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Abstract—The electroreduction of indium on indium electrode (99.98%) in perchlorate-containing chloride
electrolytes is studied by the methods of linear sweep and cyclic voltammetry, impedance spectroscopy, and
chronoamperometry. The indium electroreduction is limited by diffusion, the reaction rate constant is 1.3 X
10~* cm/s at the indium salt concentration of 0.1 M. The values of the apparent rate constant for the charge
transfer stage found by linear sweep and cyclic voltammetry and also by impedance spectroscopy are 2.37 X
1073, 3.62 x 1073, 3.06 x 10~ cm/s, respectively. The values of diffusion coefficient of indium(I11) ions cal-
culated according to the Cottrell equation based on chronoamperametric measurements and from the War-
burg impedance found by impedance spectroscopy are in good agreement. The presence of the Gerischer
impedance is stated, which suggests that a homogeneous reaction of formation of indium chloride complexes
proceeds and its mechanism is chemical-electrochemical.
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INTRODUCTION

The methods of electrochemical refining of metal
indium are very promising, especially at the deep
cleaning from microimpurities. For synthesizing high-
purity indium by electrochemical methods, the pro-
cesses of discharge-ionization of indium and admix-
ture metals should be studied in detail. The quality of
cathodic deposits and the economy factors of electro-
chemical cleaning of metals depend on the nature of
support and electrolyte and also on the electrolysis
conditions. There are several publications associated
with studying indium electrodeposition on various
electrodes in chloride and perchlorate electrolytes
[1—7]. In our previous studies [8, 9] we considered the
electrochemical behavior of indium on solid elec-
trodes in chloride electrolytes with high conductivity
which provided the reversible discharge of indium ions
on platinum electrode and their quasi-reversible dis-
charge on titanium electrode.

To avoid the formation of hydro complexes, the
electroreduction of indium was carried out at pH =
1.5. In this case, in addition to discharge of metal ions,
hydrogen ions can be discharged [10]. The exchange
current of discharge of H ions on indium electrode
equal to 8 x 1072 A/cm? [11] points to the sufficiently
high overpotential of hydrogen evolution on this elec-
trode which induces no considerable changes in the

electrolyte pH in the near-electrode layer and allows
neglecting the formation of hydroxohalide complexes.

The present study is aimed at determination of
kinetics characteristics of this process by the methods
of linear sweep (LSV) and cyclic (CV) voltammetry,
electrochemical impedance spectroscopy (EIS), and
chronoamperometry (CA). Among the goals of this
study is elucidation of the limiting stage of this process
in the aim of optimizing the conditions of indium
electrodeposition.

EXPERIMENTAL

The electroreduction of indium was studied by the
methods of cyclic voltammetry, chronoamperometry,
and electrochemical impedance spectroscopy in a
thermally controlled three-electrode electrochemical
cell with the use of potentiostat-galvanostat Autolab
PGSTAT 302N (Metrohm Autolab, Netherlands).

The working electrode represented an indium elec-
trode made of In-2 indium bullion (99.98%) with the
surface of 0.159 cm?. The counter electrode repre-
sented a platinum plate with the surface of 12.960 cm?,
the reference electrode was silver-chloride (Ag/AgCl)
electrode (£ = 0.197 V vs. standard hydrogen elec-
trode).

All experiments were carried out at the temperature
of 25 + 0.1°C. Perchlorate-containing chloride solu-
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tions with the composition of 0.025; 0.05; 0.1 M
In(Cl0O,); + 2.0 M NaCl (pH 1.5) were prepared from
1.0 M indium perchlorate with using of 2.0 M sodium
chloride as a supporting electrolyte. The solution of
In(Cl0,); was prepared by reacting metal indium In-2
(99.98%) with 60% perchloric acid solution (Sigma
Aldrich, 99.99%). The basic supporting electrolyte
was sodium chloride solution prepared from triply
crystallized reagent-pure salt (99.9%). The solution
pH (1.5—1.6) was attained by adding perchloric acid.
Before each measurement, the indium electrode was
mechanically trimmed with micron abrasive paper and
then thoroughly washed with twice distilled water. To
assess reproducibility of results, each measurement was
repeated no less than 3 times.

Impedance was measured in the frequency range
from 100 kHz to 0.1 Hz in the potentiostatic mode at
the potential 10 mV from E . Chronopotentiometric
measurements were carried out at the potential of
—0.9 Vvs. Ag/AgCl electrode. Cyclic voltammograms
were recorded in the potential interval from —0.5 to
—1.0 V. The potential sweep rate was varied in the
interval from 5 to 160 mV/s.

