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The electrochemical behavior and electrodeposition of indium was investigated at 26 °C and 160 °C
from a solution composed of indium(i) methanesulfonate and dimethylsulfoxide (DMSO). Indium(in)
methanesulfonate was synthesized from indium(n) oxide and methanesulfonic acid (MSA). Cyclic

voltammetry, quartz crystal microbalance measurements and rotating ring disk electrode experiments

Received 18th June 2020,
Accepted 11th September 2020

DOI: 10.1039/d0cp03277h

indicated that reduction of indium(i) to both indium() and indium(0) occurs. Yet, reduction to metallic
indium was found to be the predominant process. Deposited indium could be stripped to indium(). This
unstable species disproportionated to indium(i) and indium(0), leading to the formation of micron-sized

metallic indium particles in the electrolyte. At 26 °C, indium deposited on glassy carbon as smooth, flat

rsc.li/pccp

Introduction

Indium is a metal which has found many technological appli-
cations in the last three decades. Especially in the electronics
industry, several semiconductors incorporate indium as a
principal component. These include indium tin oxide (ITO),
indium phosphide (InP) and copper indium (gallium) selenide
(CI(G)S), used in devices such as flat panel displays, light-
emitting diodes, solar cells and lasers." Due to the growing
demand for indium by the electronics industry, combined with
the limited supply of indium from primary sources, interest is
arising to develop efficient methods for refining indium to
high-grade semi-conductor quality, and to recycle indium from
end-of-life products as a secondary supply route.*”

Electrodeposition has been proven to be effective for refining
of metals, and is often implemented in industry. This method
is particularly favorable because of its simplicity and flexibility,
and its cost-effectiveness in terms of equipment and required
chemicals.’

Electrodeposition of indium from aqueous solutions has
been extensively studied and is well understood.””® The standard
reduction potential of the In**/In couple is —0.34 V.*° Due to this
negative standard reduction potential, the electrodeposition of
indium from aqueous electrolytes competes with the hydrogen
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films whereas at 160 °C, it deposits as droplets.

evolution reaction (HER), i.e., the reduction of water, or protons.”®
Non-aqueous electrolytes have been explored to avoid con-
comitant hydrogen evolution, and to be operative at elevated
temperatures. The latter is particularly interesting since the
melting point of indium is as low as 156.6 °C. Non-aqueous
solutions that exhibit high thermal stability and a high boiling
point can be exploited to electrodeposit indium in molten form.
This enables the development of a continuous system in which
molten indium can be electrodeposited, collected and continu-
ously removed at the bottom of the electrochemical reactor.™

Several non-aqueous, thermally stable electrolytes have been
reported for indium electrodeposition. Once such example are
high temperature molten salts.">"* The HER does not occur in
these systems due to the absence of water. Yet, molten salt
electrolytes require a substantial amount of thermal energy,
which renders them less desirable for use in large-scale indus-
trial operations. Ionic liquids, deep-eutectic solvents (DES) and
several organic electrolytes are more promising alternatives,
as they have high (electro)chemical and thermal stabilities,
but operate at lower temperatures.""***® They support metal
deposition in a broad potential and temperature range. However,
ionic liquids and DES often have high viscosities, which hampers
ion transport towards the electrode, lowering achievable current
densities and thus deposition rates.

In a previous study, we described indium electrodeposition
at room temperature and at 160 °C from the organic solvents
1,2-dimethoxyethane and poly(ethylene) glycol, respectively,
using a mixture of indium(m) chloride and indium(u) bistri-
flimide as indium source.'® The latter salt was synthesized
by reaction between indium(ui) oxide and bistriflimidic acid
(Tf,NH). From a recycling perspective, conversion of indium(m)
oxide, or indium(m) hydroxide, to a compound that can be
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electrochemically reduced in solution to pure indium metal
is interesting, as the oxide and hydroxide are intermediates
formed during the purification of indium from primary and
secondary resources.>® In principle, transformation of these
intermediates into metallic indium could therefore lower the
energetic cost of its production.

In this study, this concept of electrodeposition of indium
from non-aqueous electrolytes is further expanded, by studying
the electrodeposition of this metal from an electrolyte com-
prised of indium(ur) methanesulfonate and dimethylsulfoxide
(DMSO). Similarly to indium(m) Dbistriflimide, indium(m)
methanesulfonate is prepared from indium(in) oxide. However,
no indium(m) chloride is added. Therefore, electrodeposition of
indium fully originates from chemically converted indium(ur) oxide.

