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Abstract
Room Temperature Ionic liquids (RTIL) are molten salts that are liquid at around room temperature and consist of asym-
metric anions and cations. Low volatility and wide electrochemical potential behaviour of RTIL make them preferable in 
reaction synthesis and electrochemical applications. In this study, cobalt was electrochemically deposited on an inexpensive 
stainless steel mesh substrate. The resultant modified electrode was studied for supercapacitor applications by measur-
ing its capacitance performance. Choline chloride and ethylene glycol-based ionic liquid called Ethaline was used as the 
deposition electrolyte, and the ionic liquid was contained a cobalt salt  (CoCl2) for cobalt growth. The deposition conditions 
of cobalt in Ethaline ionic liquid were found by cyclic voltammogram study. The cobalt in an ionic liquid was obtained 
by applying − 1.50 V potential on the stainless steel mesh by potentiostatic method. The uncoated and cobalt-coated steel 
mesh electrodes were then tested in KOH electrolyte to find appropriate potential window of the modified electrode. The 
cobalt-based material coated mesh electrode was scanned in 1 M KOH electrolyte between − 0.20 and 0.60 V and reported 
to have high electrochemical activity than uncoated mesh. The surface morphology of coated and uncoated mesh electrode 
was examined. Electrochemical characterizations of modified mesh electrodes were investigated using cyclic voltammetry. 
As a result, the obtained cobalt-coated mesh electrode had an areal capacitance of 650 mF  cm−2 at scan rate of 5 mV s−1. 
The cobalt-coated steel mesh electrode may have potential application in  OH−-based electrolyte for energy storage devices.
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Introduction

The use of portable devices, such as computers, medical 
devices and mobile phones, has recently increased widely 
with the rapid development of technology. It is important 
to store high amount of energy in these devices for later 
use. Batteries have been commonly used as energy storage 
systems in technological devices. High-performance super-
capacitors have been studied as potential energy storage 
systems for such devices (Guerrero et al. 2009). Superca-
pacitors are divided into three groups as electrochemical 
double layer capacitors (EDLC), hybrid supercapacitors and 
pseudocapacitors (Hiralal et al. 2011). Supercapacitors have 

much higher capacitance (around 100 F  g−1) values than 
conventional capacitors. Therefore, it stores more energy 
than conventional capacitors (around few mF  g−1) (Shukla 
et al. 2000). Supercapacitors have high energy efficiency, 
long life and high power densities than batteries. Superca-
pacitors consist of two electrodes that allow energy stor-
age by diffusion of ions and an ion-permeable separator 
between electrodes to prevent short-circuit electrical con-
tact. The electrochemical property of the supercapacitors 
depends mainly on the materials used as the electrode and 
electrolyte. It depends significantly on the surface area of the 
electrode material, the wettability of the electrode, electrical 
conductivity of the components (electrode–electrolyte) and 
reaction between the electrode and electrolyte. Therefore, 
the selected electrode material is an important parameter for 
supercapacitor devices. It is important to develop electrodes 
with active and high surface area and to investigate the 
charge storage mechanisms at the electrochemical interface.

