
shifted towards lower concentrations (i.e. the films
are stabilized). For synthetic PTP the same
dependency was observed but the scattering of
results was larger (data not shown). This scattering
might be due to uneven saturation of film interfaces
and disruption of aggregates coming from the
solution bulk when they last approach the surfaces.

The probability of black foam films formation
for pure natural and synthetic PTP and for their
mixtures with 3 pg/ml Budesonide and 6 pg/ml
Budesonide at 30 min and 60 min waiting time,



I. K. Terziyski et al.: Influence of corticosteroids on formation and stability of thin liquid films...

were also investigated. At 3 pg/ml Budesonide at
both 30 min and 60 min waiting times for synthetic
PTP, the W(Cs)-curves (data not shown) shifted to
higher surfactant concentrations (i.e. destabilization
of films was observed). At 6 ug/ml Budesonide,
W(Cs) curves (data not shown) shifted to lower
surfactant concentrations (i.e. stabilization of films
was observed). For synthetic PTP, within this
Budesonide concentration interval, alteration in
Budesonide concentration effect on the stability of
films was observed.

Cer and C; for natural PTP practically coincided
with these for pure PTP and its mixtures with 3
ug/ml Budesonide at both studied waiting times 30
min and 60 min (data not shown) (i.e. change in
film stability after addition of corticosteroids was
not observed).

3000+
. O Natural PTP
2500 4 O+ 3ug/ml Budesonide
—a .5 L ® + 6pg/ml Budesonide
2000{ e %,
o0
& 15004 o rcé '
A S e,
¥ 1000{ © &
1 |:(%‘ |
5004 H' o e
07 T '_H._'_E:T T 1
10 15 20 25
h. nm

Fig. 2. Disjoining pressure isotherm of natural PTP and
its mixture with 3 pg/ml Budesonide (open symbols) and
with 6 pg/ml Budesonide (filled symbols).

II(h)-disjoining pressure isotherms of pure
natural and synthetic PTP and of their mixtures
with corticosteroids were measured. Fig. 2 depicts
I1(h)-isotherms for natural PTP in the presence of 3
pug/ml and 6 pg/ml Budesonide and Fig. 3 — at 3
pug/ml and 6 pg/ml Beclomethasone. As it can be
seen in Fig. 2, the isotherms of natural PTP
Curosurf with added 3 pg/ml and with 6 pg/ml
Budesonide practically coincide. They shifted to
higher film thicknesses compared to isotherm of
pure natural PTP Curosurf.

For synthetic PTP we measured isotherms in the
presence of 6 pg/ml Budesonide (Fig. 4) and 6
pug/ml  Beclomethasone (Fig. 5). Corticosteroid
concentrations were selected to be the same as
concentrations at which W(Cs) curves were
obtained.

3500+
3000+ O Natural PTP
2500 ° C  +3pg/ml Beclomethasone
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Fig. 3. Disjoining pressure isotherm of natural PTP and

its mixture with 3 pg/ml Beclomethasone (open
symbols) and with 6 pg/ml Beclomethasone (filled
symbols).
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Fig. 4. Disjoining pressure isotherm of synthetic PTP

(open symbols) and its mixture with 6 pg/ml Budesonide
(filled symbols).

In this case, the isotherms for pure preparation
and for mixtures for both corticosteroids shifted to
higher thicknesses compared to natural preparation.
Film thickness for mixtures was higher than the
thickness for pure synthetic PTP while scattering of
the results for synthetic preparation was larger.

The shift of isotherms for mixtures of PTP with
corticosteroids to higher film thicknesses suggests
that a mixed surface layer from PTP and
corticosteroids is formed. The isotherms from pure
synthetic PTP and its mixtures with corticosteroids
have different course in the region below 1500 Pa.
The isotherms for mixtures show smooth transition
from 15 nm to 12 nm in the region below 1500 Pa,
while isotherms for pure synthetic PTP have almost
the same thickness, approximately 11 nm.
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O Synthetic PTP
® + 6ug/ml Beclomethasone

h. nm
Fig. 5. Disjoining pressure isotherm of synthetic PTP

(open symbols) and its mixture with 6 pg/ml
Beclomethasone (filled symbols).

Likewise, there is a difference in isotherm
course for pure natural PTP and pure synthetic PTP
in the region below 1000 Pa. For pure natural PTP
the films show smooth thinning from 10 nm to 7
nm. In the same region, the isotherm for pure
synthetic PTP shows almost no change in film
thickness, approximately 11 nm. It is possible that
the smooth thinning observed in the isotherms for
pure natural PTP and in isotherms for mixtures and
synthetic PTP with corticosteroids, is due to the
long electrostatic forces acting in them. Above
1000 Pa, no changes in film thicknesses are
observed in the isotherms for pure natural and pure
synthetic PTP. As for the mixture of synthetic PTP
with 6 pg/ml Budesonide, no changes in film
thickness appear above 1500 Pa. These
observations may be attributed to the steric forces
acting within this range.

In our study we established that at low
concentrations Budesonide destabilized thin liquid
foam films from Curosurf, while at higher
concentrations it  stabilized these  films.
Beclomethasone showed a stabilizing effect at all
concentrations studied. This result is in compliance
with the observation of Wang et al. [5], namely,
that Infasurf may carry less than 1% Budesonide
and up to 10% Beclomethasone without
significantly compromising its surface activity. Our
study was carried out with approximately 3% and
6% of corticosteroids from the weight of the
mixture with natural or synthetic PTP. A
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destabilization of foam films from synthetic PTP in
the presence of 3% of Budesonide was observed.

CONCLUSION

The obtained results show that corticosteroids
influence formation and stability of pulmonary
surfactant foam films. They also suggest that a
mixed adsorption layer from pulmonary surfactant
studied components is formed in the presence of
corticosteroids. This effect is more pronounced in
synthetic PTP.

The study shows differences in surface
properties of synthetic and natural PTP when
Budesonide and Beclomethasone are present, which
could be attributed to differences in the formation
of the mixed adsorption layer.

The results obtained confirm that the black foam
film method is applicable to the study of drug
influence on pulmonary surfactant surface activity.

Acknowledgment: This work has been done under
the umbrella of COST Action MP1106.
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BJIMAHUE HA KOPTUKOCTEPOUIM BHEPXY ®OPMUPAHETO U CTABUJIHOCTTA
HA THbHKU TEYHN ©NJIMHU OT ITYJIMOHAPHH TEPAIIEBTUYHMU ITPEITAPATHU

N.K. Tepamiicku*, P.K. Tomopos, [I.P. EkcepoBa

Hnecmumym no gusuxoxumus ,, Axaoemux Pocmucnae Kauwes”, Bvieapcka akademus na naykume, Cogusa 1113

Iocrbnuna Ha 3 asryct, 2015 r. xopurupasna Ha 3 HoemBpH, 2015 r.
(Pesrome)

3a 7nedeHHe Ha BB3NAJICHHE Ha OenmrTe IpoOOBE Ce M3ION3BAT JIEKAPCTBA CHABPIKAINN KOPTUKOCTEPOHUIIH.
IMopagn amdudpmiHata Tpuposa Ha KOPTUKOCTEPOUIUTE, TE€ Ca NMOBBPXHOCTHO AKTWBHH MOJEKYIM M MOTaTr na
MPOMEHST MOBBPXHOCTHHUTE CBOMCTBA Ha ITyJIMOHApHHS ChpQakTaHT. B HAcTOSIIOTO W3ciieABaHE, NMPUPOJIHU U
CHUHTETHYHHU IyJMoHapHM TepaneBtuuHu npenapatd (IITII), ce u3momsBaT KaTto Moaen Ha MyJIMOHApPHUS
cbpdakTaHT. BiausHHETO HAa KOPTHKOCTEPOMIHUTE BBPXY NOBBbpXHOCTHara akTuBHOCT Ha IITII e m3cnenBaHo ¢
MeToza Ha 4yepHus neHeH ¢wiM . [Ipu onpenensHeTo Ha BEpOSTHOCTTA 32 00pa3yBaHETO Ha YEPHH IEHHH (QUIMH,
crabumm3upanu cbc cuHTeTHyHH [ITII B mpHChCTBMETO HAa HHUCKM KOHLEHTPAMM Ha KOPTUKOCTEPOWIH, CE
HaOmonaBa aecrabunusanus Ha ¢uamure. [Ipu Bucoku koHUeHTpanuu GuimuTe ce ctabunusupar. Mzorepmure Ha
PasKIMHALIOTO HaJsraHe IOKa3BaT IOBHINIABaHe Ha aebenmHara Ha ¢uamure ot IITII m kopTHKOCTEpoHAH.
Pesynrature npennomarat (OpMHpPAHETO Ha CMECEH aJCOpPOIMOHEH CJIOH Ha ITyJIMOHapHHS ChpPQAaKTaHT B
MIPUCHCTBHETO HA KOPTUKOCTEpOuIH. Perucrpupanusar edekt e mo-cuieH npu cuaternaanre [1TII
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Abstract: This work presents investigation of foam films stabilized with soluble phospholipid palmitoyl
lysophosphatidylglycerol (LPG). The films have been studied by measuring the thickness/electrolyte concentration and
disjoining pressure/thickness isotherms in the presence of Na* and Ca?* in the solution. At low NaCl we have obtained
formation of thick silver-colored films with equilibrium thickness. With the increase of the concentration of Na* the films
became thinner and at 0.5 mol dm™ their equilibrium thickness was ~9 nm (common black films). Foam films in the
presence of Ca?* followed the same dependence, but at concentration of electrolyte 5x102 mol dm™ and higher, Newton
black films were formed. The formation of equilibrium Newton black films happened with “jump” from silver films during
the thinning process. The isotherms of disjoining pressure for both electrolytes had shown lightly decrease for the thickness

of the films, without any transitions.

Key words: lysophospholipids, black foam films, disjoining pressure isotherms of LPG

INTRODUCTION

Many studies, using different techniques, have
been carried out on model bilayer systems, as is well
known the cell membrane is mainly constituted of
zwitterionic phospholipids [1]. Lysophospholipids
attract the interest of the investigators, because of the
role they play in the functioning of biological
membranes. Also their presence in alveoli in small
amounts is important for the dysfunction of
pulmonary surfactant [2].

Phosphatidylglycerol is a second major
phospholipid in  pulmonary surfactant which
constitutes ~10% of the surfactant phospholipid
pool. Phospholipase-mediated surfactant hydrolysis
may disrupt surfactant function by generation of
lysophospholipids and free fatty acids and/or
depletion of native phospholipids. Small amounts of
lysophosphatidylcholine,  lysophosphatidylethanol-
amine,  lysophosphatidylglycerol ~ (LPG) are
generated by this mechanism [2].

Although not nearly as well studied as protein
inhibition of pulmonary surfactant, an inhibition
mechanism  involving unsaturated membrane
phospholipids,  lysophospholipids, and  other
amphipathic molecules has been identified [3].
Lysophospholipids are phospholipids containing a
single fatty acid chain per molecule and are

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

generated by phospholipase A2 secreted by white
blood cells and likely type Il cells, particularly
during respiratory distress syndrome (RDS), an
important cause of neonatal mortality of premature
newborns [4]. Such lipid substances can be
considered diluents of the specific surfactant lipid
assembly. Thus, insertion and mixing of these
unsaturated amphipathic lipid and fatty acid
molecules with the surfactant phospholipid
molecules  would significantly  fluidize the
phospholipid monolayers and could promote early
collapse, thus preventing low surface tension from
being reached. The inactivation due to lipid
penetration cannot be effectively overcome by
raising surfactant concentration [3].

A long time ago thin liquid films have been
studied as a good model on stability of colloidal
systems in liquid dispersion media. Thin liquid films
form when two compartments of disperse phase
(droplets, or bubbles, or particles) come close to
each other. Foam films between two gas phases are
an example of symmetrical thin liquid films. The
most important factor which determines the
properties of foam films is the interaction between
the two adjacent phases across the liquid film. The
thermodynamic quantity disjoining pressure IT is a
result of these attractive or repulsive interactions due
to different types of surface forces acting in the films
[5]. The thicker common black film appears at lower
electrolyte concentrations. The electrostatic double

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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layer repulsion is suppressed at higher electrolyte
concentrations, and the equilibrium state in this case
is a very thin Newton black film. Once this state is
reached, the film thickness is independent on the
electrolyte concentration and is only determined by
the direct interaction of the surfactant adsorption
layers by short-range surface forces. Although the
mechanism of Ca?* binding by charged
phospholipids is not completely clarified, it seems
that it depends on the structure and properties of the
polar head groups.

During the last three decades have been published
several data about foam films stabilized by
biosurfactants, such as pure phospholipids. After
that, lipid and lipid—protein thin liquid films gained a
significant interest and many papers and books
proved the foam films as an adequate model system
for studying of pulmonary surfactant [6].

The aim of this work was to study foam films
stabilized with LPG with microscopic foam films in
the presence of monovalent and divalent ions. For
that purpose the equilibrium thicknesses of the
obtained foam films have been measured at different

conditions  (electrolyte concentration, external
pressure).

EXPERIMENTAL
Materials.  Palmitoyl  lysophosphatidylglycerol

(LPG), purchased from Avanti Polar Lipids, was
used in the experiments.

NaCl (Suprapur) and CaCl2H,O (p.a.) were
obtained from Merck. NaCl was roasted at 500 °C
for 4 h to remove surface active contaminations.
CaCly-2H;0 (p.a.) was used as obtained.

All solutions were prepared with triple distilled
water. All experiments were carried out at a
temperature of 22 °C.

Methods. The measurements were performed using
the well-known microinterferometric experimental
technique [7]. All films in our experiments were
formed with the same radius, 0.01 cm. The capillary
pressure, Po, in these films was determined as Po =
26/R, where o is the surface tension and R is the
radius of the glass capillary, where the microscopic
horizontal film forms in the center of a double-
concave drop.

The measuring cell of Scheludko and Exerowa [7]
has proven to be a suitable and reliable tool for
formation of microscopic horizontal foam films. It is
presented in Figure 1. The foam film c is formed in
the middle of a biconcave drop b, situated in a glass

tube a of radius R, by withdrawing liquid from it
(variant A) and in the hole of porous plate g (variant
B). The periphery of the foam film is in contact with
the bulk phase, i.e. with the solution from which it is
obtained.

Fig. 1. Scheme of the measuring cell of Scheludko and
Exerowa for the study of microscopic foam films; A: in a
glass tube; B: in a porous plate; a - glass tube film holder;
b - biconcave drop; ¢ - microscopic foam film; d - glass
capillary; e - surfactant solution; f - optically flat glass; g -
porous plate. (taken from D. Exerowa, P. Kruglyakov,
Foam and foam films, Elsevier, Amsterdamm, 1998.)

Classical optics provides relations that can link

the thickness of the film with its optical
characteristics. If foam films are observed in white
light, it can be seen that during thinning their
coloration changes periodically. Initially the process
runs rather rapidly and gradually slows down. Such a
course of the interference can be registered as a
curve photo-current/time in which the extrema
correspond to the interference maxima and minima,
i.e. film thicknesses are divisible to A/4n (where A is
the wavelength and n is the refractive index). Film
thickness (between a maximum and a minimum) is
calculated from the ratio between the intensities
measured of the reflected monochromatic light I,
corresponding to a certain thickness, and lmax,
corresponding to the interference maximum [7].
The direct measurements of the disjoining pressure
isotherms were performed by means of the specially
designed “porous-plate technique” which has
repeatedly been used in microscopic foam film
studies. The external pressure that balances the
pressure in the film was applied utilizing the special
membrane pump and measured with an accuracy of
15 Pa [8].
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The processing of the interferometrically obtained
photometric data yields the so-called equivalent film
thickness, which is found considering the film as
homogeneous with an index of refraction equal to
the refraction coefficient of the solution from which
the film is obtained, in our case 1.33. The accuracy
of the so determined microscopic thin liquid film
thicknesses is £0.2 nm.

According to the classical DLVO theory, IT = 1y +
ITyw, where Ig is the electrostatic and Ilw IS the van
der Waals component of the disjoining pressure I1.
The following expression for the van der Waals
component of disjoining pressure in a symmetric
film bordering gas or condensed phases is obtained
I,,, =K., /h*, where Kvw is the van der Waals-

Hamaker constant [7]. Calculations for Ilg were
based on asymptotic equations for 1:1 electrolyte
[10] and 2:1 electrolyte [11]. For electrolyte solution
the thickness of diffusive electric double layer (x )
for aqueous solution can be calculated with the

2,2

2p,17e
RESULTS AND DISCUSSION

The results of measurements of equilibrium
thickness of foam films from LPG as a function of
NaCl concentration are shown in Figure 2. The
investigations were carried out at two different
phospholipid concentrations (Cs) - 2.4x10° mol dm
and 1.5x10° mol dm?3. For both surfactant
concentrations at low electrolyte concentration (Cei)
thick equilibrium films were formed and gradually
decreased in thickness with the increase in Cei. At Ce
= 5x102mol dm= a transition to common black film
formation occurred. Further increase of Ce did not
affect the type of black films. The thickness is
slightly decreased to ~9 nm at 0.5 dm mol2 NaCl.
The dependence of the foam film thickness by
reducing the concentration of the electrolyte follows
a similar tendency, but at the higher concentration of
lipid lies entirely up of the curve for the lowest Cs.
These findings are in accordance with previous
studies with mixtures between uncharged and
charged lipids in which have shown [13] that the
thickness of the investigated films increases with the
concentration of the charged surfactant.

An experimental scatter of about +3 nm was
observed only in the region of formation of the
thicker silver-colored films at the low Cs. In all other
experiments the experimental film thickness values
were obtained within the accuracy of the
20

1/2
following equation: :(‘%MJ [9].

microinterferometric technique. According to the
frame of experimental error there is no significant
difference in the thickness of the films.

thacknass, b, nm

1 10 1w 1w
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Fig. 2. Equilibrium thickness (h, nm) of microscopic foam

films stabilized with LPG (Cs ) as a function of NaCl

concentration (Cep): © Cs = 2.4x10°° mol dm; e Cs =

1.5x10°° mol dm3,
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Fig. 3. Equilibrium thickness (h, nm) of microscopic foam
films, stabilized with LPG (Cs = 1.5x10°° mol dm?) as a
function of CaCl; concentration (A ). For comparison are
given data at the same Cs from Figure 2 in the presence of
NaCl concentration (e).

The effect of CaCl, on equilibrium thickness of
the foam films studied is shown in Figure 3. The
results are compared at the same figure with the
results, obtained with NaCl at the same Cs for LPG.
The experiments were carried out only with Cs =
1.5x10° mol dm.

At C¢ = 5x10° mol dm? the thinning of foam
films leads to formation of common black films
without observation of black spots. Curiously, the
process of thinning changed dramatically at Ce¢ =
5x102 mol dm™ where Newton black films were
observed. The transition from thick silver films to
Newton black films happens without observation of
black spots. At Ce = 0.5 mol dm? CaCl, the
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thickness ~7.5 nm. Probably, in the case when the
positive Ca?* bind to the phospholipids head group,
they reduce the initially negative surface charge and
lead to weaker repulsive electrostatic interactions
than in the case with NaCl added. That’s why the
comparison of the results for Na* and Ca?* shows
that the presence of divalent ions lead to significant
decrease of the thickness of foam films.

Important information on foam film interactions
have been obtained from directly measured
disjoining pressure isotherm. All experiments were
carried out at Cs = 1.5x10° mol dm® LPG. The
results obtained with 1x10* mol dm= NaCl added
and 2x10* mol dm? CaCl, added are shown in
Figures 4 and 5, respectively.
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solution and not on any property of the surface such
as its charge or potential. For solutions with Ca?* the
obtained value for «k according to estimated
predictions is 0.08035 nm?® and as for the
experimental data estimated value is twice lower -
0.04373 nm™. When recalculating the concentration
of Ca?", based on the theory for Debye length, we
obtain estimated very low value ~ 6.10° mol dm.
These data compared with low potential for solution
with Ca?" can be explained with further interaction
between divalent ions and phosphate residues from
the polar head of the lipid molecules [10].

As in previous reports for negative-charged lipids
[12] our observations also indicate that Ca?* has a
marked effect on the nature of the bilayer surface.
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Fig. 4. TI(h) isotherm (with guideline), measured at Cs =
1.5%10° mol dm LPG with C¢ = 1x10"* mol dm™ NaCl
added.

As seen in Figure 4, the increase in the applied
pressure leads to a gradual decrease of the
equilibrium thicknesses. At pressure 3.1 kPa we have
measured ~19 nm film thickness. No “jump”
transitions have been detected. The course of the
obtained isotherm with CaCl, added, shown in
Figure 5, is similar to the obtained with NaCl
although the Cq is different (in Figure 4). The film
thickness at pressure 3.1 kPa we have measured is
lower ~14.5 nm.

According to classical DLVO theory we are able
to determine the diffuse electric layer ¢, at the film
interfaces. Obtained values for ¢o Iin the
measurements with NaCl is 2,45 mV and for solution
with CaCl; is 1,7 mV. For low potentials, below 25
mV [9], the potential becomes proportional to the
surface charge density. The magnitude of the Debye
length depends solely on the properties of the

40

60

80

100

Film thickness, h (nm)
Fig. 5. T1(h) isotherm (with guideline), measured at Cs =
1.5x10° mol dm LPG with Ce = 2x10* mol dm™ CaCl,
added.

Probably, apart from double layer interactions,
other more specific factors like bridging,
conformational changes might play an important
role.

CONCLUSION

This work shows properties of thin liquid films
stabilized with charged phospholipids in the
presence of monovalent and the influence of divalent
ions on the properties of the foam films. The process
of thinning of the equilibrium thickness of the films
of LPG in the presence of Na* with the increase of
the electrolyte concentration results in the formation
of the common black films. At higher concentration
of the lipid, were measured thicker films and the
effect is significant at middle electrolyte
concentrations. The possible explanation may be
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[Moctenuna Ha 27 ronu, 2015 r.; kopurupana Ha 7 nekemBpH, 2015 1.
(Pesrome)

JImzonunuauTe MPUBINYAT UHTEPECA HA U3CIEOBATEINTE 3apagil YIaCTHETO U 3HAYCHUETO UM NP (HYHKIIMOHUPAHETO
Ha OmosornyHuTe MeMOpaHu. Ta3m paboTa mpencTaBs W3CIICIBAHE Ha MEHHU (DIIIMH, CTAOWIN3UPAHU C PAa3TBOPUMUS
dochomunun nanMutuHOB au3odocharuauarauneposn. [IpoyueHu Osxa 3aBHCHMOCTTa Ha jaeOenuHata Ha (UiIMa OT
KOHLIEHTpAaIMiATa Ha EJIEKTPOJHMTa B IPHCHCTBUE HAa HATPHUEBH M KallMEBH HOHM B Pa3TBOPa, KAKTO M W30TEPMH Ha
paskimHsnio Hansrade. [Ipu Hucka kouienrpaius Ha NaCl ce oOpasysar nebenu cuBu GuiMu ¢ paBHOBecHa nebenunna. C
yBeJMYaBaHe Ha KoHIeHTpauusta Ha Na* ¢punmure msthussar u npu 0.5 mol dm? gocrurar no paBHoBecHa nebenuHa
okoio 9 Nm (o6uxHOBeHu uepHy (uamu). [lennurte Guamu B npuchersue Ha Ca’* cienBar chIATa 3aBUCUMOCT, HO IPU
KOHIIEHTPALMS Ha eJIeKTPoJuTa no-Bucoka ot 5%102 mol dm? ce oOpasysar HroToHOBH YepHu Guamu (HUD). BeposTHo,
paBHOBecHaTa aebenrHa Ha ThHKHUTE HU®D 3aBucH OT OIM3KOAEHCTBAIIN CHIIM MEXKY B3UMOJCHCTBAIIUTE MOHOCIOEBE OT
IM3oyMnuaa BB (QuiaMa. B moxmkpema Ha TOBa TBBPIACHHE € IIpeM3yMCIEHaTa MHOTO II0-HMCKAa CTOWHOCT Ha
KOHLICHTpALMsATa Ha eJIEKTPOJINTA, CTOMHOCTTA Ha MOTEHIMala, KakTo U [lebaeBaTta nebennna. M3orepmure Ha pa3KIMHSIIO
HaJIsiTaHe ¥ IIPY JIBaTa eJeKTPOJINTA IIOKa3BaT IUIaBHO M3THhHSABAHE HAa QUIMHTE O€3 MPEeXOo.Iu.
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The effect of Hofmeister anions on the surface properties of polyelectrolyte multilayers built from hyaluronan and chitosan
by layer-by-layer deposition is studied by ellipsometry and atomic force microscopy. The thickness, roughness and
morphology of the resulting coatings were found to depend on the type of the anion. Relationship between the surface
properties and the biological response of the polyelectrolyte multilayers is established by assessing the degree of protein

(albumin) adsorption.

Key words: polyelectrolyte multilayers, ellipsometry, AFM, Hofmeister anions

INTRODUCTION

Coronary artery disease (CAD) is globally one of
the major causes of morbidity and mortality, affecting
over 17 million people per year (4 million in Europe)
(data from the World Health Organization). In
addition to medical treatment, coronary stent
implantation is for many patients the method of
choice for the management of coronary
atherosclerosis. However bare metal coronary stents
can fail to maintain vessel patency due to either
restenosis or stent thrombosis. Metal stents coated
with an outer layer of polymer (bioabsorbable or non-
bioabsorbable) can be drug-loaded, thus providing
more controlled and sustained drug delivery, that
might allow optimal drug-tissue interactions [1].

In the recent years the use of polyelectrolyte
multilayers (PEMs) fabricated by layer-by-layer
(LbL) self-assembly of polycations and polyanions
has emerged as a powerful and versatile strategy to
engineer surface films for biofunctionalization and
drug delivery [2-4]. A wide \variety of
polyelectrolytes (PE) ranging from designed synthetic
polymers to naturally derived biopolymers may be
employed for film build-up. The resulting biomimetic
PEM films are of special interest for coating dental
and orthopedic implants, particularly when they
contain components of the native extracellular matrix
of bone.

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

The physicochemical characteristics of the PEM
films, such as thickness, stiffness, chemistry, stability,
permeability, composition, biofunctionality and
dynamics, can be tunable to a large extent and they
can act as a key to modulate the interaction with
biomolecules and cells [5, 6]. Scanning- or atomic
force microscopy have been widely used for studying
the topography and the mechanical properties of
PEMs [7-11].

This study addresses the optimization of
biocompatibility of PEM films built from the
biodegradable linear polysaccharides hyaluronan
(HA) and chitosan (Chi), possessing an enhanced
thrombo-resistance [12], by addition of various
Hofmeister anions and monitoring of the thickness
and morphology of the resulting coatings. The
exchange of counterions between the dipping
solutions and the multilayers represents a promising
way to tune PEMSs’ hydrophobicity [13, 14]. We
focus on the effect of monovalent chaotropic (ClO4 ),
kosmotropic (F and CH3;COO ), and neutral (CI )
anions on the biological response of the PEMSs,
evaluating the albumin adsorption. Thereby we
establish proper  conditions  for  optimal
biocompatibility of the studied matrices for blood-
exposed cardiac stents.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Matherials. Polyethylenimine (PEI) (MW = 750
kDa, 50 wt.% solution), chitosan (Chi) (MW = 50—
190 kDa, 75-85% deacetylated), both from Sigma
Aldrich (Steinheim, Germany), and hyaluronic acid
(HA) (MW = 360 kDa) from Lifecore Biomedical,
LLC (Chaska, USA) were used as received. HA and
Chi were dissolved in 250 mM solutions of NaCl,
NaF, NaClOs; or CHs;COONa (all from Sigma-
Aldrich) to a concentration of 1 mg/ml, pH 5.5. PEI
was dissolved in ultrapure water to a concentration of
2 mg/ml and deposited as a first layer acting as a
uniform anchoring network for the formation of
consecutive layers.

Preparation of PEM films. PEM films
PEI(HA/Chi)ss-12.0 (sub indexes denote the number of
the deposited bilayers) were prepared by layer-by-
layer (LbL) technique using the hand dipping method
[15] on silicon (100) wafers (10x10 mm, CrysTec
GmbH, Germany) preliminary cleaned by consecutive
ultrasonication in acetone and isopropanol (2 min
each) and activated by oxygen plasma cleaning. The
film build-up was pursued at 25°C by alternating
dipping of the silicon wafers into HA and Chi
solutions (for 10 min) and three washing steps (2 min
each) in the corresponding 250 mM electrolyte
solution. The number of deposited HA/Chi bilayers
varied from 3.5 to 12. After the last deposition step
the samples were washed in water and dried in a
nitrogen stream.

Atomic force microscopy (AFM) imaging was
performed with NanoScopeV system (Bruker Inc.) in
tapping mode in air. Standard silicon nitride (SizNa)
probe tips (Budget Sensors, Innovative solutions Ltd.,
Bulgaria) were used (tip radius <10 nm). The PEM-
covered silicon wafers were fixed to the metal pads
and scanned with rate 0.5 Hz. Each sample was
examined at 5 different locations all over the surface.
The images (512x512 pixels) were captured in height
and deflection modes and roughness analysis was
performed using NanoScope 6.13R1 software. All
images are presented with a simple first-order
flattening.

The adsorption of bovine serum albumin (BSA)
(from Serva Electrophoresis GmbH) on the PE-coated
silicon substrates was also investigated by AFM.
BSA, at a concentration 0.5 mg/mL, was adsorbed on
the outer layer of the PE films. After 60 min the
samples were rinsed with water to remove all free and
loosely bound albumin molecules, dried with nitrogen
and scanned.
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Ellipsometry was used to monitor the film growth.
Woollam M2000D rotating compensator
spectroscopic ellipsometer with wavelength range
from 193 to 1000 nm was used. Measurements were
performed at an angle of incidence 69°. To obtain the
film thickness the raw data were fitted by four-layer
model, considering the contribution from the air,
PEM, SiO;, and Si.

RESULTS AND DISCUSSION

The typical ordering of the anions in the
Hofmeister series is as follows: SO, HPO,Z, OH ™,
F, HCOO , CHsCOO , ClI ,Br ,NOs, I, SCN ,
ClOs, but this order can be slightly different,
depending on the phenomenon under examination.
The species to the left of CI (neutral anion) are
referred to as kosmotropes (water structure makers),
while those to its right are chaotropes (water structure
breakers). Sodium salts of F, CH;COO , Cl , and
ClOs were selected for HA/Chi multilayers
deposition. The specific ion effects on the properties
of PE multilayers become important above 100 mM
for anions and 250 mM for cations [16]; therefore we
used electrolyte concentration of 250 mM.

180

[ o o
180 A F
; 0 cio,
140 | _
v CH,COO

120 |
100 |

80

Thickness, nm

60 |-
40 +

2 O B 5 =

0

3 4 5 8 7 8 9 10 11 12
_ ) Number of bilavers

Fig. 1. Thickness of PEM films with different number of
HA/Chi bilayers built in the presence of different
Hofmeister anions.

(HA/Chi) multilayers growth. The change in films
thickness during the deposition of up to 12 bilayers in
the presence of different electrolytes is presented in
Figure 1. For the thin multilayers composed of less
than 6 bilayers the thickness is poorly dependent on
the type of the Hofmeister anion involved in the
build-up process, and the maximal difference between
the thinnest and the thickest film is less than 10 nm,
while after deposition of more than 6 bilayers the
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thickness difference increases reaching 70 nm at 12
bilayers. The thickness of (HA/Chi)., films depends
strongly on the type of the Hofmeister anion present
in the dipping HA and Chi solutions and increases in
the order F <ClO4 <CI <CH3COO . Except the
films built in the presence of F , the thickness of the
other HA/Chi films increase in accordance with the
arrangement of the anions in the Hofmeister series
and the growth of the ion hydration radius. The
chaotropic anion CIlO, causes thinning of the
HA/Chi multilayers, compared to these containing
CI". As opposite the kosmotropic anion CH;COO
increases the thickness.

The film thickness increases in a nonlinear
(exponential) fashion in the presence of the neutral
Cl, the large kosmotropic CH3;COO and chaotropic
ClO; anions, whereas the addition of the small
kosmotropic F anion results in a linear thickness
growth. These results corroborate the findings of
Picart and co-workers [17], who attributed the
exponential growth mechanism to Chi’s ability to
diffuse in and out of the entire HA/Chi film at each
deposition step. These authors also reported that HA
is non-diffusing specie in LbL assembly of PEMs.
Detailed studies on the film build up of systems
comparable to HA/Chi films have also been reported
by Porcel et al. [18, 19]. The same linear thickness
growth is reported by Saloméki et al. [20] for
PSS/PDADMA films built in the presence of F,
while addition of CI and CIO4  leads to exponential
growth.

In the case of interaction of ions with strong
polyelectrolytes it is generally accepted that the
increase in the hydration shell of the ions, which is
related to weaker polarizability, leads to weaker
interaction between the ions and the polyelectrolytes.

- CH,cO0~ <

F <

This is associated with weaker coiling of the
polyelectrolyte chain, which in turn decreases the
thickness and roughness of the multilayers [16, 20-
22]. In the case of monatomic ions as in the halide
series (F, Br, and CI) the interaction between
anion and synthetic PSS/PDADMAC polyelectrolytes
increases with the increase of the ion size and ionic
strength [16, 20, 21, 23]. However, we observe
clearly expressed opposite effect. Since our
experimental data included also polyatomic anions,
the use of the anion radius in the characterization of
polyelectrolyte binding is not relevant. More accurate
interpretation would involve precise consideration of
anion hydration shell and the factors affecting it.
Several reasons can be suggested for this behavior.
Due to its strong binding affinity and low extent of
hydration the chaotropic anion ClO,  would
dehydrate the film, while the cosmotropic anion
CH3COO  brings along the largest amount of water
into the film. It seems that for polymer couples
consisting of two or at least one strong polyelectrolyte
the interaction between that polyelectrolyte and the
counter-ion plays a key role for the final thickness.
However for the couple HA/Chi of weak natural
polyelectrolytes that are highly hydrated (the water
content of the (HA/Chi)s multilayer is around 400%,
as obtained by thermogravimetry analysis [24]) the
degree of hydration of the multilayers is of crucial
role.

Films’ Morphology. Each step of HA/Chi films
build up was imaged by AFM. At the early stages of
the deposition small islets are seen but they coalesce
and become larger as the number of deposited
bilayers increases. After the deposition of
approximately 5 bilayers, the surface becomes fully

cl << clo,

“

Fig. 2. Typlcal 3D- (top) and deflectlon (bottom) |mages of (HA/Ch|)5 films on S|I|con taken by AFM in tapplng mode.
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coated and a homogeneous film is formed. Figure 2
shows clear difference in the surface morphology of
the PEMs triggered by the introduction of different
anions into the dipping HA and Chi solutions.
Analogously to previous studies, in the presence of
ClI wormlike or vermiculate pattern emerges [17].
The bumps are about 15 nm in depth and 350-400 nm
wide, although these numbers may be an overestimate
because of AFM tip convolution effects [25].
Addition of the kosmotropic CH3;COOQO anion results
in formation of tread-like interlaces, much smaller but
twice higher than the vermiculate pattern. The other
kosmotropic anion, F, favors the formation of
multiple and even smaller, needle-like structures,
whereas the chaotropic anion, CIlOs , induces
formation of star-like islands with uniform shape and
diameter of 1 um. The size of the surface structures
formed during the deposition follows the Hofmeister
series F <CH3COO <CI <<CIO, .

