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The effective implementation of energy storage systems within flexible
structures has recently become of particular interest. Here, the fabrication of
inexpensive flexible electrodes via a number of straightforward methods
formed the motivation for this research. Thin film-based Fe-Cu alloys were
cathodically electrodeposited on a graphite substrate. As ionic liquids consist
purely of ions (not solvent), they have recently been used in some electro-
chemical applications. In this study, therefore, Fe-Cu alloy coatings were
prepared from an ethaline ionic liquid containing iron and copper salts. The
electrochemical behaviour of Fe-Cu alloy films was determined by scanning
between — 1.0 Vand — 0.3 Vin 1 M KOH at various scan rates ranging from
5mV s! to 200 mV s '. These films were characterised in terms of their
structural and morphological properties by means of Fourier transform in-
frared spectroscopy (FTIR), scanning electron microscopy (SEM) and x-ray
diffraction (XRD). Formation of iron and copper alloy was differentiated
depending on applied potential. The supercapacitive ability of Fe-Cu-coated
film observed in 1 M KOH electrolyte demonstrated a specific capacitance of
304 F g~ ! at a scan rate of 5 mV s’!. The reaction between the alloy and the
electrolyte was mainly controlled by a surface-controlled reaction. An asym-
metric supercapacitor was constructed with an Fe-Cu-coated graphite nega-
tive electrode and a non-woven graphite positive electrode. Four asymmetric
supercapacitors were connected in series and used to light up a blue light-
emitting diode. This study shows that ethaline ionic liquid is a promising
medium for the preparation of alloy-based electrodes in energy storage
applications.
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INTRODUCTION

Energy storage phenomena have in recent years
received considerable attention due to the increas-
ing energy requirements in today’s world.? A
rapidly growing population and improving technol-
ogy necessitate high consumption of energy, which
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if left unaddressed could potentially lead to serious
environmental problems and global warming.® For
these reasons, decreasing the use of fossil fuels and
generating new environmentally friendly and sus-
tainable energy resources are of great importance.
However, this also requires significant development
of energy storage devices.* Economical, high-perfor-
mance (specific power, energy and capacitance)
energy storage devices with long-term stability have
drawn considerable global attention.® Electrodes
and electrolytes have been studied to reach these
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goals in batteries, fuel cells and supercapacitors.®
Supercapacitors are considered to be amongst the
more promising of energy storage devices because
they typically have high power densities, long lives
in terms of number of charging—discharging cycles,
long-term usage with little requlrement for mainte-
nance and high conversion efficiency.”

Supercapacitors are referred to as ultracapacitors
and can be classified into two main groups: electro-
chemical double- layer capacitors (EDLCs),?
pseudocapac1tors Recently, supercapacitors have
been used in applications such as buses, tramways,
trolleybuses, industrial equipment, electronic
devices, solar arrays, and wind turbines.'’ In par-
ticular, the usage of supercapacitors in the automo-
tive 1ndustry could drastically 1ncrease the
efficiency of hybrid electric vehicles.!

It has been suggested that supercapacitors have a
number of unique advantages including high speci-
fic power (shorter charge and discharge times),
cycling stability, and low maintenance costs com-
pared to other energy storage devices. However,
they also have a number disadvantages, but in
particular have low energy densities compared to
batteries and fuel cells'® Various attempts have
been made to increase the energy densities of
supercapacitors.'*!® The energy density (E) of a
capacitor can be found by E = 1/2 CV?, where C is
the capacitance and V is the cell potential. Accord-
ing to this equation, increasing the potentlal or
capamtance results in a higher energy density.'® To
increase the specific capacitance of a supercapacitor,
the surface area of the electrode materials must be
as high as possible to improve the flux of ions to and
from the electrode and to reserve a large amount of
electroactive spec1es in faradaic redox reactions or
EDLC systems.!” Carbon-based materials are com-
monly used in EDLC. However, metal oxide/hydrox-
ides and conductive polymers can be applied as
pseudocapacitor electrodes.'®