Metal oxides/hydroxide/sulphides [such as oxides/
hydroxides/sulphides forms of nickel (Yavuz et al. 2019), 
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cobalt (Godillot et al. 2011), vanadium (Boukhalfa et al. 
2012), tin (Kuo et al. 2003), manganese (Wei et al. 2011)], 
conductive polymers [such as polypyrole (Zhang et al. 2019) 
and polyaniline (Zhang et al. 2010), polythiophene and their 
derivatives (Abas et al., 2019)] have been investigated for 
pseudocapacitor production. Carbon-derived materials and 
their composites have been prepared as electrode materi-
als for EDLC devices (Boota et al. 2015). Aqueous solu-
tions (acidic, alkaline or neutral) (Simon and Gogotsi 2010), 
organic solvents (Li et al. 2007) and ionic liquids may be 
used as electrolytes in supercapacitors. Room temperature 
ionic liquids have recently been studied for use as electro-
lytes in supercapacitors because of their electrical con-
ductivities, electrochemical stabilities and wide potential 
windows (Zein El Abedin and Endres 2007). The operating 
conditions of the ionic liquids can typically be wide, for 
example, between − 35 and 250 °C because they generally 
have low vapour pressure (Dharaskarz 2012). Electrochemi-
cal stability is a measure of the oxidation and reduction in 
the electrode in the electrolyte solution. In principle, elec-
trolytes with a large potential window may cause higher 
specific energy in supercapacitors. Unlike conventional 
solvents, ionic liquids consist of only ions and have high 
thermal stabilities, high ionic conductivities and chemical 
stabilities. Therefore, ionic liquids are of great interest for 
supercapacitor applications. In addition, ionic liquids could 
be used as an effective inhibitor solvent to prevent corrosion 
of materials such as copper (Vastag et al. 2018). Consid-
ering the studies conducted by various researchers, it was 
observed that metals with their oxides/hydroxide forms 
could be obtained in ionic liquids as energy storage devices 
(Liu et al. 2019a, b). Ionic liquids could also be used as an 
electrolyte in energy storage devices because redox reactions 
of electrolyte may contribute positively to the capacitance 
value (Wang et al. 2015).

Numerous coating methods, including physical vapour 
deposition (Smolin et al., 2017), chemical vapour deposi-
tion (Lobiak et al. 2017), sol–gel, diffusion coating (Chen 
and Xue 2016), hot-dip and several powder formation tech-
niques, such as, hydrothermal (solvothermal) (Vattikuti et al. 
2018), atomization and chemical reduction, have been inves-
tigated in order to obtain electroactive materials for energy 
storage devices. Besides these techniques, electrodeposition 
can also be applied for modification of the electrode because 
electrodeposition is easy to apply, inexpensive and materials 
surface could be controlled by altering growth conditions 
(pH, temperature, composition of the electrolyte) (Chen 
et al. 2015). Electrochemical reactions take place at the elec-
trode and solution interfaces by the transfer of electrons. 
Since reactions take place at the interface, the conditions 
are quite favourable and have high selectivity. They gener-
ally do not create materials having contaminations after the 
growth reactions. Safavi et al. (2011) and Zhao et al. (2011) 

obtained electrodes electrochemically by coating the stain-
less steel mesh electrode for supercapacitors. In this study, 
the  Co2+ contained Ethaline ionic liquid electrolyte was 
used for the electrodeposition of cobalt-based coating on a 
stainless steel mesh electrode. The aim of this study was to 
characterize the capacitance behaviour of cobalt coated steel 
mesh in alkaline solution.

Experimental section

Potassium hydroxide (KOH, Merck, 90%), ethylene 
glycol  (C2H6O2, Merck, 99%) (EG), cobalt (II) chlo-
ride  (CoCl2·6H2O, Merck, 98%), choline chloride 
 (HOC2H4N(CH3)3Cl, Merck, 98%) (ChCl) were used with-
out further purification. The ionic liquid called Ethaline 
was prepared by stirring ChCl and EG (1:2 mol ratio) (see 
Fig. 1) at 55 °C until a transparent solution was obtained. 
 CoCl2 solution was then prepared with the resulting ionic 
liquid. Stainless steel mesh electrodes were just washed with 
deionised water. The electrochemical measurements in this 
study were conducted using a potentiostat with a three-
electrode system. (VersaSTAT 3, Oak Ridge, the USA). 
Three-electrode cells including a stainless steel mesh work-
ing electrode, platinum wire secondary electrode were used. 
Ag/AgCl and Ag wire were the reference electrode used in 
aqueous solution and ionic liquid, respectively. Ag–AgCl 
containing 3 M KCl was used in aqueous solution, but was 
not used in the Ethaline electrolyte because water in the 
Ag–AgCl (3 M KCl) reference electrode may mix with the 
ionic liquid, and this could change the potential of measure-
ments. The size of counter electrode was larger than the size 
of the working stainless steel mesh electrode to avoid limit-
ing reaction of counter electrode as the focus is the reaction 
occurring on the working electrode. Stainless steel mesh 
electrode was immersed in the prepared Ethaline solution 
containing cobalt salt, and cobalt electrodeposition was per-
formed by applying − 1.50 V potential. 1 M KOH electro-
lyte was used for electrochemical characterizations of the 
resulting electrode. Cyclic voltammograms were recorded 
at different scan rates, and their areal capacitance was calcu-
lated. All deposition experiments were performed at 55 °C, 
and electrode characterizations were conducted at room 

