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Based on the theory of electrochemical impedance spectroscopy the ranges of dynamic instabilities leading to
oscillatory and bistable behaviour in a model electrocatalytic process with a preceding chemical reaction in the Nernst
diffusion layer and the potential-dependent adsorption/desorption of electroactive species under potentiostatic
conditionswere compared for a case of spherical, cylindrical and planar electrode.
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INTRODUCTION

The frequent appearance of oscillations and
pattern formation at electrolyte/electrode interface
can be explained by the inherently nonlinear
electrochemical kinetics and far from equilibrium
performance of electrochemical experiments [1-
14].In  impedance  spectroscopy [15, 16],
bifurcations leading to oscillatory and bistable
dynamics can be represented by zero of impedance
or admittance [9-14]. By instabilities, or
bifurcations, we mean a qualitative change in the
dynamical states of a system, occurring with the
attainment of a certain critical, bifurcation value of
the control parameter.

In the paper, we will answer the question
whether a simple change in a form of
electrode/electrolyte interface at fixed values of
other parameters of the electrochemical system can
influence its dynamic behaviour. In a model
process, the electroactive species of one sort are
produced by a preceding chemical reaction, diffuse
from the Nernst diffusion layer to the electrode
surface, where they are adsorbed and
electrochemically oxidized. We consider in detail
derivation of necessary conditions for the Hopf and
saddle-node instabilities in this electrocatalytic
process on a surface of cylindrical electrode and
compare these results with those obtained for the
planar and spherical ones[5-8].

* To whom all correspondence should be sent:
E-mail: gichan@meta.ua

THEORY

The scheme of the model process can be written
as:

K diff K, K, 1
Bpulk <k—Abqu —> Agyrf k<:)Aads — D sPter ( )
2 d

where ki, ko are the rate constants of chemical
reaction in the bulk solution, ki, kq, Ke are the rate
constants of adsorption, desorption and electron
transfer. The last step of the reaction is considered
to be irreversible.

Neglecting the ohmic losses and double layer
influence, the main kinetic equations are:

oc(r,t) 10 oc(rt),
5 _Drar (r—ar )—ke(r,t), (2)
ron0-ntEm. O

Here, c(r, t) is the electroactive species A
concentration, c(r, t) = ¢o + u (u is the concentration
deviation from the equilibrium value ¢, coinciding
with the bulk concentration of species), t —time, r —
distance from the origin of coordinates which
coincides with the center of the cylinder, k = ky+k>
is the effective rate of a preceding homogeneous
chemical reaction, A&t) is the electrode surface
coverage by the adsorbate, I' is the maximum
surface concentration at 6=1, wi(t) andw(t) — the
adsorption-desorption rate and the electron transfer
rate, that satisfy the equations

1 (1) =Tka exp(ya(t)/ 2) c(ry,t) @-O(1)) - (4)
—Tky exp(=y0(t)/2) (1),
v(t) =TK, (1)0(t) =Tk ¢ exp(abE(1) 6(1). (5)
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where 1o is the electrode radius, « is the symmetry
factor of electron transfer in the direction of

oxidation, E is the electrode potential, k, is the
rate constant of electron transfer at E(t) =0,
b=F/(RT), F is the Faraday’s number, R is the
gas constant, T is the absolute temperature, yis the
attraction constant. Positive values of the attraction
constant y correspond to the attraction between
adsorbed species, and its negative values
correspond to the repulsion between adsorbed
species. If attraction is small (y = 0) the Frumkin
isotherm passes in the Langmuir isotherm. Only
positive value of the attraction constant leads to
instability [9, 11].

As follows from egn. (4), for the adsorption-
desorption rate  v4(t)=0, the adsorption-

desorption of species A on the electrode surface
under steady-state conditions is described by the
Frumkin isotherm.

The boundary conditions allow for the fact that
at the electrode surface diffusion flux is equal to the
adsorption-desorption rate, and at the distance that
exceeds dthe bulk concentration of species A is
constant and equal to co

oc(r,t
(o) =D v 9, 0

0(51 t) =Cp. (7
Here J. is the diffusion flux, D is the diffusion

coefficient, =1y+d, d is the Nernst diffusion

layer thickness.

In eqgn. (2), we take into account the variation of
the concentration only in the radius line. The
dependence on the z and ¢ coordinates is absent.

The faradaic current density was determined
according to the following equation

Js (t) = Fvy(t) = FTk, exp[abE()]O(t) . (8)

Steady-State Conditions

Under steady-state conditions, i.e. when
d@/dt=0, oc(r,t)/ot=0, from eqgns. (2, 3)
with boundary conditions (6, 7) one can obtain the
steady-state concentration at the electrode surface
Cq(r=1ry), the steady-state electrode potential

E; and steady-state faradaic current density ¢

104 12
m:Cq +de GStQO e Pst

me + (-6 ) I'k,e

=L prMe (Co —Cst (1))
B = (o) [T RIS RE, ()

Cst (o) = 072 ©)

g = (COQ_C“UO» ' (1)
0
Here m;=D/d, A=vk/D,
o :i[KO(X0)|0(X5)—KO(X(?)'O(XO)]
07 2d | 1 (x5)Ky(%0) + 11 (%) Ko (Xs) )’

X0=|’0\/k/D, X5=(r0+d)\/k/D,

lg(X), Kg(X) are modified zero-order Bessel

functions, 11(X), K;(X) are first-order modified

Bessel functions of first and second kind,
respectively.

The potential is counted off from the zero-
charge potential of the electrode free from species.

Impedance Spectra and System Dynamic
Instabilities

Under potentiostatic experimental conditions,
the studies of linear stability of the electrochemical
system near the steady state are based on analysis
of variation of the impedance zero values under
variation of the electrode potential [9-14]. A Hopf
bifurcation can be realized in the system when its
complex impedance is equal to zero at nonzero
frequency, Z(w) =0 at @ = am # 0 (@ = 2nf, T -
frequency). At Hopf bifurcation point the system
can produce its own undamped periodic oscillations
with frequency aw, S0 in the case of influence on
the system of an external signal with a frequency
exactly coinciding with this value, the external
signal will pass through the system without
resistance [11].

A saddle-node bifurcation can appear when
Z(w) =0 at w= 0, i.e. in points where polarization
resistance of an electrochemical  system
Zp = lim Z; (w) is equal to zero [9-11]. This

o—0

bifurcation initiates in a non-equilibrium system
bistability — the coexistence of two stable steady
states at the same values of the parameters. Which
one is chosen depends on where the system comes
from, i.e. on initial conditions. In this sense the
bistable system has a memory. The saddle — node
bifurcations always come in pairs and lead to
hysteresis.

Calculation of Faradaic Impedance

To calculate faradaic impedance of the system,
its behavior was analyzed under a low periodical

signal AE(t) = AEoei“’t applied in a given point of
the steady-state voltammetric curve
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E(t) = Eq + AEge'™, (12)
where i=+-1, AE, is the amplitude of a low

periodical signal.
In response to this excitation, the electrode
surface coverage @(t), faradaic current density

J¢(t) , and surface concentrationc(ry,t) will
oscillate near the steady — state values, namely
6(t) = Oy +AGE'™,
Jt ()= Jw+AJ5 (E,0),
c(ry,t) =cg (1) + Ac(ry, 0) . (13)
The expression for faradaic impedance in the

Laplace image space F(s)=[ f(t)e 'dt as a
0

function of complex frequency S=o+ jo takes
the form of
- AE(s
Z(S)=——= ) :
Aj (9)
Omitting some mathematical computations, let

us write the resultant expression for faradaic
impedance in the Laplace image space

Z;(5) = Raflr 2020 D)y
I's(1+Qg0.v1) —0gvy
where partial derivatives are designated here
aso,u=o0u/oxand the following notations are
introduced:
o, (Ko(xOs)lo(x&)— Ko<x5s)lo<xOs)j,
45D 1o(X55) K1 (Xos) + 11 (Xos) Ko (Xs5)

Opvo =Tk, exp(abEy), As =+/(k+s)/D,
Xos = lon/(K+8)/ D, X5¢ = (o +d)/(k+8)/ D,
Ogv1=T1{ky exp(—yOst/ 2)[yOst 12-1]+

+ka exp(76st / 2)Cst (1) [y 1—O5p) / 211},
Ocv1 =Tka (105 ) exp(y6s 1 2),

Oi fst
Ry =1/
ct OE

(14)

=1/ FI abk, exp(abEg; )by is the
st
charge transfer resistance.

In our calculations we ignored the electrolyte
resistance and the double-layer impedance. In this
case, the impedance of the model system under
consideration is equal to faradaic impedance, Z=Zx.

Assuming that the double-layer charging and the
faradaic process are not coupled and that the
double-layer capacitance Cgq is associated in
parallel with the faradaic impedance, the interfacial
impedance is given by

-1
Zint = {i-i- ia)Cd| ] . (16)
Zy

The impedance Z of the cell is the sum of the
series resistance Rs and the interfacial impedance
Zint

Z=Rs+Zjy, a7
where R; is the sum of the electrolyte and external
resistance.

It is known that the effect of ohmic resistance on
the impedance spectrum is reduced to a horizontal
shift of impedance diagrams in the complex plane
[10]. This can result in a change in the number of
bifurcation points in the system.

It was shown that the parameter R can regulate
the ranges of Hopf and saddle — node instabilities in
an opposite way [7, 8]. Its increase results in a Hopf
instability region decrease and a saddle — node
instability region increase. There are threshold
values of the parameter Rs critical for appearance
and disappearance of the instabilities in question.
The threshold values of the ohmic resistance
depend on the preceding chemical reaction rate in
bulk solution.

Double layer capacitance does not affect either
Hopf or saddle-node bifurcation points. The effect
of this parameter on the impedance spectrum is
manifested only in the high—frequency region [7,
8].

Determination of Hopf Bifurcation Points

To determine the Hopf bifurcation points,

impedance zero points were studied under electrode

potential variation. The impedance zero points were
found according to the following equation:

Z=Rs+Zjy =0. (18)
In order to satisfy condition (18), it is necessary
that
Re[Z]=0
(19)
Im[Z]=0.

One can solve the system of equations only
numerically.

Determination of Saddle-Node Bifurcation Points

To determine saddle — node bifurcation points,
the solutions of the following equation were studied
numerically:

Zp+Rs =0, (20)
where polarization resistance of  the
electrochemicalsystem is
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Ogvo(L+ Qoac‘/l)} 1)
V1 '

In order to pass from the Laplace space to the
Fourier space, it is necessary to perform a
substitutions =iw.

In the model calculation, the following values of
system parameters were assumed: I' = 107°
mol/cm2; v = 8; I'ka = 0.1 cm s7;I'kq =107 mol/cm?
s; ke=10st D =10°cm?s; a =0.5; d = 103cm;
co = 7.5 10"°mol/cm?; ro = 10-“cm (for spherical and
cylindrical electrodes);Cq =2.5 10°F cm?; F =
96484 C/mol; T = 300 K; R = 8.314 J/mol K;
b=F/(RT) = 38.7 V'1; k = 10s%; Rs=0.3 Ohm cm?.

All numerical calculations were performed on
the basis of the mathematical package
Mathematica™.

RESULTS AND DISCUSSION

Fig. 1 schematically presents a cylindrical
electrode of radius ro and the Nernst diffusion layer
with thickness d, where concentration of
electroactive species varies. At the distance that
exceeds & the bulk concentration of species is
constant. The variation of the concentration is taken
into account only in the radius line. The
dependence on the z and ¢ coordinates is absent.

Zp =Re{l-

d
-+ :
I
I E) .

Fig. 1. Schematic presentation of cylindrical
electrode of radius ro and Nernst diffusion layer of d
value.

As shown by the performed calculations, the
steady-state polarization jwi, Est - curves are N-
shaped form with the negative differential
resistance (NDR) region. Two opposite factors

10

determine the current value in the model process:
the increase in the potential and the decrease in the
concentration of electroactive species in the near-
electrode layer due to the adsorption. The later
depends on the potential in the non-linear fashion.
When the diffusion rate of electroactive species is
equal to the rates of processes occurring on the
electrode, the voltammogram contains a maximum.
If the rate of consumption of reacting species is
predominant, the faradaic current decreases due to
the insufficient rate of their delivery from diffusion
layer, while the potential increases.
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Fig. 2. (a) Nyquist diagrams of the behavior of total
cell impedance normalized on charge transfer resistance
in a complex plane at the Hopf bifurcation points (H1)
for the case of planar (1), cylindrical (2) and spherical
(3) electrodes. Dependences of (b) absolute impedance
and (c) impedance phase angle on logw at the
bifurcation points.

This is the range of the NDR. The Hopf and
saddle-node bifurcation points are in this region.
The current density value is the smallest for the
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case of a planar electrode; it is the largest for the
case of a spherical electrode.

Figs. 2a-2c and Figs. 3a—-3c show the Nyquist
and Bode diagrams for total cell impedance
calculated according to formula (16) in the Hopf
(H1) and saddle-node (SN1) bifurcation points for a
planar, cylindrical and spherical electrode (table).

Table 1. Parameter values of the electrochemical
system at the bifurcation points.

ElectrodeBifurcation

2
form point wlHz 0 i/ A cm Es/V
Hi 110 0.583 0.00760  0.13455
SN1 0 0.374 0.00545  0.14028
plane
SN2 0 0.232  0.00330  0.13901
Ha 114 0.178  0.00269 0.1421
Hi 152 0.565 0.02427  0.19618
cylinder SN1 0 0.442  0.02016  0.19927
SN2 0 0.214  0.00916  0.19606
Ha 136 0.188 0.00823  0.19717
Hi 97 0567 0.05239  0.23575
SN1 0 0.544  0.05080  0.23629
sphere
SN2 0 0.198 0.01622  0.22953
Ha 59 0.196 0.01605  0.22959

For chosen values of the system parameters
there are two Hopf bifurcation points for all
electrodes. Let’s consider the behavior of
impedance in a complex plane at the Hopf
bifurcation points H; (Figs. 2a). At the low-
frequency range in the Nyquist diagram, there is a
loop with a negative real part of impedance that
indicates the existence of instability in the system.
This inductive loop decreases as symmetry of
electrode increases, i.e. for a planar electrode this
loop isthe largest, for a spherical electrode it is the
smallest. Such change in electrode form leads to a
change in a form of conductive loop with positive
real part of impedance. The absolute impedance,

Abs[Z(w)/Ry], turns to zero in the Hopf

bifurcation point at w=wn (Figs. 2b, 2c). This
bifurcation frequency is different for case of planar,
cylindrical and spherical electrode. In the Hopf
bifurcation point the functional dependence of the

impedance  phase angle Arg[Z(w)/Ry] on
logw changes drastically.

-Z ”[CJ}I."R ot

AbS[Z(w)Rat]
12}

1.0}
0.8t

0.6t

L

Fig. 3. (a) Nyquist diagrams of the behavior of total
cell impedance normalized on charge transfer resistance
in a complex plane at the saddle-node bifurcation points
(SN1) for the case of planar (1), cylindrical (2) and
spherical (3) electrodes. Dependences of (b) absolute
impedance and (c) impedance phase angle on log o at
the bifurcation points.

The Nyquist diagrams in the saddle-node
bifurcation points SN; are presented in Fig. 3a. An
inductive loop with a positive real part of
impedance increases as the symmetry of electrode
decreases from spherical electrode to planar one. A
conductive loop with a positive real part of
impedance also changes. A decrease in the
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symmetry of electrode results in a decrease in
absolute impedance and change in its phase angle
for bifurcation points under consideration.

CONCLUSIONS

Thus, we can conclude that a simple change in a
form of electrode/electrolyte interface can change
the dynamic stability of the model electrocatalytic
process with a preceding homogeneous chemical
reaction in the Nernst diffusion layer and the
potential-dependent  adsorption/desorption  of
electroactive specieson the electrode surface under
potentiostatic conditions. The analytically derived
expression for total cell impedance allows us to
investigate the possible realization of the Hopf and
saddle-node instabilities in the electrochemical
system in case of a spherical, cylindrical and planar
electrode.

The region of bistability is wider for a spherical
electrode than for a planar electrode. In contrast to
this a decrease in the electrode symmetry is the
reason for the Hopf instability region increase.
Varying a form of electrode we can vary frequency
of spontaneous current oscillations n. This
presents the way of possible control of dynamic
behavior of real electrochemical systems.
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The data basis available for Battery management systems (BMS) is mandatory for a proper operation. For now high
dimensional and offline gathered datasets describing the batteries behavior are the basis of algorithms implemented in
BMS. In the laboratory, Impedance Spectroscopy (IS) for battery characterization is used for many years. As this
method requires a high effort in both, hardware and software, Impedance spectroscopy was limited to laboratory
applications. In this paper an approach to provide IS for online battery characterization as support for BMS is presented.
Thereby challenges related to hardware and signal processing are considered. The developed approach is capable of
doing IS measurements for each of the batteries in a stack of four.

Keywords: battery management, battery diagnosis, digital signal processing, cyber-physical system, impedance

spectroscopy

INTRODUCTION

In different applications like electric vehicles
and stationary energy storage, high power/energy
cells are the most expensive part. For proper and
safe usage, extensive knowledge about the batteries
and their current state is necessary for both
management hardware and system designers. In the
laboratory Impedance Spectroscopy (IS) is an
adequate  method to investigate internal
electrochemical processes as charge transfer and
diffusion [1]. Thus the complex transfer function is
fitted to a model and used to rate the state of the
battery [2], [3].

For batteries the measurement is usually done in
a frequency range from about 10 mHz to 1 kHz [2].
IS has been prevented to be applied to mobile
applications for several reasons: the required
measurement time in combination of the wide
frequency range needed to be covered with the
measurement, the drift of the battery voltages as
well as high cost for measurement equipment.

To overcome the mentioned challenges multiple
problems needed to be faced: a proper perturbation
sequence with minimal hardware requirements as
well as a data analysis with low effort in memory
consumption and computational power.

Other approaches do not provide measurement
of impedance spectra in a wide frequency range
from a few mHz to kHz for low ohmic test items.
Usually one or more of the following aspects are
required: acomplex hardware for pulse forming i.e.

* To whom all correspondence should be sent:
E-mail: thomas.guenther@etit.tu-chemnitz.de

using the AD593 [4], [5] or other DAC hardware
like presented from TI [6], a measurement time of
more than 5 minutes in the case of not using
multispectral perturbation, a high memory load for
data processing using FFT based determination of
spectral components. The presented approach omits
all of these issues.

APPROACH
Impedance spectroscopy on batteries

Fundamental for Impedance Spectroscopy on
batteries is their interpretation as systems described
by a transfer function as the complex frequency
dependent impedance. Effects present in batteries
like contacts, electrode reactions, diffusion show
different reaction rates. They have a different
impact on the transfer function depending on the
investigated frequency. By applying a frequency
varying perturbation signal to the investigated
system a differentiated view on the effects of
interest [1] is performed. For low ohmic systems
like batteries perturbation by modulated current is
used. Therefore, the superimposed current acting as
the perturbation signal as well as the corresponding
voltage, the response signal is measured and
transformed into the frequency domain. Division of
the voltage and current in the frequency domain
yields the complex impedance.

In laboratory applications usually AD/DA
hardware in combination with power amplifiers are
used to do IS measurements. Sampling rates of
several kHz as well as resolutions up to 24bit for
commercially available devices like N14461 fulfill
all technical requirements for IS measurements on

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 13
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batteries in the target frequency range. Further
signal processing i.e. using Matlab as well as model
based system identification are state of the art on
PC based post processing. The need of partially
saving measurement data as well as the complexity
of the measurement and pulse forming hardware for
the current perturbation has limited this approach to
the laboratory. Consequentially a modified
approach regarding the used perturbation sequence
lowering the effort for HW and SW and an
alternative for FFT based methods is required to
provide IS measurements in embedded systems.

Signals for system identification

Besides perturbation sequences with one
spectral components other signals like noise, mixed
sine, or multilevel signals are available for system
identification [7] see Fig. 1. Depending on the
requirements of the target device under test and the
target application a proper signal needs to be
selected for perturbation.

The following main aspects are critical for the
selection of a proper perturbation sequence:
coverage of the target frequency range, the signal to
noise ratio (SNR), the maximum magnitude,
fluctuation and the overall time needed for the
measurement.

Noise has a continuous spectrum with a flat or
frequency proportional dependency of the
magnitude in the frequency domain. This provides
a high dense observation of the transfer functions
characteristics. Other signals like stepped sine or
multisine concentrate the energy on selected
spectral components. This is positive in terms of the
SNR for the measurement. For a proper observation
of effects in the battery, a linear distribution of the
spectral components in the logarithmic frequency
representation is required. This can be achieved by
steppedsine and multisine signals easily.

Further optimization for the requirements of
system identification is the criterion of linearity
having a small magnitude of the perturbation

sequence consequently. Tuning the spectral
properties of a multisine signal the maximum value
can be optimized using the method called
“Frequency domain swapping algorithm” [8], [9].
Other empirical approaches also exist to optimize
multispectral signals [10]. Time consuming
optimization of the parameters describing the
perturbation sequence can be done offline on a PC.
Either the optimized signal or the set of parameters
is stored in the target application later.

Optimizing criteria of the perturbation sequence
are the maximum magnitude and fluctuation. Both
of them are improved as the crest factor (CF) of
multispectral signals is minimized. The better
multisine signals are optimized for the CF the more
they behave like a multilevel signal in the time
domain having adjusted spectral properties
matching the required spectral properties
(distribution and magnitudes) at the same time. By
limiting the available magnitude levels the
optimized multisine signal becomes a binary
switching signal.

For binary signals high compression in the data
representation allows an offline optimization of the
signal properties and save the optimized signal in
the program code of the target application. By this
approach the effort during perturbation for the
software can be reduced to a minimum as the
sequence is iteratively used to set the superimposed
current to be on or off.

The perturbation of the device under test needs
to be realized using a hardware as simple as
possible. In embedded applications powerful pulse
forming hardware i.e. for sine pulse forming is too
complex. The most suitable approach according to
the binary switching state signal for excitation is a
pulsed current. In combination with a simple switch
using one MOSFET and a load resistance a
multispectral excitation of a battery can be realized
at minimum effort in hardware and software.
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Fig. 1. Commonly used signal types for system identification; noise left, sine based center and amplitude modulated
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Signal processing

Multispectral ~ signals reduce the overall
measurement time by packing the information into
parallel information paths, the frequencies. A well-
known method to separate the information is the
Fourier transformation. For a system of four
batteries about 10 MByte of measurement data arise
during the measurement. The FFT needs to save
and reorder the measured data. Therefore the data
analysis using FFT implementation is performed
after the measurement only on saved data.

An alternative approach to compute the spectral
properties of a signal is the GOERTZEL
algorithm[12]. The GOERTZEL algorithm
describes an IIR-filter approach to act like a single
bin DFT. In the case of a known set of frequencies
multiple GOERTZEL filters can be used to detect
the frequency components a measured signal.

Further optimization have been found to split the
computations needed for the GOERTZEL filter into
a recursive part (see Fig. 2) updated with each new
measured value and a feed forward part to correct
the phase angle of the calculated spectral property
of the tuned frequency. The non-recursive part
needs to be calculated only once after the
measurement is finished. This approach is called
sliding GOERTZEL algorithm [13], [14]. As the
frequencies contained in the perturbation sequence
are known, domain transformation can be limited to
those frequencies.

Tuning the Feedback parameters of the IIR filter
the resonant frequency of the filter stage is matched
to the frequency of interest. Using filter banks
consisting of multiple parallel operating filters
tuned to different spectral components a filterbank

is constructed. Modern DSP cores with their
MAC/SIMD extensions [15] allow fast and
efficient transformation of the measurement data
from time to frequency domain with low effort in
computation time and memory consumption using
the filterbank approach.

L

&)

Fig. 2. Recursive part of the GOERTZEL filter
acting as single bin dft calculator; the no recursive part is
not shown

Comparing both approaches, the FFT and
GOERTZEL filter based time to frequency domain
transformation the calculated phases as well as the
magnitudes show very small relative deviations of
less than 5-10°. The analyzed multispectral signal
has been designed to have equivalent magnitudes of
target spectral components with tuned phase angles
(see Fig. 3). The spectral components are shown
versus frequency index. The GOERTZEL filter
bank approach can be used to perform domain
transformation instead of using FFT algorithms
consequentially having a reduced effort in memory
consumption and a simultaneous calculation of the
spectral properties as benefits.
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Fig. 3. Comparison of the determined spectral properties of a multisine signal for the FFT (reference) and
GOERTZEL(GA) filter bank approach
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AAAAA

Perturbation

4 channel
AC voltage
measurement

AC current
measurement

Power supply

Signal
conditioning

Fig. 4. Developed frontend to perform broadband multispectral impedance measurements using a standard

development kit from ST.
Hardware

The developed Hardware (Fig. 4) covers all
required aspects to perform IS measurements for
perturbation, measurement, signal conditioning and
signal processing. Basis is the STM32f4 discovery
board [16].

It provides MAC/SIMD extensions for signal
processing, multiple AD-converters as well as
integrated timers for controlling the perturbation,
channel selection and the measurement. The PCB is
designed to be a frontend to the development board
performing IS measurement being stacked to it.

Components for perturbation of the batteries
connected to this board are placed in the upper left
part. A MOSFET is used for discharging the
batteries over a current limiting resistor and a shunt
for current measurement. The offline optimized
binary sequence is used to control the current flow
by setting the MOSFET’s conduction state. As the
batteries are in series, all of them are perturbed
simultaneous.

The AC components for both the current and
voltages for each cell is decoupled using
differential operational amplifiers. Forvoltage
measurement an analog multiplexer is used to
reduce the number of components for further signal
conditioning.  This  implies  programmable
amplification and level shift to match the ADC
input voltage range of the development board. For
current signal conditioning there is no need for a
programmable gain as the dynamic range of the
current during perturbation is fixed to the cell
voltage in contrast to the temperature dependent
voltage response of the batteries.

16

CONCLUSION

The presented approach provides broadband
multispectral impedance measurement on a low
cost hardware with limited computation power. Key
features of the presented approach are: binary
sequence for fast and broadband impedance
measurement, simple HW for perturbation using a
switching MOSFET, no separate current source by
using the battery stack as source and DUT at the
same time, adapted algorithm for signal processing
by using GOERTZEL. Thus i.e. Dbattery
management systems can be supported by online
measured  data  describing the  dynamic
characteristics of batteries.
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My.TITI/ICHeKTpaJ'IHI/I HUMIICJaHCHU U3MEPBAHUA BEB BI'palCHHU CUCTEMU
T. I'tontep’, I1. Bromen, O. Kanoyn
Texnuuecku ynugeepcumem Kemnuy, Patixenxaiinep wpace 70, Kemnuy, I'epmanus
[octpnuna Ha 15 okTomBpH, 2014 T.; Kopurupana Ha 4 anpui, 2015 r.
(Pestome)

bazata naHHM nocThIHA 3a cUcTeMH 3a ympaieHue Ha Oatepun (CYDB) e 3agbiokurenHa 3a yCTaHOBSIBAHE Ha
MOIXOMASAI] PEKUM Ha paboTa. 3a cera MHOTO-MepHU OQuaiiH CUCTeMH 3a ChOMpaHe Ha 0a3u JaHHU OIMUCBAIIU
IIOBCACHUCTO Ha 6aTepI/II/ITe ca OCHOBHUA H3TOYHUK Ha aJrOPUTMUTE U3NOJI3BAHU B CYB I/IMHCI[aHCHaTa
cnekTpockomnus (MC) 3a xapakrepusupane Ha OaTepUH ce U3I0J3Ba B JTaOOPaTOPUsITa OT MHOTO TOAMHU. T'hil KaTo TO3U
METOJl M3UCKBA 3HAYUTEIHH XapAyepHU U COPTYepHH YCHJIMsS, U3MOJI3BaHETO Ha VMIeqaHcHa CHEeKTpOCcKomus Oeire
OTpaHUYeHO 10 J1aOOpaTOPHUTE MPHUIOKEHHS. B Ta3u cTarvs € MpejcTaBeH MOIXOJ 3a MPEOCTaBsSHE HA OHJIAWH
xapaktepusupane ¢ nomoia Ha MCB noaxpena Ha CYB. Pasrnenanu ca npeAn3BUKATEICTBATa CBP3aHU C Xapayepa
0o0paboTkata Ha cUrHaau. Pa3pabOTeHHAT MOAXOJ € B CHhCTOSHHE Ja MOMOTHE MpH ochinecTBsiBaneto Ha KC
H3MEpBaHus 32 BCsIKa OT OaTepuuTe B CTAaK OT YETUPH Ha Opoii baTepuu.
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Two different equivalent circuits can be derived from kinetic equations obtained for consecutive charge transfer with
the formation of soluble intermediate. Their description codes are: Ro(R1W1)(C2W-) and ([RsWs][RsWa4]) (elements in
series are given in square brackets, and elements in parallel are enclosed in parentheses). Both circuits are
indistinguishable, if and only if a certain interrelation between R1,W1, W, and C; is satisfied. Then, upon a proper choice
of parameters, both EC display the same impedance spectrum at all frequencies. All faradaic elements are interrelated
and each of them depends on the characteristics of the overall process. Neither of EC elements can be attributed to the
separate charge transfer step. Though the EIS data obtained for the Cu|Cu(ll) system can be described by either of the
two EC, the second EC is preferred due to its simplicity and more clear physical sense.

Keywords: Electrochemical impedance spectroscopy, consecutive charge transfer, equivalent circuit, copper(ll)

reduction.

INTRODUCTION

Consecutive charge transfer steps are typical of
the most electrochemical processes including
deposition and dissolution of metals. To study
processes of this kind, different transient techniques
were applied, including the electrochemical
impedance spectroscopy (EIS). A proper analysis of
impedance spectra makes it possible to determine the
kinetic ~parameters simultaneously with the
characteristics of the double electric layer. In so
doing, the adequate equivalent circuits (EC),
comprising characteristic features of the system, are
commonly employed. However, sometimes they
lack substantiation and, as a consequence, the
physical meaning of EC elements is treated at
random. Recently the utility and limitations of using
equivalent circuits to analyse EIS data for
electrochemical reaction mechanisms have been
reviewed [1]. We sustain the position [1, 2] that the
preferable circuits should follow from the
mathematical expressions derived for the
appropriate theoretical models.

In this communication, we focus on the case of
step-wise charge transfer processes involving the
formation of stable, solution-soluble intermediate
that is capable of diffusing from/towards the bulk of
solution.

* To whom all correspondence should be sent:

E-mail: arvydass@ktl.mii.lt

The consecutive charge transfer involving
adsorption steps has been considered by Grafov [3]
and a rather complicated EC containing 11 elements
was obtained. More simple cases arise when the
elctrochemical process is controlled by charge
transfer and diffusion and adsorption steps are
ignored. In previous studies, a theoretical analysis of
the faradaic impedance has been performed provided
that the final product is also soluble [4-6]. Next, the
relationships obtained in Ref. [4] have been
extended for the case when an insoluble final
product (e.g., metal deposit) is formed [7]. No EC
was proposed in the previous investigations [4, 5]
until it was found [6] that the general impedance
expression corresponds to an equivalent circuit
consisting of five elements that, according to the
authors, “have no sensible physical meaning”. At the
same time, we proposed another EC [8], which
rigorously followed from analytical expressions and
contained less sub-circuits. So, two different EC
have been proposed for description of the same
mechanism.

To avoid confusion in this situation, we made an
attempt to analyze both EC so as to clarify their
possible interrelation. Theoretical regularities are
compared with EIS data obtained for real Cu|Cu(ll)
system capable of generating stable intermediate Cu*
ions. Surfactant-free Cu(ll) solutions were selected
in an effort to minimize adsorption effects. EIS
characteristics of the processes involving adsorption
of intermediates are available elsewhere [9].

18 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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EXPERIMENTAL

Solutions were prepared using thrice-distilled
water, CuSO. - 5H,0 (Mallinckrodt, USA, chlorides
less than 0.005%), and H2SO4 (high purity, Reakhim
Russia) as a supporting electrolyte. They were
deaerated before experiments with argon stream
over 0.5 h. To prepare the working electrodes, a Pt
wire of 0.36 cm? surface area was coated with 5-7
um thick copper in the solution containing (g dm):
Cu2S04-5 H,0 — 250, H2SO4 — 50. Polycrystalline
layer with well-exhibited crystallographic edges and
faces was formed. Copper crystallites as large as 1
4 um imparted a particular roughness of the surface.

Impedance measurements were carried out under
potentiostatic conditions at the open-circuit potential
within the frequency (f) range from 0.05 to 5x10*
Hz, using a Zahner Elektrik (Germany) IM6
impedance spectrum analyzer. The amplitude of the
imposed sinusoidal perturbation of the electrode
potential was 5 mV. Computer programs elaborated
by Boukamp [10] were used for analyzing
impedance spectra.

The electrode potential E was measured in
reference to the Ag | AgCI | KCl(sat) electrode and
was converted to the standard hydrogen scale. All
experiments were performed at 20 °C.

RESULTS AND DISCUSSION

As has been reported [6], the faradaic admittance,
derived by Armstrong and Firman [5] for the

mechanism O + e =Y, Y +e =R, can be expressed
as

Ye = 2o = W)
R;l(1+b/\/§)/(1+c/\/§+d /s)’

where the complex variable s = iw; i and w stand for
the imaginary unit and angular frequency,
respectively. Notice that the general relationship
obtained by Despic¢ et al [4] also takes this form.
Generally, equivalent circuits contain constant
phase elements (CPE) with the admittance Y = Yos".
The CPE transforms into resistance (R), Warburg
impedance (W), capacitance (C), or inductance (L),
when the exponent n takes the value of 0, 0.5, 1 or -
1 respectively [9]. Accordingly, the admittance of
the specified circuit elements may be written as 1/R,

Yo /s Csor 1/Ls. When analogous terms are found
in the impedance expression, there is no difficulty in
understanding the structure of the adequate EC.

Hence, to discover the EC compatible with Eq. (1),
the certain its rearrangements should be made.

The analysis performed shows (for details see
Appendix) that two different EC follow from Eq. (1).
The faradaic subcircuit of the first EC was composed
by Rueda et al [6]. Upon supplementing with non-
faradaic elements, this EC N1 takes form shown in
the upper part of Fig. 1. According to Boukamp [10],
its description code may be written as:
Ro([Re(R1W1)(C2W2)]Za)). Here, elements in series
are given in square brackets, and elements in parallel
are enclosed in parentheses.

Fig. 1. Two equivalent circuits for consecutive
transfer of two electrons. Faradaic elements are connected
with solid lines. The ohmic resistance of the solution, R,
and the double-layer impedance, Zq, are the non-faradaic
elements

Though the magnitude and the frequency
dependence of Yg are essentially controlled by four
parameters (see Eg. (1)), the faradaic subcircuit
contains more (five) elements. For this reason, the
specific link between faradaic EC elements occurs:

C2=RiYoiYo2 (2)

where Yo: and Yo are constants of the respective
Warburg admittances (see above).

The faradaic circuit of another alternative EC N2
(lower part of Fig. 1) contains less (four) elements
displaced in two parallel [RW] subcircuits. Both
foregoing EC vyield the same impedance spectra, if
and only if the condition (2) is satisfied. As this takes
place, the interrelation between elements of the two
EC is given by equations (A.4)-(A.8). Besides, as the
analysis shows, both circuits follow from Grafov’s
EC [3], when the adsorption states are neglected,

The ambiguity of EC is well known in the EIS
theory. For instance, two different EC are also
possible in the case of two sequential one-electron
reaction steps with an adsorbed intermediate, in the
absence of mass transport control [11]. They are
completely interchangeable and can be transformed
into each other. However, the case discussed in the
present article is somewhat different owing to the
constraint given by Eq. (2).
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We made use of both EC in fitting experimental
impedance spectra, obtained for Cu|Cu(ll) system,
where quite stable intermediate Cu* ions are formed.
Considering the non-ideality of the working
electrode, the CPE Qq was applied for representing
the properties of the double layer. At the same time,
to employ Eqns. (A.4)-(A.8),we tried to retain ideal
faradaic elements W and C. Typical experimental
result is shown in Fig. 2. The most part of Nyquist
plot presents an arc centred below abscissa axis. On
the elimination of non-faradaic elements, this arc
constitutes a quarter of circle.

| R,=0.458 0 om’

Q,
20| Yo=1867x107 0 em? 87
n=0828

Fig. 2. Nyquist plots of total impedance (circles)
obtained for 0.01 M CuSO4 and 0.6 M H,SO, solution at
the open-circuit potential equal to 0.245 V vs. SHE. The
residual plot (triangles) was obtained on the elimination
of displayed non-faradaic elements

0.01 M Cu(lly
0.6 M H,S0,

1Z|/ Qem®, v/ deg

log (f/ Hz)

Fig. 3. Experimental (symbols) and simulated (lines)
spectra of the impedance modulus, |Z|, and the phase shift,

]

Fitting procedures performed with EC N2 show
rather rapid convergences. When containing
Warburg elements, this EC describe experimental
spectra with error ~ 2% (Fig. 3).Even better results
(~1% error) are obtained on substitution of Q for W.
Non-faradaic elements are given in Fig. 2; the
faradaic ones are as follows: R; = 53.6 Q cm?, R4 =

20

7.22 Q cm?, Yo3 = 0.106 Q1ecm?2 %3, Yo, = 5.5x10%
Q 1 ecm? s%°, The same results of simulation are
obtained with EC N1 and faradaic elements
recalculated with Eqgns. (A.4)-(A.8): Ro = 6.36 Q
cm?, R1 = 47.0 Q cm?, Yor = 7.08x10* Q1 cm? 09,
Yoz =0.107 Qtcm? %5, C, = 3.55 mF cm™.

Fitting with EC N1 operated less successful and
did not improve the results obtained with EC N2.
The main weakness consists in the elevated
uncertainty in determination of some elements,
especially of C,. This supposedly arises from the
restriction given by Eq. (2). Besides, the EC N2 is
preferable due to more clear physical sense. For
instance, in the case of metal deposition, the
following relationships are valid under the
equilibrium (open circuit) conditions [7,8]:

jor + Jop = (RT/F)1/Ry +1/R,), (3)

1/ Jor +1/ o, =

, (4)

(R, + R, N1/ ¢, + 4/cY)/[(o-3 + o-4)F\/5]
where jo1 and jo1 are the exchange current densities
of charge transfer steps, co and cy are the equilibrium
concentrations of O and Y species (of Cu?* and Cu*
ions). Warburg coefficients (c) have their common

meaning with o =1/~/2Y, . With D = 5x10%cm? s

Land [Cu*] = 77 umol dm= [12], these relationships
yield jo1=0.09 mA cmand jo. = 3.8 mA cm™. Since
Egns. (3) and (4) are symmetric with respect to R and
o, the established j values may be counterchanged.
Therefore, to determine the rate-determining step,
extra data should be invoked.

It can be seen from Egns. (3) and (4) that R; and
R2 represent the charge transfer kinetics, whereas W,
and W; is characterized by both the charge transfer
and the semi-infinite diffusion. We wish to
emphasize particularly that all faradaic elements are
interrelated and each of them depends on the
characteristics of both steps. Close inspection of
mathematics regarding similar but adsorption-
complicated processes [13] shows that this
conclusion is more general and might be extended to
more complex mechanisms. Otherwise, the attempts
to construct EC with elements attributed to separate
charge transfer steps, as is done in [14], seem to be
questionable. The second EC was successfully, to
our opinion, employed in the investigation of Cu(ll)
systems containing such surfactants as oligomers of
ethylene glycol [12] and other polyethers [15].
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CONCLUSIONS

Two different faradaic equivalent circuits,
R.(R1W1)(C2W2) and ([RsW3][RsWa]),can be derived
from Kkinetic equations obtained for consecutive
charge transfer with the formation of soluble
intermediate. Both circuits follow from Grafov’s
EC, when the adsorption states are neglected,

The aforementioned circuits are
indistinguishable, if and only if a certain
interrelation between Ri, W1, W> and C; is satisfied.
Then, upon a proper choice of parameters, both EC
display the same impedance spectrum at all
frequencies.

All faradaic elements are interrelated and each of
them depends on the characteristics of the overall
process. Neither of EC elements can be attributed to
the separate charge transfer step.

Though the EIS data obtained for the Cu|Cu(ll)
system can be described by either of the two EC, the
second EC is preferred due to its simplicity and more
clear physical sense.
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APPENDIX
It follows from Eq. (1) that
Z. =R, +{U/R, +Yos

+(Co5+Yopis)
whereR; =R (c—b)/b, Yy =1/R (c-b),
C2 :1/ Rood y Y02 :b/Rood .

Eq. (A.1) shows that the faradaic circuit should
include the resistance R., that is in series with two
other subcircuits whose admittances are given by
two respective denominators in this equation. The
terms 1/R;and Yo, /s testify that the first subcircuit
contains Riand Wi in parallel. Similarly, another
term in the parenthesis suggests the parallel
connection of C, and W in the second subcircuit.

At the same time, another form of Eq. (1) is
possible:

)71 (A1)

Yo = (R, +1/Yys)
+ (R4 +1/Y,, \/g)il
It follows from the identity of Eqgns. (1) and
(A.2) that
b= (1/Y03+1/Yo4)/(R3+R4),
c= 1/R3Y03+1/R4Yo4,
d =1 / R3 R4Yo3 Yo4 . (A3)

Eg. (A.2) shows that alternative faradaic EC,
namely ([RsWs][ RaWa]), is possible. It contains two
parallel [RW] subcircuits. Both EC yield the same
impedance spectra, when their elements are chosen
according to the following equations:

R =R, (R32 Yos + Rme )/ [Rs R, (Y03+ Yos )]  (A4)

Y01 =
R3 R4 (R3 + R4 )YquO‘l /[(R32Y03 + RjY04 )Roc ],
Yoo = RaRy (Yoz +Yos )/[(Rs + Ry R, ], (A6)
CZ = R3R4Y03Y04 / Roov (A?)