RESULTS AND DISCUSSION
Charge Transfer Stage

In studying the stage of transfer of the electro-
chemical-reaction charge, pulse potentiostatic and
galvanostatic techniques and relaxation methods are
used most often. The polarization measurements are
accompanied by an electrochemical reaction which
proceeds in the mixed kinetics mode; hence, this
requires elimination of diffusion limitations. The
method of impedance spectroscopy allows finding
the exchange current density (i,) without introducing
any corrections for concentration polarization
[12—15]. At low overpotentials, the dependences
between the exchange current density i, and the

resistance of the charge-transfer stage (R.) can be
expressed as follows [16]:

RT
R, =—-

nFi,’
where n is the number of electrons involved in the
electrode process, R is the gas constant, 7" is the abso-

lute temperature (K), F is the Faraday constant
(96485 C/mol).

From the results of impedance measurements, it is
evident (Fig. 1) that in the high-frequency range from
100 kHz to 49.4 Hz, this dependence represents a
semicircumference, while in the low-frequency range
from 5.2 to 0.1 Hz, a linear dependence corresponding
to the Warburg impedance can be seen.

The found impedance diagrams can be adequately
approximated by calculations (Fig. 2a) according to
the equivalent circuit that corresponds to the charge

(1

RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 54

1097

—7Z", Qcm?
1.4

1.2
1.0
0.8
0.6
0.4
0.2

é
Jas D &
0 1 1

1.0 1.5 20 25 3.0 3.

5 40 45 50
Z' Qcm?

1——0.025 M In(ClO,); 2—o—0.050 M In(ClO,);

3——0.100 M In(ClOy);

Fig. 1. Experimental impedance diagrams at 25°C on In
electrode in 2.0 M NaCl solution with different content of
In(ClOy);3. Insert: equivalent circuit of electrochemical
cell.

transfer at high frequencies and to the homogeneous
chemical reaction and mass transfer at low frequen-
cies. The latter circuit contains the electric-double-

layer capacitance (Cyp; — CPE), the solution resis-
tance (R,), the charge-transfer resistance (R,), the
Gerischer impedance (G'), and the Warburg imped-
ance (W) (Fig. 1, insert).

The poor correlation between Nyquist diagrams
experimental and calculated according to the Ran-
dles—Ershler circuit (Fig. 2a, curve 3), points to inad-
equacy of this equivalent circuit in describing the
indium electroreduction process. The appearance of
the second semicircumference in Fig. 2a in the fre-
quency range of 49.4—5.2 Hz is associated with the
presence of the Gerischer impedance corresponding
to realization of the chemical-electrochemical mech-
anism of indium electroreduction [17]. There is direct
correlation between the Gerischer impedance values
and the concentration of indium ions in solution. As
the concentration of the potential-determining ion
increases from 0.025 to 0.1 M, the Gerischer imped-
ance decreases from 26.2 to 1.2 Q, respectively. The
possibility of reduction of indium ions from nega-

tively charged complex species [InCl,| as a result of
formation of ion pairs [18] with supporting electro-
lyte cations was studied by substituting potassium
chloride for sodium chloride (Fig. 2b). The close val-
ues of charge-transfer resistance (2.16 Q cm? for
NaCl and 2.05 Q cm? for KCI) and exchange current
density (2.73 x 103 A/cm? for NaCl and 2.6 X
1073 A/cm? for KCI) at electroreduction of indium
from NaCl and KCI solutions suggest that these spe-
cies are uninvolved in this process; probably, it is the
discharge of cation-active complex species that takes
place.

No.12 2018



Fig. 2. (a) Nyquist diagrams of indium electroreduction at
25°Con Inelectrode in 0.025 M In(ClO4); + 2.0 M NaCl
solution: (/) experimental, (2) calculated with regard to
Gerischer impedance, (3) calculated with disregard to
Gerischer  impedance (Randles—Ershler circuit);
(b) experimental impedance diagrams at 25°C on In elec-
trode. Supporting electrolyte: (/) 2.0 M NaCl; (2) 2.0 M
KCI1+0.025 M In(ClOy);.

Based on these data, the resistance of charge-trans-
fer stage was calculated which allowed calculating the
exchange current according to Eq. (1) [16] (Table 1).