Fig. 1  Structure of a choline chloride and b ethylene glycol. Ethaline 
ionic liquid was obtained by mixing a part of choline chloride (ChCl) 
(panel a) and two part ethylene glycol (EG) (panel b)
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temperature (22 ± 2 °C). Electrode surfaces were examined 
using an upright microscope (Nikon Eclipse LV15ONL) 
(Fig. 1).

Results and discussions

Deposition of CoOx on stainless steel mesh 
electrode

Before electrodeposition of cobalt potentiostatically, 
cyclic voltammetry of ionic liquid containing cobalt salt 
(Fig. 2a) was studied. Figure 2a shows the cyclic voltam-
metry curve of pure Ethaline solution (without  CoCl2) from 
− 2.0 to 1.0 V with the bare stainless steel mesh electrode. 
It appeared that the bare stainless steel mesh electrode was 
not electrochemically active in the Ethaline solution between 
− 1.0 and 0.20 V. Figure 2b illustrates the cyclic voltamo-
gram of stainless steel mesh electrode in the ionic liquid 
media having  CoCl2 cycled from − 2.0 to 1.0 V at 50 mV s−1 
scan rate. The cyclic voltammetry technique was conducted 
to determine the range of voltage at which electrodeposi-
tion and dissolution of cobalt were effective. Cyclic volta-
mogram was started from − 0.40 V in which there was no 
redox reaction of cobalt (open circuit potential) to − 2.0 V to 
observe whole reduction reaction of  Co2+. It was then cycled 
until + 1.0 V for dissolution of reduced cobalt. A reduction 
(in Fig. 2b) started at around − 1.0 V could be related to the 
reduction in  Co2+ to metallic cobalt or hydrogen evolution 
(from  H+ to  H2). Abbott et al. (2006a) suggested that hydro-
gen evolution could occur at metal surfaces because of either 
hydrogen bond donor (ethylene glycol in Ethaline) (Alesary 
et al. 2019), or traces of water (Abbott et al. 2006a). Ionic 
liquids may absorb water at room conditions (Mele et al. 

2003), and this trace of water may cause hydrogen evolution 
(Abbott et al. 2006b). To understand exact reaction (either 
hydrogen evolution or metal deposition) occurred in Etha-
line, a cyclic voltamogram experiment without  CoCl2 was 
conducted and presented as Fig. 2a. A reduction was started 
at − 1.0 V when Ethaline did not have  Co2+. Therefore, the 
reduction started at − 1 V with  CoCl2 (Fig. 2b) could belong 
to hydrogen evolution. Reduction current of pure Ethaline 
solution was around 10 mA at − 1.20 V, but was five times 
greater when the Ethaline solution contained 200 mM  CoCl2 
at − 1.20 V. This current difference must be related to cobalt 
deposition at the potential of − 1.20 V. Therefore, a voltage 
which is more negative than − 1.20 V can lead to cobalt 
deposition. Two reduction reactions (hydrogen evolution and 
electrodeposition of cobalt) could increase at more negative 
potential. Bubbles belonging to hydrogen gas were signifi-
cantly more at − 1.50 V than at the potential of − 1.20 V. 
Cobalt film was obtained after long duration at − 1.20 V. 
Therefore, the potential of − 1.50 V was applied for the elec-
trodeposition of cobalt at short durations (250 s). 