Experimental
Chemicals

Indium(m) oxide (99.9%) was purchased from Thermo Fisher
(Merelbeke, Belgium). Methanesulfonic acid (MSA, 99.5%) was
purchased from Carl Roth (Karlsruhe, Germany). Dimethylsulf-
oxide (DMSO, anhydrous, 99%) was purchased from Acros
Organics (Thermo Fisher Scientific, Geel, Belgium). HCI (Analar
Normapur, 37%) was purchased from VWR (Leuven, Belgium),
tetrabutylammonium methanesulfonate ([TBAJ[OMs], 97%),
1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide
([BMP][Tf,N], 98%) and potassium hexacyanoferrate(m) (K;Fe(CN)y)
were purchased from Sigma-Aldrich (Overijse, Belgium) and acetone
(99+%) was purchased from Chem-Lab (Zedelgem, Belgium).
All chemicals were used as received, without further purification.

Electrochemical methods and analysis techniques

All electrochemical experiments were performed in an argon-
filled glovebox with oxygen and moisture concentrations below
1 ppm, and performed using an Autolab PGSTAT 302N poten-
tiostat, controlled by a computer with NOVA2 software.
Measurements were carried out using a three-electrode setup.
Disk electrodes made out of platinum or glassy carbon wires
embedded in glass and a diameter of 1 mm served as working
electrode (WE) for recording cyclic voltammograms (CVs),
whereas glassy carbon plates with exposed surface areas of
20 mm” were used as WE for deposition experiments. For all
experiments, the counter electrode (CE) consisted of a coiled
platinum wire with a diameter of 1 mm whose area was at
least five times larger than that of the WE and the reference
electrode (RE) was a ferrocene/ferrocenium electrode, consisting
of a glass tube filled with a solution of ferrocene (5 mM) and
ferrocenium (5 mM) in 1-butyl-1-methyl-pyrrolidini-um bis(trifluoro-
methylsulfonyl)imide, [BMP][Tf,N], in which a platinum wire
was immersed. Prior to use, platinum wires and platinum-coated
silicon wafer pieces were washed with HCI (35%), rinsed with
demineralized water and acetone, and air-dried. A ceramic
crucible was used as electrochemical cell in which 3 mL of
electrolyte was added. Electrochemical measurements were
performed at either 26 °C or 160 °C. For rotating ring disk
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electrode (RRDE) experiments, a ring-disk electrode was used
where the disk consisted of platinum and the ring of gold
(Gaossunion, RRDE-A3). The diameter of the disk was 5.5 mm,
whereas the inner and outer diameter of the ring were 6.5 mm
and 7.5 mm, respectively. Electrochemical Quartz Crystal
Microbalance (EQCM) measurements were performed using
platinum-coated QCM-crystals (1 inch, 5 MHz AT-cut platinum-
coated crystals, INFICON) with an electrochemically active surface
of 121 mm®. Experiments were executed using an EQCM device
(MaxTek) that was connected to the Autolab PGSTAT 302N
potentiostat. The morphology of the indium deposits on various
substrates was studied using scanning electron microscopy (SEM;
Phillips XL-30 FEG). For elemental analysis, energy-dispersive
X-ray analysis was used (EDX; Octane elite super silicon drift
detector, Ametek EDAX). The X-ray diffraction (XRD) diffracto-
grams were measured using a Seifert XRD 3003 TT. The viscosity
of the solutions was determined using a rolling-ball type
viscometer (AntonPaar, Lovis 2000 ME) and the density of
the solutions was determined using a density meter with an
oscillating Utube sensor (AntonPaar, DMA 4500 M). The infrared
spectra were recorded at a resolution of 4 cm™', using
an attenuated total reflectance (ATR) technique on a Bruker
Vertex 70 FTIR spectrometer, with a Platinum ATR extension.
Assignment of the peaks was based on the available literature.
FTIR (ATR, vmad/cm '): 3018, 2921 (CHj), 1275, 1261 (SOs),
1061, 1042 (SO;), 981, 970, 961, 901 (CH;), 783 (C-S stretch),
568 (SO;), 545, 525, 496 (SO;).