The electrochemical specification of the anode and
cathode material, potential range, and electrolyte
are the main factors one needs to consider in order
to obtain a high performance supercapacitor.!
Metal oxides are generally the primary candidates
for the electrode material since the oxidation num-
bers of the metals can vary depending on redox
potential. Metal oxides also have high mechanical
and chemical stability in the electrolytes, and can
also have high specific and areal capacitances with
specific powers because of their multiple oxidation
states. Various metal oxides have been examined for
suitability in supercapacitor applications such as
the oxide and hydrox1de forms of metals 1nclud1n
those of iron,?? nickel, %3+ manganese tungsten
tin,?” ruthenium,?® copper,?® and cobalt.?’ The key
requirements in bulldlng a supercapacitor electrode
include low cost and good performance of the
electrodes. Therefore, copper and iron, which are

easily extracted, have been studied as electrode
materials herein.

Supercapacitors can have several important
advantages in terms of high power delivery capa-
bility and high stability. Therefore, they have
gained significant attention from researchers in
terms of studying the energy demands of a wide
range of devices such as mobile phones, notebooks,
wearable devices, paper and textile based devices,
medical devices, and electric vehicles.?’ For these
applications, flexible energy storage electrodes are
requlred for wearable paper- and textile-based
devices.??3%3% Flexible energy storage systems have
a number of applications in medical devices, mili-
tary equipment, safety and construction equipment,
and wearable electronic devices to provide power.
The development of a suitable flexible, high perfor-
mance supercapacitor is a critical challenge. On the
other hand, the need for a flexible and conductive
substrate for use as a current collector is also a key
issue for flexible devices. The ideal substrates for
electrodes used in wearable electronics (e-textiles)
would be paper- and textile-based materials because
of their flexibility, porous structure, and low cost.
However, these substrates have an insulating
nature and must be coated with a conductive
material, such as silver nanowires or carbon nan-
otubes, in order to enable electricity to be conducted.

Recently, a number of studies have attempted to
produce flexible supercapacitor systems because of
the rapid development of portable and wearable
devices. One such attempt was to fabricate gra-
phene-based flexible supercapacitor systems.?¢>738
Graphene is one of the more essential materials
required to fabricate flexible electrodes because it
has an extremely high mechanical strength, high
electrical conductivity, and an exceptionally high
surface area. It provides a high sustainability under
mechanical bending and twisting. However, the
methods for development of graphene-based elec-
trodes are demanding. Therefore, a straightforward
and inexpensive method that would allow the
construction of a flexible electrode is required.

The objective of this research is to produce an
electroactive and stable Fe-Cu mixed film on
graphite electrode surfaces by applying different
voltages across a plating bath. The iron- and copper-
based films electrochemically deposited on the
graphite electrodes were examined in a potassium
hydroxide electrolyte to demonstrate their superca-
pacitor performance. In order to analyse the effects
of the applied potentials, the redox reactions of the
Fe-Cu-coated films in alkaline electrolytes were
examined and the compositions, structures, and
surface morphologies of the electrodes studied by
varying the applied potentials.
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EXPERIMENTS

