Electrodeposition of indium from a deep eutectic solvent
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1. Introduction

Over the last two decades, low-temperature ionic
liquids have received great attention [1-3] due to their
wide applications in different research fields and
applications such as electrodeposition, organic synthesis
and chemical separations [4,5]. These ionic liquids
generally demonstrate wide electrochemical window,
where metals with very negative standard potentials can be
deposited [6-12]. In addition, they exhibit good chemical
and thermal stability, along with a good electrical
conductivity. These low melting temperature (<100°C)
ionic liquids are easier to work with compared to molten
salts. Moreover, ionic liquids are nonvolatile and ideal
replacement for traditional organic solvents that are
volatile and flammable. However, the majority of the ionic
liquids exhibits high sensibility to water or degradation by
oxygen and needs a complex synthesis.

It has recently been found that the principle of
creating an ionic fluid by complexing a halide salt can be
applied to mixtures of quaternary ammonium salts with an
amide, carboxylic acid or alcohol moiety [13-18]. These
mixtures are called Deep Eutectic Solvent (DES). Such
eutectic systems are easy to manipulate, nontoxic and

biodegradable compared to room temperature ionic liquids.

Furthermore, they demonstrate chemical inertness towards
water and the production involves low costs and
environmental risks.

The present study reports the electrochemical
behavior of indium in one of these DES mediums (1:2
choline  chloride/urea). The interest on novel
electrodeposition methods for indium has increased
recently because of its strategic importance. Indium is
used in many engineering applications such as metal alloys
for special uses, semiconductors for solar cells and
electronic components. Many articles are available
regarding electrochemical production of indium [19-21],

“Contact author: md.farabi@mail.polimi.it

while few articles are available regarding electrodeposition
of indium from ionic liquids [22]. The present work is
therefore intended to investigate the advantage of DES
over other ionic liquids. A complete characterization of the
plating process is reported, supported by electrochemical
tests and nucleation studies on different substrates.

2. Experimental

Choline chloride (ChCl) (Sigma-Aldrich) and Urea (U)
(Sigma-Aldrich) were used as received. The Deep Eutectic
Solvent (DES) was formed by stirring ChCl and U
together in a 1:2 molar ratio at 80°C until a homogeneous,
colourless liquid is formed. Indium sulfate (Sigma-Aldrich)
was used for the deposition of indium. A three-electrode
cell was used for electrochemical experiments. For the
cyclic voltammetry, the working electrode was gold (Au)
with scan rates 2, 5, 10 mV/s. For chronoamperometry
gold (Au) and molybdenum foil (Mo) were used as
working electrodes. Platinum (Pt) wire and Titanium mesh
(Ti) were used as reference electrode and counter electrode
respectively.  Electrodeposition  experiments  were
conducted on a standard single compartment, two-
electrode system, using Mo foil as substrate. Au, Pt wire
and Ti mesh were ultrasonically cleaned in acetone and
then distilled water each for 10 minutes prior to use. Mo
foil was first ultrasonically cleaned in acetone for 10
minutes, then pretreated for 20 minutes in 32% HCI and
finally ultrasonically cleaned in water for 10 minutes. The
deposits were washed with distilled water and dried under
nitrogen. In,(SO,4)350mM solution was employed for all
the experiments. Work temperature was kept constant at
80°C to lower the viscosity and maintain high conductivity
of the solvent. Cyclic voltammetry and
chronoamperometry experiments were carried out using an
EG&G Princeton Applied Research Corporation (PAR)



model 273A potentiostat controlled by EG&G PAR model
270 software. The surface morphology of the deposits was
examined by scanning electron microscopy (SEM, Zeiss
EV050), and the chemical composition was determined by
energy dispersive spectroscopy (EDS). The crystallinity of
the deposits was analysed by X-ray diffraction Philips PW
1830, in conventional Bragg—Brentano configuration with
Cu Ka radiation of 1.5418 A wavelength. UBM laser
profilometer MICROFOCOUS was used to determine
roughness of indium deposit on molybdenum.

3. Results and discussion

The initial electrochemical study was executed by
carrying out cyclic voltammetric experiments. Fig. 1(a)
shows cyclic voltammograms at different scan rates of the
cathodic zone. At high scan rate (10 mV/s) two reduction
peaks are evident near -1.1 V and -0.9 V. On the contrary,
at lower scan rate (2 mV/s) one reduction peak is visible in
the zone close to -0.7 V. The voltammograms exhibit
weird behaviour for scan rate 5 mV/s. On the other hand,
voltammograms show typical behaviour (negative shift in
the cathodic peak potential with increasing scan rate) for
scan rates 2 mV/s and 10 mV/s. The negative shift in the
cathodic peak potential with increasing scan rate reveals
that this may be a slow charge-transfer reaction and/or an
overpotential required nucleation in a quasi-reversible
reaction condition. This behaviour was also observed in
previous research of indium in ionic liquids [22].
Voltammograms also exhibit the typical
reduction/oxidation loop of electrodeposition processes
requiring nucleation overpotential.

