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Abstract

Copper and tin have been co-deposited from choline chloride ethylene glycol based deep
eutectic solvent (DES) containing CuCl2.2H,O and SnCl.2H;0. Initially, electrolyte
formulation experiments were carried out containing different amounts of copper and tin at a
brass cathode in a rotating cylinder Hull cell. It was found that metallic deposits containing
copper and tin could be deposited from a DES containing 0.02 M CuCL.2H20 and 0.1 M
SnCl2.2H20. Polarization scans were carried out to determine the reduction potentials for
individual metals and alloys. Anodic stripping voltammetry showed that Sn co-deposits with
Cu at -0.36 V, at a lower over-potential than the tin reduction potential. Smooth and bright
deposits of thicknesses up to 10 um were obtained at a potential of -0.36 V or by using a current
density of -0.87 x10 A cm™. XRD analysis showed the formation of mainly Cu3Sn and some
CusSne. Our results suggest that Sn is co-discharged with Cu at potentials which is noble

compared to the reduction potential of the individual metal.

Keywords: Copper-Tin Alloy, electrodeposition, Choline Chloride, Ethaline, Deep Eutectic

Solvent
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1. Introduction
Alloys of Cu and Sn find applications in wear and corrosion protection [ 1-5], electronic solders
[6-12] and, more recently, for shape memory applications [13, 14] and lithium ion batteries
[15-17]. The manufacturing process for Cu-Sn alloys employs traditional or automated
metallurgical deposition processes [ 18], vapour deposition [19-21] as well as electrodeposition
[1,6,12,15-17, 22-34].

Of these techniques, arguably, the most energy efficient and economic method is
electrodeposition using various acidic and alkaline aqueous solutions [1, 6]. However, many
of these electrolytes employ cyanides [6] or addition agents [27-33] to improve issues related
to deposit microstructure [34-37], which have come under regulatory scrutiny [38]. In addition,
aqueous tin plating systems are encumbered with problems such as sludge formation and
oxidation of Sn*" to Sn**[1, 6, 30], which can only be avoided if non-aqueous systems are used.
These difficulties have led the search for alternative electrolytes [28-31], such as ionic liquids
(IL) [39-43].

An IL can be defined as “a mixture consisting solely of cations and anions with a
melting point of 100°C and below” [41, 43]. Previous work on Cu-Sn alloy fabrication from
ILs have mainly used 1-ethyl-3-methylimidazolium dicyanamide [EMI-DCA] [44, 45],
trimethyl-n-hexylammonium [bis[trifluoromethyl]sulfonyl]amide [TMHA-T{2N] [46, 47], 1-
ethyl-3-methylimidazolium [bis[trifluoromethyl]sulfonyl]amide or [EMI-Tf2N] [48] melts. In
the EMI-DCA based work CuzSn nano-brushes were obtained at low current densities, but a
detailed understanding of co-deposition was not the focus of that work.

In the TMHA-T2N based studies, researchers electrodeposited tin from an IL on to a
copper substrate at a temperature between 150 - 190°C. At these temperatures the IL remains
stable, but copper from the substrate and plated tin inter-diffuse and form an alloy [46, 47].

The researchers termed this as the “reduction-diffusion” method. They formed an alloyed layer
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of reasonably uniform thickness up to a depth of 4 pm [48] with an overall Sn content between
40 to 60 wt%. The deposits showed CueSns, CuzSn and CuioSn; intermetallic phases which
depended on the applied potential, temperature of the IL and deposition time [47, 48]. The
deposition of Cu and Sn could essentially be viewed as an inter-diffusion in the solid state.

One IL which may be used to deposit both copper and tin is the choline chloride (ChCl)
based system [41, 49-58]. Researchers have deposited both copper [49-52], tin [53-56] and,
more recently, Cu-Sn [57, 58] from this system. In addition, choline chloride is available in
commercial quantities, is relatively inexpensive, and does not require special chemical
purification methods. The other attractive properties are low volatility [41, 59], viscosity [60,
61] and reasonably high solubility of both metals [62]. ChCl based ILs are not true ionic liquids,
and are termed deep eutectic solventss (DES). A DES consists of CsHi4NOCI (choline
chloride), along with a hydrogen bond donor (HBD) such as CH4N>O (urea), C2H>O4 (oxalic
acid), C3HgO3 (glycerol), CH2(COOH), (malonic acid), or CoHsO> (ethylene glycol) which
exhibit a deep eutectic point [41]. Metals are deposited from anhydrous or hydrated metal salts
as well as oxides which are dissolved into this DES.

