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Abstract The cathodic processes of cobalt ion in ionic liquids
consisting in binary mixtures of choline chloride (ChCl) with
urea, ethylene glycol, malonic acid or oxalic acid were inves-
tigated using cyclic voltammetry and electrochemical imped-
ance spectroscopy. The as-received hexahydrate cobalt chlo-
ride has been the precursor of cobalt ionic species. It was
found that the reduction mechanism of Co*" in ChCl-urea
and ChCl-ethylene glycol is a quasi-reversible (or with high
degree of irreversibility at high scan rate) and diffusion con-
trolled process, whereas in ChCl-carboxilic acid solvents the
cathodic process of Co®" is overlapped with reduction of
protons. By using Pt and vitreous carbon electrodes, one has
computed the value for the Co>* diffusion coefficient in ChCl-
urea at 80 °C; in comparison with values obtained in aqueous
solutions, this is up to two orders of magnitude lower. The
paper also describes preliminary experiments concerning elec-
trodeposition of cobalt thin films on copper substrate from the
four ionic liquid analogue solvents containing choline chlo-
ride. The crystalline morphology and structural constitution of
Co deposits were examined by scanning electron microscopy,
energy dispersive X-ray spectroscopy, and X-ray diffraction.
Good results regarding the quality and cobalt content in films
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were obtained for Co deposits using ChCl-urea or ChCl-
ethylene glycol mixtures as solvents. The behaviour of Co
films grown from these media was typical for a ferromagnetic
material.
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Introduction

The electrodeposition of Co and its alloys attracted a great
interest in view of applications related to the production of
corrosion-resistant alloys, sensors, heterogeneous catalysts or
the use in energy storage. Thin and ultra-thin Co layers have
also an important role in magneto-optic recording media ap-
plications, including the high density data storage parts inte-
grated in functional micro or nanodevices (MEMS/NEMS).
The electrodeposition of Co and its alloys has been carried out
normally from aqueous solutions, and a number of electrolytes
have been used, mostly based on chloride baths [1—4]. Cobalt
sulphate was also used as precursor in baths for Co and Co
alloys electrodeposition [5—7]. Many research programmes
have been developed in order to substitute cobalt electrode-
position from aqueous solutions (to eliminate the intense
hydrogen evolution) but the results were not always satisfac-
tory as far as the current efficiency is concern. The use of
water-free solvents with a wide electrochemical window
seems to be the normal way to progress. Some promising
results were reported by Cui et al. [8] who investigated a
DMF-based bath for obtaining Co electrodeposit, while
Suzaki and Watanabe [9] reported a comparative study of
Co films prepared from five kinds of organic solvents
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(ethanol, formamide, N-methyl formamide, N,N-dimethyl
formamide and dimethyl sulfoxide). Yamamoto et al. [10]
suggested that an electrolytic medium with ethylene glycol
may also be worth trying.

Ionic liquids are promising electrolytes for electrodeposi-
tion of various metals, since they have some common prop-
erties similar to organic electrolytes and to high-temperature
molten salts, such as extended working temperature range,
wide electrochemical window and good chemical stability.
They also have the advantage that act as solvent and as
electrolyte at the same time. The main drawback is the high
cost involved, although the electrodeposition process is still
cheaper than other high quality film deposition methods, such
as sputtering and chemical vapour deposition. In the last years,
the successful electrodeposition of metallic cobalt from CoCl,
precursor dissolved in ionic liquids containing 1-ethyl-3-
methylimidazolium chloride (EMIC) has been reported; acidic
mixtures based on chloroaluminate (AICI;-EMIC) [11] or
chlorozincate (ZnCl,-EMIC) [12, 13] were used as solvents.
Chen et al. [12] observed that cobalt deposition occurs via
three-dimensional instantaneous nucleation with diffusion-
controlled growth of the nuclei. The 1-butyl-
methylimidazolium salts, such as AlCl;-[BMIM]CI and
AICl;-[BMIM]PF¢ containing ionic liquids, were studied for
Co films deposition by Freyland [14]. Various baths contain-
ing methylimidazolium salts were also investigated [15—18].
Schaltin et al. [16] used cyclic voltammetry and absorption
spectrophotometry to examine the complex formation of co-
balt (II) in the ionic liquids based on [BMIM]CI and
[BMIM][TFSI]. These authors have observed a round nodular
morphology of micrometre size for the formed Co coating. Ali
et al. [19] established that a low concentration of electroactive
species CoCl;™ and a high concentration of inactive species
CoCl,* (tetrahedral chloro complex) exist at 110 °C in
CoCl,y:N-butyl-pyridinium chloride mixture if the molar ratio
exceeds 1:1.8 molar ratio.

Katayama, Fukui and Miura [20-22] showed that the elec-
trodeposition of cobalt can be performed in 1-n-butyl-1-
methylpyrrolidinum bis-trifluoromethyl sulfonyl imide
([BMP]TFSI). The large overpotential for the electrodeposi-
tion (1.5 V) was considered related to the structure of electric
double layer; in particular, the layer formed by adsorption of
BMP" cation on the electrode surface in the negative potential
region may inhibit not only the charge transfer but also some
processes as nucleation, and surface diffusion. Ispas et al. [23]
showed that Co and Co alloys may be deposited from
[BMP]TFSA. Nevertheless, from the point of view of practi-
cal application, the traditional ionic liquids with imidazolium
or pyrrolidinium derivates have high costs and have also
potentially toxicological and purity issues.

