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Recently, the increasing demand for sustainable clean energy from non-fossil sources motivated the researchers
in energy storage devices and supercapacitors are one of the most promising energy storage systems. In this
study, flexible copper and nickel coated electrodes are fabricated for supercapacitor applications from Ethaline
deep eutectic solvent media. Copper and nickel-based materials were potentiostatically electrodeposited on

Graphit
Alrlil;sl € flexible graphite substrates from Ethaline ionic liquid containing copper and nickel ions. Cu-Ni coated graphite
Self-discharge films were scanned in 1 M KOH from —0.7 V to 0.4 V at different scan rates ranging between 5 mV s~ ! and 100

mV s 1. Fabricated Gu-Ni electrodes were characterized by scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR) and X-ray diffraction (XRD). Copper and nickel formation ratios on
graphite films at different deposition voltages were determined by EDX analysis. Cu-Ni coated graphite films
applying —1.8 V deposition potential exhibited a maximum areal capacitance of 47.3 mF em 2 at5mVs! scan
rate. Galvanostatic charge-discharge curves of the electrodes obtained at different applied voltages confirms the
supercapacitor behaviour of Cu-Ni coated films. One of the biggest issues regarding the use of supercapacitors in
daily life is their self-discharge behaviour. Self-discharge curves of the Cu-Ni modified electrodes were illustrated
that decreasing deposition potentials can decrease self-discharge problem. This research determines that Ethaline

ionic liquid is a potential media for alloy-based electrodes in the usage of supercapacitor applications.

1. Introduction

The unintended and negative ecological impacts caused by the un-
controlled consumption of fossil fuels have raised serious concerns about
developing sustainable and renewable energy production processes, as
well as reviewing the phenomena of efficient storage and conversion
[1]. In this case, electrochemical energy storage devices such as super-
capacitors, batteries and fuel cells have made rapid advances to meet the
increasing demands of non-stop energy supply [2]. To date, batteries are
considered the main electrochemical energy storage systems due to their
high energy densities [3]. However, low lifetime, low specific power,
ecological pollution and safety issues related to end-of-life recycling and
disposal are the most important practical limitations in the use of bat-
teries [4]. However, the lack of energy storage systems that can replace
existing batteries has been one of the main reasons for ignoring their
disadvantages [5]. As an alternative to batteries, fuel cells based on
hydrogen provide no CO; emissions and a favourable energy conversion
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rate but suffer from some disadvantages including their large size,
insufficient fuel storage capacity and large installation costs [6].
Although conventional capacitors exhibit lower specific energy unlike
others, they can provide energy at an extremely fast rate and have a long
cycle life [7]. Thus, researchers began integrating all the cutting-edge
features of all types of electrochemical energy storage systems to pro-
duce alternative energy storage devices with high energy-conducting
capabilities in the form of supercapacitors, also called electrochemical
capacitors or ultracapacitors [8]. However, the energy-power efficiency
of supercapacitors is much lower than expected [9]. Therefore, instead
of bulky, poorly responding and low cycle life batteries, it has become
important to develop portable, small and bendable as well as strong and
useful supercapacitors with high specific energy and power capabilities.
A significant problem regarding the usage of supercapacitor in common
applications such as hybrid cars and household items is the
self-discharge of supercapacitor electrodes [10]. Therefore, numerous
studies have been conducted to overcome the self-charge behaviour of
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supercapacitor materials [11].

Compared to batteries, supercapacitors have a lower energy density
so it is becoming more important to store energy in a fast, efficient and
inexpensive way with high energy density. The capacitances of super-
capacitor electrodes originate from the accumulation of charges at the
electrode and electrolyte interaction [8]. One of the ways to obtain a
high energy density is to increase the operating voltage window. The
potential window of supercapacitor could be extended by using ionic
liquids [12, 13]. In addition, ionic liquid electrolytes started to be used
in energy storage systems not only because of their wide potential
window but also they have non-flammable behaviour, stable electro-
chemical characteristics and low vapour pressure [14].

