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Abstract

The electrodeposition of cobalt from alternative electrolytes, including ionic liquids and deep eutectic solvents (DES), has
become a topic of great interest to the scientific community, with a significant impact in both academic circles and in the
development of commercial industrial electrochemical processes. However, very few studies have considered the effects
of water on the electrodeposition of metals from deep eutectic solvents. In this work, the electrodeposition of Co from a
choline chloride (ChCl) ethylene glycol (EG)-based deep eutectic solvent (DES) containing 10%, 20% and 30% water has
been studied, and for the first time a uniform and bright Co deposit has been obtained when the deposition was achieved
from an electrolyte containing 20% water. The speciation of Co in a mixed 1:2 ChCl:EG-based liquid (Ethaline 200) has
been studied in both the absence and presence of water. The conductivities of the Co electrolyte were increased with increas-
ing amounts of water. The electrochemical properties of the Co electrolytes have been studied using cyclic voltammetry,
where it was found that the redox peak current gets larger and shifts in a positive direction when water was included in the
Co solution. The resultant surface morphologies, topography, and roughness of the Co deposits were revealed by scanning
electron microscopy (SEM) and atomic force microscopy (AFM), which demonstrated that a highly uniform and smooth
cobalt coating had been produced when the deposition occurred in Ethaline 200 containing 20% water.
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Introduction

Cobalt is well known as a hard magnetic metal whose alloys
have the excellent magnetic properties required for use in
high-performance magnetic applications (Cui et al. 1990;
Kelly et al. 1989; Pattanaik et al. 2007). Usually, electrodep-
osition of Co is achieved from aqueous solution. However,
the disadvantages of aqueous solutions limit the deposition
of metals generally; aqueous electrolytes suffer, in particu-
lar, from issues such as their electrochemical stability and
limited potential windows (resulting in gas evolution leading
to hydrogen embrittlement) (Abbott et al. 2013; Endres et al.
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2017; Zhang et al. 2016). Whilst aqueous baths, for example
acid baths, cyanide baths, and alkaline non-cyanide baths,
can be used for the electrodeposition of metals (Abbott et al.
2013; Zhang et al. 2016), dealing with such baths requires
particular caution due to the toxicity of the electrolytes.
Therefore, ionic liquids (ILs) have been employed as alter-
natives for metal plating from aqueous solutions (Abbott
et al. 2013; Abbott and McKenzie 2006; Celik et al. 2016;
Schaltin et al. 2007; Yang et al. 2008).

A number of different room temperature ILs have been
used as new electroplating systems as they have many advan-
tages over aqueous solvents such as wide electrochemical
potential windows, negligibly low vapour pressures, and
high ionic conductivities (Abbott et al. 2004b; Abbott and
McKenzie 2006; Endres 2002). A number of studies into the
electrodeposition of Co have been published on ionic liquids
(Carlin et al. 1998; Mitchell et al. 1996; Chen and Sun 2001;
Koura et al. 1996; Schaltin et al. 2007; Zell and Freyland
2003). Carlin et al. (1996) noted that the electrodeposition
of cobalt could be achieved from a chloroaluminate ionic lig-
uid. Their studies concluded that Co deposition proceeds via
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a three-dimensional progressive nucleation with diffusion-
controlled growth.

Hanke and Lynden-Bell (2003) studied the effects of
water content on 1,3-dimethylimidazolium chloride and
1,3-dimethylimidazolium hexafluorophosphate ILs. They
suggested that at low concentrations, the water is either
isolated or exists in the solution as small independent clus-
ters. The effects of water on 1-butyl-3-methylimidazolium
[C,Clim][BF,], 1-octyl-3-methylimidazolium [C¢Clim]
[BF,], and [C4C1im][CI] were investigated by Feng and
Voth, who found strong interactions between the anions
and water molecules (Feng and Voth 2010). Some ionic
liquids have issues such as high cost, toxicity, and lack of
availability, and ILs such as 1-ethyl-3-methylimidazolium
and 1-butyl-3-methylimidazolium are relatively sensitive
to water. Such issues will clearly reduce their industrial
utilities.

