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Abstract—the electrochemical deposition of indium metal from InCl3 solutions was investigated. Cyclovol-
tammetric experiments showed that the initial hydrogen evolution reaction, observed together with the metal
deposition on Pt surface, is blocked when the surface is covered by In. At large cathodic potentials, the current
is diffusion-limited. The scan rate dependence of cyclovoltammograms allowed the determination of the dif-
fusion coefficient of In3+ ions, 8.18 × 10–6 cm2/s, using the Delahay equation. The activation energy of dif-
fusion, determined from the temperature dependence of cyclovoltammograms, is about 0.3 eV (23 kJ/mol).
Chrono-amperometric experiments are consistent with the cyclovoltammetry; the In3+ diffusion coefficient
determined using the Cottrell law is in good agreement with the value determined by the Randles-Ševčik
equation. Moreover the use of the nucleation models developed by Scharifker and Hills showed a progressive
nucleation mode. Electron microscopy observations and X-ray diffraction patterns confirmed the formation
of crystalline indium deposits.
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INTRODUCTION
The future of mankind relies on the existence of

sufficient and possibly renewable energy supply. Pho-
tovoltaics are a major renewable energy source and
recent developments include thin-film solar cells
based on CuInSe2 or CuInS2 [1–5] for which major
quantities of indium are required; CuInSe2 thin-
films are now essentially prepared by electrodeposi-
tion [6–8]. Electrodes for polymer electrolyte mem-
brane fuel cells [9, 10] include indium-tin oxides as
catalyst support. Furthermore, the advancement of
new branches of science and technology is often linked
to the progress in the field of microelectronics, includ-
ing transparent conducting oxides such as Indium–
Tin Oxides ITO, [11–15] or light-emitting diodes
(LED) containing indium [16]. Semiconducting
materials, including (Ga, In)As or InTe, are another
important application of indium; their level and rate of
development are largely determined by the synthesis
from the high-purity elements.

For all these reasons, indium is considered as a
strategic element by the EU, because it is currently
applied in several key devices and technologies. Its

extensive use, especially in liquid crystal display
(LCD) flat screens, and its relative scarceness have
considerably increased its price. Faced with threats of
exhaustion in 2020, it becomes necessary to develop
refining methods. The most promising refining meth-
ods of indium are electrochemical [17] and a detailed
study of the electrochemical processes at the metal-
electrolyte interface allows finding the optimal condi-
tions for the preparation and purification of indium,
for which Kazakhstan has large mineral reserves.
Some publications, monographs and reviews are
devoted to the refining of indium in different electro-
lytes [18–28], but most of them do not apply all mod-
ern electrochemical techniques now available. The
importance of the problem and the complexity of the
interpretation of the results require an extension of
experimental methods to provide additional informa-
tion on mechanisms and intermediate products of the
electrode reactions.

In this work, we investigate the electrodeposition of
indium by various electrochemical techniques,
including cyclovoltammetry and chrono-amperome-
try. The electrochemical investigation was comple-
mented by SEM and XRD characterizations made on
bulk deposits.1 The article is published in the original.
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1. EXPERIMENTAL
Indium deposition was studied by voltammetric

experiments in a classical three-electrode configura-
tion using a Solartron1287 potentiostat-galvanostat.
The working electrode was a Pt foil or pure indium
metal for control experiments. A Pt grid was used as
counter electrode and a saturated Ag–AgCl as refer-
ence electrode. All the potentials are indicated relative
to Ag–AgCl (Eref = 0.197 V/NHE). The experiments
were done in an aqueous solution of 0.1 M InCl3
(99.99% Alfa Aesar) with 1 M NaCl as supporting
electrolyte and HCl was added to reach a pH of almost 1.
The experiments were performed varying the tempera-
ture, the polarization rates and intervals. Current-
voltage dependences were determined at least 3 times
and processed by graphical and numerical methods to
evaluate the reproducibility of the measurements. The
scan rate was 20 mV/s. The working electrode was
dipped in a concentrated nitric acid solution and
rinsed with distilled water before each measurement.
From the voltammetric study, reduction potentials for
chrono-amperometric experiments were chosen in
order to study the mechanism of nucleation from cur-
rent transient and then obtain bulk Indium deposits
for longer deposition times.

Scanning Electron Microscopy (SEM Philips
XL-30 FEG) was used to study the morphology of the
indium deposits. X-Ray Diffraction (XRD) experi-
ments (D5000 diffractometer, CuKα radiation) were
performed to analyze the phase composition of the
deposited layer.

