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ABSTRACT :

Many researchers focus on indium contained semiconductors and alloy compounds for their various

applications. Electrochemists want to obtain indium contained compounds simply via one-step elec-

trodeposition. First of all, electrochemistry of constituent elements must be understood in order to

develop the best condition for the electrodeposition of indium contained compounds. We will

review the electrochemistry of indium. Equilibria between indium metal and indium ions and the

standard electrode potentials of the equilibria will be reviewed. The electrochemical reactions of

indium species are affected by surrounding conditions. Thus dependences of electrochemical

behaviors of indium metal and indium ions on various parameters will be reviewed. 
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1. Introduction

Indium is a chemical element with the symbol In and

atomic number 49. It is in 13 group of the periodic table.

Indium was discovered in 1863 by F. Reich and T.

Richte, it was named after a indigo blue line in its spec-

trum. Indium is a silvery-white metal with a brilliant

metallic luster. This rare metal is softer than lead, mal-

leable, ductile, and crystalline.1) 

Indium is a useful metal due to its applications to

electronic and optoelectronic devices, solar cells, alka-

line batteries, transparent conducting materials etc.

Indium is mainly used as alloy compounds that are

binary (Al-In, Bi-In, Pb-In etc.), ternary (Al-Sb-In, Cd-

Sn-In etc.), quaternary (Cd-Ge-Sn-In etc.) and quinary

(Cd-Ge-Sn-Zn-In etc.) alloys.1,2) Generally, the addition

small quantity of indium has the effect of hardening,

strengthening, and increasing the corrosion resistance of

the metal. Some indium alloys such as InSb,3-6) InP,7,8)

InN,9,10) InGaAs,11) InSe12) are studied as optoelectronic

materials, magneto resistive materials and anodic mate-

rials of lithium battery. Indium oxide is used as transpar-

ent conducting materials in the form of Sn-doped In2O3

(indium tin oxide, ITO).13,14) Because ITO films are

optically transparent and electrically conductive in thin

layers, glass fabricated ITO thin films are used for pho-

tovoltaic applications like liquid crystal displays. Cur-

rently there are many researchers who try to develop

solar cells using indium contained semiconductors, such

as InN,15,16) InGaN,17,18) CuInS(Se)2/CuInGaS(Se)2 .
19-22)

Physical and chemical properties of indium have

been well known through several references.1,23,24)

Piercy et al.25) and Losev et al.26) reviewed basic electro-

chemistry of indium. Electrochemistry of indium has

been studied by many researchers since 1930. Most of

researches focused on the reduction and oxidation for

indium ions and indium metal. It is known that the

cathodic reduction of In3+ and the anodic dissolution of

indium metal occur in two charge-transfer steps and In+

is an intermediate species during the electron transfer

processes of In3+/In0. In this paper, we will review the

electron transfer processes of In3+/In0 in various circum-

stances and the nucleation and the growth of indium

metal produced by cathodic reduction of In3+ on the sur-

face of an electrode.
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2. The Standard Electrode Potential of 
Indium

The standard potential of the In3+/In0 was determined

by measuring the electrode potential in aqueous chlo-

ride,27,28) sulfate28,29,30) and sulfate-perchlorate

solutions31) and was approximately −0.34 V vs. SHE.

Hamer et al. calculated theoretical electromotive

forces for In2+/In0 and In3+/In0 in molten metal chloride

electrolyte at various temperatures.32) 

Hepler et al.33) calculated the standard potentials of

In+/In0, In2+/In+ and In3+/In2+ from equilibrium constants

of the equilibriums between In3+ (aq) and In0 (s). The

results were as follows

 In+
+ e→ In E

o = −0.14 V (1)

 In2+
+ e→ In+

E
o = −0.40 V (2)

 In3+
+ e→ In2+

E
o = −0.49 V vs. SHE. (3)

Visco34) evaluated the potential of In+/In0 in the study

of the homogeneous oxidation of In+. The standard

potential of In+/In0 was −0.126 V vs. SHE at 20oC in

0.70 M HClO4. G. Biedermann and T. Wallin35) deter-

mined the standard potentials of In3+/In+ and In3+/In0 at

25oC in 3 M ClO4
−. They could estimate Eo

3,1 = −425.5 ±

1 mV and Eo
3,0 = -343 ± 1 mV, as the most probable val-

ues.

3. Electrochemical Reactions of Indium 
Metal and Indium Ions 

3.1. Indium metal in aqueous solution

Indium metal dissolves in mineral acids and gener-

ates In3+ ion. The In3+ ion in an aqueous solution forms

the hexaquo complex, In(H2O)6
3+, which is hydrolysed

to In(H2O)5(OH)2+ and In(H2O)4(OH)2
+ ions before

electron-transfer process. Biedermann et al.36) claimed

that when the concentration of indium was less than

0.001 M, the ions In(OH)2+ and In(OH)2
+ predominated

among the hydrolysis products. On the other hand the

binuclear species In2(OH)2
4+ and other polynuclear ions

of the general composition In(In(OH)2)t
(3+t)+ became

increasingly important as the solutions got more con-

centrated for In3+; t was assumed to represent an integer

growing without limit. Losev and Molodov37) reported

that for the cathodic reduction of the hydrated indium

ion, the rate was first order with respect to hydroxyl

concentration. In their another report,38) they found par-

allel reduction processes: indium was formed either by

direct discharge of In(H2O)6
3+ ion, or by discharge of

partially hydrolysed indium ions, [In(H2O)5OH]2+. The

rate constant of the former process was about 105 times

less than that of the latter. Accordingly the slow

cathodic reduction of In3+ is to be ascribed to the diffi-

culty of removing a hydrogen ion from the bound

hydration shell of the In3+ ion. 