10 -

Roughness, nm

F- CH,CO0 CI-
Anion Type

Fig. 3. Root-mean-square roughness of (HA/Chi)s films
built in the presence of Hofmeister anions.

clo,

As anticipated, the observed changes in the films’
morphology are reflected in the root-mean-square
roughness (Rrms) of the surface. Figure 3 illustrates

F~ < CH,CO00 "~

that the surface roughness of HA/Chi films (derived
from five images with scanned area 10x10 pm,
including the images in Fig. 2) grows in the order
ClO4 <CI <F <CHsCOO , thus following the
Hofmeister series. It has been found that in the case of
polyelectrolyte multilayers built of strong synthetic
PE [16, 20-22, 26], chaotropic ions screen stronger
the charge of the oppositely charged PE than the
kosmotropic, which in turn leads to folding of the PE
chain and to a greater thickness and higher roughness
of the resultant multilayer. Our results show a
pronounced opposite effect - the addition of the
chaotropic CIO, anion to the weak polysaccharide
solutions results in the construction of very smooth
films with surface roughness about 1.4, that is in the
range of the substrate roughness, and about 2.6 times
lower than the roughness of the films built with CI -
addition, which amounts to ca. 3.6 nm. At the same
time the roughness of the coatings built in the
presence of the kosmotropic anions F and CH;COO
is 1.5 and 1.7 times higher than that of the reference
films, reaching 5.5 and 6.2 nm, respectively.

Biocompatibility. To test the biological response
of the resulting PEM films we made a qualitative
assessment of the degree of adsorption of the protein
albumin. In our case the negatively charged BSA
mainly adsorbs on the Chi-ending multilayers. The
surface morphology of the multilayer films before and
after albumin adsorption is presented in Figure 4. The
albumin adsorption depends on the surface properties,
the most pronounced one being observed on coatings
prepared in the presence of chaotropic anion, which
are smoother and albumin accumulation on them
strongly increases the roughness thereof (the Rrms in
Fig. 4 is derived from five images with scanned area
1.5x1.5 um, including the images in Fig. 4).

cl” << clo,

Rmms =2.2 nm

Rmms =1.2 nm
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Fig. 4. 3D-topography images of (HA/Chi)s films, before (top) and after (bottom) BSA adsorption, taken by AFM in
tapping mode at magnification 1.5 x 1.5 pum.
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In the case of HA/Chi films deposited in the
presence of Cl, characterized with highly furrowed
and rough surface, the aloumin molecules accumulate
in the indentations and fill them, and as a result the
roughness is reduced. Very weak or completely
absent adsorption of albumin is observed on the
surface of HA/Chi multilayers prepared in the
presence of kosmotropic anions, the surface
roughness in the presence of CHsCOO is slightly
decreased, while it remains the same in the presence
of F.

CONCLUSIONS

We demonstrate that the physicochemical properties
of polyelectrolyte multilayer films, built from the
natural linear polysaccharides hyaluronan and
chitosan, can be successfully modified by addition of
chaotropic and kosmotropic anions belonging to the
Hofmeister series. We also proved that the
introduction of kosmotropic anions improves the
PEMSs’ biocompatibility contributing to increase of
the surface roughness and decrease of the albumin
adsorption. Although the adsorption of proteins is
very important for the accommodation of medical
devices such as surgical tools and implants inserted in
a human body, in some cases, like cardiovascular
stents  implantation,  protein  adsorption  on
biomaterials can be an extremely unfavorable event;
and the adhesion of clotting factors may induce
thrombosis, which may lead to stroke or other
blockages [27].
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Crystallization of hexameric zinc-containing insulin in its rhombohedral space group is accomplished by step titration
of an acidic insulin solution containing an excess amount of Zn?* ions either in the presence of acetone or not. During
the preparation of the mixture, precipitation was observed when crossing a critical pH value. This precipitate dissolves
and produces a clear solution after the addition of acetone. We investigated the influence of the pH on the
crystallization of both porcine and recombinant human insulin by means of a systematic study of the pH evolution.
Taking into account the volume fractions and concentrations of all components, by varying the ratio between the initial
acid solution (0.02M HCI pH 1.55) and the citrate buffer (0.1M pH 6.98) we modulated the rate at which the critical pH
was reached. This characterization allows us to precisely tune the conditions for obtaining small crystals in batch
crystallization droplets in the presence or absence of acetone.

Keywords: Insulin hexamers, rhombohedral crystals, crystallization screening

INTRODUCTION

Insulin is a hormone present in the blood stream
and involved in glucose homeostasis. In a healthy
body, insulin is stored as rhombohedral single
crystals in the granules of the pancreas beta-cells.
This specific crystal form is well known and the
building blocks of the crystals are insulin-zinc
hexamers [1, 2]. The nanocrystals formed in the
granules are released into the blood stream where
they dissolve very fast [3] delivering a sufficient
amount of insulin monomers, the active form that
binds to cell insulin-receptors to control glucose
assimilation in the intracellular space [1, 2]. In the
case of disorders like diabetes mellitus type I, this
vital hormone is administered externally, most
often subcutaneously, by using medical solutions or
suspensions based on recombinant human insulin or
different  insulin  analogues of  controlled
formulations [4-6]. The type of insulin formulation
and the dosage strongly depends on the prescribed
medical treatment. Comprehensible, the numerical
studies on insulin crystallization have focused in
two main directions: 1) investigations of the
formation and dissolution of natural
(rhombohedral) zinc-containing insulin crystals [3,
7]; 2) the formulation of fast, intermediate and
long-period acting insulin drugs [4-6]. The first
trend is related to the better understanding of the
factors governing the in-vivo crystallization and
dissolution of insulin, whereas the second one

*To whom all correspondence should be sent:
E-mail: jgavira@iact.ugr-csic.es

covers the needs of patients with insulin disorders.

The studies on the crystallization of insulin and
insulin-complexes have greatly contributed to the
optimization of the growth of single protein crystals
for crystallographic structure determinations by X-
ray and neutron diffraction methods but open
guestions remains on the nucleation and growth to
control both processes that are of fundamental
relevance for the pharmaceutical industry. X-ray
crystallography has also been used to characterize
the insulin-protamine complex, typically used in
pharmaceutical formulation [8] although a clear
picture of this interaction is still to come. Several of
these studies [7-18] have extensively screened
different crystallization conditions in order to get
crystals of sufficient size for X-ray characterization.
Nevertheless, the rhombohedral crystal form has
been investigated at the nucleation and growth
stage in an effort to understand which parameters
affect the formation of insulin crystals in vivo [9-
13]. Atomic Force Microscopy (AFM) of well
faceted crystal faces has enabled the observation of
insulin  hexamers as building blocks of
rhombohedral crystals, the natural storage form in
the pancreas gland [9]. Moreover, the role of
acetone on the growth of insulin crystals has also
been investigated as well as the increased step
kinetic coefficient linked to an entropic effect of
acetone [14] that is due to the hydrophobic driven
assembly of insulin hexamer proposed by Yip et al.
in 1998 [10].
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In most studies, insulin from different sources
has been crystallized following a well-established
strategy used in the pioneering works of
Schlichtkrull [15-17] in which an insulin stock
solution is prepared by the dissolution of the
Iyophilized insulin in low concentration
hydrochloric acid. This procedure allows for the
preparation of stock solutions with high insulin
concentration that remains stable for several days at
temperatures below 20°C [18]. The formation of the
insulin-zinc hexamer building block is guaranteed
by the strong coordination of insulin dimers with
Zn?* ions provided in the solution as ZnCl,, while
supersaturation is reached by decreasing the
solubility of insulin-zinc hexamers driven by
increasing the pH, typically above pH 6.00, with
citrate buffer. Other additives such as sodium
chloride or sodium hydroxide are typically used to
stabilize and keep clear the stock solutions while
acetone or phenol are essential additives to either
control the nucleation and growth or to obtain the
desired insulin polymorph, respectively.

In this work we present a systematic study for
the preparation of supersaturated insulin solutions
based on the most common method that contains
ZnCl, and sodium citrate buffer as the main
components, and either with or without acetone.
Based on these results, a comprehensive protocol
for the preparation of crystallizing solutions of
hexameric insulin to produce a controllable
nucleation density is presented.

EXPERIMENTAL

For the preparation of the protein stock solutions,
lyophilized porcine (Sigma Aldrich, Ref. 15523)
and human recombinant insulin (Roche Diagnostics
GmbH, Ref. 11376497001) were used without
further purification. Insulin stock solutions (20
mg/ml) were prepared by dissolving the insulin in
0.02 M HCI (J. T. Baker, analytical grade). The
citrate buffers at 0.065, 0.1, 0.15 and 0.2 M were
prepared at pH 6.98 by titration of the buffer salt
with a citric acid solution. Zinc chloride stock
solution was prepared at 0.05 M concentration. The
buffer components and zinc chloride were of
analytical grade from Sigma. Acetone (Chromasolv
plus for HPLC > 99.9%) was used as provided by
the supplier (Sigma Aldrich, Ref. 650501). All
solutions were prepared with MilliQ water.

The titration experiments were monitored with a
GRISSON pH-meter equipped with a standard pH
microelectrode under continuous stirring in 1.5 mL
eppendorf tubes with insulin and 10 mL glass
vessel without insulin.

30

The insulin stock solutions were prepared in
small eppendorf tubes by precise gravimetric
measurements of small amounts of lyophilized
protein and the addition of diluted hydrochloric
acid solution (0.02 M) to obtain a final
concentration of 20 mg/ml. The final concentration
of insulin stock solution was determined using a
CARY 1E UV-Visible Spectrophotometer and an
extinction coefficient of 1.04 ml mg! cm? [19]
with 0.02M HCI as reference sample.

The crystallization screening was performed in
micro-batch crystallization plates with 12x8
cylindrical reservoirs (Hampton Research). The
crystallization droplets (20uL) were prepared in a
single PCR eppendorf tube for appropriate mixing
of the solution components before transferring each
sample to the plate under a layer of several
millimetres of paraffin oil (Hampton Research).
Two stock solutions of human and porcine insulin
were prepared and the concentration was
determined spectrophotometrically at 19.0 and 17.0
mg/ml  respectively. In the crystallization
experiments, the final protein concentrations were
varied from 0.95 to 7.6 mg/ml and from 0.85 to 6.8
mg/ml for human and porcine insulin respectively
(Table 1). The volume portion of HCI (40% v/v)
and the concentration of ZnCl;, (5.0 mM) were kept
constant while the amount of citrate buffer was
varied to study the pH effect in the presence of
acetone (15% v/v, samples 1 to 6) or without
acetone (samples 7 to 12). Table 1 summarizes the
final composition of the mixtures represented both
in concentrations and in percentage of volume.
Figure 1 also shows schematically the recipe
volume ratio used in this study.

5 4 Acetone

4 4 Water |

34 Buffer pH 6.98
24 £nCl,

14 Insulin Stock in 0.02M HCI + 0.02M HCI [

Solution component

T T T T T T T T
0 5 10 15 20 25 30 35 40

Volume fraction, % (v/v)

Fig. 1. Volume fractions of each component of the
standard mixture for the crystallization of insulin

All experiments were performed at constant
room temperature (24°C) and the evolution of the
crystallization experiments over time were followed
by optical microscopy (Nikon AZ100).
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Table 1. Final concentrations of the components-mix in each batch experiment.

Recipe
Insulin Porcine Human Porcine Human component
S
Sample | 1 2 3 4 5 6 7 8 9 |10 11 12
8 8 8 8 8 8 8 8 8 8 8 8 mM HCI
5 5 5 5 5 5 5 5 5 5 5 5 mM ZnCl;
AtoH| 15 25 35| 15 25 35 | 15 35 50 15 35 50 | mM Buffer
20 10 © 20 10 0 35 15 0 3 15 0 Water (%)
15 15 15| 15 15 15 0 0 0 0 0 0 | Acetone (%)
A 085 085 085|095 095 095|085 085 0.85 095 095 0.95
B 170 1.70 1.70{ 190 1.90 190|170 170 170 1.90 190 1.90
C 255 255 255|285 285 285|255 255 255 285 285 285
D 340 3.40 340|380 380 380|340 340 340 3.80 380 3.0 Insulin
E 425 425 425|475 475 475|425 425 425 475 475 475 | (mg/ml)
F 510 5.10 5.10| 570 5.70 570|510 510 510 570 570 5.70
G 595 595 595|6.65 6.65 6.65| 595 595 595 6.65 6.65 6.65
H 68 68 68760 760 760 68 68 68 760 7.60 7.60
Volumetric composition (%v/v)
Sample 1 2 3 4 5 6 7 8 9 |10] 11 12
40 | 40 |40 | 40 | 40 | 40 | 40 40 | 40 | 40 | 40 40 | 0.02M HCI
10 | 10 | 10 | 10 10 | 10 | 10 10 | 10 | 10 | 10 10 |0.05MZnCl,
AtoH 15| 25 | 35| 15 25 | 35 | 15 35 | 50 | 15 | 35 50 |0.1M Buffer
20| 10 | © 20 10 0 35 15 0 | 35| 15 0 Water
15 | 15 | 15| 15 15 15 0 0 0 0 0 0 Acetone
RESULTS AND DISCUSSION provide a reproducible protocol for

1. Dissecting the insulin-hexamer crystallization
procedure

There are a number of publications in which the
titration of an acidic (HCI) insulin solution
containing an excess of Zn?* is titrated with citrate
buffer in the presence or absence of acetone to
crystallize insulin in its rhombohedral form. Table
2 summarizes the final composition and relevant
notes of a representative group of publications
using this procedure and modifications thereof [7, 9,
12-16, 20-23]. It is very impressive than even
though all the consulted works seem to follow a
similar protocol, none of them achieve an identical
final composition or follows an exact
preparationprotocol. Without taking into account
the sample heating prior to crystallization, as used
in several published protocols, we can find different
approaches to clear the crystallizing solution. For
example, increasing the pH by adding NaOH,
lowering the pH with HCI or using the combination
of NaOH and NaCl to stabilize the solution. This
variability may hinder the proper interpretation of
the observed output.

Therefore, following the previously published
composition of the crystallization cocktail, in this
study we decide to fix the final volume and to study
the influence of the most relevant variables, protein
concentration, pH and acetone, while keeping the
rest of the components at a fixed concentration to

investigations.

In order to characterize the described system we
started our study by titrating the HCI solution
containing the zinc chloride with citrate buffer in
the absence of insulin. The buffer solution was
added stepwise in aliquots of 250 pL while
following the pH evolution of the system. At the
final step acetone was added (Figure 2). Four
trisodium citrate buffer concentrations, 65, 100, 150
and 200 mM, at a fixed pH of 6.98, were tested in
order to evaluate the influence of the initial buffer
concentration on the pH evolution of the titration
system. The components’ volume ratios were kept
constant as depicted in the experimental section and
corresponded to 8:2:7:3 for HCI, ZnCl,, trisodium
citrate and acetone, respectively, and therefore the
final buffer concentrations were 22.75, 35, 52.5 and
70 mM.

In all cases the minimum reported pH for
crystallization (pH 5.65) [7] was achieved. As
expected, the lower citrate buffer concentration
only overcomes this value in the final steps and the
maximum attainable pH was 6.5 with the highest
buffer concentration. Note that the titration
behaviour with the 150 mM citrate buffer was
similar to that of the 200 mM buffer and the
titration slopes are steeper even with the minimal
volume of the drop. However, our preliminary
screenings have showed that the final sodium
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Table 2. Representative compositions of crystallization solutions published to date.

Insulin HCI ZnCl, Citrate Acetone Notes Ref
(mg/ml)  (mMM) (mM) (mM) (% viv) '
t PHFina 5.65; pHautfer 6.98, 0.624%
4.8 NG 7 NG (W) OF [7]
pHFinal 8.5; 750 mM NaOH for
NG 20° 150°% 200°% - complete dissolution plus 5% phenol [9]1°®
and 1.0 M NacCl
10 or PHrinal NG; Acetone was replaced with  [12]
0.75-5.0 13 6 50 Oori5 HCI (20 mM) [14]
NG NG 5 50 - PHeinal 7 (citric buffer) [13]
0.5%" NG 0.04% 50 15 PHEinal 6.0-6.3 (sodium citrate) [15]
0.5%" NG 2-5% 50 15 PHFina 6.0 [16]
2.0 1 5 50 15 PHEinal NG; pHoutter 6.98 [20]
4'8 l 5 50 15 pHFina| NG; pruffer 698 [21]
$ pHFina 6.39; adjusted from pH 10.6 to
5 10 5 50 16.6 oHrina With 1.0 M NaOH and HCl 22
1.25 10 1.8 50 - PHFinal 6.1 [23]"

NG: Not given. "The volume of insulin is stated as 100 ml but it should be a mistake. We have used 10 mL in our
calculations. *As appears in the original article. $Zinc acetate was used instead of zinc chloride. Given concentrations
correspond to stock solution. ‘From zinc sulfate. *Acetone 0 or 20% (v/v).

citrate concentrations in the crystallizations samples
should be approximately 50 mM to avoid the
growth of imperfect insulin crystals. This
observation validates the final concentration of 50
mM of citrate buffer used in most of the reported
experiments. Finally, acetone was added following
the classical protocol provoking a rise of the pH of
approximately 0.2 units. Since zinc ions are needed
to stabilize the formation of the insulin-hexamer,
we also investigated the possible role of zinc
chloride, used in most procedures, on the pH.

In Figure 2b the influence of adding the zinc
chloride after titration of the samples is shown to
emulate the protocol used by Nanev and co-workers
[21]. In this case the pH briefly dropped, which
could cause aggregation of the protein if the citrate

buffer concentration is not high enough e.g. 65 mM.

We have also studied the titration behaviour of HCI
solutions, containing zinc chloride or just water, as
a function of the citrate buffer concentration. The
results clearly show that the pH evolution is
retarded in the presence of zinc chloride. This effect
was stronger at the lowest buffer concentration and
therefore the inclusion of zinc chloride impedes the
ability of the buffer to increase the pH. As we will
explain in the next section, this may play a relevant
role on the formation of insulin-hexamer aggregates
during the titration of the crystallizing solution.

2. Stepwise titration of the insulin crystallizing
solution

In order to correlate the behaviour of the
crystallizing solutions with the evolution of the pH,
we monitored the pH during the titration of insulin
dissolved in 0.02 M hydrochloric acid, with
trisodium citrate buffer (100 mM). Figure 3 shows
the evolution of the pH of human and porcine
insulin solutions (20 mg/ml stock solution) in the
presence of zinc chloride, titrated with 100 mM
trisodium citrate following the volume ratios
described above (Figure 1). The initial pH of the 20
mM hydrochloric stock solution was 1.55-1.58, and
it increases to approximately pH 2.0 after adding 20
pL of the insulin stock solution (in 20 mM HCI)
and 10 pL zinc chloride stock solution. At this point
a clear difference was observed between human and
porcine insulin. While for human insulin the pH
rises to 1.90, in the case of porcine insulin it
increases to pH 2.25, 0.35 units of difference that
was maintained during the whole experiment. This
increment cannot be attributed to a different pl
since porcine insulin differs from human insulin
only in having alanine instead of threonine at the
carboxyl terminal of the B-chain (B30). As deduced
from Figure 2 the pH increments cannot be insulin
source. The titration was started by stepwise
addition of 1 pL of citrate buffer (100 mM, pH
6.98). The pH of both types of insulin solutions
changed at the same rate until the pH reached 3.8,
which coincided with the observation of a cloudy
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Fig. 2. Titration curves of hydrochloric acid solution with citrate buffer in presence of zinc chloride (A) or adding
the zinc chloride before the acetone (B). The incorporation points of zinc chloride and acetone are indicated with arrows.
The titration interval with citrate buffer is flanked with two arrows.

precipitation in both types of insulin. At this point
the rate of variation of the pH was slower in the
case of human insulin. In both cases an inflexion
point was detected at a pH near 4.5 that is softer in
the case of porcine insulin. Beyond pH 5.0 the
change of pH was identical for both preparations.
At pH 5.72 the insulin solution becomes visibly
clear and the precipitate completely dissolves at pH
5.84. When the total volume reached 80 pL the
change in pH was small and the titration was
finished by adding 5 pL of citrate buffer. As the last
step of the procedure, acetone was added to the
insulin crystallization mixture which increased the
pH 0.25-0.27 units while in the absence of insulin it
was 0.2 pH units.

75
7.0 F [ —w—Humanlnsulin e
£ 5 F | —*— Porcinelnsulin PR T
6.0} anre s l
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Fig. 3. Titration curves of insulin (porcine and
human) dissolved in HCI solution with citric buffer.

The behaviour of the insulin crystallizing
solution in the pH range 3.4 to 5.8 has already been
described in the literature pointing out that
approximately 99% of the total insulin forms
aggregates in this range of pH [8] and also fits with
the early studies of Wintersteiner and Abramson
who demonstrated that the solubility of insulin in

acetate buffer was very low in the pH range 4.8 to
6.2 (approximately 4-10° mg/ml) [24]. This
aggregation driven by the change in pH suggests
the possibility of exerting a precise control over the
nucleation rate of insulin crystals by a precise
control of the pH.

3. Micro-batch under oil crystallization of porcine
and human insulin

We have carried out a study on the influence of

acetone, buffer and protein concentrations on the
crystallization of insulin (human and porcine). This
investigation was carried out using the batch under-
oil method. The set up was designed to cover, as
much as possible, all the variations found for that
particular procedure for the preparation of
supersaturated insulin  solutions. Besides the
comparison between porcine and human insulin and
the influence of acetone (0% or 15% v/v), the ratio
between the final concentrations of HCI and citrate
buffer, i.e. final pH, were also addressed in this
multi-parameter aggregation screening.
The summary of results is shown in Table 3 in
which “O” represent clear drops; “FC” well-faceted
crystals; “RC” rough crystals, ranging from 1 (low)
to 3 (high) the number of observed crystals; “CP”
crystalline precipitate, ranging from 1 (light) to 3
(heavy) depending on the size and the number of
micro-particles; “AP” amorphous precipitates,
ranging from 1 (light) to 3 (heavy) depending on
the visible density of aggregates and “CG” for
crystalline granule-like tiny aggregates. An
example of each type of precipitate is shown in
Figure 4. The approximate pH values of each drop
(last row of Table 3) were determined from similar
experiments without insulin.

When comparing the results from porcine and
human insulin it can be seen that, regardless of the
final crystallization conditions, the level of
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Table 3. Crystallization results of human and porcine insulin as a function of the final pH (see last row), protein
concentration (increasing from A to H) and used or not of acetone at 15% v/v, samples 1-6 and 7-12, respectively.

Insulin Porcine Human Porcine Human

Sample 1 2 3 4 5 6 7 8 9 10 11 12
A 0 o] o] CG1l FC2 0] 0] o] o] AP1 0] 0
B FC2 FC1 0] CG1 FC2 FC2 0] o] o] AP2 0] 0
C FC3 FC1 o] CP3 CP1 CP1 RC1 0] FC1 AP3 0] (0]
D CP1 FC1 FC2 CP3 CP1 FC3 RC1 0] o] AP3 0] FC1
E CP2 FC3 FCl1 CP3 CpP2 FC2 RC1 0] RC1 AP3 FC1 RC1
F FC3 FC2 FC2 CP3 CP3 CG RC3 FC1 FC1 AP3 RC1 RCI
G CP2 FC2 FC2 CP3 CP3 CP3 RC1 FC2 FC2 AP3 RC1 FC2
H CP3 FC3 FC2 CP3 CP3 CP3 RC1 FC2 RC1 AP3 RC1 FC2

acetone + + - -

pH" 6,07 6,45 6,59 6,07 6,45 6,59 587 6,34 648 587 6,34 6,48

O: clear droplet or light precipitate; well faceted (FC) or rough (RC) insulin crystals XC1: 1-10; XC2: 10-100; XC3:
100-1000 insulin crystals; crystalline insulin precipitates CP1: transition of the insulin crystals to small crystalline
particles; CP2: fine crystalline insulin particles; CP3: heavy crystalline insulin precipitation; CG: precipitate in the form
of crystalline granules; amorphous insulin precipitation APL1: initial stage of aggregation; AP2: slightly aggregation;

AP3: full aggregation.
* Measured from separate experiments without insulin.

supersaturation reached with human insulin was
always higher than that for porcine insulin.

The direct consequence, as observed in
comparative single drops, is that the nucleation
density was always higher in experiments with
human insulin. The lower solubility of human
insulin is also reflected by the prevalence of
aggregation in samples 4 (with acetone, pH 6.07)
and 10 (without acetone, pH 5.87). In these two
rows the final concentration of citrate buffer is the
lowest among all the experiments indicating the
relevant role of the pH on the crystallization of
insulin. In the case of porcine insulin under
identical conditions (samples 1 and 7, pH 6.07 and
5.87, respectively) most of the drops produced
crystals. This can be understood considering that
the final pH of porcine insulin is slightly higher, as
already shown during the titration experiments
(Figure 3). The solubility differences of porcine and
human insulin are clearly illustrated in Figure 5 in
which the output of low (A), medium (D) and high
(H) protein concentration experiments are
compared.

The role of acetone was also considered in this
study due to its prevalence in many crystallization
studies (see Table 2), at a concentration of 15%
(v/v). At this concentration two different effects
have been described by Vekilov and co-workers:
the increase of insulin solubility as acetone
concentration rises [14] and the increase of the step
kinetic coefficient [12], i.e. higher growth rate as a
direct consequence of higher acetone concentration.
In our study, the use of acetone reduced the
solubility of insulin regardless of the hormone
source. At all tested protein concentrations, the
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number of crystals was higher in the presence of
acetone.

This effect is more pronounced in the case of
human insulin. In Figure 6 we compared both
proteins crystallized in the presence (3 and 6) and
in the absence of acetone (8 and 11) while keeping
constant the citrate buffer concentration at 35 mM.
The observed increase of nucleation density cannot
be directly related to the change of pH, 6.59 and
6.34 for samples 3-6 and 8-11, respectively, high
enough to be out of the aggregation point detected
during the titration experiments. It is also worth
mentioning that crystals grown in the absence of
acetone have higher propensity to show a higher
amount of visible defects including rough faces
(See picture H11 of Figure 6 as an example) which
will need further investigation.

Finally, we compared the effect of the final pH
of the solution, shown in Table 3, on the nucleation
of porcine and human insulin. As we mentioned
earlier, there was a critical point during the titration
of insulin that lies beyond the isoelectric point of
the protein (pl 5.30-5.35 as referenced by the
suppliers), identified above pH 5.40 as the
maximum flocculation point [24]. Accordingly, the
closer to this pH value the lower the solubility of
insulin in solution and the higher the nucleation
density. Our observations are therefore in good
agreement with the study of Wintersteiner and
Abramson [24] that successfully explained the
crystallization behaviour of insulin in the pH range
5.60-5.65 previously reported by Abel and co-
workers [25].

However, as deduced from our results, this pH
range, 5.60-5.65, is too close to the isoelectric point
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AP2

Fig. 4. Selected pictures of the crystallization events
corresponding to the notation used in the text and Table
3, i.e. FC1 to FC3, and RC1 to RC3, corresponding to
low and high number of crystal and rough crystals,
respectively; CP1 to CP3 and AP1 to AP3 corresponding
to light and heavy micro-particles and amorphous
precipitated, respectively.

| .

D5 H

Fig. 5. Comparison between samples from the
crystallization plate with porcine (A2 to H2) and human
(A5 to H5) insulin concentration 1,0 (A), 4,0 (D) and 8,0
(H) mg/ml respectively.

to exert a reasonable control on the nucleation of
insulin. In this line, human insulin seems to be
more sensitive to pH changes than porcine insulin
that, at this point, can only be attributed to a
possible different composition of the lyophilized
powder. This is clearly observed at the lowest pH
used in this study, 5.87 (Table 3), for which human
insulin is fully precipitated (samples 10) while
porcine insulin still produces crystals (samples 7).
This observation is confirmed in the presence of
15% (v/v) acetone, samples 1 and 4, for porcine and

human insulin, respectively, but enhanced due to
the reduction of the solubility of insulin.

Fig. 6. Comparison of porcine (A3-H3 and A8-H8) and
human (A6-H6 and A11-H11) insulin crystallized in the
presence (numbers 3 and 6) and in the absence of
acetone (numbers 8 and 11).

CONCLUSIONS

Crystallization of proteins is a multiparameter
and multicomponent process in which the role of
each precipitant-component is unknown. Applying
a fixed volume-ratio procedure we have been able
to study the main variables of the precipitant
cocktail influencing the nucleation behavior of
human and porcine insulin. We have identified the
pH as the variable that exerts a fine control on the
nucleation of insulin crystals. It has been
demonstrated that acetone is not an essential
additive for the crystallization of insulin although
its presence reduced the solubility and facilitated
the formation of well-faceted crystals. Porcine and
human insulin showed, in general, similar
crystallization behavior but with remarkable
differences explained from their dissimilar titration
behavior.

The formulation of the crystallizing insulin
solution that has been used provides a complete
picture of the nucleation behavior, it is useful for
further fundamental studies and should be taken
into consideration for the mass production of
insulin crystals.
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OIITUMUBALNA HA KITACUYECKUA ITOAXO/] 3A 3APAXXIAHE U PACTEX HA
POMBOE/IPUYHU KPUCTAJIA OT MHCYJIMH YPE3 ITPOBEXIAHE HA pH TUTPYBAHE
N KPUCTAJIM3ALIMOHEH CKPUHUHI

®. B. Xomxkaorny?, M. Konexepo-Mypuen?, U. JI. Jlumutpos?, X. A. 'aBupa?

Unemumym no gusuxoxumus, Bvacapcka axademus na naykume, Cexyus.: “@azoobpazysane, Kpucmainu u amopguu
mamepuanu”, yn. “Axao. I'. bonues”, onok 11, 1113 Cogpus, P. Beacapusa
2Jlabopamopus 3a Kpucmanozpacku usciedéanus, yi. “Asenuda oe nac Iaimepac”, No 4, E-18100, Apmunna, Ipanada,
Hcnanua

IMocremmna Ha 8 centemBpu,2015 r. kopurupana Ha 23 HoemBpy, 2015 T.
(Pesrome)

OcpbliecTBEHa € KPHCTAIM3alUs HAa WHCYJIMH B NPUCHCTBHE Ha LIMHKOBM HOHM NoA (opmaTa Ha XEKCaMEpHHU
eIMHUIM, KOUTO 00pa3yBaT POMOOEIPUYHM KPHUCTAIM, Ype3 MOCTHIKOBO THUTPYBaHE Ha Pa3TBOPECHUS WHCYIUH B
paspezieHa COJHA KHCENWHAa ¢ HaTpueBo IuTpateH Oydep u aueron. Ilpu cmecBane Ha pa3TBOpHTE ce HaOItoIaBa
XapaKkTepHa NPEIMITUTAIMS Ha WHCYJIMHOBUTE MOJICKYJIH, TOPaJu MPEoJoIsiBaHe HAa KPUTHUYHHU CTOMHOCTH Ha PH B
OJM30CT 10 M30ENEKTPUYHATA TOYKa Ha TO3M OenThueH XopMoH. [Ipu mocnenBaio nopuinaBane Ha PH Ha pasTBopa
NoJyuyeHuTe OENTHYHM arperatd ce pa3TBapsAT 00paTMMo, Karo Ipoleca € IOANOMOTHaT U OT OJIaromnpusTHOTO
BB3JICHCTBHE Ha J0OaBKa OT aneToH. B HacTosmata pabota ¢ W3CieqBaHO BIUAHHETO Ha PH BBpPXy KpuCTamm3anmsara
Ha JIBE THPrOBCKH CYOCTaHIMH JTMODHIN3UPAH HHCYJIMH: CBUHCKH, H30JIUPaH OT MAaHKPeac, M YOBEIIKH PEKOMONHAHTCH.
W3cnenpaHa e arperaljoHHaTa CIIOCOOHOCT Ha Te3W CYOCTaHIMH 4Ype3 NMPOBEKAAHe Ha mapanenHo PH turpyeaHe B
paMKHTe Ha H3MOJ3BaHATa pelenta 3a Kpucranmzanus. OCBIIECTBEH € CTPUKTEH KOHTPOI HAa BCHYKH
KPUCTATM3aLOHHN KOMIIOHCHTH 10 OTHOIICHNE Ha TEXHUTE KOHLCHTPALMHK Ype3 M3MOI3BaHe Ha IHH U CHIIM 00EMHHU
YacTH Ha M3XOJHHUTE pa3sTBOpH. PH Ha KpHUCTAIM3aLMOHHUTE CMECH € MOJCIUPAHO Ype3 QUKCHpaHE Ha KOJIUYSCTBOTO
Ha conHarta kucenuna (0.02M HCI pH 1.55) u eauHcTBeHO BapupaHe Ha KOJIMYECTBOTO Ha m3mnon3Banus Oydep (0.1M
pH 6.98). To3u moaxoxa gompuHacs 3a GUHHO ONTHMU3HUPAHE M MOJ00p HA YCIOBHUITA 3a MOJIydyaBaHEe Ha WHCYJIMHOBH
kpucrtanu B Majiku “batch”- kpucramuszanuonan cuctemu (20 pL), KakTo B IPUCHCTBHE, TaKa U B OTCHCTBHE HA AIICTOH.
CKpHHUHTBT € NPOBEJIeH B KoMepcuanHo 12x8 kpucranuzanuonHo riate. Ha 6a3ara Ha Bcuuku (96 Op.) HaOmoaBaHu
npoOu ca omnpejieNeHd ONTHMAIHUTE YCJIOBHSA 3a IOJyYBaHE Ha JOOpE OCTEHEHH WHCYJIUHOBH KpucTaimu. OCBEH TAX,
[0Ji BHUMaHME ca B3ETH M BCHYKHM OCTaHaJlM KOMOWHanuu 3a (popMmupaHe Ha aMOp(GHH M KPUCTAIHHM HPELUIHUTATH,
KPUCTaJIHU CYCHEH3WM M (UHHM UWHCYJIMHOBHM TpaHyld, KOMTO B 4YacTHOCT NpEACTAaBIsBAT HWHTEpEC 3a
(bapmaneBTHUHaTa UHAYCTPUs. OTYETEHU Ca M YCIOBHATA, NMPU KOHTO NOOPE OCTCHEHUTE KPHCTAIU CE M3pa)KIar B
Ipyra GOpPMHE WIIH HapacTBar ¢ rpyon aedextu.
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Abstract: The paper presents a research on the influence of the gold sub-layer in composite magnetron
sputtered Au-M (M = Pt,Ir) films on their catalytic activity toward the hydrogen evolution (HER), oxygen
evolution (OER) and oxygen reduction (ORR) reactions in sulphuric acid solution. The test samples are
deposited on glass substrates upon 25 nm thick adhesive titanium layer. The thickness of the underlying Au
is 240 nm and that of the top functional metal (Pt or Ir) is 10 nm. The properties of the sputtered films are
studied using X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and electrochemical
methods of cyclic voltammetry and quasi steady state polarization curves. The performed morphological and
electrochemical investigations reveal that the specific catalytic efficiency of the composite Au-Pt and Au-Ir
films is superior compared to that of the pure metals which allows for essential reduction of the catalytic

loading at preserved performance.