Ethaline (a deep eutectic solvent ionic liquid) was
used as a deposition medium in this study. Ethaline
was prepared by mixing and heating one part
choline chloride with two parts ethaline glycol until
a homogenous liquid solution was obtained. 0.1 M
iron (II) sulphate (99% FeSO,4) and 0.1 M copper (II)
chloride (99% CuCl,) were prepared in ethaline. The
electrodeposition of copper and iron was carried out
on graphite electrodes. A platinum wire reference
electrode and platinum counter electrode were used
during the deposition of metals in the ethaline
electrolyte. The thickness of the graphite sheets was
1 mm. The Fe-Cu deposition solution was heated to
65°C and Fe-Cu alloy was electrodeposited poten-
tiostatically by applying different voltages (from
— 2.0Vto— 1.2V) for 5 minutes. The Fe-Cu-coated
electrode was then washed to remove any possible
impurities from the deposition bath and dried using
a tissue. Fe-Cu alloy films were cycled between
— 1.0V and — 0.3 Vin 1 M KOH at various scan
rates ranging from 5 mV s ! to 200 mV s ! in order
to elucidate the associated electrochemical perfor-
mance and behaviour. All cycling experiments were
carried out at room temperature (25 + 2°C) in this
study. All electrochemical experiments were imple-
mented using a conventional three-electrode poten-
tiostat (AMETEK VersaSTAT 3, USA). The working
electrode was graphite coated with an Fe-Cu film,
whilst the reference electrode was changed to Ag-
AgCl (in saturated KCl) in the alkaline bath. The
counter electrode was platinum for all aqueous and
ionic liquid electrochemical measurements. Gal-
vanostatic charge—discharge of the coated electrode
was performed in alkaline solution by applying a
constant current. The positive and negative elec-
trodes were formed from a nonwoven graphite fabric
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and Cu-Fe coated graphite, respectively. The Four-
ier transform infrared (FTIR) spectra of the
uncoated and Fe-Cu-coated electrodes were
obtained using a Shimadzu IRTracer-100. The
surface morphology of deposited alloy coatings and
bare graphite electrode were examined using FEG-
SEM (Zeiss Sigma 300). The structures of the
uncoated and alloy-coated modified electrodes were
analysed using a PANalytical Empyrean XRD spec-
trometer with 1.54 A Cu Ko source.

RESULTS AND DISCUSSION

The cyclic voltammetry of the graphite electrode
was carried out in an ethaline electrolyte in order to
investigate the optimal electrochemical deposition
conditions for copper and iron. The graphite elec-
trode film was first scanned in pure ethaline at room
temperature and subsequently at 65°C in order to
visualize the potential window, as illustrated by the
black line in Fig. 1a. Graphite was cycled in ethaline
containing 0.1 M FeSO,, with its cyclic voltammo-
gram response illustrated as the red line in Fig. 1a.
The cycling of graphite in ethaline with Fe®" ions
was initiated with an open circuit potential to — 2.0
V and then scanned to 1.0 V at a scan rate of 20 mV
s! at room temperature. The reduction peak that
appeared at around — 0.8 V (given as Fe-1 in the red
line in Fig. 1a) is related to the reduction of Fe®*
because a reduction peak was not observed when
graphite was cycled in a pure ethaline electrolyte.
Reduction of iron was significant at the potential
which was more negative than — 1.5 V. The current
required for graphite cycling in ethaline having Fe®*
ions (shown as Fe-2 in Fig. la) was greater than
that required in pure ethaline (given as E-2 in
Fig. 1a) because the electrodeposited metals caused
the evolution of hydrogen.®® The reduction observed
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Fig. 1. Cyclic voltammograms of graphite in (a) pure ethaline (black line), 0.1 M Fe?* in ethaline (red line) and (b) 0.1 M Cu?* in ethaline (blue
line), and 0.1 M Fe?* and 0.1 M Cu?* in ethaline (green line) at room temperature at a scan rate of 20 mV s™'. Inset: illustration of the flexible
graphite electrode used in these cyclic voltammogram experiments (Color figure online).