1/R3+1/Rs=1/Rs (A.8)
The latter relationship also follows from EC
structures, as the limiting case when o—o.

[(A2)

(A5)
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A. Survila: Equivalent circuits for electrochemical reaction involving consecutive charge transfer steps

EKBUBAJIEHTHU CXEMU HA EJIEKTPOXUMNWYHA PEAKIMA BKIIIOYBAIIIA
[TOCJIIEAOBATEJIHU CTBIIKU I[TPU ITPEHOCA HA 3APS /]

Apsunac Cypsuia
Llenmvp 3a pusuuecku nayku u mexnonoeuu, Hucmumym no xumus, A. I'ocmaymo 9,
LT 01108 Buanioc, Jlumea
IMocrenuna Ha 24 anpun, 2014 r.; kopurupana Ha 4 ¢pespyapu, 2015 r.
(Pe3rome)

JlBe pa3inMyHM CKBUBAJICHTHH CXEMH MOrarT fAa ObJaT TMOMYYCHH OT KHHETHYHUTE YPaBHCHUS, OMHCBAIH
TOCIIEIOBATENICH MIPEHOC Ha 3apsayCIOpeNHO ¢ 00pa3yBaHETO Ha Pa3TBOPHMO MEXKIMHHO ChequHeHHe. CxeMuTe ca
onucanu ¢ koaose: Ry, (RiW1) (CoW2) u ([R3W3] [RaW4]) (cepumnuTte enemenTrca NpeCTaBEHN B KBAJAPATHH CKOOH, a
YCIOPEIHUTE SNIEMEHTH Ca 3arpaJieHd B OOMKHOBEHH CKOOHW). M IBeTe cXeMH ca HEepasIWiduMH, aKO H caMO aKo €
OCBIIECTBEHA OIpe/ielicHa B3auMOBpB3Kka Mexay Ri, Wi, W u C,. Crien ToBa, npy moaxoas11 u360p Ha mapamMeTpH U
neere EC mokas3BaT CHIIMAUMIICIAHCEH CIICKTHDP MPH BCHYKU YECTOTH. BCHYKH ,,(papaneeBH” eNEeMEHTH ca B3aHMHO
CBBP3aHH M BCEKH CIMH OT TSIX 3aBUCH OT XapaKTEPUCTHKUTE Ha IUIOCTHHSA nporiec. Huro exun ot enementute Ha EC
HE MOe [1a ObJie MPUIKCAH Ha OT/IEeTHATACTHIIKA IPH MPEHOCA Ha 3apsi. BeIpeky, e TaHHUTE MOTyYeHH OiarogapeHune
Ha eKBHBaJleHTHaTa umrenancHa cnekrpockonust (EVC) 3a cucremara Cu | Cu (1) morar ma 6b1at onucanu OT KOst 1a €
ot aBetre EC. Bropara EC e npennouerena, nopajau HeliHaTa MpocToTa U MO-ICceH (PU3MUEH CMUCHIL.
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The suitability of impedance measurements in Solid Oxide Fuel Cells (SOFCs) is an important concern,
especially in case of measuring separately the behaviour of one of the electrode when an overvoltage is
applied. In this case a thin electrolyte-supported cell with the RE (Reference Electrode) coplanar with the
WE (Working Electrode) is experimentally convenient, but many authors highlighted that incorrect results
can be obtained if an inappropriate geometric configuration is used. In this work LSM cathodes
((LaosSro2)MnOs.) were investigated in a Yttria-stabilised Zirconia (YSZ) electrolyte-supported cell, using
an electrolyte 3 mm thick. Two types of cells were prepared: the first (Celll) according to the geometric
requirements suggested in literature: little WE (diameter 3 mm) aligned to the CE (Counter Electrode) and
with equal Ryo(polarisation resistance) and time constant; RE co-planar around the WE and placed at a
distance greater than three-electrolyte thicknesses from the WE; the second one (Cell2) equal to Celll but
with a bigger WE (diameter 8 mm). Impedance measurements were carried out both in two- and three-
electrode configuration, at OCV (Open Circuit Voltage) and under applied overpotentials. A preliminary
comparison between the results extracted from Cell2 at two- and three- electrodes confirms that a thick
electrolyte allows extracting suitable three-electrode impedance results in case of OCV and small
overpotentials. On the other side, when an overpotential over 0.2 V is applied, a comparison between Celll
and Cell2 gives quite different results. The investigation here presented considers also an experimental
approach useful for the comprehension of the main phenomena governing the kinetic of the process.

Keywords: Solid oxide fuel cells, impedance spectroscopy, electrode kinetic

INTRODUCTION

DC and AC electrochemical techniques are one
of the tools necessary for the study of Solid Oxide
Fuel Cells. AC measurements are normally
performed on experimental cells and cell stacks,
which reflects the real features of the
electrochemical system, or are carried out on
simplified systems, that allow the separated study
of one component of the system. In this case a thin
electrolyte-supported cell with the RE coplanar

also to the procedure applied during the testing
stage. It is recommended that before systematic
impedance investigation the linearity of the system
be checked, in order to choose the perturbation
amplitude which vouches for the linearity of the
system and at the same time the highest quality of
the impedance spectra considering also that the
maximum permissible amplitude of a perturbating
signal is smaller at low frequencies than at high
frequencies. This approach should be applied

with the WE is experimentally convenient, but
many authors highlighted that incorrect AC

impedance results can be obtained if an
inappropriate geometric configuration is used
[1,2,3].

Moreover, the quality of the impedance data is
not only related to the geometry of the system, but

* To whom all correspondence should be sent:

E-mail: barbucci@unige.it

particularly when low impedance systems like
SOFCs are studied. The low impedance of the
system is a critical factor and can be improved with
small cell geometries. The obtained data gain
quality if the inductance of the cell rig is extracted
under the same conditions of the cell measurements
(temperature, cables looping) and is then subtracted
to the cell frequency dispersion. Cell geometry
remains anyway a crucial point.

In this paper a simplified cathode made of only
a porous LSM layer applied on YSZ dense and
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thick electrolyte (3mm) is considered. The choice
of such a cathode is due to the fact that: i) this
electrocatalyst has a real application on SOFCs, ii)
it posses a negligible ionic conductivity with
respect to the electronic conductivity, iii) it is still
not yet fully clear the mechanism of oxygen
reduction at a SOFC cathode.

Two types of cells were prepared. The first
(Cell1), according to the geometric requirements
suggested in literature, having little working
electrode (WE, diameter 3 mm) aligned to the
counter electrode (CE) and with equal Rpo and time
constant. The reference electrode (RE) co-planar
around the WE is placed at a distance greater than
three-electrolyte thicknesses from the WE. The
second type of cell (Cell2) equal to Celll but with a
bigger WE (diameter 8 mm).

Impedance measurements were carried out both
in two- and three-electrode configuration, at OCV
and under different applied overpotentials.

This research has the aim to stress some of the
most important criteria to be applied when
impedance measurements are performed in order to
have reliable experimental data to be used for the
interpretation of the electrode kinetic. Furthermore,
an attempt to understand the main phenomena
governing the kinetic of the oxygen reduction on
LSM pure cathodes is presented.

EXPERIMENTAL

The supporting electrolytes were produced by
uniaxial pressing the YSZ powders (TZ-8Y Tosoh)
and sintering at 1500°C for 1h. The electrolyte dye
was carefully designed in order to obtain pellets
with a reproducible diameter of 35 mm and 3 mm
in thickness after sintering.

For the electrodes deposition a screen printing
ink was produced adding to the (LagsSro2)MnOsx
powder (LSM20-P Fuelcellmaterials.com) the
proper amount of solvent, deflocculant and binder
following the procedure reported by Sanson et al
[4].

Thick films were screen printed (squeegee speed
=0.12 m/s, squeegee load = 4.5 kgF, snap off = 0.9
mm; AUR’EL 900, AUR’EL Automation S.p.A.,
Italy) onto the YSZ pellets and dried at 80°C x 30’
into an infrared furnace. Suitable masks were used
to print the two types of cells (Celll and Cell2),
according to the desired geometries (Celll: WE and
CE diameter 3 mm; Cell2: WE and CE diameter 8
mm).

The as-deposited films were finally sintered at
temperatures of 1050 °C and 1150 °C for 2h,
producing Cell1-type at the two different sintering
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conditions and Cell2-type at the only 1050 °C
sintering condition.

The cells were placed inside an in-lab
constructed test station for the electrochemical
investigation. The system was heated at a rate of
0.9 °C min! up to testing temperature (700-800°C).

The electrochemical measurements were carried
out in a two- and three-probe configuration, using a
potentiostat coupled to a frequency response
analyser (Autolab PGSTAT302N). During the
testing procedure, the cathode was exposed to the
ambient atmosphere or fed with pure oxygen.
Impedance measurements at open circuit voltage
(OCV) in a frequency range of 108 to 10! Hz were
carried out in potentiostatic mode. Before starting
any systematic analysis, the linearity of the system
response was checked, ranging the voltage
perturbation amplitude from 5 to 50 mV. Short
circuit measurements were performed under the
same conditions of the systematic analysis and the
obtained data were subtracted to the impedance
spectra for the inductance correction.

A microstructure investigation of cells both
before and after the testing was carried out by SEM
(LEO1450 VP Scanning Electron Microscope) and
EDS microanalysis (INCA Energy 300, Oxford
Instruments Analytical).

RESULTS

The first set of experimental tests was focused
on the cell with a typical electrode diameter of 8
mm. This size is quite commonly used in literature
and in studies performed in our Lab [5, 6]. The first
check to verify the measurement reliability was the
comparison of the results extracted at two- and
there-electrode configuration. Also in the latter case
the cell was symmetric, since the two opposite
electrodes were prepared according to the same
formulation and shape. As mentioned in the
experimental section, a careful preparation of the
cell was paid as for the alignment, size, thickness,
and structure of the electrodes. Typical inductance
corrected Nyquist plots are reported in Fig 1.

The spectra show a depressed capacitive loop,
which suggests the presence of at least two
different time constants, in line with the complex
path for the oxygen process. The spectra allow us to
extract, with a good precision, the value of the total
resistance of the capacitive loop as the difference
between the intercept of the frequency dispersion
with the real axis at low and high frequencies
(polarization resistance, Rpol).
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Fig. 1. Impedance spectra of Celll at OCV in two-
and three-electrode configuration p(Oz) = 0.21 atm
(triangle and rhombus), p(Oz) = 1 atm (square and
circle). Operating conditions: 700 °C.

This parameter includes all the resistances
experienced by the overall process, which takes
place at the electrode under investigation, and it is
always considered in the studies of the reaction
kinetics. In order to ensure the reliability of the
results, the same value of the total resistance has to
be extracted from the same electrode in both cell
configurations. Discrepancies due to different
geometry and/or structure of the two opposite
electrodes give rise to variations of the single
electrode total resistance, which is estimated
singularly and totally in the three- and in the two-
electrode configuration, respectively [2].

A general view of this aspect is given in Fig 2
through the comparison of the Rpo for Cell2 in
three-electrode and half of the total resistance in
two-electrode configuration, at different operating
conditions. The values obtained show a very good
symmetry of the system confirming what was
already observed through the morphological
analysis. In fact both electrodes possess very close
polarization resistance. In addition, the results at
open circuit voltage and small overpotential (0.1 V)
suggest that EIS measurements are reliable in the
three-electrode configuration even with a RE
placed at a limited distance from the WE.

The comparison of the results obtained from
Cell2 (OWE = 8 mm) and Celll (OPWE = 3 mm),
extracted in the 3-electrode configuration, is
reported at different overpotentials in Fig. 3. It is
highlighted a good agreement of the results
obtained at low polarisations (OCV to 0.2 V), while
for high polarisations of the electrode (0.3 V and
0.4 V) the two geometries of the same sintering
electrode do not match any longer. The increased
distance of the RE from the WE is the only
difference of Cell1 with respect to Cell2. According
to the studies available in literature [7, 8] the
reference electrode of Cell2 is polarised when high
overpotentials are applied, consequently poor
reliability of the measurement data have to be

considered. Measurements on cells with the same
apparent geometry but different porosity, which
indirectly means different particle size/electrode
specific area and TPB length, have been performed,
by preparing cells of type 1 with two different
sintering process of the LSM electrode. According
to previous experiences [9, 10, 11, 12] the electrode
sintering at 1050 and 1150°C produces a good
variation of the electrode porosity, 50% and 30%
respectively, and average particle size, 0.7 pm and
2 pm respectively. Electrode porosity and mean
particle size were evaluated by image analysis of
SEM micrographies.
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Fig. 2. Comparison between Ryo extracted in three-
electrode configuration and half of the total Rpo
resistance in two-electrode configuration, for Cell2.
Operating conditions reported on the picture.

The total Rpa has been extracted from the
impedance measurements on both systems with a
three-electrode configuration (Celll type) as a
function of overpotential and are reported in Fig 4.
These results highlight a remarkable difference of
the process kinetic in the two samples at OCV.
Such difference decreases as the overpotential
increases.  About the electrode sintering
temperature, two main aspects have to be
considered and they are: i) a relatively small
particle size and high electrode porosity produce a
structure with a high LSM active surface per unit
volume, useful for adsorption and diffusion
phenomena; ii) a relatively small particle size and
high sample porosity produce an improved TPB
length at the electrolyte interface, which enhances
charge transfer.

In order to find a direction between these
possibilities that both enhance and control the
overall process, the plot of In(Rpo)? against the
overpotential [13] can be used to check if the
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typical Butler-Volmer behaviour for charge transfer
controlled reaction hold in this case. A linear trend
of the experimental data cannot be considered and a
credit to the first hypothesis of adsorption and mass
transport of the electroactive species as controlling
steps looks more suitable (Fig 5).

8
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7 ochAA n=-01V

n=-02v N=-015V

6 On=-03V

O n=-04V

R,/ Qcm’ (Cell2)

0 1 2 3 4 5 6 7 8
R,/ Qcm? (Cell1)

Fig. 3. Comparison of the results obtained from Cell1
and Cell2 in the three-electrode configuration at different
overpotentials (triangle OCV + 0.2 V; square 0.3 V + 0.4
V) at 800 °C and p(O2) = 1 atm. Data corrected with the
geometric area of the electrodes.
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Fig. 4. Rya for Celll with LSM electrode sintered at
1050 °C (square) and 1150 °C (circle) at different
overpotentials (800°C and p(O2) = 1 atm).

The role of adsorption and transfer phenomena
in the electrode reaction can be faced with the
analysis of the impedance spectra. Nyquistplots of
Celll (Fig. 6) shows that both at OCV andunder
WE polarisation the high frequency part of the plot
contains a component related to linear diffusion in a
homogeneous layer with finite thickness [14]. The
guantification of this phenomenon can be
performed with the aid of data fitting with
equivalent circuits models [15] or with other
impedance analysis techniques, like Differential
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Impedance Analysis [14, 16, 17]. It has to be
pointed out that the use of equivalent circuits risks
to be speculative if a preliminary basic analysis of

the data, which individuate the possible
components of the circuit, is not performed.
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Fig. 5. Trend of In(Rpoi)™ versus overpotential at 800°C
and p(O2) = latm, square sample sintered at 1050 °C,
circle sample sintered at 1150 °C.

Good fitting results of the obtained experimental
data are already available with a simple typical
Voigt model, used in solid-state electrochemical
systems. This takes into account of a two time
constants equivalent circuit: the low frequency part
of the spectra is described with an R/CPE
(Resistance-Constant Phase Element, CPE) term
and recalls a transport phenomenon, while the high
frequency partwith an RC (Resistance-Capacitance)
in series with the previous term and suitably related
tocharge transfer. An example of fitting is
presented in Fig 7.

The low frequency part of the spectra recalls a
transport phenomenon, while the high frequency
part is well described by a RC parallel, suitably
connected to the charge transfer. The low frequency
mesh (R2Q) ascribed to transport phenomena shows
a strong R, dependence on the applied overpotential
(Fig 8).

At OCV the increasing temperature improves
remarkably the kinetic of the process. Considering
that at OCV diffusion is the main driving force for
mass transport and that the diffusion coefficient in
the Fick’s law is strongly dependent on temperature
[18] the gas diffusion mechanism can be related to
the increase of 1/R, with the operating temperature.

At high overpotential 1/R, shows a further
improvement with respect OCV. This is especially
observed at 700 °C. If the transport mechanism
would be controlled only by the gas diffusion the
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Fig. 6. Nyquist plots of Cell2 at p(O2)= 1 atm, 800°C
(a), e 750°C (b), at different cathodic overpotentials.

slope of these curves should not change. Then,
when overpotential increases a further transport
phenomenon should be considered, which is more
important where diffusion is slower (700 °C).
Migration of the electroactive species through the
subsurface or even inside the bulk of the LSM
could be recalled. This supports the mechanisms
that foresee the formation of an intermediate
charged species (O% or O°) adsorbed on the LSM
surface, with following incorporation inside the
LSM oxygen vacancies, according to literature [19,
20, 21, 22]. This is also in agreement with the
values of polarisation resistance at 800°C presented
in Fig 4; in fact, at OCV the amount of active site is
high in the most porous electrode (sintered at
1050°C), which has available a wide path for
surface transport of adsorbed oxygen ions. Under
polarisation the transport of oxygen ions is
enhanced also into the LSM bulk. Then, the
porosity of the electrode does not play a relevant
role, providing oxygen gas at the active site for
adsorption and first charge transfer, and the total
polarisation resistance detected in the differently
porous electrodes are getting closer.

CONCLUSIONS

This research has the aim of stressing some of the
most important criteria to be applied when
impedance measurements are performed, in order to
have reliable experimental data to be used for the
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Fig 7. Fitting of the experimental data of Cell2 at
750°C, p(02) = 1 atm, two-electrodes configuration, by
an Ri(R2CPE)(RsC) circuit at OCV (R1=39.5 [, Ry =
53.5 11, Yo=0.27 103, n = 0.73, R3=46.5 [, C= 05
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Fig. 8. Low frequency part resistance (R;) plotted
versus overpotential, at different operating temperature
and different p(O,).

interpretation of the electrode kinetic. The system
investigated in this study (pure LSM SOFC

cathode) was chosen since it has a real application;
moreover, it constitutes a simplified but meaningful
configuration with respect tocomposite electrodes
and, finally, because a clear understanding of the
electrochemical oxygen reduction is not yet been
addressed. The presented approach shows how cell
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geometry, cell configuration, electrode porosity and
operating  conditions  (temperature,  reactant
concentration and overpotential) can be managed to
have sensitiveness of the phenomena controlling
the overall process. However, the match between
the experimental approach, presented in this paper,
with a theoretical study, able to simulate the
impedance spectra on the basis of a physically
consistent model, is the target to achieve a
comprehensive analysis of the system [23, 24]. A
theoretical approach based on:

- a simplified mathematical reconstruction of the
system based on the microscopic observation of the
real structure of the electrode and interfaces;

- the quantification of the effective properties
(diffusivity, conductivity, tortuosity, TPB length);

- the application of a kinetic model [25, 26]
based on the physical processes with related
boundary conditions;

- is under study and will be the object of further
communications.
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EKCIIEPUMEHTAJIEH ITIOAXO/ ITP1 N3CJIEJABAHE HA KATO/U 3A
TBBPAOOKCUAHU TOPUBHU KJIETKHU (SOFC)
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Bepren®, A. BapOyun'?
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T'enya, Hmanus
2 Uucmumym no enepeemuxa u unmepgasu, LIHU, yn. [le Mapunu 6, 16149 I'enya, Umanus
SUncmumym 3a nayxa u mexuonoauu no kepamuxa, IJHU, yn. Tpanapono 64, 48018 ®aenya, Umanus
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[IpurogHocTTa Ha UMIENAHCHUTE U3MEPBAHUSA HATBBPJAOOKcUIHU TopuBHH KieTkH (SOFC) e ocHOBeH mpobiieMm,
oco0eHO B ciydaiiTe Ha pa3/ellHO HM3MEpBaHE Ha IIOBEJCHHUETO HAa €OUH OT CJICKTPOJUTE, KOraTo ce Ipuiara
CBpBXHAINpexkeHne.B To3u cirydail ThHKA KIIeTKa ¢ eNeKTponuT 3a ornopa u CE(cpaBHUTENEH e1eKTpOoa) KOIUTAHAPHO
PE(paboTeHenekTpoa) ¢ eKCIepIMEHTaIHO y100Ha, HO MHOTO aBTOPH M3THKBAT, Y€ MOTaT Aa CE MOJydYaT MOTPEIIHH
pe3ynTaTH, ako Ce W3ION3Ba HEMOIXOAAIA reoMeTpudHa KoHpurypamus.B Tasu padora LSM xatomm ((La0.8Sr0.2)
MnO3-x) 0gxa u3cIeABaHA BKJIETKA C UTPHEBOCTAOMIN3UpaH nupkoHUeB (Y SZ)enmekTponuT 3a omopa,c aedenmHa 3
MM. bsaxa momyuenm nBa Bupma wierkw: mbpBara (Kierkal) chriacHO TeOMETpHYHHTE H3MCKBAHHS ITOCOYCHH B
nuteparypara: Manbk PE (amamersp 3 mMM) B mpaBa suHHs crnpsmo mpotuBo enekrporma (IIE) u ¢ pauu Rpol
(monsipU3allMOHHO CHIpPOTHBIEHUE) U BpeMekoHcTaHTa; CE ce opueHTHpa komnanapHo okoio PE u ce mocraBs Ha
pa3CTOsIHUE MO-TOJISIMO OT TPH eleKTponuTHU nebenuun ot PE; Bropata (Kietka2) e paBna na Kietkal, HO ¢ mo-roysm
muamerbp PE(8 MMm). bsixa ochlecTBeHH MMIEaHCHH U3MEPBAHUsI TIPH JIBY- M TPU- €JIEKTPOJHH KOHPUTYpaAIMH, IPU
Hampe)keHue Ha oTBopeHa Bepura (OCB) um mpu mpuiaraHu CBpbXHaIpexeHHd. [IpenBapUTENHOTO CpaBHEHHE Ha
pesynrarute, nonydenusa Kierka2 npu ABY- U TpU- €JIEKTPOJHATA KJIETKa MOTBBPIKAABA, Y€ €UH Ae0es eIeKTPOIUT
MO3BOJIIBA Jla OBJaT MONydYaBaHW IIOAXOMASAIINM MMIIEJAHCHU pe3yiTaTH 3a TPHUTE EJEeKTpoAa B CIydauTenpu
HalpeXXeHWe Ha OTBOpPEHa BepuUra W MAJIKK CBpbXHoTeHmuanu. OT Jpyra cTpaHa, KOTaTro c€ TPHIOXKH
cBpbxHamnpexxenue ot Hax 0.2 V, cpaBHenuero Mexnay Kinetkal m Knerka2 naBa Tpbplie pasiavuHu pe3yliTaTH.
[IpencraBeHUTETYK H3CIEIBAHUS PA3TIISKIAT CHIIO TaKa EKCIIEPUMEHTAIEH IOJXOJl, IOJe3eH 3a pa30MpaHeTo Ha
OCHOBHHTE SIBJICHUS! KOUTO YIPaBJsiBaT KHHETHKATA Ha MTPOIIECHUTE.
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Electrochemical methods of analysis has received a great attention in the enormously large field of Life
Sciences at least because of two reasons — first of all, owing to the exclusive role of bioelectrochemical processes at
fundamental levels of living matter organization, and second due to specific features of these methods. Some of their
advantages as noninvasiveness, sensitivity and inexpensiveness enlarged the reputation of analytical electrochemistry
and established its techniques as indispensable tools for research of broad spectrum of problems in Biosciences.
Electrochemical Impedance Spectroscopy (EIS) [1-3], on its own, has long been recognized as an extremely informative
tool, especially in areas of investigation where contacts between different phases are involved. Biomembranes and their
artificial analogs [4, 5] are just such kind of interfaces where the EIS accuracy and sensitivity have already said their
heavy word [6]. Most promising results, however, pointing out to a plethora of practical applications, have been
obtained with lipid structures deposited on rigid substrates [7, 8]. In the present work we have tried to evaluate the
influence of cholesterol on the physicochemical parameters of supported liquid films of lipids, revealed by their specific
impedance behavior at different frequencies. The results definitely suggest that cholesterol exert prominent condensing
effect on the films, which is demonstrated via the changes in impedance parameters. This is in accordance with
commonly accepted role of cholesterol in biological membranes and model systems, which is based on a large body of
experimental evidences [9].

Key words: Electrical Impedance Spectroscopy (EIS), lecithin, lipid films, cholesterol.

INTRODUCTION models, mimicking their structures and functions.

No doubt, biomembranes, with their
morphological diversity, are namely those attributes
that give the final shape of the cell and define it as
the quant of living matter [10, 11]. Although the
native membranes exhibits myriads of forms and
functions and their contents comprise thousands of
polypeptides, lipids and saccharides, they share a
common feature — the canvas of their architecture
consists of bimolecular layer of lipid molecules.
That cell membranes are arranged over lipid
bilayer, became clear after a pioneering work of
Gorter and Grendel [12] and in the early 70es
Singer and Nicolson introduced their fluid mosaic
model explaining how peptides and proteins are
attached to it [13]. Furthermore, in the past few
decades became evident that lipid bilayer itself is
not a passive element of biomembranes, but
governs many important cell processes through its
physicochemical state [9]. In addition, new
concepts for the 3D and 2D (lateral) organization of
membranes flourished. Because of their intricate
nature biomembranes are often studied via proper

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

The most popular of these model systems inevitably
contain lipid bilayer and for the aim of our survey
they could be divided into two major classes: “free
standing” [5, 14] and “supported” [15]. Of course,
each of them is characterized with their advantages
and drawbacks, which are mainly concerned with
the great compromise between stability and fluidity
[16].

The great importance of the cholesterol in the
life is associated with changes that occur in bilayers
during the mixing this more peculiar molecule with
other lipids. Its extraordinary realization in the
biosphere was considered ever since by Bloch as a
consequence of changes in the membranes
performance in the synthesis of higher sterols.

As a continuation of these ideas, Meyer Bloom,
Ole Mouritsen and their collaborators suggested an
answer to the question exactly which features of
bilayers depend on the cholesterol content [17-
20].1t has been proved that its ability to give the
membranes some very specific physical properties
is due to their more flexible behavior, leading to an
increase of their structural and functional diversity.
Adjusting the phase state of bilayers, cholesterol
provides strength and elasticity required for
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reproduction of more complex forms with greater
curvature.

In this work we have studied the main effect of
cholesterol as revealed by specific changes in the
electrical parameters of the films. In this regard,
EIS turned out to be reliable method for
investigation of the lipid films behavior. The
obtained results undoubtedly suggested the ordering
role of cholesterol in the films, which is in
agreement with the present viewpoint widely
described in the literature [9, 21-23].

EXPERIMENTAL
Experimental Set-Up

The experimental set-up used in the work is
described in details in [24]. Briefly, the basic part
of the set-up is a measuring head containing two
identical electrodes forming the electrochemical
cell (Fig.1). They are made of gold coated MOS
(Si/SiOy) structures placed on two different holders.
The lower holder is machined from brass and
contacts a Peltier element, regulating its
temperature. The upper holder is moving up and
down and its position is controlled by a micrometer,
so the distance between the electrodes can be
precisely defined.
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Fig. 1. Overall view (left) and schematic (right) of
the experimental set-up: 1) Peltier element; 2) Radiator;
3) Brass holder for the first electrode; 4) Thermoresistor
embedded in the brass holder; 5) First electrode - gold
(Au); 6) Second Au electrode on Plexiglas holder; 7) Pt
thermometer (ceramic substrate with evaporated
platinum Pt wire); 8) Leads of Pt thermometer; 9) Leads
of thermoresistor; 10) Fan

Materials

Soy-bean lecithin (Walmark, Czech Republic)
was used without further purification as lipid
material for preparation of the films in this study.
Cholesterol (5-cholesten-3B-ol, C2;HssOH, Sigma
Chemical Co. USA) analytical grade, also was not
purified additionally. Phospholipid dissolved in n-
hexane and sterol dissolved in chloroform/methanol

(9/1, vol/vol) were mixed in appropriate quantities
to prepare stock solutions with desirable contents.

Gold plated silicon wafers (Microsens SA,
Neuchatel, Switzerland), shown in Fig. 1 were used
as solid substrate. The simplest empirical method of
preparation of lipid films, known as lipid painting,
or paint brush technique, was applied to obtain
supported films. Liquid material with different
contents of lecithin and cholesterol was deposited
directly onto the golden electrode surface, thus so
called cast films were realized [25-27].The lipid
solution, pre-prepared at the desired concentration,
is applied with a micropipette on to the surface of
the substrate for each experiments in equal
amounts. After evaporation of the on the dry film
remained solvent, electrolyte (0,1 M KCI) is added
drop wise and it is waited, until hydration of the
layer is succeed.

The two electrodes were then gently pressed one
to another by a micrometer screw to a desirable
distance between them (Fig.1). In some cases
Teflon spacer was used to define the distance. An
auxiliary "point" platinum electrode is immersed in
the in this way formed electrolytic drop. The
impedance between this electrode and the gold
coating formed lipid film is measured.

RESULTS AND DISCUSSION

Condensingeffect of cholesterol in artificial
membranes is a well known and widely
investigated phenomenon[28, 29]. For the aim of
our survey three types of lecithin films, comprising
respectively 49.6, 66.2 and 74.6 mol% cholesterol
were studied. First concentration was chosen to
represent some higher than normal content of
cholesterol in  plasmalemma, second one
corresponds to saturation limits in
phosphatidylcholines and the third is abnormal.
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Fig. 2. Nyquist plot for three types of lecitin films
with different concentration of cholesterol: 49.6, 66.2
and 74.6 mol%.
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The films impedance was measured in the range
130 Hz — 2kHz. Nyquist plots for these frequencies
are almost ideal semicircles, revealing increasing
modulus of impedance with the increase of the
cholesterol concentration(Fig.2). It was useful the
impedance to be divided on its components
according to the equivalent circuit shown in the
inset of Fig. 3.This circuit offered the best fit to the
experimental data, obtained with the program
ZView. It includes two loops connected in series
and represents the closest model, containing
minimal number of frequency depending elements
(only CPEL).

From the analysis of data, it is clear, that
frequency independent parameters R2 and C2 are
not very sensitive, while the ARC element, namely
R1 and A, varies substantially with cholesterol
concentration (Fig. 4).
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1051 1 Lol L Lol Loba i
10" 102 10° 10°
Frequency (Hz)
-5e6
-4eGj
E —396: A
-2e6~ .
-1eb .
0 L Lol I Lol L4 i
10" 10? 10° 10°

Frequency (Hz)

Fig. 3. A fit of the Bode plots with the equivalent circuit
used in the work for lipid film with 74,6 mol %
cholesterol. A loop of parallel ideal resistor R2 and ideal
capacitor C2 is connected in series with so called ARC
element consisting of ideal resistor R1 and element with
constant phase CPE1. Points are experimental data and
line is the fit.
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Fig. 4. Depending on the parameters of the equivalent
model of the cholesterol content.
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Furthermore, the value of ARC parameter a is
roughly within the limits of unite, indicating that
CPE tends to pure capacitor. However a
simplification of the model to plain circuit of
frequency independent elements would be not very
correct and strongly hampered the fitting procedure.
Thus, we can speculate, that the discussed films are
made up of two peculiar sub areas depending in
different way on the presence of cholesterol. Based
on earlier studies, we already have built some ideas
about them [30]. The one region (or rather both on
two electrodes) is the first monomolecular layer
adsorbed on the metal surface, plus, eventually,
several adjacent layers oriented according to the
first. Orderliness of these layers greatly reduced by
closely packed molecules in contact with metal, a
fully randomly arranged at the transition to the bulk
liquid phase, which in fact may be considered a
second characteristic region of the film.

Obviously, the mobility (lateral and rotational
diffusion)of the molecules in the layer adhered to
the substrate is made difficult by the strong
adhesive interactions with the solid phase. Typical
of this area with reduced mobility is that its
impedance Nyquist format is as lightly curved line
running in a semicircle for bulk phase [31].The
effect of increasing cholesterol concentration is
similar, but unfortunately this is not noticeable in
Fig.2 because of not so low frequencies (130Hz) of
starting the measurements.

CONCLUSIONS

In this work we have used the method of EIS to
study the behavior of cholesterol modified solid
supported lecithin films. It was found, that such
structures are arranged in two distinguished zones —
molecular layers more or less closely attached to
the rigid support and bulk phase of initial forming
solution. Although this general stratification pattern
was previously established by investigation of
much thinner lipid layers on different substrates,
present results shed new lights on the film
architecture. Quite certain is that additional
profound investigations of the fine structure of the
films and of its rising mechanisms are necessary.
Moreover they disclosed the abilities of EIS as a
reliable tool for investigation of membrane models.

REFERENCES

1. J. Bard, L. R. Faulkner, Electrochemical methods:
Fundamentals and applications. 1st ed., John Wiley &
Sons, New York, 1980.

2. E. Barsoukov, J.R. Macdonald, editors, Impedance
Spectroscopy. Theory, experiment, and applications.



M.Tanovska et al.: Electrochemical impedance investigation of cholesterol enriched supported films of lipids

2nd ed. Hoboken, New Jersey: John Wiley & Sons,
2005.

3. M.E.Orazem, B.Tribollet, Electrochemical
impedance spectroscopy, John Wiley & Sons, Inc.,
Hoboken, NJ, 2008.

4. H.T. Tien, Bilayer Lipid Membranes (BLM): Theory
and Practice, Marcel Dekker, Inc., New York, 1974.

5. Leitmannova-Liu (ed.), Advances in Planar Lipid
Bilayers and Liposomes, Elsevier Inc., Amsterdam,
2006.

6. H.G.L. Coster, Dielectric and electrical properties of
lipid bilayers in relation to their structure, In:
H.T.Tien, A.Ottova-Leitmannova, (Eds,), Planar lipid
bilayers (BLMs) and their applications, Elsevier,
Amsterdam, 2003.

7. C. Steinem, A. Janshoff, W.P. Ulrich, M. Sieberand
H. L. Galla, Biophysica Acta, 169, 1279 (1996).

8. E.Sackmann, Science, 43, 271 (1996).

9. G. Mouritsen, Life as a Matter of Fat. The Emerging
Science of Lipidomics, Springer Verlag, Heidelberg,
2005.

10.B. Alberts, A. Johnson, J. Lewis, M. Raff, K.
Roberts, P. Walter, Molecular Biology of the Cell, 4th
ed., Garland Publishing, Inc., New York, 2002.

11.H. Lodish, A. Berk, P. Matsudaira, C. A. Kaiser, M.
Krieger, M. R. Scott, S. L. Zipursky, J. Darnell,
Molecular Cell Biology, 5th ed., W.H.Freeman and
Company, New York, 2003.

12.E. Gorter, F. Grendel, J. Exp. Med., 41,439 (1925).

13.S. J. Singer, G. L. Nicolson, Science, 175, 720
(1972).

14.H. T. Tien, Bilayer Lipid Membranes (BLM): Theory
and Practice, Marcel Dekker, Inc., New York, 1974,
p.655.

15. E. Sackmann, Science, 271, 43 (1996).

16. R. Lipowsky, E. Sackmann, (Eds), Structure and
Dynamics of Membranes, Elsevier/North Holland,
Amsterdam, The Netherlands, 1995

17.M. Bloom, O.G. Mouritsen, Can.J.Chem., 66, 706
(1988).

18. M. Bloom, O.G. Mouritsen, Elsevier, 1, 65 (1995).

19. Mouritsen, M.J. Zuckermann, Lipids, 39: 1101
(2004).

20. Mouritsen, Biochim. Biophys. Acta, 1798, 1286
(2010).

21.J. H. Ipsen, G. Karlstrom, H. Wennerstrom, O. G.
Mouritsen, M. J. Zuckermann, Biochim. Biophys. Acta,
905, 162 (1987).

22.G. Mouritsen, M. J. Zuckermann, Lipids, 39, 1101
(2004).

23.G. Mouritsen, Biochim. Biophys. Acta, 1798, 1286
(2010).

24.F. Simeonov, PhD Thesis, Faculty of Physics, Sofia
University, 2012.

25.M. Seul, M.J. Sammon, Thin Solid Films, 185, 287
(1990).

26.Ulr. Mennicke, T. Salditt, Langmuir, 18, 8172
(2002).

27. A. Mangiarotti, B. Caruso, N. Wilke, Biochimica et
Biophysica Acta - Biomembranes, 1838, 1823 (2014).
28.M. Naumowicz, A.D. Petelska, Z.A. Figaszewski,

Electrochimica Acta,50, 2155 (2005).

29.M Naumowicz, Z.A. Figaszewski, Biophysical
Journal, 89, 3174 (2005).

30. M. Karabaliev, V. Kochev, Biophys.Chem., 103(2),
157 (2003).

31.M. Karabaliev, V. Kochev, Material.Sci. Eng.,
C14(1-2), 11 (2001).

EJIEKTPOXUMMNYHO UMIIEJAHCHO U3CJIEJIBAHE HA OBOT'ATEHU C XOJIECTEPOJI
oA BPXKAILLM JIMITUIHU OUTIMU

M. TanoBcka, JI. Bragumuposa-Muxanesa, K. baues||B. Koues|

Qusuuecxku paxyrmem, Cogputickus ynueepcumem "Cs. Knumenm Oxpuocku”, 6yn. Joceime bayuvp Neb, 1164 Codus
IMocrenuna Ha 30 centemBpy, 2014; kopurupana Ha 4 gpespyapu, 2015 r.
(Pesrome)

EnexTpoXMMUYHHTE METOIM 32 aHAIM3 MOJMYYHXa 3HAYUTEITHO BHUMAHHE B M3KIIOUYUTETHO OOIIMpHATA 00JacT Ha
MPUPOJHAUTE HAyKH HAH-MaNKo IO JBE MPWYMHHA — TPEAd BCHYKO, ONarojapeHrne Ha H3KIIIOYUTETHATa POJII Ha
OMOENEeKTPOXMMUYHUTE TpolecH Ha (yHIAaMEHTAIHO HHBO IIPH OpraHM3allMsATa Ha >XMBaTa Marepust M BTOPO,
OnaromapeHne Ha HIKOM 4YepTH XapaKTEpHH 3a Te3M MeToau. Hskouw oT mpeaumcTBaTa MM KaTO HEMHBAa3HBHOCT,
YYBCTBUTEITHOCT M M3TOJHOCT Pa3IIMpsBAT pelyTalusira Ha aHAIWTHYHATA €JIEKTPOXUMHS M YCTAHOBSIBAT HEHHUTE
TEXHUKHN KaTO HE3aMCHHUMHU MHCTPYMCHTHU IIPHU HU3CJICABAHEC HA IMHUPOK CIHCKTHP OT HpO6HeMI/I B OMOJIOTHYHUTE HayKH.
Enextpoxumuunara umnenancHa crnekrpockornus (EUC) [1-3], cama mo cebGe cu, OoTAaBHA € NMpHW3HATA KATO €IUH
M3KJIFOYMTENIHO UH(QOPMATUBEH UHCTPYMEHT, OCOOCHO B HCJIEJOBATEICKN O0JIACTH, KBAETO € HAIUIE KOHTaKT MEXIY
pa3zmmuan (azu. buomemOpanuTe M TeXHWTE U3KYCTBEHU aHaio3u [4, 5] ca TOYHO TakbB BUI WHTEpQEHcH, KBIETO C
TOYHOCTTa W dyBcTBHTeNnHOCTTa cu, EMC, Bede ka3za cBosita Texxka ayma [6]. Haii-oGemaBamm pesyaratu obade,
IIOCOYBAII MHOKCCTBO IMPAKTUYCCKU MPUIIOKEHHUA, Ca MOJYYCHU C JUNHUIHU CTPYKTYPH, OTJIIOKCHHU BBHPXY TBHPAU
nomnoxku [7, 8]. B Hacrosmata pabota ce oOnMTaxMe Ja OLCHMM BIMSHHETO Ha XOJECTepoja BbPXY
(UBMKOXUMHYHNTE IapaMeTpH Ha MOIbPIKAIIN TEYHHU JIMIMUAHU (QUIMH, pa3no3HaTH OnarojapeHue Ha IMOBEICHUETO
Ha TEXHUs clenu(uueH HMIICaHC NMPU Pa3iIMYHU 4YeCTOTH. Pe3ynraTurte ONpeaeseHO IOKa3BaT, Y€ XOJECTEPOIBT
OKa3Ba OCHOBEH KOHJEH3HMpall eeKT BbpPXYy CIOEBETE, KOETO CE BIKAA OT NMPOMEHHUTE B MMIICJAHCHUTE IapaMETPH.
ToBa e B choTBEeTCTBHE C OOIIONpHETAaTa PO Ha XOJIECTEpPOsa B OMOJOTMYHUTE MEMOpPAaHM M MOJEIHH CHCTEMH,
OCHOBaHa Ha ToJIsIM 00eM OT eKCIIepUMEHTAJIHN JI0Ka3zaTelcTsa [9].
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In this contribution we introduce and evaluate a new approach for solving inverse problems in proximity of a
working point with very low computational effort. The non-linear, multi-parametric, complex function will be
approximated and inverted by a set of decoupled single parametric, linear equations originating from a sensitivity
analysis. The used linear projection condenses the knowledge of the transfer characteristic of the system and provides
an alternative to model based and look-up table approaches. The fast estimation of multiple parameters in a limited
parameter range is suitable for control applications or investigation of aging and other degeneration processes.