Supercapacitors have a wide range of applications where storing and
releasing energy rapidly. Recently, supercapacitors have been studied to
increase the efficiency and performance for using them in hybrid electric
and fuel cell vehicles such as passenger cars, trolleybuses, trains, flexible
and portable electronic devices, personal computers, wind turbines and
solar arrays [15, 16, 17]. For instance, supercapacitor practices in the
automotive industry can have benefits as hybrid electric vehicles use
energy stored in supercapacitors in order to efficiently start and stop
their engine [2]. Starting a car requires a high demand of energy and
rapid energy release of supercapacitors supply this energy to the system
and decrease the energy consumption of the battery [18].

A supercapacitor cell consists of two electrodes with a separating
material between them. These two electrodes are the same for sym-
metrical cells but differ from each other for asymmetrical cells [19]. The
separator material is ion-permeable in order to provide ionic charge
transfer, and it is immersed in an electrolyte to cut the electrical contact
between the electrodes [20]. The types of supercapacitors can be divided
into three main categories according to the energy storage mechanisms
between electrodes and the electrolyte; these are pseudo-capacitors,
electric double-layer capacitors (EDLCs) and hybrid capacitors [21].
EDLCs are based on the electrostatic interaction between the electrolyte
and the surface of the electrodes and EDLC electrodes with high surface
are preferred [13]. Activated carbon, carbon nanotubes and graphene
are most widely used materials in EDLC electrodes because they could
have nanoporous surfaces and these materials are produced already in
the industry [17]. Pseudocapacitors store energy by a mechanism based
on rapid redox reactions occurring on the surface of the electrodes, and
electrode materials are commonly produced using metal oxides and
conductive polymers, and the specific capacitance values of these ma-
terials could be as high as that of EDLCs’ materials [22]. Finally, hybrid
electrodes could consist of a pseudocapacitive and an EDLC electrode,
combining the features of both systems [23]. The negative and positive
electrode of the hybrid capacitor could made from a pseudocapacitive
electrode material having redox reactions or a carbon material storing
the energy electrostatically. This interaction between the electrolyte and
the surface of the electrode may provide a high delivery of currents.
Hybrid supercapacitors are not commercially available and a typical
example of hybrid systems is a lithium-ion capacitor [24, 25].

Electrode materials are one of the most fundamental factors for
supercapacitors and can typically be divided into three distinct groups as
carbon materials, conductive polymers, and metal oxides [26]. The low
cost, well developed surface area, chemical stability, and good electrical
conductivity of carbon materials make them ideal materials for EDLCs,
but they generally suffer from relatively low specific capacitance [27,
28]. Conductive polymers could have higher specific capacitance than
carbon materials, but their cycle life is extremely lower than EDLCs [29,
30]. Compared to these two types of materials, metal oxides usually
have fast redox reaction states, which allows them to have higher spe-
cific capacitance [22]. They also have been regarded as promising
supercapacitor electrode materials for energy storage devices because of
their abundance, environmental friendliness and easy accessibility [31].
Various types of metal oxides have been analysed in pseudocapacitors in
literature such as manganese [32], iron [33], nickel [34], ruthenium
[35], copper [36], tin [37], cobalt [38], tungsten [39], vanadium [40],
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molybdenum [41] and lead [42] based oxides/hydroxides.

The self-discharge is a problem related with the energy loss of the
energy storage devices due to the rapid drop of the voltage and an un-
desired and harmful characteristic for supercapacitors. It is one of the
main problems for the practical applications of supercapacitors and ef-
forts to suppress self-discharge rate to minimum is an issue among the
researchers. Although the self-discharge phenomena cannot be
completely eliminated, it can be suppressed to the lowest point. Several
approaches have been tested to achieve this purpose. All components of
supercapacitors were examined (studied) to suppress the self-discharge.
The electrodes (both positive and negative) have been modified, the
electrolytes have been modulated and the separators have been tuned.
There are numerous influences examined regarding self-discharge rates.
Increasing leakage current according to the impurities in the electrolyte
[43], effect of reducing viscosity by application of high operating tem-
peratures [44], high charge current density effecting to have not enough
time to form a stable electric double layer [44], weak interaction be-
tween the ions in the electrolyte and the surface of the electrode because
of the oxygen groups [45], charge redistribution on the porous structure
of electrode materials [46] are some of the investigated reasons which
may affect the self-discharge.