3.2. Electrochemical reactions of indium metal

and indium ions in aqueous solution

The equilibriums between In3+ (aq) and In0 (s) were

investigated by Hepler et al.33) They determined equilib-

rium constants for the reactions: 

2In0 (s) + In3+ (aq) ↔ 3In+ (4)

In0 (s) + 2In3+ (aq) ↔ 3In2+ (5)

In their study In2+ as well as In+ in the equilibrium

was presumed to be present. However except for one

polarogram of the equilibrated solution shown by

Marple,34) any evidences other than titrimetry and

potentiometry did not exist for intermediate indium oxi-

dation state (In2+). 

Clark et al.39) identified the +1 oxidation state of

indium. They prepared indium monohalides by reac-

tion of the metal with appropriate quantities of mercury

(I) or mercury (II) halides. They demonstrated the

unlikelyhood of the existence of InCl2 by a phase study

of the system InCl-InCl3. Biedermann et al.35) reported

the equilibrium between In3+, In0 and In+ in the ionic

medium of 3 M ClO4
− at 25oC by bringing indium (III)

perchlorate solutions into intimate contact with finely

divided indium metal. After a steady state was attained

in the solution, a number of equilibriums of reducing

agents was formed. They could explain their data well by

assuming that only the In+ ion was formed and that for

the equilibrium of eq. (4), In3+ + 2In ↔ 3In+, log

K = −8.4 ± 0.1. And they didn’t find any evidence for

presence of the species In2+. 

The upper limit of the stability region of In3+ in aque-

ous solution is about pH 2.5 and at pH 3-5, the indium

metal tends to be covered with a film of the In2O3 or

In(OH)3.
40) 

Hampson et al.41) measured the potential of the In3+/

In0 (In(s)|InCl3(aq), HCl(aq)|AgCl(s)|Ag(s)) at a series of pH

value. In solutions of pH in the region < ~2.7, an

indium electrode behaved in a satisfactory manner but

at pH’s > ~2.7, the potential changes markedly for

small changes of pH. They explained that the electrode

reaction, In3+ + 3e ↔ In0, was complicated by the pres-
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ence of phase hydroxide (or oxide) at the electrode,

according to an equation of the type: 

In(OH)3(s) + 3e ↔ In + 3OH− (6)

Their results showed that the hydrolysis of InCl3 was

important at certain pH values and that a satisfactory

estimate of Eo and (∂Eo
'/∂T)p for the In3+/In0 couple

could only be made if this hydrolysis did not interfere

with the electrode reaction, In3+ + 3e ↔ In0.

It is generally accepted that the three-electron charge-

transfer process for the electrochemical deposition of

In3+ ions and the anodic dissolution of indium metal

occurs in two consecutive charge-transfer steps and

involves an In+ ion as an intermediate. Many research

groups showed that the three electron charge-transfer

process was not 1-step reaction. Lovrecek et al.42) stud-

ied the kinetics of the deposition and dissolution of

indium (from indium amalgam) in indium sulfate solu-

tion at pH 2.5 by observing variations of overpotential

during individual constant current pulses. For the elec-

trochemical deposition and dissolution of indium in the

region of lower current densities (< 2.5 × 10−3 A cm−2)

it was found that the mechanism consisted of three con-

secutive electron transfer steps:

 (7)

At lower current density, the rate-determining step for

both anodic and cathodic polarization was

 (8)

This result was consistent with a mechanism pro-

posed by other groups previously.43,44) Visco45) focused

on a search for an intermediate during the electrochemi-

cal oxidation of indium metal or its amalgam. In the

electrochemical oxidation of either indium metal or its

amalgam to the In3+ ion in a stirred acidic noncomplex-

ing medium, In+ ion was an important intermediate. The

In+ ion formed during oxidation of indium metal was

detected polarographically in the bulk of the solution.

But the role played by In+ in the oxidation of the indium

metal or its amalgam was not yet clear. He also pro-

posed a mechanism of three steps and showed that the

formation of In+ was the first step and the last electron

transfer step was rate-determining for the anodization of

indium metal. In their further study,46) they detected In+

species formed during the anodic dissolution of indium

metal in 0.7 M HClO4 by means of the rotating disk-

ring electrode technique. The In+ ion obtained through a

rapid one-electron reaction was sufficiently stable to be

detected in theoretical amount at the ring. The ring cur-

rent-potential curves showed that the slowness of the

In+/In3+ reaction permitted the thermodynamically less-

favored state to be formed in quantity. 

Markovac and Lovrecek47) observed a change in the

mechanism of the deposition and dissolution of indium

at current density higher than 2.5 × 10−3 A cm−2. To

study the phenomenon, the cathodic and anodic polar-

ization in solutions of indium sulfate with pH 2.5, 1.56

and 1.0 was investigated. On the basis of the shape of

the the ηA-log10i curve and their earlier considerations it

followed,42) that going from lower current densities to

higher ones, a change in the mechanism of the deposi-

tion of indium occurred. They explained that one mech-

anism was predominant at lower current densities and

the other at higher current densities, while in the region

between both processes were possible. They suggested

the mechanism that consisted of two steps at higher

current density: 

(9)

Analysis of the experimental data obtained by

cathodic polarization in indium sulfate solution at

higher current density pointed to the reaction step,

In3+ + 2e → In+, as rate-determining. For anodic polar-

ization they could conclude that a disproportionation

reaction occurred with increasing current density, and

that the first anodic reaction step In0
- e → In+

 became

rate determining.

Under a certain condition In+ ion obtained during

deposition and dissolution of indium can be reduced to

In
3+

In
2+

In
+

In
0+e +e +e

−e −e −e

In
3+

In
2++e

−e

In
3+

In
+

In
0+2e +e

Fig. 1. Potential-pH equilibrium diagram for the system

Indium-water, at 25oC [modified from Fig. 1 in p. 439 of

reference 40].
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In0 and/or oxidized to In3+. According to Kangro’s

report,30) the reduction process of In3+ ion was masked

by hydrogen evolution reaction in the region of low pH.

Visco34) investigated the kinetics of the homogeneous

oxidation of In+ ion by H+ in perchlorate solution using

a dropping mercury electrode. He reported that the

chemical reaction for the disappearance of In+ must be 

(10)

He showed the rate law for the disappearance of In+

ion was found to be: rate = k[In+][H+]. Losev et al.48)

also reported that the corrosion of indium metal was

stepwise dissolving reaction and the corrosion of

indium in acidic perchlorate solutions proceeded by the

complex electrochemical-chemical (EC) mechanism con-

taining the oxidation step of In+ by the reduction of H+ ions.