2. RESULTS AND DISCUSSION
2.1. Cyclovoltammetric Study

2.1.1. Mechanism of indium deposition. Electro-
chemical behavior of indium was studied by number of
researchers. In the works Losev [29, 30], process of
anodic dissolution of indium in acidic perchlorate
solutions leading to formation of In+ ions was estab-
lished and proved, which either enter into chemical
reactions in solution or oxidize directly to In3+ ions on
the electrode. Identification In+ ions was carried out
by experiments with the counter electrode unimpaired

to polarization. Results of studying the kinetics of the
electrochemical behavior of indium in chloride solutions
by impedance method was presented by Kozin L.F. [31].
In electrolysis process during the anodic dissolution of
the indium, oxidation of In+ ions to In3+ does not
occur on indium electrode. In3+ ions are formed
during the disproportionation reaction of In3+ ions in
the bulk of the near-electrode layer.

In order to highlight the deposition mechanism,
cyclic voltammograms were recorded on Pt electrodes
using indium chloride containing solutions (Fig. 1).
The initial and final potentials were 0.2 V. Two differ-
ent cathodic vertex potentials were selected (respec-
tively –0.6 and –1.6 V), in order to clearly identify the
cathodic processes.

The first voltammogram (curve 1) with a –0.6 V
vertex potential shows a weak increase in cathodic cur-
rent (C1), which begins around –0.35 V, followed by a
current plateau indicating a diffusion controlled pro-
cess. For a more cathodic potential (curve 2), one can
see a second large increase in current (C2) at –0.76 V,
followed again by a limiting current plateau at –1.3 V.
Finally, a third increase in current is observed starting
around –1.4 V (C3). The first limiting current (jl,1) is
about –12 mA/cm2 while the second limiting current
(jl,2) is about –56 mA/cm2. For the slight incursion in
the C1 cathodic domain (curve 1), the corresponding
anodic part of this voltammogram is characterized by
the absence of an anodic peak even at high magnifica-
tion. One oxidation peak (A), which begins at E =
‒0.7 V is clearly correlated with C2 (on curve 2), as
will be confirmed in Fig. 2. This oxidation peak is due
to the oxidation of indium into In3+, with the final zero
current indicating a total dissolution of the metallic
coating.

Latimer et al. [32] as well as Hepler et al. [33] cal-
culated standard potentials from equilibrium con-
stants and proposed the following values (table). In
our case, the theoretical redox potential of In3+ in
equilibrium with various species (In2+, In+ or In) can
be calculated by the Nernst equation assuming that
activities can be identified with concentrations. All
calculated potentials are reported in table.

According to the potentials calculated in table, the
thermodynamically most favorable reaction at a
potential of –0.76 V is the In3+ reduction into metallic
In. According to Piercy et al. [34], the only ion stable
in aqueous solution is the In(III) ion, but other oxida-
tion states such as In+ and In2+ may exist in aqueous
solutions at low concentration, even though they are
unstable at higher concentrations. Thus, with regard to
various theoretical potentials calculated in table, it
appears that the reduction mechanism of In3+ ions is
complex. Without rejecting the possibility of interme-
diate reactions, we can assume that the cathodic cur-
rent in C2 is mainly due to the reduction of In3+ ions
to indium metal. To verify this assumption, the poten-
tial decrease was stopped at E = –1.2 V and the metal-

Standard and theoretical potentials of various electrode
reactions involving In(III) ions

Standard 
potential, 
V/NHE

Theoretical 
potential, 
(Nernst 

equation) 
V/Ag–AgCl

In3+
(aq) + e = In2+

(aq) –0.49 –0.71

In3+
(aq) + 2e = In+

(aq) –0.44 –0.66

In3+
(aq) + 3e = In(m) –0.33 [29] –0.55



RUSSIAN JOURNAL OF ELECTROCHEMISTRY  Vol. 52  No. 2  2016

ELECTROCHEMICAL DEPOSITION OF INDIUM 101

lographic examination showed the presence of a coat-
ing of indium, confirmed by X-ray diffraction.

To attribute C1 and C3 reduction peaks, additional
experiments were performed in a blank solution of 1 M
NaCl (acidified with HCl to pH 1) on both platinum
(curve 3) and pure indium (curve 4) electrodes. On
voltammogram (3), performed in this blank solution,
i.e. without In3+ ions, one can clearly see an increase
of the reduction current at E = –0.37 V. This increase
of current can be attributed to the reduction of pro-
tons, confirmed by the observation of gas bubbles, the
Nernst potential (E = –0.25 V) and in agreement with
the fact that the proton reduction overvoltage on plat-
inum is low. On the anodic part, the small bump is due
to the anodic oxidation of hydrogen; H2 being a gas,
the bubbles do not stay on the electrode surface, and
the charge associated to this oxidation is significantly
lower than for the reduction. One can notice that the
reduction of H+ on Pt occurs in the same cathodic
area than C1 from the indium-containing solution. On
an indium electrode (curve 4), the overvoltage for pro-
ton reduction is higher and this reduction occurs at
about E = –1.1 V, in the C3 cathodic zone of the In-
containing solution.