Keywords: Impedance Spectroscopy; Linear Transformation; Parameter Estimation

INTRODUCTION

To increase the amount of information that can
be obtained in a single measurement, multi-spectral
measurement techniques have been introduced in
the recent decades. Multiple influences on a sensor
signal can be separated on a frequency scale due to
the fact that different effects or mechanisms that
sum up to the sensor signal act in different
frequency ranges. Common approaches for data
analysis of such multispectral data involve a model
for regression and a nonlinear optimization process
[1]. In many cases the optimization is done by an
iterative algorithm [2]. The repeated calculation of
the model and the evaluation of some loss functions
consume a large amount of computational resources
and time. For embedded system solutions, high
demands on the dynamics of the measurement and
data evaluation speed or models that require high
computational effort in the nonlinear regression
make the classical approaches unsuitable [3].

The introduced approach is inspired by the
Tasselled-Cap-algorithm [4], which is projecting
spectral information into a new subspace where
quantities of interest are linear independent. The
Gram-Schmidt  orthogonalization ~ within  the
Tasseled-Cap-algorithm performs a compensation
of independent components in the data set to
project the data in subspace. This projection is
decoupling the influence by compensation of cross-
sensitivities of  desired quantities [5].The
orthogonalization uses a pre-defined set of vectors
as basis for the new subspace. The possibility to
choose these basis vectors based on the sensitivity

* To whom all correspondence should be sent:
E-mail: frank.wendler@etit.tu-chemnitz.de

of the different quantities of interest, is a useful
property in the applications with inverse problems.
In the decoupled subspace the desired quantity is
then obtained by solving the resulting linear
system. The projection formula condenses the
knowledge on the systems transfer characteristic in
a certain working point and is used to estimate the
guantity of interest instead of using models or look
up tables. Instead of using the full spectral data the
projection uses only two data points selected in a
way that they contain maximum information on the
guantity of interest. With the presented conditions
for these points, they can be chosen in an
automated and objective way. The limitation of the
measurement to these selected frequency points
reduces the measurement time and hardware
requirements.

LINEAR PROJECTION

Usually the transfer characteristics of a sensor
are described by some model. This model is defined
by a set of parameters x. The goal now is to derive
the model parameters based only on the
measurements performed with the sensor. This is
called an inverse problem and usually the
calculation of the parameters is challenging as noise
in the measurement makes the inversion process ill-
posed. With a sensor application in mind one of
these parameters is usually of interest and is
therefore called a measurement quantity or
measurand.

Let us consider that the measurement is
performed in some working point (WP) of the
sensor. In the proximity of a WP any continuously
differentiable function Z characterized by a
parameter set x; to xm can be expressed as linear
approximation Z:
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Z:Ek 16 Axk+ZWP’ (1)

This approximation consists of m products of
the sensitivity with respect to the parameters and
their corresponding distance from the working
point Ax; and one constant term as working point
offset Zy,p.In the next step a weighted sum of n of
these approximations with weighting factors from
a: to ap, can be made and rearranged to obtain
equation (2). The expression on the right side
consists now of m weighted sums of (1). In the case
of spectral data each of the p used approximations
represents one measurement at a certain frequency:

he1nZn = SRy (20052 Ae) +
Zﬁ:l anZWP,n ' (2)

The sensitivity of the entire sum of linear
approximations is defined by a suitable set of
weighting factors a,. To obtain the weights a, we
have to introduce a constraint on the sensitivity. In
most sensor applications it is useful to set the
sensitivity of the wanted parameter X, (e.g. X1) to the
non-zero value S; and all other to zero:

p

0z,
Z dn = — = Sl
o] 0%,
0Z, .
g=1 na_X2 =0: (3)
p 0Zy =0

n=1%n 5,

For the case of spectral data solving the linear
system of equations (3) will result in a sum of one
guantity at different frequencies, which is now
depending on only one parameter:

ne1 nZy = Sy (x1 — Xyp) +

Zfl=1 anZWP,n ' (4)
Rearranging equation (4) and solving for the
desired parameter gives:

P AnZn

X1,est = 2un=1 S +xoffsetv (5)

The additional constant Xoffset is calculated
with the parameter value at the working point Xwe:
anZwpn
Xoffset = Xwp — Z=1%- (6)
The defined sensitivity of the weighted sum to
the wanted parameter S; in equation (3) results in a
linear scaling of the weighting factors that are
removed by inverting equation (4). For the reason
of numerical simplicity it is recommended to
choose 1 for the sensitivity.

S1=1, (7

To successfully perform this procedure, the
sensitivity of the desired quantity must be high and
the difference to the sensitivity of other system
parameters must be maximal. In the simplest case
of p=m the parameter vector of all used frequencies
needs to be linear independent. This property has to
be ensured by the selection of used frequency
points like it will be demonstrated. The analyzed
transfer characteristic can be any frequency
dependent transfer parameter like gain, phase, real
or imaginary part. Also a mixed support of those
guantities, as two linked real quantities, may be
possible if it is required by the application [5]. A
generalization for complex transfer functions by the
use of complex weighting factors might be a future
improvement of the approach. The used quantity as
base for the algorithm in the example is the
imaginary part of the impedance as real scalar
value. For the estimation of other parameters
similar formulas like equation (5) can be obtained
by adjusting non-zero sensitivity on the right hand
side of the system of equations (3).

DEMOSTATION FOR ONE ESTIMATED
PRAMETER

Generic model

In this section, the introduced algorithm is tested
and evaluated using generic data to avoid
uncertainties of the measurement process. The data
is generated from a model for the complex
impedance of a solid state electrolyte including
electrode effects. The electrodes are represented by
the serial resistance Rs, the parallel resistance R,
and the electrode capacitance Ci. The ionic
contribution is represented by the Warburg-
impedance Z. with reflecting boundary condition
[6]:

1

Z=R+—1—
= N . 1 1
](A)C1+E+E

(8)

RT .
ZW = W(l —]) coth (5(1 +
Nm). ©

The aim of the data analysis is to estimate thé&jon
concentration ¢, while the diffusion coefficient D is
unknown. The structure of equation (9) ensures that
parts of the impedance spectra have different
sensitivity with  respect to both unknown
parameters. The working point is chosen according
table I but it does not refer to a special application.
The model represents a general problem in
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impedance spectroscopy, when a systematic
behavior to the parameters like in figure 1is
observed and a multi parametric interpretation is
needed.

Variation of lon Concentration Variation of Diffusion Coefficient
o

R N ———
we wp
50 . Ac,=+10% -50 AD=+10%
Ac =-10% oy AD=-10%
I
|
\
|

100 \ -100
\

\
-150 \ 4150

-200 | -200

Im(Z)in Q
Im(Z) in Q

-250 |
-300

\
-350 |

-400

50 100 150 200 250 50
Re(Z)in ©

100 150 200 250
Re(Z)in Q

Fig. 1. Transfer characteristic of the generic model
due to 10% variation of the two non-constant
parameters.

Table 1. Working Point Model Paramters

Name Symbol Value
Serial Resistor Rs 100Q
Capacitance of the 9
Electrodes = 500 107°F
Paralel Resistance Rp 5kQ
Universal Gas J
Constant R 8,31447 mol K
C
Faraday Constant F 96485,34 —
. ; mol
Distance o -6
Electrodes 8 107"m
Elecrtrode Area A 10~*m?
Charge per lon | 1
Temperature T 298 K
lon Concentration c _, mol
WP X 10 ey
Diffusion Coefficient D _,m?
WP 10—~ —

Selection of data support

The first step is the selection of a suitable
spectral representation of the system response. Since
some representations are more sensitive to certain
physical effects this selection is based on the
knowledge of the investigated physical system. In
this example the targeted effect is the frequency
dependent capacitance of the double layer which is
represented by the imaginary part of the impedance
in equation (8). Due to the reduced influence of the
resistive effects caused by the serial and parallel
resistance, the entire data analysis focuses
exclusively on the imaginary part of the impedance
of the entire system.
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To estimate the ion concentration in a set of two
unknown parameters at least two points in the
spectrum of the imaginary part are needed as data
support. These points must have a strong sensitivity
to the parameter of interest and a linear independent
sensitivity vector to solve (3). The presence of a
high absolute value of sensitivity is represented by
the first criterion K, for each possible combination
of the spectral data at frequencies index d and e:

0Zg4
0xq

0Z,
0xq

K1=

, (10)

The independence of the sensitivity information
is checked by the second criterion Ky, in the form of
a normalized difference of the sensitivity with
respect to the other parameter:

_0Zg0xy 0Zp 0xq
Ky =-—-————=—,
0x, 0Zg 0x, 0Z,

Both criteria have a high absolute value for
suitable combinations and tend to zero for unsuited
combinations. This numerical property can be used
to combine both criteria to one common criterion by
multiplication:

_ __ (0Zg 0xq 0Z, 0x1 0Zg
ngs - KIKII - (____e_) ( Y

(11)

0x, 0Zg 0x, 0Z, 0xq
0Z, )
ox.l) (12)

20
-50 \
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-150 |

Re(Z)in Q
g

100 4 = S 6 7
10 10 10 10 10 10 10
Frequency in Hz

Im(Z)in Q

-200 \

\
-250 ‘\ -100
\
\ = 200
-300 \
-350 \

50 100 150 0
Re(Z)in Q

Im(Z)in Q

100 100 10 100 10° 100 10°
Frequency in Hz

Fig. 2. Selected data support in the spectrum at
working point conditions

The common criterion has only a high absolute
value for combinations of data from different
frequencies that match both criteria. The
sensitivities are obtained by numerical derivation
with a variation of the parameters of +£1% in
equation (13) and (14):

07, Im{Zn(1,01x1)—Zn(O,99x1)}
9 _ Mn = L 13
0x1 0,02x4
9z, 1m{Zn(1,012,)~25(0,99x,)}
— = . (14)
0x, 0,02x,

The analysis of all possible combinations in the
spectrum reveals a maximum for the indices 1 and
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11 at the frequencies f; at 100 Hz and f, at 1001 Hz
illustrated in figure 2. The imaginary part of the
impedance Z; and Z; at those frequencies is used as
data support for the linear transformation to separate
and estimate the parameters.

Calculation of the transformation formula
With two parameters to separate the system of
equations (3) is reduced to:

9Zy 0z, .m0

U 9%, G ta dx; 1 mol’ (15)
621 BZZ _ s

a5 +a, o 0 — (16)

Similar to equations (13) and (14) the required
numerical derivative at the working point conditions
can be obtained as:

4 2 =31298-10577 iy (17)
3—1—56343 10‘”’”2 (18)
Z—Zz ~1,0913-1032 (19)
9% 2 = 3438710 s (20)

Solving the system of equations (15, 16) results
in the weighting factors a; =3,1769-
10~%and a, = 1,0082- 1077,

To estimate the ion concentration Cyest the
weighting factor a; has to be multiplied with the
imaginary part of the impedance at 100 Hz and
added to the imaginary part of the impedance at
1001 Hz multiplied with the weighting factor a..
The correct offset value can be calculated with

equation 6.
2.}
7 mol

22 Im {é} ~1,6973 -
(21)

3,1769 10_

+
1,0082 - 10~

X1,est = Cxest —

4 mol

107% —
EVALUATION AND DISCUSSION

The evaluation of the procedure is performed by
varying the ion concentration as well as diffusion
coefficient by £50 % in steps of 1% of the working
point value and subsequent calculation of one
spectrum for each combination of those two values.
Equation 21 was used to estimate the ion
concentration out of the resulting 10201 spectra.
The result of all 10201 estimations is plotted in 101
graphs in figure 3. The red dashed line represents
the perfect estimation of the ion concentration with
no systematic error. The strong change in the
diffusion coefficient is affecting the estimation in a

very low degree and the 101 graphs nearly overlap
each other perfectly. For a high variation of the ion
concentrations the estimation error can reach large
values due to the nonlinearity of the system and the
linear approximation.

x10™

14F yau

=

[
T

N

=
o
T

N

Estimated lon Concentration in mol/n‘%
(=)

£
T

2»—

05 06 07 08 09 1 11 12 13 14 15

-3
lon Concentration in mt:)l/m3 x 10

Fig. 3. Estimated ion concentration versus the true value
for varying diffusion coefficients (blue graphs). An ideal
estimation procedure would produce the red dashed line
(red)

’ 0.7 09

0.5

3

lon Concentration in mol/m
Relative Estimation Error in %

Diffusion Coefficient in m /s x10”
Fig. 4. Estimation error of the ion concentration relative
to the actual input value.

Despite of the large error, figure 4 reveals an
area with low relative estimation error in the
proximity of the working point. In this area an
estimation of the parameters can be performed
successfully and used in control application or for
tracking various aging effects.
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OLEHKA HA EOEKTUBHU ITAPAMETPU HA CITEKTPAJIHU CEH30PHU JAHHM YPE3
JIMHEVMHA TPAHCOOPMAILIMA

®. Bennnep, I1. bromen, O. Kanoyn

Texnuuecku ynugepcumem Kemnuy,09107 Kemnuy, Tiopuneep Bee 11, I'epmanus

(Pesrome)

B Ta3u myOsuKkanus HUEe BhBEKIAME U OIICHsABaMe HOB IMOJIXOJ 3a PEIllaBaHe HA 0OpaTHMH MPOOJIEMH B OJIU30CT 10
pa60THa TOYKa NOpU TBBPAC 3aHMKCHU HUBYUCIUTCIIHU YCUIIHA. HeﬂHHeﬁHaTa, MYJITU-TITapaMETpUIHA, KOMIIJICKCHA
GyHKIMS IIe ce anpoKCMMHpa WM HMHBEPTHpa C IOMOINAa Ha Ha0Op OT B3aMMHO HECBBP3aHH MOHOIApaMETPUYHH
JIUHEHHH YPaBHCHUA,U3BCACHNU MPHU aHAJINW3 HAa YYBCTBUTCIHOCTTA. H3nosns3Banara nuHEHHA MPOCKIUA KOHLCHTpHPA
3HAHHETO 3a MpeaBaTeIHATA XapaKTePUCTHKA Ha TpaHC(ep M OCUTYpsiBa AITEPHATHBEH MOJIEN, OCHOBAH Ha TIOIXO0/4;
BWJKTE TAOJNIMYHUTE JaHHW. Bhp3aTa olleHKa Ha MHOKECTBO MAPaMETPH 3a OTPaHWYEH KPBI' OT TTapaMETPH € IOIXO I
croco6 TMpH yIpaBlicHHe Ha TIPUIOKEHHS WM 3a W3CIeJBaHe Ha MPOLECHTE HA CTapeeHe W JIPYrH JeTeHEpaTHBHU

mpouecu.
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This paper presents results from studies of processes and phenomena associated with the behavior of polar dielectric
liquid (water and alcohol) in the non-polar proton conducting dielectric ceramic material yttrium doped barium cerate
BaCeos5Y0.1503.« (BCY15).The investigation was performed by Permittivity Spectroscopy which is a branch of the
Impedance Spectroscopy especially tuned for measurements and analysis of dielectrics permittivity properties. The
measurements were carried out in frequency range 1 MHz down to 0.01 Hz. A gigantic enhancement of the effective
capacitance was observed above a certain level of wetting. The influence of the water is stronger than that of the
alcohol, which is described with difference in their polarization ability. The results are explained with the formation of
absorbed dipole film in the porous ceramic matrix. This phenomenon finds application in proton conducting solid oxide

fuel cells.

Key words: permittivity spectroscopy, yttrium-doped barium cerate, impedance spectroscopy, gigantic enhancement of

the real part of the complex capacitance, complex permittivity.

INTRODUCTION

Permittivity Spectroscopy is a branch of
Impedance Spectroscopy which is tuned for
measurement and  analysis of  dielectrics
permittivity properties. In general permittivity is the
ability of a space (free or filled with dielectric) to
be polarized under external electric field. For some
dielectrics this ability is the ground for their
property to react on alternative current.

According to the general theory [1,2], dielectrics
could be classified in three categories: (i) non-
polarizable; (ii) polarizable and (iii) ionic crystals.
Non-polarizable dielectrics do not contain dipoles.
Polarizable dielectrics contain dipoles (primary or
induced) which follow the orientation of an external
electric field. When such a field is applied by
external electrodes, the dipoles near the electrodes
are oriented correspondingly and compensate the
external electric field.

The pure capacitive impedance follows the
dependence:

Z(iw) = —i(wC)7 1, (1)
where C is the capacitance. For parallel plate
capacitor, it can be expressed as[1-4]:

c=" v
where ¢ is the relative dielectric permittivity and &,

* To whom all correspondence should be sent:
E-mail: emiliya@bas.hg

is the permittivity of vacuum, S is the surface area
of the capacitor electrodes and d is the distance
between them.

Taking into account the polarization losses,
when A.C. signal is applied, the relative
permittivity can be expressed as a complex number
[1,2]:

e=c¢"—1ig" 3
where &' and &" denote the real and the imaginary
(loss factor) components of the complex value of &
Applying equations (2) and (3), the capacitance
can be also presented in a complex form:

C=Cc-iC" (4)

If Eqn. 1 is expressed as admittance Y (iw) =
1/Z(iw),
then

Y(iw) = iwC = iw(C' —iC") = wC "+ iwC". (5)

The real component oC" in Eqn.5 can be
regarded as dielectric conductivity [4], which can
be expressed also as equivalent resistance R =
1/wC" directly monitored by the instrument. It
involves the energy dissipative effects as ohmic
conductivity, dipole’s reorientation losses in
electric field and others. C' is directly related to the
dielectric permittivity, i.e. to the polarization
ability.

In solid oxide fuel cells (SOFC) water is
produced in the porous ceramic matrix of the
anode, which has high ionic conductivity at
operating temperatures. In several studies on
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yttria-stabilized zirconia (YSZ) based cermet
anode a hypothesis for hydroxylation of the active
anode surface caused by interaction of YSZ with
the produced water is proposed [5-7]. It is
expected that this process should improve the
conductivity of the ceramic matrix. Thus studies of
water behavior as a polarizable fluid in non -
polarizable ceramic matrix are important for
deeper insight into the mechanisms of SOFC
operation. Permittivity spectroscopy can be a
useful tool for experiments performed at room
temperature where the ceramic matrix will behave
as non-polarizable dielectric.

Yttrium-doped barium cerateBaCeogsY0.1503-
«(BCY15) is one of the best electrolytes for proton
conducting solid oxide fuel cells (PCFC).Recently,
it was applied in a new SOFC design known as dual
membrane fuel cell (dmFC) [8-10],in which water
is produced in a separate compartment. It has mixed
ion (proton and oxide ion) conductivity and porous
structure, which ensures water formation and
evacuation. Due to the discovered mixed ionic
conductivity of BCY15[11] the so called
“monolithic" design was developed. It could be also
very beneficial for operation in electrolyzer mode
due to the separation of the steam from the two
electrodes where hydrogen and oxygen are
generated and evacuated. For deeper insight into
the processes at the interface BCY/water,
permittivity studies were performed for a first time
on porous composite samples of proton conducting
BaCGO_ngo.lsos.a(BCY].S) and oxide ion
conducting CeossY0.1501.925 (YDC15) as well as on
BCY15 samples [12,13].0ur experimental results
[12,13], registered gigantic enhancement of real
component of capacitance C’ at a certain level of
watering. The effect is stronger for BCY15
samples, which was explained with hemisorption of
water  species  followed by  formation
andorganization of dipole film that covers the pores
surface.Very probably the process starts as
hydroxylation of thesurface [14], preferably the
BCY one, for which the dissociativeabsorption of
water is a natural property [15]. Thisbrings to the
appearance of a longer-range interaction
withvolumetric group effect.

The purpose of this work is a deeper insight into
the processes and phenomena in the system
BCY/polar dielectric liquid combined with further
improvements of the complex permittivity analysis.
The study stresses on the influence of the
polarizable dielectric on the behavior of the system.
This investigation is an important step in the
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optimization of the “monolithic” dmFC design for
operation in reversible made.

EXPERIMENTAL

The complex permittivity measurements were
carried out on porous BCY15 samplewith diameter
and thickness respectively 2cm and 1,14mm and
33% porosity obtained with graphite as pore former
and evaluated by mercury porosimetry and
hydrostatic weighing.

BCY15 pellets stability in water has been tested
by  Differential  Thermal  Analysis and
Thermogravimetry ~ combined  with Mass
Spectroscopy in the temperature range 20-600°C. A
good chemical stability has been observed [16].
The reproducibility and reversibility of the
permittivity measurements confirmed the stability
of the samples in the selected experimental
conditions.

The complex permittivity measurements were
performed on Solartron 1260 FRA in frequency
range 1 MHz — 0.1 Hz at room temperature with
amplitude of the signal 1V and density 5
points/decade. The experimental cell consists of
two coaxial brass cylindrical electrodes with
coplanar working surface.

The permittivity measurements were carried out
first on dry membranes (with humidity equal to that
of the ambient atmosphere), followed by a series of
measurements with increasing quantity of the liquid
introduced in the volume of the samples with a
micropipette. Preliminary calibration measurements
of pure liquid (water or ethanol) in spacer with the
dimensions of the sample showed lack of frequency
dependence [12].

The measured data are presented in C' /f or R/f
plots, where f is the frequency [12]. The plot is very
illustrative for registration of the investigated
phenomena. It is used by other authors for studies
of permittivity enhancement in ceramic dielectrics
[14,17,18].

RESULTS AND DISCUSSION

The results from permittivity measurements of
BCY15 sample with 33% porosity at different
quantities of ethanol and water are presented in
Fig.1. For dry samples a small increase of C'is
observed below 1Hz. Having into account the
strong affinity of BCY15 towards water, this
increase could be caused by the ambient humidly.
The effect of water on the enhancement of C’ is
stronger that than of ethanol —for one and the same
sample the sharp increase of C'starts at 20ulwater
with enhancement of 3 orders, while for ethanol it
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is observed at 60l and the enhancement is only 10
times. This result is in agreement with the dielectric
constant of the two fluids (82 for water and 25,5 for
ethanol)[19], which reflects their polarization
ability. The additional quantity of the two liquids
increases slightly €' (Fig.2).
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Fig.1. Permittivity measurements of BCY15sample:
a) frequency dependence of Cat different quantities of
ethanol; b) frequency dependence of C'at different
quantitiesof water

For elimination of the sample geometry and the
influence of the experimental set-up, a
dimensionless parameter, named coefficient of
enhancement y,, was introduced:
_G

Cy'
where C; is the capacitance at a given frequency wi
and C, is the capacitance at the highest measured
frequency (Fig. 2).Its frequency dependence for the
measurements presented in Fig.1is given in Fig. 2.

For better presentation of the relation between
the enhancement of €' and the microstructure of the
ceramic the so called single-frequency analysis was
introduced (Fig.3), where the quantity of the liquid
is recalculated as percentage of the pores filling in

i (%)

respect to the measured porosity; the coefficient of
the enhancement is calculated at one and the same
frequency - the lowest one where reliable results
are observed for all the measurements. Results
for y,y, are presented in Fig.3.
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Fig.2. Frequency dependence of the coefficient of
enhancement y; for BCY15 sample: a) frequency
dependence of y;at different quantities of ethanol; b)
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CONCLUSIONS

The observed results confirm that the
phenomenon gigantic enhancement of C'is related
to the interactionof the well developed hydrophilic
ceramic surface with thepolar dielectric liquid,
whichbrings to the formation of liquid dipole layer
(at elevated temperatures— semiliquid). The effect is
stronger for the fluid with higher dielectric
constant. This phenomenon should increase the
conductivity of the ceramic matrix, which explains
the enhanced oxide-ion conductivity of porous
BCY15 in wet oxygen registered by impedance
spectroscopy .The formation of electrochemically
active volumetric hydroxylated layer can be of big
importance for operation in electrolyzer mode.

In classical SOFC the water is produced in the
porous anode. The developed methodology of
complex permittivity could be a new tool for
elucidation of water behavior in SOFC anodes.
Some experiments on YSZ/Ni cermet are in
progress.
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NTPUEBO NOTUPAH BAPUEB HHEPAT YPE3 JJUEJIEKTPUYHA CIIEKTPOCKOIINA

Emwins Mitanenosa*, 3npasko CroiiHos, [lapus Biagukosa

Hucmumym no enekmpoxumust u enepeutinu cucmemu “Axad. E. Byoescku” — BAH, yn. “Axao. I'. bonueg”, 6. 10,
1113, Cogus, bvreapus

IMocrenuna Ha 1 HoemBpH, 2014 r.; kopurupana Ha 4 anpui, 2015 T.
(Pesrome)

[IpencraBeHu ca pe3yaTaTd OT HW3CICABAHHS HA MPOIECH U SBICHUS, CBBP3aHH C IOBEICHHETO HA MOJSIPHU
JUEJICKTPUYHE TEYHOCTH (BOJA W QJIKOXOJ) B HEMOJSIPEH MPOTOH MPOBEXKIAIl KEpaMHUEH MaTepuall - UTPUEBO —
nerupan OapueB 1epaT BaCeogsYo0.1503. (BCY15). UscnenBanero € m3BbpiIeHO ¢ JlMeIeKTpUYHA CIEKTPOCKOIIHS,
KOATO € KIOH Ha MMIegaHcHaTa CHEKTPOCKOIMWS, H3IOJI3BaHA 3a W3MEPBAHWs M aHajlM3 Ha CBOWMCTBAaTa Ha
JUEJICKTpUYHATa TPOHUIIaeMocT. M3MepBaHUATa ce MPOBEXAAT B decToTeH amanazoH or 1| MHz go 0.01 Hz.
HaGro1aBaHo € TUTaHTCKO HapacTBaHe HAa €PEKTUBHUS KAMAlUTET HaJ ONpeIelieHO HUBO Ha OMOKpsIHE Ha 0Opa3IuTe.
BrusaneTro Ha BomaTa € MO-CHIIHO OT TOBAa Ha ajIkKOXoJla, MOPAad pa3jIMYHATa UM MOJIAPHU3aIMOHHA CIIOCOOHOCT.
Pesynrarute ca 00sicHeHN ¢ 00pa3yBaHETO Ha JUITOJICH aOCOpOIMOHeH (DMiIM B TIOpHCTaTa KepaMHYHaTa MaTpuna. ToBa
SIBIICHHE HAMHPA MIPHIOKCHUE B IPOTOH-TIPOBOIAIIN OKCUIH 33 TBBPJIOOKCHIHA TOPUBHU KIICTKH.
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Abstract: The polymer electrolyte membrane (PEM) electrolysis provides a sustainable solution for production of
hydrogen with high purity. The most commonly used PEM, the perfluorosulfonic acid membrane (Nafion®),
successfully works at temperatures up to 80°C, however above 90-100 °C Nafion® it loses both conductivity and
mechanical stability. Therefore, there is a need for development of PEM with different chemical structure capable to
resist elevated temperatures. This work presents a comparative study on the properties of two commercial and three
laboratory prepared PBI membranes applicable for preparation of membrane electrode assemblies for high temperature
PEM water electrolysis. The proton conductivity is measured at temperatures up to 170 °C applying the method of
impedance spectroscopy. It is found that the conductivity decreases in the order oceliece-p >0p-pBI>Om-peI=CABPEI. ThE
differences are discussed in connection with the polymer structure and type of proton transfer mechanism related to the

polymer structure and PA doping level.

Key words: PEM, polybenzimidazole membrane (PBI), proton conductivity, high temperature water electrolysis

INTRODUCTION

Polymer  electrolyte  membrane  (PEM)
electrolyzers can operate at much higher current
densities compared to classical alkaline
electrolyzers achieving values above 2 A.cm?
while they reduce the operational costs and
potentially, the overall cost of electrolysis [1]. The
solid electrolyte also allows essential reduction of
system dimensions ,low gas crossover rate, and
wide range of power input (economical aspect).
The letter is due to the fact that the proton transport
across the membrane responds quickly to the power
input, not delayed by inertia as in low molecular
liquid electrolytes. In the alkaline electrolyzers the
hydrogen permeability through the diaphragm
increases at high loads, yielding a larger
concentration of hydrogen on the anode (oxygen)
side thus, creating hazardous and less efficient
conditions. In contrast with the alkaline
electrolysis, PEM electrolysis cover practically the
full nominal power density range [1,2]. One could
speculate that PEM electrolysis could reach 100%
of the nominal power density derived from a fixed
current density and the corresponding cell voltage.
This is due to the low permeability of hydrogen
through Nafion (less than 1.25.10* cm?3sicm? for

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

Nafion®117 at standard pressure,80 °C and 2
mA.cm?) [3].

In the recent years the high temperature PEM
water electrolysis (HT-PEWE) operating in the
temperature range from 100 to 200 °C has been
recognized as a promising technology to meet the
contemporary technical challenges since the
increase in the operational temperature affects
favorably the energy demand for the splitting of
water to hydrogen and oxygen [4]. The realization
of HT-PEWE is a driving force for developing of
proton exchange polymer membranes capable to
work at such severe conditions [3, 5]. The most
critical issues beside the proton conductivity are the
thermal, chemical and mechanical stabilities of the
polymer materials at these elevated temperatures [6,
7].

Phosphoric acid doped polybenzimidazole (PBI)
membranes have been investigated and successfully
used in PEM fuel cells at elevated temperatures
(HT-PEFC) because of their excellent thermo-
chemical stability, low gas permeability, high
mechanical stability and good proton conductivity
[7, 8]. Since the chemical processes occurring in
hydrogen PEM fuel cells and in water electrolysis
are reversible, it is expected that the PBI
membranes doped with phosphoric acid could work
successfully also in HT-PEWE [9]. The number of
commercial HT-PEM is very limited. At the same
time there is an intensive research on developing of
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new products with broad variations in their
chemical composition [10].

This work presents a comparative study on the
conductivity of two commercial products and three
laboratory prepared polybenzimidazole based
membranes dotted with phosphoric acid at broad
range of experimental conditions (temperature,

humidity, gaseous atmosphere).

EXPERIMENTAL
Membranes

The commercial products tested are Nafion® 117
(perfluorosulfonic acid) and Celtec®-P type (para-
polybenzimidazole doped with HsPOa). It is well
known that Nafion®117 optimal working
temperature is 80 °C and higher temperatures affect
the mechanical stability and conductivity of this
membrane [11]. The optimal working temperature
of Celtec®-P according the literature is 160-170 °C
[12]. In this study before measurements the
Nafion®117 membrane is activated in 0.05 M
sulfuric acid using a standard activation procedure -
boiling in 3% H.0,, rinsing in boiling water,
thenboiling in 0.5 M H2SO4, and finally rinsing in
boiling water (at least 1 h for each step) [13]. The e
Celtec®™P type membrane is dotted with 70%
phosphoric acid and hold in special air free box,

since long exposure in air leads to humidification
changes of the phosphoric acid, affecting the
membrane conductivity.

Three types of PBI based membranes poly[(2,2-

(p-phenylen)-5,5-bisbenzimidazole], poly[2,2-(m-
phenylen)-5,5-bisbenzimidazole] and poly(2,5-
benzimidazole), denoted as p-PBI, m-PBI and

ABPBI respectively were prepared and chemically
modified. They differ in chemical structure of the
building monomer (Table 1), the method of
preparation, and the amount of the doping o-
phosphoric acid (PA) inside the polymer electrolyte
matrix [8].

The p-PBI membrane is prepared using 2% p-
PBI solution from BASF, applying the sol-gel
method developed by Xiao [14]. The solution is
heated up to 200 °C under stirring and left for 72
hours at open air. The formed dry polymer film is
immersed in 70% o-phosphoric acid for
conditioning. Thus obtained p-PBI membrane
contains 5 wt.%. p-PBI and 95 wt.% of 70%PA and
has an elastic module of 3.5MPa [15].

The ABPBI membrane is synthesized using a
modified Eaton’s reagent (8 wt% P2Os in methane
sulfonic acid) containing sulfuric acid.

Table 1. Conductivity of Celtec®-P and laboratory prepared PBI/PA membranes calculated from the impedance
spectra measured at 160°C

. B Ea
Membrane Structure of the Conductivity [S.cm™] [kJ.mol%]
building monomer - - - -
Wet air Air Air Air
20%RH 1st heat 2nd heat 2nd heat
Celtec®-P H H 0.24+0.02 0.22+0.02 0.19+0.01 14.240.2
p-PBI/PA {_<\ j@»@{ )_QWL 021*  0.1940.01  0.13£0.01  21.140.2
N N n
m-PBI/PA X ‘ 0.10£0.005  0.08+0.005  22.8+0.5
ROt
N N n
ABPBI/PA
0.09+0.006 0.08+0.005 20.6+£0.4

fCrk

*The conductivity of the same membrane measured from [21]

The 3,4- diaminobenzoic acid single monomer
precursor is purified by a simple charcoal
procedure. Then a thin film is spread using doctor
blade technique and left to sol-gel transform in
open atmosphere for 48h, washed with water and
ammonia solution and dried at room temperature.
The obtained dry polymer film is subsequently
doped with 85% o-phosphoric acid.

The preparation of the m-PBI membrane is done
identically by the described procedure for the
ABPBI membranes with two different monomers —
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diaminobenzidine and isophtalic acid used for the
synthesis of meta-PBI in Eaton’s reagent.

Test cell

The experiments are carried out in self-made test
cell presented on Fig. 1. It consists of working
chamber (Fig.1a) and a Teflon holder (fig. 1b). The
temperature in the chamber can be precisely
controlled from up to 200°C. The heater is
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Fig.1. Laboratory test cell for measurement of polymer electrolyte membrane conductivity:
a) working chamber with temperature controller; b) membrane holder with sensing contacts/electrodes.

designed as a non-inductive bifilar winding to
avoid disturb on impedance measurements. The
humidity in the cell is ensured by flow of argon
passing through heated water bubbler and
controlled by the temperature.

The design of the Teflon holder ensures
maximum contact with the gaseous flow, i.e.
maximum  humidification of the measured
membrane. Two, three or four sensing
contacts/electrodes are located on the holder, giving
a possibility to use 4-probe method or to test
different sections of the membrane as well as of
samples with different length (1, 2, and 3 cm) by 2-
electrode scheme.

Conductivity measurements

The characterization of the membranes is
performed by impedance spectroscopy, using Phase

Sensitive Multimeters Newtons4th Ltd. PsimetriQ-
PSM1700 equipped with Newtons4th Impedance
Analysis Interface (IAl). The measurements are
carried out in the frequency range 1MHz-1Hz with
sampling rate of 10 points per decade, and ac
amplitude < 100 mV. The conductivity is calculated

from the determined resistance using the equation:

l
0= Rdw (1)

where o is the membrane conductivity, | - the
length between the electrodes, R - the membrane
resistance, d - the membrane thickness, and w - the
membrane width.

RESULTS AND DISCUSSIONS
Commercial membranes

To get consistent results for the newly
developed PBI membranes, the reliability of the
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developed test cell and the measuring procedure
is verified, measuring the proton conductivity
of two commercial products with well-known
characteristics, namely the Nafion®117 and
Celtec®™P  membranes. Different  test
procedures are applied. The first one consists
of gradual increase of temperature from 25 °C
at high levels of humidity (RH=95% at 100°C
and RH ~20% at 160-170 °C) and recording of
the impedance spectrum stepwise at different
temperatures. Figure 2 presents the Nyquist
plot of Nafion®117 and Celtec®-P at room
temperature. The Nyquist plot consists of part
of semicircle in the high frequency range and
characteristic spike due to diffusion and
polarization in the low frequency range. The
resistance of the membranes (R) is determined
by the low frequency intersection of the
semicircle with Zre axis as pointed (the arrows
in fig. 2).

The conductivity is not a monotonic
function of the temperature for both type of
membranes (fig. 3). Initially the conductivity of
Nafion®117 increases with temperature,
reaches maximum value 0.13 S.cm™ around
60°C, and then decreases to 0.11 S.cm™at 80
°C. The proton conductivity is a function of
both temperature and membrane water content

0.13

(water content is defined as the molar ratio of
water molecules per SOzH™ group) [16,17].
Reike and VVanderborgh have established that at
the decrease in the conductivity at temperatures
above 60 °C is not related with the starting
drying process since the water content is still
high enough. Using FTIR they have showed
that at these temperatures fractions of the
sulfonic acid groups are no longer ionizedand
do not participate in the proton transfer which
results in decrease of membrane conductivity
[16].

—o— Nafion®117
-1000 |- _o_ Celtec®-P g
g —o—, R O\Q R, . ﬁ
§ -500 \.\ Celte \O Naﬁ%”o’
N
0 L 1 L 1 1
500 1000 1500 2000
Zre (@)
Fig. 2. Impedance Nyquist plot of commercial

membranes Nafion® and Celtec®-P at room temperature

EE /H”‘;W”m“m‘l
» 0.12 ; B °
z L4 o
2 0.11 ;
2 /.o' @ Nafion 117
8 Mt @
20 40 60 80

0.30 Temp.(OC)
§ ; 090'—0.,0
2 0251 9> . Y
23 WQ R
z @ g ?
> 4
€ 020} 9 ®
3 s ~@- Celtec™ -P
£ o
8

0.15 1 1 1 1 1 1 J

40 60 80

120 140 160 180

Temp.(0C)
Fig. 3. Temperature dependence of the conductivity of Nafion® 117 and Celtec®-P.

With the increase of temperature the
conductivity of  Celtec®P membrane reaches
maximum value of 0.27 S.cm™ around 90°C, then
decreases to passes through a minimum
(6=0.22 S.cm™ around 140°C, and begins to
increase again reaching 0.24 S.cm™ at 160 °C (Fig
3).

The second series of tests is carried out at
constant temperature (80°C and 170 °C for
46

Nafion® 117 and Celtec®-P, respectively). Once it is
reached, the humidification flow in the chamber is
interrupted and a dry Ar flow is introduced in the
chamber. The results obtained are compared in
fig.4. They show that as soon as the dry argon is
delivered in the test chamber, the conductivity of
Nafion®117 decreases dramatically. In contrast,
after an initial decrease the conductivity of Celtec®
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P stabilizes at 0.11 S.cm™ which is a very good

,dry Ar

0.1 -:'-o
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[
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value for dry condition.

 Sonductivity of Celtec®-P at 170 °C in Ar

] Conductivity of Nafion®117 at 80 °C i% Ar
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Fig.4. Time dependence membranes conductivity, calculated from the impedance spectra in dry Ar of Nafion® 117 at
80 °C and Celtec®-P at 170 °C.

These results are consistent with the
conductivity values for both commercial
membranes reported in the literature for

Nafion® 117 [16, 19, 20] and Celtec®-P [21]. They
are logical and expected since the proton
conducting mechanism for both membranes is
completely different. In the case of Nafion® 117 the
transport of protons requires presence of superacid
polymer electrolyte/water clusters in the volume of
the membrane. The proton transport occurs by a
vehicle mechanism, in which the water molecules
forming hydronium ions carry the protons to the
adjacent sulfonic sites. In the absence of water, i.e.
under dry conditions or above temperatures of 80
°C, the predominant proton transport mechanism is
direct hopping between sulfonic sites and Nafion®
conductivity decreases significantly. In Celtec®-P
the protons move predominantly through the
phosphoric acid H-bond intermolecular network (at
high PA doping levels) and partially through the
PBI N-heterocycles of the polymer chains. The
transport in this type of membranes is dominated by
the so called proton hoping (Grotthuss) mechanism
[18].

Laboratory prepared membranes

It has b verified that while Nafion® 117 is efficient
at high humidity, the experiments PBI-based
membrane Celtec®-P performs very well at low
humidity. Therefore, the the con laboratory
prepared p-PBI, m-PBI and ABPBI membranes
together with Celtec®-P are tfurther ested in an

open system (i.e. in air) without additional
moistening. The experiments are carried out in the
temperature range 25+170°C. The obtained
conductivity-temperature dependencies are
presented in Fig. 5. The as prepared membranes at
room temperature contain some amount of
adsorbed water which with heating gradually
evaporates. The leakage of that absorbed water in
turn, influences the conductivity of the membranes
(Fig. 5a). To avoid this inconsistency in the test
conditions, a second series of measurements is
performed immediately after the first one as the
temperature was changed in opposite direction
cooling down the system gradually form 160 °C to
— form of the test samples measurements. These
results are presented in (fig. 5b). For comparison,
the values of the proton conductivity calculated
from both sets of impedance spectraare summarized
in Table 1. As it is seen the conductivity decreases
in the order occeitecw-p >Gp-PBI>Om-PBIZCABPBI The best
result among the laboratory prepared samples is
obtained for p-PBI membrane, however its proton
conductivity is lower compared to that of the
commercial Celtec®P membrane. The values for
m-PBIl and ABPBI at 160 °C are close to those
obtained by Choi et.al. (ompei=0.0951 S.cm* and
oasrei=0.0832 S.cm‘1 [22])

The mechanism of proton conductivity can be
recognized from the temperature dependence [23-
25]. Since the PBI membranes possess high glass
transition temperature (Tg), the dependence of
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conductivity on temperature should obey the
Arrhenius equation:

— % _ E_a)
o= exp( =) 2
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Fig. 5. Temperature dependence of conductivity of
Celtec®-P and laboratory prepared PBI-membranes,
in air: () first heat; (b) second heat.

where o is the conductivity, oo is a pre-exponential
factor, Ea - activation energy, R - the gas constant
and T — the absolute temperature.