In the last decade, the room temperature ionic liquids
containing choline chloride (IUPAC name: (2-hydroxy-eth-
yl)-trimethyl ammonium chloride) were used as electrolyte to
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investigate the electrodeposition of metallic cobalt. In general,
this new generation of ionic liquids, called also ‘deep eutectic
solvents’ (DESs) supposes the use of mixtures of quaternary
ammonium salts (mostly choline chloride, ChCl) with amides,
glycols or carboxylic acids as hydrogen bond donors [24]. In
this regard, the study in a recent paper [25] about the electro-
chemical properties of ChCl-urea can be mentioned. Eutectic
compositions with a definite molar ratio of components (1:2 or
1:1) are easy to be prepared as solvent for deposition baths.
Owing to the environmentally friendly properties, they have a
low environmental impact ought to their biodegradability.
However, their viscosity is generally higher than that of tradi-
tional ionic liquids, thus requiring relative high working tem-
perature to improve the mass transport and electrodeposition
kinetics.

Up to this moment, one can find that only few studies on
electrodeposition of Co in DES ionic liquids based on choline
chloride have been conducted. Films of Co, Sm and Sm-Co
were electrodeposited on vitreous carbon [26] and copper [27]
from the ChCl-urea (1:2 molar ratio) with CoCl, content,
having applications as homogeneous hard magnetic deposits
of controlled composition. Using the same electrolyte and
glass/Ti/Au or glass/ITO electrodes, Guillamat et al. [28] have
investigated Co-Pt alloys coatings, as films for permanent
magnets. The authors in references [26-28] have been able
to detect the potential domain at which cobalt begins to
electrodeposit. The temperature was selected at 70 °C to
favour low viscosity and high electrical conductivity of the
ionic liquid solvent. Recently, cyclic voltammetry at 100 °C
has been used to study the reduction mechanism on tungsten
electrode in ChCl-urea (1:2)+CoCl, electrolyte [29]. The
effects of electrode potential and temperature on deposit mor-
phology and current efficiency of cobalt deposit were inves-
tigated. It is worth to notice that the cobalt chloride hexahy-
drate salt used as metal precursor in [26—29] was maintained
in a stove prior to dissolution in ChCl-urea, this being consid-
ered a standard procedure that assures a maximum dehydra-
tion of the precursor.

However, as Abbott et al. showed [30], the limited range of
concentration for anhydrous metal salt which forms ionic
liquid with choline chloride restricts the use of such media
for a variety of important electrochemical technologies. Bina-
ry mixtures of choline chloride with hydrated metal salts,
including hydrated cobalt chloride, have been shown to form
eutectic liquids that are air and moisture stable [31]. Srivastava
et al. [32] electrodeposited cobalt on brass substrate at 70 °C
using a mixture comprising choline chloride and cobalt chlo-
ride in the molar ratio of 1:2. These authors observed fine
equiaxed crystallite morphology of Co coating, whereas acic-
ular flakes were resulted in Co film prepared from aqueous
electrolyte. Because binary mixtures of choline chloride with
metal halides are not exactly ionic liquids, they are considered
ionic liquid analogues [30]. Similarly, we can consider
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electrolytes formed by dissolution of hexahydrate cobalt
dichloride in ChCl-based binary deep eutectic solvents (mix-
tures with urea, ethylene glycol, malonic acid or oxalic acid)
as ionic liquid analogues.

You et al. [33] showed that Ni-Co alloy films can be
obtained at room temperature on brass substrate from ChClI-
ethylene glycol eutectic by adding nickel chloride and cobalt
chloride as hexahydrate salts. Using these systems as baths, it
seems that the presence of water molecules from hydrated
salts is beneficial and the operational cost of electrodeposition
is reduced, thus stimulating technological applications.

The aim of this paper is to investigate the electrochemical
behaviour of cobalt ion, introduced as hexahydrate cobalt
chloride, in four ChCl-containing binary mixtures: ChClI-
urea (1:2), ChCl-ethylene glycol (1:2), ChCl-malonic acid
(1:1) and ChCl-oxalic acid (1:1). We focused on these air
and moisture stable ionic liquid analogues containing hydrat-
ed cobalt salt, as in our opinion they have great potential to be
applied in electrodeposition technology in the future. We
report preliminary results regarding cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measure-
ments with Pt or glassy carbon electrode, as well as prepara-
tion and characterization (morphology, microstructure, mag-
netic properties) of electrodeposited Co thin films on copper
substrate. To avoid the influence of the additives on the
morphology and structure, the additive-free electrolytes were
tested.

Experimental part

Choline chloride (98 wt% ChCl), cobalt (IT) chloride hexahy-
drate, urea, ethylene glycol (EG), malonic acid (MA) and
dihydrate oxalic acid (OxA), all from Aldrich, were used as
received. In order to prepare the four types of ionic liquid
eutectics as solvents, the mixtures of reagents in 1:2 molar
ratio (of ChCl-urea and ChCI-EG) or in 1:1 molar ratio (of
ChCI-MA and ChCIl-OxA) were heated and were stirred at
90 °C for 30 min. The electrolytes with various concentrations
of CoCl,-6H,0 (from 0.01 to 1 M) were obtained by dissolv-
ing the appropriate amounts of cobalt precursor in already
prepared ionic liquid. Values of densities determined previ-
ously [34] were used to compute the molarities at every
working temperature. To ensure the dissolution of the salt
and homogenization, the mixtures were heated again at
90 °C with permanent stirring. Their colour turned blue,
which is specific for the presence of Co(Il) species; the grad-
ual transition from light blue (for diluted electrolyte) to dark
blue colour is due to increase in CoCl,-6H,O content.