Keywords: platinum; gold; iridium; iridium oxide; magnetron sputtering; bi-functional catalysts

1. INTRODUCTION

One of the key goals of catalyst manufacturing
for hydrogen energy systems (fuel cells, water
electrolysers, and bi-functional reversible cells) is
the development of new materials with improved
cost efficiency. It is possible to design catalysts
with enhanced activity and selectivity by alloying
two or more metals [1, 2]. The bimetallic catalysts
have demonstrated enhanced activity compared to
the corresponding monometallic ones. They are
extensively used in  many catalytic and
electrocatalytic applications [3].

One of the approaches to produce bimetallic
surfaces is to replace either the sub-monolayer or
the over-layer coverage of the single crystal with an
ad-metal. The electronic and chemical properties of
a metal in a bi-metallic surface may change due to
two important factors - formation of hetero-atom
bonds changing the electronic environment (ligand
effect) and change in the orbitals overlap affecting
the geometry of the bimetallic surface (strain
effect). Both factors lead to shift in the surface d-
band, resulting in decrease or increase of the
adsorbate binding energy [4, 5, 6, 7, 8, 9]. Sinfelt
and Rodriguez [4, 7] have shown how two metals
interacting on a surface can form compounds with
structures not seen in the bulk alloys. By

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

experimental and density functional theory (DFT)
modeling it has been found that the monolayer ad-
metal can interact with the host metal substrate by:
i) occupying the top-most surface sites to produce a
surface monolayer; ii) diffusing into the subsurface
region to form the subsurface monolayer; and iii)
alloying with surface to produce inter-mixed
bimetallic surfaces. DFT modeling results have
indicated that the modification on the surface d-
band center is significantly different for the three
types of bimetallic structures [1, 2, 3, 10].

Since the surface catalyzed reactions are
extremely sensitive to the atomic-level details, the
choice of the method for preparation of smooth thin
layers with good mechanical strength is essential
for tuning of the catalytic activity and utilization.
Usually the catalysts are powders consisting of
metal nanoparticles deposited on catalytic support
with high surface area. There are various catalyst
preparation techniques such as wet chemical
reduction, sol-gel, thermal decomposition of metal
salts, electrochemical deposition, underpotential
deposition etc. [11-22]. The choice of the method
depends also on several strict criteria such as
efficiency, reproducibility, time consumption, cost
as well as the technological availability in regard to
the application. In the last decade the method of
plasma enhanced physical vapour deposition
(PVD), also called direct current magnetron
sputtering (DCMS), has been introduced as an

38 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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alternative of the classical methods for catalysts
preparation [23, 24]. The magnetron sputtered
catalysts are deposited as thin compact (mono, bi-
or poly-metallic and/or oxide) films upon selected
substrate materials and could have extremely low
precisely controlled metal loading [25-27].

Platinum is the best known pure metal catalyst
for hydrogen evolution (HER), hydrogen oxidation
(HOR), and oxygen reduction (ORR) reactions,
while it is not so efficient with respect to the
oxygen evolution (OER). In order to increase the
catalytic activity and reduce the cost of catalysis Pt
is often alloyed with cheaper metals from the
transition series such as Ni, Co, Fe and etc. or with
other noble metals (Ru, Ir, Os) which improve not
only the efficiency but also the stability of the
composite catalysts [16, 19, 20, 21, 27, 28]. The
most commonly studied catalysts for OER are Ir,
IrOx , RuOy [29-31].

This work concerns the preparation of thin
composite catalytic films in which an essential part
of the efficient but expensive Pt and Ir is substituted
by dense Au sub-layer using the method of
magnetron sputtering and investigates the influence
of the Au sub-layer on the catalytic activity toward
the partial electrode reactions proceeding in
sulphuric acid solution.

2. EXPERIMENTAL
2.1 Formation of the catalytic layers

Five different test samples are sputtered using a
magnetron sputtering machine Nordiko 2550,
equipped with 3 targets of high purity (99.999%)
metals. The functional catalytic films are deposited
on glass substrate upon 25 nm thick Ti sub-layer
serving as an adhesion promoter. Three of the test
samples are pure metals - Pt, Au, and Ir. Pt and Ir
are deposited at previously optimized sputtering
conditions ensuring high porosity (resp. high active
surface per unit geometric area) combined with
good mechanical stability of the films [27, 32]. The
Au deposition at this stage is not optimized and the
film is much denser. The composite Au-M catalysts
consisting of two consecutive functional layers
sputtered at conditions identical to those used for
the single films. The total thickness of all samples
is fixed to 250 nm as the top M-layer is 10 nm
thick.

2.2 Test procedure

Physical characterization. The surface
structure and morphology of the sputtered catalysts
are studied by X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS). The diffraction
data are collected using X-ray diffractometer
Philips ADP15 with Cu-Ka (1=1.54178 A)

radiation at a constant rate of 0.2°.s* over an angle
range 20=10-90°. The XPS spectra are recorded
with ESCALAB MK Il (VG Scientific, England)
electron spectrometer. The photoelectrons are
excited with twin anode X-ray source using Al Ka
(h.v = 1253.6 eV) radiations.

Electrochemical tests. The electrochemical
characterization of the sputtered Au-M films is
performed in Ar-saturated 0.5M H,SO, at room
temperature by conventional electrochemical
techniques of cycling voltammetry and quasi-steady
state polarization curves. The cyclic
voltammograms (CV) are recorded in the potential
range between hydrogen and oxygen evolution at
temperature of 20 °C and scan rate of 100 mV s,
The quasi steady state polarization tests are carried
out in a potentiodynamic mode with scan rate of 1
mV s?. The experiments are performed with
Galvanostat/Potentiostat POS 2 (Bank Electronik,
Germany) in a standard three electrode
electrochemical cell using Ag/AgCIl reference
electrode and Pt-wire as counter electrode. The
working area of the test electrodes is 0.5 cm™.

3. RESULTS AND DISCUSSION
3.1 Surface analysis

The XRD spectra of the films are presented in
Figure 1. The patterns of Au, Au-Pt and Au-Ir films
show poly-crystalline structure of all metals with
preferential [111] orientation which is more
characteristic for Au. On the spectrum of the multi-
layered catalysts, alloying is not registered.

The chemical state of the sputtered films is
examined by XPS analysis. The high resolution
Au4f-Pt4f and Audf-Ir4f photoelectron spectra are
presented in Figure 2 (a,b). The peak analysis and
the performed fitting procedure indicate that Au, Pt
and Ir present as pure metals (the registered amount
of oxides on the Pt and Ir surface is negligible). The
Pt4f peak is clearly seen in the spectrum of the Au-
Pt (Figure 2a). It is situated at binding energy 71.5
eV. The Au4f peak is also well recognized. For the
pure Au it is situated at 83.3 eV, while for the Au-
Pt sample its position is at 84.3 eV. Berg at al. [33]
have performed high-resolution photoelectron
spectroscopy measurements of Au over-layers on Pt
(100) surfaces and have found contributions to the
Au 4f7/2core level spectrum from Au atoms in four
different local environments in the surface: Au
atoms at the Pt interface (83.32+0.02eV) , surface
Au atoms with (1x1) symmetry (83.50+0.02eV),
surface Au atoms with a (1x7) symmetry
(83.63+0.02eV), and bulk-like Au atoms at
(83.87%£0.02) eV. In our case the observed essential
shift in the Au 4f7/2core level spectrum of the Au-
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Figure 1. XRD spectra of the Au, Au-Pt and Au-Ir catalytic films.
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Figure 2. High resolution Au4f-Pt4f (a) and Au4f- Ir4f (b) photoelectron spectra of the sputtered catalytic films

Pt film to higher binding energy implies formation
of Au-Pt interlayer on the Au-Pt boundary.

In the XPS spectra of Ir and Au-Ir (Figure 2b)
the Ir4f peak is well recognized. At the same time
the Au4f peak is only slightly hinted which most
probably is due to the morphology of the functional
top layer.

The Ir4f peak for the pure Ir is situated at 61.19
eV, while for the Au-Ir sample it is shifted in
negative direction (60.75 eV). The reasons for the
registered differences in the binding energy
changes of both systems (Au-Pt and Au-Ir) are not
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very clear and should be further investigated. For
instance the morphology and/or density of the top
functional layer could have an influence.

3.2 Electrochemical measurements

The obtained cyclic voltammograms of the
catalysts under study are presented in Figures 3
(a,b) for the systems containing Pt and Ir,
respectively. Figure 3a shows the effect of the
partial substitution of Pt by Au. On the Pt and Au
CV curves the characteristic curve peaks typical for
the pure metals are clearly depicted — hydrogen
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Figure 3 Cyclic voltammograms of Au-Pt (a) and Au-Ir (b) in 0.5M H,SO4; potential ranges (a) -0.2 to 1.6 V and (b) -
0.4 to 1.6 V; scan rate 100 mV.s™.

0.0 - T T T T - T
a)

Au
—Pt
—r

- Au-Pt
Au-Ir

E/V (vs.Ag/AgL))

_0’5 1 I L

0 5  dhem? 15 20

b)
1.6

1,44/

E/V (vs.Ag/AgCl)

1,2

-Au-Pt
Au-Ir

0 5 10 15 20 25 30
J/mA crm

1,0

Figure 4. Quasi-steady state polarization curves - HER (a) and OER (b) of the sputtered catalytic films in 0.5M H3SOyg;

scan rate 1 mV.s™.
adsorption/desorption on Pt (0.0 to - 0.4V),
formation of oxygen coverage on both metals (>
0.65V), and oxygen reduction (around 0.4V and 0.
9V, respectively). The Au-Pt CVs show that the
deposition of 10 nm Pt on the top of 240 nm Au
layer results in a rather complex cyclic
voltammogram. All current peaks characteristic
both for Au and Pt are well recognized. Particularly
clear are the oxygen reduction peaks situated at 0.9
V and 0.4 V. Figure 3b illustrates the effect of
partial substitution of Ir layer by Au. The CV curve
of the pure iridium shows all characteristic current
peaks resulting from reversible changes in Ir valent
state: from metallic iridium to iridium in second,
third and forth oxidation state Ir/Ir?* (0.50 to 0.63
V), Ir?*/1r3*(0.63 to 0.92 V), Ir¥*/ Ir**(1.16 to1.34
V). The CV curve of the composite Au-Ir sample is
identical in shape. The reversible current peaks are
slightly smaller, while the oxygen evolution starts a
bit earlier and is more intensive.

To evaluate the catalytic efficiency of the
sputtered composite films toward the proceeding

partial electrode reactions, quasi
polarization curves are recorded.

Figure 4 (a,b) shows the hydrogen evolution
(HER) and oxygen evolution (OER) reactions. As
expected, the HER is most intensive on the pure Pt
film. The next best catalyst is the composite Au-Pt.
It should be stressed out that the Pt content in both
samples is very different (the platinum content in
the gold-platinum film is 25 times less than that in
the “pure” platinum film). Since Pt is much more
expensive than Au, the cost efficiency of the
catalysis in the case of Au-Pt is strongly improved.
Ir and Au-Ir catalysts are less active to HER
compared to both Pt-containing samples as the
reaction rate is not proportional to the thickness of
the top iridium film.

The OER reaction is most intensive on the pure
Ir film which facilitates the oxygen evolution
stronger than Au-Ir. However, the difference in the
reaction rate on both samples is much lower than
the difference in the thickness of the functional
iridium layer (250 to 10 nm). On the other hand, the

steady state
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composite Au-Pt sample demonstrates higher
catalytic efficiency toward the oxygen evolution
compare to pure Pt, despite the difference in the Pt
loading, implying strong synergetic effects between
both metals. This assumption is supported by the
XPS analysis (Figure 2a).

It is well known that Pt is a very active catalyst
toward the ORR. The quasi steady state cathodic
polarization curves of the pure Pt and Au-Pt
recorded in the potential range where ORR takes
place are presented in Figure 5. The achieved
current densities and the values of the Tafel slopes
are summarized in Table 1. They show some
catalytic activity of Au-Pt and indicate different
mechanism of the reaction compared to that on the
pure Pt, which is in accordance with the results
from the CV curves. In order to investigate the
mechanism of ORR and to find out if Au-Pt could
be used as a bi-functional reversible oxygen
electrode catalyst, further experiments on RDE are
currently in progress.

0,8 T T
— Pt
Au-Pt
)
S 06f 1
S
<
[
N
04t -
0
opb— e AL
1E-3 0,01 0,1

lg j/ mA.cm”
Figure 5 Quazi steady state polarization curves of ORR
of the sputtered catalytic films in 0.5M H.SOs; scan rate
1mv.st

To distinguish better the effect of the Au sub-layer
on both systems performance, in Table 1 are given
also the values of the reaction rates for HER and
OER at constant potentials, presented in current

density and in specific activity (normalized to the
thickness of the top functional layer). It is seen that
there is no linearity between the thickness and the
specific activity, which confirms the assumption for
existence of synergism in the composite catalytic
films. This is more clearly demonstrated in the case
of Au-Pt.

4. CONCLUSIONS

The research performed proved that the method
of DCMS can be used as precise technique for
deposition of multi-layered catalysts  with
controlled thickness and tailored synergetic effects
between the components. It was shown that the
partial substitution of platinum and iridium by gold
improves the specific activity and reveals
possibilities for better utilization of the Pt and Ir
catalysts and thus, for reduction of catalytic
loading.

The polarization measurements showed an
improved HER and OER activity of the Au-Pt films
compared to pure Pt as well as an indication that it
could behave as a bi-functional oxygen electrode
for both ORR and OER.

The observed changes in the electrochemical
performance of the composite films allow to
assume a synergy between both metals, which is
stronger in the case of Au-Pt. The synergetic effect
is explained with formation of interfacial bimetallic
layers and electronic interactions, confirmed by the
registered shift in the binding of the metallic
components. How exactly the BE shift affects the
mechanism of the proceeding electrode reactions
needs to be cleared in the ongoing research. The
possibilities to enhance the observed synergetic
effects by optimization of the layers order, number,
and thickness will be also explored.

Acknowledgments. The research has been
supported by NSF, Bulgarian Ministry of Education
and Science, project DNTS 01/005.

Table 1. Catalytic activity of the sputtered films.

Hydrogen Evolution Reaction Oxygen Evolution Reaction Oxygen
. (HER) (OER) Reduction
Catalytic E=-0.35V E=16V Reaction (ORR)
Films Tafel Slopes/
; -2 -1 i -2 -1
j/mA.cm? jsf/mA.cm=.nm j/mA.cm2 js/mA.cm=.nm mV.dec-
Ptor Ir Ptor Ir

bl b2
Pt 15.16 0.060 4.27 0.017 42 145
Au-Pt 9.30 0.930 5.82 0.582 77 223

Ir 5.65 0.023 29.9 0.120 - -

Au-Ir 4.67 0.467 28.6 2.86 - -
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BJIMSTHUE HA TTIOJICJION OT 3JIATO BhPXY KATAJIUTUYHUTE CBOVICTBA HA
TBbHKM MATHETPOHHO PAS3ITPAILIEHU ®NJIMU OT Pt U Ir

E.Ilerkyuesa® *, E. Jledreposal, 1. Xaiic?, V. IlInaken6epr?, E. Crapuena’
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Aaxen-52074, I'epmanus

[ocreruna Ha 13 romm, 2015 1. kopurupana za 29 okromspy, 2015 1.

(Pestome)

CrarusiTa npeicTaBsi M3CIE[BaHE HA BIMSHUETO HAa 3JIaT€H IOJICJION BBPXY KaTalUTHYHATA aKTHBHOCT Ha
MarHeTpoHHo pasmpamenu Gumvu AU-M (M = Pt u Ir) cnpsmo napuuasHUTe eISKTPOTHU PEAKIHH Ha OTACISIHE Ha
Bonopoa (HER), ortnensue (OER) u penykuusi (ORR) Ha KHCIOpOJ, MPOTHYAIIM B KUCENH BOJHU EJIEKTPOJIUTH Ha
csipHa kucennHa. @unmure ot Au-Pt u Au-Ir ca oTiI0keHM BBPXY CTBHKIIEHA ITO/UIOKKA, ITOKPUTA ChC aJXE3UBEH CIION
or 25 nm Ti. lebenunara Ha Bcuuku npobu e 250 nm — cioit ot 240 nm Au, BBpXy Koiito e omnoxkeH 10 nm
¢yHkmonaneH cioit Pt wm Ir. CBoiicTBara Ha moJrydeHUTE (GUIMHU Ca M3CJIEIBAHN Ype3 PEHTTCHOCTYKTYpPEH aHaJIN3
(XRD), pentrenoa (oToenekTpoHHa criekTockomnus (XPS), 1 eNeKTpOXUMHYHUTE METOIH — HUKIMYHA BOITAMETPHS U
MOJIAPU3ALUOHHN KpUBH. OT ITpoBeeHNTE MOP(OIOTHIHN U EICKTPOXUMHUYHH HU3CJIEIBAHNS € YCTAHOBEHO 3HAUNTEITHO
YBEJIMUYEHUE Ha Crelu(UIHaTa KaTaIMTHYHATa aKTUBHOCT Ha OuMeTanauTe puimu Au-Pt u Au-Ir, koeto no3BossiBa i1a

CC HaMaJIi KaTaJIMTUYHOTO HATOBAPBAHC KATO CC 3alla3u C(beKTHBHOCHa Ha 1mpoueca.
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Abstract: It is of great importance for the monodispersion of nanomaterials to limit the nucleation in the initial
stages of the synthesis, which is then followed by growth without new nucleation. A reducing agent, corresponding to
these conditions, is the hydrazine bishypophosphite NoHs(H2PO2)2. There is no data about this compound, but related

substances have long since been studied.

In this article a new synthesizing method of N2Hs(H2PO2)2 using N2H4.2HCI and NazH,PO,.H,0 is proposed. The
lateral sodium chloride NaCl serves to later determine the degree of conversion and the yield of the target product.

Keywords: synthesis; new reducing agent; monodispersed particles; hydrazine (bis) hypophosphite

1. INTRODUCTION

It is of great importance to obtain monodispersed
nanomaterials in nanotechnology. One way to
achieve this goal is to limit the nucleation in the
initial stages of the synthesis, which is followed by
growth without new nucleation. A reducing agent,
which is expected to fulfill these requirements, is
the hydrazine (bis) hypophosphite NaHg(H2PO2)2.
Hydrazine (bis) hypophosphite is assumed to be
able to act as reducer by both of its parts — anion
and cation:

N,H; +40H™ = 4H,0 + N, +4e™  E=1.16 V

H,P0; + 30H™ = 2H,0 + HPO;™ + 2e7, E;=1.57 V

H,PO, + H,0 — H,PO, + 2H" + 2e™ E,=0.28 V.

This means that a higher reduction potential in
the beginning and an average reduction potential in
the end of a process, based on the degree of
reduction, can be achieved. That is a good
prerequisite for controlling the supersaturation and
the speed of separate stages during the process.
Moreover, consumption of reducing agent in the
course of time of nucleation, significantly decreases
its concentration, reduction potential and
supersaturation - Figure 1[1].

As the reducing agent is being consumed during
the process of nucleation the supersaturation also
decreases in areas | and Il. Therefore, time of
nucleation process is very short, and practically
finishes. Afterwards a process of growth prevails

*To whom all correspondence should be sent:
E-mail: d_lyutov@phys.uni-sofia.bg

and nucleation is suppressed. As a result,
monodispersed material can be obtained. This could
happen if two-stage reducer is used which has
significant difference of reduction potentials in both
stages.

However, to the best of our knowledge there is
not a study dealing with synthesis and properties of
such a compound, even though the existence of this
composite is predictable. We are aware of the
existence of common compounds with similar
anion parts, such as NHsH2PO>,
(NH;OH ™) (H,PO03),, and a similar cation part—
N.H-H,PO, and NEHE_(HEPD‘}]:[Z, 3], but
information on the synthesis and properties of
N,H.(H,P0, ), is not available.

Currently known method of synthesis,
developed by us [4] in the past and we have
encountered some difficulties. The precursor
compounds are difficult to access and are
dangerous. The interaction between them releases a
lot of heat and toxic fumes. In this work we propose
a new method for synthesis of N:Hgs(H2PO,). by
using N2H4.2HCI and Na;H,PO2.H,O. The quantity
of the co-product sodium chloride NaCl serves to
determine the degree of conversion and the yield of
the target product. Potential applications of
hydrazine (bis) hypophosphite for preparation of
silver micro- and nano-particles will be examined
according to aforementioned premises.

44 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Figure 2. Cooli4ng apparatus during synthesis.

2. EXPERIMENTAL

2.1. Materials, reagents and technical
equipment
Hydrazine dihydrochloride N,H,. 2HCI (CAS
Number: 5341-61-7) and sodium hypophosphite
monohydrate NaH,PO,.H,O0 (CAS Number:
10039-56-2) are the compounds used for synthesis
of the new reducing agent.

2.2. Synthesis procedure
N>H4.2HCI + 2NaH.PO,.H,O —
— (N2H62+)(H2P02’)2 + 2NaCl + 2H,0

Hydrazine dihydrochloride N,H,.2HCl and
sodium hypophosphite monohydrate
NaH,PO,.H,0 are weighed in a stoichiometric
proportion and crushed to a very fine grade in a
mortar. The received mixture is poured in a beaker
and hypophosphorous acid (50% water solution) is

added, in order to acidify the solution. Meanwhile
the water, contained in the acid, the solution
becomes undersaturated for (N,H,.}(H,P0,), and
oversaturated for NaCl, so the latter can crystallize
from the solution. The mixture is stirred and heated
until the complete dissolution of the solid phase.
The crystallization of white NaCl can be observed
immediately, whose crystals are difficult to be
distinguished from the starting material. The
suspension is dried in a vacuum desiccator dish, so
highest possible quantity of NaCl could crystallize.
After that the suspension is filtrated in a fritted
filter and the sediment is washed in distilled water
and ethyl alcohol, as NaCl’s solubility in a water-
alcohol solution sharply decreases. The filtrate is
continuously stirred for about 12 hours under
cooling (Figure 2), in order to get small and
similarly-sized crystals of (N,H;)(H,P0,),, and
not large crystals of it. The solution along with the
crystals is filtered with a frilled filter and the
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experimental yield is determined. The lateral NaCl
is checked for chloride ions with AgNOs. White
photosensitive sediment of AgCl is observed, which
proves that the separated crystals are NaCl. This, on
its own, proves that in the solution remains the
target product.

Based on the described method we calculated
the necessary quantities of starting materials for the
synthesis of 100 g product as follows: 64.00 g
N,H,.2HCl and 124.29 g NaH,PO,. H,0. For the
acidification of the solution and the supersaturation
by the target product were needed 157.2 ml HsPO,
which is calculated based on the solubility of
N,H.(H,P0,),. As a result of the synthesis we
gained 58.13 g NaCl and 56.7 g N,H.(H,PO,),.
That shows that this method of synthesis leads to
approximate yield of about 56.7%.

The previously known method of synthesis
does not show exact quantitative data for the degree
of conversion of the starting materials. They are
difficult to determine, as hydrazine hydrate is a
volatile liquid, and the vacuum-vaporization is not
always complete. During vaccum-vaporization the
temperature must not exceed 40-50 °C, because this
may destroy the product and the initial compounds
as well. On the other hand, the lack of byproducts is
a prerequisite for higher purity of the target
product.

By using the new method, dry starting
materials, following vacuum-vaporization is not
necessary and the reaction takes place without a
noticeable enthalpy of formation. The extraction of
lateral NaCl allows the potential determination of
the yield of the products. Also, this synthesis
method is safer. The difficult separation of the
byproduct may cause impurity in the target product.

The choice of one of these methods may be
determined by the pursued purity of the target
product and the availability of initial compounds.
This way it will be possible to make an easier
assessment which of the two methods would be

preferred for a primary method of synthesis based
on the concrete abilities of the laboratory and the
team.

2.3.  Methods used to identify new compound

The elemental analysis was carried out by using
an elemental analyzer VARIO EL Ill “Elementer”
Germany; pH measurements were done by using a
precise digital pH-meter OP208-1 ‘Radelkis”-
Budapest, Hungary with combined electrode HA
405-60/S7 WTW GmbH -Weilheim, Germany.
The elemental analysis of crystals, give
composition values very close to expected for
(N2H6)?*(H.PO2).. Opposite to our expectations,
we could not obtain specimen which shows
elemental composition values comparable with
(N2Hs)"H2PO; at any change in acidity.

3. RESULTS AND DISCUSSION

The advantages and disadvantages of both
methods developed by us could be compared as
follows (Table 1).

3.1.  Efficiency of the new reducing agent

Reducing efficiency of hydrazine (bis)
hypophosphite is extremely high: Reducing power
of one mole of substance is 12 equivalents. (One
mole of compound gives 12 Na electrons!)

3.2.  Application of the new reducing agent for
synthesis of Ag nanoparticles

3.2.1. Methods used to characterize Ag nano-
particles. The received reducing agent was used for
the synthesis of silver particles from AgNO;
solution by the following procedure: polycrystalline
material of the product was dissolved in distilled
water and was mixed with a solution of silver
nitrate under constant stirring. The obtained silver
particles were washed thoroughly three times with
bi-distilled water and centrifuged in-between. Dual
beam scanning electron/focused ion beam system
(SEM/FIB LYRA | XMU, TESCAN), equipped

Table 1. Comparison between the two methods.

Earlier method [4]

Method in the present
study

It is required to outlet the toxic vapors
of hydrazine and to monitor

Safety measures

Safe; the enthalpy of
formation is insignificant

temperature
Determ_lnatlon of Difficult Relatively easy
yield
Accessibility of Limited High
compounds
Purity High Average
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Figure 4. Elemental analysis data.

with EDX detector (Quantax 200, Bruker) is used
to determine the size, shape and composition of the
obtained Ag nano-particles.

SEM analysis was done in order to determine
the qualitave composition and the approximate size
of the particles. The EDX analysis (Figures 3 and
4) shows that the material which they were made of
is silver.

Figure 3. SEM map; the green point relates to the
area of the EDX analysis.

The presence of Al is due to the fact that the
signal of EDX cannot be received from a very small
area. The resolution of the EDX analysis is
approximately 1 pum. Since the pad is aluminum
foil, we observe Al presence in the result.

Figure 5 shows  approximately  the
monodispersed size of the particles. This trend

remains, even with a different particle
concentration. A large portion of particle
conglomerates have probably formed during the
evaporation of the suspension, which is part of
preparing the sample for analysis.

The monodisperse characteristics of the
particles confirm the proposed theoretical
formulation. The goal of the current study was
precisely that — to support the given propositions
and conclude upon the application of the new
material based on the results. This opens up a hew
opportunity for conducting additional research on
the synthesis of particles with a target size, by
optimizing the process and the conditions of the
experiment. With a series of further experiments it
would be possible to find suitable concentrations of
the reducing agent in solution and appropriate pH
for obtaining monodispersed particles with the
target size.

4. CONCLUSIONS

In the present study was submitted a new
method of synthesis of a new reducing agent with
specific hypothetic properties and a method for its
application was proposed.

SEM analysis confirmed the correctness of the
theoretical prerequisites for obtaining relatively
monodispersed metal particles.

47



Iv.V. Slivkov et al.: A new method for synthesis of a new class reducing agent with expected application in nanotechnology

SEM HV 3000 &

WO 8852 mm LYRAL TESCAN

vac Hivas Oet. SE Spm g

SEMMAG: S0 87 ke Date{midlyy 07/24/15 Parfarmance n nanaipa-:sn
(a)

SEM HY. 3000 & 565 MM

LYRAL TESCAN

Vac Hivac Det SE £00 p [

SEM MAG: 166 x Oatelmigiyy 07/24015 Parfarmance in nanamxsu
(©)

Acknowledgments: We give our special
thanks to Materials technology laboratory,
Department of Solid State Physics and
Microelectronics, Faculty of Physics, Sofia

University for providing thorough help with the
preparing of the sample for SEM analysis and
achieving the results.

48

BRE S
IEM HY 3000 &Y

e P e e Lo

WO Semn o

3z Hivas et SE Sum
EMMAG: 1081 ke Datedmiaivy 0772415 Parformance n nanmen

(b)

Figure 5. a) SEM image on a small particle population; b)
SEM image on a large particle population; ¢) SEM image
on lower magnification and ultra large particle population.

REFERENCES

1. R. Boistelle, J. P. Astier, J. Cryst. Growth, 90, 14
(1988).

2. P. L. Dulong, Phil. Magazine, 48, 271 (1816).

3. A. P. J. Sabaneev, Russian Phys. Chem Soc., 30, 402
(1897).

4. L. Lyutov, D. Lyutov, G. Lyutov, C R Acad Bulg Sci.,
61, 1407 (2008).



Iv.V. Slivkov et al.: A new method for synthesis of a new class reducing agent with expected application in nanotechnology

HOB METO/] 3A CMHTE3A HA HOB KJIAC PEAYKTOPU C OYAKBAHU ITPMJIOXKEHU A
B HAHOTEXHOJIOT'MUTE

UB.B. Cnuskos't, JIJ1. JTlroros®*, 3.ITn. ITanyesa?, JL.I'. JTroros!

YDaxynmem no xumus u papmayus, Cogpuiicku ynusepcumem, 6yn. [Jorc. Bayuep, 1, Cogus 1164
2Dusuvecku gpaxynimem, Coguiicku ynusepcumem, 6yi. Joic. Bayuep, 5, Cogus 1164

Toctenmna va 31.07.2015 r.; xopurupana Ha 2 nexemBpH, 2015 r.
(Pesrome)

Wpesta Ha HACTOAIIOTO M3CIEIBAHE € Ja CC IOJIYYHd MOHOIHCIEPCeH AQ-30J1 KaTO CHIHO Ce OTPAaHUYH BPEMETO
NP3 KOETO € Bh3MOXKHO 3apo/InIIoo0pazyBaHe, a clie/l ToBa Jia Ce M3BBPIIBa CaMO KpHCTalleH pacTex. ToBa ce moctura
Yype3 2 MPeAIoCTaBKy: JBYCThIAJICH PEAYKTOP ChC 3HAYNTENHA Pa3jIMKa B pEIyKIMOHHNUTE MOTECHIIMAN Ha CThIIalIaTa 1
OBP30TO M3pa3xoJBaHE Ha pEAYKTOpa MO CTHHAJIOTO C MO-BHCOK PEAYKIMOHHEH IOTEHIMAl IO BpeMe Ha
3apoINII000pa3yBaHETO.

LlenTa Ha M3cneABaHETO € Aa CEe MPOBEPH EKCIEPHMEHTAIHO Ta3HW WJes W Jajld € BB3MOXXHO Jia Ce CHHTEe3Hpa
PEeNyKTOPBT 110 MpOILeaypa, He CBbp3aHa ¢ OypHa peakiys, a ChIIO Taka C MO-MajKO OIIaCHU U JIECHO JOCTBIIHU
PCaKTUBH.

[MpeanoxkeHara MeTOAMKA HA CHHTE3 upe3 JABoiHOo 3amecTBane Mexay NoHs.2HCI u Na;H2PO2.H>0 nasa no-uucku
no6usH (56.7%) u mo-HuCcKa 4yucTOTa Ha Ipoaykra (% ceabpikanue Ha ClY), Ho mpoTnya miaBHO Oe3 OypHHU peakuu |
0e3 OTHeIIHEe Ha TOKCHYHH EMUCHHL.

Upes mpoBekIaHe HA NMWJIOTEH SKCIEPHMEHT ¢ mokazaHa npuiokumoctta Ha NaHe(H2PO2)2 kato pemykrop 3a
monmydaBane Ha Ag-30i1. SEM-mukpodororpadun mpu pa3inddHH IMOMYNAlldH TOKa3BaT, 4e pasnpeAelICHHETO II0
pa3MepH € B TECHH I'paHHIH, HE3aBHCHMO OT nomynanusra. EDX- ananus3st nokasa, 4e MaTepHabT Ha YaCTUIUTE €
Ag.
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Obtaining and protective properties of passive films on Zn and Zn-Fe-P ternary alloys
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Abstract: Protective Zn and ternary alloy Zn-Fe-P coatings are electrochemically obtained and additionally treated in
special elaborated solution for chemical passivating based on tri-valent chromium compound. The elemental
composition and surface morphology of the newly obtained Zn-Fe-P coatings without or with additional passive
(conversion) film is determined by using of EDS and SEM. The corrosion behavior and protective ability of the system
coating / passive (chromite) film are investigated by means of potentiodynamic polarization curves and electrochemical
impedance spectroscopy (EIS) in model medium containing chloride ions as corrosion activators. As a result of the
corrosion tests the influence of the passive film on the corrosion properties of the electrodeposited Zn and Zn-Fe-P alloy

coating in that medium is analyzed and commented.
Key words: corrosion, passive films, zinc, Zn-Fe-P alloy

1.INTRODUCTION

Zinc coatings are widely used for metal
prevention and protection against corrosion
damages. The very strongly negative potential of
the Zn (-0.76 V) defines its role of anodic
(sacrificial) layer concerning the iron and steel
substrate. The co-deposition of the zinc with other
metals like Mn, Co, Ni, Fe leads to obtaining of
coatings with improved physical and mechanical
properties and increased corrosion resistance [1-
11]. Contrary to the pure zinc most of these alloys
have good adhesion concerning the finishing paints.

According to some investigations [12] the co-
deposition of some of these alloys with P has a
positive influence on their corrosion resistance. In
addition, the incorporation of this element in the
alloy in amounts less than 1 wt% usually decreases
the residual stresses in the galvanic coatings.

Several patents for obtaining of thin alloy Zn-
Fe-P coatings based on acidic or alkaline
electrolytes are available in the literature [13-16].
The phosphorus content varies in the range 0 — 5
wt% while that of the iron is between 7 and 35
wt%. The authors report for good weldability,
solderability and adhesion to finishing paints and
coatings and increased corrosion resistance against
local corrosion. The alloys with great zinc content
have crystalline structure which changes to
amorphous at higher P and Fe amounts.

Since the zinc coatings are not enough resistant
in very aggressive environments additional surface
treatment is applied in order to improve the

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

stability. The result is the appearing of a conversion
(passive)  film [17-22]. The so treated
electrodeposits show lower susceptibility in
aggressive corrosive solutions and can be an
excellent basis for further treatment with organic
paints or lacquers.

The tri-valent chromium-based (chromite) films
have been developed due to the novel ecological
requirements and are environmentally friendly
compared to the Cr®*-based ones. Chromite layers
on the metal surface play a very important role
decreasing the zinc dissolution rate and lowering
the rate of the oxygen reduction [23-26].

The present work is aimed to describe the
experimental conditions for obtaining of passive
films (PF) on zinc and Zn-Fe-P alloy coatings from
environmentally friendly Cr¥*-containing solution
as well as to characterize their corrosion behavior
in a model medium with chloride ions as corrosion
activators.

2.EXPERIMENTAL
2.1. Sample preparation

All coatings are electrodeposited on a low
carbon steel substrate with sizes 20x10x1 mm,
whole surface area of 4 cm? and thickness of
approximately 10 um.