It was aimed to obtain cobalt on stainless steel mesh in 
this study. Firstly, the stainless steel mesh electrode was 
immersed in choline chloride-ethylene glycol mixture con-
taining 0.20 M  CoCl2 with − 1.50 V applied at room temper-
ature. However, the cobalt coating seen by the naked eye was 
obtained after long duration of time, typically after around 
1000 s. Therefore, the growth of the cobalt depending on 
temperature was studied by cyclic voltammetry. Cyclic 
voltamogram responses of stainless steel mesh in Ethaline 
ionic liquid containing  CoCl2 at 50 mV s−1 at two different 
temperature (room temperature and 55 °C) are presented in 
Fig. 3a. The current value of stainless steel mesh in Ethaline 
at room temperature and at 55 °C was approximately 5 mA 
and 50 mA at − 1.20 V. As charge (current multiplied by 
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Fig. 2  a cyclic voltamogram curve of stainless steel mesh in a pure 
Ethaline (without  CoCl2) in a potential range of − 2 to 1 V at 55 °C. 
b cyclic voltamogram curve of Ethaline solution containing  CoCl2 

and the working electrode was the stainless steel mesh. The scan rates 
of these experiments were 50 mV s−1
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time) of the electrodeposition was greater at high tempera-
ture, the electrolyte temperature of 55 °C may lead to greater 
cobalt deposition. Cobalt-based film was electrodeposited 
on stainless steel mesh electrode surface by chronoampero-
metric method. Figure 3b shows the chronoamperometric 
data obtained by the application of − 1.50 V when stainless 
steel mesh electrode was in cobalt-contained ionic liquid 
for 250 s at 55 °C. After obtaining cobalt-based film, it was 
scanned between − 0.20 and 0.60 V in KOH electrolyte to 
determine its electrochemical performance. A small fluctua-
tion of current in the graph may be caused by hydrogen gas 
evolution. The charge during cobalt electrodeposition was 
12 C because of cobalt electrodeposition and also hydrogen 
evolution. Electrodeposition of metals with hydrogen evolu-
tion was determined by EQCM measurement in the literature 
(Abbott et al. 2016).

Characterization of electrodes

Figure 4 illustrates both images of an uncoated and cobalt-
coated steel mesh. The microscopic image of the uncoated 
steel mesh is presented in Fig. 4a. Figure 4a is an upright 
microscope view of the bare stainless steel mesh electrode. 
It was shiny metallic grey as it did not have coatings on its 
surface. This microscopic image was taken from uncoated 
part of steel mesh photographed in Fig. 4b (given as light-
coloured part). Cobalt-coated part of steel by applying 
− 1.50 V for 250 s from Ethaline was greenish grey (see 
right hand side of Fig. 4b). The surface of cobalt coated part 
of steel mesh was examined under an optical microscope 
presented in Fig. 4c. It was observed that the network struc-
tures of the bare stainless steel mesh electrode were filled 
with electrodeposited cobalt. Cobalt was completely coated 
on the surface of mesh substrate.

Figure 5a illustrates the cyclic voltammetry curves of 
electrodes scanned in a 1 M KOH electrolyte to examine 
the electrochemical behaviour of a cobalt-based stainless 
steel mesh electrode (red line) and a bare stainless steel mesh 
electrode (black line). In Fig. 5a, no oxidation or reduc-
tion peaks were observed for the bare stainless steel mesh 
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Fig. 3  a cyclic voltamogram curve of Ethaline solution contain-
ing  CoCl2 at room temperature (red line) and 55  °C (black line). 
The working electrode was the stainless steel mesh and the scan of 
the experiments was 50 mV s−1. b Chronoamperometric (current vs. 
time) and chronocoulometric (charge vs. time) curve of the cobalt 
electrodeposition by applying − 1.5 V potential for 250 s on the stain-
less steel electrode in Ethaline medium containing  Co2+. The electro-
lyte temperature was 55 °C