Synthesis

Indium(m) methanesulfonate. Indium(m) methanesulfo-
nate, In(CH3S03)3, was synthesized by mixing indium(m) oxide
(In,05, molecular mass 0.2776 kg mol™ ') and methanesulfonic
acid (MSA, CH;SO;H, molecular mass 0.0961 kg mol ') in a
molar ratio of 1:6 in 50 mL of demineralized water. The
solution was vigorously stirred at 900 rpm and heated to a
temperature of 90 °C for 48 hours using a reflux setup. A small
excess of indium(m) oxide was added to force the reaction to
completion, at which the pH of the solution became neutral
(pH = 7). Hence, the MSA completely reacted away. Subse-
quently, the formed indium(u) methanesulfonate was sepa-
rated from the solution by removal of water by evaporation
using a rotary evaporator (<1 mbar, 55 °C), and finally dried on
a vacuum line (<0.001 mbar) for 48 hours at 125 °C, resulting
in a white powder (3.2 g, yield 95%). The synthesized salt was
stored in an argon-filled glovebox.

Results and discussion

For the preparation of indium(ur) methanesulfonate, indium(ur)
oxide was mixed with methanesulfonic acid (MSA):

In,0; + 6CH3S0;H — 2In(CH3S0;) + 3H,0 (1)
In contrast to bistriflimidic acid, MSA is relatively inexpen-

sive and biodegradable. It is therefore favorable to convert
indium(m) oxide to indium(m) methanesulfonate rather than
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Fig. 1 (a) CVs of 0.25 mol dm~ tetrabutylammonium methanesulfonate
in DMSO (black) and of 0.25 mol dm~> of In(CH3SOs3)s in DMSO (red)
on a platinum WE (1 mm diameter) at a scan rate of 10 mV s! at
26 °C. (b) Coulombic charge as a function of time, derived from the CV
(red) in (a).

indium(m) bistriflimide. Synthesis of indium(u) methanesulfo-
nate has not been reported in literature. However, a large number
of metal methanesulfonates have already been characterized.”' >
Furthermore, tin() methanesulfonate has been synthesized and
used as precursor for tin electroplating from a bath composed of
MSA and the ionic liquid 1-butyl-1-methyl-pyrrolidinium trifluoro-
methanesulfonate ([BMP][OTf]).>* The prepared indium(m)
methane-sulfonate was dissolved in DMSO. This solvent exhibits
considerable electrochemical stability and has a boiling point
of 189 °C, enabling the electrodeposition of indium above its
melting point.

Cyclic voltammograms (CVs) of DMSO with 0.25 mol dm*
of tetrabutylammonium methanesulfonate, added as inert
background salt, (black) and of DMSO with 0.25 mol dm™? of
indium(m) methanesulfonate (red) are shown in Fig. 1a. The
measurements were recorded at 26 °C, on a platinum working
electrode (WE). The cathodic and anodic breakdown of DMSO
occur at —2.52 V vs. Fc¢'/Fc and +1.30 V vs. Fc'/Fc, respectively,
indicating that the electrochemical window of DMSO is 3.52 V
wide, which is in good agreement with literature.>> For the
indium-containing solution, an onset in reduction current is
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observed at —1.42 V vs. Fc'/Fc. In standard conditions, the
following reduction reactions for indium are known:’

In**+3e” = In E,=-0.3382V 2)
In* +2e = In" E,=-0443V (3)
In"+e” = In Ey,=-0139V @)

While indium(r) has been identified in a number of studies,
the existence of indium(u) has not been reported.'’'®'®°
Therefore, this species was not considered in our study.
Because of the presence of a nucleation loop in the red CV in
Fig. 1a, which is a typical feature for metal deposition, the
observed reduction process is assumed to be the reduction of
indium(m) to indium(0). However, the involvement of indium()
is not excluded. In the backward scan, an oxidation peak is
seen at —1.08 V vs. Fc'/Fc and is likely the stripping of the
deposited indium. Interestingly, there is a notable delay
between the point at which the reduction current becomes zero
and the onset of the oxidation peak. This is due to the fact that
the reduction of indium(u) to indium(0) starts at —0.3382 V
(vs. SHE) but the oxidation of indium(0) to indium(i) only starts
when the potential is more positive than —0.139 V (vs. SHE).
The accumulated charge, determined by integrating the reduction
and oxidation current from the CV, exhibits a near 3:1 ratio
(Fig. 1b). As the reduction of indium(m) to indium(0) involves
three electrons, the stripping process is probably a one-electron
process, i.e., the oxidation of indium(0) to indium(r). Furthermore,
a very small increase in oxidation current is observed in the
potential range of +0.44 V vs. Fc'/Fc to +1.00 V vs. Fc'/Fc.