2.2. Electrochemical deposition

2.2.1. Zinc coatings are electrodeposited
from electrolyte containing (in g/l): ZnSO..7H,0 -
150, NH4CI - 30, H3BO3 — 30, additives AZ-1 - 50
ml/l and AZ-2 - 10 ml/l at pH value between 4,5
5,0, ambient temperature of about 22 °C, zinc
anodes and cathodic current density of 2 A/dm?. No
stirring or agitation is applied.
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2.2.2. Zn-Fe-P alloys are electrodeposited
from electrolyte with a composition (in g/l):
FeSO4.7H,O - 200, ZnSO,7H.O - 70,
NasCsHs07.5,5H,0 -50, NaH,PO,.H,0 and HsPO,
— 11.4, NH.CI — 15 and additive ZC1 (20 ml/l) at
pH 2.5, temperature of 40 °C, Ti-Pt anodes and
cathodic current density in the range 5 - 20 A/dm?,
circulation of the electrolyte. In that case alloys
with  different Fe and P content are
electrodeposited.

2.3. Corrosion medium and reproducibility

A model corrosion medium of 5% NacCl solution
with pH~6.7 at room temperature of 22 °C is used.
The results from the investigations are an average
of 3 samples per type i.e. for each measurement 3
replicates of a Zn or ternary alloy Zn-Fe-P. Prior to
the beginning of the test all samples are temporized
for a definite period in the model medium at
conditions of open circuit potential (OCP).

2.4. Passive films

The additional surface treatment of the zinc and
of the ternary alloys is carried out in a solution
consisting of CrNOs;, HNO; and NaH,PO; with pH
value of 1.2. The immersion time was 40 s for all
investigated samples.

2.5. Sample characterization

The sample characterization is realized by using
of electrochemical workstation PAR ‘‘VersaStat 4”
and application of the following methods:

- Potentiodynamic (PD) polarization — the
measurements are performed at a scan rate of 1
mV/s in the potential range between -1200 and —
200 mV.

- Electrochemical impedance spectroscopy — the
measurements are carried out in the frequency
range of 100 kHz to 10 mHz by superimposing an
AC voltage of 10 mV.

Additionally, for observation of the sample
surface morphology and its peculiarities Scanning
electron microscopy (SEM) with coupled EDS
device is applied by using of INCA Energy 350
unit.

The electrochemical  measurements  are
performed in a common three-electrode
experimental cell (volume of 250 ml) with a
Luggin-capillary for minimizing the ohmic
resistance of the medium. Platinum plate serves as a
counter electrode while the potentials are measured
with respect to the saturated calomel electrode
(SCE).

2.RESULTS AND DISCUSSION
3.1. Potentiodynamic polarization (PDP)

The cathodic and anodic potentiodynamic
polarization (PD) curves of pure Zn and Zn-Fe-P
alloy coatings with different Fe and P content
without and with additional passive film (PF) on
the surface are demonstrated in Figurel(A,B). In
addition, the PD curve of the low carbon steel at the
same conditions is also demonstrated.
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Figure 1. Potentiodynamic curves of Zn and Zn-Fe-P
alloys:A — without passive film; B — with passive film. 1
— Zn(without PF);1’ — Zn(with PF);2 - ZngsFesPo; 3 -
Zno12FegsPos; 4 - ZngsaFewPos; 5 - ZnzosFexssPi2; 6 —
low carbon steel.

The obtained results clearly show that all
coatings have corrosion potentials strongly negative
compared to the steel which means that they will
play a role of sacrificial coating i.e. they will be
firstly dissolved in the case of corrosion attack
protecting in such a way the underlying steel
substrate — Fig. 1A.

The obtained results clearly show that all
coatings have corrosion potentials strongly negative
compared to the steel which means that they will
play a role of sacrificial coating i.e. they will be
firstly dissolved in the case of corrosion attack
protecting in such a way the underlying steel
substrate — Fig. 1A.
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It can be also concluded that at external anodic
polarization the pure Zn coating lasts up to about -
720 mV while all ternary alloy sample curves are
much longer. The corrosion current density values
of the alloys (in the order of magnitude 10 A/cm?)
are much lower compared to that of the zinc. The
anodic parts of the PD curves of the alloys are
generally with lower slope indicating slowing in the
anodic rate and in addition a passive zone (although
at relatively high current density value) seems to
appear for the sample ZngsFesPo. The latter has no P
content registered by EDS analysis but is obtained
from electrolyte containing this element. Generally,
these PD curves could be divided in two groups
according to their position and electrochemical
parameters. Curves 4 and 5 which are the samples
with greater P content have close anodic behavior
and steep slopes indicating inhibiting of the anodic
dissolution. Both other samples with lower P
content (curves 2 and 3) show steeper anodic slopes
and are placed at more negative potential values—
Fig. 1A. The PD curves of the same sample types
but with PF are shown in Figure 1B. Also here, the
curve of the pure zinc is added for more clarity. The
presence of PF on Zn changes its corrosion
behavior leading to shifting of the corrosion
potential in positive direction and to lower
corrosion current density value. The passivated
alloy samples show closer corrosion potentials
compared to the non-passivated ones most probably
due to the better surface homogeneity as a result of
the treatment in the Cr3*-containing solution. The
anodic slopes of the curves are much lower
compared to these from Fig. 1A which means that
the anodic process is to a certain degree inhibited.

3.2. Electrochemical impedance spectroscopy
(E1S)

The results from the EIS measurements for the zinc
and ternary alloys without PF are demonstrated in
Figure 2(A,B). It can be concluded that most of the
obtained EIS spectra responses are more or less
depressed capacitive loops and in general two
groups of samples could be divided — ZngsFesPo and
Zng12FessPos (and also pure Zn) from one side and
ZngsaFe1Pos and ZnzosFezssPi2 - from another.
Both latter show  polarization  resistance
valuesbetween 350 and 470 ohms, while the other
three coatings have lower Rp - in the range between
150-200 ohms — Fig. 2A.

The results from the EIS investigations of Zn
and ternary Zn-Fe-P alloys with PF are presented in
Figure 2B. It can registered that the sample with
thehighest Fe and P contents (No. 5) has the
greatest Rp value — about 2200 ohms - followed by
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sample No. 4 — 900 ohms. The other investigated
samples have Rp values about 400-500 ohms.
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Figure 2. Overlay EIS spectra response of Zn and Zn-
Fe-P alloys: A — without passive film; B — with
passive film; 1- Zn; 2 - aneFe4Po; 3- anl,zFeg,spo,g; 4 -
Zngs 4F€14Pos; 5 - ZN70.3F€285P12.

Compared to the non-passivated samples the
passivated ones have greater Rp values — between
two and four and a half times - which clearly
demonstrate the positive influence of the additional
treatment in Cr*-containing solutions on the
protective characteristics of the Zn and the ternary
alloys. For most of the hereby discussed cases, the
initial EIS response is modeled by an equivalent
circuit presented in Figure 3A. The time constant
Rp.CPE1 is attributed to the electrochemical
reaction while Rs.CPE2 — to the surface properties.
In one case (pure zinc with passive film shown in
Fig. 2B) also Warburg impedance W is added —
Fig. 3B. The replacement of pure capacitance with
constant phase element (CPE) in the equivalent
circuits is generally accepted, being denoted to
inhomogeneities at different levels i.e. steel surface
roughness, product layer heterogeneity [27], etc.
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Rs

Figure 3. Equivalent circuits used in the EIS investigations.

At first look some of the obtained results seem
to be to a certain degree controversial compared to
the data registered from the PD curves. This
phenomenon could be explained to some extend
with the nature of the applied methods — the anodic
polarization is a destructive method and during the
dissolution of the coating the appearance of newly
formed corrosion products is expected. The latter
(depending on the value of their solubility) could
inhibit for a definite period the dissolution process
due the so called “barrier effect”.

The type of the newly formed corrosion
products strongly depend on the composition of the
alloys so it can be expected that alloys with
different composition will lead to different amounts
or ratios of corrosion products. In the case of EIS
the appearance of these products is less likely due
to the non-destructive principle of this method.

3.3. EDS analysis and SEM

The results from the EDS analysis concerning
the composition of the investigated ternary alloys
before and after treatment in the solution for
chemical passivating are demonstrated in Table 1.

It can be registered that as a result of the
chemical passivating the zinc content in all alloy
coatings become lower while the amounts of all
other elements increase. These changes in the
chemical composition of the passivated coatings
can to a certain degree explain the differences
registered by using of PD polarization and EIS
methods.

CPE

Rel CPE2

Re W

As well known, during the chemical passivating
the coating surface is partially dissolved as a result
of the low pH - value predominantly the Zn which
is the more negative metal. Also other elements like
Fe and P will be included in the structure of the
passive film together with Cr forming oxides and
phosphates and leading in such a way to change in
its potential. This newly formed film has a “barrier
effect” and ensures the protection of the passivated
zinc toward the steel substrate. In addition, it can be
expected that if the surface is enriched with
elements with more positive potential the sample
will be more resistant against the corrosion attack.

The EDS analysis show that the greatest Fe and
P amounts can be observed in alloys No. 3 and 4
from Table 1.The EIS data demonstrate that these
coatings have the greatest Rp values to the
dissolution reaction. EIS is an express and non-
destructive investigating method and its conditions
are close to the open-circuit conditions (OCP).
Comparing the EIS data with the PD curves from
Figure 1B it can be also registered that the same
alloys with the highest Fe and P amounts
distinguish with the most positive corrosion
potentials.The surface morphology of the pure zinc
and of the ternary Zn-Fe-P alloys is demonstrated
in Figure 4. Marked differences can be observed
between the presented samples. The zinc coating
shows smooth and even surface with several
“nodular” zones the latter most probably being a
result from included contaminations during the
electrodeposition.

Table 1. Chemical composition of ternary Zn-Fe-P alloys before and after passivating.

ELEMENTS
No Alloy before passivating Alloy after passivating
Zn Fe P Zn Fe P Cr
1 96.0 4.0 0.0 93.7 4.0 0.6 1.7
2 91.2 8.5 0.3 88.3 9.3 0.8 1.6
3 85.4 14.0 0.6 74.3 22.4 1.7 1.6
4 70.3 285 12 45.7 49.3 3.3 17
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Figure 4. Surface morphology (SEI) of non-passivated Zn and ternary Zn-Fe-P alloys.
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Figure 5. Surface morphology of Zn (SEl and BEC) and ternary Zn-Fe-P alloys (SEI) with passive films.
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Contrary to this, the ternary alloys demonstrate
practically uneven surface with some hackly areas
as well as protruded and concaved zones depending
on the electrodeposition conditions but mainly from
the applied current density value.

The Zn and ternary alloys change their surface
morphology after the chemical treatment in
passivation solution — the surface looks more
smooth and even which seems to be one of the
reasons for their improved protective action
compared to the samples without conversion
passivation film (Figure 5).

4.CONCLUSIONS

The present work shows the possibility for
obtaining of a solution for chemical passivating of
Zn and ternary Zn-Fe-P alloys. This solution is
based on Cr®- compounds and lead to appearance
of additional protective layer on the coating surface
aimed to improve the corrosion resistance.

The obtained passive films are investigated
concerning their chemical composition and surface
morphology as well as their corrosion behavior in
model medium containing CI- ions as corrosion
activators.

The PD curves demonstrate that the pure zinc
has greater corrosion current density and dissolves
with higher anodic current densities compared to
the non-passivated Zn-Fe-P alloys. The treatment
with the chemical conversion solution leads to
delay of the anodic dissolution both for the Zn and
for the ternary alloys.

The obtained results from the EIS measurements
gualitatively confirm the improved protective
characteristics of the passivated zinc and passivated
ternary alloys compared to these without additional
surface layer.
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HOJIYYABAHE 1 3AIIATHU CBOMCTBA HA ITACUBHU ®UJIMU BHPXY 1IUHK U
TPOMHU IMHKOBU CIIVIABU Zn-Fe-P

M.T. IlemoBa, B.Jl. bruBapos, C.J1. Butkosa, H.C. boxxko™
WucTtutyT 10 $usukoxumus, brirapcka akageMusi Ha HAYKUTE
Tloctenmna Ha 15 romu, 2015 r. kopurupana Ha 3 HoemBpu, 2015 T.

(Pe3rome)

[IpencraBeHn W OUCKYTHpPaHM ca PpE3ylTaTH, CBBP3aHM C EJIEKTPOXMMHYHOTO MOJyYaBaHE Ha KOMIO3WUTHH
EnexTpoXuMHYHO ca MOTyYeHH 3alIUTHH MOKPUTHUS OT IMHK M TPOWHU ciutaBu Zn-Fe-P ¢ pasnndeH cbeTaB. Benmuku e
JIOITBITHATEIIHO Ca TPETHPAHU B CIICHHATHO pa3pabOTEeH ChCTAaB 32 XMMHYHO NACHBHpAHE Ha 0a3zaTa Ha TPHBAJICHTHU
XpoMHH cbeaumHeHms. C momomTa Ha CKaHHpama eJIEeKTPOHHA MHKPOCKONHMS € W3CJIeBaHA MOBBPXHOCTHATA
Mopdonorus Ha uuHKa U TpoiHuTe cmiaBu. C EDS ananus e ompeznesneH eleMEHTHHS! ChCTaB Ha CIUIaBUTE C U 0e3
Hanuyhe Ha nacuBeH ¢wiM. V3cienBaHM ca KOPO3MOHHOTO TOBEJCHHWE M 3allUTHATa CIIOCOOHOCT Ha cUcTeMaTa
MOKpHUTHE / MacuBeH (XpOMHUTEH) GuiIM B MOJENHA Cpesia, ChbpiKalla XJIOpHH HOHM KaTo KOPO3UOHHU aKTUBATOPH, C
MIOMOINTa HAa MOTEHIMOAWHAMUYHHU IOJAPU3ALUOHHU KPHUBH M EJIEKTPO-XUMHYHA HMIEJaHCHA CIIEKTPOCKOIIHS.
AHanu3upaHu U KOMEHTHPAHU ca MOIy4YeHUTE OT KOPO3HOHHHUTE TECTOBE PE3YyNTAaTH OTHOCHO BIUSHHUETO HA MACUBHUS
(UM BBPXY 3aIIUTHATE CBOMCTBA HA €IEKTPOOTIIOKEHNTE IOKPUTHS OT IWHK M criraBTa Zn-Fe-P.
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Abstract: The results concerning the electrochemical obtaining of composite zinc and some composite zinc alloy
coatings (Zn-Co and Zn-Mn) with embedded core-shell type stabilized polymeric micelles (SPMs, based on poly-
propylene oxide and poly-ethylene oxide) are presented and discussed. The deposition and dissolution processes of the
zinc and both zinc based alloys in the presence or absence of SPMs are investigated by using of cyclic polarization (cyclic
voltammetric curves). The influence of the incorporated in the metal or alloy matrix SPMs on the surface morphology of
the obtained coatings is shown and commented. The corrosion behavior and protective ability of the composite coatings
are evaluated in a model medium containing chloride ions as corrosion activators and are compared to the same
characteristics of the non-composite coatings. The influence of the SPMs on the corrosion resistance and protective
properties of the zinc and zinc alloy coatings in that medium is analyzed and discussed.

Key words: corrosion, composite coatings, zinc, zinc alloys, stabilized polymeric micelles

1. INTRODUCTION

The electrodeposition of Zn and zinc alloy
coatings on steel substrates has been for a long time
applied to achieve high corrosion resistance [1-3].
Zinc is generally used as a sacrificial coating with an
aim to protect the steel from corrosion damages.
However, the safe exploitation of these coatings is to
a certain degree limited due to the aggressive nature
of environment containing industrial pollutants. As
a result, additional efforts must be done in order to
improve their corrosion resistance [4,5].

Electrodeposition of different composite coatings
is a highly advanced method in material science
leading to obtaining of materials with desired
properties at easy conditions. Another important
application is the possibility to co-deposit metal with
metallic, non-metallic, polymeric particles etc. The
demand for newly developed materials based on
metal matrix composites shows an increasing
tendency due to their potential applications in many
industrial and other sectors [6-10].

Composite zinc and zinc alloy coatings can be
also applied for corrosion prevention since it is well
known that most of them exhibit very high corrosion
resistance [11-16]. Aiming at increasing the
protective ability of the zinc and its alloys different
attempts have been realized in order to incorporate
non-organic or organic micro- or nano-Sized
particles in them [17-29].

The aim of the present work is to obtain via
electrochemical method composite Zn and zinc alloy

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

coatings, to characterize and evaluate their
protective parameters and to compare the obtained
results with these of the galvanic ones.

2. EXPERIMENTAL
2.1. Sample preparation

The selected zinc based alloy coatings have been
previously investigated by us and have been
classified as protective coatings with high corrosion
resistance in 5% NaCl solution. The aim of the
investigation is to clarify if the presence of SPMs in
the alloy matrix will improve their protective ability
toward the substrate.

All samples (composite and non-composite) are
electrodeposited on low carbon steel substrates with
sizes 20 x 10 x 1 mm, whole surface area of 4 cm?
and coating thickness of approximately 12 pm.
Deposition conditions are: current density 2 A/dm?;
room temperature — 22 °C; metallurgical zinc
anodes. In the case of Zn-Mn electrodeposition
process the electrolyte is circulated.

2.2. Galvanic coatings

2.2.1. Zinc coatings are electrodeposited
from electrolyte with a composition 150 g/l
ZnS0.4.7H,0, 30 g/l NH4ClI, 30 g/l H3BOs3, additives
AZ-1 (wetting agent) - 50 ml/l and AZ-2 (brightener)
- 10 ml/l, pH value 4,5-5,0.

2.2.2. Zn-Co (1 wt.%) alloy coatings are
obtained from electrolyte containing 100 g/l
ZnS04.7H20; 120 g/l CoS0..7H,0; 30 g/l NH4CI,
25 g/l H3BOg; additives ZC-1 (wetting agent) - 20
ml/l and ZC-2 (brightener) - 2 ml/I; pH 3,0-4,0.

2.2.3. Zn-Mn (11 wt.%) alloy coatings are
electrochemically received from the following
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electrolyte: ZnS04.7H,0 - 10 g/l; MnSO4.7H20 -
100 g/l; (NH4)2SOs4 - 60 g/l, additive AZ-1 — 40 ml/l.

2.3. Composite coatings

The composite coatings are electrochemically
deposited from the same electrolytes and at the same
electrodeposition conditions described above but
with an addition of powdered stabilized nano-sized
polymeric ~ micelles (SPMs) in  selected
concentrations. The applied SPMs are based on
PEO7sPPO3,PEO7s (poly-ethylene oxide — poly-
propylene oxide — poly-ethylene oxide) tri-block
copolymer where PPO is the hydrophobic core and
PEO - the hydrophilic shell.

2.4. Stabilized polymeric micelles (SPMs)

The main procedure for preparation of these
SPMs is described elsewhere [30] and includes the
formation of core—shell type micelles in aqueous
media at 60 °C and immobilization of tetra-
functional hydrophobic monomer - pentaerythritol
tetra-acrylate (PETA) — followed by UV-induced
polymerization and formation of a semi-
interpenetrating polymer network. The stabilized
micelles are dialyzed against distilled water and then
added to the electrolytes described above. The sizes
and shape of the applied SPMs are presented
elsewhere [27].

2.5. Corrosion medium and reproducibility

A model corrosion medium of 5% NaCl solution
with pH 6.7 at ambient temperature of about 30 °C is
used for the investigations. The results from the
electrochemical investigations are an average of 5
samples per type i.e. for each measurement 5
replicates of a Zn, zinc based alloys or their
composites. Aiming at receiving of better
reproducibility prior to the test all samples are
temporized for a definite period in the model
medium at conditions of open circuit potential
(OCP).

2.6. Sample characterization

The sample characterization is realized by using
of electrochemical workstation PAR ‘‘VersaStat 4”
and application of the following methods:

- Cyclic voltammetry curves — to investigate
the influence of the SPMs added to the electrolytes
on the cathodic and anodic processes. The
measurements are performed at scan rate of 10 mV/s.

- Potentiodynamic (PD) anodic polarization —the
aim is to compare and evaluate the peculiarities of
the anodic behavior of galvanic and composite
coatings. The measurements are performed at a scan
rate of 1 mV/s.

In addition, polarization resistance (Rp)
measurements are carried out for a test period of 312
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hours by using of ‘‘Corrovit’> equipment in the
range of 25 mV relative the corrosion potential.
From the Stern—Geary equation [31] it is known that
higher Rp value (in Q. cm?) corresponds to higher
corrosion resistance and to lower corrosion rate.

The surface morphology of the samples is
investigated with Scanning (SEM) electron
microscopy by using of INCA Energy 350 unit.

All electrochemical measurements are carried out
in a common three-electrode experimental cell
(volume of 250 ml) with a Luggin-capillary for
minimizing the ohmic resistance of the corrosion
medium. Platinum plate is taken as a counter
electrode and the potentials are measured with
respect to the saturated calomel electrode (SCE).

3. RESULTS AND DISCUSSION

3.1. Cyclic voltammetry

The results obtained by this method are presented
in Figure 1(A-C). It is well visible that the presence
of the SPMs in the zinc electrolyte facilitate the
cathodic deposition process — the difference between
the cathodic current density value of the electrolyte
without SPMs (curve 1) and electrolyte with 0,1
wt.% SPMs (curve 3) is about 12-14 mA/cm? —
(Figure 1A).

The presence of SPMs in the solution does not
affect the polarization of the cathodic process at the
initial stage but it is more intensive which means that
the SPMs do not burden the electrodeposition. The
weight of the obtained galvanic and composite
coatings and their thicknesses are very close.
Visually, no changes are observed concerning the
hydrogen evolution rate.

In general, the SPMs are regarded as electro
neutral but the zinc ions can realize a coordination
bond with the oxygen from the hydrophilic PEO
chains. In addition, due to their very small sizes zinc
ions can find place in the internal volume of the
hydrophilic shell. As a result the SPMs transform in
micelle-metallic (SPM-Zn) aggregates with partial
positive charge due to the available Zn?*. When the
electrodeposition begins these aggregates will move
electro-phoretically to the cathode and deposit there
together with the individual zinc ions i.e.
competitive electrodeposition of the zinc ions and of
the zinc-SPMs aggregates occurs. The latter are
much greater compared to the sizes of the zinc ions
and thus discharge on (cover) greater surface of the
cathode. In addition, a possible interaction of PEO-
chains with the additive AZ1 (based on PEO-
derivative) could be proposed which will mitigate
the wetting of the cathode.

The anodic peaks of the composite zinc coating
are much greater (up to 4 times) compared to the
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peak of the pure zinc — curves 1 and 3 — which
gualitative corresponds to the cathodic part of the
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Figure 1. Cyclic voltammetry (CVA) curves of: A - Zn
coating and its composites; B - Zn-Co(1 wt.%) coating
and its composites; C - Zn-Mn(11 wt.%) coating and its
composites.
curves. In addition, an area with gradual increase of
the anodic current appears in the potential zone
between -990 and -740 mV which is most strongly
expressed for the coating from the electrolyte with
0,1 wt% SPMs. Possible reason for this
phenomenon might be the accelerated dissolution of
the zinc around the embedded SPMs and the
following increase of the anodic current.

Figure 1B demonstrates the influence of the
SPMs on the cathodic and anodic processes
(deposition and dissolution) of Zn-Co (1 wt.%)

alloy. A depolarization can be registered in the
cathodic part in the case of both alloy composites
compared to the galvanic Zn-Co with about 80 mV
(from -1270 mV up to -1190 mV). Also here, greater
current density values are observed for the
composites — about 60-70 mA/cm? compared to 40
mA/cm? for the galvanic alloy. According to this,
greater anodic current density values for the
composites and lower for the

galvanic alloy can be registered.

The reasons for these results can be also
attributed to the comments presented above for the
electrodeposition of the composite and non-
composite zinc.

The CVA curves for both galvanic and composite
Zn-Mn (11 wt.%) alloy are shown in Figure 1C. In
the cathodic area the addition of SPMs leads to an
overvoltage with about 80 mV for the composites
compared to the non-composite Zn-Mn and in
addition, the current density value of the latter is
greater. In the anodic part the current density of the
galvanic coating is also greater than that of both
composites. Characteristic for all samples is the
presence of two anodic dissolution peaks which most
probably follow from the fact that Mn can appear in
different valences.

It can be summarized that the presence of SPMs
does not facilitate the electrodeposition of the Zn-
Mn composite coatings comparing to the case of the
Zn and Zn-Co. One reason for this observation could
be the different valent values of Mn as well as the
inhibited interaction of the manganese ions with the
SPMis i.e. with their hydrophilic part.

3.2. Potentiodynamic anodic polarization

The anodic curves of the investigated Zn and its
composite obtained from electrolyte with 0,1 wt.%
SPMs in the model corrosion medium of 5% NaCl
are presented in Figure 2 (A-C) The difference
between them is the curve’s length the latter being
longer for the composite coating which means that it
lasts more under external anodic polarization. In
order to reduce possible errors from the substrate
dissolution and appearance of a mixed current the
sample was checked during the experiment to
register if the coating still exist or is already
dissolved.

As seen from Figure 2A the galvanic zinc coating
is totally dissolved at potential values of about -500
mV while the composite Zn lasts up to about -300
mV. The composite Zn characterizes also with a
pseudo-passive zone (since the anodic current is
relative high — 2.10° A/cm?) in the potential area
between -380 mV and -460 mV which means that in
this zone the anodic dissolution process is hampered.
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Since the Zn does not characterize with a passive
zone in such medium the obtained results can be
regarded as a sign for the positive influence of the
SPMs on the protective properties.

Figure 2B represents the anodic PD curves of the
Zn-Co alloy and its composite obtained from
electrolyte containing 0,1 wt.% SPMs in the model
medium used. Contrary to the previous case no
significant positive influence of the SPMs on the
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Figure 2. Potentiodynamic polarization curves of:

A — Non-composite and composite Zn obtained from
electrolyte with 0,1wt% SPMs; B - Non-composite and
composite Zn-Co(1 wt.%) obtained from electrolyte with
0,1wt% SPMs; C - Non-composite and composite Zn-
Mn(11 wt.%) obtained from electrolyte with 0,1wt%
SPMs

disposal and on the length of the anodic curve of the
composite coating can be registered. Both curves are
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of the same length, have very close anodic current
density values and show almost equal passive zones,
i.e. pseudo-passive zones since the current density
registered is very high — in the range of about 10
Aldm?,

The results obtained for the galvanic and
composite coatings of Zn-Mn alloy the latter
obtained from electrolyte with 0,1 wt.% SPMs are
demonstrated in Figure 2C. The positive influence of
the embedded SPMs on the electrochemical
behavior of the composite is to a certain degree

controversial. The length of both curves is almost
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Figure 3. Polarization resistance (Rp) measurements of:
A — Non-composite and composite Zn obtained from
electrolyte with 0,1wt% SPMs; B - Non-composite and
composite Zn-Co(1 wt.%) obtained from electrolyte with
0,1wt% SPMs; C - Non-composite and composite Zn-
Mn(11 wt.%) obtained from electrolyte with 0,1wt%
SPMs.
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equal and the current density values in the area after
the corrosion potential have close slopes and beta
constants. A difference can be registered in the zone
of the maximal anodic dissolution where the rate of
the anodic process of the composite gradually
decreases forming a pseudo-passive zone at relative
high anodic current densities.

3.3. Polarization resistance (Rp) measurements

The results obtained by this method for galvanic
and composite zinc coating (from bath with 0,1 wt.%
SPMs) are shown in Figure 3A. After 312h it can be
observed that the Rp of the Zn composite shows an
increasing tendency and at the end is with about 350
ohms higher than that of the galvanic zinc. At the end
of the test both coatings do not have remarkable
damages on the surface but the composite one shows
better decorative appearance. The reason for this can
be explained with the formation of a mixed surface
layer which consists of newly formed corrosion
product — zinc hydroxide chloride (ZHC, registered
also previously by us with XRD method) and SPMs.
As well known ZHC characterizes with a low
product of solubility (~ 10 %) which has a barrier
effect toward the penetration of the corrosion
medium into the depth of the coating. In the case of
a mixed layer the hydrophobic part of the SPMs
additionally increases this inhibiting effect.

The polarization resistance results concerning the
Zn-Co galvanic alloy and its composite (from bath
with 0,1 wt.% SPMs) is presented in Figure 3B. Both
coating types show an increasing tendency of Rp
during the first 72 hours but thereafter the composite
one characterizes with higher Rp values. However,
the difference between both coatings at the end of
the period is very close - in the frames of about 70-
80 ohms. This result partially corresponds to the PD
investigations which do not show any significant
difference between the potentiodynamic polarization
curves of the galvanic and composite coating. The
reason for this could be explained with the fact that
the structure and surface morphology of the
composite differ compared to the non-composite Zn
and Zn-Co [27]. The surface morphology of the
composite Zn-Co can be regarded as a net of SPMs-
“‘chains’” (‘‘worm-like’’ shape), separating the alloy
matrix in some kind of individual areas (see Fig. 4).
At lower ambient temperature the alloy transforms
readily to ZHC forming a protective surface layer.
This process is accompanied by an increase of the

volume fraction of the product. Since at higher
temperatures the rate is higher mechanical stresses
appear and they cannot (there is not enough time to)
relax. The resulting stresses lead to more ruptures so
the final effect cannot be classified unambiguously
as positive for the increasing of the protective ability
of the coating.

The results obtained by this method for the
galvanic and composite coatings of Zn-Mn (from
bath with 0,1 wt.% SPMs) are shown in Figure 3C.
It can be registered that the Rp values of the galvanic
alloy coating gradually increase up to about 1100
ohm.cm? while the same parameter for the
composite one initially decreases and after 150 h
sharply increases up to about 2200 ochm.cm?. Also
here, the reason could be find in the surface
morphology — see Figure 4. The galvanic alloy
consists of greater aggregates with sizes of about 5-
10 um while the incorporation of SPMs lead to fine
and more arranged structure especially in the case
when more SPMs are embedded in the Zn-Mn
matrix. In the latter case the newly formed ZHC
creates something like a net which connect to the
individual grains making them in such a case more
sustainable and increasing the barrier effect by
covering the separate opening on the surface.

4.SCANNING ELECTRON SPECTROSCOPY

Typical surface morphology of non-composite
and composite zinc and zinc alloy coatings are
presented in Fig. 4.

It is seen that the sample surfaces of the presented
coatings exhibit marked differences. The surface of
the pure zinc and Zn-Co are relatively smooth and
even and the boundaries between the individual
grains are not well defined. Contrary to this the
surface morphology of the composite zinc is more
uneven and the embedded SPMs are easy to be
registered. The surface of composite Zn-Co
distinguishes with “worm-like” shape which could
be explained with additional aggregation of SPMs at
these experimental conditions.

The surface of the composite Zn-Mn is in general
close to this of the galvanic alloy but seems to be
more compact. The embedded SPMs are not well
visible and seem to be incorporated in the individual
grains. However, their presence is confirmed by the
electrochemical test since the composite coatings
show better protective properties.
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Figure 4. SEM images of non-composite (left) and composite (right) coatings of Zn and zinc based alloys.

5.CONCLUSIONS

The investigated galvanic and composite zinc and
zinc based alloy coatings show different corrosion
behavior and protective ability in a model medium
of 5% NaCl and at ambient temperature of about 30
°C.

In the case of the zinc the incorporation of the
SPMs leads to increase of the Rp and to appearance
of a pseudo-passive zone at external anodic
polarization which means that the composite Zn has
better protective properties and susceptibility for
passivating in that medium.

Contrary to this, the Zn-Co alloy and its
nanocomposites demonstrate in general very close
corrosion behavior at external anodic polarization
and prolonged Rp measurements. In that case due to
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the specific incorporation and distribution of the
SPMs into the alloy matrix their influence on the
protective ability is controversial.

In the case of Zn-Mn the embedded SPMs show
a positive influence leading to greater Rp and to
appearance of a pseudo-passive zone at external
anodic polarization.

The reasons for this behavior can be summarized
mainly in two points:

- the influence of the surface morphology
which differs for the individual composites;

- the formation of a mixed barrier layer
consisting of corrosion products with a low product
of solubility and SPMs, which seems to reinforce in
some way the ZHC layer and slows down the
progress of the destructive processes into the depth
of the coating.
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ITOJIYHABAHE 1 CPABHUTEJIHO KOPO3MMOHHO XAPAKTEPU3NUPAHE
HA KOMIIO3UTHU IMHKOBU U CITUDIABHU HUHKOBU ITOKPUTHA C BIPAJAEHU
CTABM/IN3MPAHU ITOJIMMEPHU MULIEJIN

H.JI. Boxkosal, I1.J1. ITerpos?, H.C. boxkos'”

1= Hnemumym no usuxoxumus, Bvreapcka axademus na naykume
2 — Uncmumym no nonumepu, Boreapcka axademus na naykume

[ocreruna Ha 15 romm, 2015 1. kopurupana Ha 14 okromspy, 2015 1.

(Pesrome)

[IpencraBeHu U OUCKYTHpPAHHU Ca PE3YNTAaTH, CBBP3aHU C €IEKTPOXMMHUYHOTO IMOJydaBaHE HA KOMIIO3UTHH
[MHKOBH ¥ IIMHKOBH CIutaBHU TOKpuTHs (ZN-Co u Zn-Mn) ¢ BrpajeHu cTaGHIM3HpaHd MOJUMEPHH MHIICITH
(CIIM) Ha 6a3a MOTUIPONMIICH OKCHA U MOMNEeTHIIeH OKCcu. [Ipoliecute Ha oTiiarane u pa3TBapsiHe Ha IMHKA U
JiBaTa BUJIa UHKOBH CIUIaBU B NPHUCHCTBHE M OTchcTBUE Ha CIIM ca m3cnenBaHM ¢ MOMOINTA HA LUKIUYHH
BOJITAMIIEPOMETPUYHHU KpHBHU. [10Ka3aHO M KOMEHTHPAHO € BIMSHUETO Ha BKIIOUEHHUTE B METAIHATA/CIUIaBHATA
Mmarpuna CIIM BbpXy HOBBPXHOCTHATa MOPQOIIOTHS Ha MoydeHHuTe. M3cineaBanu ca KOpOZHOHHOTO ITOBECHUE
U 3allIUTHATA CIIOCOOHOCT HAa KOMITO3UTHHUTE M HEKOMITO3UTHHUTE NOKPHUTHS B MOZIEIIHA CPE/ia, ChIbpiKalla XJIOpHH
HOHM KaTo akTUBATOPH HA KOpo3usATa. AHanm3upaHo e BiusHueTo Ha CIIM BbpXy KOpO3HOHHATa yCTOHYMUBOCT
1 3aIIMTHUTE CBOMCTBA Ha IMHKA M HETOBUTE CIUIABH B Ta3U Cpea.
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Abstract: The application of chemical conversion coatings (such as chromate, oxide, phosphate, etc.) on various
metals and alloys is widely used technology that provides adequate corrosion protection and improves paint adhesion.
Most common conversion protective layers are produced by chromating processes using hexavalent chromium
containing electrolytes. Although the chromating process has many technological and economic benefits, due to the
high toxicity and carcinogenic nature of the used hexavalent chromium the use of chromate conversion coatings is now
restricted and it is necessary to find alternative coating materials with relevant properties.

The main purpose of this study is to compare the mechanical properties of traditional chromate conversion coatings
with a suggested as their alternative chromate-free cerium-containing conversion coating. For this purpose two
chromate-containing and one chromate-free coatings with different thicknesses were deposited on the same Al
substrate. As a result of the nanoindentation tests the indentation hardness and modulus of the studied "film-substrate"

systems were determined and their relevance to the mechanical properties of the coatings is discussed.