Three main aspects to suppress the self-discharge behaviour of
supercapacitors are the modification of the electrode materials, modu-
lation of the electrolyte and regulating the separator. By modifying the
electrode material, the reasons to bring about the self-discharge
including the leakage current, dissolved oxygen in electrolyte and
charge redistribution may be suppressed [45, 47-53]. Electrolyte also
affects the self-discharge behaviour of supercapacitors by its viscosity
and ion size. There are numerous studies related with the electrolyte to
overwhelm the self-discharge problems [54-60]. Positive and negative
electrodes can be insulated with a separator membrane to affect the
movement of electrolyte ions, resulting the inhibition of shuttle effects.
This is one of the useful strategy to overcome the self-discharge problem
[61, 62]. In this study, the self-discharge behavior of the electrode was
examined depending on the growth conditions of the electrode elec-
trodeposited from an ionic liquid media.

Few studies have investigated the behavior of electrochemically
grown electrodes during self-discharge [63]. Molybdenum-based elec-
trodes composed of agglomerated nanoparticles were grown by elec-
trochemical deposition from an aqueous electrolyte on stainless steel
current collector [64]. It was reported that improved low self-discharge
behavior was observed upon increasing the film thickness of the
Mo-based coating. Ni(OH), was electrodeposited in an aqueous solution
on carbon cloth having carbon nanotubes [65]. This electrode illustrated
a better self-discharge rate when charging by optimal time and current
density. A thin layer poly(p-phenylene oxide) was electrodeposited on a
carbon-based substrate. Although this coating decreased the specific
capacitance by ~56%, the self-discharge of the electrode was reduced by
78% [50]. Tellurium nanorods electrosynthesized on carbon cloth for
use in flexible energy storage devices displayed better self-discharge
characteristics [66]. This is, as far as we know, the first study on the
self-discharge of alloys electrodeposited from a non-aqueous ionic liquid
electrolyte.

This study presents a stable and electroactive Cu-Ni alloyed elec-
trode on flexible graphite substrates by application of different voltages
using Ethaline ionic liquid. The growth conditions of the alloy were
studied. Copper and nickel alloy films obtained by electrochemical
deposition on graphite electrodes were investigated in potassium hy-
droxide (KOH) solution to test their supercapacitive performance. Sur-
face characteristics, compositions and structure of the Cu-Ni coated
films in case of different applied voltages were examined via scanning
electron microscopy (SEM), X-ray powder diffraction (XRD), Energy
Dispersive X-Ray Analysis (EDX) and Fourier transform infrared radia-
tion spectrometry (FTIR).
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Fig. 1. Cyclic voltammetry curves of bare graphite electrode in a) pure Ethaline (red line) and 0.2 M Ni®* in Ethaline; b) 0.2 M Cu?" in Ethaline (black line) and
Ethaline having the mixture of 0.1 M Ni?* and 0.1 M Cu?* (red line) at 65 °C at the scan rate of 50 mV s !

2. Methods

Copper (II) chloride (CuClz, Merck, > 99%), nickel (II) chloride
(NiCly, Merck, > 98%), potassium hydroxide (KOH, Tekkim, > 90%),
ethylene glycol (CoHgOp, Merck, > 98%) and choline chloride
(CsH14CINO, Merck, > 98%) were used as experimental chemicals in the
study. Ethaline deep eutectic solvent was used as deposition medium
which had been prepared by mixing and heating choline chloride and
ethaline glycol in a 1:2 ratio at 65 °C until a liquid homogenous solution
was acquired. 0.2 M CuClz and 0.2 M NiCl, solutions were prepared in
Ethaline ionic liquid by heating to 65 °C and mixing until dissolving
completely. Copper and nickel-based solutions are then mixed to each
other in 1:1 ratio and 0.1 M CuCl; with 0.1 M NiCl, deposition solution
was prepared. Copper and nickel deposition was carried out on flexible
graphite substrate which has a thickness of 1 mm. A three-electrode
system was established using a platinum counter electrode and a wire
platinum reference electrode. Copper and nickel mixed media was
heated to 65 °C and Cu-Ni based alloy was potentiostatically electro-
deposited on graphite substrate. Electrodeposition of the alloys on
graphite electrodes were carried out by applying different voltages
starting from —1.2 V to —1.8 V with 0.2 V interval for 600 s. Cu-Ni
coated electrodes were immediately washed by pure water to refine
from any impurities and then dried by hot air. Cycling experiments were
conducted by using 1 M KOH media at room temperature by setting up a
conventional three-electrode system. Counter electrode was again a
platinum plate and reference electrode was an Ag—AgCl in saturated KCl
while the working electrode was Cu-Ni coated flexible graphite elec-
trodes. Cu-Ni coated electrodes were cycled in 1 M KOH between —0.7 V
and 0.4 V (1.1 V potential window) at varying scan rates ranging from 5
mVs~! to 100 mV s~ in order to investigate the related electrochemical
behaviour and performance. All conventional three-electrode experi-
ments were carried out by AMETEK VersaSTAT potentiostat device.
Galvanostatic charge-discharge and self-discharge experiments of the
Cu-Ni coated films were performed in alkaline media by using a
graphite fabric as opposite electrode. Charge-discharge and self-
discharge graphs were obtained by Gamry 1010E device and overall
data were analysed by Gamry Echem software. Absorption and emission
spectra of the Cu-Ni alloy films were revealed by FTIR analysis (Perkin
Elmer). Crystalline phases of the Cu-Ni alloy were obtained by XRD
analysis (PANalytical Empyrean) and morphology of the films were
elucidated using SEM and EDX (Zeiss Sigma) analysis.