Markovac et al.49) studied the dependence of the

mechanism of electrochemical deposition and dissolu-

tion of indium on electrolytes. They carried out anodic

and cathodic polarization in pure chloride electrolyte

and in combined sulfate-chloride electrolyte. The analy-

sis of experimental data obtained by polarization in

indium chloride solutions indicated that in the wide

range of current densities up to 1.0 × 10−1 A cm−2, the

cathodic and anodic processes occurred near the equi-

librium potential. For the cathodic polarization in chlo-

ride solutions, at higher current densities the first step

was the slowest one. The same was found in the case of

electrochemical deposition of indium in sulfate solu-

tions for lower current densities.

(11)

In the case of anodic polarization of indium in chlo-

ride solutions in the region of higher current densities,

the first step was the slowest one.

(12)

They also suggested that the dispropotionation reac-

tions probably took place during anodic polarization.

They obtained the ηA-log10i curves for cathodic and

anodic polarization of In3+ in the combined sulfate-chlo-

ride solutions (Fig. 2). When the concentration of chlo-

ride in combined sulfate-chloride electrolytes increased,

a linear part of ηA-log10i curve shifted to higher current

density region. They explained that this fact was in

accordance with the conception of the activating effect

of chlorides and inhibiting effect of sulfates. It was con-

cluded that in the range of current densities before the

steep increased, deposition of indium occurred by anal-

ogous mechanism as in the pure chloride solution. In the

range after the steep increased, deposition of indium

occurred as in the pure sulfate medium. This rapid

change in the mechanism of deposition of indium in

combined sulfate-chloride electrolytes could be

explained by conceptions about the mechanism of

the activating effect of chloride on the deposition of

metals,50,51) and the desorption of chloride by increas-

ing the negative potential.52)

For the study of deposition and dissolution of indium,

one of important variables is the electrolyte used. The

most studies of deposition and dissolution of indium

were carried out in perchlorate, sulfate and halide.

Halide is known to form a complex with an indium ion.

The formation mechanism and stability constants of

indium halogenide complexes were investigated.53-55) In

the presence of halide ions (Cl−, Br−, I−), In3+ exists in

the form of complexes of InX2+, InX2
+, InX3 and InX4

−.

Malyszko et al.56-61) investigated the mechanism and

kinetics of electroreduction of In3+ in bromide and chlo-

ride. First they studied the mechanism of the indium

electrodeposition on gold from acidic KBr solutions by

means of a rotating ring-disc electrode technique.56)

During the In3+ reduction on the disc, the limiting ring

current recorded as a function of the time of electrolysis.

At the beginning of electrolysis the ring current did not

appear and the disc surface was partially covered with a

thin layer of indium metal which was called a primary

layer. After the primary indium layer was formed, the

In
+

2H
+

In
3+

H
2

+→+

In
3+

In
2+

In
+

In
0+e

slowest

+e +e

In
0

In
+

In
2+

In
3+-e

slowest

-e -e

Fig. 2. ηA-log10i curves for cathodic polarization of In3+.

Electrolyte, 0.116 N In2(SO4)3 + 0.5 N K2SO4 + KCl, pH = 2.5;

dashed, 0.05 N KCl; solid, 0.075 N KCl [modified from Fig. 3

in reference 49].
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ring current began to flow thus indicating that the In+

ions were produced at the disc surface. The results of

their measurements showed that the overall electrode

reaction, In3+ + 3e → In0, consists of two successive

charge transfer steps, i.e. In3+ + 2e → In+ and

In+ + e → In, with soluble monovalent indium as an

intermediate. Based on the ring current transients, it was

established that the two-electron transfer step proceeded

on the primary indium film and then the secondary

indium active deposit was formed. The disproportion-

ation of In+ in the bulk of solution occurred in slightly

acidified solutions of pH 2, apart from the secondary

film formation on the electrode surface. Malyszko et al.

determined the electrode kinetic parameter of cathodic

reduction of In3+ to I+ in acidic 4 M bromide solution by

means of the rotating disc electrode technique.57) They

evaluated the apparent standard rate constant,

k = 3.5 × 10−4 cm s−1 and cathodic apparent transfer

coefficient, nαc = 0.86 for the reaction, In3+ + 2e → I+.

Based on kinetic parameters they suggested that the

two-electron transfer reaction would proceed by succes-

sive single–electron steps and the two-electron transfer

reduction process was controlled by the first electron

transfer, In3+ + e → I2+, while the second step,

In2+ + e → I+, would be relatively fast. Malyszko et al.

carried out the cathodic reduction of indium at a gold

electrode in a wide range of ZnBr2 concentrations, from

1.0 to 9.4 M.58) With increasing concentration of ZnBr2,

the three-electron wave of In3+ reduction gradually split

into two waves, which correspond to the In3+/In+ and

In+/In0 electrode reactions, respectively. Splitting into

distinct two cathodic waves was because of the thermo-

dynamic stabilization of In+ in a high concentration of

bromide. According to their opinion the changes in the

stability of In+ may be explained as being due to the

superposition of two important factors: (i) complexation

of In+ and In3+ by Br- ions and (ii) dehydration of In3+

which results from the decrease of water activity with

increasing ZnBr2 concentration. They concluded that

complexation of In+ and In3+ had influence on the diffu-

sion coefficients of the In+ and In3+ , the formal poten-

tials, kinetic parameters of the In3+/In+ reaction and the

equilibrium of the disproportionation of In+. Again they

suggested that the electrode reduction of In3+ proceeded

in two steps, with the transfer of the first electron to In3+,

i.e. In3+ + e → I2+, being the rate-determining step.

