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CoFe,04 nanoparticles were prepared using a polyethylene glycol (PEG) assisted
solution combustion method. The X-ray diffraction pattern and Fourier Transform
Infrared spectra revealed the single phase formation of CoFe,O, particles.
Transmission electron microscope (TEM) images revealed nanosized particles less
than 10 nm in size. The calculated voltammetry specific capacitance of the CoFe,O,
electrode was 195 Fg' at 1 mV s”. The Powers law suggests the capacitive mechanism
is dominant over an intercalation mechanism, while the maximum number of charges
accommodated in the inner surface of the electrode, is given by the Trasatti plot. The
fabricated rGO based hybrid supercapacitor (CoFe,O,|[rGO) provides a good specific
capacitance (38 Fg') and energy density (12.14 Wh kg') at 3 mA with good cycle
life, and the serially connected asymmetric supercapacitor device powers the light

emitting diode for 10 minutes.

1. Introduction

Both renewable and non-renewable energy
sources are currently meeting global energy
requirements, but the availability of non-renewable
energy sources, particularly fossil fuels, is diminishing
rapidly due to increasing use of electrical and electronic
equipment and automobiles and, importantly, the
increasing human population. In addition, energy
production from renewable energy sources is seasonal
and dependent upon climatic conditions, creating the
need for energy storage devices. The presently available
energy storage and conversion devices include batteries,
fuel cells, conventional capacitors and supercapacitors.
Batteries and fuel cells are primarily used in high
energy applications, while conventional capacitors are
used for high power applications, as seen in the Ragone
plot." Significant research and development effort has
focused on developing alternative devices that satisfy
both high power and high energy requirements, and
supercapacitors fulfil these criteria. These devices have
a wide range of potential applications, including hybrid
electrical vehicles, smart’ devices, tablets and so on.

Based on the charge storage mechanism and
characteristics of electrode materials, supercapacitors
may be categorised as (i) electrical double layer
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capacitor (EDLC); (ii) pseudocapacitor; and (iii) hybrid
supercapacitor. In the EDLC, the charge is stored by the
formation of a double layer at the electrode/electrolyte
interface via electrostatic attraction. Normally, EDLCs
deliver high power density and a long cycle life, but
provide lower energy density than batteries. On the
other hand, pseudocapacitors store charge through
surface redox reactions or electron transfer reactions,
and deliver higher energy density but inferior cycling
stability. In the hybrid supercapacitor, one electrode
stores the charge based on the electrical double layer
formation, while surface redox reactions store the
charge in the other electrode. The advantages of each
mechanism are exploited in the hybrid device.

Different metal oxides and conducting polymers
have  been  employed as electrodes for
pseudocapacitors.” Among the mixed metal oxides,
spinel ferrites have unique physical and chemical
properties such as chemical stability, a range of
oxidation states, hard and soft magnetic properties, and
superparamagnetism.”>  Various  spinel  ferrites,
including MnFe,0,4, ZnFe,O,, CoFe,O, and NiFe,0,,
have been identified as potential electrodes for
supercapacitor applications.”® CoFe,0, has diverse
properties, including high specific capacitance (372
mAh g'), excellent chemical stability, and efficient
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electrocatalytic behaviour, and has been prepared by
hydrothermal, solvothermal, microwave, and auto
combustion methods.” ">

To the best of our knowledge, there is no
published report of polyethylene glycol (PEG) assisted
solution combustion synthesis of CoFe,O; porous
particles. Here, PEG acts as a surfactant which controls
the particle size, thus avoiding the need for subsequent
high temperature calcination of the material
produced."® Overall, this synthesis method is simple,
inexpensive, has a short reaction time, good molecular
level mixing, induces an exothermic reaction and
creates pores on the particle surface.'™ Birol et al have
reported that the solution combustion is the suitable
technique for the industrial or large scale production of
samples.15c In this study, CoFe,O, electrodes are
prepared and subjected to structural and electrochemical
analysis and thus evaluated for possible pseudocapacitor
applications. Using Power’s Law and the Trasatti plot,
the surface charge storage mechanism is identified and
the charge stored in the inner and outer surface of the
electrodes calculated. Finally, an asymmetric hybrid
supercapacitor is fabricated using rGO as the positive
electrode and the electrochemical performance studied.
To the best of our knowledge, this is the first report on
the surface charge storage mechanism of CoFe,O4
electrodes in 1M KOH aqueous electrolyte.