A Zahner Electrik IM6e potentiostat/galvanostat provided
with a frequency analyzer was used for cyclic voltammetry
(3-200 mV s~ scan rates) and EIS measurements (10 mV sine
waveform perturbation to the electrode potential, while

scanning the modulus of impedance and the phase shifted in
the frequency range 10050 mHz). A plate (Pt, 0.5 cm?) or a
disk (Pt, 0.07 cm?; glassy carbon, 0.07 cm?) was used as
working electrode in the electrochemical cell. Pt plate as
auxiliary electrode and Ag wire as quasi-reference electrode
were used, respectively. All the potential values in the text are
reported to this electrode. Before every electrochemical mea-
surement, the working electrode was subjected to proper
chemical pre-treatments for cleaning and removing the oxide
or impurities: immersion in nitric acid solution (1:1) for a few
minutes, polishing with 0.15 um alumina suspension, rinsed
with running water and Milli-Q water and dried.

Experiments involving electrolyses for Co electrodeposi-
tion on copper foil substrates (8—12 cm? surface area) were
carried out in non-stirred baths with controlled electrode po-
tential or current. After deposition, the specimens were re-
moved from the electrolyte, rinsed with water and acetone and
air-dried. The film thickness was determined by weighing the
mass gain after deposition. Film morphology and crystalline
structure were investigated by scanning electron microscopy
(Carl Zeiss EVO50) and X-ray diffractometry (Bruker AXS
D8 ADVANCE employing Cu anode and k,Ni filter), respec-
tively. Energy-dispersive X-ray (EDX) device with Mn K
resolution of 133 eV was used for elemental microanalysis.
The peaks observed in the diffractograms were indexed by
comparison with JCPDS database cards (no. 05-0727 for Co
film and no. 04-0836 for Cu substrate). The hysteresis loops
acquired during the magnetic measurements of the cobalt
films were determined by a vibrating sample magnetometer
(VSM-Lake Shore); the samples were placed both parallel and
perpendicular to the magnetic field.

Results and discussion

Voltammetric behaviour of Co®" ion in ionic liquids
containing choline chloride

Electrode processes showing the electrochemical behaviour of
cobalt ion were analyzed by cyclic voltammetry technique in
four kinds of binary mixture of choline chloride with hydro-
gen bond donor compound: urea, ethylene glycol (EG),
malonic acid (MA) and oxalic acid (OxA). Because in such
studies it is important to know the electrochemical window of
neat DES ionic liquid, CV curves of the basic media without
metal precursor were previously plotted [35]. The correspond-
ing electrochemical window in such curves becomes larger if
the scan rate is increased (in the range 5-200 mV s ') and this
influence was monotonous. Using platinum electrodes, we
obtained maximum values of electrochemical window up to
2.2,2.1,2 and 1.5V for ChCl-urea, ChCIl-EG, ChCI-MA or
ChCl-OxA, respectively. The corresponding maximum values
using glassy carbon (GC) electrode in the same media are
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greater than for platinum, reaching 3.1, 2.8, 2.2 and 2 V,
respectively. All electrochemical window values are much
larger than the corresponding value for an aqueous electrolyte,
offering an increased capability for the investigated processes
and allowing the obtaining of cobalt deposits with higher
efficiency.

Cyclic voltammetry measurements were carried out in
ChCl-urea eutectic with various concentrations of CoCl,-
6H,0 (up to 1 M Co®"). A selection of the obtained CV curves
with first potential scan in a negative direction is presented in
Fig. la—d.

Figure la shows a cathodic plateau of current (or an ill-
defined peak) on Pt between —0.7 and —1.1 V vs. Ag, while in
Fig. 1b—d, more pronounced cathodic peaks occur either for Pt
or GC electrodes. In general, the shape of CV curves recorded
using both kinds of electrodes is similar, with the start of
cathodic current increasing at around —0.7 V vs. Ag. At a
more negative potential, the deposition of Co is followed by a
continuous increase of current, assigned to joint reduction of
cobalt and choline ionic species. On the anodic branch of CVs
depicted in Fig. 1, the well-defined peak recorded between
—0.1 and +0.4 V vs. Ag is certainly related to the anodic
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dissolution of Co film. A supplementary oxidation process
within potential range from +0.7 to +1.1 V vs. Ag is also
observed as a wave or a distinct peak; we believe that it may
be due to subsequent oxidation of Co*" to Co’", but a char-
acterization of this process was not the object of this prelim-
inary study. The final increase of anodic current is attributed to
the oxidation of CI ions from solvent. Increasing the concen-
tration up to 1 M Co>", the processes are better evidenced on
both types of electrodes.