Solvents are of particular importance in the field of green
chemistry, where new types of ILs have been produced by
forming complexes between quaternary ammonium salts
R,R,R;R,N*X~ and hydrogen bond donors such as acids,
amides and alcohols. These liquids are called deep eutectic
solvents (DESs) (Abbott et al. 2003). Compared to other
types of ILs, DESs have significant physiochemical advan-
tages such as availability, non-toxicity, biodegradability,
recyclability, non-flammability, and low cost (Ismail 2017,
Smith et al. 2014; Ismail et al. 2019a). As DESs are rela-
tively cheap and environmentally clean compared to the fab-
rication and use of ILs generally, they represent a much more
attractive alternative to ILs from various perspectives. DESs
have been used on an industrial scale in electropolishing
(Abbott et al. 2006Db, c), electroplating (Al-Esary 2017; Ber-
nasconi et al. 2015), metal oxide processing (Abbott et al.
2006a) and polymer synthesis (Alesary et al. 2018; Hillman
et al. 2017; Alesary et al. 2019b; Ismail et al. 2019a, b). The
reduction processes of a range of metals have been investi-
gated in DES systems including Zn (Abbott et al. 2011), Cr
(Saravanan and Mohan 2011), Cu (Abbott et al. 2009; Xing
et al. 2014), Ni (Abbott et al. 2008), Co (Cojocaru et al.
2015; Gémez et al. 2011), Al Sn (Pereira et al. 2012), and
Ag (Sebastian et al. 2013). Electrodeposition of cobalt via
several ILs has been investigated (Ali et al. 2005; Katayama
et al. 2007; Schaltin et al. 2007; Zein El Abedin and Endres
2006), but despite this very little information is available
on the electrodeposition and reduction mechanisms of pure
cobalt in choline chloride—ethylene glycol DESs; similarly,
there are only a few studies that have considered the effects
of water on the metal’s electrodeposition from choline chlo-
ride-based ILs. Koen and Deun have studied the speciation
of copper (II) complexes in a choline chloride-based IL and
in choline chloride/water mixtures, finding that water can
change the copper species present in the IL (De Vreese et al.
2012). Furthermore, they found that the redox potential of
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Cu has changed as a result of adding specific ratios of water
to their Cu electrolyte. The addition of different amounts of
water to a choline chloride-urea-based DES (Reline) was
studied by Hammond et al. (2017). They found that water
leads to weaker interactions between all the components,
i.e., Ch—Cl, Ch—urea, urea—Cl and urea—urea, where the
authors did not comment in this regard why this happened.
Recently, Al-Murshedi investigated DES—water mixtures in
the deposition of copper for different water contents (Al-
Murshedi 2018). Their study showed that water increased
the brightness of the copper deposition on a nickel substrate
due to changes in the crystallite size. In addition, water has
the effect of changing the physicochemical properties of
DESs by increasing mass transport.

In our previous work (the effect of additives on the elec-
trodeposition of Zn), Zn deposition was achieved from a
DES-based IL (Alesary et al. 2019a, b). To the best of our
knowledge, there is no previous work in the literature that
considers the effect of adding different amounts of water on
the electrodeposition of Co from a DES. The aims of this
work are to deposit Co from Ethaline 200 in a bright, dense,
thick and adherent coating and also to study the effect of
water on speciation, conductivity and electrochemical prop-
erties of Co in DES. Moreover, to see how water effect on
the deposition of cobalt in terms of the deposit morphology
and roughness. In the present study, Co species and their
conductivities in 1:2 mix of choline chloride and ethylene
glycol (Ethaline 200) have been studied with and without
the addition of water. Cyclic voltammetry has been used to
examine the reduction mechanism of cobalt from the aque-
ous—Ethaline 200 mixtures. In addition, the effects of add-
ing different concentrations of water on morphologies and
roughness of Co deposits were investigated via SEM and
AFM.

Experimental

Choline chloride and ethylene glycol were obtained from
(Aldrich +99%). The deep eutectic mixture (Ethaline 200)
was prepared by continuous stirring of the two compo-
nents in a 1:2 ratio of choline chloride:ethylene glycol at
60 °C until a homogeneous, colourless liquid was formed.
The cobalt salt CoCl,-6H,0 (Aldrich >98%) was added
to form a final concentration in all liquids of 0.3 M. The
conductivities of the Co electrolytes, in both the absence
and presence of water, were measured as function of tem-
perature between 25 and 85 °C using a Jenway 4510 con-
ductivity meter. A Shimadzu model UV-1601 UV-visible
spectrophotometer was used to compare the coordination
sphere of the cobalt ion in the Ethaline 200 with varying
molar ratios of water. The cell path length was equal to

10 mm, i.e., a standard cuvette was used. Values for 4,,,



Chemical Papers (2020) 74:699-709

701

were determined using the spectrophotometer’s built-in
peak-pick feature, using the uv-probe software.