Table 1. Polarization resistance (R,), solution resistance

(Ry,), charge-transfer resistance (R.;), and exchange cur-
rent density (i) at the reduction of In** on indium elec-
trode in 2.0 M sodium chloride solution with different con-
tents of In(ClOy)5

EIS
C, 3+, M
In 2 2 2| 2
R,, Qcm”| R, Qcm” | R, Q cm?|jy, mA/cm
0.025 3.34 1.18 2.16 2.73
0.050 2.27 1.14 1.13 7.57
0.100 1.75 L.15 0.60 14.26
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Fig. 3. Polarization curves of indium discharge-ionization
on indium electrode at 25°C, v = 5 mV/s in 2.0 M NaCl
solution with different content of In(ClOy)3: (1) 0.025 M;
(2) 0.050 M; (3) 0.100 M. Insert: linear segment, region of
low overpotentials.

The increase in the concentration of potential-
determining ion leads to the regular increase in the
exchange current and the decrease in the charge-
transfer resistance.

According to the slow discharge theory, the depen-
dence between the exchange current density and the
concentration of the oxidized form of indium is
described by the following equation [17]:

logiy = log(nFk™") + (1—a)loge, s, )

where i, is the exchange current density (A/cm?),

k" is the rate constant for the charge transfer stage
(cm/s), o is the electron transfer coefficient, ¢, .. is the
concentration of In** ions in solution volume (mol/cm?).

The rate constant of charge-transfer k™" calculated

from the logi,—log o dependence (Eq. (2)) is
3.06 x 10~ cm/s and ignores the effects of the charged

interface structure and the specific adsorption of CI~
anions on the indium electrode surface.

To confirm the accuracy of the value of rate con-
stant for the charge-transfer stage calculated based on
results of impedance measurements, we studied
indium electrodeposition on indium electrode by the
LSV (Fig. 3) and CV methods.

For calculating the polarization resistance, we used
the low overpotential region in which the current den-
sity depends linearly on the potential (insert to Fig. 3).
Table 2 shows the calculated values of polarization
resistance and exchange current found by LSV and
EIS methods. Comparing these results shows that LSV
gives the higher values than EIS. This is explained by
impossibility of compensating the mass-transfer con-
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Table 2. Values of polarization resistance, exchange current density, and diffusion resistance, found for different concen-

trations of indium ions by the EIS and LSV methods

EIS LSV
s M with regard to R,
R,,Qem? | iy, mA/em? | R, Qcm? , mA/cm? Ry, Q cm?
R,, Qcm? iy, mA/cm?
0.025 4.12 2.73 14.18 0.66 4.31 2.69 10.00
0.050 2.27 7.57 5.73 1.87 2.32 11.72 4.01
0.100 1.75 14.26 3.28 4.00 1.66 30.57 2.00

tribution when using the linear voltammetry tech-
nique where measurements are carried out under con-
ditions of nonstationary diffusion and also by the
absence of strict linearity of segments used in calcula-
tions, which leads to overrated slope values. The use of
the LSV method for studying the charge-transfer stage
of electrode processes is correct only for reactions with
the low heterogeneous rate constant. The rate con-
stant for charge transfer at the reduction of In** ions
on indium electrode which we found from impedance
data points to the substantial contribution of mass
transfer and requires introducing corrections for con-
centration polarization.

If assume that the total polarization resistance (R,l,)
additively combines the solution resistance (R,,,), the
charge-transfer resistance (R,), and the mass transfer
resistance (diffusion resistance) (R;)

RT

Ry =Ry + Ri+ Ry = R, +— =
nF|llim

b

logi, [mA/cm?]

20}
[e)
24t
28}
a LSV (R*=0.98)
32t o EIS (R*=0.99)
1 1 1 1
46 4.4 —42 —4.0
logepys+ [M]

Fig. 4. Logarithmic dependence of exchange current den-
sity on In>" salt concentration in 2.0 M NaCl solution.

R2 —correlation factor.
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then taking into account the diffusion resistance
becomes possible provided the limiting diffusion cur-
rent (i;,,) is known. Based on chronoamperograms,
we found i, values which allowed the polarization
resistance to be calculated with regard to the diffusion
resistance (Table 2).

According to table, the polarization resistance val-
ues found by two methods are close to one another.

The rate constant for charge transfer stage k" found
from the results of linear sweep voltammetry (Eq. (2))

is 2.37 x 10~3 cm/s and well agrees with the constant
obtained based on EIS method (Fig. 4).