The results presented in Fig. 6 confirm this
assumption. The linearity of the Arrhenius plot
In(cT) vs T? sustains in wide temperature range
(up 150°C) for the all membranes tested. This
means that the proton transport is controlled by the
hopping mechanism. Using a linear fit, the
activation energies are determined from the slope of
PBI-membrane compared to Celtec®-P mean that a
higher potential barrier is needed for the proton
transfer which in turn, results in lower conductivity
of this membrane, despite the almost equal amount
of doping PA in both samples. The explanation of
this difference should be sought in the structural
variation of the membranes. On the other hand, the
difference in the calculated activation energies of
the three laboratory prepared PBI membranes under
study are comparatively low, suggesting that the
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mechanism of ion transport is the same. Hence, it
can be concluded that the difference in the
conductivity is mainly due to the different levels of
PA doping. Over 150°C a deviation from Arrhenius
dependence is observed. It is connected to
dehydration of the phosphoric acid, formation of
pyrophosphoric acid (H4P207), and in result, to drop
in the membrane conductivity.

As mentioned before the proton transport in PBI
membranes is dominated by the hoping Grotthuss
mechanism. According to Ma [26], the conductivity
in these type membranes is realized by proton
hoping through paths via different hydrogen bonds,
depending on different factors such asd the doping
level, RH, and temperature. At high acid doping
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100071 7k

Fig. 6. Arrhenius plot: In(c.T) vs. 1/T of Celtec®-P and
laboratory prepared PBI-membranes.

level and water content and/or at high humidity, the
protons are hopping through acid-water path
(HsPQs...H-O-H...H,POy) and phosphoric acid

chains (H3PO....H,POs) as the former path
dominates.  This correlates with the measured
highest conductivity of Celtec®-P, in wet Argon, as
well as with the higher conductivity of the first scan
of the impedance with the increasing temperature,
where water is still present in the membranes. At
low RH or dry conditions, there is deficiency of
hydrogen bonds, i.e. of donor/acceptor pairs and the
main proton transport is carried out through the
phosphoric acid chains i.e. path (H3POs...H2POy)
with small contribution of the ( N-H*...H.POs)
path, which resultsin decrease of conductivity. The
calculated value of E. for Celtec®-P is close to that
of the pure HsPO4 [25], suggesting that the protons
hop through the long phosphoric acid chains
(H3POs...H2POs). The higher activation energies of
the laboratory prepared PBI/PA membranes could
be explained with the shorter phosphoric chains,
interrupted from N-H*...H,PO,  and N-H*...N-
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H*... bonds. Thus, the observed differences in the
conductivity of the polymer electrolyte membranes
under investigation can be explained with the type
of the ion transport determined by the polymer
structure as well as the acid doping level.

CONCLUSIONS

The performed comparative study on proton-
conductivity of polymer electrolyte membranes
(perflourosulfonic  acid  Nafion® and a
polybenzimidazole based membrane dotted with
phosphoric acid Celtec®-P) and three laboratory
prepared PBI based samples (p-PBIl, m-PBI, and
ABPBI) demonstrated that the applied testing
procedure based on electrochemical impedance
measurements is a reliable approach for screening
and preselection of various type of polymer The
results obtained showed that the conductivity of the
home prepared p-PBI, m-PBlI and ABPBI
membranes are comparable with the best
commercial product of that type available on the
market and could be used for preparation of
membrane electrode assemblies. .

The best performance of 0.19 S.cm™ at 160 °C
and very good stability at elevated temperatures
without degradation showed the p-PBI membrane,
which is considered as the most perspective for
practical applications in HT- PEM water
electrolysis.
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CPABHUTEJIHO U3CJIIEABAHE HA ITPOTOHHATA ITPOBOANMOCT HA
[NEP®JIYOPOCYIJI®OHUPAHU U ITOJIMBEH3UMUNIA30JI BASVUPAHU ITOJIMMEPHU
EJIEKTPOJIMTHU MEMBPAHU

C.I'. Aspamos?, E. Jlereposa’, X. Ilenuen?, B. Cunurepcku?, E. CnaBuepal

YUnemumym no enexkmpoxumus u enepauiinu cucmemu "Axao. E. Byoescxu" (MEEC) - BAH, yn. "Akao. I
bonues" 10, 1113, Coghus, bvacapus
2Uncmumym no nonumepu - BAH, yn. "Axkao. I'. Bonues" 1034, 1113, Cogpus, Bvreapus

Iloctpnnna Ha 10 oktomBpu 2014 r.; Kopurupana Ha 9 centemspu 2015 r.

(Pestome)

EnextponuzaTa Ha Boga B KJIETKM € TonuMepHa enekTtponutHa wMemOpana (IIEM) ocurypsisa
MMPOM3BOACTBO HA BOJOPOA C BHCOKa uucTtoTa. Haif-uecto m3momsBanara I[IEM, mepdumyopocyndonoBa
MeMmOpana (Nafion®), ycmemno pabotru mpu temneparypu no 80 °C. Hag 90-100 °C s ryOm Kakto
IPOBOJUMOCTTA, Taka M MEXaHWYHaTa cU cTabuiaHocT. ClenoBaTeNHO, CHUIECTBYBA HEOOXOIUMOCT OT
paspabotBanero Ha [IEM c pasnuvHa XUMHYHA CTPYKTypa, YCTOWYMBA Ha MO-BHCOKU TeMmIrieparypu. Ta3u
CTaTHd NPEICTaBs CPABHUTEIHO M3CIECABAaHE HA IMPOTOHHATA NPOBOJUMOCT Ha JABE TBHPIOBCKM W TpHU
naboparopHo moarorBeHn mnomuOeHsumuaazon ([IbM) Gasupanu MemOpaHu, TPWIOKUMH 32
BucokoreMrepatypHa [IEM enektponusa Ha Bona. IIpoBoaumocTTa € HM3MEpBaHa NMPU TEMIEPATypu A0
170°C ¢  uMIEJaHCHAa  CHEKTPOCKONMMSI W €  yCTAaHOBEHO, Y€  HamalsiBa B pela
Celtec®-P>p-PBI>m-PBI>ABPBI. Pasnukure ca oOChAeHH B KOHTEKCTa Ha MEXaHW3Ma Ha MPOTOHHHS
TpaHcdep, cCBbP3aH CbC CTPYKTypaTa Ha IOJIMMepa U CTENEHTa Ha JoTupaHe ¢ (ochopHa KUCEIHHA.
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Surface morphology and corrosion behavior of zinc and zinc composite coatings with
Cr(111) based conversion films
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The results concerning the obtaining of protective conversion films (CF) on zinc and zinc composite coatings from
environmentally friendly solutions are demonstrated and commented. The newly obtained CF are based on the
application of ammonium-Cr(I11) salt with oxalic acid - ammonium tris (oxalato) chromate [I11] —(ATOC).Depending
on its concentration as well on the immersion time three types of CF can be obtained — transparent, light-green and
gray-black colored which differ in their corrosion resistance and protective properties. The latter are estimated in a
neutral corrosion medium of 3% NaCl containing chloride ions as corrosion activators and leading in general to
appearance of local corrosion. The protective ability of CF is investigated by using of polarization resistance
measurements and neutral salt spray chamber test. Their surface morphology is characterized with SEM.

The composite zinc coatings contain embedded core-shell type stabilized polymeric micelles (SPMs, based on poly-
propylene oxide and poly-ethylene oxide). The influence of the SPMs incorporated in the metal matrix on the surface

morphology and on the corrosion behavior of the obtained CF is commented on and discussed.

Key words: composite coatings,

INTRODUCTION

Zinc is a metal that is not widespread in the
earth crust and its content is about 0,007 wt.%.
However, the electrogalvanized zinc coatings find
significant application on an industrial scale for
corrosion protection of different parts, components
and structures of steel. Zinc coatings are relative
stable at atmospheric conditions and their corrosion
rate is the lowest in the pH range 7 — 12. Under the
influence of environment and in the presence of
moisture this metal is covered with a layer of the so
called “white rust” the latter consisting of different
corrosion products depending on the medium — for
example zinc hydroxide chloride, zinc oxide, zinc
hydroxide, zinc hydroxide sulfates. This layer has
in general barrier properties and impedes the
penetration of the corrosion agents deeply inside.

The electrodeposition of Zn coatings on steel
substrates is applied since the zinc is a sacrificial
coating due to its more negative potential compared
to the iron or steel substrate. However, its safe
exploitation is relative limited due to the aggressive

nature of environment containing industrial
pollutants which demonstrates the need of
additional efforts to improve its protective

properties[1-14].

conversion  films,

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

corrosion, zinc, stabilized polymeric  micelles

One possible way is to electrodeposite zinc
composite  coatings the latter  containing
incorporated metallic, non-metallic, polymeric
particles etc.,which method is often applied in the
last decades in many industrial sectors[15-17]. In
general, such coatings exhibit high corrosion
resistance [15-19].Another method is the alloying
of Zn with metals like Mn, Co, Ni etc., but the
protective characteristics of these galvanic alloys
also need additional improvement especially in
aggressive media.

The lifetime of the galvanized steel is
significantly prolonged by application of different
post-treatment, for example, short-time immersion
in special developed chemical solutions for
obtaining of conversion films (CF) like chromite
(Cr®) ones[20-22].They show lower susceptibility
against aggressive corrosion solutions and can be a
basis for further treatment with organic paints.
Their color and thickness can be altered by
variation of the solution composition, pH value,
temperature, immersion time.

The aim of the present work is to obtain
appropriate solutions for conversion films on zinc
and composite Zn coatings, to characterize and
evaluate their protective parameters in selected
model corrosion medium and to estimate the
surface peculiarities of these layers.
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EXPERIMENTAL
Sample preparation

The investigated samples are electrodeposited
on a low carbon steel substrate with sizes 20 x 10 x
1 mm, whole surface area of 4 cm? and coating
thickness of approximately 12 pm. Deposition
conditions: current densityof 2 A/dm?, room
temperature — 22 °C; metallurgical zinc anodes.

Galvanic coatings

Zinc coatings are electrodeposited from
electrolyte  with a composition 150 g/l
ZnS04.7H20, 30 g/l NH4CI, 30 g/l H3BOs,
additivesAZ-1 (wetting agent) - 50 ml/l and AZ-2

(brightener) - 10 ml/l, pH value 4,5-5,0.
Composite zinc coatings

These coatings are electrodeposited from the
same electrolytes and at the same electrodeposition
conditions described above with an addition of 1g/l
of powdered stabilized nano-sized polymeric
micelles (SPMs) based on PEO75PPO3,PEO7s (poly-
ethylene oxide — poly-propylene oxide — poly-
ethylene oxide)tri-block copolymer. PPO is the
hydrophobic core and the PEO is the hydrophilic
shell of the SPMs.

Stabilized polymeric micelles (SPMs)

The procedure for preparation of the SPMs
includes the formation of core—shell type micelles
in aqueous media at 60 °C followed by UV-induced
polymerization leading to the formation of asemi-
interpenetrating polymer network[23].

Solutions for chemical treatment/passivating

The additional surface treatment of Zn and
composite coatings is carried out by usage of three
solutions with different chemical composition
based on the application of ammonium-Cr(ll1) salt
with oxalic acid - ammonium tris (oxalato)
chromate [111] —-(ATOC) presented in Table 1.

The surface layer of the chromite films appeared
on the metal surface after a short-time immersion of
the sample is transparent-, gray-black- or light
green-colored  dependent on the ATOC
concentration, pH value and immersion time. The
latter varies from 30 seconds up to about 1 minute
and the obtained CF has a thickness of about 200-
300 nm. The concentration of the main components
demonstrated in Table 1 is given in definite limits
since the quality of the obtained films varies
depending on some functional parameters like
color, adhesion etc.
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The obtained CF-s are ready for corrosion
treatment after 24 h stay — the so called “time for
ripening of the films”. During this period the latter
become more hard, hydrophobic and wear-resistant.

Table 1. Composition of the passivating solutions for
obtaining of CF-s

Chromite
fil Components Amounts
ilm
ATOC
Transparent Co? 5,0-15.0 g/l
CF HNOs 0-1,29/
(50%) up topH 1,6 - 2,0
:;,\?é 10,0- 20,0 g/l
Gray-black CF HsPO, 10-2,0 %/:
HNO, 0-10,0 ml/
(50%) uptopH 1,6 - 1,7
ATOC
Light-green NazS,0s 10,0-20,0 g/l
CF HNO; 50,0 — 65,0g/1
(50%) uptopH 1,7-2,0

In all cases the pH value of the solutions is
corrected by using of different HNO3; amounts in
order to improve the adhesion of the conversion
films to the zinc. The samples are also prior
immersed for several seconds in a 0,2% HNOs
solution for “activating” of the surface and
thereafter rinsed with distilled water.

Corrosion medium and reproducibility

A model corrosion medium of 3% NaCl solution
with pH 6.7 at ambient temperature of about 25°C
is used. The results from the electrochemical
investigations are in average of 5 samples per type
i.e. for each measurement 5 replicatesof Zn or its
composites. Aiming at receiving of better
reproducibility prior to the polarization resistance
test all samples are temporized for a definite period
in the model medium atconditions of open circuit
potential (OCP).

Sample characterization

The sample characterization is realized by using
of the following methods:

- Polarization resistance (Rp) - the
measurements are carried out for a test period of
about 300 hours with*‘Corrovit’’equipment in the
range of +£25 mVrelative the corrosion potential.
From the Stern—Geary equation[24] it is known that
higher Rp value (in Q.cm?) corresponds to
highercorrosion resistance and to lower corrosion
rate;
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- Neutral salt spray (NSS) chamber — the
investigations are conducted in compliance with the
requirements of BDS EN ISO 9227: 2012 and
ASTM B-117-03 by application of “Heraeus-
Votsch” corrosion chamber, Germany. Corrosion
medium was pulverized NaCl solution at pH 6,5 —
7,2 and temperature of 35 + 2 °C. During the testing
the time for appearance of the so called “white rust”
(corrosion of the coating — Zn or composite zinc
with CF) or “red rust” (corrosion of the steel
substrate and diffusion of iron ions as a result of the
degradation process) as well as the change of the
surface area damaged by the corrosion can be
registered.

The evaluation of the conversion coatings is
presented in estimation marks according to BDS
15258-81, method C (for cathodic coatings) in the
case when the “white rust” is estimated. The degree
of the surface damages(in %) is brought into
relevant estimation mark. For example, mark 10
means that the coating is without damages; 8 means
that the damaged surface area is between 0,25 -
0,5%; 6 — between 1 and 2%; 1 — between 32 and
64%; 0 - the coating does not fulfill its protective
functions any more.

The “red rust” is estimated according to BDS
15258-81, method B (for anodic coatings) and also
in estimation marks: mark 10 means without
damages; 9 — damaged surface(red spots) occupy
up to 1% from the sample surface; 8 — damaged
surface is between land 2,5% from the whole
surface; 6 — between 5 and 10%,; 4 — over 30%. It
is assumed that bellow estimation mark 4 the
substrate is so heavily damaged from the corrosion
that it is practically unusable.

- Scanning electron microscopy — the surface
morphology of the samples is investigated by using
of INCA Energy 350unit.

All  electrochemical ~ measurements  are
performed in a common three-electrode cell
(volume of 250 ml). The ohmic resistance of the
corrosion medium is minimized by application of a
Luggin-capillary. Platinum plate is taken for a
counter electrode and the potentials are measured
with respect to the saturated calomelelectrode
(SCE).

RESULTS AND DISCUSSION

Obtaining of ammonium oxalate chromium (l11)
complex
The crystals of ammonium tris (oxalato)
chromate are thin elongated prisms and have a
monoclinic structure. Their color varies.The three
oxalate groups of the complex ion are planar while
the three inner oxygen atoms form octahedral

surrounding with a central Cr atom — Figure 1.The
crystals lose water in a dry atmosphere and absorb
water in a humid air.

For obtaining of ATOC initially definite
amounts of H.C;04.2H,O are mixed with
(NH.4)2C204.H20in a minimal water amount. The
appearing suspension is slowly stirred with
saturated solution of ammonium dichromate
leading to the final product — violet crystals. The
latter are dried at room temperature.

o
o
o 2
- l '\.“Q‘D
O .-'.fn'.frr.'r..-.., Cr’a.:ﬂ
o—— 1\0 ’
&
o

Fig. 1. Structure of ammonium tris (oxalato)
chromate [I11] anion.

The formal equation of the reaction can be
presented as follows:

2(NH4)2C204 + (NH4)2Cr207 + 7 Ho.C204
92(NH4)3[CI’(C204)3] + 6CO, + 7TH,0

The preparation procedure must be realized very
carefully in order to avoid in the possible
appearance of Cr®*-ions in the final product.

Polarization resistance (Rp) measurements

The data obtained from the polarization
resistance measurements for zinc coatings with
different CF after 300 hours of corrosion treatment
in the model medium are demonstrated in Figure 2.
At the beginning of the testing the samples with the
transparent (TCF) and light-green CF (LGCF) show
very high Rp values — curves 1 and 3, respectively.
Thereafter the result for the transparent film
decreases readily and it becomes the lowest one at
the end of the experiment. The zinc coating with
the light-green CF has relative close Rp values
during the whole period. The sample with gray-
black CF (GBCF) presents the lowest polarization
resistance in the first 50 hours but thereafter its
protective ability increases and at the end of the test
period its Rp data is comparable with that of the
sample with light-green CF — about 2700-2800
Q.cm?.
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The results for galvanic and composite zinc
coatings (from bath containing 0,1wt% SPMSs) with

and without light-green CF are shown in Figure 3.
4000

L 3
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g O Pt e A B 2
£ = e
E 20004 o % o
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T >
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Fig. 2. Polarization resistance of zinc with different
CF-s:1 — transparent; 2 — grey-black; 3 — light-green

The polarization resistance of the zinc is the
lowest one with Rp values of about 1000-1500
Q.cm?. Contrary to this the Rp values of the
composite zinc are greater and show an increasing
tendency at the end of the period. These results
qualitatively correlate to the data obtained for the
same coating types in 5% NaCl solution although
the Rp values in the latter are to a certain extent
lower.

At the end of the testing both coatings with
light-green CF do not have remarkable damages on
the surface but the Rp values of the composite one
are with about 500 Q.cm?greater than that of the
non-composite zinc sample (curves 4 and 3,
respectively). 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 previously by
us with XRD method from one side - and of SPMs
from another. As well known ZHC characterizes
with a low product of solubility value (~ 104
which has a barrier effect. In that case the
hydrophobic part of the SPMs leaving in the mixed
layer additionally increases the inhibiting of the
penetration of the corrosion medium deeply inside.

5000
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<
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I - . o — O
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1000 1
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Fig. 3. Polarization resistance of zinc and composite
zinc with different CF-s:1 — Zn; 2 — composite Zn;3 — Zn
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with light-green CF; 4 — composite Zn with light-green
CF.
NSS method

The results obtained from the NSS method
concerning electrodeposited non-composite zinc
coatings with three different CF (transparent, gray-
black and light-green) are demonstrated in Figure 4.
The experimental data registered show best
protective abilityof the light-green CF which does
not have any damaged surface areas during the first
3 cycles. Thereafter the newly appeared zinc
corrosion products begin to cover the coating and at
the 4-th cycle the “white rust” occupies between 4
and 8 % of its surface. At the 9-th cycle the
damaged surface of this sample is between 32 and
64%.

The other two CF-s demonstrate in general close
tendencies ofdecreasing which is more strongly
expressed for the transparent one the latter been
almost totally covered by “white rust” after the 5-th
cycle. Contrary to this, the gray-black CF lasts
relative longer time — up to the 8-th cycle.

The results obtained about the appearance of
“red rust” of zinc and composite zinc samples are
presented in Figure 5.

10 p—h———%
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S \ .
©
€ 6}
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A *.
=] N \
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w | YN \*
0 o 1 a2
2 4 6 8 10

Cycles

Fig. 4. NSS data about “white rust” registered on Zn
with different CF-s:

1 — transparent (TCF); 2 — grey-black(GBCF); 3 —
light-green(LGCF).

After 8 cycles the best results (without any
damages) show both Zn (1) and composite Zn (2)
with light-green CF as well as the composite zinc
with transparent (4) and with gray-black CF (6). At
the 15-th cycle the zinc and its composite with
light-green CF are still without damages (1,2), both
coatings with transparent CF (3,4) have “red rust”
on about 1% of the surface and the Zn coating with
gray-black CF (5) has between 10 and 30%
damages on the surface. At the 22 cycle only the
composite zinc with light-green CF (2) is without
“red rust” on the surface which means this CF
protects successfully the substrate. The galvanic Zn
with LGCF (1) and the composite one with TCF (4)
demonstrate estimation mark 9.
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Fig. 5. NSS data about “red rust” registered on Zn and composite Zn with CF-s: 1 —Zn with LGCF; 2 — composite Zn
with LGCF;3 — Zn with TCF; 4 — composite Zn with TCF;5 — Zn with GBCF; 6 — composite Zn with GBCF.
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Fig. 6. SEM images of Zn(up) and composite Zn(down) with different CF

Typical surface morphology of non-composite
and composite zinc coatings are presented in Fig. 6.
It is seen that the sample surfaces of the presented
coatings exhibit marked differences. The surface of
the non-composite with CF is more uneven and in
some places also some holes or other
inhomogeneity appear. Contrary to this the surface
morphology of the composite zinc looks in general
more even especially when light-green CF is
applied.

DISCUSSION

As well known the corrosion resistance of the
zinc depends on the formation of a protective layer
of corrosion products with low product of solubility
which distinguishes with barrier properties. When
the electrodeposited coating (composite or non-

composite) is chemically treated at low pH value in
solutions containing for example Cr(l11) based salts
two parallel processes are appear - dissolution of
zinc and evolution of hydrogen with following
reactions presented below:

Anodic: Zn — Zn?** + 2¢
Cathodic: 2H* + 2" — H;

The reduction of hydrogen ions leads to an
increase of pH value in the vicinity of the Zn
surface, which results in the precipitation of
chromium hydroxide and zinc hydroxide from
Cr(I11) andzn(ll) ions and formation of additional
thin surface layer.

Finally, the simultaneously presence of
conversion film, corrosion products as a result of
the dissolution process and incorporated in the
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metal matrix SPMs(practically insoluble in the
model corrosion medium) lead to better corrosion
resistance of the chromited composites compared to
the chromited non-composite zinc deposits.

CONCLUSIONS

The presented results demonstrated clearly the
possible application of environmentally Cr(l11)
based solution for chemical treatment of composite
and non-composite zinc coatings in order to
increase their protective properties. Depending on
the composition and on the content of the ATOC
the protective action of the chromite layer can
change providing protection to different extent. The
presence of SPMs in the zinc matrix leads to
increase of the corrosion resistance compared to the
pure non-composite zinc.

It can be finally summarized that the presented
coatings demonstrate high protective ability in the
selected corrosion medium which could be viewed
and comparable with some of the “smart”
composite coatings with embedded nano-containers
with inhibitor [25,26].
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I[TOBBPXHOCTHA MOP®OJIOI'MA 1 KOPO3MOHHO ITOBEJEHUE HA IMHKOBU U
[MNMHKOBU KOMIIO3UTHU [TIOKPUTHSA C KOHBEPCMOHHU 3AIIMTHU ®NJIMU HA
BA3A TPUBAJIEHTEH XPOM
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[IpencraBeHN 1 KOMEHTHPAHU Ca PE3YIATATUTEIIO ITOTydaBaHEe Ha 3allIUTHN KOHBEPCHOHHU (DUIMHU BBPXY IUHKOBH H
OUHKOBH KOMIIO3UTHH ITOKPUTHAOT EKOJOTHYHH pa3TBOpH. HoBopa3paboTeHHWTe KOHBEPCHOHHU (QIIIMH CBIBPKAT
aMOHHEBO-XPOMEHA COJI Ha TPUBAJIEHTHHUSA XPOM C OKCAJlOBa KHCEIHMHAa — aMOHHMEBO-TPHU-OKCAJIaT-XPOMATEHKOMILICKC.
B 3aBucuMOCT OT HeroBata KOHLIEHTPALMs U OT BPEMETO Ha MOTAIsSHE ca MOJIYyYeHH TPH THIIa KOHBEPCHOHHH (HIMH
BBPXY IMHKOBH U IIMHKOBH KOMIIO3UTHH MOKPUTHS — IPO3paUeH, CBETII03€ICH U CUBO-UEPEH — KOUTO CE pa3inyaBar 1o
CBOSITa KOPO3MOHHA YCTOMYMBOCT M 3allIUTHU cBoiicTBa. IlocneqHure ca olleHEHH B HEyTpalHa KOPO3MOHHA Cpefa Ha
3% NaClc xmopHu HOHM KaTO KOPO3HOHHHM aKTHBATOPU, KOMTO MPEIM3BUKBAT JIOKATHA KOPO3Us. 3alluTHATA
crocoOHOCT Ha KOHBEPCHOHHHUTE (QHIMHU € H3CIeIBaHa C METOIWTE Ha MOJSIPHU3AMOHHOTO CHIPOTUBJICHHEC W KaMepa
,,ComeHa Mpria”. [loBppxHOCTHaTa MOP(OIIOTHS € OIIEHEeHa ChC CKaHMpAIIla eIeKTPOHHA MUKpOcKonwa. Kommo3uTauTe
OUHKOBH TIOKPHUTHS CBHIBPKAT BIPAICHH CTaOWIM3HpaHW TMOJUMEPHH MHIEIA THO ,sIpo-oOBHBKa Ha 0aza
TIOJIUIIPOITAICH OKCHA M TONHCTWICH OKCHA. J[MCKyTHpaHO € BIMSHHETO Ha TE3W CTAOWIM3HpAaHH MHICTH BBPXY
MMOBBPXHOCTHATa MOP(OJIOTHS U BEPXY KOPO3HOHHOTO MOBEICHIE HA MTOKPUTHITA.
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The influence of the quartz roughness on the ZnO sorption properties is investigated. AT- cut quartz plates with
differently treated surface - flat polished and unpolished ones are used. The nanostructured ZnO layers are deposited by
electrochemical method on the Au electrodes of the quartz crystal micro-balances resonators (OCM). Thin ZnO
nanostructured films are deposited by an electrochemical process from slightly acid aqueous solution of ZnCl; (5. 1073
M) and KCI (0.5 M) with pH 4.0 at 80°C and -1000mV (vs SCE) using a three-electrode electrochemical cell.The
structure of the ZnO layers deposited on the polished and unpolished QCM surface is studied by SEM, AFMand the
optical spectroscopy - by the spectra of specular and diffused reflection. The results are compared to the corresponding
data obtained for the QCM before ZnO growing. The sorption ability of the ZnO thin layers is defined by measuring the
resonant frequency shift (Af) of the QCM-ZnO structure in the presence of different NO, concentration (50 - 5000
ppm). The correlation between the sorption ability of the ZnO and the different state of the quartz surface is obtained
from the QCM response. The QCM with ZnO deposited on the polished quartz demonstrate better sorption ability
compared to QCM fabricated on unpolished quartz surface.

Key words: ZnO, nanostructure, electrochemical deposition, quartz microbalance resonator, gas sensors.

INTRODUCTION

The quartz crystal microbalance (QCM) is one
of the extremely sensitive mass detection devices. It
is widely used such as gas sensors, biosensors, etc.
The QCM sensor properties such as sensitivity,
selectivity, and time response are strongly

electrochemical deposition on two Quartz Crystal
Microbalance (QCM) resonators with differently
treated surface — polished and unpolished are
presented. The sensitivity of both QCMs to NO;
iscompared and the influence of the roughness of
the quartz substrate on ZnO sorption properties of
two QCM is investigated.

influenced by the properties of the sensing films.
These sensors are highly sensitive to mass changes
in the presence of a coating, which interacts with
the test gas. The characteristics of QCM gas sensors
depend on the kind and structure of sensing films
coated on their electrodes. A number of materials
have been successfully employed in the coating of
QCM sensors and one of them is ZnO, II-VI
semiconductor. This material possesses high
chemical stability, low dielectric constant and high
luminous transmittance. As gas sensing material, it
is one of the earliest discovered and most widely
applied oxide gases sensing material because of its
optical, electronic, and chemical properties [1, 2-5].

In this paper results from investigation of the
optical and the structural properties of
nanostructured ZnO thin films formed by

To whom all correspondence should be sent:
E-mail: dmalinovska@yahoo.co.uk

Electrodeposition has some advantages as a
method of deposition because it is a low cost
industrially up-scalable process, relevant to
different substrates for preparation of well defined
nanostructures with reasonable physical parameters
[2, 3, 6].

EXPERIMENTAL

The nanostructured ZnO layers are deposited by
electrochemical method on the Au electrodes of the
QCM resonators. Thin ZnO nanostructured films
are deposited from slightly acid aqueous solution of
ZnCl; (5. 10 M) and KCI (0.5 M) with pH 4.0 at
80°C and -1000mV (vs SCE) using a three-
electrode electrochemical cell [7,8]. The electrolyte
is agitated by magnetic stirrer. The Au electrode of
the QCM is used as a cathode. Spectrally pure
graphite plate electrode is used as an anode. The
deposition is carried out controlling the redox
potential of the systemWENKING HP 96. The total

60 © 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria


mailto:dmalinovska@yahoo.co.uk

oxygen content in solution is controlled by a
DO&T meter Hanna Instruments 9146. Duration of
the ZnO deposition is 60 min. The thicknesses of
the prepared ZnO films are in the range of 0.5-0.7
pum.
The morphology of the obtained ZnO layers is
characterized by Scanned Electron Microscopy
(SEM) (microscopeLyra (Tescan) with Secondary
Electron and Back Scattering Electron detector and
EDX detector Quantax 200 (Bruker) and AFM
(Multimode V -Veeco) in tapping mode and height,
amplitude and phase images are recorded.The
optical properties - spectra of specular reflectance,
diffuse reflection and haze ratio in reflection are
measured by a spectrophotometer Shimadzu UV-
3600 in the range 330 -1200 nm employing a 60
mm integrating sphere. The sorption ability of the
ZnO thin layers is defined by measuring the
resonant frequency shift (Af) of the QCM-ZnO
structure in the presence of different NO;
concentrations (50 - 5000 ppm).The experimental
setup works in a dynamic regime in continuous
flow of testing and carrying gases. The QCM is
installed on a special holder inside the test chamber.
The flow rates of the used gases are measuredinside
the test chamberby a Pt-thermo-sensor placed next
to it and is kept constant 24+0.2°C during the kept
constant by two mass flow controllers (FC-260 and
FC-280). Mixing camera provides the homogeneity
of the gas mixtures. The ratio of the flows of the
test and diluting gases defines NO, gas
concentration.In the experiments a dry synthetic air

— high purity and 10000 ppm NO, diluted in
synthetic airare used. The measurement process
consists of three basic stages: purging the camera
with air flow until the frequency of the QCM-ZnO
reaches a constant value; switching NO, and
reaching the saturation frequency value; purging
the camera with dry air until approaching the initial
frequency of the investigated structure. The
measurements have been carried out continuously
at two seconds interval. A frequency counter
Hameg 8123 is connected to the QCM and to the
computer for data recording QCM frequency. In
this way the frequency change of the QCM-ZnO
structure as a function of time is registered for
different NO; concentrations.

RESULTS AND DISCUSSION

The surface morphology of the polished and
unpolished quartz substrates studied by SEM and
AFM before ZnO layers coating are shown in
figure 1 and 2, respectively. The surface of polished
QCM with deposited Au electrode is very flat
(figure 1 a) and the value of the averagesurface
roughness is Ras= 7.45nm and of the maximal
roughness Rmax =34.9 nm (figure 1b and c).

The surface of the unpolished QCM is very
rough — the plates and pyramidal like structures
with size of several um and different high (between
about 2 and 8um) are seen in the SEM image
(figure 2a). The surface roughness is 246 nm and
the maximal roughness is 461 nm (figures 2 b and

C).
d

Fig. 1. SEM micrographs (a) and AFM pictures (b,c,d) of the polished quartz substrate with Ra = 7,45 nm and
Rmax = 34,9 nm (d). The marker in (a) corresponds to 200 nm.

Fig. 2. SEM micrographs (a) and AFM pictures (b,c,d) of unpolished quartz substrate with Rayr = 246 nm and Rmax

=461nm (d). The marker in (a) corresponds to 10 pm.
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The SEM npictures of the deposited ZnO layers on
the polished surface of QCM are shown in figure 3 a
and b. The ZnO layer consists of hexagonal
nanowires about 700-800 nm thick grown with
different orientation to the surface.

In the case of growing on unpolished QCM
surface (SEM are shown in figures 4 a and b)the
Zn0O nanowires with different size — diameter (from
200 nm to 1,5um) and height have grown
perpendicular to the substrate surface.The difference
in the height of the ZnO nanowires probably is due
to the growing on electrode deposited on the quartz
plates with different height. The substrate with
higher surface roughness induces the ZnO nanowire
growing with higher inhomogeneity in the surface
morphology.

Fig. 3. SEM of ZnO nanostructured layer deposited by
electrochemical method on polished quartz substrate of
QCM resonator (G 111): (a) — surface view and (b) -
cross section view.The markers correspond to 1 pm.

Figure 5 showsspectra of specular reflection,
diffuse reflection and haze ratio in reflection of ZnO
layers deposited on polished and unpolished QCM
substrate.For comparison the corresponding spectra
of the QCM before ZnO growing are presented as
well. The polished substrate has high values of
reflection, low value of diffused reflection and of
haze ratio in reflectance.In opposite, the unpolished
QCM surface demonstrated low specular reflection,
high diffused reflection, and haze in reflectance.
After ZnO deposition on polished QCM surface, the
reflectance decreases, the diffuse reflection and haze
in reflectance increase. In the case of growing on
unpolished QCM surface the presence of ZnO
nanowires (NW) leads to slight decreasing ofthe
specular reflection, decreasing of diffused reflection
and slightly increasing in haze of reflection.lt has to
be noticed that values of the specular reflection
decrease from 70% to 20% after ZnO layer
deposition on QCM with polished substrate while
these values after ZnO growing on the rough quartz
surface of QCM decrease slightly - from 20% to 10
% (figure 5a).The changes in the values of reflection
are due to the increased surface inhomogeneity after
ZnO NW growing, more pronounced in the case of
growing on polished QCM surface.
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(@ (b)
Fig. 4. SEM of ZnO nanostructured layer deposited by
electrochemical method on unpolished quartz substrate of

QCM resonator (G 121): (a) — surface view and (b) -
cross section view. The markers correspond to 1 um.
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Fig. 6. Frequency — time characteristics of QCM with
NS ZnO layer at different NO, concentrations: (a) QCM

G-121 (unpolished)

and (b) QCM G-111(polished) -

500 ppm; c) 1000 ppm; d) 2500 ppm; €) 5000 ppm.

The process of sorption of NO; is compared for
two kinds of QCM layers fabricated on different
differently treated quartz surface — polished and
unpolished at NO; concentration for 500 ppm
(figures 6 a and 6 b). The QCM with ZnO
nanostructured formed on polished quartz surface
demonstrates that the process of sorption is
reversible in the time of 150 sec. However in the
case of the QCM formed on the unpolished quartz
surface the value of half of initial frequency is
notreached for the time as long as 770 sec.
Thedifference in the behavior of two types of
QCMsunder investigation could be explained by the
differences in the structure and morphology of ZnO
layers formed on different surfaces. The Zn layer on
polished quartz has hexagonal nano-rods with size of
500 nm grown in different angles to the substrate.
The ZnO layer grown on the rough quartz surface
(QCM G-121) has hexagonal rods with larger size -
2 pm with perpendicular orientation to the substrate.

The higher gas sensitivity of the QCM G-111
compared to QCM G-121 can be explained by the
lower size of the grown ZnO rods which results in
larger effective surface area. Additionally, it is
possible to suppose that the difference in the
crystalline orientation of the ZnO rods is a reason for
the different sensitivity of QCM. The different
crystalline planes of ZnO have different surface
defects which are responsible for the gas absorption
and this could reflect in different sensibility of the
Sensors.

The frequency-time characteristics at different
NO; concentrations are measured for the QCM-111
which demonstrates reversible process of NO;
sorption. The frequency-time characteristics (figure
6) show that both, the process of sorption and
desorption of the NO; consist of twosteps: quick and
slow ones.

The time of both processes is determined foreach
value of NO, concentration applied. The values
ofthe time of sorption and desorption are shown in
figure 6 and summarized in table 1. The results
demonstrate that time of the process ofquick
sorption (ts1) rises about 4 times and the time of the
slow sorption (ts2) — about 11 times with increasing
the NO; concentration from 500 ppm to 5000 ppm.
The total time for reaching the dynamic equilibrium
of the process of absorption rises about 8 times.
Similar tendency is observed for the process of
desorption — the time of the process of initial
desorption (ts1) increases about 3 times and that of
final step of desorption (ts2) - about 25 times. It is
measured that the total desorption time increases
about 13times with increasing of the NO;
concentration.
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The comparison of the frequency shifts of both
QCMs (G-111 and G-121) obtained as a function of
NO; concentration is shown in figure 8. It is seen
that the QCM G-111 with ZnO grown on polished
quartz substrate demonstrates higher sensitivity for
all values of NO; concentrations under investigation.
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Fig. 7. Dependence of the QCM-ZnO time of sorption,
ts, (@) and desorption, tg, (b) vs. NO, concentration.
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Fig. 8. Dependence of QCM-ZnO frequency shift vs NO;
concentration.
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Table 1. The values of the times of the processes of
the quick and slow sorption and desorption by QCMs and
the corresponding total times.

D -
g_ CNoz Time, sec
S ppm
& tsl tSZ 2 tS tdl td2 2 td
500 135 175 310 85 75 160
QCM 1000 200 775 975 100 230 330
G
111 2500 285 1175 1460 160 525 685
5000 500 1880 2380 230 1920 2150
QCM
G 500 250 810 1060 170 600 770
121

CONCLUSIONS

The ZnO nanostructured layers with developed
surface morphology are electrochemically deposited
on Au electrodes of QCM on polished and
unpolished quartz plate. The surface morphology on
the grown ZnO depends on the roughness of the
quartz substrate of QCM.The values of reflectance
decrease more pronounced after deposition of ZnO
on polished quartz surface.The response, maximal
frequency shift and recovery times of the processes
of sorption and desorption at different NO;
concentrations between 500 and 5000 ppm of QCMs
are measured at room temperature. The QCM
formed on polished quartz surface shows good
response to NO-, higher sensitivity that QCM on the
rough quartz substrate and the process of sorption is
reversible.  The electrochemically  deposited
nanostructured ZnO layer grown on QCM on
polished quartz surface can be used for detection of
NO..
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BJIMAIHUE HA IIOBbPXHOCTHATA I'PATIABOCT HA KBAPLIOBU TTIOJIJIOXXKU
BBPXY COPBLIMOHHUTE CBOMCTBA HA ZnO/QCM KbM NO>
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(Pesrome)

B Hacrosimara paboTa ca IpecTaBeHN Pe3yiaTaTd OT U3CJeBaHe Ha BIUSHHETO Ha MOBBPXHOCTHATA IPAlaBOCT Ha
KBapIlOBH TOJUIOKKH, H3IOI3BaHH B KBapIoBH MHKpo-pe3oHaTopu (QCM), BBpXy cOpOIMOHHHTE CBOWCTBA Ha
OTJIONKEHH BBPXY TiAX cioeBe oT ZnO. M3mois3BaHM ca KBapLOBH IUIacTUHH ¢ AT—cpe3 ¢ pa3inyHa MOBBPXOCTHA
MopdoJorus — ¢ TONMpaHa W HENoJMpaHa MHOBBPXHOCT. ZNO cloeBe ¢ HAHOCTPYKTYpa ca OTJIOXKSHH 4Ype3
eJIeKTPOXUMUYEH TIIpoliec BbpXy AU enektpon Ha QCM B crnabokucen pastsop Ha ZnCly (5. 10° M) u KCl1 (0.5 M) ¢
pH=4.0 mpu 80°C u 1000 mV (vs SCE), uznon3paiiku TpH-eieKTpoaHa cuctema. CTpyKkTypara Ha oTiokeHute ZnO
croeBe BbpXy jaBata Bupa moBbpxHOCTH Ha QCM e uscnenpana yupe3 SEM u AFM, a ontuyHHMTE CBOWCTBA — OT
CHEKTPUTE Ha JUPEKTHO U Nudy3HO oTpakeHue. Pe3ynraTure ca cpaBHEHH CbC CHOTBETHUTE JIaHHU, oiyueHu 3a QCM
npeau otinaranero Ha ZnO. CopOimonHuTe cBoWcTBa Ha ZNO cloeBeTe ca OXapaKTepU3UpPaHH Ype3 W3MEpBaHE Ha
npoMmsiHaTa Ha pe3oHancHata yectora (Af) va QCM-ZnO nipu pazimunu koureHTparu NO2 (50 - 5000 ppm) B rasoBus
noTok. [lokaszaHa e kopenanus Mexay cOpOLHMOHHA crocoOHOCT Ha ZnO, OTJIOXKEH BBPXY KBApLOBUTE MOAJIONKKH C
pasiH4Ha HMOBBPXHOCTHA Mopdosorusi. KeaproBusaT MuKpo-pe3oHatop ¢ ZnO, OTIIOKEH BBPXY MOJMpPaHa KBapLOBa
MTOBBPXHOCT, ITOKa3Ba Mo-100pa copbunonHa criocoOHOCT B cpaBHeHHEe ¢ QCM ¢ Zn0O, oTiokeH BBpXY HEMOIHpaHa
MOBBPXHOCTHA KBapLOBaTa MOJJIOXKKA.
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The implant materials used in medicine are made from different materials and the principle requirement
to each material used is its biocompatibility. This work reports preliminary results regarding assessment of
high nitrogen stainless steel (HNS) Cr18Mnl12N as an implant material replacing of the common Ni
containing stainless steels which are toxic. Short - time (for 1 h) and long - time (for up to 220 h) open circuit
potential measurements were performed as well as potentiodynamic and potentiostatic studies in Ringer's
solution at 37°C. The effect of the preliminary treatment was also considered. After the potentiostatic tests
optical and scanning electron microscopies were used to determine the character of the corrosion attack. The
surface of the samples was examined and by EDX analysis in order to find out the corrosion products
content. Based on the obtained results it can be concluded that the HNS steel exhibits better corrosion
resistance in Ringer's solution.