2. Experimental methods and materials

For the typical synthesis, stoichiometric
quantities of Co(NOs),.6H,0, Fe(NO3);.9H,0, and
glycine were dissolved in the desired volume of distilled
water. The required quantity of PEG was added to the
resulting solution at 15 minute intervals and stirred
vigorously. The final solution was placed on a hot plate
to facilitate removal of water and allow the formation of
metal-fuel complexes. The dry gel obtained was
immediately transferred into an electric heater to initiate
the combustion reaction. After completing the
combustion reaction, the resulting foamy powder was
ground well for further studies. The procedure was
repeated for the preparation of material utilising
different PEG concentrations during the reaction; 8§ mL
(CC-1), 9 mL (CC-2) and 10 mL (CC-3).

The phase purity, crystallinity, and the
functional groups present in the synthesised material
were analysed using Bruker D8 Advance XRD with Cu
Ko radiation and Bruker Tensor27 FT-IR instruments.
The morphological features of the sample were
determined using HRTEM (JEOL JEM 2100). The
electrical behaviour of the material was studied using a
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computer controlled impedance analyzer HIOKI 3532
LCR HITESTER in the frequency range 42 Hz to 4
MHz. The powder sample was pressed into a 1 cm
diameter pellet at a pressure of 50 kg cm™ under
identical conditions for each analysis. A Bio-logic VSP3
electrochemical workstation was used for evaluating the
electrochemical properties of the samples.

The active electrode was prepared by mixing
CoFe,O4 (30 mg), carbon black (6 mg), and
polyvinlidene difluoride (PVDF) (2 mg) (i.e., mass ratio
80:15:5) with 0.3 mL of N-methyl 2-pyrrolidine (NMP)
to produce an homogeneous slurry. Twenty micro litres
of the slurry was coated onto a stainless steel (SS)
substrate. The prepared electrode was dried at 60°C
overnight in a vacuum oven. The resulting active mass
of the coated electrode was 2 mg. The same procedure
was followed for the rGO electrode preparation, but 0.4
mL of NMP and electrode mass of 1.5 mg. Electrodes
were separated by a polypropylene sheet in the
asymmetric supercapacitor. Before electrochemical
investigation, the electrodes and separator were
immersed in aqueous electrolyte for one hour.

3. Results and Discussion
Structural and morphological analysis
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Fig. 1. (a) XRD pattern, (b) FT-IR spectra, and (c)
Raman spectrum of CoFe,O,4 nano particles.

The XRD analysis was carried out to identify
the phase purity and crystallinity of the samples. Fig. 1
(a) shows the XRD pattern of CoFe,O, particles
prepared at different PEG concentrations. The observed
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sharp and well-defined peaks indicate good crystallinity
of the samples. The diffraction peaks at 29.636°, 35.00°,
42.68°, 56.52° and 62.12° reveal the formation of single
phase CoFe,O4. The calculated lattice constants are
8.4743A, 8.4751A and 8.4610 A for CC-1, CC-2 and
CC-3, respectively, which agree well with standard data
(JCPDS no.:22-1086), further confirming the formation
of single phase CoFe,O4 with a cubic structure. The
grain sizes calculated using the Scherrer equation'®'®
are 33, 47 and 36 nm for CC-1, CC-2 and CC-3
respectively. FT-IR spectra (Fig. 1(b)) reveals M-O (M=
Fe, Co) stretching vibration modes at 570 and 700 cm’,
further supporting the formation of CoFe,O,. However,
the expected peak (Co-O) at 700 cm™ is not clearly
visible due to the weak absorption and broadening of
the Fe-O stretching vibration mode.'**” The observed
absorption peaks at 1620 and 3450 cm™ correspond to
water, while the absence of peaks corresponding to
organic functional groups indicates the complete
burning of PEG during the combustion reaction.