These additional experiments allow better under-
standing of the reduction mechanism. In a first stage,
proton reduction occurs on platinum electrodes (C1),
but the In3+ cations are also attracted by the negative
electrode, probably adsorbed on the surface, blocking
the reduction of protons, and leading to a current den-
sity plateau. At potentials below –0.76 V begins the
reduction of In3+ into metallic indium (C2) and
finally, at about –1.4 V, the C3 current increase is

again due to the proton reduction that takes place now
on the indium surface.

2.1.2. Scan rate effect. Figure 2 presents the effect
of the scan rate on voltammograms obtained on a plat-
inum electrode immersed in the 0.1 M InCl3 + 1 M
NaCl solution. The maxima in current of C2 and A
peaks are clearly proportional to the scan rate. Accord-
ing to the Delahay equation (Eq. (1)), the current den-
sity of the reduction peak jpeak of In3+ into In should be
proportional to the square root of the scan rate (v), at
room temperature, this equation becomes:

jp = 0.6105(nF)3/2/(RT)1/2D 1/2cv1/2, (1)

where c is a concentration of In3+ ions, n the number
of electrons involved, D the diffusion coefficient of
In3+ ions, F Faraday’s constant (≈96500 C/mol),
R the ideal gas constant (8.314 J/(K mol)) and T the
absolute temperature.

The dependence of  jpeak versus v1/2 has been plotted
in insertion in Fig. 2. The diffusion coefficient of In3+

can be deduced from this equation and is equal to
8.18 × 10–6 cm2/s, which is in agreement with the
value obtained by Timmer et al. [35].

2.1.3. Temperature effect. The influence of the
temperature on the In3+/In reduction and oxidation
was investigated. The voltamograms obtained are pre-
sented in Fig. 3. At temperatures between 25 and
50°C, the voltamograms have similar shape and the
reactions involved can be described as previously.
When the temperature increases, the cathodic current
peak C2, the limiting current j2,l, and the anodic cur-
rent increase too. The diffusion coefficient of In3+ ions
was calculated from the Randles–Ševčik equation as

Fig. 1. Voltammograms obtained at 25°C, in a 0.1 M InCl3 + 1 M NaCl solution for platinum for various vertex potentials (a)
small vertex (b), large vertex, and in a 1 M NaCl solution for (c) platinum, and (d) pure Indium. Scan rate: 20 mV/s.
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Fig. 2. Voltammograms performed at 25°C on a Pt electrode in a 0.1 M InCl3 + 1 M NaCl solution at various scan rates (5, 10,

20, 50, 75, and 100 mV/s). Inset: evolution of the cathodic  jpeak C2 versus 
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Fig. 3. Voltamograms performed on a Pt electrode in a 0.1 M InCl3 + 1 M NaCl solution at various temperatures. Inset: evolution
of D(In3+) versus exp(–1/T).
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function of the temperature considering the variation
of the reduction peak C2 from In3+ into In. The diffu-
sion coefficient follows an Arrhenius law as described
in Eq. (3). The inset of Fig. 3 shows the evolution of D
versus exp(–1/T) according to Eq. (2).

 (2)

From the slope, we can deduce an activation
energy EA of 23 kJ/mol.

2.2. Chrono-Amperometric Study
2.2.1. Nucleation and growth. The mechanism of

nucleation of Indium can be investigated using the
chrono-amperometric method. The theoretical mod-
els of nucleation have been developed by Scharifker
and Hills [36]: they allow distinguishing nucleation

A
0 exp .ED D

RT
−⎛ ⎞= ⎜ ⎟
⎝ ⎠

and growth modes. The current transients obtained for
applied potentials of –0.4 and –0.8 V/Ag–AgCl are
presented in Fig. 4.

⎯At –0.4 V, the monotonous decrease in the
cathodic current shows that no nucleation is involved
and confirms that this reaction corresponds to hydro-
gen evolution. The steady-state value of the current is
in good accordance with the limiting current deter-
mined in Fig. 1.

⎯At –0.8 V, the cathodic current increases quickly
as the area of crystallites increases or new nuclei are
formed. After having reached a maximum for jmax =
‒0.06 A/cm2 and tmax = 3.9 s, the cathodic current
decreases towards the limiting current similar to that
determined by voltammetry (see Subsection 2.1.1).