Keywords: conversion protective layers; nanoindentation; indentation hardness; indentation modulus

1. INTRODUCTION

It is known that the native oxide layer (with a
thickness of only a few nanometers), formed on
aluminum and its alloys provides a certain level of
corrosion protection in neutral pH environment.
Under aggressive conditions, such as acidic and
alkaline environment however, this protection is
insufficient which requires the formation of a
much thicker surface oxide layer on the order of a
few microns (in case of heavy exploitation
conditions, including sea conditions — up to
~200 pm). Such layers could be obtained by
anodic electrochemical treatment (“anodizing”),
using relatively complex, expensive and energy
consuming technologies. An alternative of this
process are the chemical methods of applying
protective and protective-decorative layers on
aluminum and its alloys. The main advantages of
such chemically “conversion” coatings are the
fairly simple equipment design, practically
negligible energy costs and significantly reduced
complexity and labor intensity of the entire
process. This type of coatings, obtained on
aluminum and its alloys, are preferably used as an
intermediate layer before applying the paint and
other functional organic coatings, as their porous

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

structure determines the required adhesion. The
application of such protective system (Al/oxide
layer/functional organic layer) fulfills one of the
main requirements for protecting aluminum and its
alloys — to suppress, as much as possible, the
electrochemical  activity of  the  highly
electronegative basic metal.

The chemically deposited layer serves as an
intermediate buffer layer which determines the
bond strength between the organic coating and the
aluminum substrate. Therefore, when thermal and
mechanical stresses are applied to the system
Al/functional layers, the mechanical properties of
the chemically deposited intermediate oxide layer
determines the bond strength between the top
organic coating and the aluminum substrate.
Among the most commonly used conversion layers
with proven properties are those obtained from
hexavalent chromium-based electrolytes [1]. Due
to their carcinogenic and toxic nature however [2],
their usage has been forbidden by the European
regulations [3]. During the past few years,
extensive research to develop new,
environmentally- and health-friendly compounds
and technologies for deposition of functional oxide
layers on Al and its alloys has been conducted.

The purpose of this study is to determine and
compare mechanical properties of chemically
deposited oxide layers on aluminum, considering
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the layer composition and processes technology.
Three different coatings and technologies were
used:

- “Alodine 1200” electrolyte and
technology by the German brand Henkel (widely
used current trade product);

- classical chromate electrolyte and
technology (adopted as reference case) and

- thin cerium oxide layer free of toxic Cr®*
ions and simple electrochemical technology
allowing cathodic deposition of these coatings that
we developed (environment-friendly composition
and technology).

2. THEORY OF NANOINDENTATION -
BRIEF INTRODUCTION

Nanoindentation, also known as “depth sensing
indentation” and “instrumented indentation” is a
kind of mechanical test, which allows
simultaneous registration of the applied load and
indenter penetration depth. This method allows
testing of small volumes, surface layers and very
thin coatings against their mechanical response to
the indenter penetration. As a result, an indentation
curve that represents the relation between the
applied load and the indenter penetration depth is
obtained. Using analytical relationships and
approximations, it is possible to derive mechanical
characteristics such as indentation hardness (H7)
and indentation modulus (E;;) of the tested
material from this curve.

The modern nanoindentation instruments allow
registering of very small loads and displacements
with very high accuracy and precision. Figure 1
schematically  presents the nanoindentation
experiment as well as depicts the main parameters,
derived from the “load-displacement” curve.

There are three main parameters that can be
derived from the curve shown in Figure 1: 1)
maximal load P 2) maximal displacement
(penetration depth) h.x and 3) the elastic stiffness
at unloading [5]. The elastic stiffness, or contact
stiffness is determined as the slope of the tangent
at the upper part of the unload curve during the
initial stage of unloading and is equal to S = dP/dh.
The first portion of the unloading curve can be
described by a simple power law relationship
P=K(h-hy)", with K and m being fitting parameters
[6]. The deformation during unloading is assumed
to be linear elastic and the indentation modulus of
the tested material can be described by the contact
theory of elasticity [6]. Following the Oliver and
Pharr’s theory [6], the contact compliance in case
of axisymmetric indenter penetrating elastic

isotropic half-space is described via the equations:
1_dh_Jz 1 1 1)

s dP 2 JA E
:(1—v52)+(1—vi2) @)

where A is the projected contact surface area, C; is
the ductility of the specimen and P — the applied
force. In these formulas E, is the elastic reduced
modulus explaining the elastic deformation of both
the indenter and the specimen. E\r, E;; vs and v; are
the modules of elasticity and the Poisson ratios of
the specimen and the indenter, respectively. The
following relation is used to determine the reduced
modulus employing the information provided by
the measured load-displacement curve P(h):
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Figure 1. Scheme of the nanoindentation experiment, “load-displacement” curve and main analytical relationships [4].
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For Berkovich indenter tips the
coefficient 5 =1.034. The projected area of the

contact between the indenter and the specimen as a
function of the contact depth h. is introduced by
the following approximation [6]:

Alh, )~

~C,hZ +C,h, +C,h¥* +C,h¥* +C,hY® +C h}*®

(4)

The coefficients in equation (4) are determined by
a calibration procedure that consists of a
nanoindentation experiment on standardized quartz
sample (fused silica) with known elastic modulus
and hardness, independent of the indentation depth.
Finally, the indentation modulus and hardness are
calculated using the following equations [6]:

Hy =—me s —Kkm(h, —h ™ (5)

Alh,)

A28 [Ah) 1-v2]" 6
Eq =(-v2) e e
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3. EXPERIMENTAL

A series of nanoindentation tests on samples
coated by three different conversion protective
layers were performed. The purpose was to
determine the basic mechanical characteristics of
the thin layers — indentation hardness and
indentation modulus — in order to compare
chemical compounds and used technologies. The
device used for the purpose is Nano Indenter
Agilent G200 (Keysight Technologies) with a
standard XP indenter head, which provide depth
accuracy of <0.01nm and applied load accuracy of
50 nN. The tip of the head is sharp tree-sided
Berkovich pyramid. The performed calibration of
the indenter tip according to equation (4) gave
Co=24.5, C;=191.949, C,=9.1145, (C;3=2.9682,
C4=1.9721, C5=16836

The three thin coatings that are studied obey
different thickness and chemical composition — the
details are given in Table 1. The samples were
prepared in the following way. First, specimens

with dimensions 2x1x0.1cm, were cut from sheets
of the conventional structure material -
“technically pure aluminum AD-3”. The specimens
were decreased in advance in organic solvent,
etched after that for 1 minute in aqueous solution
of NaOH (60g/L), then heated to 60°C and
“enlightened” and finally put in aqueous solution
of HNO; (50%). After they were washed with
distilled water they were processed in the solutions
and under the conditions given in Table 1. On the
surface of the sample piece with Cr®*-free coating
it was observed a spot and in order to have
representative data we performed indentation test
in the spot area (Spot) and outside it (No Spot). It
is expected to have difference in the quality and
properties of the film in the colored (Spot) area.
More detailed information about preparation
conditions, structure and anti-corrosion behavior of
these systems is given in [8].

We used two methods for indentation testing
and these methods were applied to each of the
three coating-substrate systems.

XP\G-Series Basic Hardness, Modulus at a
Depth: allows indentation test program consisting
in one single load — unloading cycle under
displacement control. The indenter tip approaches
the sample surface starting from prescribed Surface
Approach Distance with a velocity defined as
Surface Approach Velocity. After the indenter tip
touches the sample surface, according to the
criterion given by the Surface Approach
Sensitivity, it starts to penetrate the material
following a loading program with a Strain Rate
Target until Depth Limit is reached. The Depth
Limit defines the maximum applied load for the
particular test and this load is kept constant for
defined by the user Peak Hold Time. When the
Peak Hold Time is exceeded the unloading starts
up to a prescribed percentage (Percent to Unload)
from the maximum achieved load followed by
Drift Test Segment before the indenter to be
completely withdrawn.

Table 1. Characteristics of the coatings and their processing parameters.

No. | Electrolytes Concentration | Time of formation, T,°C Colour Thickness, pm
min
1 |Alin air media - >1 Room Colourless 3x107 [7]
temperature
2 |Alodine 1200 (9 ml/l A 1 25 Light yellow 1.1
89/l B

3 |CrO; 8 g/l 1,5 25 Golden 1
(NH )HF; 2g/l brown
Ks[Fe(CN)gl 1.5¢g/1

4 |CeCl;.7H,0 66 g/l 60 12 Pale yellow 0.78
CuCl, 1x10° g/l (CD=1mA/cm?)
C,HsOH dissolving agent
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XP\G-Series Basic Hardness, Modulus, Tip
Cal, Load Control. This method allows within one
indentation test to perform loading-unloading
cycles up to prescribed maximum load and number
of cycles. The indenter approaches the sample
surface with Surface Approach Velocity starting
from the predefined Surface Approach Distance.
The cyclic load algorithm starts when the criterion
Surface Approach Sensitivity is satisfied. The
maximum load for the i-th cycle of the loading
program is defined as:

(Maximum Load/Time to Load )*(2"i /2"Number
of Times to Load )

The loading stage of each cycle ends when
Load on Sample reaches the values Maximum Load
*(27 [2"Number of Times to Load). At the
maximum load for each of the cycles the Load on
Sample is kept constant for time equal to the Peak
Hold Time. After that the indenter is withdrawn
with a rate defined as Load Rate Multiple for
Unload*Loading Rate, until Load on Sample
reaches Percent to Unload*Load Limit. This
process of loading and unloading is repeated until
reaching the specified number of cycles (Number
of Times to Load).

Besides the mechanical characteristics of the
coatings, the characteristics of the substrate are
determined too. A single method was used for
conducting the experiment following the program
with 10 cycles to maximum indenter load (method
- XP\G-Series Basic Hardness, Modulus, Tip Cal,
Load Control).

3.1. Indentation testing program A

The method applied in testing program A is
XP\G-Series Basic Hardness, Modulus at a Depth.
Each testing procedure consists of 25 indentation
tests per sample with 70 um distance between the

centres of the imprints and prescribed maximum
penetration depth approximately quarter of the film
thickness — 250 nm for Alodine 1200 and Cr®*-
containing film and for 200 nm for the Ce-
containing film (the chosen indentation depths are
~25% of films thicknesses). The peak hold time at
maximum reached load is 20 s.

3.2. Indentation testing program B

The testing program B employs the method
XP\G-Series Basic Hardness, Modulus, Tip Cal,
Load Control with 4 loading cycles with maximal
loading of 0.95mN providing this way
experimental data at indentation depth close to that
prescribed in testing program A. The distance
between imprints is 50 um and the total number of
indentations is 25. The aim of this type of
nanoindentation testing program is to investigate
the influence of the cyclic loading on the results
when penetrating the coatings under low force.

3.3. Indentation testing program C

The testing program C employs the same
method as B testing program with prescribed
parameters for the method given in Table 3. The
distance between the centers of the imprints is
again 150 um and the number of the indentation
tests per sample is kept 25 for checking the
repeatability.

Figure 2 presents the comparison between the
results obtained within A and B testing programs.
We compare the results when cyclic and no-cyclic
load is applied to the specimens. The maximum
indentation depth - hy. for each specimen in both
cases (A and B programs) is ~25% of film
thickness. Figure 3 presents the results from
Indentation testing program C.

Table 2. Input parameters for indentation testing program B

Input parameters for indentation Units Value 1
testing program B 09 f H
Percent to Unload % 90 08 f
Surface Approach Velocity nm/s 10 E 07 ¢
Maximum Load of 0.095 %Eigg’
Number of Times to Load integer 4 % o4
Peak Hold Time s 20 Sosf
Surface Approach Distance nm 5000 Soaf
0.1 F  IRTTTHTHTO
Poisson’s Ratio [-] 0.3 0 0 100 2(;0 300
Time On Sample (s)
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Table 3. Input parameters for indentation testing program C.
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Modulus Hardness Disp at Max
Sample at Max Load at Max Load Load Max Load
GPa GPa nm mN
A 6+ -
ﬁlud;;gl200 (Cr” -containing) / AD-3 55 888 0.725 259 7 1.136
max nm
7 Alodine1200 (Cr®'-containing) / AD-3

A 4 cycles up to 0.095gf (0.95 mN) 58.717 0.917 220.6 0.918
Cr®-containing film / AD-3
1 250 nm 19.419 0.44 267.4 0.687
Cr®'_containing film / AD-3
4 cycles up to 0.095gf (0.95 mIN) 21.228 0.472 347.4 0.913
(Crﬁ+—free) Ce-film NoSpot / AD-3 .
Hae 200 M 53.542 0.802 214.1 0.826

2 (Cr6+—free) Ce-film NoSpot / AD-3

ﬁ 4 cycles up to 0.095gf (0.95 mN) 40.261 0.573 288.8 0.915
(Cr®-free) Ce-film Spot / AD-3

1 200 nm 67.815 0.714 211.1 0.755
(Cr°"-free) Ce-film Spot / AD-3

4 cycles up to 0.095gf (0.95 mN) 68.643 0.682 256.9 0.915

Figure 2. Indentation modulus and hardness at max load for all samples — test programs A and B

Table 4 presents the comparison between the
determined indentation hardness and modulus for
all samples and for the substrate at maximum load
500 mN (results obtained from experimental
program C).

4. DISCUSSION

The main feature of the obtained data is that at
small displacements of the indenter (up to about
25% of the thickness of the tested coatings), there
is relatively large scatter of the experimental data.
This can be seen in Figure 2 where the error bars

68

are given. The main reasons for this scatter in the

mechanical characteristics are most probably

related to:

- non-uniform or non-homogeneous coating;

- severe roughness of the substrate surface, which
determines severe roughness of the coatings as
well;

- difference in the particular thickness of the
tested coatings or/and varied coating thickness
along the particular sample piece.

Increasing the depth of the penetration, when
the indenter reaches the substrate and penetrates it,
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Figure 3. Indentation modulus and hardness for all samples — test program C.

Table 4. Indentation hardness and modulus for all samples and the substrate at maximum indentation load 500 mN

(data obtained from indentation testing program C).

Modulus Hardness Displacement
Sample at Max at Max at I\aax Load Max Load,
P Load, Load, nm ’ mN
GPa GPa
Alodine 1200 (Cr®*-containing) /AD-3
10 cycles up t0 50 gf (500 MN) 80.211 0.467 6642.3 483.578
Cr*-containing film / AD-3
10 cycles up to 50 gf (500 mN) 72.901 0.481 6557.2 483.266
(Cr®-free) Ce-film NoSpot / AD-3
10 cycles up t0 50 gf (500 mN) 82.288 0.477 6589.2 484.937
(Cr®-free) Ce-film Spot / AD-3
10 cycles up to 50 gf (500 mN) 80.940 0.488 6512.5 484.045
Al: AD-3
10 cycles up to 50 gf (500 mN) 85.722 0.481 6543.3 483.384

the scatter in the data gradually decreases. In this
case, the obtained mechanical characteristics of the
system are determined by the characteristics of the
aluminum substrate, Figure 3.

5. CONCLUSIONS

In this study the mechanical properties of
environment-friendly thin oxide layers of CeO, on
aluminum substrate are determined via nano-
indentation testing. The importance of the obtained
results is related to the fact that the CeO, coatings
may be considered as a long-term alternative to
toxic and carcinogenic chromate conversion films,
currently used to protect Al and its alloys. The
comparison of the mechanical properties of the
chromate and the newly proposed chromate free
coatings determined by nanoindentation shows that
the properties of the cerium oxide layer are not

inferior to those of Alodine 1200 and, moreover,
are better than the mechanical characteristics of
chemically applied classic chromate layers. The
next outcome is that the results show that
instrumented  indentation is a  promising
experimental technique giving the opportunity to
determine mechanical properties of these coatings,
which is an important addition to the complete
characterization of the chemical and mechanical
behavior of metal-functional layer systems.
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CPABHUTEJIHO U3CJIEJIBAHE YPE3 HAHOUH/IEHTALIS HA MEXAHUYHUTE
CBOMCTBA HA KOHBEPCUOHHU 3AILLIUTHU CJIOEBE BBPXY AJTYMUHUI,
OTJIO)KEHU OT CBABPKAIM 1 HECHIIBPKAILLM Cré*PA3TBOPHU
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(Pe3tome)

HanacsiHeTo Ha XMMHMYHU KOHBEPCHOHHM IOKPUTHUS (XpOMAaTHH, OKCUAHH, (ocdaTHH W 1p.) BBPXY pazIuyHU
METaJIM ¥ CIUIABH € IIMPOKO M3IOI3BaHA TEXHOJOTHS, OCUTYpsIBaIlla KOPO3NOHHA 3aIlIUTa M MOJ00psIBaHE HA aIXe3MsTa
TPY HAHACSHETO BHPXY TAX HA JAKOBO-OOSMKHICKH 1 APyrH mokpuTHs. Haii-uecto u3momspanu B npaxTukara ca Cré*-
ChIbpJKaluTe (T.HAp. XpOMAaTHH) KOHBEPCHOHHU TOKPUTHS, KOUTO CE€ XapaKTEePU3UpaT ¢ MHOTO JOOpH KOPO3HOHHO-
3aIIMTHU CBOMCTBA. BBIIpEeKH M3BECTHUTE TEXHOJOTMYHN W MKOHOMHYECKH MPEANMCTBA 00ade, M3MOI3BAaHETO UM, KbM
HACTOSIIINSI MOMEHT, € MPEKPaTeHO MOpaJy TSAXHATa BHCOKAa TOKCHMYHOCT M KaHueporeHHocT. HeoOxoammo e na ce
HaMepAT JOCTAThYHO JOOPH AITEpPHATHUBH Ha TE3HM NOKPHUTHS, YUMTO CBOMCTBA B MaKCHMallHA CTEIICH J1a ce J0OIKaBaT
0 Te3W Ha XpoMaTHHTe. B HacTosmoTro u3cieaBaHe, Ype3 EKCIepUMEHT Ha HAHOMHJICHTAIUS, ca OIpeleleHH
MEXaHHYHHUTE XapaKTePHUCTUKU HAa TPU CHCTEMH OT THIA ,IOKPUTHE - TOJUIOKKA”. B 11Be OT Te3n CHCTEMH, BBPXY
OTJIENTHH MOAJIOKKH OT TeXHUYECKH 4ucT anyMuHui AJ] 3 ¢ nebenuHa 1MM, ca HaHECEHH J1Be KOHBEPCHOHHH MOKPUTHS
¢ pa3nuuHu AebenuHu. B Tperara cucrema, BEpXY MOAJOXKKA ChC CBHIIUTE XapaKTEPUCTUKH, € HAHECEHO HEChIbPIKAIIIo
Cr® HepHeBOOKCHIHO MOKPHTHE, KOETO € NpHMep 3a HOBO EKOJOTMYHO KOHBEPCHOHHO mokputhe. Llenta Ha
M3CIIe/IBAHETO € /1a OB/IaT CPAaBHEHN MEXaHWYHHUTE XapaKTEePUCTHKH Ha JIBE PA3JINYHU 110 ChCTAB XPOMATHH MOKPUTHS C
MPE/I0KEHOTO HOBO, HECHABPIKAIIO XPOM LIEPUEBOOKCHIHO MTOKPHUTHE. B pe3ynraT oT nmpoBeseHNTE eKCIIEpUMEHTH ca
OTIpeZIeTIeH! ¥ CPaBHEHHM JIBE€ OT OCHOBHUTE MEXaHMYHM XapaKTEPUCTHKH Ha PasrIIeKAaHUTE CHCTEMH — TBBPIOCT MPHU
ungenrtanus (Hr) u uagentannonaust Moy (Er).
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Abstract. Silver electrodeposition is studied at poly(3,4-ethylenedioxythiophene) (PEDOT)-coated electrodes
under potentiostatic conditions. The PEDOT layers are obtained in the presence of polystyrene sulfonate (PSS) or
dodecyl sulfate (DDS) ions in the polymerization solution. Sets of silver electrocrystallization current transients are
registered at different constant potentials for both types of PEDOT layers. It is found that silver electrocrystallization is
markedly more intensive on PEDOT/DDS-modified electrodes with larger number of crystals observed on the electrode
surface. The current transients are interpreted by a theoretical model accounting for progressive nucleation and
diffusion controlled growth of the metal phase. Discrepancies between the long-time behavior of experimental and
theoretical current transients are discussed in terms of deviation from some of the prerequisites of the theory.

Keywords: electrocrystallization; silver; PEDOT; polystyrene sulfonate; dodecyl sulfate

1. INTRODUCTION

Numerous studies on the electrodeposition of
metal particles on conducting polymer coated
electrodes are conducted with the aim to obtain
electrocatalytic materials with well dispersed
metallic particles (see [1-4] and literature cited
therein). There are several attempts to reveal the
kinetics of nucleation and growth in various
metal/polymer systems by studying the process
under potentiostatic conditions. When considering
the metal electrocrystallization process in these
cases it is generally assumed that provided the
polymer material is in its high conducting state the
modified electrodes behave as conventional
conducting substrates. Therefore, the usual
theoretical models for electrochemical nucleation
and growth are used to interpret experimentally
obtained  potentiostatic ~ current  transients.
Especially when studying the process under
diffusion controlled growth the well-known
theoretical equation of Scharifker et al [5] is
applied. It is known that this approach provides the
opportunity to obtain data for the number of active
sites for nucleation and the nucleation rate at a
single nucleation site and thus gives insight into the
role of the substrate for the metal nucleation
process.

The present investigation aims at a detailed
analysis of the feasibility of the Scharifker
theoretical equation  for  describing  silver
electrocrytsallization on poly(3,4-ethylenedioxy-
thiophne) (PEDOT). This conducting polymer was

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

chosen not only because of its involvement in
various applications and known stability [6,7], but
also because its redox transition (i.e. the transition
from high- to low-conducting state) occurs in a
potential region which is far from the overpotential
interval where silver is expected to deposit. Silver,
on the other hand, was chosen both as a catalytic
metal that may be involved in different
electrocatalytic reactions, but also as a model metal
that is known to have a high exchange current
density. The latter is a prerequisite for fast
establishment of diffusion controlled growth of the
silver crystals, which is a necessary condition for
the use of the theoretical expression for the current
of nucleation and growth derived in [5].

Silver electrocrystallization was already studied
on polyaniline (PANI)-coated electrodes with
different thickness [8, 9]. In an early work [8] very
thin PANI coatings (with average thickness not
exceeding 50 nm) were used and the results related
basically to silver deposition on a partially blocked
platinum surface. Later, compact PANI layers were
explored as substrates for the elecrocrystallization
of silver [9]. It was found that the metal phase
formation occurs with large overpotentials so that
in some experiments the silver deposition
overpotential overlapped with the potential interval
where the reductive transition of PANI takes place.
Besides, even in the case where lower
overpotentials were used large pseudocapacitive
currents interfered with the silver
electrocrystallization currents which complicated
the interpretation of the experimental transients.
Metal electrocrystallization under diffusion control
on conducting polymer substrates was studied also
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in the case of Pd deposition on polypyrrole [10],
polyaniline [10], and PEDOT [11], and silver
deposition on poly(o-aminophenol) [12]. In all
these cases, however, there were additional effects,
e.g. large additional currents due to parallel
reactions [10], significant delays in the onset of the
nucleation process [11] or deposition on low-
conducting substrate [12] which complicated the
application of the theoretical model [5] for
interpretation of the experimentally obtained
current transients.

In the present study we use PEDOT layers with
fixed polymerization charge corresponding to thick
compact layers. Silver electrocrystallization is
studied at low overpotentials so that there is no
considerable contribution of the polymer intrinsic
pseudocapacitive currents to the reductive currents
measured in the course of electrocrystallization.
Potentiostatic current transients are obtained at two
types of PEDOT layers differing by the types of
anions used in the course of their synthesis. It is
known that anions present in the polymerization
solution are involved in the charge compensation of
the polymer chains and affect markedly the
electrochemical ~ polymerization process, the
structure and surface morphology of the resulting
layers as well as their electrocatalytic properties.
This was demonstrated recently specifically for
PEDOT polymerized in the presence of low
amounts of organic anions and a large excess of
perchlorate anions in the polymerization solution
[13, 14]. Therefore, it could be expected that the
nucleation process and most probably the number
of active sites for nucleation will be also affected.

2. EXPERIMENTAL

The electrochemical ~measurements were
carried out by means of a computer driven
potentiostat/galvanostat (Autolab PGSTAT 12,
Ecochemie, The Netherlands) in a three-electrode
set-up. The working electrode was glassy carbon
with surface area S = 0.08 cm?, a platinum plate
was used as counter electrode and the reference
electrode was a mercury/mercury sulfate electrode
(Hg/Hg2S04/0.5 M K3SO4). All potentials in the
text are referred to the saturated mercury sulfate
electrode (MSE) (Emse = 0.66 V vs. standard
hydrogen electrode). The electrolyte solutions were
de-aerated with argon before the onset of
electrochemical measurements.

Polymerization of EDOT was carried out at
constant potential E. = 0.38 V in aqueous solutions
of 10 mM PEDOT, 0.5 M LiCIOs and 34 mM
organic anionic dopant, either sodium polystyrene
sulfonate (PSS) or sodium dodecyl sulfate (SDS).
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The polymerization charge in the present series of
experiments was fixed to 2 mC. This charge was
reached for different times depending on the doping
organic anions present in the solution [13, 14].
After synthesis the polymer-coated electrodes were
transferred in supporting electrolyte (0.4 M HCIO4)
to measure their voltammetric behaviour.

The solution used for electrocrystallization of
silver consisted of 10 mM AgNOs; and 0.4 M
HCIO4.The equilibrium potential of silver in this
solution is 0.0 V vs MSE. The electrodepositon of
silver was carried out at different constant
potentials and series of current transients were
registered for each type of PEDOT layer. One and
the same PEDOT layer was used for each series. In
all cases several measurements were carried out
until stable and repeatable current transients could
be obtained. Under such conditions three current
transients were registered for each potential. After
each silver deposition experiment silver was
dissolved in the silver plating solution by applying
a voltammetric scan at potentials more positive than
the equilibrium potential of Ag.

SEM was performed by using a Jeol 6390
device equipped with Inca Oxford EDX analyzer.

3. RESULTS AND DISCUSSION
Figure 1 shows sets of potentiostatic current
transients of silver electrocrystallization registered
at different potentials for the PEDOT/PSS- and
PEDOT/DDS-coated electrodes. The comparison of
the transients obtained at equal potentials for both
types of layers shows that the current measured at
PEDOT/DDS is markedly higher, thus, indicating
to a more intensive metal nucleation and growth
process. The dashed grey lines in the figure denote
the limiting diffusion current of silver ions
calculated by means of Cottrell equation:

_ SFzD’c o

()
with D = 1.65x10° cm?s[15] and S = 0.08 cm?, i.e.
the geometrical surface area of the electrode.

As should be expected the Cottrell current
exceeds all measured current transients in the case
of PEDOT/PSS (Fig. 1 a). However, the current
transients measured at the PEDOT/DDS-coated
electrode overshoot the Cottrell limit (Fig. 1 b),
which contradicts one of the prerequisite of the
model developed in [5].

The experimental current transients were
further fitted by the well-known expression for
nucleation and diffusion controlled growth derived
by Scharifker et al. [5]:
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| = 2 [1—exp(— P{t —1_exg(_at)jD )
where

P=A 3

P, = NyD(87cv, )" (4)

P, = SzFD"’c/ z"'* (5)

In Egns. (3-5) A [s?] is the nucleation rate at a
single nucleation site, No [cm?] is the number of
active sites on the electrode surface, ¢ [mol cm™] is
the concentration of the silver ions in solution, and
vy is the molar volume of silver. All remaining
guantities have their usual meaning.

The fitting procedure was carried out by a best
fit computational code using three free parameters
(P1, P2 and Ps3). In fact, P3 should be a constant for
all experimental current transients once it is
presumed that the same surface area is operative for
the diffusion-controlled growth process. The use of

three free parameters for fitting the experimental
-250
0.07V

|
| / a
2004 ¥ 008V

Ipoly / HA

t1PS 15 20

Ipoly ' HA

transients resulted for both sets of measurements in
a very good correspondence between experimental
data and calculated ones. An illustration is shown in
Fig. 2 for two potentials (-0.06 V and -0.03 V) with
grey full lines denoting the best fit transients.
However, it was found that the values of P; vary
markedly with applied potential (Fig. 3) and this
trend is more apparent in the PEDOT/DDS
experimental series. With increasing overpotential
in the case of PEDOT/PSS the value of P; gradually
reaches the theoretical one, which should mean that
for low overpotentials the complete geometrical
surface area of the electrode is not operative for
diffusion. On the other hand, the values of P;
obtained from the PEDOT/DDS series exceed the
theoretical one (grey line in Fig.3). If the final value
of P; (at E = -0.06 V) is used to recalculate the
involved surface it turns out that the surface area
should have increased by 35%.

Figure 1. Potentiostatic current transients measured at different constant potentials at (a) PEDOT/PSS- and (b)
PEDOT/DDS-modified electrodes. Dashed lines denote the Cottrel limiting current calculated according to egn. (1)

0.06 V
'
1604 A a
TSN
-120 - 2
g. 804003V "\,
~ three free parameters

three free parameters
0 T T T T T T T 1
0 5 10 15 20

t/s

1/ pA

-500
-400
-300
-200
/ three free parameters

-100

0.03V \ AAAAAAAAAAAAAAAAAAA‘

three free parameters
0 1 T T T T T T T T T 1
0 2 4 6 8 10
t/s

Figure 2. Best fit according to eqn. (2) (grey lines) of experimental current transients (black triangles) with three free
parameters for experiments at PEDOT/PSS (a) and PEDOT/DDS (b) coated electrodes. The grey dotted line in (a)
denotes the result from a best fit with fixed value of P3=1.77x10[C s*?].
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3,0
SDS . . .
25 Figure 3. Data for P; obtained from best fit of the
" current transients in Fig. 1 from the PEDOT/PSS (®)
20 ./' and PEDOT/DDS (m) series. The grey line denotes the
v 7 - - theoretical value of Ps.
(=) [ o )
-— o
* 1,54
5 _/ - PSS
1,0
0,5

-0,02 -0,03 -0,04 0,05 -0,06 -0,07
Evs MSE/V

S
X1800 10pm o 29 <)

S5um

Figure 4. SEM micrographs of silver crystalline species obtained at (a, ¢) PEDOT/PSS- and (b, d) PEDOT/DDS-coated
electrodes. The electrodeposition was carried out at E = -0.05 V.
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Figure 5. Voltammetric curves of silver dissolution obtained after deposition at different constant potentials at (a)
PEDOT/PSS- and (b) PEDOT/DDS-coated electrodes.

Although the PEDOT-modified electrodes are
expected to have surface roughness that may
theoretically result in a surface area that is higher
than the geometrical one, it remains still unclear
why there is such a strong dependence of P3; on
applied potential.

To clarify this issue PEDOT/PSS- and
PEDOT/DDS-coated electrodes with electro-
deposited silver crystals were observed by SEM
(Fig. 4). A definite difference in the type of the
obtained silver deposit was found for both
specimens. A small number (about 5.1x10° cm™) of
bulky crystals (or rather clustered crystals) was
observed on PEDOT/PSS, whereas a much larger
number (roughly about 10’ cm) of various types of
crystalline species including bulky clustered
crystals, dendrites and lace-like structures were
found on the PEDT/DDS surface. The latter seem
to coat some loosely bound polymer structures. The
current transients of silver deposition corresponding
to the SEM specimens were fitted by Eqgn.(1) and
the data for the number of crystals observed
microscopically were compared with the
calculations for No based on Eqgn. (4) and the values
of P, from the best fit procedure. In the case of
PEDOT/PSS it was found that N¢=5.6x10° cm?
which is close to the microscopic value and shows
that an instantaneous nucleation process has
occurred. In the case of PEDOT/DDS, however,
there is a discrepancy between calculated (No =
2.4x10°% cm) and microscopic values (at least N =
10" cm?) with number of observed crystals
exceeding four times the number of active sites for
nucleation. Together with the observed formal
increase in the electroactive surface area with
potential observed in the PEDOT/DDS case this is
an indication for some inconsistency between the

studied electrocrystallization process and the
theoretical equation used for current transient
interpretation.

Finally, voltammetric curves of silver
dissolution obtained after each experiment of silver
electro-crystallization were also examined (Fig. 5).
Depending on the type of the PEDOT substrate a
marked difference was found — a single dissolution
peak appears in the PEDOT/PSS series, whereas
double dissolution peaks are found for
PEDOT/DDS. In the latter case the position of the
first peak corresponds to the one measured for
PEDOT/PSS. The second dissolution peak (Fig. 5
b) is shifted by about 25 mV in more positive
direction and gives evidence for more strongly
bound silver crystalline species. Thus, the existence
of at least two types of crystalline species should be
presumed which is in accordance with the SEM
observations.

The theoretical model developed in [5] is based
on several assumptions: nucleation occurs at active
sites having the same activity for nucleus
formation; the clusters of the new phase are
hemispherical and grow initially  under
hemispherical diffusion; the electrode surface is flat
and nonporous. Furthermore, one of the main issues
in the theoretical assessment of the process of
electrochemical nucleation and growth on a flat
substrate is to account for the overlap of diffusion
zones arising around the growing crystals. The
hemispherical flux to the individual crystals is
recalculated in linear diffusive flux to the flat
electrode surface by assuming that the linear
diffusion becomes operative from the very
beginning of applying the overpotential. Due to this
reason the theoretical current transients (Eqn. 2) are
not allowed to exceed the Cottrell limiting diffusion
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current. The results in the present study show that a
very good fitting of experimental current transients
with Egn. (2) may be obtained when using three
free parameters. However, this occurs at the
expense of a strongly varying P; parameter that is
expected to be constant within the model. A smaller
value of P than the theoretical one can indicate that
the entire electrode surface is not electroactive for
the nucleation and growth process. In fact, such
microscopic observations were made for some of
the PEDOT/PSS specimens where part of the
surface was found to be not populated by silver
crystals. This means that the current transients
obtained in the PEDOT/PSS case are compatible
with the theoretical treatment of Scharifker and
values of A and Ny obtained by best fit procedure
may be considered as reliable.

In contrast to the experimental findings for
PEDOT/PSS the transients obtained in the
PEDOT/DDS case overshoot the Cottrell limiting
current. The question which arises is whether some
of the Scharifker model’s assumptions become
violated in this experiment. Scharifker’s model was
discussed and modified by a number of authors [16-
22] mainly by drawing attention to the way of
recalculating the diffusive flux. It was shown that at
low nucleation rates the maxima of the current
transients appear at longer times and become
delayed with respect to the limiting diffusion
current with onset at the beginning of applying
overpotential. Thus, it becomes possible that the
electrodeposition transients exceed the Cottrell
current in a given time interval, but in almost all
models at sufficiently long times the nucleation and
growth transient should still overlap with the
limiting current. If such an effect was in the origin
of the observations made in the PEDOT/DDS case,
low nucleation rates should be expected. However,
comparing the transients in the PEDOT/PSS and
PEDOT/DDS series it is obvious that in the latter
case the electrocrystallization process is much more
intensive and no delay due to low nucleation rate
can be anticipated. Moreover, the experimental
transients overshoot the Cottrell limit in very long
time limits (up to 20 times the time of the current
maximum, tmax).