Raman spectroscopy is a sensitive and non-
destructive technique that reveals information relating to
local distortion, cation distribution, strain and magnetic
disordering in spinel structured materials. Fig. 1(c) is
the Raman spectrum of spinel CoFe,O4 nanoparticles.
According to Group Theory, this material consists of
five Raman active modes, including 3Tay, Eg A;p. 2%
Two broad and low intensity peaks are observed at 205
cm’ and 308 cm’, corresponding to the T,, and E,
vibration modes respectively. Strong and intense peaks
are noticed at 467 cm™ and 687 cm™ that correspond to
the T,, and A, modes of vibration. Here, the T,, modes
relate to the lattice vibration or oxygen motion in the
octahedral sites of spinel CoFe,O,4. Similarly, the A,
mode illustrates the vibration arising from tetrahedral
sites or oxygen motion around tetrahedral sites of spinel
CoFe,04. The Raman spectra support the XRD and FT-
IR results.

Representative TEM images of CC-2 at two
different magnifications are given in Fig. 2 (a, b). The
spherical, well-defined particles have an average
diameter less than 10 nm. The addition of PEG is
believed to account for the small particle size. However,
slight particle agglomeration is also observed since PEG
acts both as fuel and surfactant. Fig. 2(c) shows the
HRTEM image of the CoFe,O, nanoparticles. Here, the
well-defined lattice fringes are observed and the
measured d-spacings are 0.126, 0.214, and 0.303 nm,
which coincide with the d spacing observed from XRD
patterns. In addition, white spaces are noticed in the
HRTEM images, indicating the presence of empty
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spaces with a diameter of approximately 3-4 nm. These
spaces may enhance the accessibility of electrolyte ions
into the electrode material. Similarly, the

nanoparticulate size supports an increase in the active
site of the active material, leading to a high capacitance.
Fig. 2(d) shows the TEM image of rGO prepared using
the hydrothermal method. The transparency of rGO
reveals several layers of rGO sheets. In addition, the
observed wrinkles confirm the good flexibility of rGO.

Fig. 2. (a, b) TEM images at different magnifications,
(¢) HRTEM image and (d) TEM image of CoFe,0,
nanoparticles.

Electrical Properties

Fig. 3 shows the Cole-Cole plot of the prepared
CoFe,04 particles at different PEG concentrations. It
can be seen that a single semicircle, with a different
diameter, is observed in all cases, indicating the
conductivity is due to the grain interior. It is well known
that the diameter of the semicircle is indicative of the
bulk resistance of the material. In the present case, CC-2
has a smaller diameter than CC-1 and CC-3, suggesting
it has a higher electrical conductivity. The calculated
d.c. electrical conductivity is 9.1 x 10°S em™ for CC-1,
3.43 x 10° S cm™ for CC-2 and 1.36 x 10° S cm™ for
CC-3. The obtained high conductivity of CC-2 may be
due to the larger grain size, since it is well reported that
a larger grain size reduces the grain boundary effect,
which in turn yields higher conductivity.' The
calculated capacitance from the Cole-Cole plot is 53,
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30, and 18 pF for CC-1, CC-2, and CC-3, respectively.
These values confirm the grain boundary effect on the
conducting mechanism.”> Based on the conductivity
analysis, the CC-2 was considered the optimal electrode
material for further electrochemical analysis.
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Fig. 3. Cole-cole plot of CoFe,O, particles at room
temperature.