Fe-Cu Alloy-Based Flexible Electrodes from Ethaline Ionic Liquid 3481

around — 1.5 V was related to hydrogen evolution
because the magnitude of the iron oxidation (indi-
cated as Fe-3 in the red line in Fig. 1a) corresponded
to the reduction peak in Fe-1 (of Fig. 1a). A graphite
working electrode was used in this experiment as
such electrodes are not electrochemically active
(black line in Fig. 1a). Graphite was cycled in a 0.1
M CuCl, contained ethaline bath, with the resultant
cyclic voltammogram illustrated as the blue line in
Fig. 1b. The cyclic voltammogram of graphite in
ethaline with Cu®" ions shows two distinct reduc-
tion processes that could be observed around — 0.25
V, the reduction of Cu?* to Cu*, and at — 1.2 V, the
reduction of Cu* to metallic Cu. The cyclic voltam-
mogram of ethaline with Fe®* (red line in Fig. 1a)
and Cu?* (blue line in Fig. 1a) separately shows that
the application of a constant potential at less than
— 1.2 V would result in the growth of Fe-Cu alloy.
The oxidation peaks observed at around — 0.6 V and
0.2 V can be attributed to the oxidation of Cu to Cu*
and Cu* to Cu?", respectively; this will not be
considered further herein, but a detailed explana-
tion of copper deposition/dissolution can be found in
the literature.’®*>*2 The graphite electrode film
was also cycled in ethaline electrolyte solution with
0.1 M Fe?*- and 0.1 M Cu®*-based salts. The cyclic
voltammograms of this mixture were cycled
between — 2.0 V and 1.0 V at a scan rate of 20 mV
s! at room temperature, as shown by the green line
in Fig. 1. The cyclic voltammogram of graphite in
ethaline electrolyte containing both iron and copper
ions was similar to that observed for ethaline
containing copper ions.

Surface characterization of Fe-Cu-coated films
was carried out via XRD, FTIR, Raman, and SEM
analyses. Fe-Cu coatings were electrodeposited from

ethaline containing 100 mM Cu?* and 100 mM Fe?*
by application of — 1.2V, — 14V, — 16V, — 1.8
and — 2.0 V for 300 seconds at 65°C. The surface
morphologies of the films so produced were inves-
tigated via SEM. Figure 2 shows the SEM images of
the Fe-Cu-coated films at 25000x magnification.
Figure 2a to e shows the films electrodeposited at
different deposition potentials (— 1.2 V, — 14 V,
—16V, —1.8 V and — 2.0 V). Rough irregular
agglomerated particles were observed for all the
coatings shown in Fig. 2. EDX mapping of the
coating electrodeposited from ethaline containing
copper and iron ions by application of — 2.0 V is
presented in Fig. 2f. According to the EDX analysis
for the latter, the composition consisted of 53% Cu
and 47% Fe. EDX analyses of Fe-Cu-coated films
electrodeposited from ethaline ionic liquid due to
the application of different voltages are illustrated
in Fig. 3. Fe-Cu alloys were electrodeposited on
graphite surfaces in order to observe only the
electrodeposited elements.*® Electrodeposition of
Fe-Cu alloys was performed on graphite surfaces,
as shown in the inset in Fig. 1a, with the percentage
of iron and copper in the alloys on the graphite
surfaces shown in Fig. 3. These results depict the
fact that applying a more negative voltage to a
graphite electrode in ethaline will generally give a
higher ratio of copper in the resultant Fe-Cu alloy
system.

In order to analyse the crystal structure of the
coated films, XRD analysis was carried out for both
the uncoated graphite and the Fe-Cu-coated films
obtained at different deposition voltages on graphite
substrates. The XRD analyses for the uncoated and
Fe-Cu-coated graphite electrodes are presented in
Fig. 4. The XRD peaks for the alloys are not clearly

