Open Access Article. Published on 04 April 2019. Downloaded on 4/3/2026 10:39:21 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ChemComm

W) Check for updates ‘

electrolytesf
Cite this: Chem. Commun., 2019,

55, 4789 Wouter Monnens,

Koen Binnemans (2 *°

Received 28th December 2018,
Accepted 26th February 2019

DOI: 10.1039/c8cc10254f

rsc.li/chemcomm

The electrochemical behaviour and deposition of indium in elec-
trolytes composed of 0.4 mol dm 3 In(Tf,N); and 0.4 mol dm3
InCl; in the solvents 1,2-dimethoxyethane and poly(ethylene glycol)
(average molecular mass of 0.400 kg mol™, PEG400) was investi-
gated. Indium() was identified as the intermediate species that dis-
proportionated to indium(i) and indium(0) nanoparticles. The presence
of nanoparticles was verified by TEM analysis. SEM analysis showed that
deposits obtained at room temperature from 1,2-dimethoxyethane
were rough, while spherical structures were formed in PEG400
at 160 °C.

Indium is a technologically important metal that finds application
in flat panel display devices as transparent indium tin oxide (ITO)
electrodes, in various binary compound semiconductors, and in
copper (indium, gallium) selenide (CIGS) solar cells."” Electrode-
position of indium from aqueous electrolytes has been extensively
studied, but the co-evolution of hydrogen gas leads to low current
efficiencies.’ Electrodeposition of indium has also been investi-
gated from non-aqueous electrolytes such as ionic liquids,*® deep-
eutectic solvents'®™"® and molten salts'*"* for electrowinning and
formation of indium compounds. However, ionic liquids and deep-
eutectic solvents are often very viscous at ambient temperatures,
whereas the use of high-temperature molten salts consumes a lot of
energy. Electrodeposition experiments on tetrabutylammonium
tetrachloroindate(u) dissolved in dichloromethane gave indium
particles rather than indium coatings.'® Very pure indium could
be obtained by electrorefining in organic electrolytes based on
organoindium compounds, but these electrolytes are very difficult
to handle because of their extreme air-sensitivity.'®
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In this communication, the electrochemical behaviour and
electrodeposition of indium from organic electrolytes composed
of indium(m) chloride (InCl;) and indium(m) bis(trifluoromethano-
sulfonyl)imide (In(Tf,N);) in 1,2-dimethoxyethane (DME, monoglyme)
or poly(ethylene glycol) (average molecular mass of 0.400 kg mol ",
PEG400) is investigated. Glyme-based electrolytes exhibit desirable
properties such as low viscosities, broad electrochemical windows
and high thermal stabilities. Thus far, they have only been
implemented in the development of electrolytes for lithium and
magnesium batteries.'®>° The use of a mixture of two indium(m)
salts, InCl; and In(Tf,N);, was inspired by the work on electro-
deposition of magnesium, where MgCl, was found to be poorly
soluble in DME, but could be transformed into a highly soluble
and electroactive species by the addition of Mg(Tf,N),.>

An electrolyte was prepared that was composed of DME,
0.4 mol dm ™ of commercially available InCl; and 0.4 mol dm™®
of In(Tf,N); (details on the synthesis of this compound can be
found in ESIY). It was presumed that complexation occurred
upon mixing the salts since InCl; is poorly soluble in DME,
whereas the combination of InCl; and In(Tf,N); resulted in fast
quantitative dissolution.