The characteristics of reduction/oxidation pair for Co®" ion
are in a good agreement with previous reported voltammetric
results in ChCl-urea DES ionic liquid [26, 27, 29]. We agreed
with the assumption from literature that Co”" ion exists as
chloro complex ionic species, CoCl,>™, and the cobalt
trichloro ion CoCl; (species with x=3) controls the electro-
lytic properties [19, 29]. The large AE,, difference between the
anodic and cathodic peaks corresponding to Co>/Co couple
is comparable to the AE, values reported in the above-cited
works. Nevertheless, the CVs recorded at slow scan rates (5—
10 mV s ') have a symmetric shape with approximately equal
cathodic and anodic peak current. It might be considered that
the Co®"/Co couple is a quasi-reversible process. The
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Fig. 1 CVs in ChCl-urea with 0.1 M CoCl, (a, b) and 0.25 M CoCl, (¢, d) at 80 °C, for Pt (a, ¢) and GC (b, d) electrodes
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electrochemical behaviour of the couple at high scan rate
changes completely. In this case, the obtained i,./,, ratio
appears to be much greater than unity, demonstrating a higher
degree of irreversible behaviour. Also, the gradual shift of
peak potentials with increasing scan rate suggests a quasi-
reversible process, although this shift can be due partially to
a high uncompensated ohmic drop in ionic liquid media. This
process is not a totally irreversible process because the reverse
reaction of the electrode process occurs.

In order to demonstrate the mass-transport control of ca-
thodic process, we represented the cathodic peak current
density versus the square root of scan rate; straight lines
passing approximately through the origin (not shown) for both
Pt and GC electrodes were drawn for various Co®" concentra-
tions. For determining the diffusion coefficient (D) of Co”",
we used the well-known equations for an irreversible process
[36]:

I, = 0.4958 n FPART)'2DV2Co v' P (any)'* (1)

Ey—Eyp| = 1.857 RT Jano F (2)

where 1, is the cathodic peak current; 7, number of electrons
transferred; A, surface area of working electrode; Cy, CoCl,
molar concentration; «, the charge transfer coefficient; 7.,
number of electrons exchanged in the rate determining step;
E,, the cathodic peak potential and E,,/», the cathodic half-peak
potential; the other symbols have their usual meanings.

Table 1 shows the data of diffusion coefficients obtained
taking n=2, R=8.314 J mol ' K™', 7=353.15 K and any
values in the scan rate domain (50-200 mV s ') where the
process is irreversible.

The determined averaged value for Dc,2+ diffusion coef-

ficient using Pt electrode at 80 °C was 4.76x 10 cm® s ',

while for a GC electrode the value was 6.57x1077 cm? s .
One should take into account that even the D¢ 2+ values
obtained in this work varied with increasing cobalt ion con-
centration, however, they are in good agreement with the
Deo2+ value (1.7x107°° ecm? s at 100 °C using tungsten
electrode) reported by Li et al. in the same electrolyte [29].

The differences may be due to different temperature and
electrode nature, as well as possible different structure of
chloro complex cobalt ion present in the electrolyte.
Also, these values obtained in our study are of a similar
order of magnitude to the values of D¢y2+ determined
from some aprotic ionic liquids, such as butyl-
methylimidazolium tetrafluoborate (0.18x10°" cm? s )
[18] or butyl-methylpyrrolidinum bis-trifluoromethyl sul-
fonyl amide (1.00x10°7 em? s ') [37]. As it is expected,
the diffusion coefficient of Co?" in ChCl-urea ionic lig-
uids is with around two orders of magnitude lower than
the diffusion coefficients reported in CoCl, aqueous so-
lutions: 0.53x107° [38], 1.10x107° [39] or 1.301x
107° cm? s ' [40]. The explanation is related to the
special physical-chemical properties of ionic liquid (vis-
cosity, surface tension) that are very different than that
for aqueous media.

Figure 2a—d show some examples of CV curves recorded
on platinum and glassy carbon electrodes in ChCl-ethylene
glycol (1:2)+CoCl,. In this system, the working temperature
was established between 50 and 70 °C owing to a better
fluidity of ionic liquid. One may see that the presence of the
Co ions in solution gives rise to a cathodic plateau or a
shoulder attributed to the reduction of Co(II) to metallic
cobalt. The onset of cathodic current is within the potential
range from —1 to —1.2 V vs. Ag. In general, the potential
domain of the electroreduction process in the ChCI-EG+
CoCl, system is placed on more negative values compared
to the ChCl-urea+CoCl, system, suggesting a higher degree
of irreversibility than in ChCl-urea, with mixed, diffusion and
kinetic, control. Moreover, a broad anodic peak appears dis-
tinctly on CV curves from concentrated solutions (0.1 M
Co®"). The increased irreversibility of Co>*/Co couple in
ChCI-EG+CoCl, system explains the low deposition rate of
cobalt leading certainly to a less intense stripping process in
anodic scan.

Although the viscosity (and conductivity) of the ChCI-EG
system is clearly lower than that of the ChCl-urea system, the
Co deposition seems to be more complicated in ChCI-EG.
This may be due to the existence of a more stable Co complex
ion in the ChCI-EG system (high overvoltage, low charge
transfer). Perhaps a more distinct adsorption of chloro

Table 1 Voltammetric parameters for ChCl-urea+CoCl, systems using Pt and glassy carbon electrodes and computed values of « n,, and diffusion

coefficient for Co®" ion at 80 °C

Cox10%mol em™> Pt GC

Ipo/(AVI/Z) x 103/6;3;%2 an, Dx107/cm?s’ IpC/(AVI/Z) %10° C::,‘zszl//l.z/’z ang Dx107/cm%™!
0.10 24.1 0.34 5.69 38.0 0.61 7.87
0.25 50.3 0.35 3.84 58.0 0.34 5.27

Mean 4.76x 1077

CmZS !