Fig. 4  Images of (a) bare stainless steel mesh electrode b non-cobalt-deposited (light-coloured part) and cobalt deposited (dark-coloured part) 
stainless steel mesh electrode c cobalt-deposited steel mesh electrode
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electrode (black line) in 1 M KOH electrolyte. However, 
a pair of reversible redox peaks belonging to coated mesh 
were observed in KOH electrolyte. An oxidation at 0.20 V 
and the other one at 0.5 V were observed for the cobalt-
based stainless steel mesh electrode (red line Fig. 5a). The 
reduction at 0.35 V was expected to be either a desorption 
of oxygen which adsorbed at around 0.60 V or the reduc-
tion in cobalt-based film. In order to analyse the reduc-
tion peak at around 0.35 V, the experiment was repeated 
by narrowing the range of potential. The potential range 
of modified electrode cycling in KOH was limited (from 
− 0.20 to 0.45 V) at different scan rates. The experiment 
is given as Fig. 5b. As there was still a reduction peak of 
cobalt-based film cycling in KOH at 50 mV s−1 (blue line 

of Fig. 5b) at around + 0.35 V, this peak belonged to the 
modified electrode. It was not related to oxygen adsorption 
reaction. The redox current of coated mesh was significantly 
increased compared to bare steel mesh electrode because 
the cobalt-based film deposited on the surface of the bare 
stainless steel mesh electrode had a great active surface area 
(Fig. 5a). The redox peaks in the alkaline solution of the 
cobalt coated mesh proves electroactivity of cobalt. Thus, 
when the cobalt-based steel mesh electrode was placed in 
the KOH solution and scanned between − 0.20 and 0.60 V 
as shown in Fig. 5a, the oxidation and reduction peaks of the 
cobalt became visible.

The cyclic voltammograms of the cobalt-based stainless 
steel mesh in 1 M KOH at different scan rates were also 
investigated at the potential window between − 0.20 and 
0.60 V and presented in Fig. 6. The redox current increases 
from 5 to 100 mV s−1 upon increasing scan rate which is 
related to improved ion transfer within the material within 
a short time. Wide oxidation and reduction peaks were 
obtained at the different scan rates. It was clear that the film 
deposited on the stainless steel surface and had a high areal 
capacity at all available scan rates. Areal capacitance of 
cobalt-based material on mesh depended on the scan rate 
and was calculated and presented in Fig. 7. The areal capaci-
tance was calculated by using Eq. 1:

Cs areal capacitance, i current (A), t the time (s), ΔU 
the potential window (V), S the working area of electrode 
 (cm2). The decrease in capacitance with increasing scan rate 
is probably due to the rate of ion transfer at larger timescale 

(1)C
s
=

i ⋅ t

ΔU ⋅ S

-0.2 0.0 0.2 0.4 0.6
-0.02

-0.01

0.00

0.01

0.02

0.03

0.04

mc
A(

ytisnedtnerru
C

-2
)

Potential (V)

 Bare steel mesh
 Cobalt on mesh

-0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4 0.5

-0.02

-0.01

0.00

0.01

0.02

0.03
 5 mV s-1

 10 mV s-1

 20 mV s-1

 50 mV s-1

 100 mV s-1

mc
A(

ytisnedtnerru
C

-2
)

Potential (V)

(a)

(b)

Fig. 5  a Cyclic voltammogram curve of bare steel mesh electrode 
(black solid line) and cobalt coated stainless steel mesh electrode (red 
dashed line) in KOH electrolyte at 50 mV s−1 scan rate. b Cyclic vol-
tammogram curves of cobalt film electrodeposited on mesh cycling 
in 1  M KOH electrolyte at different scan rate (5, 10, 20, 50 and 
100 mV s−1) between − 0.20 and 0.45 V
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20, 50 and 100 mV s−1) between − 0.20 and 0.60 V
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(Zhou et al. 2009). The areal capacitance was found to be 
650 mF cm −2 at a scan rate of 5 mV s−1 (see Fig. 7).