3. Results and discussion
The proper voltage for nickel and copper electrodeposition on

graphite was determined using the cyclic voltammetry method. Cyclic
voltammetry is a widely used electrochemical method for detecting

redox reactions at electrodes and/or electrolytes. The electrodeposition
behaviour of nickel and copper were studied on the graphite electrode in
Ethaline deep eutectic solvent. First, the graphite electrode was scanned
in pure Ethaline in order to examine the potential window and it is
presented in Fig. 1a. Bare graphite started cycling in pure ethaline from
zero voltage (indicated as point G-1 in red line of Fig. 1a) and there is not
any reduction peak until the voltage reaches up to —1.6 V. A reduction
peak occurs at around —1.6 V, which was resulted because of the
hydrogen evolution reaction [67]. As a second experiment, bare
graphite electrode was immersed in Ethaline deep eutectic solvent
containing 0.2 M Ni*? ions in order to observe the nickel formation as
shown in black line of Fig. 1a. Graphite film was started cycling from
zero (given as Ni-1) which was near the open circuit potential to —2.0 V
and then finished at +0.6 V at a scan rate of 50 mV s~ at 65 °C. A
reduction peak starts occurring at around —1.0 V (indicated as Ni-2)
which was related to the nickel grown on graphite film [68]. Reduc-
tion continue to decrease at more negative potential which is also
related to nickel growth [68, 69]. The decrease of current value may also
be related to hydrogen evolution reaction, which was clearly seen in
graphite film curve in pure Ethaline. The oxidation peak of nickel ions
was at around 0.5 V which is shown at point Ni-5 in Fig. la. Cyclic
voltammogram of copper on graphite film was examined in Ethaline
containing 0.2 M Cu™? at the scan rate of 50 mV s~! at 65 °C and the
resulting curve is shown in black line of Fig. 1b. Cu*? ions shows two
different reduction processes, one of them is starting at around —0.25 V,
which is the formation of Cu* ions from Cu®" and the other starts at
around —1.5 V, which is the reduction of Cu™ ions to the metallic Cu.
Stripping of copper from graphite starts at around —1.0 V which can be
related with the oxidation of Cu to Cu™ ions. An oxidation peak was
observed at around +0.5 V, which is associated with Cu™ ions to Cu*?
[70, 71]. Cycling of graphite electrode was finally carried out in Ethaline
containing both 0.1 M Ni*2 and 0.1 M Cu*? ions. Cyclic curves of the
mixture were obtained at 65 °C and at a scan rate of 50 mV s~ ! and the
resulting curve was shown as a red line of Fig. 1b. Nickel and copper
mixture in Ethaline ionic liquid exhibits similar pattern like only copper
ions in Ethaline because the deposition was probably dominated by
copper reduction which can be proved by EDS analysis. Red line of
Fig. 1b shows that the reduction of alloys or only copper can occur after
—1.0 V. Therefore, the deposition voltage was selected as the potentials
less than —1.2 V in order to observe the elemental ratio of copper and
nickel in the alloy. Cu-Ni based alloys were potentiostatically obtained
by the application of —1.2 V, —1.4 V, —1.6 V and —1.8 V in order to
investigate the effect of growth potential on electrochemical perfor-
mance of the resulting films.