Therefore, some of the remaining assumptions
of the theoretical model [5] should be put into
guestion. The microscopic observations as well as
the silver dissolution curves indicate the existence
of at least two different types of silver crystalline
species. Some of the species are bulk clustered
crystals in direct contact with the polymer layer
surface. However, there are also silver crystalline
lace-like species that seem to cover loosely bound
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polymer structures located above the polymer film.
It could be expected that nucleation and growth on
these two types of polymer sites may differ a lot.
Besides, in such a specific situation the conditions
for linear diffusion toward a flat surface are
presumably not fulfilled.

4. CONCLUSIONS

The present investigation is focused on the
feasibility —of the theoretical model for
electrochemical nucleation and diffusion controlled
growth derived in [5] for the interpretation of
current transients of silver electrocrystallization on
PEDOT-coated electrodes. It is shown that the
position of the long time parts of the current
transients with respect to Cottrell limiting current
can be considered as a diagnostic criterion for the
suitability of the model. This long term behavior is
reflected in the value of the P3; parameter employed
usually in best fit procedures. Lower values of P;
than the theoretically expected ones can indicate to
a nonhomogeneous surface with respect to the
nucleation process at the macroscopic scale. In such
a case an adequate application of the theoretical
model is possible by accounting for the real active
surface area of the electrode. Higher values of P3 or
current transients above the Cottrell limiting current
registered at sufficiently long times mean that some
of the main assumptions of the models for
nucleation and diffusion controlled growth are
violated. In our study it is shown that, besides the
known effect of low nucleation rate, such a
behavior may arise due to the presence of various
types of active sites and therefore various types of
growing crystalline species. The latter are expected
to affect the linear diffusion limiting conditions.

Finally, the present investigation shows that by
including small amounts of organic ions in the
polymerization solutions the surface characteristics
of PEDOT may be significantly influenced with
respect to the number and type of active sites for
metal nucleation and growth. This is an aspect that
has so far remained out of the considerations in the
field of metal electrodeposition on conducting
polymer-coated electrodes and will be explored
further in more details [23].
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EJIEKTPOKPUCTAJIM3ALIA HA CPEBPO BBPXY EJIEKTPOAU, IIOKPUTHU C ITEJOT —
NHTEPIIPETALIMA HA TOKOBU TPAH3MEHTU

Bacuiiena U. Kapa6oxxukosa, Becena L. I[lakoBa*

Huemumym no gusuxoxumusi, Bvaeapcka axademus na naykume, 1113 Cogus, Bvreapus
Tlocrprmna Ha 14 romu, 2015 r.; kopurupana Ha 13 okromspu, 2015 T.

(Pesrome)

EnexrpooTiaraHeTo Ha cpeOpPO € M3CIACIBAHO BBPXY CICKTPOAM, MOKPUTH C MOJH(3,4-eTHICHINOKCUTHODEH)
(ITEAOT) mnpu mnoteHmumoctatnyau  ycnoBus. Crnoesere ot IIEJJOT ca momyuyeHM B TNPHCHCTBHE Ha
nosuctupencyaponatan (IICC) unu noxetmicyndarau (IJC) oHM B MONMMMEPU3AIMOHHHUS Pa3TBOpP. 3a JBaTa TUIA
cnoese ot I[IEJIOT ca momy4yeHn cepun OT TOKOBH TPAH3UEHTH, PETUCTPHPAHH NPH PA3THYHH ITOCTOSHHM MOTEHITHAIH.
VYcTaHOBEHO €, 4e eNeKTPOKPHCTAIM3ALHOHHMAT TPOLEC € 3HAYUTENHO II0-WHTEH3MBEH BBPXY CIIOEBETE OT
NEJOT/AAC, mpu xouTo ce HabnromaBa IMO-TONSAM Opoil KpHCTalIH BBPXY €JIEKTPOJHATA IOBBPXHOCT. TOKOBHTE
TPAaH3UECHTH Ca WHTEPIPETUPAHH C TEOPETHUCH MOJEN 3a MNPOTPECHBHO 3apoaMIIooOpasyBaHe M JU(y3HOHHO
KOHTpPOJIMPaH pacTeX Ha MeTainHaTa ¢aza. HechOTBETCTBHETO B BITOBPEMEHHOTO MTOBEACHUE HA CKCIIEPUMEHTATHUTE
1 TEOPETHYHH TOKOBH TPAH3UECHTH € Pas3riiejaHo BbB BPB3Ka C OTKJIOHEHUS OT IPEIIIOCTaBKUTE HAa TEOPHSITA.

77


http://www.scopus.com/authid/detail.url?authorId=24356253600&amp;eid=2-s2.0-0026818251
http://www.scopus.com/authid/detail.url?authorId=55897549900&amp;eid=2-s2.0-0035277782
http://www.scopus.com/authid/detail.url?authorId=6602237074&amp;eid=2-s2.0-0035277782

Bulgarian Chemical Communications, Volume 48, Special Issue A (pp. 78 - 81) 2016

Diamond electrodes for wastewater treatment

S. Pehlivanoval 2 * Ch. Petkov®, A. Surleval, P. Petkov?, C. Popov?, T. Petkova?

tUniversity of Chemical Technology and Metallurgy, 8 KI. Ohridski blvd., 1756 Sofia, Bulgaria
2Institute of Electrochemistry and Energy Systems, BAS, Acad. G. Bonchev bl.10, 1113 Sofia, Bulgaria
3Institute of Nanostructure Technologies and Analytics, University of Kassel, Heinrich-Plett-Str. 40, 34132 Kassel,
Germany

Submitted on July 7, 2015; Revised on October 28, 2015

Abstract. Boron doped nanocrystalline diamond films (BDD) immobilized with photosensitive molecules have
been studied as electrode material for reduction of nitrate in waste water. This process is one of the most important
goals of the modern electrochemistry. The diamond thin films were deposited on silicon substrate by Hot Filament
Chemical Vapour Deposition (HFCVD) technique. Manganese phthalocyanine has been used as photosensitive material

for immobilization.

The BDD electrode has been electrochemically studied in three electrode cell. The electrochemical properties have
been studied by Cyclic Voltammetry (CV) at different experimental conditions in dark and under illumination.

The results approve that the boron doped diamond electrode grafted with phthalocyanine serves as an efficient and
stable electrode for nitrate reduction. The diamond electrode has wide potential range. The obtained results are

promising for future electrochemical application.

Keywords: diamond electrode; electrochemistry; water treatment

1. INTRODUCTION

Diamond is a very hard crystalline form of
carbon with unique mechanical, chemical and
physical properties. Diamond as a wide bandgap
semiconductor is an electrical insulator. The
resistivity however can be controlled by doping
mostly with boron or nitrogen [1, 2].

Today the electrochemical behaviors of boron-
doped diamond films are subject or scientific and
technological interest. Conducting diamond films
exhibit inert surface, corrosion stability in
aggressive media, wide potential window in
aqueous and non-agqueous electrolytes, and low
background current. Due to these properties the
diamond is a very promising electrode material in
various electrochemical devices [1, 3]. One of the
most important advantages of the boron doped
diamond as an electrode material is the high
overpotential for oxygen and hydrogen evolution in
aqueous electrolytes [4, 5].

The reduction of nitrates and nitrites is a very
import process in the control of the wastewater. The
process is kinetically unfavorable because of the
highly negative redox potential of ammonia (-2.85
V vs SCE) [2, 6]. The strong cathode polarization
under the conditions of ammonia production
destabilizes most of the electrodes and they lose the
electrocatalytic activity after several cycles. The
ideal electrode material should be very stable in the

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

electrolyte, cheap, with high catalytic activity
towards nitrate reduction and low activity towards
secondary reactions [7]. Boron doped diamond
meets these requirements due to its outstanding
electrochemical behaviors which make it one of the
candidates for application in wastewater treatment
[6, 8].

The present work deals with the application of
conductive boron doped diamond functionalized
with phthalocyanine for the electrochemical
reduction of nitrate. The phthalocyanines are
organic compounds, which are thermally very
stable and absorb light between 600 and 700 nm.

2. EXPERIMENTAL
2.1. Preparation of diamond films

Boron doped diamond thin films were
synthesized on silicon substrate by hot-filament
chemical vapor deposition (HFCVD) technique.
The precursor gas was a mixture of methane and
hydrogen. Typical CVD diamond synthesis
includes activation of the gas mixture, gas phase
reactions and a subsequent transfer of the diamond
forming gas species onto the substrate surface.
Scanning electron microscopy was used to reveal
the homogeneous and typical morphology of the
nanocrystalline diamond (NCD) films with
crystallites of sub-micron size (Figure 1) [9, 10].

Boron doping was achieved by addition of
trimethyl borate into the reactor chamber during the
diamond growth. The NCD surfaces are chemically
inert and have a hydrogen termination after the
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deposition. The surface is modified by plasma- or
photo-chemical processes to achieve a desired
surface termination. In this work the samples were
subjected to oxygen plasma modification (2.45
GHz) in oxygen asher (TePla 200-G) for 5 min at
200 W discharge power and 0.67 mbar working
pressure [11]. Oxygen-terminated diamond surface
shows hydrophilic character.

2.2. Preparation of the NCD films as electrodes

The diamond films after the modification with
oxygen plasma were functionalized with a catalyst.
As a catalyst in the present work manganese
phthalocyanine (Mn-Pc) was used [10]. The
grafting of the Pc on the NCD surface was
completed as follows: the samples were immersed
in Mn-Pc (1 uM solutition in CH,CIy) for 12 hours,
then cleaned in ultrasonic bath with CH.Cl, and
dried with N> flow.

The modified with O, plasma and
functionalized with Mn-Pc films were arranged as
electrodes for electrochemical measurements. The
electrode was attached with silver paste to platinum
wire and the assembly was tightly encapsulated in
Teflon tape with a small hole. This opening was
perforated before the encapsulation in order to
provide a 0.5 cm? working area for the electrode.

2.3. Electrochemical study of the diamond
electrodes

The electrochemical ~measurements were
carried out in a three electrode cell. The boron
doped diamond film was used as a working
electrode with an active area of 0.5 cm? The
counter and reference electrodes were a platinum
wire and a standard calomel electrode, respectively.
The experimental investigations on the behavior of
the conducting diamond electrode were done by
cyclic voltammetry at different conditions.
Experiments under illumination were carried out by

means of He-Ne laser (25-LHP-111-230) with A=
688 nm, wavelength in the absorption range of the
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Figure 2. Cyclic voltammograms of a boron doped
diamond in 0,1M KCI (curve 1) and 0,1M KNO3 (curve
2) at a scan rate of 50 mV/sec.
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Mn-phthalocyanine. The reduction of nitrate was
continuously controlled. The cyclic
voltammograms were recorded in two different
electrolytes — 0.1 KCI and in 0.1 M KNOgs. The
reduction process was studied with Solartron with
scan rates of 10 mV/sec, 20 mV/sec and 50 mV/sec.
The concentration of the nitrate ions was
determined titrimetrically using a modified Leithe’s
method [12]. The content of nitrite ions in the
electrolyte was determined indirectly as a
difference between titrated nitrate ions without and
with added urea.

3. RESULTS AND DISCUSSION

One of the most suitable treatments of the
nitrate containing water is the direct cathode
reduction. The electrochemical reduction of the
nitrate is a multistep reaction and the products
expected out of these reactions are NO2, Np,
NH4OH", NHs. The steps of the reaction are:

NO7;5 + HO +2¢ — NO», + 2 OH
NO73 + 3H20 + 6¢” —1/2 N, + 6 OH-
NO73 + 7H;0 + 5¢” — NH4OH + 9 OH"

The cyclic voltammograms were achieved in
0.1 M KNO; and 0.1 KCI electrolytes, the latter
used as a supporting electrolyte (Figure 2).

The curve recorded in KCI is completely flat
while on the curve obtained in 0.1 M KNOs a
slightly modified region in the potential range from
-0.8 to -1.4 V is observed, most probably due to a
weak reduction process. The curves approve the
very large potential window of the diamond
electrodes for hydrogen evolution at approximately
-1.5 V in both electrolytes.

The difference in cyclic voltammograms of the
boron doped diamond electrode and boron doped
diamond electrode functionalized with
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phthalocyanine are shown on Figure 3. The
measurements are carried out in 0,1M KNO3;
solution from 0 to — 0.8 V at a scan rate of 20
mV/sec.

5
o
% -34 BOD
=
BOD+MnPc
-4
-5
T T T T T T T T o L
-2000 ~1600 -1200 -800 ~400 0
E, mV vs SCE

Figure 3. Cyclic voltammograms of a boron doped
diamond and boron doped diamond functionalized with
phthalocyanine in 0,1M KNO; at a scan rate of 20
mV/sec.

The curve recorded with the electrode with catalyst
shows larger range of potentials where the reactions
take place. The electrode functionalized with
phthalocyanine possesses a cathode current of -5 J,
mA.cm™? at — 1,5 V, while that of the boron doped
diamond reaches -3,6 J, mA.cm?® at the same
potential.

The reactions occurring at the electrode surface
are more pronounced when a lower scan rate is
applied. The curve for the electrode functionalized
with phthalocyanine recorded at 10 mV/sec and
under illumination is presented in Figure 4.

Two well visible peaks are observed at — 0.4 V
and at — 0.8 V which are not present in the curves
obtained at the higher scan rate. The first peak is
most probably due to the reduction of nitrate to
nitrite (reaction 1) and the second one can be
attributed to the reduction of nitrite to ammonia
(reaction 3) (Figure 4).

The experiment shows that the suitable
potential for nitrate reduction as derived from the
cyclic voltammetry measurements is between — 0,4
and — 0,8 V vs SCE. For this reason, one hour
electrolysis was carried out at a constant potential
of — 0.8 V in 0.1 M KNO;s electrolyte. Boron doped
diamond and boron doped diamond functionalized
with  Mn  phthalocyanine electrodes were
additionally studied in dark and under illumination.
The variation of the concentration of the nitrate
ions measured periodically is shown in Figure 5.
From the figure it can be seen that the concentration
of nitrate ions is reduced in the first 15 min and
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then remains constant. The most efficient reduction
of nitrates is observed when the boron doped
diamond functionalized with phthalocyanine was
used as a working electrode under illumination. The
results show that the concentration of the nitrates
decre1ases almost two times: from 6.2 g/l NO; to 3.6

0
A

J, mA.em”
EL IE“ I‘:I\,

& — BOD+Mn P

T v I i T 5 T =
-1600 1200 300 -400 0
E, mV vs SCE

Figure 4. Cyclic voltammogram of boron doped
diamond functionalized with phthalocyanine in 0,1M
KNOs at a scan rate of 10 mV/sec under illumination.

6,5+

1 BDD
6,0 2 BDD+MnPc
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Figure 5. Variation of the concentration of nitrate during
one hour electrolysis in 0,1M KNO3

g/l NOsz in the measurement under illumination. The
nitrate concentration in the experiments with BDD
and BDD+MnPc without light decreases from 6.2
o/l to 4.1 g/l and 4.0 g/l respectively (Figure 5).

The analytically measured content of the
electrolyte reveals that initially, the nitrate favors
the conversion to nitrite, but as the treatment
proceeds and the nitrite level increases, the nitrite is
further converted to either ammonium or nitrogen
gas, finally disappearing by the end of the
treatment.

4.CONCLUSIONS

The boron doped diamond electrode grafted
with phthalocyanine serves as an efficient and
stable electrode for nitrate reduction. Elimination of
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nitrate ions was achieved by applying an external
potential to the modified and functionalized with
phthalocyanine diamond electrode. The studies
performed in dark and under illumination reveal
that the process under light is more efficient. After
15 minutes 37% nitrate purification of the solution
in dark and 42% under illumination have been
achieved.
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JMAMAHTEHMU EJIEKTPOU 3A TPETUPAHE HA OTITAIBYHU BOAU

C. Ilexnupanosa® 2 *, X INetkos®, A. Cypnesa?, I1. Ilerkos?, K. ITonos®, T. ITerkoBa?

Xumuxomexnonoauuen u memanypauuen ynueepcumem, 6yi. "Kmumenm Oxpucku” N8, 1756 Cogpus, Bvreapus
2Uncmumym no enexmpoxumus u enepeutinu cucmemu, BAH, yn."Axao. I Bonuee"” Bn.10, 1113 Cogus, Bvreapus
SUncmumym no nanocmpykmypHu mexnono2uu u anaiumuxda,. Yuueepcumem Kacen, 34132 Kacen, Iepmanus

IMocrbnuia Ha 7 oy, 2015 r. kopurupana Ha 28 okromepy, 2015 T.

(Pesrome)

Bop-norupann auamantenu ¢unmu (BDD) umoOminzupanu ¢ (TajgolMaHMHOBH MOJIEKYJH Ca HU3CJIEABaHH KaTo
MaTepHal 3a PeIyKIMs Ha HUTPATH B OTMAIbYHU BoIU. To3M mpolec € efHa OT Hail-Ba)KHUTE IIeNId HAa ChBPEMEHHATa

€NeKTPOXUMUS.

THHKUTE HAHOKPUCTAIHM JMaMaHTEHH CJIOEBE Ca OTJIOKEHW BBPXY CHIIMIMEBH IIOJUIOKKH IIOCPEICTBOM
xuMmdecko otiarane Ha mapu (Chemical Vapor Deposition). BepXy Taka CHHTE3UpaHUTE W OIPOBOACHHU CIIOCBE 32 TI0-
nmobpa u epekTHBHA paboTa, KaTo KaTaau3aTop ¢ HaHeceH (TaJOHaHHH.

[Momy4yeHuTe eNEKTPOAU ca M3CJIEHBAHU B TPH EIEKTPOAHA KJIETKA MO METOJA Ha LUKIMYHA BOJTAMIICPOMETpPHSL.
HcnenpanusaTa ca MpOBEACHH IIPH Pa3IMYHU EKCIICPUMEHTAIIHN YCIOBHS 03 U ChC CBETIIHHA.

[Momy4yeHuTe pe3yaTaTd IMOKa3BaT, 4ye OOp-IOTHPAHUTE IHAMAHTCHU €JIEKTPOAM MMOOMIM3UPAaHH C (TaJoluaHuH
MoraT Aa ObJaT W3MOJI3BAaHU KaTO ©(EeKTUBEH U CTaOMIEH eNeKTPOJ 3a pelyKius Ha HUTpaTH. OCBEH TOBa, Te ca
o0eraBail MaTepual 1 3a IPyr eNeKTPOXUMHUYHH TPUIIOKEHNUSI.
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Abstract. Perovskites on the basis of LaCoO3 are nowadays regarded as thermoelectric materials with a potential
to replace conventional bismuth and tellurium-based semiconductors. In this contribution, we examine in details the
effect of multiple metal substitutions on the thermoelectric properties of LaCoOs-based perovskites. Two groups of
compositions are studies: LaCoi.oxNixFexOs (x=0.1, 0.25) where both Ni and Fe substitute for Co, and Lai-
xSrxC0oogNig1Fe0103 (0<x<0.25) where Sr substitutes for La. This study demonstrates that by a rational choice of the
content of strontium, iron and nickel additives it is possible to obtain eco-compatible LaCoOs-based perovskites with

desired thermoelectric efficiency.

Keywords: Thermoelectric oxides; cobalt-based perovskites

1. INTRODUCTION

The capability of thermoelectric materials to
convert waste heat into electricity determines them
as a key source of the “clean” energy of the future
[1]. Thermoelectric oxides are nowadays
considered as more stable and less toxic materials
in comparison with the conventionally used metals
and semiconductors, but their thermoelectric
efficiency is still lower. The state-of-the-art
research is mainly devoted to identify new oxide
materials with higher thermoelectric efficiency [1,
2]. Among oxides, three groups of cobaltates can be
outlined: NaxCoO, with a layered structure; misfit
CazC040y, with similar CoO, layers and LaCoOs
with a perovskite structure. LaCoOs is one of the
most interesting as a material with potential
application in thermoelectric devices due to its high
Seebeck coefficient (J]S|>500 uV/K at room
temperature) [3-5]. The transport properties of
LaCoQ; are determined (to a great extent) by the
ability of Co** ions to adopt low-, intermediate- and
high-spin configurations in the perovskite structure,
leading to an additional spin entropy effect [6,7].
However, the electrical resistivity is high (about 10
Qcm at room temperature) [8], which lowers the
thermoelectric activity (ZT<0.01 at T=300 K) [4,7].

Recently we have reported that LaCoOs
perovskite displays an improved thermoelectric
efficiency when Co is replaced simultaneously by

*To whom all correspondence should be sent:
E-mail: sonya@svr.igic.bas.bg

nickel and iron ions: LaCo1.y(NiosFeos)yOs [9]. The
important feature of the transport properties of
single-substituted cobaltates is that the nickel ions
give rise to electron delocalization, which is
opposite to the effect of the iron ions acting as
electron trapping centers [9]. The improvement of
the thermoelectric efficiency for double substituted
perovskites is achieved by balancing the opposite
effects of nickel and iron ions.

In this contribution, we extend our studies and
provide new data on the improving the
thermoelectric properties of LaCoOs; by multiple
substitutions at both La and Co-sites with
strontium, nickel and iron ions. Two groups of
compositions are studies: LaCoiaxNixFexOs with
x=0.1 where both Ni and Fe substitute for Co, and
La1SrkCoosNio1Feo103, 0<x<0.25 where Sr
substitute for La. All perovskites are obtained from
freeze-dried citrate precursors at 900 °C. This
method is shown to be effective for the preparation
of substituted perovskites, where all metal additives
are randomly distributed [10, 11]. Structural and
morphological characterizations are carried out by
powder XRD and SEM analysis. The
thermoelectric efficiency of the perovskites is
determined by the dimensionless figure of merit,
calculated from the independently measured
Seebeck coefficient (S), electrical resistivity (p) and
thermal conductivity (A).

2. EXPERIMENTAL

A precursor-based method was used for the
preparation of LaiSrxCoogNioi1Feo103, LaCo:-

82 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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xNixO3 and LaCoixFexOs following the procedure

-

described elsewhere [10, 11]. Homogeneous

-

Figure 1. SEM images of the cross section of the pellets consisting of LaCoOj3 (a) and LaCogsFeg4Nio,103 (b) sintered
at 900 °C for 40h.

La-Co-Fe-Ni citrate precursors were obtained by
freeze-drying of mixed citrate solutions of La-Co-
Fe-Ni ions (1M La). The ratio between the
components was La:CoiaxFexNix:Citric acid =
1:1:10. After stirring, a clear solution was obtained,
which was diluted to 0.25M La. The solution was
instantly frozen with liquid nitrogen and dried in
vacuum at -30 °C in Alpha-Christ Freeze-Dryer,
leading to the formation of freeze-dried precursors.
The thermal decomposition of the citrate-precursors
was achieved at 400 °C for 3 h in air. The obtained
solid residue was annealed at 900 °C for 40 h in air,
then cooled down to room temperature with a rate
of 5°/min. The same procedure was used for the
synthesis of the samples with following
compositions:

La1xSrxCoosNio.1Fe010s, LaCo1.xNixOz and
LaCoy.xFexOs.

X-ray structural analysis was performed on a
Brucker Advance 8 diffractometer with Cu Ka
radiation.  Step-scan recording for structure
refinement by the Rietveld method were carried out
using 0.02 °20 steps of 5s duration. XRD patterns
are analyzed by a structural model comprising
rhombohedrally distorted perovskite-type structure

(R3c space group) where La occupies the 6a
position (0, 0, ¥4), Co/Fe/Ni are in the octahedral 6b
position, and oxygen is in the 18e position. In
accordance with our previous data [11], the
replacement of Co by Ni and Fe led to lattice
expansion of the perovskite structure. It is worth to
mention that all metal additives (Ni, Fe and Sr) are
randomly distributed over the 6a and 6b positions.
The transport properties were measured on
pellets sintered at 900 °C for 40 hours. Pellet
density was determined by Archimedes’ method.
The property was evaluated by comparison with the
theoretical density of LaCoOs (7.299, JCPDS
N025-1060). For the pellets with different

perovskites compositions the porosity varied
between 20 and 25 % despite the Ni, Fe and Ni, Fe
content. SEM analysis was also undertaken to
analyze the pellet porosity. SEM images of pellets
coated with gold were obtained by Zeiss DSM 962
microscope and Philips XL30 scanning electron
microscope. Figure 1 shows the porosity of the
pellets for unsubstituted and double substituted
perovskites. The SEM images demonstrate that well
shaped particles fused one to another give rise to
the pellet porosity. The close pellet porosities allow
us to compare the thermoelectric properties of the
perovskites with different level of substitution.

Electrical resistivity (p), density and mobility
of charge carriers were determined by MMR’s
Variable temperatures Hall System (k2500-5SLP-
SP) using Van der Pauw method over a temperature
range from 90K to 600K. The benchtop permanent
magnet (0.5T) is used. Thermal conductivity was
determined at room temperatures on Thermal
Conductivity Analyzer TCi (SETARAM). In order
to compare the thermal conductivities of samples
having different lappet porosity, the thermal
conductivity is normalized to 95% of the theoretical
density (Ar) using the following density correction
[2]: A= A(0.95%°)/(1-P)*>, where A is the measured
thermal conductivity and P is the fractional porosity
of the pellet.

3. RESULTS AND DISCUSSIONS

The multiple substitutions at La and Co sites
proceed in the framework of the rhombohedrally
distorted perovskite type structure. Lattice
parameters for LaCoixNixFexOs and Lai-
xSrxC00gNio1Feo103 are summarized in Table 1.
The multiple substitutions at La and Co sites lead to
a lattice extensions irrespective of the origin of
metal additives.
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Table 1. Lattice parameters of LaCo1.oxNixFexOz and Lai-xSrxCoogNio.1F€0.103.

Samples a+0.0001, A ¢+0.0003, A v, A3
LaCoO3 5.4407 13.0914 335.61
La CoogNig.1Feo 103 5.4532 13.1191 337.86
LaCoo.50Nio.25F€0.2503 5.4737 13.1676 341.67
Lao.95Sr0.0sC00.8Nio.1Fe0.103 5.4540 13.1397 338.49
Lao.90Sr0.10C00.8Nio.1Fe0.103 5.4524 13.1536 338.65
Lao.75Sr0.25C00.8Nio.1Fe0.103 5.4488 13.1880 339.09

Transport  properties of single-substituted
cobaltates have been already studied [2, 12], while
the double substituted cobaltates are still not
explored. The electrical resistivity (o) significantly
decreases during the replacement of cobalt by
nickel, while the substitution of iron for cobalt
leads to an increase in p (Table 2). For double
substituted oxides LaCoi.2xNixFexOs, the electrical
resistivity decreases as compared to that of
LaCoOQ; and it does not depend on the total Ni+Fe
content: 0.0722 and 0.0939 Q.cm for x=0.1 and
x=0.25, respectively. This means that when Ni and
Fe ions are in equal amounts, their effects are
balanced leading to the formation of LaCoi-
»NixFexOs  with a  resistivity, which s
concentration-insensitive despite of the replacement
of 50% of Co ions. The reduction in the resistivity
is a result from the increase in the carrier density
induced by double substitution: from 2-3 x 10*¥c¢cm®
for LaCoO; to 79 x 10%m?3 for
LaCogsNio.1Fep10s. The carrier mobility seems to
be unchanged during the replacement of the cobalt
ions: 1-3 cm?/V.s for LaCoO; and 4-6 cm?/V.s for
LaCoo.sNio.1Fe0.10s.

The electrical resistivity of LaCoOs decreases
also when La*" ions were replaced by aliovalent
Sr?* ions (Fig. 2). Because the transport properties
of LaCoixNixOs; and Lai-xSrxCoOsz; are usually
interpreted in the same manner [13, 14], there is a
need to compare the density of the charge carriers
for both LaCoosNioiFeo10s  and Las-
xSrxC0o.8Nig1Feo 103 compositions (Fig. 2). As one
can be expected, the electrical resistivity decreases
with the Sr content (Fig. 2). This decrease is valid
in the whole temperature range of measurement:
from 250 to 600 K. For LaixSrxCoo.sNio.1Feo.103,
the density of the charge carriers is higher in
comparison with the unsubstituted LaCoOs; and
double substituted LaCoo.sNio.1Feo10s (Fig. 2). In
addition, Sr** ions induce a strong increase in the
carrier  mobility:  from 4-6 cm?V.s for
LaCoosNio1Feo10s to 20-35 cm?V.s and 70-80
cm?/V.s for x=0.1 and x=0.25 (Fig. 2). In the
temperature range of 250-600K, the charge density
increases slightly. The carrier mobility for
unsubstituted LaCoOz and double substituted
LaCoosNio1Feo10s increases with the registration
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temperature, while all Sr-substitute perovskites
display constant carrier mobility in the temperature
range of 250 — 600 K. Therefore, the enhanced
electrical conductivity for Sr-substituted
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Figure 2 Temperature dependence of the electrical

resistivity (a), carrier density (b) and carrier mobility (c)

for LaCoO3s, LaCoggNig.1Feq103 and Sr-substituted Las.
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Figure 3. Concentration dependence of the thermal conductivity (left) and Seebeck coefficient (right) for
Lai1-xSrxCoo.sNio.1Feo103. (All parameters are measured at 300 K).

Table 2. Electrical resistivity (p), thermal conductivity (1), Seebeck coefficient (S), Power factor (PF=S?%p), Figure of
merit (ZT=S?T/(pk:)) for single, double and multiple substituted perovskites. (For better comparison, all parameters are
measured at 300 K).

Samples p Q.cm A W/m.K S PF FM
uV/K UW/KZ.cm
LaCoOs 1.555 0.434 600 0.231 0.015
LaCoogNi.103 0.066 0.425 264 1.056 0.075
LaCo0o.9Fe0.103 2.549 0.257 599 0.141 0.016
LaCoogNig.1Fe10s 0.0722 0.157 234 0.761 0.158
Lag.oSro.1CoosNig1Fep103 0.0446 0.123 86 0.165 0.040

perovskites can be regarded as a consequence from
the increased carrier density and mobility, while the
carrier density accounts mainly for the electrical
conductivity of Ni,Fe-substituted cobaltates.

The thermal conductivities of the single and
double-substituted perovskites are shown in Fig. 3.
In general, the thermal conductivity decreases upon
increasing the metal content (Ni, Fe and Ni, Fe,
respectively). It is shown that the double
substitution yields a more significant decrease in
the thermal conductivity in comparison with the
single substitution (Table 2). The thermal
conductivity comprises two contributions that are
due to conductive carriers (Ae) and phonon
scattering. If the electron conduction is due to one
type of charge carriers only, then A. can be
calculated by the Wiedemann—Franz law: e = LT/p
(the Lorentz number, L, is 2.45x108 V2 K?). It is
obvious that the . term increases for Ni-substituted
perovskites (3.10* and 0.015 W/m.K for LaCo;.
xFexNix)Os with x=0.1 and 0.25, respectively), but
it remains lower than the total thermal conductivity
(0.101 and 0.069 W/m.K, respectively). This means
that even in this case the total thermal conductivity
is governed by the lattice contribution. As a result,
the thermal conductivities of the nickel- and iron-
substituted perovskites are close. The dopant-

induced decrease in the thermal conductivity of the
cobaltates can mainly be explained by the enhanced
phonon scattering due to the disordering of Co-Ni
or Co-Fe ions in the octahedral 6b position (with
coordinates 0, 0, 0) of the perovskite structure. This
is a consequence of the ionic mismatch of the
nickel, iron and cobalt ions. The appearance of Sr
in the 6a position leads to a further decrease in the
thermal conductivity (Fig. 3).

The Seebeck coefficient is strongly dependent
on the amount of nickel, iron and strontium dopants
(Fig. 3). All perovskite compositions display
positive sign of the Seebeck coefficient (S), thus
indicating that the predominant mobile charge
carriers are holes. It is well known that Sr and Ni
additives lead to a decrease in the S-value, while Fe
additives have an opposite effect (Table 2). When
Sr, Ni and Fe additives are included together into
the perovskite structure, there is a smooth decrease
in the S-value. It is noticeable that after 50% of Co
substitution the sign of S remains positive reaching
a value of 108 HV/K for LaCoosNio.25F€eg.2503.

Based on the Seebeck coefficient and electrical
resistivity data, the power factor is estimated:
PF=S?%/p (Fig. 4). The power factor displays a
decrease during the increase in the Sr content. The
highest PF is obtained for the single substituted
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LaNi.1C00903 perovskite (Table 2). The addition
of Fe into LaNio1C00.903 leads to a decrease in the
PF, but it remains higher than that of unsubstituted
LaCoOQs. This reveals that nickel additives have a
positive effect as compared to iron and strontium
ones (Table 2, Fig. 4). The observed power factor
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for multiple substituted cobaltates is lower than the
unusually high power factor established for SrTiO3
(20 pWI/(K?.cm) [15,16]. However, the extremely
large thermal conductivity of SrTiO; (about 10
W/m.K) reduces its figure of merit [15, 16].
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Figure 4. Concentration dependence of the power factor (left) and figure of merit (right) (left) for
La1-xSrxCoo sNio.1Feo.10s. (All parameters are measured at 300 K).

The figures of merit for single- and multiple-
substituted perovskites are summarized on Table 2
and Figure 4. The lower level of nickel substitution
causes a strong increase in thermoefficiency due to
the enhanced electrical conductivity, while iron
additives do not have any effect. In comparison
with  single  substituted  perovskites, the
thermoelectric efficiency strongly increases for
double-substituted perovskites. This means that the
thermoelectric activity is a result from the synergic
effect of the simultaneous appearance of Fe and Ni
in the cobalt perovskite structure. The perovskite
containing Fe and Ni ions in equal amount exhibits
the higher thermoelectric activity. The increased
thermoelectric activity can mainly be related with
the decreased thermal conductivity for double-
substituted perovskites (Fig. 3). The figure of merit
is not improved when Sr ions substitutes for La ions
(Fig. 4). Comparing the transport properties of Sr,
Ni and Fe substituted perovskites, it appears that
the perovskite with LaCoosFeo.1Nio103 composition
exhibits best thermoelectric activity with Z.T=0.16.
This figure of merit is comparable with that
reported for Lao.s2C00,.¢3 that contains vacancies in
both lanthanum and oxygen sites (ZT-value (of
about 0.18) [17]. The comparison shows that
double-substituted cobaltates, LaCo:-
x(NiosFeos)xOs, exhibit a relatively good figure of
merit, that makes them interesting as materials with
thermoelectric properties.
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4. CONCLUSIONS

The thermoelectric activity of LaCoOs-based
perovskites is effectively controlled by multiple
substitutions at the La- and Co-sites. The highest
figure of merit is observed for double substituted
perovskites with composition LaCoosNio1Feo.10s.
The improved thermoelectric efficiency is a
consequence from the decreased thermal
conductivity for double-substituted perovskites.
The multiple substituted cobalt perovskites are also
of interest as eco-compatible thermoelectric
materials since iron and nickel ions are less toxic
and cheaper in comparison with cobalt ions. In
addition, the structural approach of selective ion
substitution can be extended towards other groups
of thermoelectric oxide materials.
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TEPMOEJIEKTPUYHU OKCUJIHNU MATEPUAJIM HA OCHOBA HA KOBAJIT
C.T. Xapusanosa® *, E. H. XKeuesa!, M. I'. Xpucros?, B. JI. Beaues?, P. K. Crosnosa’

YUnemumym no obwa u neopeanuuna xumus, Bvizapcka akademus na naykume,
oyn. Akao. I'. Bonues, 6a1. 11, Coghua 1113, bvreapus
2dusuuecku paxynmem,Coguiicku ynueepcumem, 1164 Cogus, Bvneapus

Iocternuna Ha 15 roium, 2015 1. kopurupana Ha 23 okromspH, 2015 T.
(Pesrome)

[epoBckutnTe Ha ocHOBa Ha LaCoOs ce pasmiexaaT KaTo TEPMOCNCKTPHYHH MaTepHayd, KOUTO HMAT
NOTEHIHMAN J1a 3aMECTAT J00pe M3BECTHUTE MOJYNPOBOJHUIM Ha OCHOBaTa Ha OMCMYT W Tenyp. B ToBa
ChOOICHHE Cca IPEACTaBeHHM pe3yNTaTUTe OT HAIOM JCTaijHU M3CIeABaHUS 3a IOJoOpsBaHe Ha
TepMoenekTpuuHnTe cBoiictBa Ha LaCoO3 upe3 muorokommoneHTHO 3amectBane ¢ Ni, Fe u Sr. J[se rpymu
coequHenns ca wmscineasanu: LaCopoxNixFexOs ¢ x=0.1, xpmero Ni u Fe 3amectsar Co, m Las-
xSrxC0ogNig.1Fe0.103, 0<x<0.25, kpaeto Sr 3amectBa La. [TonydyeHure pe3yaTaTy MOKa3BaT, 4e Ype3 paroHaIeH
moxbop Ha KOJMMYeCTBOTO Ha 3amecturenure or Sf, Ni u Fe morar ma ce mojydyar OKCHIHH MaTepHald Ha
ocHoBata Ha LaCoO3 ¢ kenaHara TepMOENIeKTpUYHA e()eKTHBHOCT U OE3BPEIHOCT KbM OKOJIHATA Cpejia.