To further investigate the origin of the observed reduction
and oxidation features in the CV, an electrochemical quartz
crystal microbalance (EQCM) experiment was performed in
which a CV is measured while monitoring the frequency response,
Af, of the platinum-coated quartz crystal (Fig. 2). The start of the
reduction current at —1.52 V vs. F¢'/Fc is not accompanied by a
change in resonance frequency. This indicates that reduction of
indium(m) to indium(1) starts at —1.52 V vs. Fc'/Fe. Starting from
—1.60 V vs. Fc'/Fe, a decrease in resonance frequency is observed,
indicating the deposition of indium due to the further reduction
of the indium(i) to indium(0), but also the reduction of indium(m) to
indium(0). This can be derived from the E, values of reactions (2)-(4).
The reason why the reduction of indium(m) to indium(i) is possible
without the immediate further reduction of the indium(i) to
indium(0) (¢f the standard reduction potentials of (3) and (4)) is
due to the fact the reduction to indium(0) involves the nucleation
of a new phase and hence requires an additional overpotential.
The Fc'/Fc couple exhibits a potential of +0.40 V vs. SHE,
therefore, reduction of indium(m) to indium() would in
principle already initiate at —0.843 V vs. Fc'/Fc instead of the
observed —1.52 V vs. F¢'/Fe. This discrepancy in onset potential
can be attributed to the fact that the experiments were not
measured in standard conditions, but also can be due to the
coordination of the indium species in the organic electrolyte.
Complexation of metal ions can greatly affect the values
of redox potentials.”® The resonance frequency continues to
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Fig.2 CV of 0.25 mol dm™ of In(CH3SO3)s in DMSO on a 5 MHz
platinum-coated quartz crystal (12.4 mm diameter) at 26 °C with a scan
rate of 10 mV s~! (black line left axis) with EQCM analysis (red line
right axis).

decrease until a potential of —1.32 V vs. Fc'/Fc in the backward
scan is reached. Between —1.32 V vs. Fc'/Fc and —1.20 V vs.
Fc'/Fc, the frequency remains constant, after which it increases
to approximately —150 Hz. This increase of Af overlaps with the
oxidation peak in the CV, implying that it corresponds to the
stripping of deposited indium. However, as the signal does not
fully fall back to zero, not all indium is stripped. Instead,
a small quantity of deposited indium alloyed the platinum
electrode of the EQCM crystal.”” Consequently, the small peak
at +0.10 Vvs. Fc'/Fc is attributed to the stripping of the indium-
platinum alloy, since it leads to a small increase in frequency,
indicating a minor loss of mass. The amount of deposited
indium was determined using the following equation:

Am = —CAf )

where Af (Hz) is the change in the resonance frequency of the
crystal (working electrode) due to the change in mass Am
(kg m~?) of the crystal; C; (kg Hz™" m™?) is the calibration
constant. Furthermore, the theoretically deposited mass was
calculated using Faraday’s law:

OMn

"= Fn (©)

where m is the mass (kg), Q is the fully accumulated
charge during reduction (C), M,, the molar mass of indium
(0.1148 kg mol %), F is the Faraday constant (96485.3 C mol )
and n is the number of electrons involved in the reduction
reaction (3, dimensionless). By taking the ratio of the theore-
tically deposited mass and the experimentally observed mass,
the cathodic current efficiency (CCE) is obtained, and equals
94%. Hence, approximately 6% of the total charge generated
during reduction is lost. It is assumed that this involves
the formation of indium(r), which does not further reduce to
indium(0). Furthermore, the approach for determining the CCE
was also applied for calculating the mass change corresponding
to the stripping of the formed indium-platinum alloy. The
values calculated from the frequency change and from the
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accumulated charge, integrated from the small oxidation peak
approximated each other, equaling around 3.5 x 10~° kg. This
corresponds to roughly 8 monolayers of indium. The obtained
QCM data were used to construct an M/z vs. potential plot,
which is shown in Fig. S1, ESL{ From this figure it is evident
that both reduction to indium(0) and indium(r) occur, whereas
stripping of indium involves oxidation to indium(r).