;.‘ ; ,

Fig. 2. SEM images of coatings electrodeposited from ethaline containing 100 mM Fe®* and 100 mM Cu®* by applying (a) — 1.2 V; (b) — 1.4 V;
(c) — 1.6 V; (d) — 1.8 V and; (e) — 2.0 V. The potential was applied for 5 minutes to grow each coating. (f) EDX mapping of the Fe-Cu film
electrodeposited at — 2.0 V. Green and red dots represent elemental copper and iron (Color figure online).
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comparable in Fig. 4a. Therefore, XRD peaks of
alloys coated graphite are compared with those of
uncoated graphite at high magnification in Fig. 4b
and c. A diffraction peak that appeared at 51°
corresponds to the face-centred cubic (fec) structure
of Cu (200), which was indexed according to the
standard JCPDS No. 04-0836.“**° The coated
graphites also showed peaks at 44° (black line),
which was characteristic of alpha-iron.*® Peaks that
could be attributed to iron potentially indicated the
electrodeposition of iron with copper. The possible
codeposition of Cu and Fe described above was
further demonstrated by EDX and XRD analyses,
which also indicate that copper was electrodeposited
with iron.

FTIR spectra of the samples were recorded in
order to elucidate the electrode composition further.
Figure 5 shows the FTIR spectra for the bare
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Fig. 4. (a) XRD analysis of the bare graphite (dark blue line) and Fe-Cu-coated films on graphite obtained by applying different deposition
potentials. XRD peaks for the electrodes presented in panel a are shown at higher magnification in panel b and panel c. Deposition potentials are

indicated in the figures (Color figure online).
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Fig. 5. FTIR spectra of bare graphite and Fe-Cu electrodeposited on
a graphite surface by applying different deposition potentials.
Deposition potentials are indicated in the figure.

graphite and Fe-Cu-coated films electrodeposited
from ionic liquid using different voltages. The peaks
observed between 400 cm™ and 1500 cm™ on the
graphite substrate for the electrodes obtained at
different potentials were recognized as Cu-O and
Fe-O vibrations.*” These peaks confirmed the for-
mation of copper oxide*® and iron oxide,*® which
probably formed as a thin oxidation coating at the
surface of the alloys at room conditions. The peaks
belonging to the oxide forms of the metals were not
particularly intense, which could have been present
merely as a thin film on the alloy surface. The peaks
at around 3000 cm™! likely indicate the presence of
water due to adsorption of moisture at room
conditions.*®

SEM, EDX, XRD and FTIR characterizations of
the Fe-Cu coated films are presented above. The
films electrodeposited from ionic liquid media were
immersed in 1 M KOH electrolyte for electrochem-
ical characterization. Figure 6a illustrates the cyclic
voltammetric curves of Fe-Cu alloy on graphite
substrate film electrodeposited from ionic liquid by
the application of — 1.8 V and cycled in KOH
electrolyte between — 1.0 V and — 0.3 V at scan
rates ranging from 5mV s™! to 200 mV s, as
illustrated in Fig. 6a. This figure is presented here
representatively, as the cyclic voltammograms of all
Fe-Cu films electrodeposited by applying different
potentials were all very similar. The cyclic voltam-
metry of the film displayed in Fig. 6a shows that the
film cycled in alkaline media provided reversibility,
with the degree of reversibility presented below.
Figure 6b displays the specific capacitances of the
Fe-Cu-coated film at various scan rates using the
cyclic voltammogram curve graphs presented in
Fig. 6a. The specific capacitance, C, (F g1, of the
Fe-Cu coated modified electrode was calculated via
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Fig. 6. (a) Cyclic voltammogram of Fe-Cu alloy films on graphite
cycled in 1 M KOH electrolyte at scan rates of 5, 10, 20, 50, 100 and
200 mV s~'. (b) Specific capacitance of Fe-Cu electrodes as a
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where m is the electroactive mass of the Fe-Cu film,
v is the scan speed (V s1), Vo — V; is the potential
range of the cyclic voltammogram, and I is the
current (A). Specific capacitance reached a maxi-
mum of 304 F g'! at a scan rate of 5 mV s™. The film
was found to have a capacitance of 180 F g* and 198
F g! at scan rates of 100 and 200 mV s7,
respectively.