It has been known that In+ is unstable in aqueous

solutions with respect to the disproportionation reaction:

3In+
↔ In3+ + 2In0 (4)

The equilibrium of the disproportionation reaction is

influenced strongly by the nature and concentration of

background electrolyte. Malyszko et al.59) studied the

reproportionation of indium and indium ions (In3+ +

2In ↔ 3In+) in acidic KBr solutions by means of the

coulometric and potentiometric method. Based on the

experimental results, a scheme of the reproportionation

reaction was proposed with regard to the participation

of bromide ions. They investigated the dependence of

the In+ equilibrium concentration on the concentration

of In3+ in KBr solutions of two different concentrations.

The dependence of logCIn(I) on logCIn(III) was linear with

a slope of 0.48, which was greater than that theoretically

predicted value of 0.33. This deviation from the

expected value could be due to the acid-base reaction

between In3+ and In+ which resulted in formation of

In+·In3+ complexes,

 4In3+ + 2In0
↔ 3In+

· In3+ (13)

However, the slope of 0.48 in the plots of logCIn(I) vs.

logCIn(III) indicated that the contribution of the acid-base

reaction between In3+ and In+ was not very important.

They also determined the equilibrium constants of the

reproportionation reaction and observed that the equi-

librium constant increased about two orders of magni-

tude as the bromide concentration increased from 1 to

4 M. They suggested that the shift of the equilibrium of

the reproportionation reaction in favor of In+ was due to

the formation of strong complexes with bromide ions.

On the basis of the plots of the formal potentials for the

In+/In0, In3+/In0 and In3+/In+, at higher bromide concen-

trations (close to 4 M), the following scheme for the

reproportionation reaction could be supposed with

regard to the participation of bromide ions:

 InBr2
+ + 2In0 + 7Br− ↔ 3InBr3

2− (14)

They explained that a high thermodynamic stability

of In+ ions resulted not only from complexations of In+

ions with bromides but also from dehydration of In3+

upon drastically decreasing the water activity. Malyszko

et al.60) investigated the redox equilibria in the In3+- In+-

In system in acidified aqueous KBr solutions using the

rotating ring-disc electrode technique. The spontaneous

dissolution of indium metal formed onto gold by elec-

troreduction of In3+ yielded In+ ions. Informations about

the equilibrium and mechanism of the reproportionation

reaction of In+ were drawn from measurements of the

limiting ring current and disc potential as a function

of the electrode rotation rate. They proved that the
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reproportionation reaction of In+ occurred as a coupling

of two electrochemical steps: In ↔ In+ + e, and In3+ +

2e ↔ In+. The cathodic half-reaction was the rate-deter-

mining step, whereas the anodic half-reaction was

reversible. In the further study of Malyszko’s group,61)

they studied the mechanism of the cathodic reduction of

In3+ at gold electrode in highly concentrated aqueous

ZnCl2 solutions (higher than 7 M). The obtained equi-

librium constants of the reproportionation reaction indi-

cated that In+ ions were thermodynamically stable in

highly concentrated ZnCl2 solution which was known

as a strong dehydrating agent. They concluded that the

considerable alteration of the equiribrium of the repro-

portionation reaction was caused by two significant fac-

tors: complexation of In+ (soft acid) by Cl− anions, and

dehydration of In3+ (hard acid).

3.3. Electrochemical reactions of indium metal

and indium ions in molten ionic liquid

Laitinen and Liu62) measured electrode potentials of a

number of oxidation-reduction sytems in a LiCl-KCl

melt at 450oC. In the case of the In3+/In0 system, the

standard potential evaluated on the basis of a three elec-

tron process was −0.800 V ± 0.009 V vs. Pt2+/Pt0.

Anders and Plambeck63) studied electrochemistry of the

Group IB and IIIA elements in fused AlCl3-NaCl-KCl

eutectic at 135oC. Indium metal in contact with the melt

reacted with Al3+ ions to give aluminum metal and In+ ions,

3In0 + Al3+
→ 3In+ + Al0 (15)

The standard potential of In+/In0 couple must be more

negative than that of Al3+/Al0 couple. In+ could be fur-

ther oxidized within the melt range; a voltammetric

scan indicated oxidation at 1.2 ± 0.1 V vs. Al3+/Al0.

Likewise, the addition of InCl3 and subsequent scan-

ning resulted in a cathodic wave at 1.1 ± 0.1 V vs. Al3+/

Al0. However, at higher In+ concentrations, In+ did not

oxidize quantitatively. Shafir and Plambeck64) measured

electrode potentials of indium and gallium couples in

dilute solutions of the ionic species in fused LiCl-KCl

eutectic at 450oC. Standard molar electrode potentials of

In+/In0, In3+/In+ and Ga3+/Ga0 were observed. They indi-

cated that gallium metal oxidized to Ga3+ and oxidized

Ga3+ ion reduced to metal directly. Indium, however,

was oxidized first to the monovalent state, whose stabil-

ity in this medium has been confirmed by the Raman

study,65) and was not further oxidized in the presence of

metallic indium. Therefore they concluded that the

indium potential measured by Laitinen62) corresponded

to the In3+/In+ couple rather than the potential of In3+/

In0. Guibert et al.66) investigated the electrochemical

reduction of Pb2+, Ag+, Ni2+, In3+ and Rh3+, and the oxi-

dation of O2−, I−, S2− in a PbCl2 + KCl melt with 23%

mol KCl at 440oC. In their research, the current-poten-

tial curve of the reduction of InCl3 showed only one

reduction wave, close to the cathodic limit. The slope of

the plot log[(id − i)/i] vs. potential was 0.069 V (RT/

2F = 0.070 V at 440oC), indicating that the reaction

involved a two-electron transfer (In3+ + 2e → In+).

They reported that the formation of indium metal was

not observed and the reduction of In+ did not occur in

their medium where Pb2+ was more easily reduced. Bar-

bier et al.67) studied the electrochemical behavior of

indium in the fused equimolar NaCl-KCl mixture and

measured the standard equilibrium potential of In+/In.