Cyclic voltammetry was performed using a potentio-
stat/galvanostat/ZRA with optional FRA/EIS controlled
with the GPES?2 software using three electrodes: a 0.5 mm
platinum disc as the working electrode, a platinum sheet
as the counter electrode and an Ag/AgCl reference elec-
trode. Voltammograms of Co were obtained using a poten-
tial window of +0.5 V to — 0.7 V. In all experiments, the
working electrode was polished using 0.05 alumina paste
and cleaned by rinsing with deionized water followed by
acetone prior to each experiment.

Bulk electrolysis (Fig. 1.) was carried out using
cathodic plates (copper, 50 mm X 42 mm X 1 mm) which
were etched with aqueous 0.87 M ammonium persulfate
solution, (NH,),S,04 (Aldrich) and 0.2 M H,SO, (Fisher)
solution, and then wished with water, then acetone and
then dried. An iridium oxide-coated titanium mesh elec-
trode was used as the anode. The electrodepositions were
achieved in Ethaline 200 made up to 0.3 M CoCl,-6H,0
with and without different concentrations of water (10%,
20% and 30%). The bulk electrodepositions were achieved
at a current density of 2.5 mA c¢cm™ for 1 h and at 70 °C.

The surface morphologies and compositions of the
cobalt deposits were characterized using scanning electron
microscopy (SEM) and energy dispersive X-ray spectros-
copy (EDX) using a Phillips XL30 FEG with an accelerat-
ing voltage of 20 kV, giving an average beam current of ca.
120 pA. Both contact and tapping (resonant) modes in the
digital instruments nanoscope IV Dimension 300 (Veeco)
atomic force microscope with 100 mm scanning head were
used to examine the nucleation and roughness of the Co
films. Images were acquired in air using the Nanoscope
version 6.13 control software.

Co
deposit

Fig. 1 Image showing the electroplating process

Results and discussion
Speciation

The coordination environment of the metal species dissolved
in the IL to a certain extent determines its electrochemical
behaviour. Adding water to the Ethaline 200/CoCl,-6H,0
solution can change the chemical species formed with some
of the Co ions present. Solution colour is indicative of Co
speciation, and indeed various metal salts can be identi-
fied because they show significant thermochromism, as has
been reported for both conventional ILs and DES solutions
(Linert et al. 2001; Wei et al. 2008). Here, UV—Vis spec-
troscopy was used to study the thermochromic behaviour of
CoCl,-2H,0 in pure Ethaline 200 in the presence of different
water contents, i.e., 10 wt%, 20 wt% and 30 wt%, as shown
in Fig. 2. It has been established that the major CoCl,-6H,0O
species in pure Ethaline 200 is [CoCl,]*~ (Hartley et al.
2014). However, the effects of water on the Co species that
is subsequently formed in Ethaline 200 need to be investi-
gated thoroughly. There was no difference in the speciation
before and after the addition of different concentrations of
water, so this indicates that these additives do not tend to
change the coordination environment of Co>*. It has been
stated that the bivalent cobalt species is dissolved by forming
[Co(TFSA);]™ in the EMITESA IL. Thus, the bivalent cobalt
species is considered to be [Co(TFSA);]™ in BMPTFSA
(Fujii et al. 2008).

It has also been reported that changing the geometry of
the cobalt (I) from octahedral or dodecahedral to tetrahedral
does not occur in ILs during the heating or cooling process
(Banic et al. 2014). Quantitatively, it should be noted that the

1.0+
—— 0.3 M CoCl,6H,0 in 1:2 ChCL:Eg
—— 0.3 M CoCl,.6H,0 in 1:2 ChCI:Eg+ 10% H,0
—— 0.3 M CoCl,.6H,0 in 1:2 ChCL:Eg+ 20% H,0
0.8 ——0.3MCoCl,6H,0 in 1:2 ChCl:Eg+ 30% H,0
667.01 nm__.694.54 nm
3 0.6 4 632.18 nm
8
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Fig.2 UV-Vis spectra of Ethaline 200 containing 0.03 M