Furthermore, linear sweep voltammograms (LSVs) were
recorded for cathodic overpotentials at various rotation rates
for a solution of 12.5 mmol dm™* of indium(r) methanesulfonate
and 0.25 mol dm? of tetrabutylammonium methanesulfonate in
DMSO (Fig. 3a). Compared to the solution used for QCM analysis,
the indium content is lower by a factor of 20, in order to reach a
diffusion-limited current during the reduction process. The LSVs
are utilized to construct a Levich plot (Fig. 3b). This plot shows a
linear relation between the limiting currents and the square root
of the various rotation rates, and the line intercepts the vertical
axis at zero current. As the observed limiting currents in the LSVs
are attributed to the reduction of indium(m) to indium(0), the
slope of the Levich plot can be used to calculate the diffusion
constant of the indium(ur) species:
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Fig. 3 (a) LSVs of 12.5 mmol dm~ of In(CH35053)5 and 0.25 mol dm~3 of
tetrabutylammonium methanesulfonate in DMSO on a platinum rotating
disk electrode (RDE) (diameter of 5.5 mm) at 26 °C, recorded with a scan
rate of 10 mV s~ between 0.0 V and 2.7 V vs. Fc*/Fc and (b) Levich plot
constructed from the data of the LSVs. The limiting currents were chosen
at a potential of —2.70 V vs. Fc*/Fc in the LSVs.
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where I;, is the limiting current from the LSV, n is the number
of electrons transferred (3, dimensionless), F is the Faraday
constant (96485.33 C mol ), A is the surface area of the
electrode (23.75 x 10~® m?), D is the diffusion coefficient of
the electroactive species (m® s™'), v is the kinematic viscosity
of the electrolyte (2.1 x 107° m® s~ '), C is the concentration of
indium in the electrolyte (12.5 mol m %) and o is the rotation
rate of the electrode (rad s™'). Using the Levich equation, it is
found that the diffusion coefficient of indium(m) in the diluted
solution equals 2.2 x 107" m*> s™" at 26 °C. Reported diffusion
coefficients of indium(m) in aqueous 2 mol dm > NaCl solution
at 25 °C and in choline chloride based deep eutectic solvent at
60 °C are 4.93 x 107 ' m? s and 3.4 x 107> m? s},
respectively.?®?° Differences can be attributed by variations in
dynamic viscosity of the solution and the hydrodynamic radius
of the indium species.*’

To further study the formation of indium(i) during stripping,
a rotating ring disk electrode (RRDE) experiment was performed.
This involved the measurement of a CV on the platinum disk,
whereas a constant potential of +0.50 V vs. Fc'/Fc was applied on
the gold ring, while rotating at 200 rpm. In principle, indium(i),
formed during the recording of the CV at the central disk is
spun outwards towards the ring and subsequently oxidized to
indium(m). In Fig. 4, the resulting measurement is presented, and
demonstrates that indium(i) is indeed formed during stripping.
Hence, the oxidation peak in the CVs can be ascribed to the
oxidation of indium to indium(i). Notably, both the ring current
density and the disk current density reach a value of approxi-
mately 0.40 A dm ™2 As the corresponding process on the disk
involves a one-electron process (indium(0) to indium(r)) and that
on the ring a two-electron process (indium() to indium(u)), the
collection efficiency (N) of indium(i) on the ring can calculated
using the following equation:

IL ring) (nd) ‘
N=|[—=|([— )| x 100 8
KIL disk ) \7r ®)

0.4 4 404

0.2 Ho2
& 00 S 00 ~
5 5
< <
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Fig. 4 RRDE experiment in which the disk (black line left axis) and ring
(red line right axis) currents were recorded in 0.25 mol dm™ of
IN(CH3SO3)3 in DMSO at 200 rpm at 26 °C. The disk current was generated
from the cyclic voltammetry with a scan rate of 10 mV s™*, while the ring
was kept at a potential of +0.5 V vs. Fc*/Fc.
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where Iy ing and I g are the limiting ring and disk currents,
respectively, and nq and n, the number of electrons exchanged in
the processes on the disk and ring, respectively. For the performed
measurement, the collection efficiency N was found to be 26%.
The maximum capture efficiency of the RRDE was experimentally
determined using a ferricyanide solution and found to be 35%
(Fig. S2, ESIt). Hence, about 75% of all indium(i) is captured on
the ring. The indium(i) species which are not oxidized to
indium(u) on the ring likely underwent the following dispropor-
tionation reaction:

3In* — 2In° + In** 9)

The occurrence of this reaction has been demonstrated in a
number of studies, and also explains the absence of a second
oxidation peak involving oxidation of indium(i) to indium(ur)
in the CVs, as all formed indium() reacts away through
(9).12,19,20,31