Fig. 1(b) shows cyclic voltammograms at different
scan rates in larger potential range. For all cathodic limits
used a single anodic peak is evident at different scan rates.
Also the position of this anodic peak is variable and is
comprised in the -06 V/-0.3 V  regions.
Chronoamperometry experiments were performed at Au
and Mo electrodes in order to investigate the
nucleation/growth process for the electrodeposition of
indium. These experiments were executed by stepping the
potential of the working electrode from values at which no
reduction of In(I11) would occur to potentials sufficiently
negative to initiate reduction. Fig. 2 reports the current-
time transients, characterized by the typical shape for
nucleation process. Here I, represents maximum current
density and the corresponding time is represented by t,.
After t.,,, the current starts to decrease due to the increase
of the diffusion layer thickness. These transients also
suggest that after t, the growth of indium nuclei is
diffusion controlled.
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Fig. 1. Cyclic voltammograms in 50mM In,(SO,)s
solution (a) at the cathodic zone, (b) at larger potential
range on gold.
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Fig. 2. Current - time transients resulting from

C

hronoamperometry experiments recorded at Mo
electrode in 50 mM In,(SO,); solution at 80°C.



To determine the type of nucleation, the current-time
transients were normalized and compared to the theoretical
dimensionless current-time transients obtained from
Scharifker-Hills model [23]. Fig. 3(a) shows the
experimental and theoretical curves at -0.69V for Mo
electrode. It is evident that the electrodeposition of indium
on Mo substrates follows the three-dimensional
instantaneous nucleation process. On the contrary, Fig. 3(b)
exhibits that the electrodeposition of indium on the gold
substrate at -0.69V follows the progressive nucleation
mechanism. Although the latter demonstrates conformity
to the model in the first instants of the nucleation, at higher
values of t/t,, it shows a significant deviation from the

predicted diffusion limited current.

----oo |stantaneous nucleation
---- Progressive nucleation

[al
—- 0,69 V on molybdenum

oy

o - e 5§ 7 §8 39
4
-------- Istantaneous nucleation
P - - - - Progressive nucleation
—- 0,69 V on gold
1.0 3
v
3 ll
Y: I \
; v
4 L
v
; B
od : [ R
L W & Al
=E P 2
= i h
P
o4 !
H 1 N
N . -
: ¥ 58
i Wi
o ! -
[ -
i
3
ool
T b 3 7 5 3 Y 8
it

Fig. 3. Comparison of the dimensionless experimental

current-time transients derived from the

chronoamperometric experiments (a) at molybdenum
electrode, (b) at gold electrode.

In order to understand the deviation from theoretical
model on Au electrode, further investigation was done
with SEM. Three samples were prepared with deposition
time 1s, 2s and 3s respectively. Fig. 4 shows the
micrographs of the three samples.
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Fig. 4. SEM micrographs of the deposits prepared in
50 mM Iny(SO,); solution on gold with deposition time
(a) 1s, (b) 2s and (c) 3s.

It is evident from the micrographs that the nucleation
of indium at Au electrode proceeds progressively via
formation of small nuclei that subsequently merge together
to form In islands (Fig.4 (a), (b) and (c)). The observed
mechanism presents key differences with respect to a
standard progressive nucleation where coalescence of the
nuclei occurs along with nucleation (Fig. 4(b) and (c)).
The reason of the deviation from the predictions of the
Scharifker-Hills model should take into account also the
low melting point of indium compared to the temperature



of the electrolyte, probably favoring the coalescence of the
nuclei.

Bulk electrodeposition of indium was carried out at
80°C on thin molybdenum (Mo) foil in 50 mM In,(SO,);
solution at different current densities. EDX analysis of the
electrodeposits demonstrates that they are very pure
deposits of In and there are no contaminants like CI, O
trapped in the deposits from deep eutectic solvent (Fig.
5(a)). XRD diffractograms of the deposit exhibit the
presence of crystalline indium (Fig. 5(b)) with a
preferential orientation along the (101) plane.
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Fig.5. (a) EDX spectrum and (b) XRD pattern of In
deposits in 50 mM In,(SO,); solution at current density
10 mA/cm? after 60 minutes of deposition on
molybdenum.

The morphology of the deposits on Mo was
investigated with SEM. At lower current density (Fig. 6(a)
and (b)), the micrograph shows polygonal shaped grains
having an average grain size of 6 pm. At higher current
density (Fig. 6(c)) the deposit exhibits nodular
morphology with rounded grains. The average grain size is
2 um with increasing coverage of the substrate. Grains
become fine at higher current density which reflects an
increase in the indium nuclei density with increasing
deposition current density.
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Fig. 6. SEM micrographs of the deposits in 50 mM
In,(SO,); solution on molybdenum at current density
(a) 10 mA/cm?, (b) 30 mA/cm?, (c) 50 mA/cm?.

The deposits show high roughness values at low
current densities. Tablel shows the average roughness
values of the three deposits, with a decrease as the current
density increases.



Table 1 Average roughness of the indium deposits
obtained at different current densities.

Current density Deposition time Average
(mA/cm?) (minutes) Roughness, R,
(1m)
10 40 0.41
30 40 0.39
50 40 0.31

4. Conclusions

In this paper the electrodeposition of indium was
investigated in DES electrolyte, and the results show the
possibility of electrodeposition of pure crystalline indium.
Electrodeposition of indium at Mo electrode proceeds via
instantaneous nucleation with diffusion-controlled growth
whereas the deposition at Au electrode proceeds via
progressive nucleation. The surface morphology of the
deposits improves at higher current density, with a
decrease of the surface roughness. Further investigation
can be done in order to enhance surface morphology of the
deposit considering several applications of indium.
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