CoCl,-6H,0 measured at 25 °C with different water contents, 0 wt%,
10 wt%, 20 wt% and 30 wt%
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octahedral complexes are typically pale red or purple, while
many common tetrahedral complexes are an intense blue
(e.g., in Ethaline 200). In each case, the visible spectrum is
influenced by the highest energy A, — T,(P) transition for
tetrahedral and the *T o(F) 4T, o(P) transition for octahe-
dral complexes, where in octahedral systems the 4A2g level
is typically closer to the 4Tlg (P) level and the transitions to
these two levels can frequently overlap.(Cotton et al. 1988)
Because the 4A2g state is derived from T%gE4 electron con-
figuration, while the *T o(F) ground state is derived mainly
from a ngEé configuration, the 4T1g(F ) -4 A,, transition
is essentially a two-photon process and thus weaker by
about a factor of 1072 than other transitions. In the tetra-
hedral system, the visible transition is stronger and shifted
to lower energies, consistent with the colour observed, as
mentioned above. For the octahedral complex, there is one
more spin allowed transition T, (F)— 4T2g, which occurs
in the near infrared region (Cotton et al. 1988). For tetra-
hedral complexes, there is also a transition in close to the
infrared region [*A, — *T,(F)], in addition to one of quite
low energy (*A,—*T,), which is rarely detected because it
is in an obscure region of the spectrum (1-2 um) and, more
importantly, because it is formally forbidden.

In Fig. 2, in the case of the cobalt solution that does not
contain water, a broad spectrum was obtained that contained
three distinct peaks at 632.12 nm, 667.01 nm and 694.54 nm.
This spectrum corresponded to the [C0C14]2 complex (Hart-
ley et al. 2014). There was no difference between the specia-
tion before and after addition of water; however, the intensity
of the peaks decreased with increasing water content, which
could purely have been due to the decreasing concentration
of [CoCl,]*~ in the solution as a result of producing new spe-
cies such as [Co(H,0)]** or [CoCI(H,0)s]", or could have

(a) 35-
| —m—CoCl,.6H,0 without H,0
~@— CoCl,.6H,0 with 10% H,0
30 { —A—CoCl,6H,0 with 20% H,0

- ~¥— CoCl,.6H,0 with 30% H,0 v

IS

[&]

0 254

€

=

= A
2 20+

[&]

=}

©

[

[e]

O 15

[}
104 =

— —
0 5 10 15 20 25 30 35 40
Water Ratio %

been due to a change in the geometry of Co complexes from
tetrahedral to octahedral, where the colour of the Co solution
changed gradually from blue to purple with the increasing
quantity of water added. The visible transition in the tet-
rahedral example has complex envelopes because several
transitions to the doublet excited state can be observed in
the same region and these obtain some intensity by means
of spin—orbit coupling.

Conductivities of Co electrolytes

In the majority of ionic liquid electrodeposition studies to
date, little attention has been paid to the effect that the addi-
tion of water has upon the resultant conductivity. In general,
most ILs have low conductivities compared to the aqueous
electrolyte at room temperature. Generally, the formation of
the large number of hydrogen bonds leads to an increase in
the viscosity of ionic liquids, thus reducing their conductivi-
ties. This could be due to a lattice disruption effect of the
liquid that alters the coordination of the C1™ interaction. In
electrochemical applications, a high conductivity is required
to reduce cell resistance and Ohmic heating during bulk
electrolysis (Garcia et al. 2015; Zhang et al. 2012). In this
work, the effects of adding water to the 1ChCl:2EG liquid
containing 0.3 M CoCl,-6H,0 at 25 °C are demonstrated in
Fig. 3a. It can be seen that with increasing amounts of water,
the conductivities of the Co solutions actually increased.
Figure 3a shows a significant change in the conductivi-
ties of the CoCl,-6H,0 electrolytes with increasing water
content. The highest conductivity, 29.2 mS cm™!, for the
CoCl,-6H,0 solution was recorded for a solution containing
30 wt% water.