The mesh electrode consisted of grits including gaps 
between filaments and the real area, dependent on depos-
ited cobalt or its active surface, was not calculated as this 
included the inner surface of the electrode. The area of the 
electrode (stainless steel mesh) used as the working elec-
trode was calculated as the outer surface (geometric sur-
face). The areal capacitance of the cobalt-based stainless 
steel mesh electrode was calculated based on cyclic voltam-
mogram curves (Fig. 6) at various scan rate (5, 10, 20, 50 
and 100 mV s−1). As shown in Fig. 7, the areal capacitance 
decreases as the scan rate increases, and the areal capaci-
tance at 5 mV s−1 was found to be 650 mF  cm−2. Areal 
capacitance of the modified electrode at 100 mV s−1 was 
found to be 125 mF  cm−2. The higher capacitance at the 
lower scan rate may be due to longer contact of the electrode 
in the electrolyte solution (Cai et al. 2011). Improvements in 
the capacitive properties of the cobalt film may be due to the 

electrodeposition of a uniform thin cobalt film on the wires 
of steel mesh surface which significantly increased the sur-
face coverage of the electrode (Chodankar et al. 2017). The 
areal capacitance of cobalt-based electrode obtained from 
Ethaline ionic liquid was compared with the areal capaci-
tance of electrodes obtained by different synthesis media and 
growth method in Table 1.

Conclusion

Ionic liquid electrolyte usage for the electrodeposition of 
cobalt for supercapacitor production was shown in this study. 
The cobalt salt contained ionic liquid was used as the deposi-
tion electrolyte to obtain cobalt coating on the stainless steel 
mesh by potentiostatic deposition. Cyclic voltammogram 
technique was used to examine growth conditions, such as 
deposition potential and electrolyte temperature, of cobalt 
in Ethaline ionic liquid. A potential which is more negative 
than − 1.2 V and high temperature lead to electrodepositions 
of cobalt. Cobalt deposition was obtained by the applica-
tion of a constant potential of − 1.50 V, and resulting elec-
trode was subsequently scanned between − 0.20 and 0.60 V 
in 1 M KOH electrolyte to determine its electrochemical 
activity. The cobalt-based steel mesh electrode provided 
improved electrochemical performance in alkaline media. 
The attainment of high surface area electrodes in superca-
pacitors may significantly affect capacitance. In this study, 
electrode material with high surface coverage was obtained 
by electrodeposition of cobalt film on steel mesh which had 
high surface areas, but stainless steel mesh was not electro-
chemically active in alkaline electrolyte. Therefore, the elec-
trodeposited cobalt film on mesh may be used directly as an 
electrode in supercapacitor applications. The cobalt coated 
steel mesh electrode was found to have an areal capacitance 
of maximum 650 mF  cm−2 at scan rate of 5 mV s−1 in the 
KOH electrolyte. The electrodeposition of cobalt on stain-
less steel mesh electrode in Ethaline ionic liquid media can 
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Fig. 7  Variations of areal capacitances of Co coated mesh in KOH at 
different scan rates. Data of Fig.  6 were used to calculate the areal 
capacitance

Table 1  Areal capacitance of modified electrodes reported in the literature

Synthesis media Method Capacitance Electrode References

Aqueous solution Hydrothermal method 2.51 F/cm2 Mn3O4-MnOOH Meng et al. (2018)
Aqueous solution In situ chemical bath method 58.5 mF/cm2 Ni3V2O8 and PANI electrode (Liu et al. 2018)
Ethaline Solvothermal 5.63 mF/cm2 Ni3S2 on Ni foam (Chen et al. 2020)
Aqueous solution Chemical method 2.30 F/cm2 CuCo2O4@NiO electrode (Xu et al. 2019)
Ionic liquid Chemical vapour deposition 0.29 mF/cm2 Graphene electrodes (Zang et al. 2014)
Ionic liquid Wet-spinning method 597 mF/cm2 MWCNTs-rGOs-cellulose fibres electrodes (Liu et al. 2019a, b)
Aqueous solution Chemical method 180 mF/cm2 Graphene-stainless steel fabrics (Yu et al. 2016)
Ethaline Electrochemical method 650 mF/cm2 CoOx/SS mesh This study
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be applied as an easy and cost-effective method to improve 
the capacitance performance of supercapacitors.
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