Key words: stainless steel, HNS, nitrogen, Ringer solution, potentiodynamic polarization, potentiostatic

polarization

INTRODUCTION

Orthopedic implants use various biocompatible
materials [1, 2] which have to be corrosion resistant
to body fluids since the release of metallic ions
could provoke their degradation and undesired
reactions in the human body. Stainless steels, Co,
Ti, Ta, Mg and its alloys, for instance, are widely
used [3, 4] as materials of implants in surgical
operations. Therefore, electrochemical tests of new
materials suggested as implants should be
performed in controlled media simulating human
body fluids prior to final implementations.

The use of austenitic stainless steels as surgical
implants is due to its relatively low value in
comparison with the other biocompatible materials.
The classic austenitic stainless steels exhibit good
mechanical and corrosion properties but its Ni
content provokes toxicity in the human body [5].
To avoid this problem high nitrogen stainless steels
(HNS) such as 314L [6] have been developed to
replace Ni-containing materials for implants. The
interest about the corrosion resistance of HNS as
implant material is provoked by the fact that stems

To whom all correspondence should be sent:
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made of Orthinox (high nitrogen stainless steel but
still containing nickel), for instance, occupies 70 %
of the hip prostheses market in the UK [7], and it is
necessary to be replaced by non-toxic materials.

This work reports preliminary results regarding
assessment of high nitrogen nickel free stainless
steel Cr18Mnl12N as an implant material for
replacing the common Ni containing stainless steel
Cr18Ni9.

EXPERIMENTAL

Two austenitic stainless steels: the conventional
Cr18Ni9 and the new HNS Crl8Mnl2N (for
chemical content see Table 1) were investigated in
Ringer's solution containing (in g/l): 6.8 NaCl, 0.2
CaCl;, 0.4 KCI, 0.2048 MgSO,.7H,O, 0.143
NaH2PO4.H20, 2.2 NaHC03 and 1.0 Celeoe, with
pH 7.25 [8]. All tests were carried out in a
conventional three electrodes cell in open air
conditions at 37°C with a platinum counter
electrode and a saturated calomel electrode (SCE)
as a reference electrode. All potentials were
reported with respect to the SCE. Three
electrochemical methods were used: (i) Cyclic
potentiodynamic polarization method (scan rates
0.16, 1.0 and 5.0 mV s, (ii) Open circuit potential
(OCP) - time measurement (up to 1 or 240 hours)
and (iii) Potentiostatic method.
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The electrochemical results were obtained with
a Galvanostat/potentiostat  (Princeton  Applied
Research Model 263) and computer software Power
Suite.

After the anodic polarization for 20 minutes at
potential 100 mV more positive than the pitting
potential  obtained  potentiodynamicaly, the
topography and chemical content of the surface
layers were studied by optical microscope, SEM
and EDX analysis. Bruker GmbH, primary energy
30 keV and detector type XFlash 5010 were used.

RESULTS AND DISCUTION

OCP - time measurements: Two types of OCP -
time measurements were performed: short-time (for
1 h) and long-time (for up to 220 h) tests. During
the short-time measurements the OCP - time
dependencies indicate that both steels are in passive
state since the potentials shift in positive direction.
The initial potential values are in range of -0.35 V
and after 1 hour reach about -0.2 V (SCE) for both
steels. The small difference between the open
circuit potentials of both steels specimens could be
attributed to dissimilarities in their surface states,
i.e. presence of non-metallic inclusions, scratches,
crevices, etc., associated with the steel surface
morphology and content. However, the measured
potentials for both steels are quite close and
correspond to the steels surface passivation.

After 1 hour stay of samples in the experimental
solution the potentials of both steels do not reach
constant values. For this reason the tests were
extended up to 220 h. The obtained results provide
information about the steel surface state in
conditions close to the real encountered in practice.
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Fig. 1. Long OCP - time measurements for
Cr18Mn12N steel in Ringer's solution, for 220h, 37°C

During the long-time experiments performed
only for the HNS (Fig. 1) two types of behaviors
were observed. The first ones show that the
potential slightly shifts in negative direction after
one initial ennoblement and attains almost stable
value of about -0.05 V(SCE). This slight potential

shift in negative direction could be associated with
partial dissolution of non-metallic inclusions or of
the metallic surface around them.

The second type dependencies are characterized
by sharp decrease in the potential due to crevice
corrosion development (between the steel sample
and the insulation) which was proved by optical
microscopy after the experiments.

Potentiodynamic  studies:  Regarding  the
European [9] and American [10] standards for local
corrosion  investigations it is accepted the
experiments to be carried out with scan rate 0.16
mV s. However, in the corrosion investigations it
is common to use significantly higher scan rate and
to perform a large number of repetitions because of
the random nature of the pits nucleation. Thus, in
the most of the scientific works the
potentiodynamic investigations were performed
with scan rate 1.0 mV s and even with 5 to 10 mV
st[11].

In order to check if the scan rate effects on the
corrosion parameters of investigated steels in
Ringer's solution tree different scan rates were
chosen: 0.16, 1.0 and 5.0 mV s In addition, the
effect of different preliminary treatments of the
steel surface was considered, too. The
potentiodynamic studies revealed that both, the
scan rates and the preliminary treatment of the
samples affect significantly the obtained
electrochemical parameters such as: corrosion
potential (Ecorr), pitting potential (Epir), re-
passivation potential (E:p), passive current density
(jpass), €tc.

Influence of the scan rate: The increase of the
scan rate (Fig. 2) induces increase in corrosion
(jcor) and passive (jpass) current density for both
steels. The corrosion current densities of
Cr18Mn12N and Cr18Ni9 steels change from 0.32
to 636 pA cm? and 029 to 426 pA cm?
respectively with the scan rate increase. The
obtained values for passive current densities are
0.50 to 16.18 pA cm™ for nitrogen steel and 0.69 to
19.00 pA cm? for the nickel bearing steel. The
effect of the scan rate on the Ecor, Epit and Ep is not
so considerable for both steels.

The scan rate effects on the electrochemical
parameters of both steels revealing that the passive
film formation and recovery if it is broken take
place slowly. For the investigated steels the passive
film formation and its quality are in a great
importance. The hold of the steels at potentials in
the passive area at scan rate 0.16 mV st allows
formation of thick passive film. The increase in the
film thickness results in reduced current densities
when the scan rate is decreased. Moreover, at slow
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scan rates the pits on the surface of both steels try
to repassivate and this is more pronounced for the
Cr18Mn12N steel samples.

10 {a)
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). 16 mV.s .

0.5 0.0 0.5
E,V (SCE)

Fig. 2. Potentiodynamic dependencies for (a)
Cr18Mn12N and (b) Cr18Ni9 steels obtained with 0.16,
1.0 and 5.0 mV s, 37°C.

Effect of the preliminary treatment: With a view
to investigate the effect of the initial surface state
on the electrochemical parameters of the
investigated steels, four different type of
dependencies according to preliminary treatments
were obtained (Fig. 3): (i) dependencies obtained
immediately after the grinding and degreasing of
specimens starting from potential by 0.25 V more
negative that the OCP, (ii) after grinding,
degreasing and cathodic treatment for 5 min at -0.7
V (SCE), (iii) after grinding, degreasing and 1 hour
stay in solution and (iv) after grinding, degreasing
and 120 hours stay in Ringer's solution.

Contrary, of the scan rate, the preliminary
treatment affects mainly the Ecor, Epir and Egp, but
does not change significantly jeorr and jpass.

The preliminary cathodic treatment at negative
potential (-0.7 VV (SCE)) leads to dissolution of the
passive film formed on the steel surface (at air)
prior to the immersion in the corrosion solution.
Alternatively, the preliminary stay of steels in
corrosive media leads to natural formations of
passive layers and this is manifested by lower
corrosion current densities and ennoblement of the
corrosion potential.
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Fig. 3. Potentiodynamic dependencies for (a)
Cr18Mnl12N and (b) Crl18Ni9 steels obtained after
different preliminary treatment, 1.0 mV s, 37°C.

(8] u scan in positive direction from -0.25 V in regards
to OCP (2).' cathodic treatment for 5 min. at -0.7
V/(SCE) and subsequent scan in positive direction 3) A
after 1 hour in solution and scan in positive direction
from -0.25 V in regards to OCP (4) ® after 120 hours in
solution (only for HNS steel) and scan in positive
direction from -0.25 V in regards to OCP.

The preliminary stay of nitrogen bearing steel in
the work solution, irrespective how long it is (1 or
even 200 hours), leads to steady increase in jpass,
without clearly expressed plateau. This behavior
could be result of the difference in the structure of
naturally formed passive layer compared to the
structure of the layer formed under polarization.
The longer stay in the Ringer's solution prior the
potentiodynamic study shifts Ecor and Epie in
positive direction and wide the passive area, but on
the other hand the re-passivation of appeared pits
during the scan in opposite direction is impossible.

For the nickel containing steel the passive area
also expands for longer preliminary stays in the
corrosive solutions. In this case, the appeared pits
repassivate during the scan in negative direction
and E;p, is not affected by the time of preliminary
stay.

Potentiostatic studies: The potentiodynamic
studies described above showed significant effect
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of scan rate on the values of the characteristic
potentials. The last could be avoided by obtaining
dependencies current vs. time at applied potential.
In this way the series of dependencies at applied
potentials from 0.05 to 04 V (SCE) were
developed. This range of potentials was determined
from potentiodynamic tests and it includes
potentials lower and greater than Ey obtained
potentiodynamicaly. The potentiostatic curves (Fig.
4) allow both Epirx and the incubation time (t;) to be
determined. At the beginning of each experiment
the current goes down reaching a minimum value.
If it remains stable in time at this value this
indicates that the steel surface is in passive state. If,
in opposite the current suddenly grows up this is an
indication of pits nucleation. The incubation time is
defined by range between the experiment start-up
and the onset of the abrupt current rise, which
physically corresponds to the time necessary for
passive film to be destroyed at the applied potential.

0.10 V

10° 4 .

0 100 L 200 300
107

(b)
10"
- 030V
=
107°4
0.25 V
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Fig. 4. Potentiostatic dependencies (the applied
potentials are presented against SCE) for (a)
Cr18Mn12N and (b) Cr18Ni9 steels, 37°C.

The plots in Fig. 5 show that for the
Cr18Mn12N steel the pitting potential is Epir = 0.35
V (SCE) (Fig. 4a) while for the Cr18Ni9 sample it
is Epit = 0.30 V (SCE) (Fig. 4b). These values vary
from the values obtained potentiodynamicaly, as
the Epix Of Ni-bearing steel is significantly more
negative than the same  obtained by
potentiodynamic method. The numerous
fluctuations in the current vs. time dependence of

nitrogen steel at 0.35 V(SCE) correspond to the
formation of metastable pits, which completely
repassivate and stop to develop.

0.51 . » Crl8Ni9

s Crl18Mnl2N

0.0 . *

300 350 400 450
E,mV.s (SCE)

Fig. 5. Pits nucleation rate as a function of the
applied potential.

For the applied potentials at which the pits do
not appear, the established stationary current for
nickel bearing steel is lower than those of nitrogen
steel at the same applied potential. This lower
value, to some extent, indicates denser and thicker
as well as more stable protective layers [12, 13].

Alternatively, the incubation time required for
the destruction of Cr18Mn12N steel passive layer is
ten times longer than the same for Ni containing
steel. For example, at applied potential of 0.35 V
(SCE) the incubation time for the nickel steel is
about 2.91 s, while for the nitrogen steel it is about
255 s. Therefore, it could be decided that the value
of the established stationary current is not adequate
for evaluation of the passive layer stability.

The inverse of the incubation time (1/t;)) known
as the pit nucleation rate [13] exhibits almost linear
behavior (see Fig. 5) as a function of applied
potential. It is obvious that the pits on the high
nitrogen steel occur with a lesser speed, which
increases slightly with the rise of applied potential.
The pits nucleation rate for the chromium-nickel
steel is significantly higher and increases linearly
with the shift of applied potential in positive
direction by step of 25 mV.

Optical microscopy and SEM: In order to
establish the type, size and shape of the pits
appeared on the surfaces of both investigated steels
after the potentiostatic experiments at applied
potential by 100 mV more positive than Epiy, the
samples were observed by optical and scanning
electron microscopy. The images for both steels are
presented on Fig. 6.

The optical microscopy after the potentiostatic
experiments indicate numerous pits on Cri18Ni9
steel surfaces which are larger in contrast to these
on the surface of the Cr18Mn12N samples. These
observations confirm the results from potentiostatic
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method where the Cr18Ni9 steel has higher pits
nucleation rate and shorter incubation time. The
pits on nickel bearing steel are in bigger size, more
numerous and deeper.

The pits at the nitrogen steel surface are with
fine lace cover into which residues of salt products
can be observed. The pits are in spherical shape and
could be divided formally in two groups: small pits
with diameters in the rage 50-60 um and large pits
with diameters of about 200-250 um.

The pits on the nickel steel surface are also in
spherical shape, but in contrast to the nitrogen steel

a

100 prn

ones they are larger (with 200-1000 um in
diameter), the pit covers are partially dissolved and
with greater degree of cracking.

EDX analysis: EDX analyses of the steels
surfaces were performed for surface after 20
minutes stay in Ringer's solution at applied
potential more positive than the Euiw. The value of
the potential chosen in order to ensure development
of the pits at about 10* A cm? anodic current
density.

— 00

100 prn

Fig. 6. SEM and optical images of (a, b) Cr18Mn12N and (c, d) Cr18Ni9 steels after potentiostatic polarization

Table 1. The chemical composition (wt.-% and at. %) of the tested stainless steels.

Steel Cr Ni Mn C N Si P S
wt.%  16.50 0.05 12.00 0.04 0.61 0.36 0.011  0.023
Cri8Mni12N
at.%  17.07 0.05 11.74 0.16 2.37 0.70 0.02 0.005
) wt.% 17.49 9.37 1.29 0.05 - 0.52 0.022  0.009
Cr18Ni9
at.%  18.74 8.85 1.23 0.23 - 1.03 0.04 0.016
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Table 2. Chemical content of the surface after the potentiostatic corrosion tests, at. %

Elements Fe Cr Mn Ni (0] C Si P S Cl Ca
Cri8Mnl12N 2420 9.08 3.53 - 56.14 421 063 146 0.47 017 0.13
Cri8sNi9 37.49 10.24 - 524 3750 6.16 1.00 1.13 063 030 0.13

The results reveal that in the passive layer of
Cr1l8Mnl12N steel the following elements are
included (in descending content): Fe, O, Cr, N, Mn
and C. For the Cr18Ni9 steel the passive layer
consist from Fe, O, Cr and Ni. Therefore, it can be
assumed that the passive films on both steels are
built mainly from iron and chromium oxides. The
high nitrogen content in Cr18Mn12N steel could be
result of N enrichment under the passive layer as it
is previously described in the literature [14].

The analysis of the surface after the
potentiostatic corrosion tests (Table 2) shows that
the surface layers consist of oxides of the main
alloying elements. Besides, small quantities of C, P,
Cl, and Ca are registered. These are result of
corrosion solution salts inclusion in the passive
layer. It worth noting that the Cl content in
Cr18Mn12N corrosion products is relatively low
which can be related to formations of nitrates form
complexes with iron chlorides and
hydroxychlorides which finally hinder the pitting
processes [6]. This explanation was proved by Fu et
al. [15] and Misawa and Tanabe [16] who
demonstrated that the iron dissolution can be
reduced by increase in the nitrogen content which
actually facilitates the passivation process. The
Raman spectroscopy studies [16] revealed that the
nitrogen and the oxygen ions in the passive layer
form nitrate ions which are incorporated into the
oxide layer and suppress the action of the hydrated
chloride ions resulting in increased pitting
corrosion resistance.

CONCLUSIONS

The corrosion behavior of the high nitrogen steel
Cr18Mn12N compared to the nickel steel Cr18Ni9
in Ringer's solution was studied by electrochemical
and physical methods in order to evaluate
preliminarily the possibility of using Cri8Mn12N
for implants in the human body. The study allows
to claim the following results, among them:

1. The open circuit potentials of both examined
steels in the corrosive media are in the passive
states and very close as values.

2. The extended in time stay of the samples in
the corrosive solution prior to the electrochemical
tests improves the passive films formation.

3. The potentiodynamic and potentiostatic
results reveal that the nitrogen steel passes through
the stage of metastable pits formation which need
more time to pass into active dissolution state. For
the nickel steel the pits nucleate faster in shorter
incubation time and are larger in size.

Finally, it could be outlined that the HNS steel
exhibits better corrosion resistance in Ringer's
solution, but additional studies in various media
stimulating human body fluids should be carried
out.
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KOPO3MOHHO INOBEJEHUE HA N-CBbJIBbPXXAIIIN HEPBXXIAEMU CTOMAHU B
PA3TBOP Ringer

I'. I1. Unuesal, M. X. Jlykaituea®", B. P. Llanesa?, JI. I1. XKexopa® u JI. b. ®aunxos’

Xumuxomexnonozuuen u memanypauuen ynusepcumem, oyn. K. Oxpuocku 8, 1756 Cogpus, Bvazapus
2 Texnuuecku ynueepcumem- Cogpus, 6yn. Kn. Oxpuocku 8, 1756 Cogpus, Bvreapus
SUncmumym no memanosnanue, cvopwocenus u mexnonozuu "Axad. A. baneecku” ¢ Llenmvp no xuopoaepoounamuxa
npu BAH, yn. lllunuencku npoxoo 67, 1574 Cogus, Bvreapus

IToctenuna Ha 13 oxromBpH, 2015 r.; kopurupana Ha 30 HoemBpH, 2015 T.
(Pestome)

Marepuanurte 3a W3pabOTBaHE HAa WMIUIAHTH HM3MOJI3BAHM B MEAMIIMHATA ca M3PA0OTCHU OT Pa3iuvYHU
METaJH U CIUIaBH KaTO OCHOBHOTO M3MCKBaHE KbM BCEKH OT TAX € OnochBMecTHMocTTa. Hacrosimara padoTa
MIPEJICTaBs MPEABAPUTEIIHN PE3yJITaTH Kacaelly MPUIOKUMOCTTa Ha BUCOKOoa30oTHaTa cromana Cri8Mnl2N
KaTo MaTepHal 3a u3paboTBaHe Ha MMILIAHTH 3amecTtBall Ni-ChIbpiKaIUTEe CTOMaHH, KOUTO Ca TOKCHYHH.
3a menTa ca MPOBENEHU KPaTKOCPOYHH (B TMpoAbibkeHWe Ha 1 dac) m geiarocpounu (mo 220 wgaca)
M3MEpBaHUs Ha TOTCHIMAAa HA OTBOPEHA BEpUTa, KAKTO W IMOTCHIIMOJWHAMUYHU W MOTCHIMOCTATUYHHU
u3cnenBanus B pa3rBop Ringer mpu 37°C. Pasrnenano ¢ v BIMSHUETO Ha MpeaBapUTEIHATA MOATOTOBKA HA
MOBLPXHOCTTA. Criell MOTEHIIMOCTATUYHUTE U3MEPBAHUS C TE)T ONPE/ICIISIHE Ha XapakTepa Ha KOPO3HMOHHATA
aTaka ca W3MOJ3BaHM ONTHYHA W CKAHUpAIla CNIEKTPOHHA MHUKPOCKOMHHU. [TOBLPXHOCTTAa HA 00pasnuTe ¢
W3Cle[BaHa M TIOCPEACTBOM EHepruiiHo-AMCIepCHBHACIIEKTPOCKONHNS € IIe7 ONpeleNsHe Ha ChcTaBa Ha
KOPO3HOHHHTE NPOoAyKTH. Ha 6azaTa Ha moiyueHHWTE pe3yiaTaTH MOXKe Ja Ce 3aKIII0YH, Y€ BUCOKOa30THATa
CTOMaHa MoKa3Ba Mo-100pa KOpO3MOHHA YCTOMYUBOCT B pa3TBop Ringer.
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During cathodic polarization in an acidic media containing hydrogenation-enhancing additives, nickel absorbs large
quantities of hydrogen and a new crystal phase, nickel hydride is formed. The investigation of the phase transformation
of electrodeposited nickel into nickel hydride under cathodic charging showed that the organic compounds 1,4-
butynediol and saccharine, both being typical representatives of two classes of additives for nickel electrolytes, which
are usually added in order to improve the properties of the layers such as their appearance, internal stresses, etc.,
contribute to a more complete phase transformation of nickel into nickel hydride. This is assisted by the fine structure of
the nickel deposits with a higher density of defects as well as the incorporated compounds containing sulphur as a
product of electrochemical transformation of the saccharine. The type of the additives influences both the tendency of

the nickel layers to form cracks and the shape of the cracks.

Key words: electrodeposition; nickel coatings; cathodic hydrogenation; nickel hydride; X-ray diffraction; crack

formation.

INTRODUCTION

During cathodic polarization in acidic media
containing  hydrogenation-enhancing  additives,
nickel absorbs large quantities of hydrogen [1]. A
new crystal phase, nickel hydride (B-NiHy, where
0.7 < x < 0.8) with a f.c.c. lattice is formed, the
lattice parameter being approximately 6% larger
than that of nickel [2]. For a very short time
strongly stressed layers are formed [3] that lead to
lasting structural alterations - broadening of the
grain boundaries [4], crushing of the crystallites [5],
formation of cracks [6].

In a previous X-ray analysis it has been
established that the conversion of nickel into nickel
hydride in bright nickel electrodeposits is more
complete than that of matt ones obtained from an
additive-free electrolyte [7]. The hydride phase is
unstable and disintegrates under normal conditions.
In contrast to matt coatings where the disintegration
follows an equation inherent to first-order reactions
[8], the disintegration of the hydride phase in the
bright coatings is not so a fast process and it begins
after a certain period of time after the end of
hydrogenation [7]. When the hydrogenation is over
above a certain degree, a process of crack formation
in the bright nickel deposits starts [9]. The cracking
process proceeds at a rate which offers a possibility
for a direct observation of the initiation and
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propagation of the cracks by using a metallographic
microscope. A part of the cracks shows a shape
close to that of the Archimedes spiral [10].
However, bright coatings can be obtained in the
presence of at least two organic additives — each
one of the two classes of additives for nickel
electrodeposition [11]. In the present work the
effect of saccharine and 1,4-butynediol - typical
representatives of the two classes of additives on
the process of phase transformation, as well as on
the subsequent cracking of the nickel coatings after
the end of cathodic hydrogenation was investigated.
The study of the process of phase transformation
and hydrogen induced cracking can be also of
interest for the water electrolysis. Nickel electrodes
are widely used in the electrochemical technologies
for hydrogen production [12]. With long-term
electrolysis in alkaline solution, energy efficiency
losses at the nickel cathodes are established, which
is manifested in increase in the hydrogen
overvoltage at constant cell current [13]. According
to one of the hypotheses, such a behavior is
associated with the formation of hydride at the
nickel cathode surface [14]. In order to reduce the
energy consumption, a large number of studies are
focused on electrodeposition of new electrode
materials on the base of nickel for alkaline as well
as for acidic medium (Proton exchange membrane
(PEM) hydrogen generators work at very low pH
values) [15]. Lowering of the hydrogen overvoltage
is reached by increase of the catalytic activity
(modification of nickel by incorporation of
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metallic/non-metallic compounds, including such,
containing sulfur [16-18]) and/or by increase of the
active surface area of the electrodes. However, the
modification of the elemental composition and/or
the structure changes the susceptibility of the
electrode to hydrogenation, as well. Consequently,
the question about the stability of the electrodes in
acidic media arises also in the case, where
inorganic materials like solid acids or a composite
material based on them, containing S, Se, P, As
(hydrogenation-enhancing compounds) are used in
order to extend the working window of PEM [19].

EXPERIMENTAL

Nickel coatings of thickness approximately 20
um were deposited onto mechanically polished
copper substrates from electrolyte containing:
NiSO4.7H20 - 280 g I, NiCl2.6H20 - 50 g I'* and
H3BO3 - 30 g It. Current density of 5 A dm™, pH
4.0-5.0, deposition temperature of 55 °C and air
agitation of the bath were used. Saccharine up to
concentration of 1.0 g It and 1,4-butynediol up to
concentration of 0.2 g I were added to this
electrolyte either separately or in a combination.
Immediately after deposition and rinsing, the
samples were subjected to hydrogenation in a 1N
H>SO, solution containing selenious acid (H2SeQs).
The conditions of each hydrogenation procedure
are given in the figure captions.

After rinsing with distilled water and ethyl
alcohol the hydrogenated samples were studied by
X-ray analysis with Co K, X-rays. The volume
fraction of the hydride phase (Mnix) was calculated
by means of the formula proposed in [7]:

Ihkl) NiH

Ith)NiH +(|th)Ni

The integral intensities of the Ni line 111
((Tna)ni) and Ni-H line 111 ((In)nin) Were measured
by oscillating the goniometer of the X-ray
diffractometer within the range of 47° < 0 < 55°.

The samples were examined for cracking by a
metallographic microscope using a magnification of
120 x.

MNiH:(

RESULTS
Formation and disintegration of nickel hydride

The X-ray analysis of samples, deposited from
electrolytes containing individual brighteners
shows that in both cases the tendency towards
hydrogenation increases with increase of their
concentration the effect being more expressed in
the presence of 1,4-butynediol in the electrolyte
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(Fig. 1). The successive addition of both
brighteners leads to an increase in their activity, and
almost a total transformation of the nickel coating
into a hydride phase is achieved for a short time
(Fig. 2). According to the previous investigations,
the saccharine activity could be related to
deposition of fine-grained coatings [20] and to
incorporation of disintegrated products containing
sulphur [21]. The addition of 1,4-butynediol also
causes a decrease of the crystallites size [20, 22] as
well as an increase of the value of
microdeformations [20]. Moreover, the 14-
butynediol stimulates the incorporation of sulphur
when both saccharine and 1,4-butynediol are added
in the electrolyte [11].
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Fig. 1. Volume fraction of hydride phase as a
function of brighteners’ concentration at separate
addition to the nickel electrolyte. Hydrogenation
conditions: 1n H,SO4 + 10 mg It H,SeOs, 15 mA cm?
(1.5 A dm cathodic current density), 30 min.
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Fig. 2. Volume fraction of hydride phase as a
function of brighteners’ concentration at successive
addition to the nickel electrolyte. Hydrogenation
conditions: 1n H;SO4 + 10 mg I* H,SeOs, 15 mA cm?,
30 min.

Under normal conditions, the nickel hydride
phase is unstable (Fig. 3). Coatings, deposited from
electrolyte containing only saccharine disintegrate
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immediately when the hydrogenation is over.
Obviously, the incorporation of sulphur in the
coatings as a product of electrochemical
transformation of the saccharine facilitates not only
the hydrogenation of nickel layers but also the
desorption of the hydrogen after the end of
hydrogenation. Coatings, deposited from electrolyte
containing both brighteners exhibit a retarded
disintegration and the time of delay increases with
increasing butyndiol concentration (Fig. 4).

040 B—=8

03

M NiH

01

Saccharine

Saccharine +1 4-Butynediol

OOO 1‘0 Qb Sb 46 SIO 80
Time { min
Fig. 3. Disintegration of hydride phase at a room
temperature as a function of the type of the nickel
coating. Hydrogenation conditions: 1n H,SO4 + 1 mg I
H,Se0s, 2.5 mA cm?, 40 min.
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Time / min

000 0.05 010 015 0.20
1,4-Butynediol f g 11

Fig. 4. Time of delay of hydride phase disintegration
as a function of 1,4-butynediol concentration in
electrolyte containing 1 g I* saccharine. Hydrogenation
conditions: 1n H,SO4 + 1 mg It H,SeO3, 15 mA cm?, 30
min.

A smaller delay of hydride phase disintegration
is observed in coatings obtained from an electrolyte
containing only butyndiol. The influence of 1,4-
butynediol on the disintegration of the hydride
phase could be seen in several directions. The
addition of 1,4-butynediol leads to deposition of
coatings with a fine structure, showing a higher
density of defects [20] and by this way, favourable
conditions are created for stronger absorption of the

hydrogen into the nickel matrix. It is known that the
defects and grain boundaries are sites which could
act as H traps [23, 24]. Moreover, a largest quantity
hydrogen is absorbed in the coatings obtained from
an electrolyte containing both brighteners. The
bright nickel coatings occlude hydrogen in amounts
exceeding those needed for hydride phase
formation [21, 25], and this phase visibly begins to
disintegrate only after desorption of a portion of the
occluded hydrogen.

Cracking of the hydrogenated nickel coatings

The metallographic study of samples subjected
to cathodic hydrogenation indicates that cracking of
the coatings is not observed when they are
produced in an additive-free electrolyte. The
hydrogenation degree of such coatings is
considerably low [7, 21] and obviously, the internal
stresses are not so high in order to cause cracks.
The coatings produced in electrolyte containing
only saccharine didn’t show a tendency for
cracking. These coatings are strongly hydrogenated
and this effect is confirmed by the great alteration
of the internal stresses during the cathodic
hydrogenation [21]. However, cracks are not
formed and this is probably due to the internal
stresses which after the end of cathodic
hydrogenation  (followed by the hydrogen
desorption) remain in the range of compressive
stresses as are the own stresses of these coatings
after deposition [21]. Cracks of an irregular shape
are formed after hydrogenation of coatings,
deposited from electrolyte containing only 1,4-
butynediol. The spiral type of cracking begins to
appear when the deposits are obtained from an
electrolyte containing both brighteners (Fig. 5a).
This occurs under “mild” hydrogenation.
Ununiform cracking after “mild” hydrogenation
shows that the hydrogenation doesn’t run
uniformly, both on the surface and in the bulk of
the bright coatings. A regular net of cracks is
formed after a strong hydrogenation of the coatings
obtained from electrolyte containing both
brightening additives [9, 10].

In some cases, probably due to improper
preliminary processing of the substrate, the
cathodic hydrogenation doesn’t cause crack
formation but blistering. Formation of bubbles is
observed after cathodic hydrogenation of the
coatings, deposited in the presence of saccharine
(Fig. 5b). In coatings, deposited from electrolyte
containing both brighteners, circle peelings are
removed from their surface because these coatings
are more brittle (Fig. 5¢). The same circle peelings
were also observed on the surface of zinc coatings,
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obtained from zincate electrolytes in the presence
of certain brighteners [26]. This effect could be
connected with a hydrogenation of the iron
substrate in the initial stages of the process when
the rate of hydrogen reaction is much higher than
that of the zinc electroreduction. The formation of
bubbles as well as the removal of circle peelings
from the surface of the coatings were observed after
a certain period of time after the end of
hydrogenation of nickel as well as after the
deposition of zinc. The form and the time for
appearance of blistering indicate that centres of
internal stresses are created because of the
ununiform  hydrogenation  and/or of the

redistribution of the hydrogen after ending up the
hydrogenation.

o

200 um

c

200 pm

Fig. 5. Hydrogen induced structural alterations in
nickel coatings: a - cracking after cathodic
hydrogenation of coatings deposited from electrolyte
containing both brighteners; b - blisters, formed after
cathodic hydrogenation of a coating deposited from
electrolyte containing saccharine; c - circles, peeled after
cathodic hydrogenation of a coating deposited in the
presence of both brighteners.
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CONCLUSION

Both additives in the nickel electrolyte - 1,4-
butynediol and saccharine contribute to a more
complete phase transformation of nickel into nickel
hydride. This is assisted by the fine structure of the
nickel deposits with a higher density of defects as
well as the incorporated compounds containing
sulphur as a product of electrochemical
transformation of the saccharine.

The delay of the hydride phase disintegration is
related to the influence of 1,4-butynediol on the
coating structure, the effect being more enhanced in
combination with saccharine.

Cracking of the coatings, as a result of cathodic
hydrogenation, is not observed when they are
produced in an additive-free electrolyte or in an
electrolyte containing saccharine. Concentric and
spiral cracks are formed only in coatings, deposited
from an electrolyte containing both brightening
additives. It could be suggested, that this is related
to the influence of three factors: formation of strain
regions in the nickel deposits, as a result of
irregular  hydrogenation;  various mechanical
properties of the layers due to the influence of the
additives and adhesion of the layers to the substrate.
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HABO/JIOPOASABAHE N HAITYKBAHE HA HUKEJIOBU ITOKPUTUA
EJIEKTPOOTJIOXEHU B ITPUCHCTBUE HA BJIICBKOOBPA3YBATEJIN

M. Moues
Hnemumym no gusuxoxumus, Bvreapcka akademus na naykume, yi. Axao. I'. bonues, bn. 11, 1113 Coghua
[MocTenuina Ha 9 okromBpH, 2015 r.; kopurupana Ha 3 HoemBpH, 2015 1.
(Pestome)

IIpu xatomHa moJspU3alUs B KHCENa cpela, ChIbprKalla CTUMYJIMpAIld HaBOJAOPOASBAHETO NOOaBKH, HUKEIBT
abcopOupa 3HaYNTEITHN KOJIMYECTBA BOJIOPOA U ce 00pa3yBa HOBa KpHUCTalIHa (a3a, HUKEIOB Xuapua. M3ciaensanero Ha
(a30BOTO MpEBpBILAHE HA EJIEKTPOOTIOKEH HUKEN B HUKEJIOB XHMIPHUI TPH KATOJHO HABOAOPOJSIBAHE IIOKa3Ba, e
opraHu4yHUTE CheauHeHus 1,4-OyTHHIMON W 3aXapWH, TUIIMYHU NPEICTaBUTEIM Ha JBa Kiaca J00aBKM 32 HUKEJIOBU
CJIEKTPOJIUTH, KOUTO OOMYAifHO ce W3IONI3BaT 3a MOAOOpsSBaHE Ha CBOWCTBAaTa Ha IOKPHUTHUATA KaTO BBHHINEH BHI,
BBTPELLHU HANPEKEHUS U Ap., JONPUHACAT 32 MO-II'BJIHOTO MPEBPBLIAHE HA HUKEJIa B HUKEJIOB XUApuA. ToBa ce IbJIKU
Ha TOo-(QHUHATA CTPYKTypa Ha HUKEIOBUTE OTIOXKCHHS C MO-BUCOKA IDTHTHOCT HA NE(EKTH, KAKTO M HA BKIFOUCHUATA,
CBIBPIXKAIIH CSpa KaTo MPOIAYKT OT ENEKTPOXUMHIHOTO MPEeBphINaHe Ha 3axapuHa. JJo0aBKUTe OKa3BaT BIMSIHAE KaKTO
BBPXY CKJIOHHOCTTA Ha HUKEJIOBUTE CJIOEBE KbM HaIllyKBaHE, TaKa ChILIO U BbPXY BHUJIa HA ITyKHATUHUTE.
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The influence of glycine on the electrochemical processes of deposition and dissolution of tin, cobalt and tin-cobalt
alloy from a gluconate/sulfate electrolytes are studied by means of cyclic voltammetry.

The addition of glycine to the weak acid electrolyte for deposition of Sn-Co alloy has no significant influence on the
deposition of tin and relatively strong influence on the deposition of cobalt, as well as a strong effect on the deposition
of Sn-Co alloy. The addition of glycine and the increase of its concentration lead to increase in the cobalt percentage in

the coatings.

Dull coatings with high cobalt content can be deposited from the investigated electrolyte. Depending on the pH and
glycine addition the deposition of coatings with cobalt content in the range from 0 up to 65 wt. % is possible.

Key words: electrodeposition, tin-cobalt alloys, glycine

INTRODUCTION

Tin-cobalt electrodeposited alloy coatings are
extensively applied as a convenient and economic
way to achieve an attractive finish on lock and door
hardware, plumbing fixtures, tubular furniture, and
automobile interior trim and fittings. In addition,
bright tin-cobalt alloy coatings have mechanical
and electrochemical properties similar to those of
chromium coatings. However, chromium plating is
hazard. In view of that, electrolytic tin-cobalt alloy
coatings can be considered to effectively replace
chromium coatings [1, 2].

Tin-cobalt alloys plating could also be a
substitute for cadmium in electronic application
since the alloy resist oxidation and has a low
contact resistance [3]. The Co-Sn electrolytes used
are environmentally friendly, non-toxic, non-
corrosive, and the electrodeposition process takes
place at high energy efficiency. Tin-cobalt coatings
can be used as a substitute of precious—metal
coatings, avoiding the use of highly toxic cyanide
electrolytes [4].

Much attention has been recently paid in the
field of lithium batteries for the synthesis of new
negative materials as alternatives to graphite
materials. Among them, tin-based compounds have
reached a particular attention. Tin-cobalt alloys find
extensive application in this field, because it has
been shown that the addition of Co gives the
highest specific capacity [5], avoiding mechanical
stress due to the Li-intercalation process [6].
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Electrodeposited lead—based alloys have been
used as overlays for plain bearing for many years.
The toxicity of lead requires searching for lead-free
alternatives.  Tin-cobalt  alloys [7] and
compositionally modulated Sn-Co alloy multilayer
coatings can be used as alternatives [8].

According to the phase diagram Sn-Co alloy
may be composed of various intermetallic
compounds depending on its metal content [9]. The
preparation of heterogeneous coatings offers
possibilities  for investigation of the self-
organization phenomena as observed during the
deposition of other cobalt alloys — i.e. those with
indium and antimony [10].

The deposition of the Sn-Co alloys is performed
from sulfate/gluconate, citrate, fluoride and
pyrophosphate electrolytes [11-13]. The
sulfate/gluconate bath is highly prone to oxidation.

Glycine is known to stabilize both alkaline and
acidic plating baths, it exhibits high buffering
properties, which is important for stabilizing of pH
on the electrode surface during electrodeposition
[14]. Electrolytes containing glycine were used for
electrodepositon of Co [15, 16] and some Co alloys
[17-19].

The aim of this work is to study the influence of
glycine on the electrochemical deposition of Sn-Co
alloys.

EXPERIMENTAL

The composition of the electrolyte for
deposition of Sn-Co alloy coatings is given in Table
1.

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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Distilled water and p.a. grade reagents were
used. The experiments were performed in a glass
cell of 100 cm® at room temperature without
stirring of the electrolyte. The working electrode (1
cm?) and the two counter electrodes were made of
platinum. A reference electrode Ag/AgCl with
Eagagel = + 0.197 V against the hydrogen electrode
was used. All potentials in the present study are
given against this reference electrode. The sweep
rate of the potential was 0.020 V s™.

Table 1. Electrolyte composition

Concentration,

Composition
gdm3

Sn as (CHSO3)Sn 0-5
Co as C0S04.7H,0 0-5
NazSOs, 0-50
CesH1:NaO; 0-50
C2HsNO2 0-50
KOH 0-5

The cyclic voltammetric investigations were
performed by means of a computerized
potentiostat/galvanostat PAR 273A  (Princeton
Applied Research) using the PowerCorr software
for electrochemical corrosion studies.

The alloy coatings, ca. 5 um thick, were
deposited on 0.3 mm thick copper substrates, 2 x 1
cm in an electrolysis cell of 100 cm?. The cobalt
content in the coatings as well as their thickness
was determined using a Fischerscope XRAY-
XDAL apparatus for X-ray fluorescence.

RESULTS AND DISCUSSION
Tin deposition

Figure 1 shows the effect of the complex
forming agent for tin (CeH1107Na in this case) on
the electrode processes. The main function of
sodium gluconate is to inhibit the hydrolysis of
Sn(ll) ions. Gluconate form soluble complexes in
both slightly acidic and alkaline baths. Molar ratio
of Na-gluconate to Sn should be at least 1.5 : 1 [8].
The presence of CsH110-/Na in the electrolyte leads
to a slight polarization and inhibition of the
cathodic reaction. Gluconate is designated as GH.’,
and the corresponding acid is gluconic acid, i.e.
HGHs, where the first H refers to the carboxylic
acid hydrogen and H, refers to the four hydrogen
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Fig.1. Influence of gluconate on the electrode
processes during electrodeposition of tin from sulphate
electrolyte at pH=3.5.Cs,=5 g dm™, Cna,s0,=40 g dm'®
—CocyhyyNe0,=0 g dm?3; ----Cc i, ne0,=50 g dm™®; v= 20
mV st

atoms on the secondary alcohol. Gluconic acid
forms two kinds of complexes [20]. In acid media,
the metal ion is bound into a complex via a
carboxyl group ligand. The stability constants have
relatively small values. Marksin et al. [21] reported
that tin forms Sn(GH)4* and Sn(GH.). complexes
with stability constants logK = 3.01 and logK =
2.28. In presence of gluconate the tin reduction
starts at more negative values, due to the formation
of tin-gluconate complexes.

Two anodic reactions are detected at case of
dissolution of tin in presence of gluconate ions
instead of one observed in the absence of gluconate.
The first oxidation peak is small and is related to
the complexing action of gluconate ions on tin ions
produced during oxidation process [22].