While considerable effort has been expended to deposit Cu-Sn alloys [43-47, 57, 58]
from different kind of ionic liquids, a comprehensive understanding for Cu-Sn co-deposition
is lacking. The most systematic study on alloy electrodeposition from ionic liquids (or room
temperature molten salts) has been carried out using chloraluminate salts by Hussey and co-
workers [63, 64]. They analysed the deposition behaviour for a number of Al-based alloys,
such as Cu-Al, Ni-Al and Co-Al plated from BMIM-AICI3 melts [65]. They found that in the
presence of copper and nickel, discharge of Al proceeded at potentials more anodic than its
reduction potential. In addition, only the rate of deposition is dependent on the concentration

of copper species, but the composition of the deposit was independent. This deposition



74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

behaviour was attributed to the gain in surface energy due to alloy formation [65]. The reaction
mechanism for the co-deposition of the two metals is given by:
x Cu’ (solv) + 4(1-x) ACl; + (3-2x)e- <> CuxAlix) + 7(1-x)AIClLy

In this regard they can be compared to under-potential deposition [65] since Al deposition does
not at these potentials.

Alloy deposition behaviour using ChCl-based ILs, however, is not as well understood.
For example, researchers have demonstrated the feasibility of Sn-Ni deposition from choline-
chloride urea and ethylene glycol [66], and reported Sn content as high as 72% in the deposit
along with other inter-metallics and oxide. However, this study focused on determining
currents where deposition could be achieved [67], and an in-depth analysis of the co-deposition
process was not pursued. A later work on Ni-Zn alloy deposition using choline-chloride urea
melts revealed that nickel is the major component in the deposit [68]. A recent paper on Cu-In
deposition from ChCl-urea melt investigated the electrochemical and co-deposition behaviour
of the individual metals and their alloys [69]. Their study showed that the electrochemical
behaviour was complex and, depending on the concentration of individual metal ions and
electrode potential, Cu, CuzIn, Culn or In could be deposited. The authors remarked that this
behaviour was indicative of formation of an alloy (or inter-metallic) which was most
energetically favourable. These different findings show that further understanding of alloy

deposition from DES is required.

The aim of this work was to develop a deeper understanding of co-deposition behaviour
using ChCl-based DES. For this present study, ethaline, a DES obtained using a 1:2 choline
chloride and ethylene glycol mixture (ChCl-2EG), has been chosen to deposit a Cu-Sn alloy.
In all deposition experiments hydrated salts were dissolved in the DES, since they are easily
available in market and widely used in the plating industry. In order to achieve our aim, a set

of electrochemical deposition experiments using different electrolyte formulations and a
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rotating cylinder Hull cell (RCH) have been carried out. A separate set of polarisation
experiments were performed to determine the electrochemical behaviour. In these experiments,
a Pt rotating disk electrode (RDE) was used. Electrochemical co-deposition behaviour was
compared against single metal deposition to determine if alloys were formed at under or over-
potentials. Anodic stripping voltammetry (ASV) coupled with energy dispersive x-ray (EDX)
analysis was performed to verify if metallic deposits were obtained. Finally, co-deposition of
Cu-Sn alloys was carried out on a low-carbon steel RDE to achieve 5 to 10 um deposit
thickness. The deposit morphology, elemental composition and crystalline structure were

determined using standard materials analyses.

2. Experimental

2.1 Melt Preparation

The ethaline melt was prepared by mixing analytical grade choline chloride [CsH14NOCI] and
ethylene glycol [C2H¢Oz] in a 1:2 ratio, which is referred to as ChCI-2EG throughout this text.
Choline chloride as received from Sigma-Aldrich (> 98% purity) was used without further
purification. This mixture was kept in a thermostatic heater at 40°C and stirred for 24 hours
until it formed a colourless liquid. The mixture was then stored in an airtight glass bottle to
minimize the interaction with atmosphere. Subsequently, 0.10 M SnCl>.2H>0O (Sigma-Aldrich)
was added to the melt, which reflects the solubility limit of SnCl.2H>O in ethaline [56].
Thereafter 0.02, 0.04 or 0.10 M of CuCl2.2H>0O was added to the tin salt-ethaline DES. This
means that the Cu:Sn ratio were 1:5, 1:2.5 and 1:1 in the different DES. These solutions are
termed as 1:5 ChCI-2EG, 1:2.5 ChCI-2EG, and 1:1 ChCI-2EG, respectively, and are listed in

Table 1. Finally, the melt was stirred for 2 hours until it formed a homogeneous solution.
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The use of hydrated copper and tin chloride introduces water in the DES, but this is not
necessarily detrimental to the electrodeposition process. Since choline and glycol are
hygroscopic, it is difficult to avoid water entering the DES. Secondly, it has been shown that
oxygen evolution can stop glycol from reacting at the anode [70]. Thirdly, using hydrated salt
allows one to have control over the amount of water being introduced into the DES (typically,
8% to 13%) provides a more stable deposition system [49, 56]. In addition, it has been shown
that Cu and Sn species present in hydrated and dehydrated DES are the same for water content

up to 40% [71-73]. These species are also presented in Table 1.

2.2 Apparatus

2.2.1 Electrolyte Formulation Experiments:

Prior to plating, it is important to determine the solvent formulation which allows the co-
deposition of metals. Therefore, a series of plating experiments were carried out where different
compositions of ethaline, i.e. 1:5 ChCI-2EG, 1:2.5 ChCI-2EG, and 1:1 ChCI-2EG were used.