Mean 6.57x1077 cm® s~
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Fig. 2 CVs in ChCI-EG with 0.01 M CoCl, (a, b) and 0.1 M CoCls (¢, d) at 70 °C, for Pt (a, ¢) and GC (b, d) electrodes

complex cobalt ions takes place at the electrode/electrolyte
interface in the electrolyte with ChCI-EG solvent.

Figures 3 and 4 show the voltammograms recorded in
ChCl-malonic acid (1:1) and ChCl-oxalic acid (1:1) mixtures
with CoCl,-6H,0 content. In the cathodic scanning domain,
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the shoulder or peak for cobalt deposition in these systems
was not always well evidenced, in most cases CV curves
showing only a continuous increase of cathodic current. We
selected, however, some representative CV curves exhibiting
clearly cathodic peaks or shoulders to demonstrate the
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Fig. 3 CVsin ChCI-MA+0.05 M CoCl, electrolyte at 50 °C, on Pt (a) and GC (b) electrodes
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occurrence of the cobalt deposition process on Pt or GC
electrode. In general, the cathodic shape of CVs recorded in
both ChClI-MA+CoCl, and ChCIl-OxA+CoCl, systems sug-
gests that the reduction process of Co”" is hindered primarily
by reduction of protons and the cathodic current may be the
result of two contributions. Indeed, these electrolytes may
have a high content of H' ions provided not only from water
molecules of cobalt hydrate salt but also from dissociation of
free carboxilic acid molecules, which probably exist because
of a disruption of hydrogen bonds. An excess of protons is
expected in ChCI-OxA solvent which contains an excess of
water, introduced supplementary as dihydrate oxalic acid. It
should be mentioned that the metallic cobalt grains appearing
on the surface of the electrode may serve as reaction sites for
hydrogen evolution [2] and, therefore, the current for cobalt
electrodeposition becomes indistinguishable from hydrogen
evolution reaction. As a consequence, the reduction process
from Co®" to Co is not clearly observed on the cathodic branch
of cyclovoltammograms. Moreover, on anodic branch of CVs,
a peak corresponding to the oxidation of cobalt deposit does
not occur very clearly even if the anodic scan is extended to +
1.2 V vs. Ag (with Pt electrode) or to +1.4 V vs. Ag (with GC
electrode), confirming the high irreversibility of the Co>*/Co
process in the mixtures of choline chloride with carboxilic
acids. All our findings demonstrate that the cobalt deposition
process is not favoured from these acidic media.

It is worth mentioning that the coordination of cobalt in
CoCl,.6H,0O-containing ionic liquids is complex and not
fully understood, because a variety of complex species
could be present. The results in the four basic electrolytes
show that the Co chloro complex ions may be influenced
differently by interaction with hydrogen bond donor mole-
cules (urea, ethylene glycol, malonic acid or oxalic acid).
The participation of water as a ligand in the coordination

shell of cobalt should not be excluded, especially in ChCl-
oxalic acid electrolyte.

Electrochemical impedance spectroscopy measurements

EIS measurements were performed in non-stirred electrolytes
using the same four ionic liquid analogues and platinum or
glassy carbon electrodes, to provide an insight into the reduc-
tion of Co?" process occurring at the electrode/electrolyte
interface. This investigation of the electrochemical behaviour
of cobalt ion completes the information obtained from cyclic
voltammetry. EIS curves were plotted considering four poten-
tial domains for polarization of the electrode towards negative
potentials: before the onset of cobalt ion reduction, at this
onset, at the potential where a peak was recorded in CV
curves, and, finally, at very negative potentials where the
choline ion reduction is involved, too. Some representative
EIS plots are shown in Figs. 5, 6 and 7 as Nyquist diagrams.

The impedance spectra from ChCl-urea+CoCl, and ChCl-
EG+CoCl, systems (Figs. 5 and 6) recorded at potentials
before the onset of cobalt ion reduction (from —0.4 to
—0.6 V vs. Ag) show a very large open capacitive loop (see
complete curves in the insets). The response of the system is
completely different at —0.7 V vs. Ag polarization. Here, the
Nyquist plot within the high frequency range is a semicircle
continued with a linear tail at low frequencies. The semicir-
cular region corresponds to the electron transfer-limited pro-
cess, in which the semicircle diameter is equal to the charge
transfer resistance. The sloping straight line suggests the for-
mation of Co film and, therefore, a solid state diffusion of
Co”" ions within the metallic film. The response of the system
is similar for more negative polarizations of electrode, with
semicircles having gradually smaller diameter, meaning a
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Fig. 5 Nyquist spectra for Pt (a) and GC (b) in ChCl-urea+0.7 M CoCl, electrolyte, 70 °C

decrease in charge transfer resistance, i.e., enhanced electrol-
ysis current.

The same single capacitive time constant, as open loop or
full semicircle, is recorded in the representation of Nyquist
spectra from ChCI-MA+CoCl, and ChCI-OxA+CoCl, elec-
trolytes (Fig. 7). Especially in these systems, at all electrode
polarizations of the electrode, the semicircle is depressed,
indicating a complex nature of the surface which has probably
a high roughness or surface defects. At lower frequencies, a
dispersion of the impedance values is observed. This supports
the above assumption of an increased irreversibility for reduc-
tion of Co”" taking place in the binary mixtures of choline
chloride with carboxylic acids. The appearance of an induc-
tive portion within the loop at low frequencies, especially in
the ChCI-OxA system (Fig. 7b), is probably associated with

the adsorption of cobalt adatoms [19]. Also, the existence of
adsorbed hydrogen molecules may be possible.