For studying the discharge of indium ions, we mea-
sured cyclic voltammograms (Fig. 5). The increase in
the potential sweep rate from 5 to 160 mV/s shifts the
peak of indium reduction by 98 mV. Furthermore, its
shift strongly increases at high polarization rates.

i, mA/cm?
Iniy [A/cm?]
40 - 34
30 36
20 =38r o 1(R=0.77)
10 —40b X 2(R*=0.94) o
0k —0.12 —0.08 —0.04
_ ol
1ol 1 (Bpe — E7), V
—20F 6 I 5mV/s
—30+ v v
6 160 mV/s
_40 i Il Il 6I Il Il J
-0 -09 -08 —-07 —06 05
E,V

Fig. 5. Cyclic voltammograms of indium at 25°C on
indium electrode in 0.1 M In(ClOy4); + 2.0 M NacCl solu-
tion at different polarization rates. Insert: dependence of

Ini,. on (EpC - EOI) at different potential sweep rates:
(1) low (5—20 mV/s), (2) high (20—160 mV/s).
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Fig. 6. (a) Chronoamperograms of indium electrodeposi-
tion at 25°C on indium electrode from 2.0 M NaCl solu-
tion with different content of In(ClOy4); at £ = —0.9 V;

(b) ic—t_l/ 2 dependence.

If the shift of cathodic-peak potential from the for-
mal electrode potential and the current of this peak
depend on the potential sweep rate, then the
lnij—(EpC - EOI) dependence is described as follows
[19, 20]:

Ini,, = In(0.227nFc, k") - onk (E,. —E™), (3)
" RT

where E, is the cathodic-peak potential (V), E%! is the
formal electrode potential (V), i is the cathodic-peak

current density (A/cm?).
Figure 5 (insert) shows the dependence of loga-
rithm of peak’s current density on peaks’s potential
shift (£, — E"'). For the low polarization rate of 5 and

10 mV/s, the shift of cathodic peak potential from the
formal value is 46 and 51 mV, respectively. As the
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sweep rate increases, the shift (EpC — EOI) strongly

increases to become 144 mV for the sweep rate of
160 mV/s.

According to Fig. 5 (insert), this dependence is lin-
ear (R?> = 0.94) in the interval of potential sweep rate
from 20 to 160 mV/s and described by Eq. (3), which
allowed the rate constant of charge transfer stage to be
calculated to be 3.62 x 10~3 cm/s. The deviation from
linearity at low sweep rates is explained by the contri-
bution of diffusion overpotential.

The experimental values charge-transfer rate con-
stant found by the aforementioned methods are 3.06 X
1073 (EIS); 2.37 x 103 (LSV); 3.62 x 103 cm/s (CV).
Comparing the results of studying the charge transfer
stage of indium reduction on indium electrode by
the aforementioned methods showed their good
agreement.

It is generally assumed that indium electroreduc-
tion proceeds in several stages with the limiting state
In** + e = In?* [17]. Indium compounds with the
lower degrees of oxidation are unstable and tend to
disproportionation reactions [21]. It is shown that sta-
bility of In™ ions in solution depends on the content of
trivalent indium, temperature, and solution pH. It is
only with the increase in these parameters in concen-
trated solutions of alkali and alkali-earth metals in
which the water activity decreases and also in salt
melts that the In* content is observed to increase [22].
For low concentrations of In* ions in solution, the
successive discharge becomes the most probable. The
effects of disproportionation can occur only at very
high concentrations of intermediate species, which is
possible only at the anodic dissolution of indium [23].
According to aforesaid, the total number of electrons
involved in indium reduction on indium electrode is
three.

Mass Transfer Stage

The chronoamperometric technique makes it pos-
sible to find the kinetic mode of the process in the sys-
tem studied, calculate the diffusion coefficients and
the effective mass-transfer constant [24]. For deter-
mining the diffusion coefficients and the mass transfer
constant, we measured chronoamperograms of
indium reduction from chloride electrolytes at the var-
ied concentration of indium salt (Fig. 6a).