These experiments were carried out using a rotating cylinder Hull cell (Rota-Hull) [74, 75].

A Rota-Hull consists of a rotating cylinder cathode, which is separated from the anode
by an insulator. It is designed with a particular geometry which allows it to mimic the current
distribution of a Hull cell [74]. The use of a rotating cylinder allows one to control mass transfer
to the cathode by simply changing the rotation speed [74]. Therefore, this apparatus allows one
to deposit metals or alloys at a variety of current densities in a single experiment under
controlled mass transfer conditions [75]. An Autolab HT Rota-Hull cell (Eco Chemie B.V)
employing a 0.6 cm diameter cylindrical rotating brass electrode and Pt mesh as counter

electrode was used in the current study. The rotation speed of the working electrode was fixed
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at 600 rpm and the operating temperature was 22 + 2 °C. Full detail of the RCH apparatus and
the rationale for choice of current density and the rotation speed is provided in the

supplementary materials section of this paper.

2.2.2 Polarisation, Anodic Stripping Voltammetry and Codeposition Experiments

Polarisation experiments were carried out in a standard three-electrode cell using a platinum
rotating disc electrode (RDE) (Radiometer Analytical), with a Pt mesh as counter electrode.
The cell was a jacketed glass vessel, and was maintained at a constant temperature of 25°C
using a recirculation system. A silver wire served as a quasi-reference electrode, which has
been established to be stable in these DES under a wide variety of conditions [43, 49, 55,56].
Potential scans were performed using a computer controlled p-Autolab instrument in a scan

range of -1.0 V to +1.0 V and the scan rate was set at 0.01 V s™'.

Codeposition experiments were performed in a low-carbon steel disc of 0.9 cm diameter
(i.e. 0.64 cm?) using an RDE apparatus. This disc was detachable from RDE which assisted in
surface preparation and deposit characterisation. Potentiostatic deposition was performed using
the Autolab instrument using a three-electrode system, and galvanostatic plating was carried
out using a PL320 constant power supply (Thurlby-Thandar) using a two-electrode set up. In
all galvanostatic experiments, the potential of the working electrode was monitored against the
reference in order to ensure that the potential of the electrode corresponded to that of the
potentiostatic co-deposition experiments. The cell arrangement for these experiments can be

found in our earlier publications [49, 56, 61].

2.2.3 Deposit Characterisation
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In order to measure deposit thickness, the substrate surface was masked with lacquer before
deposition. After deposition the lacquer mark was removed using acetone, and the thickness of
the deposit was obtained using a Olympus BX41 confocal optical microscope. Four
measurements were performed to reduce errors in thickness measurement. A Hitachi S2400
Scanning Electron Microscope fitted with an Oxford Instruments Isis 200 Ultra-Thin Window

X-ray Detector (for EDX analysis) was used to ascertain deposit morphology and composition.

A PANalyticalX'Pert Pro MPD, powered by a Philips PW3040/60 X-ray generator and
fitted with an X'Celerator were used for x-ray diffraction measurements. The instrument was
operated in a scan range of 5° to 99° (in 26 scan mode) with a step size of 0.0334°, a nominal
time per step of 100 seconds, and using CuKa radiation of 1.54 keV. The scans were performed
in ‘continuous’ mode using the X’Celerator RTMS detector. The phase identification of the
obtained scans were carried out by the X'Pert accompanying software program PANalytical
High Score Plus in combination with the ICDD Powder Diffraction File 2 database (1999), the
American Mineralogist Crystal Structure Database (March 2010) and the Crystallography

Open Database (September 2011; www.crystallography.net) system.

2.3 Procedure
2.3.1 Electrolyte Formulation Experiments

In order to obtain a wide range of current density in the Rota-Hull experiments, the applied
current density was varied between -1.0 x 10 and -1.7 x 10~ A cm™. The deposition time was
set at 180 min to achieve a deposit thickness of at least 3 um, so that an EDX analysis could be
carried out. Since the current density at the Rota-Hull changes from the top to the bottom, the

current at different parts of the cylinder were calculated. The procedure for these calculations
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is shown in the supplementary material section. The maximum and minimum nominal current
densities at the bottom and top of the cylinder were determined to be -2.9 x 103 A cm™ and -
0.15 x10° A cm? (c¢f. supplementary material). At the end of a plating experiment the brass
substrates were dismounted and were sectioned into four parts. The composition of each section

was determined by EDX to check for alloy formation.

2.3.2 Polarisation and Anodic Stripping Voltammetry Experiments

Once the electrolytes useful for co-deposition of the copper and tin were determined,
polarisation experiments were carried out using those formulations to further examine their
electrochemical behaviour. The RDE rotation rate was fixed at 220 rpm and the scan rate was
0.01 V s’'. Polarization scans were also carried out using individual metals, to investigate the
individual metal reduction and stripping in the above scan range, using same scan rate, RDE
speed and temperature.