(b) 4 —m—coci,6H,0 without H,0
42 —e—CoCl,6H,0 with 10% H,0
39 —A— CoCl,6H,0 with 20% H,0 "
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Fig.3 a The conductivity of 0.3 M CoCl,-6H,0 in Ethaline 200 with different amounts of water at 25 °C. b Conductivities of CoCl,-6H,0 in
Ethaline 200 in the absence and the presence of different amounts of water (10 wt%, 20 wt% and 30 wt%) as a function of temperature
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In addition, the influence of temperature on the conduc-
tivities of CoCl,-2H,0 in pure Ethaline 200 and in the pres-
ence of 10 wt%, 20 wt% and 30 wt% water was studied, as
shown (Fig. 3b). It is clear from this figure that the conduc-
tivities of Co solution increased with increasing tempera-
ture due to the associated increase in ionic mobility, which
is consistent with previous results in the literature (Abbott
et al. 2004a; Al-Murshedi 2018; Cao et al. 2015; Popescu
et al. 2014).

In this section, the key point is to provide a model for
this increase in conductivity increasing upon the addition
of water. Clearly, it can be predicted that the conductivity
of the Co electrolyte will increase as the proportion of water
increases due to the magnitude of the interaction between
water and the ions of the IL being smaller than ion—ion inter-
actions (Vila et al. 2006). According to Eq. (1)(Vila et al.
2006)

0.17KRTV-
D B/ Vr

017K TV gyt
2xml/ 2AV;£ 2

’ ey

where D is the diffusion coefficient of the holes (ions), y
is the surface tension of the liquid, kg the Boltzmann con-
stant, 7'is the absolute temperature of the liquid and m is the
mass of a particle. This effect can be simulated via whole
theory by modification of the surface tension of the liquid
when adding water. Consequently, a structural model for
the IL 4+ water system is required to determine the effects
of the water on ionic transport. Figure 3a shows that there
is no huge change in the conductivity of the Co solution
that contained a relatively small amount of water (10%).
Thus, it can be assumed that the addition of small amounts
of water to the IL does not lead to a significant change in
the structural picture of hole theory; that is, the conduction
still relies on the existence of cavities in the interior of the
liquid being occupied by ions in the course of their motion.
It is clear that the validity of this hypothesis is restricted to
very small amounts of water in the IL solutions because,
in limited concentrations of water, a water droplet network
will form, as will isolated water molecules and water groups
(Hanke and Lynden-Bell 2003). In ionic mixtures, more so
than water molecules, the latter tend to be isolated from one
another (Cammarata et al. 2001; Hanke and Lynden-Bell
2003; Vila et al. 2006) and strongly linked to any anions pre-
sent (Hanke et al. 2002; Vila et al. 2006). Therefore, it can
be suggested that absorbed molecules are the anion—water
complexes produced when water is added to pure IL. This
results in a reduction in the viscosity of the liquid and a con-
comitant increase in conductivity. The increase in conductiv-
ity found for the Co electrolytes that contained 20% and 30%
water was 21.1 mS cm™" and 29.2 mS cm™!, respectively. We
can conclude that the change in conductivity of Co bath as a
result of adding water can be clarified within the framework

of conventional hole theory resulting in the modification of
the surface tension of the liquid. Therefore, the size of the
hole increases, leading to an increase in ion mobility in the
IL—water mixture, thus increasing the conductivity.

Cyclic voltammetric studies

Cyclic voltammetry was used to investigate the electro-
chemical behaviour of cobalt in the 1ChCl:2EG-based lig-
uid containing 0.3 M CoCl,-6H,0 at different temperatures
(25, 50, 70 °C) as shown in Fig. 4. The CVs were obtained
using a Pt working electrode in the potential range 0.5 V to
—0.7 V (vs. Ag/AgCl) at a scan rate of 10 mV s~'. There
is a clear change in the cyclic voltammograms of Co when
the cyclic voltammetry was performed at different tempera-
tures. The Co reduction peak was shifted anodically by about
150 mV when the experiment was run at 70 °C, as illustrated
in Fig. 4, due to the decrease in viscosity and IR ohmic drop
with increasing temperature, causing the Co>* to deposit at
a lower potential. The temperature mainly influences the vis-
cosity and conductivity of the plating liquid, which affects
the electrochemical processes. With increasing temperature,
the free void volume in the ILs will increase, enhancing
the movement of the cations and anions in the liquid, and
accelerating the stripping and reduction processes through
increased mass transport towards the electrode surfaces. In
this case, the high temperatures increased the oxidation and
reduction current peak of Co due to the decrease in viscos-
ity and increase in conductivity of the Co solution, as per
the explanation given in the previous section (see Fig. 3b).