The morphological characteristics of the electrodeposited Cu-Ni
alloy electrodes on graphite substrates were investigated by scanning
electron microscope (SEM) and the images of the bare graphite and all of
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Fig. 3. a) EDX analysis result of the Cu-Ni coated films given in Fig. 2. b) FTIR results of bare graphite and Ni-Cu electrodeposited on the graphite film by the

application of different deposition (growth potentials are indicated in the figure).

the obtained Cu-Ni alloy nanoparticles at nano level scales are shown in
Fig. 2. Cu-Ni alloy film electrodeposited at —1.2 V in Ethaline ionic
liquid has a slight coating (Fig. 2b) compared with the smooth multi-
layer surfaces of bare graphite film (Fig. 2a). When the deposition po-
tential was —1.4 V, strong agglomerations of the particles were observed
on the Cu-Ni coated film and the size of the Cu-Ni alloy nanoparticles
were varied (from tens of nanometers to micrometers). Surface structure
of the Cu-Ni alloy was different when the film was electrodeposited by
the application of lower potentials (Fig. 2d and e). Cu-Ni modified
electrodes obtained by the —1.6 V and —1.8 V deposition potential from
ionic liquid media have non-homogenous agglomerated nanoparticles.
It is known that the nucleation mechanisms of the electrodeposition of
metal could be different depending on pH [72], applied potential [73],
additives [74], electrolyte temperature [75] and electrodeposition pa-
rameters [76]. Nucleation mechanism could cause various surface
morphologies and grain or crystal sizes [77]. Additionally, hydrogen
evolution reaction (depending on cathodic potential during metal/alloy
growth) could affect surface morphology of the coating [78]. For
example, intense hydrogen bubbling observed at more negative

potential could change dense-branching of metal to fern-shaped
dendrite of it [79]. Therefore, the lower potential (more negative
voltage) applied to obtain Cu-Ni based film could have caused more
porous nanostructures of the coating.

SEM analysis were used with the EDX mapping of the Cu-Ni coated
films. Fig. 3a is the illustration of EDX mapping of the Cu-Ni alloy films
on graphite substrate obtained at different deposition potentials. At
—1.2 V deposition potential, almost the entire alloy consists of copper,
while nickel has a slight composition ratio. Deposition potentials at
—1.4V and —1.6 V, nickel ratio gradually increases and reaches almost
the same composition ratios as copper at —1.8 V. The results indicate
that decreasing the deposition potential increases the nickel ratio and
the decreases the copper ratio of the alloy coatings. A reduction of nickel
was observed at around —1.0 V (indicated as Ni-2) [68] and the Ni
growth continued to decrease at more negative potential [68, 69].
However, most of Cut? was firstly reduced to Cu* at around —0.25 V
and then significantly reduced to metalic copper at around —1.5 V [70,
71]. Fig. 1b displays that the cyclic voltammogram of nickel and copper
mixture in Ethaline ionic liquid exhibits similar cyclic voltammogram
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pattern like only copper ions in Ethaline. In Fig. 1, it can be seen that
nickel ions in Ethaline starts reduction at around —1.0 V and continue its
reduction at lower potentials. Additionally, copper ions in Ethaline be-
gins to reduce at around —0.25 V and starts its evolution from Cu* ions
to the metallic Cu at about —1.5 V. As the reduction potentials continue
to decrease, reduction of the nickel and copper ions from Ethaline ionic
liquid increases, growth of the alloy and agglomerations of the particles
become intense at lower potentials.

Fig. 3b illustrates the FTIR graph of electrochemically deposited
copper and nickel alloy thin films on the graphite substrate. The FTIR

spectrum belonging to graphite had stretching vibrations of ~-OH peak at
around 3410 cm ™! and vibration of C=C group at 1610 cm ! due to sp2
carbon atoms [80]. The spectrum also displays the C=O stretching at
around 1750 cm ™ [81] and the C-O stretching vibration at 1100 [82]
due to probably purity in graphite [83]. Similar FTIR spectrum of
graphite was observed in the literature [84,85]. From the FTIR spec-
trum, there is not a significant absorption peak related with the copper
and nickel based oxide or hydroxide since the bare graphite film and
Cu-Ni coated electrodes have the same absorption peaks [86,87]. This
indicates that copper and nickel were probably electrodeposited on
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graphite as alloys (not their oxide or hydroxide forms).