A further set of anodic stripping voltammetry (ASV) were carried out to probe the
potentials at which individual metals or intermetallic compounds were deposited and dissolved.
In these experiments deposition was carried out at potentials between -0.33 V to -0.5 V for 3
to 10 min duration, which was followed by stripping voltammetry in a scan range between -0.5
to +1.0 V at a scan rates 0.01 V s Other experimental parameters were identical to those for

the polarisation experiments.

2.3.3 Co-deposition Experiments

Cu-Sn deposits were obtained by either galvanostatic or potentiostatic deposition by depositing
at potentials of -0.36 V or a current of -0.87 x 10 A cm™. The choice of potential and current

was based on the requirement that a metallic deposit needed to be plated. Notably the applied
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current lay in the range of current densities explored in the electrolyte formulation experiments
(cf- 2.3.1). The RDE rotation rate was fixed at 220 rpm in order to achieve same mass transfer
conditions as that obtained at the Rota-Hull system, and deposition time was set at 240 min to
obtain a deposit of around 10 um thick. At the end of each experiment the plated disc was
washed with water and acetone and detached from its holder for material analysis. The
thickness, composition, morphology and crystalline structure of deposits were determined

using standard analytical techniques.

3. Results
3.1 Electrolyte Formulation Experiments

Figure 1 shows the deposits obtained from 1:1 ChCI-2EG, 1:2.5 ChCI-2EG, and 1:5 ChCI-2EG,
which correspond to cylinders A, B and C. Sample A shows a smooth red deposit, indicative
of only copper deposition. This was confirmed by EDX analysis of all four sections of the
deposit. The applied current for this deposition experiment was -1.7 x 10°A cm™ which means
that the current density over the cylinder varied between -4.2 x 107 t0 -0.25 x 103A cm™. These
data show that tin cannot be co-deposited with copper using this electrolyte formulation within

this current range.

Samples B and C show deposits which change in colour from red to grey which is
indicative of Cu as well as Sn deposition. The applied current density was to -1.0 x 10~ and -
1.2x 10°A cm?, respectively. The lower currents are simply due to the lower copper deposition
rate corresponding to a lower copper reduction current, since Sn is assumed to be plated at the
same rate as before. Visually, the grey colour is observed in the portions where the current
density is high, i.e. primarily in sections 3 and 4 for cylinder B and sections 2 to 4 for cylinder

C. EDX analysis of these samples showed Sn content ranging 3 to 12 at% and 4 to 11 at% for

10
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cylinders B and C, respectively. These data show that Cu-Sn alloys can be co-deposited from
these two electrolytes for a current range between -0.15 x 102 and -3.0 x 10 A cm™. The range
of alloy composition is larger for 1:2.5 ChCl-2EG and the deposit is smoother; in this regard

this particular DES is most appropriate for Cu-Sn co-deposition.

EDX analysis for sections 1 and 2 also showed the presence of oxygen (21 at%) and
carbon (13 at%) for sample B, with still higher values for sample C. However, in sections 3
and 4, where the plating current is lowest, the content of oxygen and carbon was found to be
lower. This showed that as the deposition current is raised the amount of Sn, O and C would
increase. Although higher Sn contents would be achieved at high currents (or potentials), the
deposit would contain oxygen and carbon. Therefore, in order to determine if Sn content could
be increased by changing the ratio of copper and tin in the electrolyte, a set of deposition
experiments was also carried out with 0.01 M CuCl>.2H>0 - 0.1 M SnCl>.2H>O in the DES (i.e.
10:1 ChCI-2EG). Although the Sn content in the deposit increased to 80 at%, the deposit was

powdery and therefore unsuitable for alloy deposition.

From these experimental findings it is clear that co-deposition of Cu-Sn is achievable
in a range of electrolyte formulations which contain 1:2.5 ChCI-2EG and 1:5 ChCI-2EG. Since
the maximum amount of hydrated SnCl,.2H>O that can be dissolved in ChCI-2EG is 0.1 M,
this fixes the amount of copper that can be added to the IL. In this case it also appears that
lower current densities are preferable for metallic alloy deposition, especially since deposit

properties deteriorate and oxygen and carbon are incorporated in the deposit.

3.2 Polarization and Anodic Stripping Experiments

11
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Figure 2(a) shows the typical polarization scans at a Pt electrode for 1:5 ChCI-2EG, and 1:2.5
ChCI-2EG. The figure shows that reduction commences at a potential of -0.33 V, and reaches
a plateau current. A second wave commences at a potential -0.5 V, and a second mass transfer
limiting current is observed at a potential just above -0.6 V. In the reverse sweep three clear
stripping currents are observed. These stripping processes started at a potential of -0.5 V, -0.3V
and +0.4 V as marked by A, B and C in Figure 2(a). When the copper concentration in the DES
is increased, as is the case for 1:2.5 ChCI-2EG, peak A becomes smaller and peak B becomes
larger. The small oxidation peaks appearing to the right of both A and B stripping peaks for the
1:5 has been observed during electrodeposition from aqueous systems and is attributed to
formation of Cu-Sn interfacial phases [31].