For this reaction to proceed completely during
chronoamperometric measurements, we applied
potential of —0.9 V on the electrode. In this case, for
studying the mass-transfer stage, the Cottrell equation
can be used which expresses the dependence of the
current density on the time for the case of nonstation-
ary diffusion [25]:

D 3+
i (t) =ig(t) = —nFe, . ;Cnt \ 4)
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Fig. 7. Dependence of cathodic-peak current density on
square root of potential sweep rate in 2.0 M NaCl solution
containing 0.1 M In(ClOy4)5: (1) at low (5—20 mV/s) and

(2) high (20—160 mV/s) polarization rates.

where D, .. is the diffusion coefficient (cm?/s), tis the
time (s).

The diffusion coefficient of the electroactive sub-
stance can be found based on chronoamperametric
data from the slope of the line i (z) = f (1/ ¢/ 2)
(Fig. 6b).

To determine the diffusion coefficient of In3* ions
during their reduction, the CV and EIS methods can
also be used. Based on CV data, the dependence of the
cathodic current density on square root of the poten-
tial sweep rate was determined (Fig. 7). For the low
polarization rate, this dependence is described by the
Randles—Sevéik equation; at the high polarization
rate it is described by the Delahay equation [26], the
Dln;+ values found from the slope of aforementioned

dependences are 1.0 X 107° and 0.81 x 10-® cm?/s,
respectively.

The electrode impedance at the low frequency of
sinusoidal current (5.2—0.1 Hz) is characterized by
diffusion impedance (Warburg impedance Z,) which
depends on concentration and diffusion coefficient of
the potential-determining ion (Fig. 1). The absolute
value of Warburg impedance is [17]

1 RT
c]n3+\/DIn3+ W F\w

where Zy, is the Warburg impedance (Q cm?), ® is the
angular frequency (rad/s).

|ZW| =

Based on this equation, we plotted the |ZW| —w

dependences (Fig. 8) for different ¢, - Fromthe slope
of these dependences, we found the diffusion coeffi-

cient of In** (Table 3).
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Fig. 8. Dependence of Warburg impedance of indium elec-
trode on ac frequency under conditions of low polarization
in 2.0 M NaCl solution containing different concentra-
tions of In(ClOy);.

Table 3 shows the values of diffusion coefficient of
In3* ions found by CA and EIS methods.

The absence of substantial difference in the values
of diffusion coefficient of In** ions at their reduction
confirms the reliability of obtained results. The small
deviations in the diffusion coefficient values deter-
mined by CV methods for 0.1 M concentration do not
cast any doubt on the results obtained.

For the case of limiting diffusion current (i),
Eq. (4) takes the following form (Fig. 6a) [11]:

ln3+

ilim = —nFCln3+ = —nFmeffC]n3+, (5)

eff

where J.; is the effective thickness of the diffusion

layer (cm), m. is the effective mass-transfer con-
stant (cm/s).

From Eq. (5), we calculated the effective rate con-
stant for mass transfer of indium ions at different con-
centration of In*" during electroreduction on indium
electrode (Table 3).

Table 3. Diffusion coefficient of indium ions and effective
mass-transfer constant for electroreduction of indium in
2.0 M NaCl solution

D, s, 10°%cm®/s | my, 1074 cm/s
Cln3+ N M
CA EIS CA
0.025 0.69 0.71 1.04
0.500 1.13 1.04 1.12
0.100 1.98 2.42 1.30
No. 12 2018
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Comparison of the apparent charge-transfer rate con-
stant (3.06 x 1073 cm/s, EIS) and the effective rate con-
stant for mass transfer of substance (1.3 X 10~*cm/s, CA)
suggests that electroreduction of indium proceeds in
the diffusion mode.

CONCLUSIONS

Kinetic characteristics of electroreduction of In3*
ions on indium electrode in perchlorate-containing
chloride electrolytes are determined by methods of
linear sweep voltammetry, cyclic voltammetry,
chronoamperometry, and impedance spectroscopy.
The analysis of impedance data revealed the presence
of the Gerischer impedance which points to the chem-
ical-electrochemical mechanism of the process under
study. It is found that the nature of cation has no effect
on charge-transfer resistance and exchange current
density. This suggests that indium electroreduction
proceeds from cation-active chloride complexes.

The effective constant of mass transfer determined
by chronoamperometric method is 1.3 x 10~% cm/s.
By comparing the rate constants for mass and charge
transfer, the diffusion nature of the limiting stage of
electroreduction of indium ions was revealed. The rate
constant for the charge transfer stage calculated
according to the slow discharge theory based on
impedance data is 3.06 x 10~3 cm/s, which agrees with
the results of voltammetric measurements.

The results obtained here can be used in simulation
of the process of electrochemical refining of indium.
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