Voltammetric results of InCl3 at 700oC showed that the

electrochemical reduction of In3+ to indium metal fol-

lowed two well-separated electrochemical steps:

In3+ + 2e → In+ and In+ + e → In0. They postulated that

the electrochemical oxidation of indium metal to In3+

ions was coupled with slow chemical reaction [eq. (4)],

In3+ + 2In0
→ 3In+. Castrillejo et al.68) studied the elec-

trochemical behavior of indium ions on a tungsten elec-

trode in the ZnCl2-2NaCl melt at 450oC. They measured

the standard potential of the In3+/In+ couple and

observed that the In3+/In+ exchange was quasi-reversible.

They concluded that the In+/In0 couple must be more nega-

tive in potential than in Zn2+/Zn0 couple therefore indium

metal in contact with the melt reacted quantitatively to

give zinc metal and In+ ions according with the reaction:

ZnCl2 (dis) + 2In (liq) ↔ 2InCl (dis) + Zn (liq) (16)

Mohamedi et al.69) studied the reduction processes on

glassy carbon electrode in molten LiCl-KCl eutectic

containing InCl3. The cathodic discharge of indium ions

to form metallic indium was shown to take place by a

consecutive two-step electrochemical reaction. They

compared the experimental cyclic voltammograms to

the simulated cyclic voltammograms for two-step metal

deposition on an inert electrode in order to establish def-

initely the reaction pathway. They concluded that the

first step, identified by the In3+/In+ exchange, was

reversible, whereas the secondary step which was char-

acterized by the In+/In0 was quasi-reversible. Carpenter

and Verbrugge70) reported the electrodeposition of InSb

onto platinum and glassy carbon from low temperature

basic organic chloroindate molten salt. The melt, which



Journal of Electrochemical Science and Technology, Vol. 3 No. 1, 1-13 (2012) 7

consisted of InCl3 and 1-methyl-3-ethylimidazolium

chloride with molar ratio of 45/55 allowed the codepo-

sition to be accomplished at 45oC. They found that

indium deposition could be achieved from the melt,

although exact mechanism was unclear. Voltammetric

results suggested that the redox reactions of In+/In0 and

In3+/In0, as well as the redox conversion between In+

and In3+, all contributed significantly to the electro-

chemistry of this system. By controlling the electrode

potential or electrolyte composition, it was possible to

achieve a large range of indium to antimony composi-

tion ratios in the deposit. Lim and Sun et al.71) studied

the electrochemistry of indium with voltammetry and

chronoamperometry on glassy carbon, tungsten and

nickel electrodes in basic and acidic aluminum chloride-

1,2-dimethyl-3-propylimidazolium chloride (AlCl3-

DMPIC) molten salt at 27oC. The addition of InCl to

basic AlCl3-DMPIC resulted in a colorless solution with

a metal-like precipitate. The results from voltammetric

data and X-ray powder diffraction analysis suggested

the possibility that might undergo a disproportionation

reaction when InCl dissolved in basic AlCl3-DMPIC

 3InCl + 2Cl− → 2In + [InCl5]
2− (17)

As shown above, in the basic melt In3+ was com-

plexed as [InCl5]
2−, which could be reduced to indium

metal on the electrode surface through a three-electron

reduction process. Their preliminary results of the elec-

trochemistry of indium in the acidic AlCl3-DMPIC melt

showed that indium metal reacted with the acidic AlCl3-

DMPIC melt to produce a colorless solution of In+ and

InCl3 in the acidic melt was found to be insoluble.

Bouteillon et al.72) also suggested the disproportionation

of InCl in the fused LiCl-KCl eutectic. Sun et al. again

reported the electrochemistry of indium at glassy car-

bon, tungsten and nickel electrodes in a basic 1-ethyl-3-

methylimidazolium chloride/tetrafluoroborate (EMIC-

BF4) ionic liquid at 30oC.73) InCl3 dissolved in basic

EMIC-BF4 ionic liquid by taking up two chloride ions

to form the [InCl5]
2− complex anion. In this ionic liquid,

[InCl5]
2− could be reduced to indium metal. Effective

anodic dissolution of indium metal required an excess

amount of chloride ions. 

4. Electrodeposition Process of Indium 

4.1. Electrodeposition of indium metal

 Electrochemical deposition of metals and alloys onto

metallic substrates plays an important role in many

modern technologies. Indium does not occur in the

native state. Indium is most frequently associated with

zinc, and is recovered commercially from zinc residues

and smelter slags. For the recovery and refining of

indium, electrochemical methods were applied.1,74

Indium might be electroplated successfully onto nearly

all metals and alloys.75) The electrodeposition of indium

is carried out in electrolyte solutions such as sulfate,

cyanide, sulphamate, tartrate, formate. The most

favoured electrolyte for the electrodeposition of indium

is a sulfate solution. A few research groups reported the

systematic study of electrochemical nucleation and

growth during the electrodeposition of indium. Valder-

rama et al.76) studied the electrodeposition and the oxi-

dation process of indium on Mo/Cu substrates from a

bath containing 0.008 M InCl3, 0.7 M LiCl at pH 3.

They evaluated the total efficiency of process, the num-

ber of monolayers, the film thickness and the diffusion

coefficient using chronoamperometric technique. To

determine three dimensional (3D) nucleation and

growth type, the potentiostatic current transients for the

deposition and oxidation of indium on Mo/Cu were

analyzed. The transients could be described by a mathe-

matical model representing a three dimensional (3D)

growth. In accordance with voltamperometric study and

the evaluation of diffusion coefficient, D, the indium

deposit was controlled by a diffusion process. Thus the

current transients could be described through a three

dimensional growth for an instantaneous and a progres-

sive nucleation as follow:

 (18)

for an instantaneous nucleation, and 

 (19) 

for a progressive nucleation.