Typical polarisation scans in Pt electrode for ethaline containing individual metals, i.e.,
CuCl2.2H>0 (0.02 M and 0.04 M) and SnCl>.2H20 (0.1 M) are presented in Figures 2(b) and
2(c), respectively. Figure 2(b) shows that the first reduction from Cu?** to Cu® occurs at +0.45
V. The second reduction peak, corresponding to Cu’ reducing to Cu is observed at a potential
of -0.33 V. A mass transfer limiting current is observed beyond -0.45 V. Oxidation peaks are
observed as the scan is reversed. When the copper content in the electrolyte is doubled, the
plateau current is also augmented by the same factor, showing mass transfer control [49].

Figure 2(c) shows that Sn is reduced at -0.38 V, an over-potential slightly more cathodic
than that for the reduction of Cu” to Cu. A mass transfer limiting current is again observed at
potentials below -0.5 V. The reverse sweep shows two stripping peaks: one ata -0.38 V and
another at -0.17 V. In an earlier work [56] these attributed to the oxidation of two different Sn
species present in the electrolyte.

Comparing the individual metal deposition peaks it is clear that both metals can co-
reduce in the potential region below -0.38 V and they can both be governed by mass transfer

at potentials below -0.5 V. The first and second stripping peaks (A and B in Figure 2(a)) could
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correspond to the dissolution of single or both metals, since it is possible to electro-oxidise
either a single metal or an alloy phase at these potentials. The decrease in peak height of A with
increase in copper content in the DES is indicative that this peak may be associated with tin or
tin-rich phases. Peak B, on the other hand, increases when copper content in solution is
increased, which indicates that it may correspond to Cu or Cu-rich phases. The third stripping
peak (C) can be attributed to the oxidation of Cu* to Cu?* [49], since Sn should have been
completely stripped at these potentials. Further anodic stripping voltammetry was carried out
to determine which metals or phases are stripped in these regions for the 1:2.5 ChCI-2EG

electrolyte, because this electrolyte formulation produced the best deposits.

3.3 Anodic stripping experiments

Table 2 lists the potentials used for ASV analysis for a 1:2.5 ChCI-2EG electrolyte, which
covers the potential range within which either one or both metals are expected to co-deposit.
Figure 3 shows the corresponding stripping voltammograms. Depending on the applied
potential for deposition, two or three different stripping peaks are observed. At a potential of -
0.33 V, peaks are observed corresponding to the positions where peaks B and C were located
in the polarisation measurements (cf. Figure 2(a)). These are indicated by B’ and C’ in Figure
3. An EDX analysis for the deposit showed that the deposit contained only Cu, as would be

expected at these potentials.

As the potential is lowered to -0.36 V, the two peaks are again visible at their respective
positions, and the total charge under the stripping peaks is higher. An EDAX analysis showed
that both copper and tin are present in this deposit. The charge under peak B’ was similar to
that observed for -0.33 V, but the charge under peak C’ is increased. This shows that Cu and

Sn are co-reducing at -0.36 V, and that the deposit contains significant amounts of copper.
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Interestingly, Sn is deposited at -0.36 V, which is nobler compared to the reduction potential
of Sn as an individual metal (cf. Figure 2(c)). The co-reduction of Sn could be due to the fact

that alloy formation is energetically more favourable.

As the deposition potential was lowered further (i.e., -0.4 V, -0.45 V and -0.5 V) a third
stripping peak, A’, is observed. The position of A’ is similar to that for peak A shown in Figure
2(a). This peak grew more prominent as the potential is lowered, while the charge
corresponding to peak B’ remained nearly constant. This indicates that Sn is deposited at
potentials below -0.4 V and that peak A in Figure 2(a) is associated with a Sn phase. This is
consistent with the reduction potential for Sn (below -0.38 V) obtained in the polarisation data.
The small oxidation peak appearing to the right of A’ may be due to the presence of an inter-

phase between the two Sn-containing phases [34, 35].

EDX analysis of these deposits showed the presence of oxygen and carbon, the
quantities of which are listed in Table 2. For deposits obtained at -0.5 V, 9 at% of chlorine was
also found along with oxygen and carbon. The presence of these impurities are in agreement
with our earlier work on copper deposition, where carbon and chlorine were detected [49],
which is attributed to the breakdown of the DES itself. The current findings confirm that low
deposition potentials are inappropriate for metallic Cu-Sn co-deposition, since impurities can
be incorporated in the deposit. Therefore, further co-deposition experiments were carried out

using potentials of -0.36 V or the current corresponding to this potential, i.e. -0.87 x 10> A cm™

2

3.4 Codeposition experiments
Figure 4(a) and (b) show scanning electron micrographs of a typical deposit obtained
potentiostatically (at -0.36 V) or galvanostatically (using a current of -0.87 x 10~ A cm™). As
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observed in the micrographs, the deposits are dense and reasonably smooth. It may be expected
that the choice of substrates can affect the deposit morphology and microstructure. However,
the deposits on the steel substrate using the RDE were similar to those obtained using the
RotaHull experiments for cylinders B and C in the region where co-deposition of Cu and Sn

occurred.