87



Bulgarian Chemical Communications, Volume 48, Special Issue A (pp. 88 — 94) 2016

Sodium deficient transition metal oxides Naj»Co13Nii;zsMny30; as alternative
electrode materials for lithium-ion batteries
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Abstract. Sodium-deficient transition metal oxides exhibit flexible layered structures which are able to adopt
different layer stacking and symmetry. In this study, we provide new data on the structure and reversible lithium
intercalation properties of oxides with composition Nai2Co1;3NiysMn1302. Novel properties of oxides determine their
potential for using as alternative electrode materials for lithium-ion batteries. Between 700 and 800 °C, new layered
oxide Nai»Co1sNiysMnys0, with a P3-type of structure is obtained by a precursor-based method. A new structural
feature of Nay2Co1sNiysMny302 as compared to well-known sodium stoichiometric oxides NaCo1/3NiysMnys02 with
an O3-type of structure is the development of layer stacking ensuring prismatic site occupancy for Na* ions with shared
face on one side and shared edges on the other side with surrounding Co/Ni/MnQOs octahedra. The reversible lithium
intercalation in Na2Co13Ni1;sMn1302 is demonstrated and discussed.

Keywords: Sodium-transition metal-oxides; Layered oxides; Intercalation; Lithium-ion battery

1. INTRODUCTION

Linkage of the intercalation properties with the
crystal structure of solids is a research topic that is
a basis for recent progress in the design of cathode
materials for lithium ion batteries [1]. Among
several groups of compounds, layered lithium
transition metal oxides are of both research and
practical interests since they are able to intercalate
lithium reversibly at high potentials [2,3]. Lithium-
cobalt-nickel-manganese oxides, LiCos-
»NixMnxO2, with compositions x=1/3 have been
considered as next generation electrode materials
[4]. Contrary to the conventional LiCoO-based
electrodes, LiCo13NiysMnyz02 oxides display two
electron electrochemical reactions during reversible
lithium intercalation, a phenomenon that is
generally considered to be rare for layered oxides
[5].

Nowdays, lithium ion batteries are the most
widely used electrochemical storage systems.
However, they are still expensive and are in
nonconformity with technical requirements for
large scale storage applications [6]. Searching for
cheaper energy storage systems, sodium ion
batteries have been advanced as an alternative to
the lithium ones [6]. Sodium is one of the most
abundant elements in the Earth’s crust and its redox
potential is slightly lower than that for Li, i.e. E°
(Na*/Na)=-2.71 V and E° (Li*/Li)= -3.03 V versus
standard hydrogen electrode [6]. This means that
lithium-ion batteries offer higher power, while

*To whom all correspondence should be sent:

E-mail: svetlana@svr.igic.bas.bg
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sodium ion batteries appear to be cheaper and safer.

Lithium and sodium ion batteries operate by the
same mechanism comprising the reversible
electrochemical intercalation of Li* and Na'.
Recently stoichiometric sodium cobalt nickel
manganese oxide NaCoisNiysMny30. has been
proposed as a cathode material for sodium ion
batteries [5]. Both NaCoisNiysMnyz0,  and
LiCo1sNiysMni30,  analogues  have  crystal
structure composed of discrete Co1sNiyzMnyz0,-
layers [4,5]. The sodium and lithium ions are
sandwiched between the Co13NiysMnysO2-layers
so as to occupy octahedral sites. Based on the
number of the CousNiysMnys02-layers in the unit
cell and the site occupied by Na or Li, the structure
of both sodium and lithium analogues is classified
as O3-type according to notation of Delmas et al.
[7].

In order to combine the advantages of lithium
and sodium ion batteries, a new concept has
recently been proposed [2]. The concept aims at
using directly sodium transition metal oxides as
electrode materials instead of lithium analogues [3].
This concept is beneficial especially in case of
vanadium and manganese-based layered oxides
such as NaXV308, NazlgMnl.xFesz, a-NaogesMnO2.13
and NaXNillng/gOz.

In this contribution we provide new data on the
structure and intercalation properties of sodium
deficient cobalt nickel manganese oxides with the
aim to analyze their potential usage as cathode
materials in lithium-ion batteries. The studies are
focused on NayCo1/sNiyzMny30, compositions with
x=1/2. For the synthesis of these oxides, we used a

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:svetlana@svr.igic.bas.bg

Sv. G. Ivanova et al.: Sodium deficient transition metal oxides Na12Co13NiwzsMn1302 as alternative electrode materials

simple precursor-based method comprising thermal
decomposition of mixed acetate-oxalate precursors
[8]. The structure and morphology of
Na12C013NiysMny30. are determined by powder
X-ray diffraction and SEM analysis. The lithium
intercalation in Nai>Co1sNiyzsMn130 is carried out
in model two-electrode lithium cells of the type
Li|LiPFs(EC:DMC)| Nay2Co13NiyzsMnyz02. The
morphology and composition changes during the
lithium intercalation are followed by ex-situ SEM
analysis and laser ablation inductively coupled
plasma mass spectrometry (LA-ICPMS).

2. EXPERIMENTAL

Na1>Co13NisMn130;, oxides were obtained by
oxalate-acetate precursor method. According to this
method, sodium hydroxide and oxalic acid were
mixed in a molar ratio of 1:1 and ground in an agate
mortar until the mixture became sticky. Then solid
manganese, nickel and cobalt acetates were added,
the molar ratio being
Na:Co:Ni:Mn=1/2:1/3:1/3:1/3. Solid residue is
treated at 400 °C, followed by thermal annealing at
700 and 800 °C for 10 hours.

The X-ray structural analysis is made by a
Bruker Advance 8 diffractometer with LynxEye
detector using CuKo radiation. Step-scan
recordings for structure refinement by the Rietveld
method are carried out using 0.02° 26 steps of 4-s
duration. The diffractometer point zero, the
Lorentzian/ Gaussian fraction of the pseudo-Voigt
peak function, the scale factor, the unit cell
parameters, the thermal factors, and the line half-
width parameters are determined. The computer
FullProf Suite Program (1.00) was used in the
calculations [9].

The morphology of the precursors and target
products is observed by JEOL JSM 6390 scanning
electron microscope equipped with an energy
dispersive X-ray spectroscopy (EDS, Oxford INCA
Energy 350) and ultrahigh resolution scanning
system (ASID-3D) in a regime of secondary
electron image (SEI). The accelerating voltage is 15
kV and | ~65 A. The pressure is of the order of
10—4 Pa. The electrochemical charge—discharge of
Na12Co13Ni1sMnyz02 was examined by using two-
electrode cells of the type Li|LiPFs(EC:DMC)|
Nai2Co1sNiysMnyz0,.  The  positive  electrode,
supported onto an aluminum foil, was a mixture
containing 80% of the active composition
Nal/2C01/3Ni1/3Mn1/302, 7.5% CNERGY KS 6 L
graphite (TIMCAL), 7.5% Super C65 and 5 %
polyvinylidene fluoride (PVDF). The electrolyte
was a 1 M LiPFg solution in ethylene carbonate and
dimethyl carbonate (1:1 by volume) with less than

20 ppm of water. Lithium electrodes were consisted
of a clean lithium metal disk with a diameter of 18
mm. The cells were mounted in a dry box under Ar
atmosphere. The electrochemical reactions were
carried out using an eight-channel Arbin BT2000
system in galvanostatic mode. The cell is cycled
between 1.8 and 4.4 V at C/100, C/20 and C/10
rates. Before the cycling, all cells were relaxed at
open circuit for 10 hours.

The compositions of electrodes after the
electrochemical reaction were determined by LA-
ICPMS. The equipment consists of PerkinElmer
ELAN DRC-e ICP-MS and state of the art New
Wave UP193FX laser ablation system. The laser
beam can analyze spots from 10 microns to 150
um.

3.RESULTS AND DISCUSSIONS

Figure 1 shows the XRD patterns of
Na12C0o13NizMn1302 annealed at 700 °C and 800
°C. All XRD patterns display diffraction peaks that
can be assigned to a mixture of the target layered
phase and an impurity of NiO-like phase.
Therefore, the XRD patterns are calculated based
on the structural model that comprises two phases:
(i) layered phase with Na in two 3a sites (0, 0, zZna)
and (1/3, 2/3, zna), Ni/Mn in 3a sites (0, 0, 0) and
oxygen in 3a sites (0, 0, zo1) and (0, 0, zoy) for a
R3m space group, and (ii) NiO phase with Ni and O
in 4b (0.5, 0.5, 0.5) and 4a (0, 0, 0) sites for a space
group Fm-3m. The amount of NiO impurity is less
than 1% and it is insensitive towards the annealing
temperature. According to the nomenclature of
layered oxides [7], Naw2Co13NiyzsMnyz02 can be
denoted as P3-type of structure. The lattice
parameters look like slightly dependent on the
annealing temperature: a = 2.8299(1) A and ¢ =
16.7842(14) A versus a = 2.8308(1) A and ¢ =
16.7767(14) A for the oxide annealed at 700 °C and
800 °C, respectively. The lattice volume remains
unchanged (116.43 and 116.41 A3, respectively),
thus indicating constancy in the Na content during
annealing of the oxides at 700 and 800 °C.

Sodium deficient oxides adopt the P3-type of
structure, while a well known O3-type of structure
is stabilized for the sodium stoichiometric oxide
NaCoisNiysMny302.  The  structural  difference
between P3 and O3-modifications comes from the
symmetry of the sodium position: In the P3-
modification all Na* ions occupy one prismatic site
that shares face on the one side and edges on the
other side with the surrounding Co/Ni/MnQO¢-
octahedra, while one octahedral position for Na*
ions is available for the O3-modification (Fig. 2). It
should be mentioned that there is a close structural
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relation between P3 and O3 type structures: by
gliding of the CousNiysMnyzO2-layers, the P3
structure  easily transforms to 0O3. The
transformation of O3 to P3 type structure has been
reported during the electrochemical extraction of
sodium from NaCo1NiysMny302 [10]. In addition,
the O3-modification has been obtained at

temperatures higher than 900 °C. This means that
the low-temperature synthesis enables to form a
new structural modification of sodium deficient
oxides NaxCo13NiysMnys02 with a P3-type of
structure.
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Figure 1.

XRD patterns of Nai2Co13Ni1sMni30, annealed at 700 and 800 °C. The Bragg’s reflections for P3-type of

structure are given. The impurity phase (NiO) is also indicated. Dotted lines correspond to the simulated XRD patterns
using Rietveld refinement method.

Figure 2. Schematic representation of the sodium position in the P3- Na12Co1/sNisMny30, and O3-
NaCo1/sNizsMny302 (a and b, respectively). Blue and yellow colours correspond to Co/Ni/Mn and Na octahedra,
respectively.

The morphology of Nai2Co13NiysMnyz0;
annealed at 700 and 800 C is compared on Figure 3.
SEM images show the formation of dense
aggregates for Nai2Niy2Mn1,02, which appears to
be insensitive towards the annealing temperature
(Fig. 3). EDS analysis demonstrates that all
elements are homogeneously distributed over the
aggregates. Based on SEM/EDS experiments, the
composition of sodium-nickel-cobalt-manganese
oxides annealed at 700 °C and 800 °C is shown on
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Table 1. It is worth mentioning that the chemical
composition determined from EDS coincides with
that obtained from chemical analysis LA-ICPMS.

3.1. Reversible lithium intercalation in
Na12C013NiyzsMny30;

Comparing the electrochemical performance of
oxides annealed at 700 and 800 °C, it appears that
good cycling stability is achieved only for
Na12Co13NizsMny30,  treated at the higher
temperature. That is why, all electrochemical
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characterization is focused on the oxide annealed at
800 °C.

Figure 4 gives the electrochemical curves for
Li* intercalation in Na2Co1NiysMnys0; at the

20kV | 'X5,000 Sum

fos05e1i«  [O9)

potential range of 1.8-4.4 V with a charge/discharge
rate of C/20 and C/100. When the cell starts with a
discharge, a capacity of 157 mAh/g is obtained at a

20kV /X5,000 Sum 10,50 SEI (b)

X30  500pm 10 408E1 ¢ N

Figure 3. SEM micrographs of Nai;2Co1/3Ni1sMn1302 powders annealed at 700 (a) and 800 °C (b). Pristine electrode
(c) and electrodes (d) after 10 cycles between 1.8 and 4.4 V at a rate of C/100 and stopped at 4.4V are also given. The
electrode comprises a mixture of active oxide Nai,Co1/3Ni1;sMn130, (85%) and 7.5 % graphite, 7.5 % active carbon

and 5 % PVDF.

4511 cYCle Cl20  C/100

Voltage, V

C/20 C/100

10F | I | | (Ia)

0 50 100 1 ?;0 200 250 300
Specific Capacity, mAh/g

C/20

5 10cycle

-

40f

35 .7 ke C/100
3.0 s 5 cycle

25

Voltage, V

20f
1.5

10f (b)

0 20 40 60 80 100 120 140 160
Specific Capacity, mAh/g

Figure 4. The first discharge and charge curves for NaosC013Ni1sMny30, annealed at 800 °C at rates of C/20 and
C/100 (a). The cells start with a discharge mode. The charge discharge curves after 5 cycles at a rate of C/100 and after
10 cycles at a rate of C/20 are also presented.

lower rate (i.e. C/100) (theoretical capacity 265.23
mAh/g). By increasing the discharge rate from
C/100 to C/20, there is a decrease in the capacity
from0 157 to 113 mAh/g. It is noticeable that
Na1>Co13NisMn130; delivers the capacity in two
potential plateaus of 3.7 and 2.7 V irrespective of
the used discharge rate (Fig. 4). This indicates that
lithium extraction proceeds with a structural
transformation of P3-  Nay2Co13NiyzMnaz0..
Supposing that the electrochemical reaction

includes only intercalation of Li* into the layered
Na12Co13NizsMnaz0, without proceeding of side-
reactions between the electrode and the electrolyte,
the amount of intercalated Li* can be calculated.
Thus, the calculated values corresponding to the
first discharge capacities at a rate of C/100 and
C/20 are 0.62 and 0.44 mol Li per formula unit
Na12C01sNiysMny302. It appears that at higher rate
(i.e. at C/20), the intercalated amount of Li*
approaches the sodium deficiency content. It is
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noticeable that the amount of Li* and Na* is slightly
lower than 1 (i.e. 0.44+0.50=0.94), which is in an
agreement with the structural constrains for the site
occupancy by alkali metals in the layered structure:
the occupancy is restricted up to 1 mol of alkali
ions. When the slow rate is used, the intercalated Li
amount is higher than that corresponding to the
sodium deficiency content. This means that the
added amount of Li* and Na* ions per formula unit
becomes higher than 1 (i.e. 0.62+0.50=1.12). To
explain the obvious inconsistency with the
structural requirements, one could suppose a
possible interaction of the oxide with the electrolyte
leading to a preferential Na* extraction or partial
Li*/Na* exchange.

The analysis of the  stability of
Nai2Co13NisMna30; in the electrolyte solution is
performed by following the change in the voltage

4.00

3185

3.90

Voltage, WV

3.85

3.80
1 1 1 1 1

0 2 4 6 8 10
Time, hours

Figure 5.  The  voltage-time
Na12Co13Ni1sMny30; at open circuit.

curves for

of the cell at open circuit (Fig. 5). As one can see,
the voltage of the cell increases before the
electrochemical reaction, indicating a
corresponding rising of the oxidation state of the
transition metal ions. The steady state potential is
achieved after 3 hours of contact between the
electrode and the electrolyte. For the sake of

comparison, the voltage of the cell using
LiCo1sNiysMn130, analogue as an electrode is
stable (not shown). It is important to note that
changes in composition of Nai2Co13NizsMny302
encompass only the sodium content. Table 1 shows
the LA-ICPMS data on the chemical composition
of Nai2Co13NiysMny30, electrodes after the first
discharge down to 2.5 V and 1.8 V. It is clear that
the ratio between transition metal ions remains
constant during the electrochemical reaction, while
the sodium content decreases reaching a value of
0.17. Therefore, the changes in the sodium content
and related oxidation states of transition metal ions
in Nai2Co13NiysMnyz0; in the electrolyte solution
can be regarded as a result from the competition
between Na* extraction and Na*/Li* exchange
reactions. All these reactions can be related with the
thermal instability of LiPFs salt, which is found to
decompose to LiF and PFs even at room
temperature [8]. The reaction product PFs has
acidic properties and can initiate a series of
reactions of Na* extraction. For example, acidic PFs
has been shown to play a crucial role in the
formation of the solid electrolyte interphase layer
that is composed of organic and inorganic
decomposed compounds [8].

During the reverse process of charging, the
two-stage  intercalation  reactions are  still
distinguished: the two reaction plateaus are shifted
to 3.1 and 4.1 V, respectively (Fig. 4). An
important issue is that the first charge capacity
exceeds the corresponding discharge capacity: 312
and 240 mAh/g for C/100 and C/20, respectively.
This means that lithium together with sodium is
extracted from the oxide during the first charge
process. In addition, a partial exchange of Na* with
Li* cannot be excluded. To analyze the processes of
Li*/Na* deintercalation and exchange, Table 1 gives
the chemical compositions of electrodes determined
by LA-ICPMS.

Table 1. LA-ICPMS and EDS data for chemical composition of Nai2Co1sNiizMny30; in the form of the powder

annealed at 800 °C and in the form of working electrode.

Electrode Electrode E;?g:ige E;%Ztrrige
- after the first after the first
Pristine X ; cycles cycles
Element Powder discharge discharge
electrode between 1.8- between 1.8-
downto 2.5 downto1.8
v v 44V ata 44V ata
rate of C/100 rate of C/10
LA-ICPMS EDS EDS LA-ICPMS LA-ICPMS EDS EDS
Na 0.52 0.49 0.55 0.25 0.17 0.19 0.12
Mn 0.32 0.34 0.30 0.31 0.31 0.28 0.31
Co 0.33 0.34 0.36 0.32 0.3 0.33 0.37
Ni 0.35 0.32 0.34 0.37 0.39 0.39 0.32
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After the first discharge up to 2.5 V (i.e. after
Li intercalation), there is a strong increase in the Li-
to-Na ratio, which reveals a lowering of the sodium
content in the electrodes in comparison with the
pristine compositions (Table 1). The extraction of
Li* ions during the charge process up to 4.4 V is
manifested by a consecutive decrease in the Li-to-
Na ratio (Table 1). The observed changes in the Li-
to-Na ratio imply that partial Li*/Na* exchange
reactions starts to develop at the beginning of the Li
intercalation (Table 1). Contrary to lithium and
sodium, the nickel and manganese content remains
constant during the electrochemical reaction (Table
1).

Stable electrochemical performance is achieved
after several cycles. Figure 4 gives the
charge/discharge curves after 5 cycles at a rate of
C/100, as well as after 10 cycles at a rate of C/20.
It is obvious that charge/discharge curves become
smoother during cycling with Columbic efficiency
exceeding 96%. The reversible capacity reaches a
value of about 145 and 85 mAh/g for a rate of
C/100 and C/20, respectively. This means that the
electrochemical reaction takes place through
reversible intercalation of about 0.55 and 0.35 mole
of Li in the oxides charging and discharging with
rates of C/100 and C/20, respectively. The changes
in the shape of the charge/discharge curves suggest
for  structural transformations of P3-
Na12Co13NiysMnysO2 occurring during  lithium
intercalation. On the other hand, the complex form
of the electrochemical curves implies that all
Ni2*/Ni**, Co%*/Co* and Mn3/Mn*" ionic couples
participate in the electrochemical reaction.

Following the structural requirement for
restricted site occupancy by alkaline ions, we can
suggest that the reversible lithium intercalation is
accomplished between two phases:
Nax<o5NiosMnosO2 and  Li-osNax<osNiosMnosO:2
phases, respectively. The possible formation of
layered transition metal oxides containing Li*™ and
Na* in the interlayer space (i.e.
Li-osNax<os5NiosMnos02) is an interesting finding.
In comparison with Na* ions, Li* ions prefer to
reside in octahedral sites only, as a result of which
the crystal chemistry for sodium and lithium
transition metal oxides is different [12]. However, a
good example for the formation of a mixed
Li*/Na*-oxide are the cobaltates with a composition
Li-o4Na.o37CoO, [13]. The structure of
Li-0.42Na-037C00- consists of two alternative AO>
blocks: a P2-type sodium block and an O3-type
lithium one [12, 13]. Contrary to Li.g42Na-037C00,
the incorporation of Li into O3-NaNiosMnos0, has
recently been shown to proceed by the formation of
a P2/03 intergrowth at an atomic scale [14]. Based
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on HRTEM analysis, we have demonstrated that
lithium intercalation into NaxNi>2Mn1,0; leads to a
structural transformation from the P3- to the O3-
type of structure, where small amount of Na*
remains in the layered structure and the Li-to-Na
ratio is 0.7. In analogy, the structure of mixed
Na*/Li*-nickel-manganese  oxides could be
described as composed of P3 and O3-type blocks.

4. CONCLUSION

New sodium-deficient cobalt—nickel-
manganese Nai»2Co01sNizMn130; oxides with a
P3-type structure are obtained in the temperature
range of 700 - 800 °C. The method of synthesis
comprises thermal decomposition of mixed acetate-
oxalate  sodium-transition metal  precursors
followed by thermal annealing between 700 and
800 °C. Layered oxides Nai2C013NiyzsMniz02
display a reversible lithium intercalation between
1.8 and 4.4 V. During the first discharge of the
electrochemical cell up to 1.8 V, Li* ions are
inserted in the empty sodium positions, leading to
the formation of a mixed Li*/Na* oxides Lii-
xNaxCo13NiysMn130; with a structure that deviates
from the pristine layered structure. The
electrochemical reaction takes place via structural
transformation due to the participation of Ni?*/Ni*,
Co*/Co* and Mn*/Mn* ionic couples. A partial
exchange of Na* with Li* occurs during the first
few cycles, followed by a steady-state performance.
The capability of Nay2CowsNiysMnyzO2  to
intercalate reversibly lithium in high amounts
determines their potential for applications in
lithium or sodium rechargeable batteries. Although
the voltage range and the electrolyte composition
are not optimized, it seems that novel compositions
Nai2Co1sNiysMny30;  display a  satisfactory
reversible capacity in a wide potential window,
where the reversible capacity of
LiCo1sNi1sMny302 analogues diminish quickly.
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HATPHUEBO-TIPEXOTHOMETAJIHA OKCUJIN C HEJOCTUTI HA HATPUIA
Na1/2Co1/3Ni1sMn1302 KATO AJITEPHATUBHU EJIEKTPOAHU MATEPHUAJIN 3A
JIMTUEBO-MOHHU BATEPUNU

Cs. I'. UBanoBa*, E. H. XKeuesa, P. K. CrostHoBa

Hucmumym no obwa u neopeanuyna xumus, bvreapcka akademus na naykume, 6yn. Akao. I'. Bonues, 610k 11,
Cogua 1113

Iocternuna Ha 17 roim, 2015 1. kopurupana Ha 23 oxkromspH, 2015 T.

(Pesrome)

B ta3u cratus npeictaBsiMe HOBU JIAHHH 33 CTPYKTypa U 00paTuMa MHTEepKalalus Ha JIUTUH B OKCHUAH ChC
cbetaB Nai2Co13NiysMny302. HaTpreBo-npexo HOMETAIHUTE OKCHUANW Ca CHHTE3MPAHU IO OKCAIO-alleTaTeH
meton mpu 700 u 800 °C, ¢ P3-tun crpykrypa. OOpaTMMa WHTEpKaJallds Ha JIMTHH CE OCBIIECTBABA B
noteHIManauTe rpanui 1.8-4.4 V. Ilo Bpeme Ha IBPBH pa3psl IUTUEBUTE HOHU C€ MHTEPKAJIHpaT B HE3aCTUTE
HATPHEBU MO3MIMHK KaTo ce o0OpasyBaT okcuaud c¢be cheTaB LitxNaxCosNiysMnys0,, yusato crpykrypa e
pasiiMuHa B CpaBHEHHE CBbC CTPYKTypaTa Ha M3XOJAHUTE CheAWHEHUs. ENeKTpoXuMHYHATA peakius ce
ochbllecTBABa HocpencTBoM penokcu-asoiikure NiZ*/Ni%*, Co%*/Co* u Mn®**/Mn**. Tlo Bpeme Ha IbpBUTE
HSKOJIKO IHKBJIa Ce OOMEHST JIMTUEBH M HATPUEBU WOHHU, CJEJ KOETO KJETKara MHpOJbKaBa Ja paboTH
crabuwino. Crnocobnocrra Ha NaipCo13NiysMny302 na uHTEepKanupa oOpaTUMO JIUTHH B TOJEMH KOJIHYECTBA
omnpe/ensi MOTSHIUATHOTO PUIIEKEHHE Ha Te3HM OKCUIU B ITPE3apexk/1aeMu JTUTHEBU U HATPUEBH OATEpUH.
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Abstract. In this contribution, we study in details the effect of synthesis procedure on the electrochemical
properties of NaxNiy2Mn1,0, with x=2/3 when it is used as an electrode in lithium cells. For the preparation of oxides
Nao.67NiosMnosO2, the precursor-based method was chosen. The method of synthesis is based on the formation of
homogeneous precursor phases, which are easily transformed to the target product by a sequence of low-temperature
reactions. The precursors are obtained by freeze-drying of aqueous solutions of Li(l), Ni(Il) and Mn(ll) salts. Two types
of soluble salts are selected: acetate and nitrates. Thermal treatment of freeze-dried acetate-nitrate precursors at
temperatures above 400 °C yields layered Naos7NiosMnosO2 with a P3-type of structure. Thermal properties of acetate-
nitrate precursors are studied by DTA/TG analysis. The crystal structure and morphology of NaxNiizMni0, are
analyzed by means of X-ray powder diffraction and SEM analysis. The electrochemical properties of Nag.7NiosMngs02
are examined in model lithium cells. The oxide Naos7NigsMngsO, obtained from freeze-dried acetate precursors

displays a better electrochemical performance in terms of reversible capacity and cycling stability.

Keywords: Sodium deficient transition metal oxides; Layered oxides; Intercalation; Lithium-ion battery

1L.INTRODUCTION

Searching for high-power electrode materials for
lithium ion batteries, lithium transition metal oxides
with a layered structure have been identified as the
most suitable compounds [1,2]. Because of the two-
dimensiponal Li diffusion, the electrochemical
performances of oxides critically depend on the
method of synthesis [1,2]. Two main types of
synthetic procedures are developed during the last
years [3,4]. The first one aims to stabilize the
layered structure of delithiated oxides by rational
metal substituttion for electrochemically active ions
[3], the second type of procedure is directed to
design the morphology of oxides in order to make
the Li diffusion more easy [4].

Recently, we reported a new concept for design
of electrode materials. The concept is aimed at
using directly new structure modification of sodium
deficient nickel-manganese oxides NayNiosMngsO-
(x=0.50 and 0.67) as electrode materials instead of
lithium analogues [5,6]. The advantage of using
NaxNiosMnos0; is based on their larger interlayer
space, which is beneficial both for a rapid exchange
of Na* with Li* and for an easier lithium diffusion.
The electrochemical intercalation of Li* into
layered NaxNiosMngsO, takes place at 3.04 V and
leads to a structural transformation from the P3- to
the O3-type of structure [7]. The in-situ generated
03-phase containing simultaneously lithium and

*To whom all correspondence should be sent:
E-mail: maria_|_k@svr.igic.bas.bg

sodium determines the further electrochemical
response of NaxNiosMngsO, in terms of voltage
profile, cycling stability and rate capability. Our
findings reveal the unique ability of the new
structure modification of NaxNiosMnosO- (i.e. P3-
type of structure) for application as low-cost
electrode materials in lithium ion batteries.

In this contribution, we extend our studies by
exploring the effect of the synthesis procedure on
the electrochemical properties of NaxNiy2Mni0;
with x=2/3 when it is used as an electrode in
lithium cells. For the preparation of oxides
NaxNi12Mn120,, the precursor-based method was
chosen. The method of synthesis is based on the
formation of homogeneous precursor phases, which
are easily transformed to the target product by a
sequence of low-temperature reactions. The
precursor-based procedure is a powerful tool for the
formation of electrode materials with well defined
structure and morphology [8,9]. In this study, the
precursor phases are obtained by freeze-drying of
aqueous solutions of Li(l), Ni(ll) and Mn(Il) salts.
Two types of soluble salts are used: acetate and
nitrates. The advantage of this method is related
with the ability to control the extent of mixing of
Li(1), Ni(Il) and Mn(ll) ions in the solid precursor
phases. Thermal treatment of acetate-nitrate
precursors at temperatures above 400 °C vyields
NaxNiy2Mn120, products. Thermal properties of
acetate-nitrate precursors are studied by DTA/TG
analysis. The crystal structure and morphology of
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NaxNi12Mn1,0, is analyzed by means of X-ray
powder diffraction and SEM analysis.  The
electrochemical properties of NaxNiizMny,0, are
examined in model lithium cells.

2.EXPERIMENTAL

Sodium-nickel-manganese oxides are prepared
from freeze-dried acetate precursors. The procedure
of the preparation is given elsewhere [5,6]. The
homogeneous acetate precursors were prepared by
freeze-drying of the corresponding Na, Ni and Mn
acetate solutions (0.5 M). The nominal Na-to-
(Mn+Ni) ratio was 0.67. The freeze-drying process
was performed with an Alpha-Crist Freeze-Dryer at
-20 °C in vacuum. The freeze-dried acetate
precursors are decomposed at 400 °C in O
atmosphere  for 3  hours. After thermal
decomposition of the precursors, the solid residue
was homogenized, pelleted and annealed at 700 °C
in air for 24 hours, followed by cooling down to
room temperature.

The same procedure is applied for the
preparation of NaxNii2Mn1,0, from mixed nitrate-
acetate precursors, where nickel nitrate is used
instead of nickel acetate. For the sake of
convenience, Nage7NiosMnosO, obtained from
acetate and mixed nitrate-acetate precursors will be
denoted further by NNM-Ac and NNM-NAc.

The thermal analysis (simultaneously obtained
DTA-, TG-, DTG-, and evolved gas curves) of the
freeze-dried precursors was carried out by a
combined LABSYS™ EVO DTA/TG system of the
SETARAM Company, France, with a gas-analyser
of the OmniStar™ type. The samples are
investigated at a heating rate of 10 °C/min in O
flow (20 ml/min).

The X-ray structural analysis was made by a
Bruker Advance 8 diffractometer with LynxEye
detector using CuKo radiation.  Step-scan
recordings for structure refinement by the Rietveld
method are carried out using 0.02° 26 steps of 4 s
duration. The diffractometer zero point, the
Lorentzian/Gaussian fraction of the pseudo-Voigt
peak function, the scale factor, the unit cell
parameters, the thermal factors and the line half-
width parameters were determined. The computer
FullProf Suite Program (1.00) was used in the
calculations [10].

The morphology of the precursors and target
products is observed by JEOL JSM 6390 scanning
electron microscope equipped with an energy
dispersive X-ray spectroscopy (EDS, Oxford INCA
Energy 350) and ultrahigh resolution scanning
system (ASID-3D) in a regime of secondary
electron image (SEI). The accelerating voltage is 15
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kV and | ~65 A.The pressure is of the order of 10 ~*
Pa.

The electrochemical charge-discharge behavior
of NaxNiosMngsO, was examined by using EL-
CELL type two-electrode cells comprising Li |
LiPFg (EC:DMC) |NaxNiosMngsO2. The positive
electrode, supported onto an aluminium foil,
represented a mixture, containing 80% of the active
composition NaxNiosMngsO2, 7.5% C-NERGY KS
6 L graphite (TIMCAL), 7.5% Super C65
(TIMCAL) and 5% polyvinylidene fluoride
(PVDF). The electrolyte contains 1M LiPFs
solution in ethylene carbonate and dimethyl
carbonate (1:1 by volume) with less than 20 ppm of
water. Lithium electrodes consisted of a clean
lithium metal disk with diameter of 15 mm. The
cells were mounted in a dry box under Ar
atmosphere. The electrochemical reactions were
carried out using an eight-channel Arbin BT2000
system in galvanostatic mode. The test cells were
galvanostatically cycled between 2.5 V and 4.5 V.
The charge and discharge rates can be expressed as
C/h, being h the number of hours needed for the
insertion of one lithium per formula unit at the
applied current intensity. All cells are cycled at a
rate of C/30.
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Figure 1. DTA and TGA curves for freeze-dried acetate
(a) and nitrate-acetate (b) precursors.

3.RESULTS AND DISCUSSION

3.1.Structure and morphology of
Nao.67Nio.50MnNo5002

Freeze-drying of acetate and mixed nitrate-
acetate solutions yields amorphous Na-Ni-Mn
precursors. Figure 1 compares the DTA and TGA
curves of two types of precursors. Acetate
precursor displays one endothermic effect between
80 and 120 °C accompanied with a weight loss of
1.8% due to H2O release. This enables to estimate
the  composition  of  acetate  precursor:
Nao_57Nio_5o|\/|no_50(CH3COO)2,67.~0,2HzO. Above
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220 °C, there is a broad and complex exothermic
peak corresponding to the decomposition of the
acetate. The decomposition process is completed at
335 °C, where the weight loss reaches about 45%.
In comparison with the acetate precursor, the freeze
drying process for nitrate-acetate precursor is less
effective. Between 80 and 165 °C, the nitrate-
acetate precursor displays one endothermic effect
together with a weight loss of 17% due to the
release of 2.5 mole H,O. However, the thermal
decomposition of nitrate-acetate precursor is more
complex process: the decomposition starts above
200 °C followed by a strong exothermic peak in a
close temperature range of 260-280 °C. The total
weight loss is of 51%. It is noticeable that the
decomposition of nitrate-acetate precursor is
completed at lower temperature in comparison with
that of the acetate precursor.