In EIS spectra recorded from all four electrolytes, the
thickening of Co film also leads to changes in the values of
the maximum phase angle and impedance modulus, these
parameters belonging to Bode diagrams (not shown). Accord-
ingly, the corresponding Bode plots show a decrease of max-
imum phase angle from —60° on Pt or —70° on GC, to values
of —20° up to —5°. The behaviour might be explained by an
increase in electrical conductivity for thicker film, although
probably the deposit is not a pure metal.

The obtained EIS spectra were interpreted on the basis of
equivalent electrical circuits as electrochemical models of the
interface, using specialized fitting software ZView 2.90
(Scribner Assoc.). Figure 8§ exhibits the proposed equivalent
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Fig. 6 Nyquist spectra for Pt (a) and GC (b) in ChCI-EG+0.25 M CoCl, electrolyte, 60 °C
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Fig. 7 Nyquist spectra for ChCl-carboxilic acid electrolytes. a ChCI-MA+0.02 M CoCl,, GC electrode, 80 °C. b ChCl-OxA+ 0.25 M CoCl,, Pt

electrode, 60 °C

circuits. One is the Randles circuit (Fig. 8a) which includes the
solution resistance (R1), a constant phase element (CPEI,
instead of double-layer capacitance, Cy) in parallel with a
charge transfer resistance (R2). The second model (Fig. 8b)
is a more complex circuit and consists of the following com-
ponents: a solution resistance (R1); a constant phase element
(CPE1) in parallel with an ohmic resistance (R2), both attrib-
uted to film capacitance and film resistance, respectively;
additional parallel connection between CPE2 (instead of
double-layer capacitance); and the charge transfer resistance
for Co?" reduction process (R3). The impedance of CPEs is
given by the 1/T(jw) ratio, where j = v/—1 , w is the angular
frequency, 7 is a constant in F cm 2 sP' that signifies the
capacitive behaviour and p is the the exponent related to the
angle of the impedance vector on the complex plane plots;
only when p=1, T=Cy, and purely capacitive behaviour is
obtained.

The proposed equivalent circuit (a) fitted better the exper-
imental impedance data for choline chloride-oxalic acid sys-
tem. The model cell (b) was fitted to the impedance measure-
ments performed in binary mixtures of choline chloride with
urea, ethylene glycol or malonic acid. The values of the
equivalent circuit elements for the best fitting of experimental
data were calculated. The obtained ohmic resistances of the
solutions have, as expected, similar values (50-60  cm?),
except the case of ChCl-urea (ca. 120 © cm?). The values of

R1 CPE1

N

the same order of magnitude for the components associated
with the Co film formed were determined in various polariza-
tion states with CPE1-P values from circuit (b) being close to
unity (0.8—1). The double-layer capacitance approximated as
the corresponding CPE-T component was equal to 150-300 x
10°° F cm 2 sP! (with p also close to unity). This is a
reasonable value, taking into account some surface roughness
and higher viscosity of ionic liquids than of aqueous solutions.
The values of the charge transfer resistance obtained by fitting
confirm the values of Nyquist semicircle diameters. They
decrease gradually by shifting the electrode potential towards
negative direction.

Electrodeposition and characterization of cobalt thin films

Potentiostatic electrolysis was carried out for 1 h at 60 °C to
deposit cobalt films on copper substrate from all four
employed ionic liquid analogues with identical Co*" concen-
tration (0.5 M CoCl,). Representative samples of Co films
were obtained by applying potentials of —0.9 V vs. Ag for
ChCl-urea eutectic ionic liquid (sample I) and —1.1 V vs. Ag
for the other solvent media: ChCI-EG (sample II), ChCI-MA
(sample I1I) and ChCI-OxA (sample IV). A single experiment
with Co coating on copper substrate (sample V) was per-
formed in ChCI-EG+0.5 M CoCl, system by carrying galva-
nostatic electrolysis for 1 h at 70 °C, with 5 mA cm > current

R1 CPE1
\,

7

R2

(2)

7

R2 CPE2

R3

(b)

Fig. 8 The proposed equivalent circuits used for data fitting. a For ChCl-OxA+ 0.25 M CoCl,. b For ChCl-urea+0.7 M CoCl,, ChCI-EG+0.25 M

CoCl, and ChCI-MA+0.02 M CoCl,
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density, parameters selected from Hull cell experiments. The
electrolyses have been performed in naturally aerated and
stationary conditions. The experimental film thickness values
(around 0.5 pm) were close to the theoretical thickness based
on Faraday’s electrolysis law. Taking into account this thick-
ness, we did not expect these thin films to have very good
magnetic or microhardness performances, or high corrosion
resistance.

The appearance of the best Co films was grey in colour, as
smooth, adherent and uniform deposits, but with a rough
surface leading to an optical dark grey shade. In some addi-
tional tests made at more negative potentials, the deposits had
an aspect of black powder coating, and the cobalt particles
were loose from the substrate.