Preceding the electrochemical characterization of the pre-
pared electrolyte, the electrochemical window of DME was
measured to determine the potential range of operation.
As pure DME is not electrically conductive, 0.5 mol dm > of
carefully dried tetrabutylammonium tetrafluoroborate was
added as an inert electrolyte. Tetra-alkylammonium salts are
electrochemically very stable and are commonly used as sup-
porting electrolyte in non-aqueous electrolytes.>! The measured
electrochemical window of DME is shown in Fig. 1 (left axis,
dashed line). The anodic limit of the solvent was found to be
approximately +2.0 V vs. Fc'/Fe, while the cathodic limit was at
—3.0 V vs. Fc'/Fe. A cyclic voltammogram (CV) of the prepared
indium-containing electrolyte measured on a platinum-coated
quartz crystal at room temperature is shown in Fig. 1 (left axis,
full line). Distinctive, characteristic features for the electrode-
position and subsequent stripping of bulk metal were observed.
The onset potential of the reduction current is positioned at
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Fig.1 CV of 0.5 mol dm~> of tetrabutylammonium tetrafluoroborate
in DME (dashed line, left axis) at a platinum electrode at a scan rate
of 50 mV s~} at room temperature and CV of 0.4 mol dm~ of InCls
and 0.4 mol dm~ of In(Tf,N)s in DME at a 5 MHz platinum-coated quartz
crystal at room temperature with a scan rate of 5 mV s* (full line left axis)
with EQCM analysis (right axis).

—0.4 V vs. Fc'/Fc, and is ascribed to the reduction of trivalent
indium ions:

In(w) + 3¢~ = In(0) E, = —0.34 Vvs. SHE (1)

In(m) + 2¢” = In()) E,=—0.44 Vvs. SHE (2)

In(i) + e~ = In(0) Eo=—0.14 V vs. SHE (3)

The absence of a limiting current indicates that this system
is not mass-diffusion controlled. This points to a high mobility
of the indium species towards the working electrode. After
reversal of the scan direction, an anodic peak current was
observed, which was attributed to stripping of the deposited
indium.

Further insight into the mechanism of deposition and
stripping of indium was obtained via a measurement with an
electrochemical quartz crystal microbalance (EQCM). Herein,
the frequency response, Af, of the platinum-coated quartz crystal
was monitored during the measurement of the CV (Fig. 1, right
axis). The onset of the reduction current, at —0.4 V vs. F¢'/Fc in
the forward scan, was not immediately accompanied by a change
in the frequency signal. Hence, no deposition occurred. As DME is
electrochemically stable, the occurring reduction process likely
involved indium species. Indium(r) is an intermediate that has
been described in various electrochemical studies.”™* Further-
more, the standard reduction potentials of the In(ur)/In(0) and
In(wm)/In(x) redox couples are close to each other: —0.34 V vs. SHE
and —0.44 V vs. SHE, respectively.>® Therefore, it was assumed
that the occurring process is the reduction from indium(ui) to
indium(). Starting from —0.7 V vs. Fc'/Fc in the forward scan, a
negative shift in the frequency signal was observed, indicating
reduction of indium(m) to indium(0), and the reduction of
indium(1) to indium(0). The largest shift, corresponding to
the largest quantity of deposited indium, was reached at
approximately —0.7 Vvs. Fc'/Fc in the backward scan (indicated
by the vertical dotted line). Between —0.7 V vs. Fc'/Fc and
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—0.4 V vs. Fc'/Fc, the frequency shift is negative, meaning
that the indium deposits dissolve, while the current in the CV
is still negative. In this region, two reactions occur, namely,
the reduction of indium(m) to indium(i), and the stripping of
deposited indium to indium(i). The net total current due to
both processes is negative. At potentials more positive than
—0.4 V vs. Fc'/Fe, the reduction of indium(m) to indium(i) no
longer takes place but the oxidation of previously deposited
indium to indium(r) continues, hence the current is positive.
After the current falls to zero, a small negative Af remains,
which implies that a quantity of unstripped indium is left on
the crystal. Conceivably, indium forms alloys with the platinum
electrode of the EQCM crystal, which are not oxidized in the
imposed potential region.”” The cathodic current efficiency
(CCE) of the deposition process was calculated by taking the
ratio of the charge and equalled 114%. Naturally this is an
overestimation. (details regarding the calculation of the CCE
and the explanation regarding the overestimation can be found
in ESLT together with an m/z vs. potential plot, constructed
using the presented EQCM data in Fig. 1).