A plot of the logarithm of the cathodic peak
current density of the electrode against the loga-
rithm of scan rate given in Fig. 6a is illustrated in
Fig. 6¢c. This graph is necessary to understand the
rate limiting reaction. When an electrochemical
reaction occurs, three main reaction mechanisms
are possible between the surface of the electrode
films and the electrolyte, namely the kinetically
controlled, surface-controlled, and diffusion-con-
trolled. Using the Cottrell equation (Eq. 2), the
diffusion-controlled can be determined to be the
predominant mechanism in the electrochemical
reactions

i — nFAcO\/E
= 7\/5

where ¢ is the current (in amperes), D is the
diffusion coefficient (cm? s'), F is the Faraday
constant (96485 C mol), n is number of electrons
passing between the electrode and electrolyte, ¢ is
the initial molarity of the ions diffusing between
electrode and electrolyte (mol.cm™), A is the elec-
trode area (in cm?), and ¢ is the time (s). According
to Eq. 2, current response is dependent upon time,
and if the current (i) is proportional to 1/1/¢, it can
be understood that the reaction is diffusion-con-
trolled. In the instance of rapid diffusion of the
species in question between the electrode and the
electrolyte, the reaction would be kinetically con-
trolled and thus unsuitable for energy storage
devices because electron transfer in such situations

(2)
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is slow. If the slope of the logarithm peak current
against the logarithm scan rate is less than 0.5, the
reaction is considered to be kinetically controlled; if,
however, the gradient is equal to 0.5, it is considered
to be completely diffusion-controlled, as can be
determined from Eq. 2. If the gradient of the
logarithm peak current against the logarithm of
the scan rate is equal to 1, then the reaction is
completely surface-controlled, with gradients
between 0.5 and 1 considered to be a mixture of
both diffusion- and surface-controlled reaction
mechanisms. According to Fig. 6¢, the slope of the
logarithm scan rate versus the logarithm of the
peak current is equal to 0.95, and, further, the
current peak value was not proportional to V2.
Therefore, the reaction does not follow a kinetically
controlled mechanism and can be used in energy
storage devices. Because the gradient is close to 1,
its reaction is mainly controlled by a surface
adsorption-like reaction, which is suitable for
energy storage devices. The supercapacitive perfor-
mances of copper- and iron-based electrodes are
compared with the results of this study in Table I.
Figure 7a displays the galvanostatic charge—dis-
charge curves for the Fe-Cu alloy electrodeposited
on graphite from ethaline by the application of a
constant potential of — 1.8 V. The charge/discharge
curve for the Fe-Cu alloy graphite electrode has a
triangle-like profile, which is indicative of the
capacitive-like behaviour of the electrode. Figure 7b
illustrates the specific capacitance of the electrode
calculated from the data given in Fig. 7a. The
specific capacitances of the two cells (Fig. 7b) was
lower than that of three cells (Fig. 6b) because the
calculation for the latter focuses on only one elec-
trode (working electrode), while that for the former
focuses on the entire electrode, which is more
realistic. The self-discharge rate of a supercapacitor
is an important factor in practical applications.’®"*
Figure 7c presents the self-discharge curve for the
Fe-Cu alloy graphite electrode. The electrode was
first charged to either 1.0 V or 1.4 V for 10 minutes
and then left to allow it to undergo self-discharge. It
was observed that the potential of the electrodes
charged to 1.0 V and 1.4 V decreased to around 0.2 V

Table I. Supercapacitor performance of copper- and iron-based electrodes presented in the literature