Figure 2 shows the cyclic voltammetric curves
obtained  for tin  electrodeposition  from
sulphate/gluconate electrolyte with addition of 50 g
dm? glycine. The presence of glycine in the
gluconate containing electrolyte at pH=3.5 has very
slight effect on deposition of tin (Fig. 2a).

At pH=5 (Fig 2b) during the deposition of tin
two cathodic reactions are detected corresponding
to deposition from different complexes. According
to Survila [23] three complex species can be
present in comparable amounts in such electrolyte.
Sulphate complexes prevail in more acidic media
and, as pH increase, they are replaced by Sn(GHa)a.
Also Sn(OH)* and Sn(OH), products of Sn(ll)
hydrolysis, can be formed at pH > 4, but this
process is Kinetically impeded [23]. The addition of
glycine in the electrolyte has negligible effect on
the first cathodic process but leads to some
depolarization of the second cathodic reaction
which correspond to the tin gluconate complexes in
the presence of glycine (Fig. 2b).

79



T. Valkova, I. Krastev: Influence of Glycine on the electrochemical deposition of Sn-Co alloy from gluconate electrolyte

ooz

(LR 3

i, Aicm?

[UREliy

Fig. 2a. Influence of glycine on the electrode
processes during electrodeposition of tin from
sulphate/gluconate electrolyte at pH=3.5.Cs»=5 g dm=.
Chayso, =40 g dm3;Cch,,ne0,= 50 g dm; —Ceieno, =
0 g dm?; ----Cc,nNo, = 50 g dm™3; v=20 mV s
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Fig. 2b. Influence of glycine on the electrode
processes during electrodeposition of tin from
sulphate/gluconate electrolyte at pH=5. Cs,=5 g dm .
Cha,so, = 40 g dm,Cc,n,,ne0,= 50 g dm™® —Cc,nno, =
0 g dm?; ----Cc,nNo, = 50 g dm™®; v=20 mV s

In the anodic processes, there is no polarization
effect of the glycine ions on tin dissolution at both
pH.

Cobalt deposition

The effect of the complex forming agent
(CeH1107Na) on the deposition of cobalt from
sulfate electrolyte is shown on Fig.3. Strong
polarization of the cathodic process in the presence
of C¢H1107Na is observed due to the formation of
[Co(CsH1107)]" complex (Fig.3 dashed line).
Gluconate complex of cobalt have been found to be
[Co(CeH1107)]* in solution of pH < 7.5 with
stability constant IgK= 0.57 [24]. It has been
suggested that the gluconate ion is attached to Co,
by coordination trough carboxyl group and one of
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the adjacent hydroxyl groups [25]. The cobalt
electrodeposition is accompanied with
simultaneous hydrogen evolution as a side reaction.
Decreased overall rate of the electrochemical
reaction in presence of gluconate is registered.

In the anodic processes, the effect of the
gluconate ions on cobalt dissolution is ambiguous.
The anodic peak potential of the dissolution of
cobalt in presence of gluconate is observed in the
same potential range compared with the gluconate
free electrolyte.

Glycine is a simple amino acid usually presented
with the chemical formula NH,CH,COOH.
Depending of the pH of the solution, glycine exists
as a cation in acidic solution, as neutrally charged
Zwitterion at intermediate pH values, and as anion
in basic media. It is known from basic chemistry
that glycine form complexes with Co?" ions in
aqgueous solution [26]. Formation of three
complexes is possible depending on the pH of the

0,06 T T
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Fig. 3. Influence of glycine and gluconate on the
electrode processes during electrodeposition of cobalt
from sulphate electrolyte at pH=5. Cco=5 g dm™. Cna,s0,
= 40 g dm3v=20 mV s'—Cna,s0, = 40 g dm?;
~Ce,HeNo, =50 g dm?; ---Cc p1;,na0,= 50 g dm
solutionCo(NH.CH,COOH)*, Co(NH2CH,COOH),
and Co(NH,CH,COOH);~ with stability constant
IgK = 4.6, IgK = 8.4 and IgK = 10.8 respectively.
The formation of Co-glycine complexes is favored
at high pH in the cobalt electrolyte.

The effect of the glycine addition on the
deposition of cobalt from sulfate electrolyte is
shown also on Fig.3. Strong polarization of the
cathodic process in the presence of NH,CH,COOH
is observed due to the formation of
Co(NH>CH>COOH)s™ complex (Fig.3 dot line).

In the anodic processes, the effect of the glycine
ions on cobalt dissolution is registered. The anodic
peak potential of the dissolution of cobalt in
presence of glycine increased and is shifted to more
negative values compared with the glycine free
electrolyte.
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Figure 4 shows the cyclic voltammetric curves
obtained for cobalt electrodeposition from
sulphate/gluconate electrolyte with addition of 50 g
dmglycine. The presence of glycine in this
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Fig. 4. Influence of glycine on the electrode processes
during electrodeposition of cobalt from
sulphate/gluconate electrolyte at pH=5.Cco=5 g dm=.
Cna,s0, = 40 g dm?,Cc . ,nz0,= 50 g dm®; —Cc N0, =
0 g dm?; ---Cc,n,no, =50 g dm3; v=20 mV s

electrolyte has very strong depolarizing effect.
Glycine acts as accelerator for cobalt reduction and
does not block the active sites on the electrode
surface for cobalt deposition.

The higher anodic maximum corresponds to the
dissolution of increased co-amount, deposited in the
cathodic period.

Tin-Cobalt alloy deposition

Figure 5 shows the cyclic voltammetric curves
recorded at pH=5 in sulphate/gluconate electrolytes
containing ions of both metals separately and
together. During the deposition of tin two cathodic
reactions are registered. During investigation of
cobalt deposition from the same electrolyte in the
absence of tin the occurrence of one cathodic
reaction is observed. In this case, tin is the more
positive component (both deposition peaks of tin,
respectively the firsts peak recorded at -800 mV
and the second peak recorded at -1050 mV are less
cathodic (less negative) compared with the
deposition peak of pure cobalt registered at -1200
mV). When cobalt is added to the solution of tin
two cathodic maxima are observed. The first
cathodic  maximum  recorded on  cyclic
volatmmetric curve of the alloy, which corresponds
to the deposition of pure tin is polarised compared
with those of pure tin and the second cathodic
maximum is depolarized compared to pure cobalt.
The differences between the size and the position of
the peaks in the case of the alloy deposition and the
deposition of the separate metals are due to the

reformation of the complexes in the alloy
electrolyte, because the experiments are carried out
using the same concentration of free complexing
agents in all electrolytes.

0,0z T T T T

0,01
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Fig. 5. CVA curves of tin, cobalt and alloy
deposition from sulphate/gluconate electrolytes at pH=5
Cha,s0, = 40 g dm;Ce h;,ne0,= 50 g dm3v= 20 mV s*
—— Csn=5gdm?;
5gdm3; Cco =5 gdm

Co-deposition of tin and cobalt from
sulfate/gluconate electrolyte solution was mainly
reported as a normal system [11]. The more
positive metal, tin, was deposited preferentially.

Two anodic reactions are detected at case of
dissolution of tin and one during dissolution of
cobalt and the alloy. The main oxidation peak of
the reaction of the alloy is in the potential range
where dissolution of tin and cobalt takes place.

Figure 6 shows the cyclic voltammetric curves
in sulphate/gluconate electrolytes recorded at
different pH. The fresh prepared solution has pH of
about 3.5. Adjusting the pH to 5 by addition of
KOH results in a strong polarization effect on the
first cathodic maximum during the deposition of the
alloy. This maximum is connected with deposition
of pure tin. It is known that the pH is the main
factor that governs the rate of Sn(ll) reduction. In
gluconate solution the electroreduction of tin is
accompanied by inhibitive adsorption that grows
with pH [27]. The potential of the second cathodic
reaction remains unchanged and a strong decrease
of the reaction rate is registered.

Figure 7 shows the cyclic voltammetric curves
at different glycine concentrations in the alloy
deposition electrolyte recorded at pH=5. The
increase of the glycine concentration leads to
increase of reaction rate of the first cathodic
reaction, and depolarization of the second cathodic
reaction. During anodic scan easier dissolution of
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the coating depending on the glycine concentration
is observed. At pH=3.5 the same effect of glycine
concentration on the deposition of the alloy is
observed (not shown in the paper).
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Fig. 6. Influence of the pH on the electrode processes
during electrodeposition of the alloy from
sulphate/gluconate electrolytes. Cna,s0, =40 g dm

%,Ceghyynao,= 50 g dm3; Csn = 5 g dm®; Ceo =5 g dm™®
v=20mVs!—pH=5;---pH=35
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Fig. 7. Influence of glycine on the electrode processes
during electrodeposition of the alloy from
sulphate/gluconate electrolyte pH=5. Cna,so0, = 40 g dm®
3;CCGH11N307: 50 g dm‘3; Csn=5 g dm’3; Cco =5 g dm‘3 V=
20mv st — CCZHSNOZ =0 g dm’3; """ CCZHSNOZ =15 g
dm3;---- Cc,ngno, = 30 g dm™®

Figure 8 shows the effect of both pH of the
electrolyte and the addition of glycine in the
electrolyte on the composition of the alloy. In the
absence of glycine in the electrolyte at pH=3.5,
pure tin coatings are deposited at low current
densities. With the rise of the current density, the
cobalt content in the coating increases up to about
50 wt.%. At the low pH (around 3.5) the effect of
addition of glycine is more obvious, the cobalt
content in the coatings rise with about 10 %
compared to the cobalt content in the coating
obtained from glycine free electrolyte.
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Figure 9 shows SEM images of coatings
deposited from glycine free electrolyte at current
density 6 mA cm?and pH =3.5 ( Fig.9 a) ) and pH
= 5.0 ( Fig.9 b) ) respectively. The increase of pH
results in more compact morphology and globular
structures formed by agglomeration of fine grains.
At low pH=3.5 X-ray fluorescence analysis gives
up to 40 wt. % cobalt content in the coatings. At
pH=5 at the same conditions, the coatings contain
54% cobalt.

100 T T T =

g0 ]

&0 -

C Cofwt %
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I
0 0.4 0.8 12

J I m em-2
Fig. 8. Influence of the current density on the cobalt

content in the alloy at different pH in presence and
absence of glycine. Cna,so, = 40 g dm®,Cc.n,,na0,= 50 g
dm?3; Csn=59gdm?3; Ceo =5 gdm3v=20 mV s!; e
CCZHSNOZ =0g dm3; pH=5.0; OCCZHSNOZ =50g¢g dm3;
pH=5.0; ACCZHSNOZ =0 g dm‘3; pH=3.5; ACCZHSNOZ =50
g dm3; pH=3.5.

Figure 10 shows SEM images of coatings
deposited at current density 10 mA cm™? and pH =5
in absence ( Fig.10 a) ) and in presence ( Fig.10 b))
of glycine. The addition of glycine in the electrolyte
results in more compact morphology and very
smooth surface. In absence of glycine in the
electrolyte, the cobalt content in the coatings was
55%. The presence of glycine in the electrolyte
results in increased cobalt content 60 wt. % cobalt.

CONCLUSIONS

Addition of glycine to the sulfate/gluconate
electrolyte for electrodeposition of SnCo alloys
leads to:

-Deposition of more homogeneous compact
alloy coatings with better appearance.

-Glycine favors the cobalt deposition,
accelerates the Co?* ions reduction as confirmed by
CV curves.

- Cobalt content in the alloy increases in the
presence of glycine.

- Coatings with up to 65 wt. % Co can be
deposited from investigated electrolyte.
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Fig. 9. Surface of tin-cobalt alloy coatings Csy= 5 g dm;
Cco= 59 dm™3; Cna,s0,= 40 g dm?;Cch,,ne0,= 50 g dm’
Cc,HgNo, = 0 g dm®; 6 mA cm?(a) pH=3.5, 40 wt. %
Co;(b)pH=5.0, 54 wt. % Co;

Fig. 10. Surface of tin-cobalt alloy coatings at pH=5
Csn=5 g dm?3 Cco=5g dm? Cnayso,=40 g dm?
CC6H11Na07=50 g dm3; 10 mA cm? (a)CcszNoz =0 g dmr
%, 55wt. % Co; (b)Cc,n N0, =50 g dm™3,65wt. % Co.
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BJIMAHUE HA I''TMIUH BbPXY EJIEKTPOXUMHWYHOTO IIOJIVHABAHE HA CIIJIAB
Sn-Co OT I'JTIOKOHATEH EJIEKTPOJIUT

T.Bwikosa'n U.KpbcTeB

Hnemumym no gusuxoxumus, bvreapcka akademus na naykume, yi. ,,Axao. I'. bonueg™, 0. 11, 1113 Cogus,
bvreapus

Ioctenuna Ha 11 HoemBpwy, 2015 r.; kopurupana Ha 5 sayapu, 2016 r.
(Pesrome)

HW3cnenpaHo e BIMSHUETO HA MIMLWH BbPXY €JISKTPOAHUTE MPOLECH Ha OTJIaraHe M pa3TBapsHe Ha Kajai, KoOalT u
CIUTaB KaJali-KoOalT OT TIIFOKOHATHO-CYJI(ATEeH eIEKTPOIUT OCPEICTBOM METO/A Ha IUKIMYHA BOJITAMIICPOMETPHS.

VYCTaHOBEHO €, 4e JO0OaBSHETO Ha DIIMIMH KBM CJIab0 KUCEN ENEKTPOJIUT 3a MOJyYyaBaHEe HA HMOKPUTHS OT CIUIAB
KaJlaii-ko0aNT He OKa3Ba CHIISCTBCHO BIMSHHE BHPXY OTJIAraHETO HA Kalald, HO MMa CWICH e(eKT, KaTto INpu
OTJIAraHeTO Ha YHMCT KOOaNT, Taka M IPH OTJIaraHe Ha CIUIaBTa Kajaii-kobant. JJo6aBsHETO HA MIMLUH U TOBUIIABAHETO
Ha KOHOCHTpauudATa My B CJICKTPOJIUTA BOJAU N0 HApaCTBAHEC HA IMPOUCHTHOTO CHbAbLPIKAHUC Ha KO6aHT B IIOKpUTHATA.
Or H3CJICABAHUA CIICKTPOJUT MOrar Aa 6’[)IlaT IMOJYYCHU KAYCCTBCHU MOKPUTHUA C BUCOKO CBHABPIKAHUC Ha KoOanr.
HpOMHHaTa pH Ha CJCKTpOJHTa U HOGaBHHeTO Ha TJIMIUH AaBa BB3MOXKHOCT 3a IOJydYaBaHE Ha IMOKPUTHUA CbC
CchABpXKaHUE Ha Kobant ot 0 10 65 teriu. %.
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This work presents a research on the synthesis of composite nanosized Co-based materials deposited by sol-gel
method on Magnelli phase titanium oxide (MPT) and their investigation as anode catalysts for alkaline water
electrolysis. The chemical composition, surface structure and morphology are characterized by EDX, SEM, and XRD
analysis. The activity toward the partial electrode reaction of oxygen evolution (OER) is assessed in aqueous alkaline
media at room temperature.Cyclic voltammetry and steady state polarization curves are used to obtain information
about the reactions proceeding on the catalysts surface, to determine the potentials of oxygen offset and the
corresponding current densities and thus, to assess the OER catalytic efficiency. The results obtained showed that the
Co-based MPT-supported catalysts are stable at the agressive conditions of the alkaline water electrolysis. The metal
content influences the structure and morphology. Among the tested samples the one with 30 wt.% metal content (Co30)
demonstrates superior performance and best catalyst utilization. The OER starts at 0,64V (vs. Ag/AgCl) and reaches
current density of about 55 mA cm? already at 0,75V. This is explained with size effects (smallest Co particles)

ensuring largest electrochemically active surface area.

Keywords: hydrogen generation, alkaline water electrolysis, non-precious catalysts, oxide support

INTRODUCTION

Since the first observation of water electrolysis
by van Trostwijk and Deiman in 1789 [1,2] this
method for hydrogen generation has been
investigated in depth by many authors [3-7]. It is
characterized with  flexibility, almost zero
detrimental emissions, and high purity of the
produced gases. However, in order to become an
economically attractive, the technology still needs
to be improved in terms of efficiency and
durability. The main classification of water
electrolysis is based on the type of the used
electrolyte (aqueous solution or solid polymer
membrane) and the operating temperature. The
classical water electrolysis which is a well-
established technological process for decades is
carried out in aqueous alkaline electrolytes. This
type of electrolysis has the advantage of using
cheap non-noble metal catalysts, while the main
drawbacks are the decrease of process efficiency at
high loads and potential risk of environment
pollution due to leakage of the agressive
electrolyte.The electrolysis of water in cells with a

To whom all correspondence should be sent:

solid polymer electrolyte is a relatively new
technology. In advanced stage of development are
the electrolysers using proton exchange membranes
(PEMWE). Such systems with capacity of up to 10
Nm?3/h are already available on the market. They
offer number of advantages compared to the
classical alkaline electrolysis: efficiency reaching
95% at current density of 1-2 A cm?, very high
purity of the produced gases, compatibility with
renewable energy sources, environmentally friendly
[8-10].The main problem in regard to this
technology is the fact that hydrogen produced in
PEMWE is still rather expensive due to the high
price of the used polymer membranes and the rare
noble metal catalysts [11,12]. Recently there is an
increasing interest in development of electrolyte
membranes with anion (OH) conductivity. The
usage of anion exchange membrane (AEM) would
prevent the deposition of solid carbonaceous
residue on the electrode / electrolyte interface,
which in the conventional aqueous alkaline
electrolysers often leads to problems during the
start-ups of the system. Another major advantage of
this type of hydrogen generators is the possibility to
use inexpensive and broadly available catalysts
(mainly non-precious transition metals from the

E-mail: katerina.maksimova87@iees.0as.ng ¢ 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 85
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iron group and their alloys). In summary, AEMWE
are supposed to combine the advantages of the
classical aqueous alkaline and the acidic PEM
systems - cheaper base metal catalysts, high
efficiency, none risk for environment pollution.

Common to both PEMWE and AEMWE is the
significant overpotential at the anode side where the
oxygen evolution reaction (OER) takes place
[13].The OER is studied intensively for decades in
order to elucidate the reaction mechanism. Various
anode catalysts are employed in effort to minimize
the energy loss during water electrolysis. The
investigations are aimed to development of
catalysts combining high efficiency with corrosion
stability  and performance durability.The
establishment and elucidation of the correlation
between catalyst activity and catalyst corrosion
mechanisms is another important objective. Such an
analysis allows for better understanding of the
advanced catalysts design principles and definition
of best trade-off between activity and stability.

One way to reduce the cost of the catalysts is to
disperse the active component on catalytic support
with high surface area and thus, to increase the
catalyst utilization [14,15]. Thus obtained
composite catalysts often show higher activity
compared to the non-supported metals due to
realization of electronic interactions with the
support. The effect is known as strong metal-
support interaction (SMSl-effect) [16]. It is related
to redistribution of the electron density of the active
surface sites which influences the adsorption
strength of the intermediates and facilitates the
mechanism of the electrode reactions. As a result,
the catalytic loading can be drastically reduced
preserving the efficiency of the electrolysis. The
main advantage of the most broadly used carbon
supports is their high surface area (over 200 m? g%
combined with excellent electro-conductivity.
Unfortunately, the carbon is not suitable for
electrolysis applications since the high operative
potentials cause its oxidation, followed by gradual
electrode degradation and consequent failure of the
system.Therefore, recently there is an increased
interest in application of non-carbon supporting
materials such as carbides, nitrides, and oxides
which in addition to the required high surface area
and good electrical conductivity offer increased
chemical and electrochemical stability.

It is known that the metals from the iron group
(Fe, Ni, Co, etc.) have high catalytic activity and
corrosion stability in alkaline solutions, and that
some of their composite and alloy systems
demonstrate even superior performance compared
to the pure metals [17-19]. This is due to increased
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surface roughness as well as to changes in the
electronic structure of the mixed catalysts leading
to synergism. The catalytic activity of these
systems can be further enhanced if they are
dispersed on properly chosen catalytic support
ensuring SMSI-effect. Such approach is applied and
proven to be favourable in PEMWE [20], while in
alkaline electrolysis there is a lack of systematic
research and publications on the topic.

The main objective of this work is the
preparation of advanced corrosion resistant
composite catalysts based on cobalt nano-particles
deposited on Magnelli phase titanium oxide and
investigation of the influence of embedded metal
content on the catalysts structure, morphology, and
OER efficiency in alkaline water electrolysis.
Another important aspect of the research is to
elucidate the expected metal/support interactions
and the resulting effects on electrode performance
and durability.

EXPERIMENTAL

The catalysts under study are prepared by sol-
gel method using acetylacetonate precursor
Co[CsH702]. (Alfa Acer). The cobalt nanoparticles
are supported on Magnelli phases titanium oxide
with general formula TiyOzna (MPT, Ti-dynamics
Co. Ltd). The metal content is varied in the range
20-40 wt.% and the test samples are denoted
accordingly (Co20, Co30, and Co40). The
preparation procedure includes two steps: i)
pretreatment of the support and the metal precursor
using magnetic stirrer and ultrasonic bath, their

mixing, and heating at 60°C under constant stirring
until a fine gel is obtained; ii)thermal treatment of

the obtained mixture at 240 °C in reducing Ha-
atmosphere for 2 hours and gradual cooling to room
temperature. The obtained powder is homogenized
in a mortar and stored in dry oxygen-free
atmosphere. To prepare the test electrodes the
catalysts are mixed with propanol, spread as a thin
film on the top of commercial gas diffusion layer
(Freudenberg, Germany), and left to dry at room
temperature.

The surface area of the support is measured by
BET analysis. The composition, surface structure
and morphology of the synthesized composite
catalysts are studied by energy dispersion elemental
analysis (EDX), scanning electron microscopy
(SEM), and X-Ray diffraction (XRD) methods.
SEM and EDX analysis are obtained by JEOL JSM
6390 electron microscope (images in secondary and
back-scattered electrons), equipped with INCA
Oxford elemental detector. XRD analysis is
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performed by X-ray diffractometer Philips APD15.
The diffraction data were collected at a constant
rate of 0.02° s over an angle range of 20 = 10-90°.
The size of Co crystallites is determined by
Scherrer equation [21].

The electrochemical performance and catalytic
activity toward the oxygen evolution reaction are
investigated applying the common experimental
techniques of cyclic voltammetry and steady state
polarization. The experiments are carried out in
aqueous alkaline media (25% KOH) at room
temperature using a standard three-electrode
electrochemical cell with Ag/AgCl reference
electrode and Pt wire as a counter electrode. The
working electrode has geometric area of 0.5 cm™
and contains 0.5 mgcocm™?. All electrochemical
measurements are carried out with a commercial
Galvanostat/Potentiosat POS 2 (Bank Electronik,
Germany).

RESULTS AND DISCUSSION

According the technical specification of the
producer the chosen support, MPT, has surface area
of 7-8 m?g?, very good electrical conductivity and
corrosion stability both in acidic and in alkaline
media. The performed BET analysis verified a
surface area of 8 m%g™.

The MPT electrochemical performance in
aqueous alkaline electrolyte is shown in figure 1.
As expected the support is very stable at high
anodic potentials where the oxygen evolution takes
place. The measured low current is of pseudo-
capacitive nature and does not change with time
indicating lack of catalytic activity.

0 1 2 3
time/h

Fig. 1. Potentiostatic polarisation curve of MPT in
25% KOH at 1.8V.

To investigate the morphology and surface
structure, XRD and SEM analysis were performed.
The results obtained (figigure 2 a,b) show that MPT
consists of two well recognized crystalline phases -

(Ti,O, and KTisOw) having homogeneously

distributed particles with size in the range 100+-150
nm.

—MPT a |

1020 30 40 50 60 70 80
26, degrees

Fig. 2. X-ray diffraction patterns (a) and SEM image
(b) of the MPT support.

Samples of the synthesized composite Co/MPT
catalysts with target Co content 20, 30, and 40
wt.% (Co20, Co30, and Co40, respectively) are
studied by energy dispersive X-ray diffraction to
determine the exact metal content. The results
obtained are presented in Table 1. They show that
the amount of the detected cobalt correlates well
with that introduced by the acetylacetonate
precursor during the synthesis, except for Co20 in
which case the deviation is relatively high.

Table 1. Cobalt content in the test samples
determined by EDX analysis.

Co wt. %
Sample target obtained
Co20 20 15
Co30 30 29
Co40 40 40

According the SEM images (figure 3) the metal
particles (white spots) of all three samples are
homogeneously dispersed on the substrate, forming
cauliflower-type aggregates.

The XRD spectra of the catalysts under study
(figure 4) show the presence of metallic cobalt in
all test samples. In Co20 the metal exists only in a
hexagonal crystallographic state, while in Co30 and
Co40 both hexagonal and cubic forms are detected.
The values of the crystallite size determined by
Sherrer equation using the half width of the full
maximum (HWFM) of the peaks for all registered
crystallographic planes are summarized in Table 2.
They show that the synthesized catalysts have
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relatively large cobalt crystallites with size varying
in the range 30-50 nm. The smallest are the
crystallites of the test sample having moderate
cobalt content, Co30.

1y —
S20kV  X10000 1pm

10 36 BEC

Fig. 3. SEM images (in back-scattered electrons) of
the synthesized Co/MPT catalysts; a) Co20; b) Co30; c)
Co40

Intensity / arb. units

20/ degrees

Fig. 4. X-ray diffraction patterns of the synthesized
Co/MPT catalysts

The cyclic voltammograms in figure 5 show two
well defined anodic current peaks related to
changes in the oxidation state of Co (Co to Co?
and Co*" to Co*), followed by intensive oxygen
evolution above 0,65V. The process starts earlier
and is most intesive for the catalyst with 30 wt.%
metal content. During the cathodic scan reduction
current peaks can be seen on the curves of Co30
and Co40, while for the sample with lowest metal
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content the cathodic branch of the curve is rather
shapeless. The CVs do not change at long term
cycling, demonstrating durability of the catalyst
performance.

Table 2. Crystallite size of Co/MPT catalysts

Sample hcp fcc
41.6 445 477 445 515
(100) (001) (101) (111) (200)
nm nm nm nm nm

Co20 40 35 26 -
Co30 26 30 20 20-  <10*
Co40 38 33 20 14 <10*
100
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Fig. 5. Cyclic voltammograms of Co/MPT catalysts

in 25% KOH at room temperature; a) Co20; b) Co30; c)
Co40; potential scan rate 100 mV s’

The anodic polarisation curves are presented in
figure 6. The intensity of the oxygen evolution
reaction is nearly equal for Co30 and Co40, while
the reaction proceeds slower on C020.

In order to obtain information about the catalyst
utilization, the morphology factor, f, is determined
following the method of Da Silva [22]. The
procedure is illustrated in figure 7.
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Fig. 6. Anodic polarisation curves of the Co/MPT in
25% KOH; room temperature; potential scan rate 1 mV
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Fig. 7. Graphical illustration of DaSilva method for
evaluation of catalyst utilization in OER porous
electrodes

It includes recording of cyclic voltammograms
at different scan rates and plotting the current at
defined potential where the OER starts as a
function of the scan rate. The slope of the obtained
linear part of the curve at low scan rates (slope a) is
a measure for the total capacity of the electrode
surface C_. The slope at high scanning rates (slope

b) represents the capacity of the "external" easily
accessible electrode surface, Coyr The difference

C\yr = C; - C,; gives the capacity of the “internal”

difficult to access surface. The ratio f = Cur / C,

gives the value of the morphology factor, which is a
measure for the unused part of the catalyst. The
calculated values of the morphology factor and the
corresponding catalyst utilization are presented in
Table 3. It is seen that for the catalysts under study
the lowest f value is obtained for the sample Co30,
meaning that for this catalyst the utilization is
superior. The result correlates well with the data in
Table 2 according which this sample has smallest

particles size which in turn, ensures the highest
surface area available for the proceeding electrode
reaction.

Table 3. Morphology factor and utilization of the
Co/MPT catalysts

Co
0 0,
Sample  Co 20%wt Co 30%wt 40%wit
f 0.55 0.43 0.55

Finally, the stability of catalytic performance at
long service was investigated, recording
potentiostatic polarisation curves at high anodic
potential of 1,8 V where an intensive oxygen
evolution takes plase. Figure 8 presents the results
obtained in 48-hour experiment on the best
performing electrode containing 0.5 mg cm2 Co30.
It is seen that the intensity of the OER sustains for
the whole duration of the experiment without any
indications for decrease in catalyst performance and
degradation of the electrode.

100
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60 |-
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20+ R

10+
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j/mA.sm*
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time/h

Fig. 8. Potentiostatic
Co30/MPT in 25% KOH.

polarisation curve of

CONCLUSION

The research performed verified that Magnelli
phases titanium oxide is a promising catalytic
support for application in alkaline water
electrolysis. The synthesized Co/MPT catalysts
possess high efficiency toward OER combined with
good durability and corrosion resistance. The
optimal metal loading of 30 wt. % Co ensures
superior performance combined with best catalyst
utilization, resulting from the most developed
active surface of this sample. Further research is in
progress focused on the influence of the electronic
metal-support interactions on catalysts
performance.
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BJIMAHUE HA KATAJIMTUYHOTO HATOBAPBAHE BHPXY MOP®OJIOTUATA U
PABOTHHUTE XAPAKTEPUCTUKHU HA KOGAJITOBU EJIEKTPOKATAJIM3ATOPH,
OTJIOXKEHU BBbPXY OKCUJIEH HOCUTEIJI

K. Makcumosa — [lumurposa’, E. Jlepreposa’, C. Aranacosa — Bnagumuposa?, E. CnaBuepa’

YUncmumym no enexmpoxumus u enepautinu cucmemu ,, Axao. Eézenu Byoescku “, Bvazapcka akademus Ha HayKume,
Axao. I'. Bonues 61.10, Cogpus — 1113, Bvreapus
2Uncmumym no guszuxoxumust ,, Axkao. Pocmucnaé Kauwes ', Bvieapcka akademus na naykume, Axao. I. Bonueg
6n.11, Cogus — 1113, Bvreapus

IMoctpnmia Ha 29 oktomBpu, 2015 r.; kopurupana Ha 20 HoemBpu, 2015 r.
(Pestome)

CraTHsATa MpeACTaBs U3CIeIBaHEe BHPXY CHHTE3a Ha KOMIIO3UTHH HaHOPa3MEpHH MaTepuaiu Ha 0a3aTa Ha KoOalr,
OTJIOXKEHH 10 30JI-TeJ MeTOJ BbpXy MarHenu $a3u TATAaHOB OKCHJI M TAXHOTO MPUJIOKEHHE KaTO aHOIHH KaTalu3aTopH
3a aJKallHa eJICKTPOJIM3a Ha BOJa. XHMHYHHUAT CBCTaB, CTPYKTypaTa Ha IOBBPXHOCTTA M Mopdoiorusra ca
OXapaKTepU3UPaHU C METOJMTE Ha CKAHMpAalla eleKTpoHHa Mukpockonus (SEM), pertreHoctpykrypeH ananus (XRD)
u aucrniepced enemented aHanu3 (EDX). AKTHBHOCTTA 1O OTHOILCHUE HAa peaklusATa Ha oTaeisHe Ha kuciopoxa (OER)
€ ompejelicHa BbB BOJHA allKallHa cpejla NpH CTaiiHa Temieparypa. MeToauTe Ha UHMKIMYHA BOJTAMETPUS H
MOJISIPU3ALMOHHN KPUBHU Ca W3IMOJI3BaHHM 3a IoJyyaBaHe Ha HMH(OpPMAIUs OTHOCHO peakiMUTe, KOMTO MPOTHYAT Ha
MOBBPXHOCTTA HA KAaTAIM3aTOPHUTE, 32 ONpeesisiHe Ha MOTEHIMAINTE, TP KOUTO MPOTHYA PeaKIMsiTa Ha OT/AeNIsTHEe Ha
KHCJIOPOJ TIPH ChOTBETHUTE TOKOBU ILTBTHOCTH M HA KaTaJUTUYHATA aKTMBHOCT. [losydeHunTe pe3ynTary 1oKas3Bar, 4e
KaTalu3aTopuTe Ha 6a3aTa Ha KOOAIT, OTIOKEHH BBPXY OKCHIEH HOCHTEI Ca CTAOMIIHY IIPU arpeCUBHUTE yCIOBUS HA
alIKaJiHa eJISKTPoJIN3a Ha Boja. ChOBPKAHMETO Ha METal B KaTaJIM3aTOPHUTE OKa3Ba BIUSHHE BHPXY MOP(OJIOTHATA U
cTpykrypara. OT u3cienBanuTe mpoOu, Tasu ¢ 30 TEVIOBHM NPOLEHTA ChAbpPXKaHHE Ha KOOAIT, MMOKa3Ba OTIMYHA
BB3MPOU3BOIMMOCT U Hali-BHCOKA KaTaJIMTHYHA M3M0J3BaeMocT. Peaknusra Ha otaensHe Ha kuciopon (OER) 3amousa
npu 0,64 V cropsiMo cpaBHHUTENIeH eneKkTpon cpedpo/cpedbper xnopun (Ag/AQCH), a mpu 0,75 V moctura TokoBa
WILTHOCT OT 55 MA.cm2, ToBa ce 00scHsBa ¢ epeKTa Ha pa3Mepa Ha KATAJIUTHYHUTE YaCTHIIM - KATaIu3aToOphT ¢ Hai-
MaJIKU KOOAJITOBH YaCTHUIIM, OCUI'YPsiBa Hal-TOJIsIMa aKTHBHA TTOBBPXHOCT.

90



Bulgarian Chemical Communications, Volume 48, Special Issue B (pp. 91 — 95) 2016

Electrochemical investigation of cementation process

B. Tzaneval®, T. Petrova?, J. Hristov® and L. Fachikov®

! Technical University of Sofia, 8 Kliment Ohridsky blvd., 1756 Sofia, Bulgaria
2 Institute of Catalysis, Bulgarian Academy of Sciences, Sofia 1113, Acad. G. Bonchev str., bl.11, Bulgaria
3 University of Chemical Technology and Metallurgy, Kliment Ohridsky blvd., 1756 Sofia, Bulgaria

Received October 3, 2015; Revised November 24, 2015

Cementation of metals is a spontaneous electrochemical reaction at the interface of an active metal and the
electrolyte containing ions of more noble metal. In this work the electrochemical behaviour of the redox couples was
studied experimentally with a special emphasis the mixed cementation potential compared to the potentials of the
individual couples at open circuit state. This approach allows determining the values of both the anodic and cathodic
polarisations but not the reaction kinetics. The potentiodynamic method separately applied to the iron and the copper
electrodes was used to elucidate the nature of the kinetics of the half-reactions of the electrodes. The intersection of the
anodic branch of the polarisation curve of the iron electrode with the cathodic one of the copper electrode corresponds
to the rate of copper deposition at the iron surface, represented indirectly by the deposition current density. The
determined corrosion potentials, however, are more positive with respect to the open circuit potentials when direct
copper cementation by iron takes place. More accurate results about the reaction rate were obtained by plotting of the
values of the open circuit potentials of a real cementation process onto the polarisation curves of a copper electrode.
The intersection is located in the area corresponding to an active iron dissolution and copper deposition under a
transport control. These results correspond adequately to those obtained by inductively coupled plasma spectroscopy
applicable to kinetic measurements.

Key words: copper cementation, mixed potential, potentiodinamic,

INTRODUCTION

Cementation of metals is spontaneous
electrochemical oxidation-reduction reaction taking
place at the interface active metal/solution
containing ions of more noble metal
(Mactive/Mnobie™), [1-4] namely:

nMactive + mMnobIen+ - 1'11\/Iactivem+ + mMnobIe

The ratio of the electrode potentials (£) of the
oxidation-reduction couples is E(Mactive™/Mactive)<
E(Mnobie™/Mnobie). The cementation process can be
considered as a work of short circuit galvanic
element where two half-reactions of oxidations and
reduction take place simultaneously on one and the
same surface [5]:

anodic reaction: NMactive - NME™ — nMactive™

cathodic reaction: MMnobie™ +nme” —MMnople

The common approach in the cementation
kinetics is the use of physical methods analyzing
the solution [6-9]. The electrochemical dynamic
methods cannot be applied directly for the analysis

To whom all correspondence should be sent:
E-mail: borianatz@tu-sofia.bg

of the cementation processes. The high reaction rate
results in rapid changes in the interface (i.e. contact
areas, structures of the anodic and cathodic sites,
etc) and the chemical content of the electrolyte.

A real analysis of the electrochemistry of the
sub-processes involved in the cementation reaction
can be done on the basis of the mixed potential of
the system Moacive/Mnonie™ [10] and of the potentials
of the separate couples Mactive™/Mactive and
Mioble™/Mnovie at the open circuit conditions. The
determination of the potentials of the separate
couples allows to assess the values of the anodic
and cathodic polarisations. When the volume of the
solution is quite enough and the contact area
(Mactive/Mnobie™), enough small, then the measured
values of OCP are independent of the area of
contact. This is an advantage, because the
cementation is commonly performed by using
particles (iron spheres, scrap, iron wool, etc) which
surface area taking place in the solid/fluid contacts
is hard to be defined.

This paper demonstrates the possibility to apply
two electrochemical methods in investigation of
copper cementation by iron in solutions containing
different anions: the open circuit potential
measurements (OCP) and potentiodynamic method.
The results contributed to the development of a
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kinetic model of the cementation of the couple
Cu?/Fe and to determine the rate of the process.

EXPERIMENTAL

The electrochemical experiments used copper
and iron electrodes with a surface of about 2 cm?,
At the beginning of each experiment the metal
surface was grinded mechanically by SiC paper Ne
600 and degreased in ethanol-ether mixture. The
electrolytes are based on bivalence salts of copper
and iron with SO.,%, SeO4%, TeO4%, PO,*, NOs, CI-
u 105" and concentration of 0,08M (or 5 g /L M?*),
Due to the instability and the low solubility of some
compounds of Fe?*, the equilibrium potential of the
iron electrode were determined in solutions of
FeSOs, FeCl, u Fe(NOs), only.

The electrochemical tests were carried out in a
classical three-electrode cell with a platinum
counter electrode and a reference saturated calomel
electrode. The time variation of OCP was registered
up to its almost stationary level, but for a time not
less 30 min. The potentiodynamic relationships
were obtained at a potential scan rate 10 mVs? by a
potentiostatic-galvanostatic device PAR 273 and
treated by a software package PowerSuit. The
potentials reported in this paper are presented with
respect to normal hydrogen electrode (NHE). All
the experiments were carried out at ambient
temperature of about 25 °C without initial de-
aeration of the electrolyte solutions.

The elemental analysis of the solutions before
and after the cementation process was performed by
inductively coupled plasma (ICP) device (model
High dispersion ICP-OES “Prodigy” of Teledune
Leeman Labs).

RESULTS AND DISCUSSION
Open circuit potential - time measurements

The difference in the equilibrium potentials at
0.08 mol/L M?* of the more-noble metal, i.e. the
copper (0.308 V) and the iron electrode (- 0.472 V)
is the theoretical value of the electromotive force
(AE°=0.78 V) of the cementation reaction
Cu?* + Fe — Cu + Fe?'. This value can be used
only as a theoretical benchmark referring to the

cementation reaction under standard conditions.
The measured values of OCP in electrolytes with
0.08 mol/L M?" containing different anions are
summarized in Table 1.

The data summarized in Table 1 indicate that the
nature of the anions affects strongly the values of
the potentials. Generally, the measured potentials in
the sulphate environments are too close to the
theoretical values. The values corresponding to the
iron electrode are more positive than the theoretical
ones which can be attributed to the aerated neutral
solutions.

The time evolution of the open circuit potentials
in the case of the iron electrode when the solutions
containing of various salts of Cu?* with a
concentration of 0.08 mol/L (or 5 g/L Cu) is shown
in Fig. 1. In almost all cases the OCP values was
established for 5-10 minutes and the stationary
levels are strongly affected by the anion contents of
the solutions.

Depending on the direction of the OCP change
in time it is possible to detect two typical cases:

(i) a sharp shift of the potential in the negative
direction and a gradual change to the equilibrium
level (in solutions of SO4?, for instance) and

(ii) slow and almost smooth shifts of the
potential in the positive direction.
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Fig. 1. Time evolution of the Open Circuit Potential
(OCP) in case Cu?* cementation by Fe in various
solutions  with  concentration of 0.08 mol/L.

Table 1._ The OCP and polarization values (vs. NHE) of the copper and the iron electrodes in 0.08 mol/L solutions

containing different anions.

SO42_ 88042’ TeO42’ Cl 103 NOs PO43'

E(Cu?*/Cu), V 0.317 0.300 0.190 0.203 0.344 0.296 0.300
E(Fe**/Fe), V -0.430 --- --- -0.360 --- -0.120 ---

E(Cu®*/Fe), V -0.340  0.270 0.070  -0.300 0.830 -0.110 -0.240

E(Cu?*/Fe) - E(Cu?*/Cu), V -0.657 -0.030 -0.183 -0.503 0.486 -0.406 -0.540
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The first case can be considered a typical one for
the cementation processes taking place under the
diffusion control of the cathodic process when the
mixed potential is established to levels close to that
of the anodic half-reaction (dissolution of Fe) due
to the high cathodic polarization. In accordance
with this standpoint, the initial shift in the potential
in the negative direction is caused by the depletion
of copper ions at the vicinity of the iron surface and
consequently the demand copper ions to be
transported from the bulk of the solutions.
Moreover, if it is supposed that the movement of
the OCP in a negative direction is totally due to the
depletion Cu?*, the initially shift of the potential
may be used as an indicator of the cementation rate.
In addition, in sulphate electrolytes, for instance,
the copper cementation occurs with highest rate
because the slope of the initial linear section is the
highest (27 mV/s) while in the selenate solution it is
only (4.5 mV/s).