N0 is the number density of nucleation active sites

(cm−2). A is the steady-state nucleation rate per active

site (s−1). The other terms are defined in Cotrell’s equa-

tion, except K which is the non-dimensional growth rate

constant of a nucleus, defined as 

(20)

To determine whether the nucleation is instantaneous or
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progressive, the experimental and theoretical transients

are normalized by their corresponding maximum value

of current (jm) and time (tm). The non-dimensional

expressions of the 3D nucleation and growth equations

were obtained. For the instantaneous case is

 (21)

And for the progressive case is

 (22)

By comparing the experimentally obtained data from

the deposition of indium on Mo/Cu with the theoretical

curves, before reaching the maximum points, all of the

experimental data followed the tendency of instanta-

neous nucleation. After for longer periods, during the

current fall, the experimental curves were separated and

when the imposed potential was more negative, the

transient fell between the limits of instantaneous and

progressive nucleations. Thus it appeared that the

indium deposition was carried out under a 3D growth

with instantaneous nucleation. Liu et al.77) prepared

Cu(In,Ga)Se2 thin films on Mo/glass electrodes from

aqueous solution containing sodium sulfamate electro-

lyte by pulse electrodeposition. The cyclic voltammetric

studies showed the potential range (−0.6 V vs. SCE) for

Cu, In, Ga and Se co-electrodeposition and the chrono-

amperometric investigation revealed that the co-deposi-

tion of the species occurred under 3D growth with

instantaneous nucleation. Sun et al. investigated the

electrodeposition of indium species at glassy carbon,

tungsten and nickel electrodes in a basic AlCl3-DMPIC

molten salt71) and in a basic EMIC-BF4 ionic liquid.73)

The electroreduction of [InCl5]
2− to indium metal was

preceded by overpotential driven nucleations. In a basic

AlCl3-DMPIC molten salt, the deposition of indium on

nickel electrodes was found to involve progressive

three-dimensional nucleation on a large number of

active sites with diffusion-controlled growth of the

nuclei, whereas the deposition of indium on glassy car-

bon and tungsten electrodes was found to involve pro-

gressive three-dimensional nucleation on a finite

number of active sites with diffusion-controlled growth

of the nuclei. Indium metal appeared to be stable in a

basic AlCl3-DMPIC molten salt. In a basic EMIC-BF4

ionic liquid, the electrodeposition of indium on glassy

carbon and tungsten electrodes proceded via instanta-

neous three-dimensional nucleation with diffusion-con-

trolled growth of the nuclei, while on nickel electrodes,

the electrodeposition proceeded via progressive three-

dimensional nucleation with diffusion-controlled

growth of the nuclei. Raising the deposition temperature

decreases the average radius of the individual nuclei.

Huang et al.78) reported the electrodeposition of indium

on copper in an acidic sulfate solution. They focused on

the growth of an indium thin film, the film morphology

and thickness uniformity on the nanometer scale. The

electrodepositon of indium on copper went through

two-step film growth behavior: the formation of contin-

uous smooth layer was followed by the formation of the

3D island. Fast interdiffusion was observed between the

electroplated copper and indium and a CuIn2 alloy

phase was formed during the indium deposition at room

temperature. They suggested that while the alloy forma-

tion promoted the conformal deposition of a few indium

monolayers, the fast interdiffusion between Cu and In

further extended this alloy formation to a thicker layer

and lowered the indium content at the surface and

delayed the typical 3D island formation growth phe-

nomenon. 

4.2. Electrodeposition of indium oxide

Indium metal oxidizes to produce a film of In2O3 or

In(OH)3 in an alkaline solution. Omanovic and Meti-

kos-Hokovic79) studied the mechanism and kinetics of

j
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Fig. 3. A comparison of the theoretical non-dimensional

plots (j/jm)2 vs. (t/tm) for instantaneous equation (Eq. 21)

(solid line) and progressive equation (Eq. 22) (dashed line)

nucleation with experimental data of the potentiostatic

transients. The imposed potentials were: (○)-0.70 V, (∆)-

0.75 V, (□)-0.80 V and (*)-0.85 V [modified from Fig. 4 in

reference 76].
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nucleation and growth of indium oxide film on a bare

metallic indium electrode in a borate solution of pH

10.0 using cyclic voltammetry and chronoamperome-

try techniques. The cyclic voltammograms of indium

electrode showed very well defined single anodic and

cathodic current peaks, the potential of which depends

on the scan rate employed. These anodic and cathodic

peaks were related to the reversible formation and

reduction of an Indium oxide layer, respectively,

according to the following: 

 2In0 + 6OH−

↔ In2O3 + 3H2O + 6e (23)

The experimental results showed that the oxide for-

mation and reduction process was highly reversible and

the initial stage of nucleation of the oxide film included

a three dimensional progressive nucleation process,

combined with a diffusion-controlled growth of the sta-

ble indium oxide crystals. The thermodynamic data

obtained from this study indicated a strong tendency of

indium to form an indium oxide film on its surface in an

aqueous solution, which has been concluded on the

basis of a very low nucleation overpotential and low

Gibbs free energy of nuclei formation. The rate deter-

mining step in the nucleation and growth process was

the surface diffusion of electroactiv species.

5. Electrochemistry of Indium During the 
Electrodeposition of Semiconducting Mate-
rials and Alloy Compounds Containing 
Indium

The chalcopyrite materials such as CuInSe2 (CIS) and

Cu(In,Ga)Se2 (CIGS) have been of interest for the pho-

tovoltaic conversion of solar energy. The alloy

compounds containing indium such as, InSe and InSb

studied for the uses of anodic material of lithium battery

or magnetoresistive materials etc. There have been

many attempts to prepare semiconductor thin film or

indium contained alloys by one-step electrodeposition

method. Here, electrochemical behaviors of indium dur-

ing the electrodeposition of compounds containing

indium will be reviewed.