At 700 °C, thermal annealing of decomposed
precursors yields layered sodium nickel-manganese
oxides containing impurities of the NiO-like phase.
Figure 2 presents the XRD patterns of NNM-Ac
and NNM-NAc. Irrespective of the type of the
organic component in precursors, the XRD patterns
of NNM-Ac and NNM-NACc are satisfactory fitted
by the Rietveld analysis on the basis of two-phase
model: layered phase (R3m space group) and cubic

NiO phase (Fm-3m space group). The crystal
structure of Nage7NiosMnosO2 is  built from
NigsMnosO2—layers  of  edge-sharing  metal
octahedra where the Na® ions are sandwiched
between the layers. Based on the number of the
NiosMnosO2—layers in the unit cell and the Na site
symmetry (i.e. prismatic), the structure of
Naos7NiosMnosO2 can be classified as P3-type.
This is a general structure notation for both sodium
and lithium transition metal oxides proposed by
Delmas et al. [11]. The lattice parameters of
acetate- and nitrate-derived oxides
Nao.s7Nio.sMnosO, are summarized in Table 1. The
comparison shows that lattice parameters are the
same and they are insensitive towards the type of
the organic component used in the precursors. This
means that at 700 °C a stable P3-modification of
Nao.67NiosMngs0; is formed.

In addition, the amount of the NiO-related
phase is less than 1%. This is consistent with
previous data on limited solubility of Ni in P3-
NaxMnO:; (up to 0.5 mol) [5,12,13]. It appears that
the synthesis of Nags7NiosMngs0; takes place as in
case of a formation of high-voltage LiNiizMn3z04
spinel, where the impurity NiO-like phase pursues
always the target phase [14].
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Figure 2. XRD patterns of Nags7NiosMngsO- obtained from the acetate (a) and the nitrate-acetate (b) precursors at 700
°C. The Bragg’s reflections for P3-type structure and NiO-like phase are given. Dotted and full lines correspond to the
experimental and simulated XRD patterns using Rietveld refinement. The difference between experimental and
stimulated is shown below the spectra.
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Figure 4. First and second charge/discharge curves of NNM-Ac (a) and NNM-NAc (b). All cells starts with a discharge
mode, which is indicated as initial discharge.

The SEM images of acetate- and nitrate-derived reactions comprising lithium intercalation and
oxides are compared on Figure 3. On the first exchange of Li* for Na* [5,6,7]. This fact, in its
glance, all oxides are composed from particles with turn,  determines the potential of P3-
sizes of about 100 nm that are bounded into Nao.67NiosMngsO, for direct use as a cathode in

aggregates (Fig. 3). However, close inspection of lithium ion batteries. In this study we are focused
SEM images reveals a different density of on the effect of the synthesis procedure on the
aggregates. It appears that nanoparticles are loosely electrochemical performance of P3-
coupled between them when the acetate precursor is Nao.67Nio.sMngs0>.

used. In the case of the nitrate-acetate precursor, all Figure 4 shows the first and second

nanoparticles seem to be stick together into more charge/discharge curves for NNM-Ac and NNM-
dense aggregates. This can be related with the NAc. The cell starts with a discharge mode, which
thermal properties of two types of precursors: the corresponds to a lithium intercalation in sodium
nitrate-acetate precursor mimics the combustion deficient oxides. During the discharge, a capacity of
process between 240 and 280 °C due to the about 65 mAh g* is obtained for both oxides (Fig.
simultaneous presence of the nitrate ions as an 4). This value corresponds to the intercalation of
oxidizer and the acetate ions as a fuel (Fig. 1). In 0.3 mole Li* into P3-Nao.s7NiosMngsO-. It is worth
order to create an oxidation atmosphere during the to mention that the content of intercalated Li*
thermal decomposition of acetate precursors, an coincides with the amount of sodium deficiency in
oxygen flow is used. P3-Nao.s7NiosMnosO.. The discharge profile shows
a distinct plateau at 3.0 V, which is more
pronounced for the acetate-derived oxide. This
indicates that lithium intercalation into P3-

Recently, we have demonstrated that P3- Nao.s7NiosMngsO; is a two-phase reaction and its
Naos7NiosMnosO, can participate in a series of mechanism is not dependent on the method of

3.2.Electrochemical properties of
Nao.67Nio.50MNo.5002
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oxide synthesis. Based on HR-TEM and SAED, we
have demonstrated a structure transformation from
the P3- to the O3-type of structure during
electrochemical intercalation of Li* into layered
NaxNiosMnos0; at 3.04 V [7]

During the reverse process of charge, both
oxides are clearly distinguished: a higher charge
capacity is achieved for the oxide obtained from the
acetate precursors, i.e. 207 versus 113 mAh g7,
respectively (Fig. 4). These values exceed
significantly the discharge capacity, thus indicating
a possible participation of Na* in addition to Li* in
the charge process. However, it could be taken into
account that additional side reactions (such as
electrode-electrolyte interactions,  electrolyte
decomposition, etc.) take also place above 4.4 V.
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Figure 5 Cycling stability curves of of NNM-Ac (a) and
NNM-NACc (b). The open and close symbols correspond
to the discharge and charge capacity.

The difference in the electrochemical
performances of both NNM-Ac and NNM-NAc
oxides remains during the second discharge: NNM-
Ac delivers a higher capacity in comparison with
that for NNM-NAc, i.e. 115 versus 90 mAh/g,
respectively. This means that about 0.45 and 0.35
mole of Li* is reinserted in NNM-Ac and NNM-
NAc. The important issue is related with an
irreversible capacity after the first charge and
discharge. It appears that the acetate-derived oxide
NNM-Ac has a higher irreversible capacity. The
irreversible capacity diminishes during cycling.
Figure 5 gives the cycling stability curves for
NNM-Ac and NNM-NAc. After several
charge/discharge cycles, a steady state performance
is reached: for NNM-Ac the columbic efficiency
tending to 100% is reached after 5 cycles, while
after 3 cycles NNM-NAc displays columbic
efficiency higher than 97%. During prolonged
cycling, the reversible capacity delivered by NNM-
Ac is significantly higher in comparison with that

for NNM-NAc: 85 mAh g versus 45 mAh/g,
respectively.

The comparison of cycling stability curves
outlines clearly that after the first irreversible
capacity the electrochemical performance of
acetate-derived Naoe7NiosMnesO2 is much better
than that of the nitrate-acetate derived oxide. The
huge irreversible capacity is a specific feature for
NNM-Ac and can be explained if we suggest a
higher reactivity of NNM-Ac towards the
electrolyte leading to the formation of surface
electrochemical interface (SEI). The formation of
possible SEI does not interrupt the reversible
lithium intercalation into NNM-Ac. The same
scenario has recently been established for lithium
transition metal oxides Li1+xM1xO2 having lithium
in excess [15]. The excess of lithium is
accommodated in the transition metal layers by
substituting for transition metal ions. Above 4.4 V,
it has been found that oxides with lithium excess
undergo a structural transformation by releasing of
lithium from transition metal layers in the form of
Li,O, the layered structure being preserved. It is
worth to note that after this structural
transformation a high reversible capacity and a
good cycling stability are achieved. Contrary to
lithium-excess oxides, sodium and transition metals
forms only sodium deficient and sodium
stoichiometric transition metal oxides. Therefore,
we can suppose that the formation of SEI on
sodium deficient oxides obtained from acetate
precursors is most plausible phenomenon. Based on
XPS analysis, we have demonstrated that, in the
course of the electrochemical reaction, the oxide
surface is covered with sodium and lithium
phospho-fluorine-based compounds, which remain
stable during the cycling [6]. This is a consequence
of the reactivity of sodium deficient oxides towards
LiPFs salt in the electrolyte, the reaction being
intensified at potentials higher than 4.4 V [6]. The
important funding of the present study is the
different reactivity of oxides obtained from the
acetate and nitrate-acetate precursors towards LiPFg
salt in the electrolyte. It appears that SEI formed on
oxides contributes to their cycling stability. Further
optimization of the electrochemical properties of
sodium deficient oxides are closely related with the
selection of appropriate electrolyte composition.

4.CONCLUSIONS

Sodium-deficient  nickel-manganese oxides
Naos7NiosMngsO, with a P3-type of structure are
obtained at 700 °C from freeze-dried acetate and
nitrate-acetate precursors. The morphology of both
acetate and nitrate-acetate derived oxides consists
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of aggregates with micrometric dimensions, which
are building from particles with nanometric
dimensions. The density of aggregates shows a
dependence on the type of organic component used
in precursors: nanoparticles are loosely coupled
between them when the acetate precursor is used,
while for the oxide derived from nitrate-acetate
precursor, all nanoparticles seem to be stick
together into more dense aggregates.

Both acetate and nitrate-acetate derived oxides
display reversible lithium intercalation when used
as electrodes in model lithium cells. The better
electrochemical behavior (in terms a reversible
capacity and cycling stability) is observed for
Naos7NiosMngsO, obtained from the acetate
precursor. The good electrochemical behavior is
related with a higher reactivity of acetate-derived
oxides towards the electrolyte leading to the
formation of SEI during the first charge to 4.5 V.
The electrochemically formed SEI has a main
contribution to improved cycling stability.
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BJIUSTHUE HA HAYMHA HA CUHTE3 BBPXY EJIEKTPOXUMUYHUTE CBOMCTBA
HA NazzNi2Mn1202, U3IIOJISBAH KATO EJIEKTPOJAEH MATEPUAJI B INTUEBO-
NOHHU EATEPUN

M. Kansncs3osa*, P. CrosHosa, E. J)Keuesa

Huemumym no obwa u neopeanuuna xumust, bvieapcka akademus Ha Haykume,
Ya. Axao. I'. bonues, 61. 11, Cogpusa 1113, bvaeapus

IMoctenuna Ha 20 roiu, 2015 r. kopurupana Ha 23 okromspH, 2015 T.
(Pesrome)

B Hnacrosmara craTus HHe H3cieIBaMe B JETAIIM BIMSHHETO Ha HauyMHA HAa CHHTE3 BBPXY €JIEKTPOXUMHUYHHUTE
cpotictBa Ha NaxNi12Mn102 ¢ X=2/3 npu U3M0a3BaHETO MYy KaTO €JIEKTPOJ B JUTHEBU KIETKH. 3a MOJYyYaBaHETO Ha
okcuaute Nage7NiosMnosO2, e u3bpan Meroga Ha mpekypcoputTe. To3M METOA ce OCHOBaBa Ha oOpasyBaHe Ha
XOMOT'€HHHU MPEKYPCOPHHU (a3u, KOUTO JIECHO ce MPEBPBLIAT B LIEJIEBHS NPOIYKT Upe3 CepHs OT HUCKOTEMIIEpaTypHU
peakimu. [Ipexypcopute ca monydeHu upe3 jguodummsanus Ha BogHu pastBopu Ha comu Ha Li(l), Ni(ll) u Mn(ll).
W36pann ca aBa BHAAa Pa3sTBOPHMHU COJM: areTaTH W HUTpatd. [Ipm TepmmudaHa oOpaboTka Ha JHOGUIN3UPAHNTE
alleTaTHU-HUTPATHU TIpeKypcopu npu TemmepaTypu Hajx 400 °C ce momyuaBa cioect Nages7NigsMnosOz ¢ P3-Tum
cTpykTypa. TepMUYHUTE CBOWCTBA HA alleTATHUTE-HUTPATHHUTE MPEKypcopu ca maciensand upes DTA/TG anamus.
Kpucrannata crpykrypa u mopdororusra Ha NaxNiyzMniy20; ca uscienBaHu MOCPEACTBOM IPaxoBa PEHTICHOBA
mudppakims 1 CEM ananm3. Enextpoxumuunute cBorctBa Ha Nage7NiosMnosO2 ca uU3ydeHH B MOJCIHHU JIMTHEBH
knetkd. OxcuasT Nage7NipsMngsO, monydeH ot nuoduin3upaHd aneTaTHH OPEKypCOpH IOKa3Ba Io-100pu
SJNIEKTPOXUMHUYHH XapaKTEPUCTUKH [0 OTHOIICHNE HAa 00paTUM KalalUTeT U CTaOWIIHOCT IIPU IUKIMPaHE.
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Zeolites of types Na-A (Linde, LTA) and Na-X (Faujasite, FAU) are perspective adsorbents in environment protection
systems due to their extremely developed surface area and pore size exceeding molecular diameter of variety gaseous
pollutants. Recently, synthetic analogous of these zeolites being obtained of aluminosilicate residues for saving natural
resources. In this study LTA and FAU zeolites were synthesized by alkaline conversion of coal fly ash by different
techniques in order to be further applied for adsorption of carbon dioxide from flue gases. The main key factors
predeterminating the adsorption ability of solids are their surface and porosity characteristics. For these considerations,
selected samples were subjected to surface studies by the help of surface area and porosity analyzer Tristar 11 3020,
Micromeritics. Experimental adsorption/desorption isotherms were measured at 77 K using analytical gas nitrogen 5N.
Specific surface areas (Sger, m?/g) of the investigated samples were evaluated applying the standart multi-point
Brunauer-Emett-Teller (BET) model to the adsorption data. The raw fly ash is characterized with a very low specific
surface area of 10 m?/g, while Sger values for the fly ash zeolites (FAZ) of Na-X type were found in the range of 125-
250 m?/g depending on the synthesis procedures applied. The highest specific BET surface area of 280 m?/g in the
frame of this study was measured for FAU type coal fly ash zeolite, obtained by atmospheric self-crystallization for
about of a year. However, FAZ possess three times lower Sger values in comparison to a referent zeolite Na-X prepared
from pure components. Mesopore distribution was studied by the Barrett-Joyner-Halenda (BJH) model applied to the
experimental desorption isotherms. Micropore volume/area yield was computed from the adsorption data using t-plot
model.

Key words: fly ash zeolites, surface area, porosity, adsorption isotherms
INTRODUCTION adsorbents for carbon dioxide uptake from flue gas

Since tens of years, enormous amounts of ash streams. Physical adsorption of (CO; on .SOI'dS
residues including bottom ash, boiler slag and fly POSSESSEs a numl_Jer of ad\{antag_es In comparison to
ash (FA) are generated all over the world by coal the broadly studied chemisorption by amine-based

spplicd Thermal Power plants (TPP), Recnty, S0 Soniing of el fessbity, o
different approaches for high-value added utilization 9y ption, P

of coal ash in practice have been developed instead gfj\ggisl;sr:[[ltﬁult?t)lzerlj(zsz eo\fvithf)iiorllgsag ar!ijqu(;g::[
of its disposal in landfills [1,2]. Thus, this solid by- P g ’

product became a raw material for production of effectiveness [7]. Pressure (PSA) and vacuum swing
building  materials, composites, agricultural adsorption (VSA) have been considered as the main

amendments, geopolymers, low-cost adsorbents, as potential techniques for cap'gure of CO, f“’m f!ue
well as a source for separation of ferrous oxides gas flows [8,9]. Many studies on carbon dioxide

(magnetite, hematite) or for extraction of titanium sequestration on commercial 5.A .(CQA) an(_:i 1.3X
oxide, alumina, cenospheres, etc. Due to (NaX) zeolites have been done indicating their high

aluminosilicate macro composition of FA, its
conversion into zeolites has been widely
investigated [3,4]. Fly ash zeolites (FAZ) similarly
to their natural and pure synthetic analogies are
perspective  materials for many advanced
applications such as ion-exchangers, molecular
sieves, and adsorbents [5,6]. Making efforts for
finding a solution of global warming by reduction of
the greenhouse gas emissions exhausted into the
atmosphere, zeolites have been studying as potential

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

capacity and preferential adsorption toward CO.
[10,11]. FAZ have to meet a numbers of
requirements mostly directed to their surface
properties for being competitive in practice. The
most recently, the research interest has been
provoked by the FAZ suitability as adsorbents of
carbon dioxide in post-combustion carbon capture
systems striving to develop zero emission TPP [12].
However, the implementation of such innovative
technology claims materials with extremely
developed specific surface area and appropriate pore
size distribution.

This study is focused on the evaluation of the
main surface characteristics of fly ash zeolites of

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 101
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Na-X (Faujasite, FAU) and Na-A (Linde, LTA)
types by experimental adsoption and desorption
isotherms in comparison to those of the raw fly ash
and pure synthetic zeolite Na-X as a referent.

EXPERIMENTAL

FAZ were synthesized by alkaline conversion of
lignite coal fly ash collected by the electrostatic
precipitators of TPP “Maritza East 2” in Bulgaria.
Chemical and phase composition, morphology and
the main thermal properties of the raw FA were
previously studied [13]. Zeolite phases were
obtained by three manners of alkaline activation of
FA, as follows: (1) double stage fusion-
hydrothermal synthesis; (2) self-crystallization of
FA/sodium hydroxide mixtures at room conditions;
(3) hybrid fusion/self-crystallization method. The
influence of the synthesis conditions on the
morphology, phase composition and crystallinity of
the obtained zeolites was investigated [14,15].

Nitrogen adsorption/desorption isotherms of
selected FAZ samples, raw FA and a referent Na-X
obtained from pure starting components were
measured at 77 K using a volumetric adsorption
analyzer Tristar 11 3020, Micromeritics. Samples
were preliminary degassed in a set-up FlowPrep 60,
Micromeritics, at 260 °C for 2 h under helium flow.
BET specific surface areas (Sger, m?/g) were
evaluated applying the multi-point Brunauer—
Emmett—Teller (BET) model for description of the
experimental nitrogen adsorption data in the range
of relative pressures p/po corresponding to formation
of monolayer. Mesopore distribution for the
investigated FAZ, FA and the referent zeolite Na-X
(FAU) was studied from the desorption branch of
the isotherms by the Barrett-Joyner-Halenda (BJH)
model. The theory of the models can be found in
Ref. [16]. Micropore volume/area yield was
evaluated using t-plot model for the adsorption data.

RESULTS AND DISCUSSION
Preliminary studies

The raw FA used for these studies is mostly
aluminosilicate material consisting of SiO, and
Al,O3 in a ratio of 2.25, as their total amount
exceeds 76 wt. %. The amorphous vs. crystalline
part was found to be 43/57. FA was used as a
starting material for synthesis of zeolites by alkaline
activation with sodium hydroxide (NaOH) applying
three different methods for preparation, designated
as follows: (1) atmospheric self-crystallization; (2)
two stage fusion-hydrothermal synthesis and (3)
two-stage  fusion-atmospheric  crystallization.
Synthesis conditions of the investigated samples are
summarized in Table 1, while more detailed
description can be found in Refs. [15,17]. The
obtained FAZ were studied by X-ray diffraction
(XRD) and scanning electron microscopy (SEM) to
identify their phase composition and morphology.
The predominant zeolite phase obtained at different
synthesis conditions is indicated in Table 1.
Nz-adsorption/desorption isotherms

The experimental  Nj-adsorption/desorption
isotherms of the investigated FAZ, starting FA and
referent Na-X zeolite are plotted in Fig.1l. The
isotherms represent the function between the
amount of the adsorbed gas (mmol) by unit mass of
solid (g) and the relative pressure p/po, which is the
ratio between the equilibrium (p) and the saturation
pressure (po) at T=77 K.

The types of the isotherms were described
according to the IUPAC classification (1985). A
thorough analysis of the shapes of different
physisorption isotherms in view of material
structure has been made in Ref. [18]. FA shows a
N2-adsorption isotherm of type Il that is usually
typical for non-porous or macroporous materials
with relatively small specific surface area (Fig. 1).
An adsorption-desorption hysteresis loop of H3
shape, which is normally attributed to materials

Table 1. Synthesis conditions of FAZ samples.

Fusion at Synthesis

Method of FAZ FA/NaOH NaOH Time of FAZ
Sample svnthesis Fatio M 90 °C for temperature, wnthesis  tvbe
y 1 hour °C y yp
A2 Atmospheric self- 1/0.6 15 NO approx.20  240days X
crystallization
Atmospheric self-
A-3 crystallization 1/0.6 15 NO approx. 20 360 days X
FH-5  wostagefusion- ) g 2 YES 90 ahours A
hydrothermal
FH-7 Two stage fusion- 1/2.4 3 YES 90 4 hours X
hydrothermal
FA-1 Two stage fusion- 1/1 2.5 YES approx. 20 30 days X

atmospheric
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containing slit-shaped pores can be observed.
Physical sorption isotherms of type Il have also
been reported for F-class FA in other investigations
[19]. The referent Na-X sample exhibits adsoption
isotherm of type | with a narrow desorption loop
most similar to H4 shape. The adsorption of N2 on
the Na-X zeolite rises rapidly at low relative
pressures p/pe<0.01 filling almost the entire free
volume available, and thereafter the adsorbed
quantity increases slowly attaining a nearly
horizontal plateau. This is indicative for size-
distribution of micropores in a limited range and for
a very small external surface area. Hysteresis loops
of type H4 are also given by slit-shaped pores, but
in this case the pore size distribution is mainly in a
microscale range. Taking into account the narrow
area of adsoption/desoption loop, it can be assumed

that the FAU used as a referent sample is a
microporous material consisting predominantly of
cylindrical pores with a defined pore width, and a
small yield of slit-shaped pores. At p/po>0.95, the
isotherm of Na-X begins to increase indicating the
presence of some macropores [18]. FAZ FH-5
which is predominantly composed of zeolite A
crystalline phase characterizes with an isotherm of
type Il that is very similar in shape to those of the
raw FA. However, some differences can be
observed between the two isotherms that can be
summarized as follows: at FAZ FH-5 the hysteresis
loop is narrower and the adsorption and desorption
branches coincide at p/p, below 0.4, while at FA a
very small deviation between the branches can be
observed resulting in an opened isotherm.
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Fig. 1. Experimental Nz-adsorptioh/desorption isotherms of the raw fly ash, fly ash zedlites and referent Na-X.
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FAZ FH-7, FAZ A-3 and FAZ FA-1 are mainly
composed of Na-X phase obtained from one and the
same raw material by different techniques. The all
investigated Na-X fly ash zeolites exhibit isotherms
very closed to type IV with hysteresis loops of H4
shape. Unlike to the pure FAU, adsorption of N, on
Na-X FAZ takes part slightly in the monolayer
region (less than 2 mmol/g) and much stronger at
higher p/po values. At middle p/po range a
progressive adsorption process takes part leading to
capillary condensation in mesopores. Adsorption
and desorption branches do not go over describing
open isotherms with broad loops, which are
indicative for wide pore size distribution and the
presence of narrow slits. The broadest hysteresis
region is observed for FAZ A-3. Sample FH-7
behaves very sharp adsorption at high pressures
p/po —1, which can be obeyed by macropore filling.
The adsorption capacity of the pure Na-X toward N
at studied conditions reaches about 10 mmol/g,
while those of FAZ varies between 5.0 and 7.5
mmol/g at p/po=1, as the highest values are reached
for ash zeolites obtained by a double stage fusion-
hydrothermal synthesis. FA is characterized by a
negligible N, adsorption capacity around 1.3
mmol/g.

BET specific surface area

The BET specific surface area (Sger, m?/g) of the
investigated samples was evaluated applying the
multipoint Brunauer—Emmett-Teller (BET) method
to the experimental nitrogen adsorption data .
Taking into account the transform contributed by
Rouquerol et al. [20] for adjusting range used for
fitting BET parameters at microporous materials, it
was found that for the investigated FAZ, the
function 1/Q[(po/p)-1]=f(p/po), where Q is the
adsorbed volume, is linear in the range p/po=0.01-

0.05, corresponding to the monolayer adsorption
region, where the BET constant C takes positive
values.

Seer values correspond to the total area, that
includes the external surface of the particles and the
internal surface described by pores. Typical BET
plots for Na-X FAZ and the referent Na-X are
presented in Fig. 2.

It is clearly seen the linearity of the adsorption
functions at p/po=0.01-0.05 and the positive Y-
intercept (C>0), which is indicative for the
reliability of the BET calculations. Into the insertion
in Fig.2, the knee of monolayer adsorption is
presented.

The obtained data for Sger are summarized in
Table 2. Fly ash has a very low BET surface area of
10 m?g, whereas FAZ zeolites possess Sger values
from 6 to 28 times higher. FAZ of Na-X types are
characterized with higher values of BET surface
area than those composed of Na-A phase. The
highest Sger is measured for FAZ A-3 due to its
strongest crystallinity in comparison to the other
samples. Fly ash zeolites of Na-X type have three to
five times lower specific surface area in comparison
to the referent FAU sample. Despite of this and
taking into account the benefits of ecological effect
of FA conversion into zeolites, FAZ of Na-X type
obtained by different techniques are characterized
with sufficient surface characteristics, which make
them suitable materials for gas-adsorption purposes
for removal of different atmospheric pollutants.

Micro- and mesopore volume/area distribution

The internal surface area described by
micropores (Smicro, M?/g) and the micropore volume
(Vmicro, M3/g) was calculated using t-plot model
(Table 2). Macro- and mesopore size distribution

0044 1| T
17 - - - ‘
~§a : BET range limit pe
0.034 = )
= ol i . ; | - A2
Hé_ oo o1 Fralntive s=-n«.<..E~'?9 04 o8 *— A-3
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=A v FH-7
= - l. +— Na-X
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s il +
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Fig. 2. BET plots for FAZ and referent Na-X.
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Table 2. Surface characteristics and porosity of raw fly ash, fly ash zeolites and referent Na-X.

Characteristics Samples

FA A-3 A-2 FH-5 FH-7 FA-1 Na-X
Sger, M?/g 10.4 279.6 262.4 60.7 181.7 146.4 779.8
Smicro, M?/g - 119.4 173.8 - 109.5 455 718.6
Vmicro, CM3/g - 0.048 0.069 - 0.044 0.025 0.275
Smeso/macro, M?/g 13.9 84.6 78.0 77.2 83.8 97.0 62.5
Vmesolmacro, CM/g 0.012 0.116 0.105 0.119 0.103 0.105 0.055
Average mesopore 5.8 5.6 5.7 6.2 5.3 4.8 3.5
width, nm
Average micropore - 1.36 1.29 - 1.33 1.38 1.35
width, nm

0.004

0.003

0.002

0.001

dV/dw Pore Volume (cm¥g-A)

0.000

T T T T T
20 40 60 80 100 120 140 160

Pare Width (A)

Fig. 3. Pore size distribution functions of investigated
FAZ and the referent Na-X.

was studied by the Barrett-Joyner-Halenda (BJH)
model applied to the desorption branch of the
experimental isotherms. The obtained results for
adsorption cumulative surface area (Smesomacro, M?/g)
and cumulative volume (Vmesormacro, CM3/g) of meso-
and macropores with diameters between 1.7 and
300.0 nm, are listed in Table 2. The obtained values
show that the referent zeolite Na-X is mostly
microporous material with a small yield of meso-
and macropores, while FAZ of Na-X type possess
mixed micro-, meso-, and macroporous structure.
Nevertheless, the samples consisting of high
guantity of FAU phase obtained by atmospheric
self-crystallization (A-2 and A-3) and two stage
fusion-hydrothermal  synthesis  (FH-7)  are
predominantly microporous. Evidently, lack of
micropores is observed at FA and FAZ of LTA type,
which corresponds to their isotherms. The highest
yield of meso- macroporosity is observed at the
FAZ obtained by two stage fusion-atmospheric
crystallization.

Pore width distribution functions in the
mesoporous region of investigated FAZ and the
referent Na-X are presented in Fig. 3. Average
mesopore width calculated from desorption data by
BJH method is given in Table 2. The mesoporosity
of FAZ of FAU type and the referent zeolites is
dominated by pores with sizes around 4 nm, while
for FH-5 composed of LTA phase the maximum of
105

distribution function is shifted toward 3 nm but
significant amount of pores with sizes between 4-8
nm can be also observed. That is why, the highest
average mesopore width is obtained at FH-5.
Average micropore width calculated by BET
method varies slightly and is comparable to the
value for the referent Na-X.

The dependence of micropore percentage and the
yield of the Na-X phase is presented in Fig. 4. The
microporosity exceeds as higher is the crystallinity
of the samples obtained by atmospheric self-
crystallization. Sample FH-7 prepared by two stage
fusion-hydrothermal synthesis is characterized with
high yield of FAU zeolite comparable to that at A-3
but contains lower gquantity of micropores.

bed% Na-X =% Smicro
100 —

80 /

o /
S

40 +—

structures

Yield of Na-X phase and micropores in

A2 A3 FH-7

Sample

Fig. 4. Dependence between the yields of micropore
surface area and Na-X phase.

CONCLUSIONS

Fly ash zeolites of Na-X (Faujasite, FAU) type
synthesized from coal fly ash by different
techniques were studied with respect to their surface
characteristics by experimental adsorption and
desorption isotherms. Coal fly ash zeolites of FAU
type obtained by different ways possess similar
adsorption behavior which describes by isotherms of
type IV with hysteresis loops corresponding to a
micro-mesoporous texture. Surface parameters such
as BET surface area, internal micro- and mesopore
surface and volume, as well as pore size distribution
were evaluated applying standard multipoint BET,
BJH and t-plot models to the experimental data. The



S.V. Boycheva & D.M. Zgureva: Surface studies of fly ash zeolites via adsorption/desorption isotherms

obtained results were compared with those for the
raw fly ash and the referent FAU. The highest
specific BET surface area of 280 m?g was
measured for coal fly ash zeolite of Na-X type, and
despite that is roughly three times lower in
comparison to the referent sample, it enlarges fly
ash surface more than 28 times The yield of
micropores in FAU based on coal ash depends on
their crystallinity and the synthesis technique,
whereas the yield of mesopores is dominant at all
fly ash zeolites. Average mesopore width for Na-X
fly ash zeolites was found in a sort range between
4.8 and 5.7 nm, as the main part of the porosity is
due to pores with width about 4 nm, which is
indicative for structural definiteness. It could be
expected that mesoporosity of fly ash zeolites will
facilitate mass transport though the materials which
will be of benefit for their application for adsorption
of gas molecules. Mesopore size will worse their
selectivity in a case of application as molecular
sieves. On the other hand, it could be expected
stronger affinity toward polar CO, molecules that
will decide the drawbacks of structural diversity.
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N3CJIEABAHIMA HA TIOBBPXHOCTHUTE XAPAKTEPUCTHUKU HA 3EOJIMTU OT
JIETALIA IIEIIEJI YPE3 U3OTEPMU HA AZICOPBLIMA U JECOPBLINA

C.B. boituesa, /.M. 3rypeBa*

Texnuuecku ynusepcumem — Coghus, Kameopa ,, Tonnoenepeemuxa u siopena enepeemuxa “,
oya. ,,Knumenm Oxpuocku** 8, Cogpusa 1000, bvreapus

Toctenmna Ha 14 romwm, 2015 r. kopurupana Ha 3 HoemBpy, 2015 T.
(Pesrome)

3eomutute ot Thma Na-A (LTA) u Na-X (FAU) ca mepcrieKTHBHA acOpOCHTH B CHCTEMH 3a ONla3BaHe Ha OKOJHATA
cpena, OaronapeHue Ha M3KJIFOUUTEIHO Pa3BUTATa UM MOBBPXHOCT U pa3Mep Ha MOPUTE, HAJBUINABAIL MOJCKYTHHUTE
MUaMETPHU Ha IUPOKA TamMa Ta3000pa3HU 3aMbpcUTeNd. Hamocieabk MHTCH3UBHO CE CHHTE3UpAT aHAIO3U Ha TE3H
3COJIMTH OT OTIHAIbUHU ATYMOCWIMKATH C IICJ ONAa3BaHC Ha MPHUPOTHUTE PECYpPCH. 3a IICIUTE Ha HACTOSIICTO
usciensane ca cunresupanu LTA u FAU 3eonutu upes ankanHa KOHBEPCHs HA JIETAIIA MEMeN OT BBIVIMINA C OTJICT
MOCJICIBAIIIOTO UM TpWJIaraHe 3a aucopOlusITa Ha BBIJICPOJCH JUOKCHI OT JMMHHU Ta3oBe. OCHOBHHUTEC KIHOYOBU
(dakTopH, MPEeHONPEeNeNN aAcoOpOIMOHHATA CIIOCOOHOCT Ha TBBPIUTE BEINECTBA, Ca TIXHATA TOBBPXHOCT U
MOPHO3HOCT. B Ta3m Bph3Ka ca W3cieIBaHU MOBBPXHOCTHUTE XapaKTEPUCTHKU Ha M30paHu 00pa3yl OT CHHTE3UPAHUTE
BBITIUIHN 3C€0JIUTH C ToMoIITa Ha mopho3uMeTsp Tristar 1T 3020, Micromeritics. IlocTpoeHn ca ekcriepuMeHTATHI
M30TepMH Ha ajacopbuwms u aecopOiws ¢ aHanutuueH ra3 azor SN npu 77 K. Crenuduunara mwiomr (Sger, mzlg) Ha
M3ClieIBaHUTe 00pa3iiy € ONpe/elicHa Ype3 IpuiaraHeTo Ha Mojena Ha Brunauer-Emett-Teller (BET) kbMm ganHuTe OT
ancopOIMOHHNTE M30TepMHU. V3X0aHATA JIeTSAIIA TIETIeNl ce XapaKTepHU3upa ¢ MHOTO HHCKA CIIeII(pHIHA TIOBBPXHOCT OT
10 m?/g, mokato cToifHOCTHTE Ha Spet 3a CHHTe3WMpaHuTe nerneaHn Na-X 3e0MuTH ca B Auama3zona 125-250 m?/g B
3aBHCHUMOCT OT YCJIOBHSITA Ha CHHTE3. B paMKUTe Ha HACTOAIICTO M3CeBaHe, Hall-roysma mosbpxuoct mo BET ot 280
m?/g e usMepena 3a nenesel 3eonut or FAU Tum, mosydeH upe3 caMOKPHCTaIM3alMsl Ha CMeCTa OT JIETsIIa Memerl,
HATPUCBA OCHOBA U BOJA B MPOIBIDKCHUE HA OKOJIO ToAnMHA. Te3u CTOMHOCTH ca 0 TPU MIBTH MO-HUCKH B CPABHCHHUE C
Sget Ha pedepenter Na-X 3¢0JMT, CHHTE3UPAH OT YHUCTH M3XOIHH KOMIIOHCHTH. Pasmpe/esicHueTo Ha ME30IOPUTE Ha
MaTepHAIIUTE [0 pa3Mep € U3UUCIICHO OT JAaHHHUTE OT CKCIICPUMCHTATHUTE JCCOPOIIMOHHN U30TEPMH Upe3 MPHUIaraHeTo
Ha Mmonena Ha Barrett-Joyner-Halenda (BJH). OGembr, miomra ¥ JedbT Ha MHKPOIOPH Ca H3YUCIEHH OT
a7IcCOpOIMOHHKUTE U30TEPMH ¢ TIOMOIITA Ha t-plot Moena.
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