To investigate the formation of indium(i) during reduction
and oxidation, a rotating ring disk (RRDE) experiment was
performed (Fig. 2). A CV was measured at room temperature
at a slow scan rate of 5 mV s~ on the gold disk, whereas a
constant potential of +1.0 V vs. Fc'/Fc was applied on the gold
ring, while rotating at 200 rpm. In principle, the indium(i)
formed at the central disk is spun outwards towards the outer
ring and subsequently oxidized to indium(m). It was observed
that the ring current density ring immediately increased when
the reduction current in the CV initiated, at —0.7 V vs. Fc'/Fc,
demonstrating the occurrence of the reduction of indium(m) to
indium(i). Starting from —0.9 V vs. Fc'/Fc in the forward scan,
increase in the current density on the ring gradually lessened.
As the EQCM experiment suggested, at larger cathodic over-
potentials, formed indium(i) further reduces to indium(0),
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Fig. 2 Disk (left axis) and ring (right axis) currents recorded in 0.4 mol dm™>

of InCls and 0.4 mol dm™ of In(Tf,N)s in DME at 200 rpm at room
temperature. The disk current was generated from the cyclic voltammetry
with a scan rate of 5mV s7%, and the ring was kept at a potential of +1.0 V vs.
Fc*/Fc. The ring current density data was smoothed by a Savitzky—Golay
function with 40 points window size.

This journal is © The Royal Society of Chemistry 2019
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forming deposits on the disk, and is therefore not spun out-
wards and captured on the ring. Between —0.9 V vs. Fc'/Fc and
—0.6 Vvs. Fc'/Fc in the backward scan, the ring current density
starts to decrease. In this region, indium(i) is formed due to
reduction of indium(m), and also due to oxidation of deposited
indium. The net current of both processes is once more negative.
However, the ring current completely drops to zero when the
oxidation current in the CV initiates. Hence, no indium(i) if
formed. It is postulated that the occurring processes during this
oxidation current peak are oxidation of indium(), formed during
stripping, to indium(i), and possibly also stripping of remaining
indium(0) to indium(m). It was observed that the solution colour
slowly changed from pale yellow to black (see ESIT). It has been
demonstrated that indium(i) can undergo a disproportionation
reaction:"*

3In(1) = 2In(0) + In(um) (4)

Here, the proceeding of reaction (4) likely leads to the formation
of indium(0) nanoparticles stabilized by DME that serves as a
capping agent, explaining the black colour.

The morphology and elemental composition of the indium
deposits were studied by scanning electron microscopy (SEM)
(Fig. 3). Indium was electrodeposited on a platinum plate at
a constant potential of —1.5 V vs. Fc¢'/Fc for a period of 1 h,
at room temperature. The deposits were composed of rough
shaped structures that fully covered the surface of the substrate
(EDX spectrum is included in ESIf).

An additional electrolyte was prepared that was composed
of 0.4 mol dm™* of In(Tf,N); and 0.4 mol dm > of InCl; in
PEG400. PEG400 has the advantage that it has a much higher
boiling point (290 °C) than DME (85 °C) so that PEG400 can be
used for electrodeposition of indium above its melting point
(156.6 °C). Fig. 4a shows the CV of the PEG400 electrolyte,
recorded on a platinum-coated quartz crystal at 100 °C with
EQCM analysis. It was observed that the onset of the reduction
current, at —0.27 V vs. Fc'/Fc in the forward scan, was not
immediately accompanied by a change in frequency. Most prob-
ably, the reduction of indium(m) to indium(r), and the subsequent
disproportionation to indium(m) and indium(0) nanoparticles,
occurred in this potential region. From —0.9 V vs. Fc'/Fc in the
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Fig. 3 SEM image of indium deposited on a platinum working electrode
at —1.5 V vs. Fc*/Fc at room temperature for 1 h from 0.4 mol dm~> of
In(TfN)3 and 0.4 mol dm~* of InCls in DME.
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Fig. 4 (a) CV of 0.4 mol dm~3 of In(Tf,N)3 and 0.4 mol dm~> of InCls in
PEG400 at a 5 MHz platinum-coated quartz crystal at 100 °C with a scan
rate of 50 mV st (left axis) with EQCM analysis (right axis). (b) CV of
0.4 moldm™ of In(Tf,N)z and 0.4 mol dm~3 of InClz in PEG400 at a 5 MHz
platinum-coated quartz crystal at 160 °C with a scan rate of 50 mV st
(left axis) with EQCM analysis (right axis).