Pottier and Maurin80) prepared smooth and crystal-

lized layers of the ternary semiconducting definite com-

pound CuInSe2  on ti tanium substrates by the

electrodeposition technique from aqueous medium con-

taining citrate ions as complexing agent. They carried

out this work to define the electrochemical conditions

leading to the formation of CuInSe2 and found that the

stoichiometry of CuInSe2 thin films depends upon the

solution composition, applied potential and pH of the

electrolyte. The best deposits were obtained at

E = −0.97 V vs. SSE (Hg/Hg2SO4, K2SO4 (sat.)), in a

solution adjusted to pH 3.3. Mishra and Rajeshwar81)

studied the mechanism of formation of CuInSe2 thin

films on a glassy carbon surface during voltammetric

scanning. The data on the binary systems showed the

facile formation of a Cu2−xSe solid phase in the Cu + Se

system and the large nucleation overpotential associated

with In3+ reduction and the kinetically sluggish interac-

tion between In and Se in the In + Se system. A mecha-

nistic system was proposed for the ternary system

involving the concurrent formation of the Cu2−xSe

phase, its subsequent reduction coupled with the reduc-

tion of H2SeO3 to H2Se, and finally the underpotential

assimilation of In3+ into the solid phase leading to

CuInSe2. The cathodic reduction of the initial Cu2-xSe

was a pre-requisite for the formation of CuInSe2. They

proposed that the thermodynamic driving force for the

underpotential assimilation of In3+ leading to the forma-

tion of CuInSe2 was apparent from following reactions: 

In3+ + CuSe + H2Se + e− →  CuInSe2 + 2H+ (24)

3In3+ + Cu3Se2 + 4H2Se + e− → 3CuInSe2 + 8H+ (25)

In3+ + CuSe + Se + 3e− → CuInSe2 (26)

An important feature of their model was that the

cathodic reduction of the initial Cu2−xSe was a pre-req-

uisite for the formation of CuInSe2. Thouin et al.82) stud-

ied the electrodeposition of copper indium diselenide

(CuInSe2) in the presence of an excess of In3+ ions by

voltammetric methods, X-ray diffraction analysis and

chemical analysis of the deposits. Results showed that

the presence of In3+ in the solution favored the reduction

of Se4+ to Se2− via the formation of CuInSe2. In the pres-

ence of an excess of In3+ in the deposition solution, the

composition of the deposited thin film was limited by

the ratio of the Se4+ and Cu2+ fluxes. The key factor was

α = JSe/JCu, the flux ratio of the species arriving at the

electrode. At lower values of this flux ratio, two

codeposition processes were observed, leading to the

formation of either CuInSe2 + Cu2Se  mixture or

CuInSe2 + Cu mixtures. When the Se4+ flux was in

excess, the two processes merged and only CuInSe2 +

In2Se3 mixtures were obtained. The excess of In3+ not

involved in CuInSe2 + In2Se3 formation, was not

reduced into the metallic state at −1 V vs. MSE. In

another study,83) they studied the codeposition process
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of the Cu-In-Se system in a lower concentration of In3+

ions where the electrodeposition process is limited by

the diffusion of the three species. The composition of

the film was fixed by both flux ratios α(JSe/JCu) and

β(JIn/JCu). In case of an excess of selenium flux, how-

ever, its total reduction at the −2 state (Se2−) did not

occur. The films showed then the presence of elemental

Se. Oliveira et al.84) studied the electrodeposition of

CuInSe2 (CIS) on Mo substrate in acidic electrolyte

using cyclic voltammetry. They carried out electrodepo-

sition of CuInSe2 on a Mo surface and a Mo-modified

surface which represented a Mo substrate covered with

CuInSe2 and probably CuSe and Se nucleation sites.

They observed that the electrode reactions occurring on

a Mo surface and on a Mo-modified surface were not

the same. The presence of nucleation sites on Mo sur-

face was responsible for the non-reduction of CuxSe on

the electrode. The reduction of In3+ was not detected on

a Mo electrode, but was recorded on a Mo-modified

electrode at −0.500 V potential. The presence of CIS

nucleation sites appeared to induced the underpotential

deposition of indium. They concluded that the assimila-

tion of indium into the solid phase could proceed

through two different routes: the In3+ ions may chemi-

cally react with a product of the CuxSe reduction

reaction (e.g. H2Se) and/or the In3+ ions may be electro-

chemically reduced to indium metal by a surface-

induced deposition mechanism. In both cases the reac-

tions leaded to the underpotential deposition of indium.

Ishizaki et al.85) reported the electrodeposition of copper

indium ditelluride (CuInTe2) from an acidic solution.

CuInTe2 films might be formed by electrodepositing

Cu2Te with incorporation (induced-codeposition) and/or

underpotential deposition of indium. They recorded the

cathodic polarization curve from an acidic bath of mix-

ture of CuCl2, InCl3 and TeO2. According to the cathodic

polarization curve and the Pourbaix-type diagram,86) the

charge transfer reaction at 0 mV vs. Ag/AgCl was

related to the reduction of the copper telluride formed as

follow:

2Cu2+ + HTeO2
+ + 3H+ + 8e− → Cu2Te + 2H2O (27)

The second charge transfer reaction at -400 mV

showed the reduction of Cu2Te with In3+ in the solution.

The Pourbaix-type diagram showed that Cu2Te reduc-

tion leaded to H2Te generation. The H2Te could react

with In3+:

2In3+ + 3H2Te → In2Te3 + 6H+ (28)

Cu2Te + 3H2Te + 2In3+
→ 2CuInTe2 + 6H+ (29) 

However, XRD data showed the films obtained by

potentiostatic deposition at −400 mV were not crystal-

line. They could not determine the films were CuInTe2

compound phase. They obtained the CuInTe2 films

from an acidic bath of pH 1, deposition potential rang-

ing from −660 to −500 mV, and the bath temperature at

363 K. Whang et al. studied the single-step electrodepo-

sition of CuInSe2 on ITO glass from aqueous acidic

solution containing CuCl2, InCl3 and SeO2 with com-

plexing agents that were triethanolamine (TEA)87) and

sodium citrate.88) The CV diagrams of individual metal

ions with TEA (Fig. 4 (b)) showed that TEA formed

complexes with copper ions and HSeO2
+ ions, but

slightly affected on indium ions. The CV diagram of

solution containing CuCl2, InCl3 and SeO2 without any

complexing (Fig. 4 (a)) agent showed three distinct

peaks on the curve, two peaks from −0.22 V to

−0.68 V vs. Ag/AgCl were attributed to the reductions

of binary compounds, Cu2−xSe. The other peak from

−0.68 V to −0.92 V was attributed to the reduction of

ternary compound CuInSe2. The CV diagram of mixed

solution of its compositional ingredients with TEA

exhibited two reduction regions, one is the formation of

binary compounds of Cu2-xSe under more negative

potential (from 0.34 V to 0.6 V) and the other is the

formation of ternary compound CuInSe2 under less neg-

ative potential (from −0.6 V to −0.82 V). It was clear

that the reduction point was delayed due to the influ-

Fig. 4. Cyclic voltammogram of a solution containing

5 mM CuCl2, 22 mM InCl3, 22 mM SeO2 (a) without com-

plexing agents (solid line) (b) 1.0 M TEA (dash dotted line)