The deposit composition, as determined EDX analysis, showed the Sn content to be 17
at% for the potentiostatic experiments and 13 at% for the galvanostatic experiments,
respectively. The copper content in the deposit was found to be approximately 83 at% (error in

analysis being +10%). Elements such as C, O or CI were not detected.

Deposition was also carried out just below and just above -0.36 V to determine the
sensitivity of alloy composition to electrochemical parameters. In agreement with the ASV
findings, deposits at potentials of -0.34 V contained only Cu. At deposition potentials of -0.355
V, a lower amount of Sn (ca. 2 to 5 at%) was found. For the corresponding galvanostatic
experiment carried out at a current density of -0.64 x 10°A cm™, a similar alloy composition
was obtained. At a potential of -0.375 V or the corresponding galvanostatic experiment (-0.095
x 103A cm?) increased amounts of oxygen (ca. 20 to 30 at%) was detected. These findings
also show that metallic deposits can be attained within a very narrow range of current or

potentials and that alloy composition is very sensitive to the applied potential.

The film growth rate at a potential of -0.36 V was determined to be 0.035 + 0.003 pm
min!. Deposit thicknesses up to 10 um could be attained by increasing plating time without
compromising deposit quality. The current efficiency for deposition, calculated using charge
balances, were found to be 90%. Gravimetric measurements of current efficiency were found

to be in excellent agreement with charge balance data, i.e. 92%.
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The morphology of the deposited alloy is similar to that observed for Cu-Sn alloys
deposited from aqueous electrolytes without addition agents or under laboratory conditions [24,
28, 31, 76] and other ILs [45-47, 57]. The grains near the electrode surface are small, typically
of the order of 1 um. The micrograph shows the presence of many nuclei near the substrate
interface demonstrating the importance of nucleation in the initial stages of deposition. As the
deposit grows, only some of the grains grow larger in the longitudinal direction. This is very
similar to electrodeposited Cu-Sn alloys from aqueous systems from MSA electrolytes in bench

scale systems [31].

3.5 Phase Analysis

The XRD diffractograms for the Cu-Sn alloys deposited on a stainless steel substrate for the
same DES composition and potential as those for Figure 4 are shown in Figure 5. The different
peaks of the diffractogram correspond to mainly orthorhombic CuzSn [77] and few others for
hexagonal CueSns [78]. Separate phases for Cu and Sn are absent. When Cu-Sn were co-
deposited from other ILs, phases similar to CueSns, CuzSn and CuioSns [45, 47] were found,

similar to those obtained from aqueous electrolytes [6, 28, 31, 79, 80].

Since the predominant phase is Cu3Sn, one would expect an atomic ratio of 75:25 for
Cu:Sn in the deposit. The EDX data showed a ratio of 80:20 atomic percent for Cu:Sn. The
EDX and XRD results, can be considered to be in broad agreement, given that the error in EDX
measurement could be as high as 10%. If there is any excess Cu in the deposit, the absence of
a peak associated with it may be due to the fact that it is either a disordered structure or it is

dissolved in the CuzSn phase.
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For powder Cu3Sn samples the ratio of intensity (in %) for (021):(002):(121):(231):
(331) peaks are 70:100:100:70:70 [77]. The intensity ratios estimated from Figure 5 is 100:
12:35:15:10, which shows a polycrystalline structure of mostly (021) orientation. On closer
inspection a doublet is observed for the (121) peak. This can be due to presence of Ko and
Ko> components in the incident and diffracted beams from the Cu source as

monochromatization was not carried out during the XRD scan.

The zoomed picture of the doublet and other intense peaks, i.e. (021) and (231) is
presented in Figure 6. The average primary crystallite size was determined using these peaks
and the Scherrer equation [81]. Crystallite size was determined to be 21 + 10 nm, against a
value of 30 to 100 nm for the aqueous systems [82]. The strain contribution was determined
using the same diffraction peaks using the Williamson-Hall method [49, 83]. The strain value
was 0.012 £+ 0.005, somewhat lower than that for the individual metals plated from the same

DES [49, 56].

4. Discussion

Our findings indicate that alloy deposition from ChCI-2EG produces Cu-Sn compounds,
depending on the electrolyte chosen. This is similar to findings of Dale et.al. for Cu-In [69],
and Zn-Ni [67] deposition from ChCl based DES. The deposition of Sn proceeds at more noble
potentials compared to the reduction potential of the individual metal. This is similar to the
case observed for the deposition of Al alloys obtained from imidazolium-based ILs [65]. In this

regard, ChCI DES seems to exhibit similarities with imidazolium systems.