The second case characterizes the behaviour in
the iodate solution. The high value of OCP in this
case does not indicate the dominating role of the
cathodic half-reaction in the process of metal
deposition but the hindered anodic reaction of Fe
dissolution. The observations of the iron surfaces in
copper iodate solutions for the period of the
experiments do not indicate any changes which
may be attributed to surface passivation and
missing cementation processes.

The cathodic polarization can be adequately
represented by the difference in potentials of
cementation in Fe | Cu?* and the equilibrium values
at the electrodes Cu | Cu?*. The calculated values of
the cathodic polarization are summarized in last
row of Table 1. In all the case all values are
negative with only exception related to the case of
the iodate solution. In contrast to the OCP, the
values of the polarization can be used to establish
the electromotive force of the cementation
reactions. This suggestion can be easily explained
by the results obtained from the cementation of Cu
from solutions of SO4%, Cl-, NOs", POs*. However,
when positive cathodic polarizations take place the
cementation processes cannot be performed.

The experimental results allow elucidating the
strong effect of the anion nature in the electrolyte
on the cementation process. The change in the OCP
during a real cementation process and the
comparison of the stationary level with the
equilibrium potentials of the two half-reactions
provide only qualitative information of the ability
of a cementation process of a particular system but
are not informative about its kinetics.

Potentiodynamic tests

The Kkinetics of the cathodic reaction of the
cementation process was investigated by recording
potentiodynamic relationships of copper electrodes
Cu | Cu?*(0,08 mol/L) with various anionic contents
of the electrolyte. The electrodes were cathodic
polarized with an initial potential of 0.25 V, more
positive than OCP up to -1.0 V. The anodic reaction
of iron dissolution was investigated through anodic
polarization of iron electrodes with concentration
0.08 mol/L Fe?* of the solution, starting from OCP
and a shift in the positive direction up to 0.4 V. The
concentration of the iron ions was taken equal to
that of the deposited metal (0.08 mol/L) with the
assumption that the entire quantity of the noble
metal from the solution (Cu?*) is replaced by iron
ions.

The polarization curves of copper sulphate and
chloride electrodes are shown in Fig. 2.
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Fig.2. Potentiodynamic relationships of copper (solid
lines) and iron (dashed lines) electrodes in sulphate (o)
and chloride (A) solutions with a concentration of 0.08
mol/L copper salts.

Table 2._Current density and rate (electrochemical and through ICP) of contact deposition of copper on iron
electrode from solutions of various copper salts with concentrations 0.08 mol/L.

SO Se04> TeO4” Cl NOs" PO 105
jdep, Alcm? 4,8.10-3 6,8.10'4 1,8.10'5 7,3.10_3 1,6.10'2 119.10_2 -
vcruﬁggellr}cgr?gl) 5,69 081 213102 864 18,9 22,5 ]
;Cg;}ﬂgniz 93.2 27.4 1.3 n.a. 49.4 87.2 ;
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The intersection of the anodic curve of the iron
electrode with the cathodic section of copper
electrode theoretically should coincides with the
rate of copper deposition on the iron surface
represented as a current density, jaep [5]. The current
densities by the these points of intersection in the
case of sulphate and chloride solutions are 4.8.103
u 7.3.10° A/cm?, respectively with corresponding
potentials of -0.05 V and -0.13V. These potentials,
however, are more positive than the experimentally
determined OCP in the case of copper cementation
by iron in sulphate (-0.34 V) and chloride (-0.30 V)
electrolytes. The difference in the mixed potential
of the real cementation process (OCP) and the
value determined potentiodynamically separately
with iron and copper electrodes indicates that that
the real anodic polarization is too low and this can
be attributed to some reasons, among them:

e The Fe?* concentration in the electrolyte
during the real cementation process varies, while in
the model iron electrode it is constant. At the onset
of the real cementation process, iron ions in the
electrolyte are missing but after that their
concentration rises in time and at the vicinity of the
electrode surface it probably exceeds the value of
0.08 mol/L. Such a difference in the concentration
most likely affects the potential and shifts the
potentiodynamic plot along the ordinate.

e The ratio of the areas of the anodic and
cathodic sites of the real cementation process varies
in time, while in the model the polarization
relationships corresponds to constant ratio of 1:1.
The differences in the area of the anodic and
cathodic sites could results in shifts of both
relationships with different extents along the
abscissa that finally results in different current
densities determined by the potentiodynamic
method used.

As a consequence of these experiments and the
analysis performed it may be decided that the use of
a separate iron electrode for the study of copper
cementation is not the adequate approach.

However, when the OCP values for the systems
Fe|CuSOs and Fe|CuCl, are plotted over the
polarization plots of the copper electrodes
Cu|CuSOs 1 Cu|CuCl, they corresponds to the
sections of active iron dissolution and copper
deposition under diffusion control (see Fig. 2). This
result corresponds adequately to the initial
suggestion about the process control based on the
OCP measurements.

The polarization relationships of copper
electrodes with various anionic contents are shown
in Fig. 3. In accordance with these plots, the lowest
rate of metal deposition was observed in the

94

solution of copper tellurate. In iodate solution the
OCP line crosses the anodic curve of the copper
electrode which indicates that the deposition of the
cooper does not take place, but the value of the
mixed potential is dues to occurrence of auxiliary
reactions at the iron surface such as the release of
iodine.
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Fig.3. Potentiodynamic relationships of copper
electrodes in solutions with a concentration of 0.08
mol/L copper salts.

The intersection of OCP corresponding to
Fe|Cu* and the cathodic section of the
polarization relationship of the copper electrode
Cu|Cu?* can be used for an experimental
determination of the rate of the cementation
process, represented as the density of the current of
copper deposition onto iron (jgep).

The rate of a heterogenic cementation reaction
(v) is generally expressed by the relationship:

v=dm/S.dt where dm is the mass of copper
deposited on unit surface S per time dt. The mass of
copper deposition can be calculated by the current
density (joep) through the Faraday law. As a result
the cementation rate assumes the form:

v=Mey/t.S= LAMcy/2.S.F= joep.AMcu/2.F

where AMc, is the atomic mass of copper in
g/mol; F= 96495 C/mol is the Faraday constant and
jdep 1S the cathodic density of current of copper
deposition. The rates of copper depositions
calculated by this methodology are summarized in
Table 2.

Results from ICP spectroscopy

The ICP results about the copper content in 50
mL of the solutions before and 1 h after the
cementation (on 1.14 cm? iron surface) under
intensive mixing are presented in the last row of
Table 2 as a cementation rate. They are calculated
on the basis of the reduction of the concentration of
Cu?* in the solution. The cementation rates
determined by both methods are different that is an
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expected result due to the differences in the
experimental  conditions.  In  addition, the
cementation times are different: the electrochemical
method requires several minutes and a clean surface
of the cementer, while the ICP results correspond to
the situation after 1h after the end of the cementing
process carried out under intensive mixing; the
intensive mixing allows permanently creating fresh
contacting sites on the cementer surface. As a
confirmation of the prescreening comments, it is
obvious that the lowest rate of cementations are
observed in solutions of selenate and telluride,
while in the iodate solution the copper cementation
does not take place.

CONCLUSIONS

The paper reports the effect of the nature of
anions in the electrolyte on the copper cementation
by iron. It was established that the stationary values
of OCP strongly depend on the anionic content of
the solution and can be arranged in the following
order:

S04%< CI'< PO < NO3< TeOs2< Se042< 105

In the first five solutions, the OCP shifts sharply
in negative direction which indicate diffusional
control of the cathodic process (diffusion control of
Cu?* transport from the bulk of the solution towards
the cementer surface). The only exception was

observed in the iodate solutions where a positive
polarization was determined.

It is assumed as possible that the rate of the
cementation process can be determined by the
superposition of the OCP wvalues and the
potentiodynamic relationships in case of copper
electrodes Cu | Cu?'. The fast recovery of copper by
cementation was observed in the sulphate
electrolyte, while in the iodate solutions the process
does not take place.
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EJIEKTPOXUMHNYHO U3CJIEABAHE HA IEMEHTALIMOHHU ITPOLIECHU

B. Ianesa’, T. ITerposa?, M. Xpucror® u JI. Gaunkos®

! Texnuuecku ynueepcumem - Coghusi, 6yi. "Knumenm Oxpuocku” 8, Copus 1756, Bvreapus
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3 Xumuxomexnonozuuen u memanypauuen ynusepcumem, 6yi. "Knumenm Oxpuocku” 8, Copus 1756, Bvreapus

IMocTenuna Ha 3 okromBpH, 2015 r.; kKopurupana Ha 24 HoemBpu, 2015 r.
(Pesrome)

IlemeHTanusATa Ha METANIU € CIIOHTAHHA €JIEKTPOXUMMYHA Peaklusl, IpOTUYAllla Ha TPAaHULATa Ha AKTUBEH MeTal U
SJIEKTPOJINT, ChABPXKALL HOHM Ha 1o-0yaroposeH Metanl. B Tasn paboTa e M3CieBaHO €JIEKTPOXMMHUYHOTO ITOBEICHUE
Ha OKHUCIIUTETHO-PEAYKLIMOHHU JBOMKM KaTO ca CpPaBHABAaHHM CMECEHUTE MOTEHIMAAX MpU IIEMEHTALUs CbC
CBOTBETHUTE, EKCIEPUMEHTAIIHO IOJyY€HH MNOTEHIMadd Ha OTAETHUTE IBOWKHM. TO3M MNOAXOX MO3BOJIABA Ja Ce
OTpeneNIT CTOMHOCTHTE HAa aHOJHATa M Ha KaTOJHATa MOJSIPU3AIMs, HO HE M KHHETHKAaTa Ha IIEMEHTAallMOHHATa
peaxmms. 3a U3ciIeqBaHe Ha KWHETHKATa Ha ENEKTPOIHUTE MOJIYPEaKIHH Ca CHETH MOTCHINOIUHAMUYHN 3aBUCHMO CTH
Ha JKEJIE3HH U MeIHH enekTpoan. CKOpocTTa Ha OTJaraHe Ha MeJl BbpPXY JKeJsi3Ha IMOBBPXHOCT € MPEACTaBEHa upe3
IUTBTHOCT Ha TOKA, MOJydeHa IPH HACIarBaHe HAa aHOJHATA IOJIIPU3AIMOHHA 3aBUCHMOCT Ha JKEJIE3€H €JEKTPOA C
KaTOAHATa Ha MeJIeH el1eKTpoa. Kopo3noHHNTE MOTEHIMAN!, ONPEAEICHH B IIPecevHaTa TOYKa Ha JBETE 3aBHCUMOCTH,
ca 3HAYMTEITHO IO-TIOJIOKUTETHHA OT ChOTBETHUTE MOTEHIIMAIN HAa OTBOPEHA BepUTa MPH JUPEKTHA IIEMEHTAINI Ha MeJ
BBPXY kems30. [1o-TouHM pe3ynaTaTu 3a CKOpOCTTa Ha LIEMEHTAIIOHHATA peakiys ce MOoJlyyaBaT 4pe3 HaHacsHAa Ha
CTOMHOCTTa Ha CMECEHUS IMOTEHIUAJ Ha pealieH LEMEHTALOHEH MPOILeC BbPXY MOJISPHU3ALUOHHATA 3aBUCHMOCT Ha
MejieH enekTpos. Taka mosrydeHara nmpecedHa TO4Ka Homaja B 00JacTTa OT MOTEHINANN, ChOTBETCTBAIM Ha aKTHBHO
pa3TBapsiHE Ha KEJIS30 U Ha OTJIaraHe Ha MeJl Ipu Ju(dy3HOHEeH KOHTpoJ. Te3u pe3ynaTaTH ChOTBETCTBAT B JOCTaThYHA
creneH Ha nonydenute upe3 ICP cnekrpockonus.
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The corrosion behavior of anodically deposited oxide films on Al-1050 has been studied in 0.1M NaCl solution. The
Al,0; films have been formed in an electrolyte containing HsPO4 — 40 g/l under voltastatic conditions of anodization.
The sealing has been carried out in 0.5M CeCls solutions at temperatures 25°C and 60°C. The thickness of the coatings
was 3-5pum.

The surface morphology and the composition of the sealed nano-porous anodic films have been studied by means of
scanning electron microscopy (SEM) and energy dispersive analysis (EDS). It has been established that depending on
the conditions of sealing the concentration of cerium inside the pores of the oxide films is growing up from 5.3 up to
10.4 wt.%. On the basis of the XPS spectra of the studied systems the chemical state of cerium in the nano-pores of the
oxide film has been defined.

Potentiodynamic investigations have been carried out and the corrosion currents from polarization (E-i) curves have
been determined for non-sealed and sealed in solutions containing Ce®* ions anodic oxide coatings on aluminum. It has
been shown that the filling up of the nano-pores of the formed Al.O3 anodic film with Ce(OH)3/Ce20s is promoting its
corrosion protection ability.

Key words: anodizing, aluminum oxide, sealing, corrosion.

INTRODUCTION

Anodizing is among the most widely applied
methods for anti-corrosion surface treatment of
aluminum and its alloys. It is known that the
anodized oxide films consist of two layers: internal
- barrier layer, and external - porous layer. An
important step, aimed at improving of the
protective ability of the porous oxide films, is the
so called sealing process [1-4]. Taking into account
the porosity of alumina films, the sealing step is
indispensable [5,6] to enhance corrosion resistance.
Sealing concepts involving various combinations of
temperature and sealing bath chemical composition
all promote the corrosion resistance to a certain
degree [6]. Sealing traditionally is being done
through immersion in boiling water — the so called
“hot water sealing” method [7-9]. The need of high
temperature and slow Kkinetics, however, mean
considerable energy consumption [10]. As a result
the hot water process has been gradually replaced
since 1980s by cold sealing [8]. Dichromate and
nickel acetate sealing are well established to be the
most effective sealing methods for corrosion
prevention [6]. However, it is proved that Cr®* ions

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

have toxic effect [9, 11-13]. A number of sealants
have been put forward for sealing applications and
some new sealing processes are developed [14].

Nowadays studies on new types of sealants and
sealing processes involve cold nickel acetate
sealing [9], sodium silicate sealing [14], nickel
fluoride sealing [6,14], Cr,O3 sealing [15], sodium
acetate sealing [8, 10], cerium acetate sealing [13,
16], cerium nitrate and yttrium sulfate sealing [5],
sol-gel sealing [12], and even an expensive sealing
process using polytetrafluroethylene [15]. However
these efforts to improve the performance seem to be
insufficient. Therefore more convenient and
effective processes are still needed [15].

The aim of the present work was to investigate
and compare the influence of the composition of
the sealing solution (aqueous solutions of CeCls,
containing Ce** ions or boiling distilled water) and
the conditions of sealing on the anodic oxide films,
being formed in phosphoric acid on Al-1050 upon
their corrosion-protection ability.

EXPERIMENTAL

In the present work we have applied a
conventional procedure of anodization of Al in
aqueous solution of HsPO, [17]. High purity
aluminium Al-1050 was used for anodization. The

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria
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aluminium  substrates (10x2x0.2 cm) were
degreased in aqueous solution of NaOH at 60°C
followed by etching and surface activation in
aqueous solution of HNOz; (50 wt. %) for 30s at
room temperature. Anodization was conducted
under constant cell potential in 4 wt.% H3PO,
aqueous solution. The temperature in each case was
kept constant at 25°C. The DC voltage in each case
was 40 V. The current density was varied from 2 to
0.2 mA/cm?. The aluminium sample was anodized
from 60 to 120 min. After anodizing the samples
were rinsed with distilled water and sealed.

Two different sealing techniques were applied to
the anodic films after anodizing:

1. Boiling distilled water sealing (pH 6-7.5)
for 60 min.

2. CeClssealing: The specimens were dipped
in 0.5M CeCl; solution (at 25°C or 60°C) for 60 and
120 min.

All the samples were rinsed by cold (25° C)
water after sealing and air dried.

The morphology, structure and elemental
composition of the aluminum oxide films, as well
as the distribution of the elements on the aluminum
surface, prior to and after the deposition and sealing
of the protective layers, were observed by the
electronmicroscope JEOL JSM 6390 (under the
conditions of secondary electron image - SEI, back-
scattered electrons -BEC and characteristic energy
dispersive X-rays EDS, the applied voltage was 20
KV, | ~ 100 pA) and XPS studies. The XPS
measurements were carried out on AXIS Supra
electron- spectrometer (KratosAnalitycal Ltd.)
using monoichromatic AlK, radiation with a photon
energy of 1486.6 eV. The energy calibration was
performing by normalizing the C1s line of adsorbed
adventitious hydrocarbons to 285.0 eV. The
binding energies (BE) were surrounding in the
depth of the films were determined monitoring the
areas and binding energies of C1s, O1s, Al2p, Nals
and N1s photoelectron peaks. Using the
commercial data-processing software of Kratos
Analytical Ltd. the concentrations of the different
chemical elements (in atomic %) were calculated
by normalizing the areas of the photoelectron peaks
to their relative sensitivity factors.

The corrosion behavior of the samples was
tested in 0.1 M NaCl (“p.a.” Merck) model medium
at 25°C. Platinum electrode was used as the counter
electrode having dimensions 10x10x0.6 mm, while
the reference electrode was saturated calomel
electrode (SCE), (Esce=+0.240 V vs. SHE). All the
potentials in this study are compared to SCE. The
anodic and cathodic polarization curves were
obtained by means of a potentiostat/galvanostat

Gamry Interface 1000, whereupon the obtained
results were processed with the help of specialized
software. The curves were recorded at a sweeping
rate of the potential 1.0 mV s* in the range of
potentials from —2500 up to + 2500 mV.

RESULTS AND DISCUSSION

The polarization curves of the anodized
aluminum samples, sealed by applying various
sealing techniques, in the chosen corrosion medium
(0.1M NaCl), are represented in Fig. 1 and Fig. 2.
In the model solution of 0.1IM NaCl the
potentiodynamic studies prove that the sealing of
the anodic films in 0.5M solution of CeCls for 2
hours at room temperature leads to insignificant
reduction of the corrosion currents in the system -
Fig. 1, while upon increasing the time interval of
sealing from 2 hours to 48 hours, the corrosion
current of the system with about one order of
magnitude (Table 1).

Table 1. Electrochemical parameters obtained from
the potentiodynamic curves.

Corrosion Corrrrosr:;)n

Anodic film potential, curre "
Ecorr, V icorr ACm

Unsealed -0.710 1.75X10'6

Sealed by -6
boiling water -0.701 1.65x10

Sealed by cold 8
CeCl_(2h) -0.671 1.24x10

Sealed by cold 7
CeCl (48h) -0.674 2.27x10

Sealed by hot 2
CeCl_(1h) -0.718 7.97x10

Sealed by hot 7
-0.702 3.16x10

CeCl_(2h)

The sealing of the anodic oxide films in 0.5M
solution of CeCls at 60°C (Fig. 2) results in a more
substantial decrease in the corrosion current of the
system Al/Al,O; under the conditions of steady
state (Table 1). The juxtaposition of the cathodic
polarization curves, characterizing the
depolarization reaction of oxygen reduction shows
that the filling up of the pores of the anodic oxide
film with Ce(OH); and Ce;O3 is inhibiting the
reaction of oxygen reduction, which is most
strongly expressed in the case of time interval of
the treatment 48 hours (at room temperature, Fig. 1)
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and respectively 2 hours (at 60°C, Fig. 2). Similar
effect is observed also with the respective anodic
potentiodynamic curves, but it is more slightly
expressed.

22,51
-2,0 4
1,5

-1,0 4

E,Vvs SCE

-054—— Al/AI,04 native

anodized Al (2h)
sealed by hot water (1h)
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Fig.1. Polarization curves of systems tested in 0.1M
NaCl at 25°C.
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Fig. 2. Polarization curves of systems tested in 0.1M
NaCl at 25°C.

For comparison Figures 1 and 2 represent the
anodic and the cathodic potentiodynamic curves for
anodized samples, sealed in boiling distilled water
for 60 min. In contrast to the sealing in solutions of
0.5M CeCljs, the standard sealing in boiling distilled
water consists in filling up of the pores by hydrated
aluminum oxide-boehmite (AlLOs + H.O —
2AI0(OH)), whose influence is expressed in a
barrier effect and this leads to insignificant change
in the kinetics of the corrosion process (Fig. 2) [1].

Fig. 3a illustrates the morphology of a non-
sealed oxide film, formed by anodizing. It is seen
that the film is strongly porous, with average
diameter of the pores ~ 75 nm. Fig. 3b shows cross-
section of the same film. The hexagonal (cellular)
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structure of the porous film is observable, formed in
the electrolyte containing phosphoric acid. This
result is in correspondence with the literature data
on similar oxide films [17]. It should be noted,
however, that in comparison with the anodic films,
prepared by other researchers, the alumina obtained
by us has some non-uniformity in the arrangement
of the cells (Fig. 3b). One of the reasons for this
non-uniformity is the fact that we used technically
pure aluminum for our purposes. Another possible
reason is that the higher degree of ordering is
achieved by means of two consecutive oxidation
steps — after dissolving the oxide film, obtained in
the first step, during the second oxidation one
obtains considerably more uniformly structure layer
[18].

Fig. 3. SEM micrographs of the surface (a) and
cross-section image (b) of unsealed Al Os film formed at
40V, for 2 hours (x50000).

Fig. 4a illustrates the morphology of the
aluminum surface after anodic oxidation and
sealing of the anodic layer in solution, containing
Ce®" at room temperature for 48 hours. In this case
the influence of porosity of the oxide film is
expressed by increase in the contact surface,
interacting with the cerium ions, which is a
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prerequisite for promoting the rate of spontaneous
formation of the cerium oxide film. Thereupon the
film formed inside the pores has a complex nature.
It consists of two layers, the internal one represents
a mixture of alumina/hydroxides Ce;Os, and an
external one, containing cerium oxides/hydroxides,
which covers the cracks of the anodic film (Fig. 4a
and _ _ D).

Fig. 4. SEM micrograph (a) and cross-section image
(b) of the Al,Os film sealed in cold solution of CeCls, for
48h (x5000).

For comparison Fig. 5a shows analogous surface
of aluminum sample after anodic treatment upon
changing the conditions of sealing. In this case the
sealing has been carried out at 60°C in the course of
2 hours in solution of 0.5M CeCls. Fig. 5b
illustrates cross-section of the same sample and it
follows thereof, that wupon increasing the
temperature of the solution for sealing exerts
substantial effect on the rate of precipitation of the
cerium oxides, whereupon during the time interval
of sealing (2 hours) the formed protective layer on
the aluminum sample is similar in its thickness to
the one formed at room temperature for 48 hours.

Fig. 5. SEM micrographs (a) and cross-section
images (b) of the Al,Os; film sealed in hot CeCls
solution, for 2h (x50000, x5000).

By means of EDS analyses it was established
that depending on the conditions of sealing the
concentration of cerium on the anodized aluminum
support grows up from 2.69 up to 6.18 wt.% upon
increasing the time interval of sealing from 1 to 2
hours in hot solution (60°C) of 0.5M CeCls, while

in the case of sealing at room temperature the
concentration of cerium reaches 10.4 wt.% for
immersion time interval of 48 hours. This result is
in accordance with the data from the
potentiodynamic investigations, showing lower
corrosion currents, respectively better protective
ability, at time intervals of sealing 2 hours in hot
solution of CeCls.

Fig. 6 demonstrates the surface morphology
after corrosion test through anodic polarization (at
potential +2.5 V) of samples subjected only to
anodizing (Fig. 6a) and after consecutive sealing in
solution of 0.5M CeCl; (Fig. 6b). It is known that
the region of potentials more positive than 2.0V
(vs. SCE) is the area, where the potential of pitting
formation, characteristic of aluminum, has been
surpassed [19]. It follows from Fig. 6a and b that
the sealing changes the corrosion behavior of the
system Al/Al,O3/Ce;O3 whereupon the type of
corrosion passes over from pitting corrosion (Fig.
6a) into total corrosion (Fig. 6b). After the anodic
polarization the external layer of the cerium oxide
film loses its anti-corrosion properties, but the
internal complex oxide layer has not been corroded,
as a consequence of which there is no observation
of any appearance of pitting corrosion damages on
the surface of the sample.

20kV  X10,000 1pm 10 30 SEI

Fig.6. Surface morphology of theAl,Os; films
unsealed (a) and sealed (in hot solution of CeCls) after
anodic polarization to the zone of pitting formation
(b) (~+2.5V).

Some additional light is shed upon the results,
commented on above, by the data from the X-ray
photoelectron  spectroscopy study on the
composition and chemical state of the elements
comprising the formed protective films. Figures 7,
8 and 9 illustrate part of the results, obtained with
the studied samples. Figure 7 a, b represents the
typical Al2p and Ols - spectra for anodized and
sealed in boiling distilled water sample. They
characterize in a unique way the changes on the
surface of the aluminum sample, which occur as a
result of anodizing. The spectrum of Al2p (Fig. 7a)
is characterized by a wide peak, consisting of
several peaks. Its de-convolution leads to
identification of four peaks, located at 74.6, 76.4,
78.0 and 80.7 eV. The presence of these peaks
could be connected with the different in magnitude
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charging of the particles on the surface of the
sample, determined by the presence of two separate
phases [20]. On the basis of the values for the
binding energy of the respective peaks and their
integral peak area, and the comparison with the
values of the oxygen peaks for the same sample, we
can identify the valence state of the chemical
elements, building up the separate phases on the
surface. It follows from this juxtaposition that the
peak, positioned at 74.6 eV, corresponds to AI** in
Aly0O3 [21]. Due to the above-mentioned charging a
shoulder of this peak is formed, remotely
positioned from it at about 3 eV, at 78.0 eV. Its
corresponding peak in the spectrum of Ols (Fig.
7b) is located at 531.4 eV. The ratio between these
two peaks indicates a certain deficit of oxygen in
the formed compound.

Al2p

72 74 76 78 80 82
Binding Energy [eV]

Ols

533.0eV

528 530 532 534 536 538 540
Binding Energy [eV]

Fig. 7. Deconvoluted XPS — Al2p (a) and O1s
(b) spectra of a film, obtained by anodization (after hot
water sealing).

The peak, positioned at 76.4 eV, corresponds to
Al**, connected with OH' or H,0 ligands [22]. This
peak has also a shoulder, which is located at 80.7
eV, whereupon the distance between the two peaks
is 4 eV. An additional shifting of the peak at 76.4
eV towards higher energies could be attributed to
formation of hydroxides and aqua-complexes
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having coordination number 6. A confirmation of
this statement is the fact, that the ratio between the
sum of total integrated areas of the two peaks and
the area of the corresponding oxygen peak at 533.0
eV is 1:6. It is possible that the O1s peak at 533.0
eV is overlapped with the oxygen peak,
corresponding to oxygen bonded in the carbonate
groups. We can state that the ratio oxide/hydroxide
is approximately 2:1. The remaining two peaks at
535.5 and 538.1 eV in the spectrum of oxygen
possibly correspond to bonded oxygen in water
molecules adsorbed on the surface as well as in
phosphate groups.

The spectra of Al2p and O1s for the sample,
sealed in solution of cerium ions (Fig. 8 a, b), are
characteristic of all the prepared and studied
samples of anodized aluminum, treated in solution

Al2p

745ev 766¢€V
1

72 74 76 78 80 82
Binding Energy [eV]

Ols

532.8 6V
53146V !
.

536.3 eV
! 5§7.9 eV

528 530 532 534 536 538 540
Binding Energy [eV]

Fig. 8. Deconvoluted XPS — Al2p (a) and O1s
(b) spectra of a film, obtained by anodization after hot
CeCl; solution sealing.

of CeCls. They are also distinguished by complex
structure, owing to the presence of different phases
on the surface. The spectrum of Al2p (Fig. 8a) is
similar to that of the sample, non-coated with
cerium oxide. Here again there are four peaks
present — at 74.5, 76.6, 785 and 80.6 eV,
corresponding to AI** in the composition of Al,O3
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and AI(OH)s, whereupon again there are probably
two different phases of these compounds present.
The spectrum of Ols is more interesting (Fig. 8b).
It is composed of five peaks. The first peak, located
at 531.4 eV, is wider, due to its overlapping with
the peak of the lattice oxygen in the composition of
cerium oxide [23]. It is characteristic of AlQs.
Again due to the difference in charging of the

1 - sealing by hot CeCl, (2h, 60°C)
2 - sealing by hot water (1h)

Ce3d

898.4 eV
‘ 916.9 eV

! ' 2
875 880 885 890 895 900 905 910 915 920 925

Binding Energy (eV)
Fig.9. Ce3d - XPS spectra of a film, obtained by
anodization after hot CeCls solution sealing.

separate phases, a shoulder of this peak is
observable, shifted away from it with 3 eV at
534.5eV. The second peak at 532.8 eV,
corresponds to AI(OH)s. The peak at 537.9 eV can
be associated with the presence of phosphate
groups [24, 25].

The spectrum of the cerium oxide formed (as
a result of the sealing process) on the anodized
surface layer, represented in Fig. 9, is characterized
by complex structure, due to hybridization of
cerium ion with the ligands of oxygen and partial
occupation of the valence 4f orbital [26]. As a
result of this spin orbital splitting occurs with the
formation of doublets, whereupon each doublet has
an additional structure, owing to the effect of the
final state. The peaks at 916.9 eV and at 898.4 eV
are characteristic of CeO, and they result from a
3d4f! final state. The spectrum shows that as a
result of the sealing process, a layer of Ce;Os is
being formed.

The results, obtained in the course of the studies
carried out, show that the sealing of the anodic
oxide films in solutions of CeCl; leads to formation
of cerium oxide layers on the surface of the treated
samples. These layers contribute to the formation of
an efficient barrier against the occurrence of
corrosion process influencing substantially the
kinetics of the partial electrode reactions,
determining its occurrence.

CONCLUSIONS

In this study, the effects of sealing process on
the corrosion resistance of anodized aluminum (Al-
1050) were investigated. We found out that the
reaction products of cold and hot CeCls solutions
sealing contain AI(OH)s;, Ce(OH); and Ce;0s.
These products co-precipitate inside the micropores
of the anodic films and they block the pores, so the

anodic films have higher corrosion resistance
compared to the films sealed by boiling water.
Moreover the CeCls; sealing makes the surface
structure and morphology of anodic films more
uniform and compact.
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KOPO3MOHHO INOBEJIEHUE HA AHOJIHO POPMHUPAHN OKCHUIHN ®WNJIMU BBPXY
AJIYMUHWU, YIUITBTHEHU B PA3TBOPU, CbABPXXAIIN IEPUEBU NOHU

P. A. Auapeesal, E. A. Ctosnosal, A. C. Llanes?, JI. C. Croitues”

Y Unemumym no ¢usuxoxumus ,, Axademux Pocmucnas Kauwes“, Bvizapcka akademus Ha nayKume,
ya. ,,Akao. I'. Bonues* 6a. 11, Coghusa 1113, Fvreapus.
2 Hucmumym no obwa u Heopeanuuna xumus, Bvreapcka akademus na nayxume,
yi. ,,Akao. I'. Bonues* 6a. 11, Coghusa 1113, bvreapus.

Hoctermna Ha 30 okToMBpwH, 2015 r.; Kopurupana Ha 24 sHyapu, 2016 .
(Pesrome)

H3y4eHO € KOpPO3MOHHOTO MOBEACHHE Ha aHOJHO IMOJydeHU okcuaHu (unmu Bpxy Al-1050 B pasrBop Ha 0.1M
NaCl. Okcupaure dhunmu ca GpopMupanu B eIeKTponuT, chabpkan] HsPOs — 40g/l, mpu BonTacTaTH4HH yCIOBHS Ha
aHoaupaHe. YILTbTHIBAHETO € OChINecTBEeHO B pa3TBopu Ha 0.5M CeCls npu temneparypu 25° u 60°C. JleGenunaTa Ha
¢bunmure e 3-5um.

Mopdosorusita 1 CbCTaBbT Ha (GOPMHUPAHUTE MOPHO3HH AHOIHH (UMM Ca W3CJIE[BAHH C IIOMOILTA Ha CKaHHpalla
enekTpoHHa Mukpockonus (SEM) u enepruiino aucnepcroned ananusz (EDS). YcranoBeHO €, 4e B 3aBUCHMOCT OT
YCIIOBUSTA Ha YIUIBTHSIBAHE, KOHLECHTPALMATA HA LEpUil B MOPHUTE Ha OKCHAHWTE (GuiaMH HapactBa oT 5.3 no 10.4
terin.%. B3 ocHOBa Ha npoBeienn XPS u3cnenBanust Ha H3yUYSHUTE CUCTEMH € IepUHUPAHO XUMUYHOTO CHCTOSIHUE HA
uepust B THOpuUTe Ha OKcHAHMs ¢uiaM. [lpoBeneHM ca NOTEHIMOAWHAMHWYHM W3CJIEIBAHUS M Ca OIpPEAETIeHH
KOPO3MOHHHTE TOKOBE Ha HEYIUIbTHEHHTE | YIUIBTHCHHTE AaHOJHHM OKCHOHM mokpurus. Ilokasano e, ue
3aITbJIBAHETO/YIUTBTHSIBAHETO Ha mopute Ha (opmupanus Al,Oz anonen ¢punm ¢ Ce(OH)s/Ce,03 moBuiiaBa Herosara
KOPO3MOHHO-3aI[UTHAa CIOCOOHOCT.
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Is it possible to obtain periodic spatio-temporal structures during electrodeposition of Ag-Sb and Ag-Sn alloys from
non-cyanide electrolytes? To find out suitable electrolytes for the deposition of the antimony-tin alloy in order to obtain
coatings in a wide range of compositions as well as the conditions for obtaining of heterogeneous coatings — these are
the questions to be answered in the present study. It was established, that spiral structures formed by different alloy
phases are observed during electrodeposition of silver-tin alloys from thiocyanate-pyrophospate electrolytes. The phase
analysis shows that the structures are formed by the phases AgsSn and Sn.

Depending on the electrolysis conditions during deposition of Ag-Sb alloys it is possible to obtain structures with
different level of spatio-temporal organization from thiocyanate electrolyte. The pyrophosphate—tartrate electrolytes for
the deposition of Sh-Sn alloys is developed for deposition of alloy coatings appropriate for investigation of their phase

heterogeneity and properties.

Keywords: alloys, antimony, electrodeposition, silver, tin, self-organization

INTRODUCTION

Finding out the proper electrolytes for obtaining
of silver—antimony, silver-tin and antimony-tin
alloys is an actual problem, regardless of fact, that
these are not exotic alloys [1]. The main problems
are connected with the necessity to avoid well-
worked but toxic, containing free-cyanide ions
electrolytes for deposition of the mentioned alloys.
Our intensive investigations in the last years led to
the challenge to obtain spatio-temporal structures
onto the cathode surface during electrodeposition of
alloys of silver with antimony and tin[2-4]. Some
unsolved tasks during electrodeposition of binary
alloys of silver, tin and antimony from aqueous
solutions could be formulated:

Silver-tin alloy is a very important material for
solders, especially after the strict regulations of EU
on the use of lead. Despite the intensive efforts of
the scientific community stable electrolytes for
deposition of this alloy are still not formulated [5-
7]. The main reason is the reduction of tetravalent
tin ions to a two valent ones, wherein the silver ion
is reduced immediately in the solution One of the
few electrolyte options for the deposition of silver-
tin alloys is the cyanide-pyrophosphate electrolyte
[4]. From this electrolyte deposited structures,
especially waves, composed from different phases
of the alloy could be observed onto the cathode

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

surface.

It is well-known that antimony, as an alloying
metal to silver (up to 5 wt. %) provides lustre of the
precious metal [1]. By increasing the composition
of the antimony in the coatings a wide variety of
structures could be observed and this
electrodeposited system is one deeply investigated
system, but the procedure of electrolyte preparation
is awkward due to the difficulties of the preparation
of the silver complex [8-12].

Is it possible to obtain periodic spatio-temporal
structures during electrodeposition of Ag-Sb and
Ag-Sn alloys from non-cyanide electrolytes?

Tin-antimony alloy, electrodeposited from
aqueous electrolytes practically is not investigated.
However, it has been found, that bright coatings of
alloys based on tin provide good solderability with
non-acid flux [13, 14]. The electrodeposited alloy
containing 5-10 wt. % antimony prevents the
transformation of the lead from white to grey
modification and inthis way provides the ability for
soldering for long storage time of the parts.
Furthermore, this alloy has shown anti-friction
properties and higher corrosion resistance as
compared to pure tin [15].

The phase diagram indicates the presence of
intermetallic compounds, which suggests the
possibility of deposition of heterogeneous coatings
[16].

The next goal of the present study is to find out
suitable electrolytes for the deposition of the
antimony-tin alloy in order to obtain coatings in a
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wide range of compositions as well as the
conditions for obtaining of heterogeneous coatings.
EXPERIMENTAL

The composition of the used electrolytes
presented in Table 1.

Table. 1. Composition of the electrolytes

Components Q;Z':E_gy'
Sn as SnzP207umicores 0-30
Ag as KAG(CN)z/umicore/ 0-16
Sb as K(SbO)CaH4O6/mersks 0-30
C4H40sKNa*4H,0 0-60
K4P207/umicore/ 0-280
KSCN/mercks 0-60

Chemical substances of pro analisi purity and
distilled water were used.

The experiments were performed in a 100 cm?®
tri-electrode glass cell at room temperature. The
vertical working electrode (area 2 cm?), and the two
counter electrodes were made from platinum. Prior
to each experiment, the platinum working electrode
was electrochemically etched in a solution of 0.1 M
H,SO,4 using platinum as a counter electrode till
obtaining a clear surface.An Ag/AgCl reference
electrode (Eagaeci= 0.197 V vs NHE) was used.
The experiments were carried out at room
temperature by means of a computerized
potentiostat/galvanostat PAR 273 using the
software Suite Corr. The polarization curves were
recorded at the sweep rate of 20 mV s,

The coatings were deposited under galvanostatic
conditions at room temperature onto copper and
brass substrates (4 cm?).

The surface morphology of the coatings was
studied by scanning electron microscopes (SEM) —
JEOL 6390 and Hitachi S-4000.

The content of antimony (respectively silver and
tin) in the coatings depending on the electrolysis
conditions was determined by X-ray fluorescence
analysis (Fischerscope X-RAY XDAL) in 9 points
(three points in the bottom, middle and top of the
sample, respectively).

The phase composition was characterized
by X-ray diffraction (XRD) using a PANalytical
Empyrean device equipped with a multichannel
detector (Pixel 3D)using (Cu-Ka 45 kV-40mA)
radiation in the 260 range20-115¢,with a scan step of
0.01for 20 s.
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RESULTS AND DISCUSSION

Silver-tin alloy

J
0

E,V

Fig.1. Polarization curvesof an electrolytes,
containing Ag and Sn separatelyor together, registered at
v=20 mV s?, in g dm3: Curve 1: Ag-5; K4P,0;7280,
KSCN-60; Curve 2: Sn-50; K4P,0;7280, KSCN-60;
Curve 3: Ag-5;Sn-50; K4P,07280, KSCN-60.

Figure 1 shows cathodic part of the polarisation
curves of electrolytes, containing silver and tin
separately and together. Electrodeposition of silver
(curvel) is characterized by the cathodic maxima at
a potential -0.2 V and this peak results from the
silver reduction from the silver cyanide complex,
which confirms the previous results of silver
deposition from water solutions of potassium di-
cyanoargentate onto different substrates[17]. This
means that despite of the quantity, the
pyrophosphate does not influence the polarization
of the cathodic peak of the silver from potassium
dicyanoargentate complex in the silver electrolyte.
The electrode processes in the pyrophosphate
electrolyte for the silver deposition are presented in
details by S. Nineva et al.[18, 19].It is worthy to
note, that the instability constant of the
pyrophosphate complex of silver has a value of
about King=10"*.This is a weak complex of silver,
compared withthe silver-cyanide complex, which
constant is about Kins=10"22[20].

Curve 2 presents the behaviour of tin ions in the
alloy electrolytes, without silver. Two well-visible
waves with some indication of peak are situated at
potentials at-1.0 V and -1.25 V. The first small
cathodic maximum (at — 0.8 V) in the alloy
electrolyte (curve 3) corresponds to the deposition
of silver. Some small shift of the peak in
comparison with those in electrolyte without tin
could be explained with a different amount of
ligands around the silver ion. The second cathodic
maximum, appearing at the potential of tin
deposition from a pure tin electrolyte, corresponds
to the tin and most probably some silver-tin phase
formation
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Fig. 2. Content of tin in the Ag-Sn coatings
depending on the current density (The composition of
the electrolyte is described in the caption of Figure 1).

Figure 2 shows the dependence on the
composition of the silver-tin coatings from the
current density. It could be clearly seen that with
increasing current density the content of tin in the
coatings increases, which is consistent with the
results from polarization curves, presented in
Figure 1. At low current densities the coatings are
bright, silver-like. With the increasing of the
current density the coatings become visibly
heterogeneous. In the upper part of the electrode the
coatings are richer in tin, and in the bottom - of
silver. Upon reaching up to about 42-50 wt. % tin
on the surface of the electrode spirals with more
than 10 runs could be seen even with naked eyes —
Figure 3. It should be noted that similar structures
were not observed when the electrodeposition is
performed incyanide-pyrophosphate electrolytes[4].
In these electrolytes the spatio-temporal structures
are only in the form of waves. In the present studies
well-defined spiral structures together with waves
could be seen.