] —25°C
4] ——50°C
2__ —70°C

i/ WA
&
1

-10

T T T T T T T T T T T T
-0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
E /V vs. Ag Wire

Fig.4 Cyclic voltammograms of 03 M CoCl,:6H,0 in a
1ChCl:2EG-based IL at different temperatures (25, 50, and 70 °C)
using a polished Pt disc (0.5 mm diameter); a Pt flag was used as the
counter electrode and an Ag/AgCl as the reference electrode
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In addition, the electrodeposition of the Co could be
inhibited by the specific adsorption of free chloride ions at
the electrode surface. High temperatures can work to reduce
the incorporation of chloride ions into the electrochemical
double layer, where at the high temperature of 70 °C the
concentration of [C0C14]'2 species at the electrode surface
will be increased due to deceased activity and mobility of
the chloride ions. Thus, less energy is required to reduce the
Co ions, and the oxidation and reduction currents peaks of
the Co species will increase with increasing temperature, as
illustrated in Fig. 4. This means that the rate of Co deposi-
tion increased as a result of applying the potential at 70 °C.

No stripping peak can be seen cyclic voltammogram
of Co when the experiments were conducted at 25 °C and
50 °C. However, a clear stripping peak can be observed at
about —0.1 V when the process is performed at 70 °C. This
indicates that the Co species have been deposited on the Pt
electrode surface at 70 °C and that the film was dissolved
when the scan was reversed to its starting potential. The
above was identical to our previous work, where it was found
that Zn deposits could be successfully produced from a bath
at higher temperature (70-80 °C) (Alesary et al. 2019a, b).
Therefore, it was suggested that bulk Co deposition should
be conducted at higher temperatures (for example, 70 °C
or 80 °C). A Co film was produced on the copper substrate
when the deposition was conducted at 70 °C which was
examined via SEM and EDX, as illustrated in Fig. 5.

In addition, cyclic voltammetry of 0.3 M CoCl,-6H,0
in Ethaline 200 at different scan rates was studied as dem-
onstrated in (Fig. 6a). Here, these experiments were also
recorded using a polished Pt disk as the working electrode,
and using a Pt flag counter electrode and an Ag/AgCl refer-
ence electrode. These voltammograms were initially scanned

(a) (b)

cps/eV

from +0.5 to — 0.7 V and then reversed to the initial point a
constant temperature of 70 °C. The cathodic peak potential
shows no change with increasing scan rate, while there is
an obvious increase in the stripping/reduction peaks with
increased scan rate, as expected (Abbott et al. 2007; Al-
Esary 2017; Alesary et al. 2019a, b). The theoretical value of
the difference between the oxidation and reduction potentials
(AE,) for a one-electron Nernstian process and for a revers-
ible system of metals redox is 59 mV at T=298 K (Monk
2008). However, here, in the voltammograms recorded for
Co in Ethaline 200 (Fig. 6a), the difference between the
cathodic and anodic peak potentials is around 180 mV. This
indicates that the electrode reaction of Co** to Co is more
likely to be irreversible and proceeds via a one-step, two-
electron transfer process.

Figure 6b shows that a good linearity was obtained in
plots of i . against the square root of scan rate (v'"?), and
there is no obvious shift in the reduction potential of Co
(Fig. 6a) with increasing scan rate. Therefore, it can be sug-
gested that the electrodeposition of Co from Ethaline 200
is not significantly affected by mass diffusion and can be
controlled by electron transfer or surface chemical reaction
steps.

Cyclic voltammetry in the presence of water

The aim of this work is to examine the electrodeposition
of Co from Ethaline 200 containing water; thus, it is more
important to study the electrochemical behaviour of Co spe-
cies in this type of liquid in the absence and presence of
different concentrations of water. Figure 7 shows the cyclic
voltammetry of 0.3 M CoCl,-6H,0 in Ethaline 200 on a Pt
electrode as a function of different amounts of water. The

yereey AILJL.‘
L e e LA EL E S S S B S B B B S B S E S B B B S

2 4 6 8 10 12 14 16 18 20
keV

Fig.5 a SEM and b EDX analysis of electrodeposited Co on copper substrates from 0.3 M CoCl,-6H,0 in a 1ChCl:2EG-based ionic liquid at