There are different principles of electrochemical co-deposition which have mainly been

tested for aqueous systems and based on over-potential methodologies [84]. However,
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underpotential deposition of alloys or phases is also possible [85] from aqueous systems. In
addition, more recently additional models for electrochemical deposition of alloys based on
electrolyte speciation [86] and energetics in the solid state have been proposed [85]. It is
interesting to compare the current Cu-Sn deposition system in view of these alternative

mechanisms.

The electrolyte formulation experiments show that Cu-Sn deposition occurs from a
DES containing a particular amount of individual metals. If the concentrations of the individual
metals were changed, co-deposition did not occur, or that deposit properties were poor. This
may be indicative of electroactive species formed in DES which contains Cu and Sn in the ratio
of 3:1, which would lead to the formation of a single compound, Cu3Sn. Such a system would
follow the model of Younes and Gileadi [86] where speciation in solution influences the

deposition product.

The second possibility is that Cu3Sn is formed due to the lowering of overall energy in
the solid state due to alloy formation. This is plausible as it has been found that Sn is depositing
at potentials more positive to that required for Sn reduction from DES containing only Sn salt.
In this case, the two metals may deposit (nearly) independently, but the thermodynamics of the
deposit controls the phases formed, as has been suggested for the imidazolium systems [65].
While this does not preclude the formation of an electroactive species as described in the
previous paragraph, it does not require it. A differentiation between the two processes will
require the identification of multi-metal species in DES as well as a careful assessment of

energies of alloy formation, which may be useful avenues of further research.

One interesting aspect arising from the result is the unusually high content of oxygen
and carbon in the deposited material. These occur at higher currents and potentials, thereby

restricting the metal and alloy deposition rate. This observation is similar to those obtained
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previously for copper and tin deposition by our group [49, 56]. There can be a number of
reasons for the presence of these elements in deposits: entrapment of electrolyte, co-deposition of

oxides and embedment of material can all occur.

However, in our earlier work we found that current efficiencies were between 84-95%
[49, 56] These measurements were verified using gravimetric, cuolometric as well as thickness
measurements. Since the content of oxygen and carbon is relatively high, electrolyte
entrapment or embedment of electrolyte within the deposit would have resulted in
disagreement between these measurements. In addition, the morphology of more porous
material (Cu and Sn [49, 56]) contained less oxygen and chlorine. These elements could also
arise from the deposition of oxides or chloride compounds, but these were never detected in

our XRD measurements in this work or our earlier work or by any researchers.

Figure 7 shows the polarisation data for ChCI-2EG at a Pt RDE. These data show the
reaction involving the solvent and show the electrochemical window of ethaline. The figure
shows that the IL breaks down below a potential of -0.7 V, as reported previously [30, 46].
However, low currents are observed at -0.4 V, indicating that some degree of break down
begins at relatively low potentials. Both Cu, Sn and Cu-Sn are depositing at these potentials,
and carbon and oxygen detected in the deposits may be arising from the breakdown of the
solvent, which has also been reported by other researchers [70]. Although the currents recorded
on Pt are low, it is possible that the process is favoured during Cu-Sn deposition, which will

be studied further by our group.

5. Conclusions
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Copper and tin have been successfully co-deposited from a choline chloride ethylene glycol
based deep eutectic solvent (DES). It was found that metallic deposits containing copper and
tin can be deposited from a DES containing 0.04 M CuCl2.2H;O and 0.1 M SnCl2.2H:O0, i.e.
1:2.5 ChCI-2EG. Anodic stripping voltammetry showed that Sn co-deposits with Cu at -0.36
V, at a potential more noble than the tin reduction potential in the DES. EDX analysis showed
that only Cu and Sn are co-deposited at -0.36 V. At higher over-potentials, oxygen, carbon and
chlorine were also present. XRD analysis showed the formation of mainly CuszSn and some
CusSng at -0.36 V. Our results suggest that Sn is co-discharged with copper at potentials which
are noble (compared to its reduction potential) because alloy formation is energetically

favoured.
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Figure Captions

Figure 1: Electroplated cylinders from RCH cells for different ethaline DES formulations. (A)
1:1 ChCI-2EG, (B) 1:2.5 ChCI-2EG, and (C) 1:5 ChCI-2EG. The cylinders were sectioned into
four parts which are marked in the figure. The current density across each of these sections
were as follows: Ptl: 2.51avg, Pt2: 1.01avg, Pt3: 0.31avg, Pt4: 0.151avg, Where iavg is the applied

current.

Figure 2: Cyclic voltammograms for co-deposition from (a) —1:5 ChCI-2EG ; — — -1:2.5
ChCI-2EG at a Pt RDE rotating at 220 rpm. The scan rate is 0.01 V s™! and scan direction is
shown by the arrows. Voltammetry for individual metal deposition (b)—0.02 M CuCl,.2H20O;
——10.04 M CuCl>.2H20 (¢) — 0.1 M SnCl>.2H>0O using the same experimental conditions.

Figure 3: Anodic stripping voltammograms for deposits plated from with 1:2.5 ChCI-2EG at
Pt RDE, at potentials listed in Table 2 ; =033 V, - — 036 V,==040V, =045V =0.5V.