Fig. 3. Optical image of the spiral structures
(Composition of the electrolyte is described in the
caption of Figure 1), width of the image is 2 mm.

The Sn content of the structures is 41-43 wt. %.
Scanning-electron images are pale, due to the
approximately identical composition in the dark
and light areas as well as the similar surface
morphology in them (Figure 4). The image

presented was obtained at low energy of the
accelerating voltage — 5 keV.Standard voltages for
handling such images - about 20 keV good
resolution of the structures canno the observed. The
difference in the composition in various areas of the
well visible optical structures is minimal — the
difference of the tin content is less than 1 wt. % in
both zones. Some porosity is observed in the
region, richer oftin.

1490SEl

5kV X37  500pm

18.08kYV X2ad8k' ‘12 " 1'sm

Fig.4. Scanning-electron images of the part of
coatings, shown in Figure 3.0Obtained in the SEM JEOL
at 20 keV; b,c) at different magnifications, obtained in
the SEM Hitachi at 10 keV.

Considering that the same structures are
optically well visible and with good contrast, a
conclusion could be drawn that the wave fronts
move at a sufficiently high speed so that the
thickness of the formed dark and light layers during
deposition is substantially smaller than the
penetration depth of the electron-beam during
EDAX analysis. As a result the beam penetrates
through several light and dark layers, and the
estimated average content of tin in both zones is
almost the same.

That is the reason for the observation of the both
dark and light zones with high quality only at low
accelerating voltages (5keV) of the electron beam.
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Figure 4 b, c shows the morphology of the
center of the spiral in the Beloussov—Zhabotinsky
reaction the rotating spiral waves with many turns
could be created by breaking of a circular wave. In
the case of silver-tin electrodeposited coatings
some “initial” defect is observed in the core of the
rotating spiral waves. It could be possibly formed
by adsorption of some impurities or hydrogen
evolution on this position of the surface.

Figure 5 presents the phase composition of the
coatings with different tin content.When the tin
content in the coating about 44-56 wt.%Sn
(coatings with spatio-temporal structures) the
reflexes of 2 different phases appear - theseof
AgsSn and Sn. Further increasing the tin content
(up to 56 wt.%) in the coating leads only to the
changes of the intensity of reflexes.

Sn

a.u.2000

Ag,Sn

Ag,Sn
Sn Sn

Sn
N WY W
\ ! "

40 60

20

Fig. 5. XRD patterns of the samples, obtained from
the electrolyte, described in Figure 1 (curve 3) 2A-

sample with 44 wt. % Sn (0.2 A dm?);B- sample with 56
wt. % Sn (0.3 A dm?).

L i>

Silver-antimony alloys

0

-0.004 =

-0.008 =

J, Adm=2

-0.012 —

-0.016 ‘ ‘ ‘
-1.2 -1 0.8 0.6 0.4 0.2
E,V vs. Ag/AgCI

Fig. 6. Polarization curves of an electrolyte,
containing Ag and Sb separately or together, registered
at v=20 mVv st in g dm3 Curve 1: Ag- 16;
C4H4OsKNa*4H,0 — 60; KSCN-150; Curve 2: Sbh-7.5;
C4HsO6KNa*4H,0 — 60; KSCN-150; Curve 3: Ag- 16;
Sh-7.5; C4H4s0sKNa*4H,0 — 60; KSCN-150.

Figure 6 shows the polarization curves obtained
in the electrolytes for deposition of an alloy of
silver-antimony in the presence of the metal ions
separately or together. Silver in this system is the
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more positive metal and its deposition starts at
potentials around -0.5V (Curve 1). Antimony in this
composition of the electrolyte is reduced at
potentials of about -0.9VThe alloy curve shows
regular type of according to the classification of
Brenner [1]. .

20 —

| ()
16
r ()
§127
;h L
Q2 —
) 87 °
4+ [ ]
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oo ¢ 0o ¢ o ® | \ |
0 0.2 0.4 0.6 0.8 1 1.2
J,Adm-2

Fig. 7. Content of antimony in the Ag-Sb coatings
depending on the current density (Composition of the
electrolyte is described in thecaption of Figure 6).

At low current densities up to 0.5 Adm?the
coatings are silver-like in appearance and
practically free of antimony (Figure 7). After 0.5 A
dm?the content of antimony in the coatings
increases and reaches 20 wt. % at 1.1A dm™.

Coatings, containing between 7 wt. % and 13
wt. % of antimony show optical heterogeneity.

A similar phenomenon was observed by Krastev
in a slightly different composition of the
electrolyte, also in the simplified procedure of the
preparation of electrolyte[3].

Figure 8a-c presents optical images depending
on the current density. When the content of Sb is
about 7 wt. % some spots could be seen (Figure
8a), and at higher current density these spots are
formed into a more organized conglomerates
(Figure 8b) where the content of Sb is 9 wt. % and
afterward, at content of antimony about 11 wt. % a
spiral formation could be clearly seen (Figure 8c).

The phase composition of the coatings with
different content of antimony is shown in Figure 9.
At the content of 2 wt. % Sb (curve A) only
reflexes of the a-phase of silver are detected.
According to the phase diagram of the alloy [16]
the solubility of the antimony in the silver is about
6-7wt. %.

By increasing the antimony content in the
coatings (curve B, coating with 7 wt. % Sb and
curve C, coating with 11 wt. % Sb, respectively)the
reflexes of two phases appear — AQss4Sbhois
andAgos30s1Shzs. These results clearly confirm
that the structure formation, i.e. formation of
spatio-temporal structures appears at elemental and
phase composition similar to those, presented in
another investigations [21].
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c)

Fig.8. Optical images of the heterogeneous structures
(The composition of the electrolyte is described in the
caption of Figure 7), width of the image is 2 mm: a)0.8
A dm2 (7 wt. %Sb); b) 1.0 A dm2 (9 wt. % Sb); 1.1 A
dm2 (11 wt. % Sh);

Ao 104y Sb, 5

ADa 5:Sbiss

a.u.2000

A3 0:Sbo36

\ i
40 60 80

20

Fig. 9. XRD patterns of the samples, obtained from
the electrolyte, described in Figure 6 (curve 3) A - 2 wt.
% Sb-(0.6 A dm?); B - 7 wt. % Sb (0.8 A dm?); C-
11wt. % Sb (1.1 A dm?).

Antimony-tin alloy

The electrodepositionof antimony-tin alloys was
investigated in 3 electrolytes, where the
concentrations of the metal ions have been varied.
Figure 10 shows the polarization curves obtained in

electrolytes  with the same metal ions
concentrations - 5 g dm=Sn and 5 g dm Sh.

0

-0.005

-0.01

J, Adm?

-0.015

-0.02 | | | |
-1.4 -1.2 -1 -0.8 -0.6 -0.4
E,V vs. Ag/AgCI

Fig. 10. Content of antimony in the Sn—Sb coatings
depending on the current densities. Concentrations in
g.dm?3 Curve 1: Sb- 5; CsHisO¢KNa*4H.O - 60;
K4P207-150; Curve 2: Sn-5; C4H,O¢KNa*4H,O — 60;
K4P207-150; Curve 3: Sb - 5; Sn-5; C4H40sKNa*4H,0 —
60; K4P207-150.

The reduction of antimony (curve 1) starts at
about-0.75 V and two peaks are observed and the
first one coincides with the reduction peak of the
two-valenced tin ions in the investigated electrolyte
(curve 2). The polarization curve of the alloy
electrolyte repeats the runs between the curves of
the separate metals.

100 —

L A A A A
80 o
L A o
N o
S 60
ERS
6 40 A
L o
20+ 5
" o o ©
ol & o @ T T \
0 0.2 0.4 0.6 0.8
j, Adm-2

Fig.11. Content of tin in the Sn-Sh coatings
depending on the current density. Composition of the
electrolytes: A Sn - 30; Sb - 5; C4HsOsKNa*4H,0 — 60;
K4P207-150; 0Sn - 5; Sb - 5; C4H40sKNa*4H,0 — 60;
K4P207-150; oSn - 5; Sb - 30; C4H4OsKNa*4H,0 — 60;
K4P,07-150

The dependence of the content of the coatings
on the current densities is presented in Figure 11.
The obtained results confirm the fact, that the
antimony is the more positive element in this
alloying system and with the increasing of the
current density its content in the coatings decreases.
The electrolytes are stable and at concentrations of
5 g dm3Sn and 5 g dm=Shensure wide range of the
percentage of Sn (from 0 to 80 wt. % of Sn). The
optical heterogeneity onto the coatings with 50-70
wt. % of Sn could be detected, but without any
indications of the structures similar to those,
observed in the Ag-Sn and Ag-Sb alloys.
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Fig. 12. XRD patterns of the samples, obtained from the electrolyte, described in Figure 10 (curve 3); A - 41 wt. %
Sn; (0.2 A dm2); B - 66 wt. % Sn (0.3 A dm™); C- 77 wt. % Sn (0.4 A dm™).

Figure 12shows the phase composition of the
coatings with a content of Sn between 41 and 77
wit. %.

The diffractogram A corresponds to the coating
with 41 wt. %Snand the reflexes of the phases
SbagsSns17 and Sn could be detected. At higher
content of Sn in the coatings (curves B and C)
reflexes of the phases Sbos9Shosi and Sn are
observed.

The obtained results could be a basis for future
investigations on the formation of ordered
structures in the heterogeneous Sbh-Sn alloys.

CONCLUSIONS

1. Spiral structures formed by different alloy
phases are observed during electrodeposition of
silver-tin alloys from thiocyanate-pyrophospate
electrolytes. The phase analysis shows that the
structures are formed by thephases AgsSn and Sn.

2. Depending on the electrolysis conditions during
deposition of Ag-Sb alloys it is possible to obtain
structures with different level of spatio-temporal
organization.

3. The pyrophosphate—tartrate electrolytes for the

deposition of Sb-Sn alloysisdeveloped for

deposition of alloy coatings appropriate for
investigation of their phase heterogeneity and
properties.
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EJIEKTPOOTJIATAHE U CTPYKTYPA HA BMHAPHU CIIJTIABU OT CPEBPO, KAJIAM U
AHTHUMOH
A. I'voszosa?, 1. Kpncres?, JI. Iletkos! u LB. Jlo6poBoncka?”

! Xumuro-mexnonozauuen u memanypauuen ynusepcumem, 6yin. Kn. Oxpuocku, 8, Cogpus 1756
2 Uucmumym no gusuxoxumus, Bvreapcka axademus na naykume, ya. Axao. I. Bonues, 61. 11, Sofia 1113
Hocrenmna Ha 20 HOeMBpH, 2015 1.; KOpurnpana Ha 2 ¢pepyapu, 2016 .
(Pesrome)

BB3MOXKHO 1M € 12 ce MMoJydaT MepHOIMYHN IPOCTPAHCTBEHO-BPEMEBH CTPYKTYPH IIPH OTJIAraHe Ha cruiaBute Ag-
Sb u Ag-Sn ot HenmaHumHU enekTponuTH? Jla ce HaMepsT MOAXOISIIMTE CICKTPOIUTH, TIPU KOUTO Ja Ce TOIydaT
CIUIaBHU MOKPUTHUA OT Sb-snB IIUPOK JUAIa30H OT CbCTaB HAa KOMIIOHCHTHUTE — TOBa Ca BBIIPOCUTE, HA KOUTO €
HEoOXOJMMO Jla Ce OTFOBOPH B HACTOSIIETO HM3CJIEABAHE. YCTAHOBEHO €, Y€ CHHUPAIHHUTC CTPYKTYPH, IOIYYCHU OT
pasnuuHK (a3u Ha CIUIaBTa ce HAOJIOJAaBaT MPHU eJIeKTpooTiIaraHe Ha criaB Ag-Sn or THolMaHaTHO-upodochaTH
enekTponTH. Da30BUAT aHAIM3 [T0Ka3a, Ye CTPYKTYPHUTE ca CheTaBeHH oT (asure AgsSn u Sn.

B 3aBHCHMOCT OT yCIIOBHUSITA Ha EIIEKTPOOTIaraHe Ha cruiaBra Ag-ShoT THONHAHATHY € Bh3MOXKHO TIOJy9IaBaHETO Ha
CTPYKTYpH C pAa3JMYHO HHUBO Ha camoopranuzauus. OInpeleneHH ca CbCTaBU Ha NHUPOpOoCchaTHO-TapTapaTHH
SNICKTPOJIMTH 33 OTJIaraHe Ha CIUIaBH SD-SN, mpu KOMTO € BB3MOXKHO IIOJYYaBAHETO HA XETCPOICHHU MOKPUTHUS 3a
MIOCIIEIBAIIIO U3CTICBaHE HA TEXHUAT (ha30B ChCTAB
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Structure-conductivity correlation in (TiO2)s(V20s)70(P20s)25 glass for low-
temperature SOFCs
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This article focuses at searching of a direct relationship between composition and structure, on one hand and
electrochemical behavior (conductivity), on the other hand of transition metal oxide system. Bulk sample with
composition (TiO2)s(V20s)70(P20s)25 has been synthesized by means of melt quenching method. The XRD diffraction
study has defined the amorphous nature of the sample; the structure determined by IR technique displays presence of
VOs groups and isolated PO4* (QY) structural units. The sample possesses both proton and oxide ion conductivities
registered by electrochemical impedance spectroscopy. The observed change in the impedance behavior at 350 °C in
hydrogen atmosphere is related to the intrinsic transformation from glass to crystalline state.

Keywords: solid electrolytes, SOFCs, electrochemical impedance analysis

INTRODUCTION

Economically competitive solid oxide fuel cells
(SOFC) appear suited for commercialization but
widespread market penetration requires continuous
innovation of materials and fabrication processes to
enhance system lifetime and reduce costs. An
effective approach to cost reduction is the lowering
of the operating temperature without inferring
performance losses and improvement in the cell
architecture and technology [1]. This can be
achieved through several ways. One approach is
decrease of the active layers thickness. For
electrolyte 5 um is already a realistic dimension in
respect to technological realization [1]. Another
pathway is the introduction of new architectures,
such as composite cathodes based on a mixture of
electrode and electrolyte material [1] or new
designs An important achievement is the
development of the proton conducting fuel cell
(PCFC), where the more mobile protons are
transported through the electrolyte, which reduces
the operating temperature.Recently an innovative
concept, called dual membrane fuel cell (dmFC)
was introduced [2-3]. It combines the advantages
and bypasses the disadvantages of both SOFC and
PCFC in respect to the effect of the water,
introducing a separate chamber for its formation
and evacuation. This design is connected to the
application of materials with mixed ionic (protonic

To whom all correspondence should be sent:
E-mail: ofeliya.kostadinova@gmail.com

and oxide ion) conductivity. The most promising
approach in SOFC optimization is the development
of new materials with high conductivity at lower
operating temperatures. The current target is 600-
500 °C.

The traditional electrolytic material in SOFCs -
Yttrium-stabilized zirconium oxide YSZ which has
high oxide conductivity and high stability in both
oxygen and in reduction atmosphere [4] is replaced
most often with (i) Cerium oxide CeO.doped with
CaO, Y,0; and rear earth oxides such as Gd-Os[5],
(i) SrO- and MgO-doped Lanthanum galalate
LaGaOs [6].

However, the challenge is to decrease
additionally the operating temperature, filling the
gap between SOFC and PCFC with polymeric
membrane which is the range between 200-400 °C.
In this direction a good strategy for development of
new proton conducting materials with high proton
conductivity is the introduction of cation-off
stoichiometric materials. The charge imbalance
caused by the cation non-stoichiometry is
compensated by protons. Phosphates are among the
materials that receive much attention due to the
high thermal conductivity [6]. Depolymerization of
the phosphate network and incorporation of
transition metal ions, such as vanadium, produces
new pathways for proton mobility by modification
and deformation of the crystal structure.
Furthermore, transition metals, when combined
with other elements, can form compounds with
various chemical bonding: ionic (oxides), covalent
(sulfides, arsenide), metallic (carbides, nitrides).
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Vanadate glasses contain V4" and V°* ions where
the electrical conduction is facilitate to the hopping
of 3q unpaired electron from V* to V°* sites.
Vanadate glasses have been considered as a new
branch in semiconducting glasses because of their
wider glass-forming region and  possible
technological applications [1].

The Electrochemical Impedance spectroscopy is
a powerful technique to reveal underlying chemical
processes as a response of the applied small
perturbation signal. The strength of EIS originates
from its capability to differentiate the steps
comprising the overall electrochemical process and
to supply detailed information about the surface and
the bulk properties of various electrochemical
systems [7].

This article focuses at searching of a direct
relationship between composition and structure, on
one hand and electrochemical  behavior
(conductivity), on the other hand of transition metal
oxide system. Having into account the observed
mixed ionic conductivity obtained in some proton
conducting ceramic electrolytes for PCFC [8], in
addition to the proton conductivity
studies,investigation for oxide ion conductivity
were also performed.

This work presents study of relationship
between structure of the materials and conductivity
of mixed (TiO2)s(V20s5)70(P20s)25 glassin view of
their potential use as electrolytes in SOFCs.

EXPERIMENTAL

A bulk glass with composition
(Ti02)s(V205)70(P20s)25 Was synthesized by means
of melt quenching method. The homogenized
mixture of initial materials: TiO2 and V.05 powders
and orthophosphoric acid H3sPOswere loaded in a
quartz crucible. The heating process was carried out
in a furnace gradually increasing the temperature
upto 1000°C. The glass was obtained by quenching
between two pre-cooled copper plates.

The phase formation of the sample was
investigated by X-ray diffraction (XRD) method by
means of X-ray diffractometer Philips APD-15. The
data were collected with a constant rate of 0.02
deg.s* over an angle range 20 = 20°+70° using
CuK, radiation (A = 1.54178 A) at ambient
temperature.

Fourrier Transformed Infrared (FTIR) spectrum
was recorded with a FTIR spectrometer model
VARIAN 660-IR in the frequency range 400 —
1300cm™. The data were collectedwith a resolution
of 2 cm™ at room temperature.

The impedance measurements were performed
on polished sample with Ag electrodes in hydrogen

and air atmosphere. The experiments were carried
out on Solartron 1260 FRA in temperature interval
25°C-350 °C, frequency range from 1 MHz down
to 0.1 Hz, density of 5 points/decade.

The differential thermal analysis (DTA) and the
thermogravimetric analysis (TGA) analyses were
performed on SeteramDTA/TGlabSysevo 1600
technique in temperature range between 25°C and
800°C in air at heating rate of 10°C/min in platinum
crucible.

RESULTS AND DISCUSSION
X-ray Diffraction investigation

The investigated sample is considered as
roentgenographically amorphous. The spectrum is
characterized by a broad hallo and absence of
crystalline peaksas seen from the XRD analysis

(Fig. 1).

| —(Ti0),(V,0) ,(P,0),, |

2 5’708 2 75725

Intensity, arb. units

1 1 1 1 1 1
20 30 40 50 60 70

20, degrees

Fig. 1. XR-diffractogram of (TiO2)s5(V20s)70(P20s)25
glass.

Infrared spectroscopy study.

The infrared spectrum presented in fig. 2 is
analyzed by using the Tatre and Condrate empirical
method. According to this approach, one can
compare the glass spectra with their crystalline
counterparts. Similarity of the spectra in the two
solid states is considered as confirmation for
existence of resemblance in the type and the
symmetry of the building structural units. The
interpretation is based on the following
observations: (1) the glasses have a local symmetry
of the separate molecular groups; (2) the
intermolecular vibrations are less intensive than
those between the groups due to the absence of long
range order.

Phosphate glasses might be analyzed as a
polymeric network of tetrahedra composed of [POq]
groups.The structure is usually described by Q",
where n stands for the number of bridged oxygen
atoms in a tetrahedron and different structures can
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be formed depending on the [O)/[P] ratio: the Q*
tetrahedra form network, while Q? tetrahedra are
arranged in polymeric metaphosphoric chains with
(PO2)bond. "Inverted" glasses are based on pyro
(QY) with a structural unit of (PO3)? groups [9-11].

The absorption band at 1020 cm™ most probably
is a superposition of overlapping peaks. It is due to
VOs deformated trigonal bipyramids with vanadium
ion in the center and short V=0 (vanadyl) bond.
The addition of modificator (phosphorus)
introduces non-bridged oxygen atoms in the glass
and leads to depolymerization of the phosphate
network. The oxygen atoms destroy the P-O-P
bridge structure [10-12] forming isolated phosphate
groups (short chains and pyrophosphate groups).
The absorption at 1020 cmlindicates the presence
of these groups.

resistance that can be easily evaluated: 350Q in
hydrogen atmosphere and 290 Q in air. Since the
sample is amorphous, the electrolyte resistance
should be related only to the bulk material. The
results show that at 250 °C the sample possesses
mixed oxide and proton conductivity and the oxide
one is higher.

A possible explanation of this phenomenon is
the existence of oxygen vacancies which are needed
for the activation of the proton conductivity [14].
Obviously, their concentration, according to eq. 1
[14], is high enough to introduce good oxide ion
conductivity.

0f + V;" + H,0 < 2(0H);
Vi + H,0 (OH)p+ HS (1)

0.7 -
| (Ti09)5(V208)70(P205)25
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Fig. 2. Infrared spectra of (TiO2)x(V20s)y(P20s)100-x-y
glassy system.

The 900 cm™mode is assigned to the mixed V-
O-Pbonds. The band suited between 838 — 820 cm™
arises from V-O-V bending, while bending
vibrations of VOs-groups are found below 600cm™.
The characteristic absorptions of VO. bands are
located in the 980 —820 cm™range. The vibrational
modes located at around 640 cm™ belong to TiOg
octahedral structures that define the structure of
titanium oxides [13].

Conductivity studies by Electrochemical Impedance
Spectroscopy.

Two impedance spectra of the sample measured
in both oxygen and hydrogen atmosphere at 250 °C
are represented in fig. 3.

The low-frequency semicircles are well-defined
and describe the behavior of the electrode reaction.
There is a strong deformation in air, i.e. strong
frequency distribution arising from the changes that
are commented below (fig. 5). The high frequency
part corresponds to the electrolyte reaction with a
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Fig. 3. Impedance diagram of (TiO2)s5(V20s)70(P20s)25
composition in both air (at 178 min) and hydrogen
atmospheres at 250 °C.

Additional phenomenon is observed in air
atmosphere at 250 °C where the sample resistance
decreases from 430 Q to 260 Q (fig. 5). As a
consequence of this decrease, the resistance values
of the material in air and hydrogen atmospheres
become similar in the temperature range 250-
350°C. This is evident from the Arrhenius plots in
air and hydrogen atmospheres, displayed in fig. 6.
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350 |- 0\
300 \
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Fig. 5. Resistance change of (TiO2)s(V20s)70(P20s)25
sample with time in air.
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Fig. 6. Bulk Arrhenius plots of
(Ti02)5(V20s5)70(P20s)25 in air and hydrogen.
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Fig. 7. Impedance spectrum of
(Ti02)5(V20s)70(P20s)25 glass at 350 °C (measured first)
and at 348 °C measured 2 min after the first one.

In hydrogen the sample follows the temperature
trend shown in fig. 6. At 350 °C an abrupt change
in the impedance behavior (including the value of
the resistance) is clearly seen in fig. 7.
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Fig. 8. DTA/TG analysis of (TiOz)s(V205)7o(P205)25
glass.

The performed DTA/TG analysis (Fig. 8) shows
that 350 °C marks exactly the beginning of glass
transition temperature, i.e. the temperature region
where transformation of the intrinsic nature of the
material occurs and therefore, where a change in
the electrochemical impedance behavior has been

detected. Obviously, the impedance diagram shown
in fig. 7 at 348 °C registers exactly the
transformation in the state.

CONCLUSIONS

The bulk material with  composition
(Ti02)s(V205)70(P20s)2ssynthesized and
characterized by means of XRD diffraction and IR
techniques has been found roentgenographically
amorphous. The structure of the glass studied by IR
analysis indicated presence of VOs groups and
isolated POs*(QY).EIS investigation shows that the
material possesses proton and oxide ion
conductivities. We observed a change in the
impedance spectrum at intermediate temperatures
whichis due tointrinsic transformation during the
heating of the material of the
(Ti02)5(V205)70(P20s)2s.
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3ABUCHUMOCT MEXIY CTPYKTYPA U ITPOBOANMOCT HA (TiO2)5(V205)70(P20s)25 3A
HUCKOTEMIIEPATYPHU TOI'K

O. Konesa'”, JI. Komnunuaposa®?, E. Mnanenosa?, T. ITerkosal, JI. Bnagukopa®

Y Unemumym no enexmpoxumus u enepeuiinu cucmemu ,, Axao. Eeeenu Byoescku “, Bvreapcka Axademus na Hayxume,
ya. ,,Akao. I'. Bonues*, 6n. 10, 1113, Coghus, bvreapusa
2Xumuxomexuonoauuen u memanypauyen ynusepcumem, Kameopa no enexmpoxumus, 6y1. ,, Ce. Knumenm Oxpuocku
Ne8, 1756, Cogpus, bvreapus

IMonyyena Ha 3 deBpyapu 2016; kopurupana na 18 despyapu 2016 r.
(Pesrome)

To3u Tpya e HOKycHpaH BEPXY THPCEHETO HA JUPEKTHA B3aUMOBPB3Ka MEXK/Y ChCTaB U CTPYKTYpa, OT €HA CTPaHa,
U €IEeKTPOXUMUYHOTO ToBeaeHue (mpoBoaumoct), ot apyra, Ha (Ti02)s(V20s)70(P20s)25 cThki000pa3zen Matepuan 3a
MPUIOKEHUE B HUICKOTEMIIEPATYPHHU TBBPAOTEIHN okcuHu ropusnu kietku (TOT'K).

Cunresupan e obemen obpaser; cbe cberaB (Ti02)s(V20s5)70(P205)25 o MeTona Ha 3acTHKISIBAHE OT CTOIHIIKA.
[IpoBeACHUST PEHTIEHO-CTPYKTYPeH aHaiu3 MOTBbpPXKIaBa amopdHaTa mpupojga Ha mpodaTa; H3CIEABAHETO Ha
CTPYKTypaTa upe3 UH(ppadepBeHa CIeKTPOCKONMs okasBa Hanuuue Ha VOs rpynu u uzomupanu POs% (QP) crpykrypHu
enuHuiy. [Ipobata mTposiBABAa €IHOBPEMEHHO MPOTOHHA ¥ KHCIOPOAHA MPOBOJMMOCT, PETHCTPUpaHa upe3
€JIEKTPOXMMHUYHA UMIIEZJaHCHA crieKTpockonus. HabmonaBanara npoMsHa B uMnegancHoTo nosenerue npu 350 °C BB
BOJIOPO/IHA aTMoc(depa ce OTAaBa Ha MPEeBPhILAaHEeTO Ha aMOp(hHHS MaTepHal B KPUCTAJICH.
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Investigation of pitting corrosion by potentiostatic polarization measurements

M. H. Loukaycheva'"
Technical University - Sofia, 8 Kliment Ohridski Blvd., 1756 Sofia, Bulgaria
Received October 15, 2015; Revised February 8, 2016

In the present study, two austenitic stainless steels (conventional Cr18Ni9 and high nitrogen Crl8Mni12N) are
examined with the purpose of demonstrate applicability and sensibility of potentiostatic polarization method to pitting
corrosion investigation. The experiments were conducted in 0.1 M Na;HPO4 + 0.5 M NaCl at room temperature and

open air conditions.

According to cyclic potentiodynamic polarization method for stable pits development on the surface of nitrogen
bearing steel lower anodic polarization is necessary in comparison with the nickel containing steel. The latter is
acriterion for lower pitting corrosion resistance. However, the pitting potential values obtained potentiostatically are by
0.2 V more positive and what is more, the potentiostatic method reveals metastable pits on Cr 18Mn12N steel with
longer incubation time. The combination of results from the both used methods revises the final conclusion for the

pitting corrosion resistance in nitrogen bearing steel favour.

Key words: pitting corrosion, potentiostatic polarization, steel.

INTRODUCTION

The investigation of pitting corrosion is really
important for evaluation of corrosion behaviour of
stainless steels. The most used method of pitting
corrosion studies is the cyclic potentiodynamic
polarization method (CPPM). However, some of
the corrosion parameters determined by it strongly
depend from scan rate of potential even the
experiments were performed at very low values of
it [1, 2]. The other conditions influencing the
pitting corrosion parameters obtained
potentiodynamically are the surface state, i.e. the
surface finishing, treatment and metallurgical
factors [2]. Therefore, the use of additional
electrochemical methods for proving and
clarification of pits nucleation Kkinetic is
recommendable.

One of these rarely used electrochemical
methods is the potentiostatic polarization method
(PPM) which serves as a basis of other
investigation methods namely Potentiostatic scratch
method, Pulse potentiostatic method, etc. [3].
However, Schwenk et al. [4] show that it is the
most reliable way of evaluating susceptibility to
pitting corrosion. The PPM could surmount the
disadvantages of CPPM and obtain more real
evaluation of pitting potential (Epix). The method
consists in continuous polarization of the examined
samples at potentials before and after the pitting
and repassivation (Er) potentials previously

To whom all correspondence should be sent:
E-mail: loukaycheva@tu-sofia.bg

defined by CPPM. Some of the authors [5] accepted
that pits start to appear when the resulting current
exceeds 10 uA cm2. The time in which the current
suddenly rise is called incubation or induction time
(t). This is another important index which might be
obtained only by PPM.

Potentiostatic polarization method was used and
for assessment of the critical pitting temperature [6]
applying fixed potential and continuously
increasing the temperature until stable pits
appearance.

In the present study, two austenitic stainless
steels (conventional Crl18Ni9 and high nitrogen
Cr18Mn12N) are examined with the purpose to
demonstrate the applicability and the sensibility of
PPM to pitting corrosion investigation.

EXPERIMENTAL

Two austenitic stainless steels: the conventional
Cr18Ni9 and the high nitrogen steel, (HNS)
Cr18Mn12N were investigated in 0.1 M Na;HPO4
solutions containing 0.5 M NaCl. All tests were
carried out in a conventional three electrodes cell in
open air conditions at room temperature with a
platinum counter electrode and a saturated calomel
electrode (SCE) as a reference electrode. All
potentials were reported with respect to the SCE.
Two electrochemical methods were used: (i) Cyclic
potentiodynamic polarization method and (ii)
Potentiostatic polarization method.

The electrochemical results were obtained with
a Galvanostat/potentiostat  (Princeton  Applied

© 2016 Bulgarian Academy of Sciences, Union of Chemists in Bulgaria 115
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Research Model 263) and computer software Power
Suite.

RESULTS

In order to determine the characteristic pitting
potentials by CPPM, experiments with scan rate 1
mV.s™ were carried out. The obtained dependencies
are presented on Fig. 1. From these dependencies
the values of pitting potentials (Epix) for both steels
were established and pointed out on the figure. It is
well expressed that the Epix of nickel containing
steel is more than 0.2 V higher than the nitrogen
steel one. Regarding these Epix Vvalues the
Cr18Mnl12N steel is more susceptible to pitting
corrosion in this corrosion environment. If the
pitting corrosion susceptibility is evaluated only by
CPPM the Cr18Ni9 steel would be reported as the
more stable one.

These potentials values were used to determine
the potential range in which the potentiostatic
polarization experiments to be performed as well as
to compare the Eix values obtained by both used
methods.

The typical potentiostatic dependencies obtained
at the applied potentials around the previously
determined by CPPM E,i: are given in Fig. 2 and
Fig. 3.

10°

= F —Cr18Mn12N

'E 10° E_—Cr18Ni9

< :

g10'

> -

I ;

S10° \

=

-

£10° / /

< v 0.32 0.54
107 i 1 " 1 M 1

-0.5 0.0 0.5
Potential, V(SCE)
Fig. 1.  Cyclic  potentiodynamic  polarization

dependencies, 1 mV.s?, 25°C.

From the dependencies at applied potentials
more negative than pitting potential information
about the passive films thickness and itsstability
could be drawn [7]. It is accepted that the lower
current density means more stable (thicker) passive
layer as the time necessary for passive film
breakdown depends from the film thickness [8].
From Fig. 2 it is obvious that both steels are in
passive state and what is more there are not
significant differences between the reached steady
current densities. However, the nitrogen steel has
slightly lower steady current densities which might
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be sign for more stable passive layer controversy to
the results from cyclic potentiodynamic
experiments.

The results obtained at more positive than Epix
potentials reveal that the current densities differ for
both investigated steels. Here, it is well
distinguished that the nitrogen containing steel has
lower current density than the nickel one at the
same applied potential (i.e. 0.36 or 0.38 V(SCE)).
Additionally, it is clear that the pitting potentials
determined by potentiostatic method (about 0.36
V(SCE) for both steels) are not the same as these
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Fig. 2. Current density vs. time dependencies at
Eap<Epitt: (8) Cr18Mn12N and (b) Cr18Ni9.

obtained by potentiodynamically polarization
method (0.32 V(SCE) for Cr18Mn12N and 0.54
V(SCE) for Cr18Ni9). Thus, the both steels could
have similar susceptibility to pitting corrosion in
contrary to results presented on Fig. 1.

In addition, the dependencies for nitrogen steel
at applied potentials 0.30 and 0.34 V(SCE) show
that there is a metastable pits nucleation on the
surface. It is expressed by small picks in the curve
but the current density keeps its low value. Each
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small fluctuation replies to pit initiation and
repassivation [9-11]. These appeared and
repassivated pits cannot be always registered by
potentiodynamic measurements due to the limited
resolution of the potentiostat. So, they must grow to
a certain size before they can be registered. This
growing needs time, and that is why they appear at
more positive potentials in potentiodynamic
measurements or the last registered only stable pits
growing.
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Fig. 3. Current density vs. time dependencies
Eap>Epier: (@) Cr18Mn12N and (b) Cr18Ni9.

0.5 L8 —e—Cr18Mn12N
-r: ) —a— Cr18Mig
=04}
c L
2
E 03
g | 2
so0z2l
=
=8
=]
ald1F
'ﬁj | &
o ‘__.________._______--""-.
DO '- 1 A 1 A 1

0.30 0.35 0.40
Applied potential, E vs. SCE (V)

Fig. 4. Velocity of pits nucleation vs. applied
potentials

An useful information which can be drawn from
the potentiostatic results concerns the incubation
time (t). This is the time at which after the initial
decrease the current density suddenly rises, hence
this is the time required for pits growth to start [12].
Comparing the dependencies obtained for both
steels it is well expressed that the incubation time
of Cr18Ni9 steel is significantly shorter that this of
the Cr18Mn12N. This fact gives additional
information about the stability of the passive films
and cannot be established by the cyclic
potentiodynamic method.

In addition, the rate of pits nucleation (expressed
by 1/ti, s [13]) vs. applied potential is shown in
Fig. 4. The rate of pits initiation also gives valuable
information. It is clear that the stable pits onto
Cr18Ni9 steel surface appear at 0.36 V(SCE) and
develop faster than pits on Cri8Mnl2N steel
surface which have rather metastable character.

Generalising  the  results obtained by
potentiostatic polarization method it is well
expressed that the Cr18Mnl2N steel has similar
corrosion resistance to pitting corrosion as Cr18Ni9
steel, which is completely opposite to the
conclusion drown from the results obtained by
potentiodynamic method. Similar contradiction but
in opposite direction was established and by
Olefjord et al. [14] who studied
Cr20Ni20Mo6N0.011 and Cr20Ni20Mo6N0.19
steels in HCI solutions. In the same way, they
established that even the potentiodynamic
dependencies do not show difference in the steel's
behavior the potentiostatic dependencies at the
same applied potential differ significantly. These
inconsistencies of the results obtained by both
methods suggest that the choice of method for
pitting corrosion investigation must be made
depending on the corrosion media on the one hand
and the investigated material on the other hand. The
choice of different study method has to depend on
different properties of the formed in different
corrosion environment passive films and on
different surface conditions related to the pits
nucleation. These surface conditions include
different active sites for pits nucleation on materials
(metallurgical defects, finishing, etc.). So, the
potentiostatic results could be great supplement and
verification to the results of potentiodynamic
polarization method.

CONCLUSIONS

Taking into consideration all written above it
can be concluded that:

1. During electrochemical studies of pitting
corrosion the using of potentiostatic experiments
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after  cyclic  potentiodynamic  polarization
measurements will provide really important and
useful information for the susceptibility of
materials to pitting corrosion and the type of the
appeared pits.

2. The use of only potentiodynamic polarization
method for determining and comparing the
behaviour of various materials in a given
environment is not sufficient.

3. The evaluation of properties of the passive
layers could be made using the potentiostatic
polarization method.

4. The choice of appropriate method for
evaluation of corrosion behaviour of materials
strongly depends from the materials themselves and
from the concrete corrosion environment.

REFERENCES

1. A Broli, H. Holtan, M. Midjo, Br. Corros. J., 8, 174
(1973).

2. G. Saivago, G. Fumagalli, Corros. Sci., 33, 985
(1992).

3. M. Dornhege, C. Punckt, J.L. Hudson, H.H.
Rotermund, J. Electrochem. Soc., 154, C24 (2007).

4. D. Sinigaglia, B. Vicentini, G. Taccani, G. Salvago,
G. Dallaspezia, J. Electrochem. Soc., 130, 991 (1983).

5. D. E. Williams, J. Stewart, P. H. Balkwill, Corros.
Sci., 46, 1213 (1994).

6. A. Pardo, M.C. Merino, A.E. Coy, F. Viegjo, R.
Arrabal, E. Matykina, Corros. Sci., 50, 1796 (2008).

7. JJ. Park, S.1. Pyun, Corros. Science., 45, 995 (2003).

8. M.S. De Sa, C.M. Rangel, C.A.C. Sequeira, Br.
Corros. J., 23, 186 (1988).

9. M. Lakatos-Varsanyi, F.Falkenberg, 1. Olefjord,
Electrochim. Acta, 43, 187 (1998).

10. J. Pan, C. Karlén, C. Ulfvin, J. Electrochem. Soc.,
147, 1021 (2000).

11. W. Tian, N. Du, S. Li, S. Chen, Q. Wu, Corros. Sci.,
85, 372 (2014).

12. E.A. Abd El Meguid, N.A. Mahmoud, S.S. Abd EI
Rehim, Mater. Chem. Phys., 63, 67 (2000).

13. M. A. Amin, S. S. Abd EI Rehim, E. F. El Sherbini,
Electrochim. Acta, 51, 4754 (2006).

14. 1. Olefjord, F. Falkenberg, L. Wegrelius, A. Velon,
in Mechanisms of Localized Corrosion (Eurocorr'96,
Nice, 1996).

N3CJIEABAHE HA ITMTUHI'OBA KOPO3MA ITOCPEACTBOM ITOTEHLHNOCTATUYHU
[HOJIAPU3ALIMOHHU U3CJIEIBAHUA

M. X. Jlykaiiuepal”
! Texnuuecku ynuseepcumem —Cogpus, 6yn. Kn. Oxpuocku 8, 1756 Cogpus, Bvazapus
IMocthnmia Ha 15 oktomBpu, 2015 r.; kopurupana Ha 8 Gpespyapu, 2016 .
(Pestome)

B Hactosimata paboTa ca W3CNeBaHM JBE AyCTEHUTHH HEPBHKIAEMH CTOMaHM (KOHBEHIMOHAHATa
Cr18Ni9 u Bucoko azornata Cr18Mnl12N) ¢ men 1a ce JeMOHCTpHPA MPUIOKUMOCTTa H 4YBCTBUTEIHOCTTA
Ha NOTEHIIMOCTATHYHHUS MOJISIPU3AIIOHEH METO/] TIPY M3CIIe/IBaHe Ha MUTUHTOBa Kopo3us. ExcriepiMeHTHTe
ca nposezieHn B 0.1 MNa;HPO4 + 0.5 MNaCl npu craitna remnepatypa.

Crnopel IMKIMYHHUS TNOTCHUIMOJUHAMUYEH TMOJIIPU3ALMOHEH METOJA 3a Pa3BUTHETO Ha YCTOWYHBO
HapacTBallM MUTHHIM Ha MOBBPXHOCTTa Ha a30THaTa CTOMaHa € HeoO0XOoOuMa MO-HHCKa aHOAHA
nmoJisipu3alyisi B CpaBHEHHWE C Ta3W NPH HHKeloBarta cToMana. [loclneHOTO € KpuTepuil 3a IMo-HUCKa
YCTOWYMBOCT KbM NMUTHHIOBa Kopo3usa. OOpaTHO, MOTEHIHMAIUTE HAa MUTUHrooOpa3yBaHE IOJMYYEHU 4pe3
npuiaraHe Ha IMOTEHLOCTATUYHUs MoJsipu3annoHeH Meton ca ¢ 0.2 V HO-TIONIOKUTENHH, HEello TOoBede
MOTEHIIMOCTATHYHHAT METOJ] OTKPHMBA METACTAOWIHM MUTHHTH BhpXy ctoMaHa Crl8Mnl2N, paszsusamm ce
cliell TO-TPOJBDKUTEIHO MHKYOAaMoHHO Bpeme. CBBMECTHOTO pasIiIekXJaHe Ha pe3ylNTaTHUTe OT JABaTa
W3I0JI3BaHU METOAA MIPOMEHS KpaiHOTO 3aKIII0YEHHE 32 yCTOWYMBOCTTA KbM MUTHHIOBA KOPO3US B I10JI3a HA
a30T-ChIbprKalaTta CTOMaHa.
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