In the Scharifker and Hills theory [36], the mass
transport process for forming and growing nuclei is
achieved by spherical rather than by unidimensional
(linear) diffusion. This case is commonly known as 3D
nucleation with diffusion-controlled growth. Two
types of nucleation mechanisms can be distinguished:
instantaneous or progressive nucleation. In instanta-
neous nucleation, the current will follow the law:

 (3)

while a progressive nucleation should be described by
the relation:

. (4)

From the current transient shown in Fig. 4, (j/jm)2

is plotted versus (t/tm) for experimental data as well as
for data calculated from both previous theoretical
equations. The curves obtained are reported on Fig. 5:

22

m

1.9542 1 exp 1.2564
x m

j t
j t t t

⎧ ⎡ ⎛ ⎞⎤⎫⎛ ⎞ = − −⎨ ⎬⎜ ⎟ ⎜ ⎟⎢ ⎥
⎝ ⎠ ⎩ ⎣ ⎝ ⎠⎦⎭

22 2

m m m

1.2554 1 exp 2.3367j t
j t t t

⎧ ⎡ ⎤⎫⎪ ⎪⎛ ⎞ ⎛ ⎞= − −⎢ ⎥⎨ ⎬⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠⎢ ⎥⎪ ⎪⎩ ⎣ ⎦⎭

Fig. 4. Current transients obtained at 25°C for the electro-
deposition of indium on a Pt electrode in a 0.1M InCl3 +
1 M NaCl solution
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the experimental data fit with Eq. (4), showing that the
nucleation of Indium is progressive. So the number of
crystallites increases with time and variable crystallite
sizes are obtained.

In Fig. 6, the variation of current density is plotted
as function of the inverse of the square root of time.
Cottrell law (Eq. (5)) is satisfied in the linear part of
the curve.

. (5)

The diffusion coefficient calculated from the slope
of the straight line has a value of 5 × 10–6 cm2/s, in
excellent agreement with the one obtained from the
Delahay equation.

2.2.2. Characterization of indium coatings. To ver-
ify that the C1 peak evidenced by the voltametric study

π
ci nF D

t
= −

does not correspond to any indium deposition, a
polarization was made during 1 h at –0.6 V. SEM and
XRD analysis made on this sample showed that effec-
tively no deposit was observed.

A thick indium coating was deposited at 25°C, onto
platinum under potentiostatic condition at a potential
of –0.8 V during 20 min. This potential was chosen in
order to diminish the diffusion limitation of the reduc-
tion. The integration of the curve j–t gives a charge
value of –34.1 C/cm2. Considering the voltammetric
study, one can assume that all the current density can
be attributed to the In3+ ion reduction into metallic
indium. In this way, one can deduce a thickness of the
coating of about 18 μm according to the Faraday law.

Scanning electronic microscopy was used to char-
acterize the morphology of this coating. The micro-
graphs obtained are presented on Fig. 7 at various
magnitudes. The surface of the electrode is covered by
a uniform indium layer with an average grain size of
about 6.4 μm. The chemical analysis by EDX (in inset
of Fig. 7) confirmed the presence of pure indium.

X-ray diffraction experiments were carried out on
the same deposit and the diffractogram in θ–2θ cou-
pling mode is presented in Fig. 8. Among the 9 peaks
present, 6 peaks are attributable to the indium coating
(J.C.P.D.S file no. 005-642), with a body-centered
tetragonal structure. The more intense peak is located
at 2θ = 33° and corresponds to the (101) plane. Four
other less intense peaks are located at 2θ = 36.3°,
54.5°, 63.2° and 69.1°, corresponding respectively to
(002), (112), (103) and (202) planes. A small shoulder
at 39.2° also corresponds to indium ((110) plane). In
addition, three intense peaks located at 2θ = 39.8°,
46.2°, and 67.5° are characteristic of the platinum sub-
strate (J.C.P.D.S file no. 004-0802), still observable
under the indium layer, indicating a high porosity of
the deposit.

Fig. 6. Cottrel plot used for the determination of the diffu-
sion coefficient of In3+.
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CONCLUSIONS

We studied the electrochemical deposition of
indium metal from an InCl3 solution. The indium
deposition is preceded by some hydrogen evolution;
this reaction is blocked as soon as the Pt electrode is
covered by an In layer. In3+ reduction is under diffu-
sional control at large cathodic polarization. The dif-
fusion coefficient of In3+ can be determined to be 5–
6 × 10–6 cm2/s using either the scan rate dependence
of cyclovoltammograms (Delahay equation) or
chronoamperograms and the Cottrell equation. The
activation energy of In3+ diffusion is relatively low,
23 kJ/mol. The indium nucleation is progressive, as
deduced from the Scharifker and Hills theory.
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