: S pectrum 5
Spectrum 4

ASpectru m 3

ASpectrum 2
; y &
ASpeclrum 1

2

20pm ! Electron Image 1

Figure 9 show SEM images and EDX spectra for Co films
prepared from ChCl-urea (sample I, Fig. 9a, b) and from
ChCI-EG (sample II, Fig. 9c, d) in potentiostatic conditions.
The SEM micrographs illustrate a change in the morphology
of films: sample I is a more uniform film, having smaller
granular particles when compared with sample II deposited
under quite similar conditions. This may be a good demon-
stration that in ChCI-EG, the nucleation rate is low and the
growth rate is high. Figure 9a, c also indicates the five selected
places of each sample where EDX elemental analysis was
performed. The elemental composition data of Co films are
listed in Table 2. The data analysis shows that the film pre-
pared from ChCl-urea consists essentially of cobalt, 92—
94 wt%, with small amounts of chlorine and oxygen, due to

VSpectrum 5

'Spectrum 4

ASpectrum <

S pectrum 2

‘Spectrum 1

20um Electron Image 1

o 2 3
ull Scale 76656 cts Cursor: 2513 (168 cts) keV|

Fig. 9 SEM micrographs and EDX elemental analysis spectra for sample I deposited from ChCl-urea (a, b) and sample II deposited from ChCI-EG (¢,

d) confirming the cobalt content in deposited films
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Table2 EDX results for Co films deposited with control of potential, 1 h
at 60 °C, from ChCl-urea+0.5 M CoCl, (sample I, 0.9 V vs. Ag) and
ChCI-EG+0.5 M CoCl, (sample II, —1.1 V vs. Ag)

Spectrum  wt% Co wt% O wt% Cl wt% Co wt% O wt% Cl
Co film sample I Co film sample II

1 94.3 5.2 0.5 523 42.7 5.0

2 93.0 6.0 1.0 62.7 31.6 5.7

3 934 5.5 1.1 67.4 28.1 45

4 91.6 7.3 1.1 57.9 36.8 53

5 92.1 5.8 2.1 59.4 35.0 5.6

traces of ionic liquid electrolyte retained inside the film. The
cobalt content in sample II is much smaller, 52—-67 wt% Co,
with relatively high concentrations of oxygen and chlorine (35
and 5 wt%, respectively).

Cobalt films from ChCI-MA (sample III) and ChCl-
OxA (sample 1V) have an appearance of a dark grey
deposit. The powdery nature of such deposits is expected,
as they are produced under conditions where Co®" is re-
duced together with hydrogen at a high rate of evolution.
SEM micrographs for these films are shown in Fig. 10. The
effect of hydrogen evolution dominance leading to a very
thin and felt-like film becomes clearly evident on the
coating produced from ChCI-OxA (sample IV). EDX anal-
ysis data for samples III and IV showed a very low cobalt
content (around 30 and 15 wt%, respectively) in the
deposits.

It was seen that the Co film does not change very much its
morphology with the deposition time. Samples I and II are
different in surface morphology. Sample I is granular and

Mag= 1000KX 1pm
Operator =MV

Date -18 Sep 2013 Time 138624
System Vacuum = 1.330.006

WD = 80mm EHT=2100kV  Signal A= SESI
FIBImaging=SEM  Noise Reduction = Pixel Avg.

Mag= 1000KX 1pm
Operator= MV

relatively rough; sample II is granular, less compact and
porous-like. In addition, sample II contains more impurities
in the Co film. It is obvious that the compact morphology of
sample I might prevent the aggressive ion (chloride ion)
penetration in an enhanced manner when compared to the
cases of samples II-IV. A change of electrolysis conditions
from a constant potential deposition (potentiostatic) to the
constant current deposition (galvanostatic) does not have a
strong effect on the microstructure of the films (see the SEM
micrograph in Fig. 11a). The film deposited with current
control (sample V) has the polyhedral irregular aggregates
particles, with visible crystallographic facets.

Figure 11b shows a typical X-ray diffraction (XRD) pattern
for as-deposited Co films. The XRD spectrum displays two
peaks at 20 angle equal to 48.8 and 55.8°, which are charac-
teristic of (100) and (101) diffraction plans. As a result, the
structural analysis using powder XRD diffraction studies has
indicated the existence of a multilayer hexagonal centred
(hcp) cobalt structure. This result is similar to the hep structure
of Co films obtained by Suzaki and Watanabe [9] at low
current density in organic solvent baths. However, the addi-
tional data resulting from detected signals centred at 20
around 52 and 61° indicate the additional presence of face-
centred-cubic (fcc) cobalt. The Cu substrate characteristic
peaks are also evidenced at 50.3 and 58.9°, suggesting a Co
deposit as a very thin film.

Figure 12a— shows VSM images determined with vibrat-
ing sample magnetometer exhibiting the behaviour of as-
deposited Co films (deposits of 5 mg with 0.5 um thickness)
in the presence of an external magnetic field. The mass mag-
netization o (denoted also as specific magnetic moment)

WD= 8.1 mm EHT=2100KV SignalA=SESI Date:18 Sep 2013 Time :ﬂﬂmﬂ
FIB Imaging=SEM  Noise Reduction = Pixel Avg. System Vacuum = 1.49¢-006 mb;

Fig. 10 SEM micrographs of Co thin films deposited from ChCI-MA and ChCI-OxA ionic liquids with 0.5 M CoCl, as precursor, 60 °C. a Sample I11