Electrode Method of synthesis Capacitance References
Copper oxide Cathodic deposition 36 F gt 55
Copper oxide Sonochemical assisted precipitation 125 F g ! 56
Fe; 03 nanoflower Ethylene glycol mediated self-assembly process 127 F g ! 57
Fey;03 nanotube Anodization 138F g ! 58
Copper oxide Chemical bath deposition 43F gt 50
CuO Mechanochemical method 114 F g ! 59
CuO Potentiodynamic deposition 179 F g1 60
Fe,04 Sol—gel 300 F g ¢ 61
Fe,04 SILAR method 178 F g1 49
Iron and copper alloy Electrodeposition 304 F g! This work
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Fig. 7. (a) Charge-discharge curve for the Fe-Cu alloy on graphite electrode electrodeposited at — 1.8V. (b) Specific capacitance of a Fe-Cu
electrode as a function of scan rate. Specific capacitance was calculated from the data given in panel a. (c) Self-discharge curve for the Fe-Cu
alloyed graphite electrode. (d) Schematic representation of the device assembly used to find the results shown in panel a and panel c.

after an hour self-discharge. Generally, metal oxide-
based electrodes that can be used for supercapacitor
electrodes suffer from self-discharge problems. A
schematic representation of the assembly of the
device used for the galvanostatic charge—discharge
and self-discharge experiments is presented in
Fig. 7d.

Figure 8a illustrates the cyclic voltammogram of
the flexible alloy-coated graphite to test the electro-
chemical response of the film at bending angles of
0°, 90° and 180°. The cyclic voltammetric responses
of the flexible electrode at different bending angles
shown in Fig. 8a were identical, indicating that the
electrochemical behaviour of the modified electrode
was not significantly affected when mechanical
bending was induced. Figure 8¢, d and e illustrate
the preparation of a flexible electrode with Fe-Cu-
coated graphite in order to illuminate a blue LED
lamp. The graphite surface was coated with Fe-Cu
alloy via electrodeposition and used as a negative

electrode. Non-woven graphite fabric was used as a
positive electrode. 1 M KOH solution was poured
over both the Fe-Cu-coated graphite electrode and
the dielectric separator (nonwoven polypropylene).
A dielectric separator was inserted between two
flexible graphite electrodes and then taped to avoid
the liquid escaping. A 2.2 V blue LED lamp was
illuminated successfully with the flexible electrode
so constructed.

CONCLUSIONS

Fe-Cu alloyed films cathodically electrodeposited
from ethaline solution on a flexible graphite elec-
trode have been developed for supercapacitor appli-
cations. FeSO,4 and CuCl, were dissolved in ethaline
to prepare it as a deposition electrolyte. Flexible
graphite electrodes were potentiostatically elec-
trodeposited by applying different voltages in the
range of — 2.0 V and — 1.2 V. Coated films were
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Fig. 8. (a) Cyclic voltammograms of Fe-Cu-coated graphite electrode bent at angles of 180° (panel b1), 90° (panel b2) and 0° (panel b3) cycling
in KOH. (WE: working electrode; CE: counter electrode; RE: reference electrode) Blue LED lamp illumination using a flexible supercapacitor.
Photo of (c1) bare graphite; (c2) flexible graphite electrode coated with Fe and Cu by electrodeposition and used as a negative electrode; (c3)
flexible graphite-based nonwoven cloth used as a positive electrode; (c4) dielectric nonwoven polypropylene separator. (d) Photo of flexible
supercapacitor constructed. (e) Photo of the blue LED lamp with the constructed flexible supercapacitor after connection to each other.

transferred into a 1 M KOH electrolyte and scanned
over a negative potential range between — 1.0 V and
— 0.3 V by applying various scan rates ranging from
5 mV s ' to 200 mV s ! to investigate the electro-
chemical performance and behaviour of alloy-based
electrodes. Non-electrochemical ex situ (FTIR, XRD
and SEM) analyses were carried out in order to gain
the compositional, structural, and morphological
characterizations of the films. FTIR, EDX, and XRD
results confirmed the formation of Fe and Cu alloys
from ionic liquid solutions. Fe-Cu films exhibited a
specific capacitance of 304 F g! at a scan rate of 5
mV s . The reaction mechanisms between the Fe-
Cu coated electrode and KOH electrolyte suggested
a surface-controlled mechanism, which is desirable
for energy storage devices.
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