Since the FTIR analysis did not provide enough information about
the formation of copper and nickel on graphite film, a further analysis by
XRD was carried out in order to elucidate the growth of metals on
graphite substrate by electrodeposition from Ethaline ionic liquid. Fig. 4
depicts the XRD pattern of electrochemically deposited Cu-Ni alloys on
graphite film. It can be observed from the XRD pattern that there are
three major peaks related to nickel and copper metals/alloys. In order to
observe these related peaks clearly, magnified curves of the XRD peaks
based on copper and nickel coatings are illustrated in Fig. 4b. The XRD
results of electrode formed at —1.2 V on graphite was similar to that of
bare graphite because of slight deposition of the film. The diffraction
peaks obtained from electrodes electrodeposited at —1.4 V, —1.6 V and
—1.8 V appeared near 44°, 51° and 74.5° were the characteristics of
(111), (200) and (220) copper-nickel alloy which was corresponded well
with the peaks in JCPDS 47-1406 [88, 89]. XRD analysis proves the
formation of copper and nickel alloys obtained on graphite electrode
from Ethaline ionic liquid.

Characterization of the Cu-Ni alloy films are carried out by SEM,
EDX, FTIR and XRD analysis and presented above. To understand the
electrochemical behaviour of the Cu-Ni alloys on graphite, cyclic vol-
tammogram curves are obtained by scanning the Cu-Ni based films in 1
M KOH electrolyte between —0.7 V and 0.4 V at the scan rates of 5, 10,
20, 50 and 100 mV s~ 1. Cyclic voltammogram of the alloy-based films
are illustrated in Fig. 5. The curves display that the cyclic voltammo-
gram of Cu-Ni coated films electrodeposited between —1.2 Vand —1.8 V
depicts a nearly similar shape and behaviour. All of the Cu-Ni coated
electrodes have an increasing areal shape as the scan rate increases.

The areal capacitance values of the Cu-Ni alloy electrodes obtained
by applying different voltages from —1.2 V to —1.8 V in Ethaline ionic
liquid media are presented in Fig. 6a. The areal capacitance of the films
was found by using raw data of cyclic voltammogram curves illustrated
in Fig. 5. Areal capacitances of the Cu-Ni alloy electrodes were calcu-
lated from the following equation [90,91]:

1 .
C,= AVAV / I(V)av Equation 1

In which A is the area of the Cu-Ni film (1 cmz), v denotes the
scanning rates (mV s’l), AV is used for the potential window of the
cyclic voltammogram and I(V)dV represents the area of the oxidation
curves shown in Fig. 5. Fig. 6a illustrates that Cu-Ni alloy films perform
higher areal capacitance values when the electrodes were obtained at
lower deposition voltages. Cu-Ni films electrodeposited at —1.4 V and
—1.6 V exhibit nearly the same areal capacitances, while the highest
areal capacitance values at different scan rates were obtained for the
Cu-Ni alloy electrode electrodeposited at —1.8 V. Areal capacitance of

Table 1
Comparison of capacitances of the nickel and copper-based supercapacitor
electrodes reported in the literature.

Electrode Material Method Capacitance Reference
NiO-TiO, Potentiostatic 46.3mFem 2 [93]
anodization
Ni(OH), Facile hydrothermal 35.67 mF [94]
em 2
Ni(OH), nanoboxes Template-engaged 1689 F g ! [95]
route
Porous nickel oxide Ton transport 28 F g’1 [96]
CuO Sonochemical assisted 158 Fg ! [97]
Cu0/rGO Hydrothermal 80Fg! [98]
Cu,0/Cu0 Hydrothermal 338 mF cm 2 [99]
Copper/nickel oxide Electroplating 296.2F g ! [100]
composite
Ni-Cu foam Electrodeposition 105 F g’1 [101]
CuO nanosheets Hydrothermal 130.6 Fg! [102]
Cu-Ni alloy Eletrodeposition 47.27 mF This work
em ™2