Furthermore, a minor increase in ring current density is
observed during the reduction segment of the CV (a magnified
image of the cathodic region of the CV with the ring current can
be found in Fig. S3, ESIt). Hence, a small quantity of indium()
is formed. This is in agreement with the observations made
from the QCM experiment. Only a small quantity of indium(i) is
captured on the ring as the ring current density is very low. This
is expected, since the standard reduction potential of indium(1)/
indium(0) is lower than that of indium(m)/indium(i). Hence,
nearly all indium(i) is further reduced to indium(0) on the disk
instead of being spun outwards towards the ring. In RRDE
measurements, the time required for a species to travel from
the disk to the ring is referred to as the transit time, ¢, Using
this transit time, the diffusion coefficient of the formed
indium(1) species can be found.** In a first step, a layer of
indium is electrodeposited on the disk in stationary conditions
by applying a potential of —2.0 V vs. Fc'/Fc for 1 min. Subse-
quently, the RRDE is rotated at various rotation speeds at which
the thin layer of deposited indium is stripped by applying a
potential of +0.1 V vs. Fc'/Fc, while a potential of +0.5 V vs.
Fc'/Fc is applied on the ring to oxidize the captured indium(i)
to indium(m). In Fig. 5, the corresponding stripping currents
of the disk, the ring currents, and transit times at 50 rpm
and 100 rpm are shown. Furthermore, a plot is constructed
showing the linear correlation between the transit time and
the reciprocal of the rotational speed is presented in Fig. 6.
Evidently, the transit time decreases with increased rotation
speeds. The diffusion constant can be calculated using the
following equation:*

ty = K(z) 2 (10)

D
where v is the kinematic viscosity of the solution (m* s™),
D is the diffusion constant (m* s~ '),  the rotational speed
(rpm) and K is a proportionality constant that depends on the
geometry of the RRDE: K = 43.1[log(r»/r,)]*”® where r, is radius of
the disk and r, is the inner radius of the ring surrounding the
disk. For the RRDE used here, r; = 2.75 mm, r, = 3.25 mm, and
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Fig. 5 RRDE experiment in which the disk (black line left axis) and ring (red
line right axis) currents were recorded in 0.25 mol dm™> of In(CHzSO53)s in
DMSO at various rotation speeds, at 26 °C. The disk current was generated
from stripping a thin layer of indium, predeposited by applying —2.0 V vs.
Fc*/Fc for 1 min, and the ring was kept at a potential of +0.5 V vs. Fc*/Fc.
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Fig. 6 Relation between the inverse of the rotation speed and the
transient time. Values for the transient time at various rotation speeds
were determined from RRDE experiments at which indium was deposited
by applying —2.0 V vs. Fc*/Fc for 1 min on the disk and subsequently
stripped by applying +0.1 V vs. Fc*/Fc, while the potential of the ring was
kept at +0.5 V vs. Fc*/Fc, using a solution comprised of 0.25 mol dm~> of
IN(CH3SO3)s in DMSO, at 26 °C.

the theoretical value of K equals 7.49. The kinematic viscosity
was determined from the experimentally determined dynamic
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viscosity and density, and equals 7.0 x 10°® m> s~ (at 26 °C).
The diffusion coefficient of indium(i) was calculated from the
slope of the linear fit of Fig. 6 and equals 3.4 x 10" *°* m®> s,
A table with the transient times for each rotation rate is
presented in ESI, Table S1.

Indium was deposited on a glassy carbon (GC) electrode
from 0.25 mol dm* of indium(mn) methanesulfonate in DMSO
at 26 °C by applying —2.0 V vs. Fc'/Fc for 30 min. The
morphology and elemental composition were characterized
using SEM, EDX and XRD. The resulting image and diffracto-
gram are shown in Fig. 7 (EDX spectrum in ESL Fig. S4). The
obtained deposit appears to be smooth, consists of pure
indium and exhibits a strong preference for the (101) orienta-
tion. XRD also reveals minor diffraction peaks for (002), (101),
(112) and (202). The observed broader peaks can all be attrib-
uted to the GC substrate.®® Assuming the experimentally deter-
mined cathodic current efficiency of 94% for the reduction of
indium(m) to indium(0), the average theoretical thickness
equals approximately 3 pm.