Stripping was carried out at a rotation speed of 220 rpm and a scan rate 0.01 V s,

Figure 4: SEM micrographs of Cu-Sn deposits on stainless steel substrates from 1:2.5 ChCl-
2EG electrolyte: (a) applied potential of - 0.36 V and (b) a current density of -0.87 x 10> A cm”
2 . The total time of deposition was 4 hours and the RDE speed was 220 rpm. (c¢) Typical

deposit cross-section after plating for 4 hours.

Figure 5: XRD diffractograms of individual metals and alloy plated from ChCI-2EG DES.
Trace (A) Cu plated from DES containing 0.04 M CuCl».2H>0, (B) Cu-Sn deposited using the
conditions shown in Figure 4(c), and (C) Sn plated from DES containing 0.1 M SnCl,.2H0O.

Figure 6: Zoom of the most intense peaks for Cu3zSn from the XRD diffractogram shown in
Figure 5 which were used to calculate grain size and strain. The peaks are (a) (021), (b) (121),
and (c) (231).

Figure 7: Potential scan showing electrochemical window of ethaline at Pt RDE, scan rate 30

mV/s, 25 °C at an RDE; (....) 100 rpm, (—) 2500 rpm.
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Table 1

Nomenclature, composition and metal salts used in the experiments. The speciation of copper
and Sn in the IL are also shown.

Choline Ethylene Copper Tin Nomenclature
Chloride Glycol CuCL.2H,O SnCl2.2H,0
M) M) M) M)
1.0 2.0 0.02 0.1 1:5 ChCI-2EG
1.0 2.0 0.04 0.1 1:2.5 ChCI-2EG
1.0 2.0 0.1 0.1 1:1 ChCI-2EG
Speciation in DES [CuCls] [SnCl3]
[CuCly]* [Sn2Cls]
Table 2

Potentials, charge under stripping peaks and EDX analysis for electrodeposits used in the
ASV analysis for a 1:2.5 ChCI-2EG DES.

25

Potential | Calculated charge under stripping Carbon Oxygef33
peaks content as content as
V) per EDX per ED534
(©) analysis analysis
Peak A Peak B Peak C (at%) (at%)635
2033 i 0.50 0.04 i T o3
-0.36 - 0.45 0.23 - -

637

-0.40 0.03 0.40 0.10 12 20
638

-0.45 0.09 0.40 0.14 23 30
639

-0.50 0.16 0.50 0.05 26 40
640




641

642

643
644
645
646
647

648

Ft4

FPt3

Pt2

Pt1

Figure 1: Electroplated cylinders from RCH cells for different ethaline DES formulations. (A)
1:1 ChCI-2EG, (B) 1:2.5 ChCI-2EG, and (C) 1:5 ChCI-2EG. The cylinders were sectioned into
four parts which are marked in the figure. The current density across each of these sections
were as follows: Pt1: 2.51avg, Pt2: 1.01avg, Pt3: 0.31avg, Pt4: 0.151avg, Where i1avg 1s the applied
current.
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Figure 2: Cyclic voltammetry data at a Pt RDE rotating at 220 rpm. The scan rate is 10 mV/s
and scan direction is shown by the arrows.
(a) —1:5 ChCI-2EG ;— — -1:2.5 ChCI-2EG ; (b)—0.02 M CuCL.2H20; — -0.04 M
CuCl2.2H20 (¢) — 0.1 M SnCl2.2H>O
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666 Figure 3 : Anodic stripping voltammetry with 1:2.5 ChCI-2EG at Pt RDE at a rotation speed
667 of 220 rpm and scan rate 10 mV/s. Potentials used : (~-)0.33 V, (-~ —)0.36 V, (==)0.4 V,
668 (==)0.45V, (=)0.5V
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683

684

685  Figure 4: SEM micrographs of Cu-Sn deposits on stainless steel substrate from 1:2.5 ChCl-
686  2EG electrolyte: (a) applied potential of - 0.36 V and (b) a current density of -0.87 x 10> A cm”
687 2. The total time of deposition was 4 hours and the RDE speed was 220 rpm. (c) Typical deposit
688  cross-section after plating for 4 hours.
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692

693  Figure 5: XRD diffractograms of individual metals and alloy plated from ChCI-2EG DES.
694  Trace (A) Cu plated from DES containing 0.04 M CuCl,.2H>O, (B) Cu-Sn deposited using the
695  conditions shown in Figure 4(c), and (C) Sn plated from DES containing 0.1 M SnCl,.2H>O.
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Figure 6: Zoom of the most intense peaks for CuszSn from the XRD diffractogram shown in
Figure 5 which were used to calculate grain size and strain. The peaks are (a) (021), (b) (121),
and (c) (231).
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724
725

726  Figure 7: Potential scan showing electrochemical window of ethaline at Pt RDE, scan rate 30 mV/s,
727  25°Catan RDE; (....) 100 rpm, (—) 2500 rpm.
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