(c) 0.4 M sodium citrate (dashed line) [modified from Fig.4

in reference 87 and Fig. 1 of reference 88].
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ence of TEA. The application of TEA created an envi-

ronment for co-deposition reaction, but it hindered the

reaction to a certain extent at higher concentrations. The

CV diagram of solution containing CuCl2, InCl3 and

SeO2 with citrate ions88) showed two reduction peaks.

(Fig. 4 (c)). The reduction peak from −0.05 V to

−0.45 V vs. Ag/AgCl was the reduction of binary com-

pound of Cu2-xSe, whereas the peak from −0.45 V to

−0.65 V was the reduction of ternary compound of

CuInSe2. In this work the optimum potential for deposi-

tion of CuInSe2 was found to be −0.5 V vs. Ag/AgCl.

The application of sodium citrate created a feasible

environment for the co-deposition reaction, not only

because it shifted the deposition potentials of copper

ions in the negative direction closer to that of indium

ions, but also promoted the formation of crystalline

films of CuInSe2. 

Kemell et al.89) electrochemically prepared In and Al

doped ZnO thin films on Mo covered glass sheets that

were used as transparent conducting top electrode in

CIGS solar cell. The cathodic electrodeposition of

oxides from nitrate solution was thought to proceed via

the reduction of nitrate ions:

NO3
− + H2O +2e− → NO2

− + 2OH− (30)

The electrochemically generated hydroxide ions then

reacted chemically with the metal ions in the solution to

form a metal hydroxide deposit at the cathode: 

Mn+ + nOH−

→ M(OH)n (31)

Under suitable conditions, during deposition or dur-

ing post-deposition annealing, the hydroxide decom-

posed to the corresponding oxide:

(32)

Generally, the Al/(Zn + Al) or In/(Zn + In) ratios in

the films decreased towards more negative deposition

potentials. More complicated behavior was observed at

high InCl3 concentrations: In/(Zn + In) ratio first

decreased and then increased when the deposition

potential became more negative. They suggested that

ZnmIn2O3+m compounds were formed at the negative

end of the deposition potential range.

Sun et al.90) studied the electrodeposition of Pd-In on

a glassy carbon electrode from a chloride rich 1-ethyl-3-

methylimidazolium chloride/tetrafluoroborate (EMIC-

BF4) air-stable ionic liquid at 120oC. Deposition of Pd

alone occurs prior to the overpotential deposition

(OPD) of bulk indium. At low concentration of In3+, the

OPD of Pd occurred at a potential far more positive than

the OPD of In. As In3+ concentration increased, the

underpotential deposition (UPD) of In on the deposited

Pd was observed. The UPD of In occurred on Pd at a

potential overlapped with the OPD of Pd. Because the

UPD of In on Pd was limited by a slow charge transfer

rate, the In content in the deposited Pd-In alloys was

lower than that in the plating bath.

El Abedin et al.91) studied the electrodeposition of Se,

In and Cu in an air- and water-stable 1-butyl-1-meth-

ylpyrrolidinium bis(trifluoromethylsulfonyl)amide

([BMP]Tf2N) ionic liquid. The cyclic voltammograms

of the [BMP]Tf2N ionic liqid containing 0.1 M InCl3 on

a glassy carbon electrode and polycrystalline platinum

electrodes were investigated. The cyclic voltammogram

of In3+ on a glassy carbon electrode showed that the

reduction of In3+ to indium metal occurred in one step

and in the reverse scan, partial stripping of the elec-

trodeposited indium and slower dissolution of larger

indium crystallites occurred at −2.0 V and 0.0 V vs. Pt-

quasi ref., respectively. Unlike in the case of glassy car-

bon electrode, the cyclic voltammograms recorded on

Pt electrodes showed several cathodic processes prior to

bulk deposition of indium proceeded, they were pre-

sumably correlated with different UPD processes for In

on polycrystalline platinum. A new anodic peak

appeared at a potential more positive than the potential

of the main anodic peak. This peak might result from

alloying of In with Pt.

6. Conclusions

The standard electrode potentials between indium

metal and indium ions were determined in aqueous

solutions containing chloride, sulfate, and perchlorate

etc. The In3+ ion in an aqueous solution formed the hexa-

quo complex, In(H2O)6
3+, which was hydrolysed to

In(H2O)5(OH)2+ and In(H2O)4(OH)2
+ ions before elec-

tron-transfer process or reduced to indium metal by

direct discharge. The three-electron charge-transfer pro-

cess for the electrochemical deposition of In3+ ions and

the anodic dissolution of indium metal occured in two

consecutive charge-transfer steps and involves an In+

ion as an intermediate. In aqueous solutions containing

halide electrolytes, In+ and In3+ formed complexes with

halide and a disproportionation reaction or a repropor-

tionation reaction of In+ was observed. The most

favoured electrolyte for the electrodeposition of indium

M OH( )
n

MO
n 2⁄

n

2
---H

2
O+→
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was a sulfate solution. The systematic study of electro-

chemical nucleation and growth during the electrodepo-

sition of indium can be carried out by current transient

study. There have been many attempts to prepare the

chalcopyrite materials such as CuInSe2 (CIS) and

Cu(In,Ga)Se2 (CIGS) by one-step electrodeposition

method. 
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