70°Cfor 1 h
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Fig.6 a Cyclic voltammograms of Ethaline 200 containing 0.3 M
CoCl,-6H,0 recorded with a Pt working electrode, Pt flag counter
electrode and an Ag/AgCl as a reference electrode at different scan
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Fig.7 Cyclic voltammograms of 0.3 M CoCl,-6H,0 in Ethaline 200
as a function of concentration of water (10 wt%, 20 wt% and 30 wt%).
All experiments were recorded using a Pt electrode (0.5 mm) vs. an
Ag/AgCl reference electrode at a sweep rate of 10 mV s~! and at a
fixed temperature of 70 °C

experiments were recorded at 70 °C, with a scan rate of
10 mV s~ and where the potential window was between
0.5 and —0.7 V. It was concluded from the conductivity data
(Fig. 3a) that the conductivities of the Co solutions increased
with increasing amounts of water, which corresponded to an
increase in ion mobility in the [L—water due to its decreased
viscosity and increased void volume.

Figure 7 shows a clear change in the CVs of Co as a result
of adding water to the Co electrolyte. In the system without
water, Co species start to deposit at —0.4 V. However, the

(b) 2.9x10°~

jp ! Acm™

-3.0x10°

-3.1x10°

Slope = 0.001228

-3.2x10° 1
-3.3x10° 1
-3.4x10° 1
-3.5x10° 1

-3.6x10°

-3.7x10°

rates and at 70 °C. b Reduction current peaks for Co in Ethaline 200
as a function of the square root of the scan rate

potential of the deposition shifted positively by about 50 mV
when the process was conducted in the system containing
10% water. Moreover, an enhancement in the stripping/depo-
sition current peaks was obtained as a result of adding water
to the plating bath. The first reason for this change in the
CVs is the associated decrease in viscosity and increase in
conductivity of the Co solution. The second reason could
be due to the reduced adsorption of the choline cations and
chloride ions on the Pt electrode surface due to the addition
of water.

Water molecules can be adsorbed or link to the IL ani-
ons and then allow to Co species to deposit more easily.
This leads to an increased rate of Co deposition and then
an increase in the dissolution of the Co deposit. In this
work, it can be seen that the stripping current peaks (Fig. 7)
increased as a result of the increasing amount of Co that has
been deposited. From the UV-Vis data (Fig. 2), we expected
that a change in the geometry of the Co spices had occurred
(tetrahedral to octahedral) and that the new species could
be deposited more easily, thus modifying the CV of Co. In
our previous work, the choline cation was believed to have
adsorbed on the cathode electrode surface and cooperated
in the formation of the double layer (Alesary et al. 2019a, b;
Alesary 2019). Water can reduce the effect of these cations
through the attraction between them (Vila et al. 2006). Thus,
adsorption of anions/cations will result in their reduction
on the cathode electrode surface, enhancing the growth of
the Co.

A nucleation loop can be observed in the cyclic voltam-
mograms of electrolytes that contained high concentra-
tions of water (for example, 20% and 30%). This indicates
that the nucleation/growth rate for the Co deposition was
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high compared to the nucleation rate for Co deposition
from the system without water, and indeed that with only
10% water. Figure 7 also shows the change in the stripping
potential of Co deposited from electrolytes in the presence
of water, where the Co deposit began to be removed from
the electrode surface at —0.21 V, and where this potential
was shifted negatively by about 50 mV when the coating
was produced from systems that contained water. This was
either due to the increasing amount of Co being deposited
or the formation of different Co phases, for example on the
microscale where the latter requires less energy to oxidize.