Cu-Ni alloy films reaches its maximum value of 47.27 mF cm™2 at 5 mV
s~ ! scan rate for the film formed by applying —1.8 V electrodeposition
voltage. Comparison of capacitances of the Cu and Ni based super-
capacitor electrodes reported in the literature is presented in Table 1.
Capacitors fail to store their full of charge slowly and their stored
energy decrease in process of time. Self-discharge of supercapacitors
states the ongoing decrease of the voltage, which occurs when a
capacitor remained unconnected to a charging circuit. Self-discharge
experiments were carried out in order to observe if a supercapacitor
has a reliable resistance for capacitance leakages [11]. Higher value of
the self-discharge resistance is expected for less capacitance leakages
[92]. Fig. 6b demonstrates the self-discharge curves of the Cu-Ni coated
electrodes electrodeposited at different constant voltages from —1.2 V to
—1.8 V. Cu-Ni coated films were charged fully to 1 V for 2 min and all of
them were left for self-discharging of 20 min. It is clearly observed from
Fig. 6b that decreasing deposition voltages results in lower
self-discharge performances. Almost half of the potential is retained
constant for the Cu-Ni film electrodeposited at —1.8 V, which showed a
worthy self-discharge performance. Self-discharge is an important cri-
terion for supercapacitors and must be conducted because super-
capacitors usually suffer from the self-discharge problem.
Galvanostatic charge and discharge (GCD) curves are mainly used to
analyse if the electrode exhibits a capacitance or battery-like behaviour
[103]. GCD results of the Cu-Ni alloy films obtained from Ethaline ionic
liquid media are presented in Fig. 7. After the electrodeposition of Cu-Ni
alloy films by applying constant potentials of —1.2 V, 1.4V, —-1.6 V
and —1.8 V, GCD experiments of the samples were carried out at
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Fig. 7. Galvanostatic charge-discharge graph of Ni-Cu coated electrodes on graphite by applying different currents of 0.125 mA cm 2, 0.25 mA cm ™2, 0.5 mA cm ™

2

and 1 mA cm 2. All coated electrodes were electrodeposited in Ethaline ionic liquid by applying different voltages of a) —1.2 V; b) —1.4 V; ¢) —1.6 Vand; d) —1.8 V.

different constant currents per cm 2 0f0.125 mA, 0.25 mA, 0.5 mA and
1 mA. All of the charge-discharge profiles exhibit nearly the similar
triangle curves, which is the indicative of the typical supercapacitor
behaviour [104, 105].

4. Conclusions

In summary, electrodeposition of copper and nickel was carried out
on flexible graphite substrate by applying different constant voltages
from Ethaline deep eutectic media containing 0.1 M Cu™ and 0.1 M
Ni*2 ions. SEM images of the Cu-Ni coated graphite films displayed the
composition of copper and nickel alloy particles in nano structure. EDX
mapping confirmed the deposition of copper and alloy by applying
different constant potentials and decreasing the applied potentials
resulted in an increase in the ratio of nickel and a decrease in the ratio of
copper particles. Cu-Ni coated films were scanned in 1 M KOH elec-
trolyte from —0.7 V to 0.4 V (1.1 V potential window) at different scan
rates ranging between 5 mV s~ and 100 mV s~ ! in order to display the
electrochemical behaviour and performance. Cu-Ni modified electrode
electrodeposited at —1.8 V performed a maximum of 47.27 mF cm 2
areal capacitance at 5 mV s 1 scan rate. Decreasing deposition potentials
of Cu-Ni alloy films increased the areal capacitance values but also the
deposition potentials of —1.4 V and —1.6 V showed nearly the same
areal capacitance performances. Charge-discharge curves in different
applied currents performed the supercapacitor behaviour of the Cu-Ni
alloy films by displaying a triangular-like shape. Self-discharge curves of
the Cu-Ni alloy films showed a more stable self-discharge performance
by the increase of applied deposition potential. As a result, copper and
nickel alloy could be electrodeposited on graphite electrode from
Ethaline ionic liquid by applying constant potentials to obtain

inexpensive and easy-fabricated supercapacitor film.
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