forward scan to —0.65 V vs. Fc'/Fc in the backward scan, a
significant negative shift in the frequency signal appeared,
indicating the deposition of indium. Accumulation of the anodic
current, starting from —0.65 V vs. F¢'/Fc in the backward scan,
led to a positive shift in the frequency signal, indicating the
stripping of deposited indium. The small increase in current
which arises after the stripping wave was attributed to the anodic
decomposition of PEG400 (the electrochemical window of PEG400
is included in ESIt). The cathodic current efficiency of the deposi-
tion process was calculated and equalled 81%.

Fig. 4b shows the CV of the PEG400 electrolyte, recorded on
a platinum-coated quartz crystal at 160 °C with EQCM analysis.
A noteworthy reduction current was observed from 0.0 V vs.
Fc'/Fc in the forward scan to 0.0 V vs. Fc'/Fe in the backward
scan, yet the frequency signal remained nearly stagnant. Hence,
negligible deposition takes place throughout the reduction
wave. Therefore, the main occurring process is the reduction
of indium(m) to indium(1). No anodic current is observed as no
indium is deposited and indium() disproportionates to indium,(ur)
and indium(0) nanoparticles. It was observed that the colour of
the electrolyte darkened throughout the measurement. This
was attributed to the formation of nanoparticles. To verify
their formation, the spent, black electrolyte was collected after
the measurement. It was diluted with acetone and dried on a
300 mesh Formvar/carbon coated copper grid. Analysis using

Chem. Commun., 2019, 55, 4789-4792 | 4791
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Fig. 5 (a) TEM image of indium nanoparticles, formed during recording of
a CV of 0.4 mol dm~> of In(Tf,N)s and 0.4 mol dm~> of InClz in PEG400, at
160 °C, on a molybdenum electrode. (b) SEM image of indium deposits on
a molybdenum electrode at —1.0 A dm~2 for 1 h.

transmission electron microscopy (TEM) indicated the presence of
irregularly shaped agglomerates of indium nanoparticles (Fig. 5a).

Fig. 5b shows a SEM micrograph of indium deposits obtained
by applying a high constant current of —1.0 A dm™> for 1 h at
160 °C, on a molybdenum electrode. Besides nanoparticles, a
small amount of spherical indium particles were obtained that
are dimpled on their surface. These indium droplets become
dimpled during solidification of the molten indium upon cooling
because of the change in density.

In conclusion, the electrochemical behaviour of indium(m)
in DME and PEG400 was investigated at room temperature and
160 °C, respectively. It is postulated that mixing both InCl; and
In(Tf,N); salts in the organic solvents leads to the formation of
an electroactive complex. During reduction, both the reduction
from indium(m) to indium(0) and from indium(m) to indium(x)
was demonstrated. Indium(i) subsequently reacts to indium(i)
and indium(0) through a disproportionation reaction. Indium(0)
species in solution agglomerate forming nanoparticles. SEM
analysis showed rough deposits from the DME-based electrolyte
at room temperature, whereas spherical deposits were obtained
from the PEG400 electrolyte at 160 °C. The observations that
MgCl, + Mg(Tf,N), can be used for electrodeposition of
magnesium®® and InCl; + In(Tf,N); for electrodeposition of
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indium suggest that MCl, + M(Tf,N), are versatile electrolytes
for electrodeposition of metals that cannot be obtained from
aqueous electrolytes, or only with poor current efficiency.
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