Cobalt deposit morphology

The morphology of the Co deposits was studied via SEM
and AFM. Figure 8 displays the photographs, morpholo-
gies and AFM images of the Co films that were deposited
from Ethaline 200 containing 0.3 M CoCl,-6H,0 in (a) the
absence of water, and (b) in the presence of 10% H,0, (c)
20% H,0, and (d) 30% H,O. The deposition was achieved
at 70 °C for 1 h on a copper substrate using a current density
of 2.5 mA cm™. A black Co deposit was produced when
the deposition occurred from the Co bath in the absence
of water, as can be seen in (Fig. 8a). No significant change
was observed in the morphology of the Co film when
the deposition was achieved from a bath containing 10%
water, although a non-homogeneous, dark grey Co film was
formed, as presented in (Fig. 8b). However, a quite remark-
able modification was noted in the morphology of the Co
films deposited from a bath containing 20% water, where
a homogeneous and bright Co deposit was formed as per
Fig. 8c. The morphology of the Co deposit obtained from
the Co electrolyte containing 30% water was somewhat
improved compared to that obtained from the bath contain-
ing 10% of water, where it can be seen that the grain size of
Co deposit was somewhat smaller (Fig. 8d), although the
coating was not as homogenous as that obtained from the
bath containing 20% water. The viscosity and conductivity
of the plating liquid are key parameters affecting the electro-
chemical processes, and these are mainly influenced through
the use of water. Figure 8§ also shows the nucleation and the
roughness of the Co deposits examined using AFM, where
the roughness of the Co deposited in pure Ethaline was
327 nm but which decreased significantly to 30 nm when the
deposition was performed in the electrolyte with 20% water.
The roughness of the Co deposit formed from the system
with 30% water was around 123 nm, which is less than the
roughness of the Co coating in the system containing 10%
water, though it is still greater than that formed from the bath
with a 20% water content.

It was mentioned earlier in this work that water molecules
can be linked to ionic liquid ions and reduce their activities
such as adsorption on the electrode surface and reducing
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the viscosity of the solution, which leads to the increased
movement of the cations and anions in the liquid and, thus,
an increased rate of Co deposition. Electrodeposition of Co
could be inhibited in Ethaline 200 by the incorporation of
chloride ions in the electrochemical double layer. Adding
water may work to reduce the specific adsorption of free
chloride ions at the electrode surface and promoting Co
reduction as the activity and mobility of the chloride ions
decreased (Abbott et al. 2011). It can be concluded that the
SEM revealed that the morphologies of the Co deposition
were extremely dependent on the proportion of water in the
plating bath.

Adding water to the plating bath did not affect the current
efficiency of electroplating of Co; consequently, this means
that low hydrogen evolution can be formed from the cathode
surface. Whereas the current efficiency of the Co electro-
deposition formed from Ethaline 200 in the presence of 20%
H,O was calculated, its efficiency was found to be ~97%.
According to Faraday’s Law (Q =nFN), the charge measured
is directly proportional to the number of species deposited in
moles (NV); the thickness of cobalt coating produced from the
bath containing 20% was about 6.16 where this is considered
to be the efficiency of the current close to 100%. Thus, it
can be said that there is no significant effect for hydrogen
evolution on electrodeposition of Co from Ethaline 200 in
the presence of water.

Conclusions

No previous work has previously been undertaken on Co
electrodeposition from choline chloride—ethylene glycol
deep eutectic solvents containing water. In this study, the
electrodeposition of Co from 1ChCI:2EG (Ethaline 200)
containing 10%, 20% and 30% water on a Cu substrate at
70 °C was investigated. The properties of the Co electrode-
posit have been optimized compared to the corresponding
system without water, where a bright cobalt deposit was
obtained when the coating was performed using a system
containing 20% water. Clear differences in the cyclic vol-
tammograms of Co were observed when water was added
to the Co electrolytes, which corresponded to the increase in
conductivity of the plating liquids and possibly to a change
in the Co species present.

No remarkable change in the morphology of the Co
deposits from the system containing 10% water was
observed; however, the coating morphology was found to
be significantly improved when the proportion of water in
the plating bath was increased to 20%. A reduced roughness
in the Co deposit (30 nm) was achieved when the deposi-
tion occurred in the electrolyte containing 20% water, while
the roughness of Co films from the baths containing 10%
and 30% water was 327 nm and 120 nm, respectively. The
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Fig.8 Photographic images, SEM images and AFM topographies of d 30% H,O (All depositions were achieved at 70 °C for 1 h on a Cu
Co deposits from Ethaline 200 containing 0.3 M CoCl,-6H,0 in a the substrate at an applied current density of 2.5 mA cm™2)
absence of water, and b in the presence of 10% H,0, ¢ 20% H,0 and
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morphology of the Co deposit formed form the electro-
lyte with the 30% water content was of lower quality than
those from the Co bath with 20% water. This was due to the
increased hydrogen evolution and the formation of a pas-
sivation layer. It can be concluded that a uniform, bright Co
deposit was formed when the deposition occurred in Etha-
line 200 as a DES that further contained 20 wt% water.
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