CVs of DMSO with 0.25 mol dm™* of tetrabutylammonium
methanesulfonate (black) and DMSO with 0.25 mol dm™? of
indium(m) methanesulfonate (red), measured at 160 °C, are
shown in Fig. 8a. At this temperature the cathodic and anodic
breakdown of DMSO occur at —2.00 V vs. Fc'/Fc and +0.94 V vs.
Fc'/Fc, respectively (indicated by the blue lines). Clearly, the
electrochemical window shrinks with increasing temperature.

In(101)

Intensity (a.u.)

Glassy

carbon In(002)

Glassy Glassy Gl
In(110) In(202) ©lassy
carbon A carbon In(112) ( A) carbon
o T T T T T T T
0 10 20 30 40 50 60 70 80
20 (degrees)

Fig. 7 SEM image and XRD diffractogram of indium electrodeposited on a
GC substrate (80 mm?) at —2.0 V vs. Fc*/Fc at 26 °C. The applied
acceleration voltage was 10 keV.
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For the indium-containing solution, an onset in reduction
current density is observed at —1.04 V vs. F¢'/Fc. At —2.0 V vs.
Fc'/Fc, the current density reaches over —2.0 A dm™2. This is
nearly four times higher than observed at 26 °C (Fig. 1a). The
increased current density at 160 °C can be attributed to the
lower viscosity of the solution, which enables higher mass
transport rates of indium(m) species towards the electrode
(viscosity vs. temperature plot for the investigated solution in
Fig. S5, ESIt). Furthermore, the electrochemical reduction of
indium(m) to indium(0) is a chemical reaction, so increasing
the temperature will also increase the reaction rate, and there-
fore the current density. In the backward scan, a single strip-
ping peak is observed at —1.08 V vs. Fc¢'/Fc, followed by a minor
oxidation wave. As the observed reduction and oxidation
features in the CV are comparable to those observed at 26 °C,
and the charge consumed during oxidation is once more
approximately one third of that consumed during reduction
(Fig. 8b), the occurring redox reactions are likely similar in
nature. Hence, the according reduction processes are expected
to involve reduction of indium(m) to indium(i), and to
indium(0), whereas the according oxidation process involves
stripping of indium(0) to indium(i), and possible stripping of
the formed indium-platinum alloy.

A QCM experiment was performed in which a CV of
0.25 mol dm ™ of indium(m) methanesulfonate in DMSO was

0.5
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Fig. 8 (a) CVs of 0.25 mol dm~ tetrabutylammonium methanesulfonate
in DMSO (black) and of 0.25 mol dm~> of In(CH3SOs)5 in DMSO (red) on a
platinum WE (1 mm diameter) at a scan rate of 10 mV s~ at 160 °C.
(b) Coulombic charge as a function of time, derived from the CV (red) in (a).
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measured at 160 °C, while monitoring the frequency response
of the platinum-coated quartz crystal (Fig. 9). Upon initiation
of the reduction current, the resonance frequency gradually
decreases and continues to decrease until —0.72 V vs. F¢'/Fc in
the backward scan. This indicates that indium deposition
occurs by reduction of indium(m) to indium(0), and possibly
of indium(i) to indium(0). After —0.72 V vs. F¢'/Fc, an oxidation
current arises and Af starts to increase until —0.11 V vs. Fc'/Fe.
This increase in Af overlaps with the oxidation peak in the CV,
implying that it corresponds to stripping of deposited indium.
However, as the signal does not fully fall back to zero, not all
indium is stripped. Instead, a small quantity of deposited
indium is assumed to have alloyed the platinum electrode
of the EQCM crystal. In contrast to the observations at 26 °C,
this alloy is not stripped.

The CCE of indium deposition was determined by comparing
the exact deposited mass, calculated from Af, and the theoretical
mass, calculated from the charge obtained by integrating the
reduction current, and equals 76%. This is substantially lower
than what is found at 26 °C. The remaining 24% of the reduction
current likely went to reduction of indium(m) to indium(i), which
did not further reduce to indium(0), but disproportionated in the
bulk of the solution. This implies that significantly more
indium(1) is formed during reduction at 160 °C as opposed to
26 °C, which is agreement with the findings in our previous
study."® Yet, a notable difference is that in the earlier investigated
system, almost no reduction to indium(0) occurred at 160 °C.
Indium(m) is nearly completely reduced to indium(i), which
disproportionated and resulted in the formation of indium
nanoparticles, whereas in this study, about three quarters of the
reduction current went to the deposition of indium metal.