(from ChCI-MA). b Sample IV (from ChCI-OxA)
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Fig. 11 SEM micrograph (a) and XRD pattern (b) for Co film prepared from ChCI-EG+0.5 M CoCl,, 5 mA cm 2 controlled current density, 60 min,
70 °C

increases with magnetizing field strength (), reaching satu-  electrolyte (sample I) yielded the highest in-plane coercive
ration in both positive and negative directions. The shape of  field. This demonstrates an ordered magnetic phase that has a
magnetization curves is typical for ferromagnetic materials.  larger contribution compared to the other magnetic films
The experimental magnetic data are listed in Table 3 andarein ~ (samples II or V). Increased value of coercivity in this case
good agreement with the finding of other authors [19] regard-  may indicate a significant stress present inside the deposit,
ing Co thin films. The data dispersion is related to the influ-  because both remanence and saturation of sample I are lower
ence of the operating conditions during film deposition (con-  than for sample II.

trolled electrode potential or current density, chemical nature A magnetic anisotropy of sample V was emphasized by
of the bath and temperature). The values of remanence show  plotting hysteresis loops at two different angles with the
that all Co films are able to be magnetized. When driving  external magnetic field: 0° (parallel, in-plan direction) and
magnetic field drops to zero, the Co film retained a consider- ~ 90° (perpendicular-to-plane direction), respectively. This an-
able degree of magnetization, especially for sample II. The  isotropy (shown in Fig. 12b, ¢c) may be due to a special texture
coercivity (coercive force) is an intercept of the hysteresis loop ~ of Co deposit. The coercive force in-plane position of this film
(the applied field) where the data line crosses zero and illus-  is about 100 Oe which is more than two times greater than the
trates a relatively high resistance of ferromagnetic material to  coercive force in a perpendicular position. Also, the hysteresis
becoming demagnetized. Therefore, the obtained Co films  loops have not been centred at zero point, therefore the mag-
may be used as magnetically soft materials [41]. It was noted  netic properties of sample V in Table 3 had to be
that the film prepared from ChCl-urea+0.5 M CoCl,  approximated.
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Fig. 12 Hysteresis loops of Co films on applying the magnetic field. a Parallel (in-plane) position of samples I and II. b, ¢ Parallel (angle 0°) and
perpendicular-to-plane (angle 90°) positions of sample V
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Table 3 Magnetic properties of Co thin films (5 mg, 0.5 pm thickness)
placed in parallel position with magnetic field. Co films were deposited
1 h from ChCl-urea+0.5 M CoCl, (sample I, 0.9 V vs. Ag, 60 °C) and

from ChCI-EG+0.5 M CoCl, (sample II, 1.1 V vs. Ag, 60 °C; sample V,
5mA cm 2, 70 °C)

Co film sample no.  Remanence (remanent

mass magnetization)

Saturation (saturation
mass magnetization)

Coercivity (coercive
force of magnetic field)

Ratio of remanence  Obs.
to saturation

ofemu g ! ogfemu g ! H/Oe (squareness)
I 86 195 224 0.441 Without anisotropy
(18,030 Am ")
I 150 750 113 0.200 Best magnetic property,
(9097 Am™) without anisotropy
\'% 60 110 100 0.545 Low magnetic anisotropy
(8050 A m™")

Conclusions

The investigations by using cyclic voltammetry and electro-
chemical impedance spectroscopy showed the possibility to
evidence the electrochemical behaviour of Co?" in all four
ionic liquid analogues based on choline chloride. Cyclic volt-
ammograms of Co®" ion in the eutectic solvents of ChCl
mixed with urea or ethylene glycol show a cathodic peak of
direct reduction to Co metal and an anodic peak related to
stripping/dissolution of Co deposit from Pt or glassy carbon
electrode. The linear dependencies of peak current vs. square
scan rate suggest a diffusion control. However, the process is
quasi-reversible at slow scan rates and behaves irreversible at
high scan rates. The calculated values of the diffusion coeffi-
cients of Co?" in ChCl-urea at 80 °C were 4.76x10" " cm” s~
(onPt)and 6.57x10" 7 cm*s ™' (on GC), respectively, with two
orders of magnitude smaller than for aqueous solutions. The
cathodic reduction of Co*" was not clearly evidenced in CVs
in eutectic mixtures of ChCl with malonic acid or with oxalic
acid, due to a high degree of irreversibility and simultaneous
hydrogen evolution.

Nyquist impedance spectra evidenced the deposition of
cobalt metal: the capacitive semicircle from high frequencies
is continued with a straight line at low frequencies, suggesting
the formation of Co film and a barrier for diffusion of Co*"
ions within the metallic film. Correspondingly, both maxi-
mum phase angle and impedance modulus in the Bode plots
decrease gradually with the increase of cathodic polarization
of the electrode.

Co films were electrodeposited effectively onto the copper
surface. SEM micrographs showed different appearance and
morphology, depending on the chemical nature of ionic liquid
analogue used as bath. Grey in colour, smooth, adherent and
uniform Co deposits were obtained from ChCl-urea and
ChCI-EG mixtures. The structural constitution evidenced by
X-ray diffraction indicated a multilayer hexagonal centred
(hep) crystalinity. Dark grey and felt-like or even powdery
films were obtained from ChCI-MA and ChCI-OxA solvents.
EDX elemental analysis proved that Co films with higher

cobalt content are obtained from ChCl-urea (92-94 wt%
Co), while films from ChCl-ethylene glycol have a lower
content in metallic cobalt (52-67 wt% Co). However, both
kinds of Co films behave as typical ferromagnetic material.
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