A deposition experiment was carried out in which indium
was deposited on a GC electrode from 0.25 mol dm™ > of
indium(m) methanesulfonate in DMSO at 160 °C by applying
—2.0 Vvs. F¢'/Fe for 30 min. The obtained deposit was analyzed
using SEM, EDX and XRD. The resulting SEM image and
diffractogram are found in Fig. 10 (EDX spectrum in Fig. S6,
ESIt). The deposit consists of spherical droplets which have
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-2000

- -3000

- -4000

-2.0 -1.5 -1‘.0 -0‘.5 0.0 0.5
E(V vs. F¢'IFc)
Fig.9 CV of 0.25 mol dm~ of In(CH3SOz)s in DMSO on a 5 MHz
platinum-coated quartz crystal (12.4 mm diameter) at 160 °C with a scan
rate of 10 mV st (black line left axis) with EQCM analysis (red line
right axis).
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Fig. 10 SEM image and XRD diffractogram of indium electrodeposited on
a GC substrate (105 mm?) at —2.0 V vs. Fc*/Fc at 160 °C for 30 min. From
0.25 mol dm™* of In(CH3503)3 in DMSO. The applied acceleration voltage
was 10 keV.

wrinkles on their surface. The preferred crystal orientation is
(110), whilst another smaller diffraction peak is observed for
the (101) plane. The broad peaks can be attributed to the GC
substrate. These wrinkles probably form during solidification
of the liquid indium droplets. If the point of last solidification
occurs on the surface, the molten indium droplets shrink due
to the increase in the density of indium upon solidification,
causing the appearance of vein-like features. The average
theoretical thickness equals 8 um, considering the CCE of 76%.

Finally, experiments were performed to investigate the
disproportionation reaction. Herein, indium was deposited
from 0.25 mol dm ™ of indium(m) methanesulfonate in DMSO
at 26 °C by applying a potential of —2.0 V vs. F¢'/Fc for 2 hours
on a GC substrate (area of 20 mm?). Subsequently, a potential
of +0.10 V vs. Fc'/Fc was applied for 1 hour, stripping the
deposited indium from the substrate. As the RRDE experi-
ments indicated, stripping involves oxidation of indium(0) to
indium(1). As no distinctive oxidation feature is observed in the
CVs that can be attributed to the further oxidation of indium(r)
to indium(m), indium(i) must undergo a reaction, ie., the
disproportionation reaction shown in eqn (9). During stripping,
the measured current drops to zero, indicating complete oxida-
tion of indium(0) (Fig. S7, ESIt). Visual inspection revealed that
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Fig. 11 SEM image of indium ‘chunk’ found in solution after stripping of
indium at +0.1 V vs. Fc*/Fc during 1 hour. The indium was predeposited by
applying —2.0 V vs. Fc*/Fc for 2 hours on a GC substrate (20 mm?) at 26 °C.
The applied acceleration voltage was 25 keV.

the indium coating was indeed completely removed from the
substrate after the experiment. Interestingly, the solution now
contained a large amount of small ‘chunks’ (Fig. S8, ESIf).
These were removed from the solution, washed and investi-
gated using SEM and EDX analysis (Fig. 11 and Fig. S9, ESIt).
Results show micrometer-sized particles of pure indium.
It is postulated that these particles are formed by the dispro-
portionation of indium(3).

Conclusions

In this work, a new non-aqueous electrolyte for the electro-
deposition of indium was developed. The precursor, indium(m)
methanesulfonate, was synthesized from methanesulfonic
acid and indium(m) oxide, and was dissolved in DMSO. The
cyclic voltammogram of the prepared electrolyte exhibited a
reduction wave and an oxidation peak. QCM analysis and RRDE
measurements demonstrated that the according processes were
reduction of indium(im) to indium(i), followed by indium() to
indium(0) and indium(u) to indium(0). Stripping involved
oxidation of indium(0) to indium(r). Indium(i) disproportio-
nated in the bulk of the electrolyte, creating micrometer-sized
indium metal chunks. Electrodeposition of indium at room
temperature led to deposits that were smooth, flat layers,
whereas at 160 °C, spherical droplets were obtained. XRD
indicated that the deposits were crystalline. The diffusion
constants of indium(m) in dilute solutions and of indium()
were determined using rotating (ring) disk electrodes, equaling
2.2 x 107" m*s " and 3.3 x 107 m* s " at 26 °C respectively.
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