Electrochemical Properties of CoFe,0, electrode

The electrochemical performance of CoFe,O, electrode
was investigated using cyclic Voltammetry (CV),
galvanostatic charge-discharge (GCD) and
electrochemical impedance spectroscopy (EIS) analysis.
Fig. 4(a) shows the CV curve of CC-2 in 1M KOH
electrolyte at scan rates of 1, 2, 5, 10 and 20 mV s'in
the potential range 0 to -1.1 V vs Hg/HgO. A potential
dependent and a potential independent current region is
observed. The potential independent region indicates
charge storage phenomena based on the formation of an
electrical double layer, supporting the capacitance
contribution by redox reactions. The observed redox
peaks at -1.04V/-0.63V vs Hg/HgO confirm the redox
reaction between Fe'" and Fe®" ions,” revealing that
charge is stored in CoFe,0, electrodes predominantly
by this redox reaction. The calculated specific
capacitance is 195 Fg' at 1 mV s Further increasing
the scan rate, the peak shift and peak broadening is
observed due to the increase in electrode resistance,
which is characteristic of pseudocapacitive materials.

The Power law and Trasatti plot are used to further
identify the surface charge storage mechanism and the
amount of charge stored on the surface of the CoFe,O,
electrode, respectively. It is well known that there are
three different mechanisms involved in charge storage
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such as (i) Faradaic reaction through intercalation/de-
intercalation of ions, (ii) Faradaic reaction through
surface redox reaction, and (iii) electric double layer
(EDLC) formation at the electrode/electrolyte interface.
It is also well known that the capacitive mechanism
consists of (i) pseudocapacitive via surface redox
reaction and (ii) EDL formation. According to Power’s
law, the scan rate dependent CV current can be
expressed as®*>°

{ = av? (1)

Where, v is scan rate (V s7), a and b are the
adjustable parameters. The value of b is calculated from
the slope of log i vs log v (Fig. 4(b)) at a fixed potential
(V). It has been reported that if the calculated b-value is
0.5, the obtained CV current obeys the intercalation/de-
intercalation mechanism, while if the b-value is 1, the
obtained CV current is due to a capacitive mechanism.
But the capacitive current is the combination of
pseudocapacitive and EDLC current. Fig. 4(c) shows
the plot between the b-value at each measured potential.
It can be seen that the calculated b-value is closer to 1.
Hence, it may be concluded that the charge storage
mechanism in CoFe,O, is capacitive rather than
intercalation/de-intercalation.

The capacitive and intercalation current with
respect to potential can be measured using the following
equation***°

i(V) =s,v + 5,07 ()
This can be modified into
L'(V]fi?lm - Siyl.-"z + 55 (3)

Where, sjp and syv'? represent the current
contribution from capacitive and intercalation of ions,
respectively. The value of s; and s, are found from the
slope and intercept of the plot between i(V)/v'* and v
The representative curve of i(V)/'"? vs v at -0.65V is
shown in Fig. 4(d). Fig. 4(e) further shows that the
maximum amount of charge storage is due to the
capacitive mechanism rather than an intercalation
mechanism in CoFe,0, electrodes. At a low scan rate,
the electrode possesses only a minor amount of specific
capacitance due to intercalation current, while this is
negligible at a high scan rate. Hence, the CoFe,04
electrode stores the charge based on the capacitive
mechanism at high scan rate.

This journal is © The Royal Society of Chemistry 2012
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The amount of charge stored in the inner and
outer surface of the electrode is calculated using Trasatti
plot.27 Commonly, the total amount (Q) of charge
stored in the electrode is due to the sum of the charge
storage contribution from the inner (Q;,) and outer (Qou)
surface of the electrode. Fig. 4 (f, g) shows the Trasatti
plot of CoFe,0, electrodes. The y-intercept of the linear
fit of 1/q vs v'* at v=0 represents the total amount of
charge stored in the electrode (Fig. 4(f)). At a low scan
rate, the electrolyte ions having unlimited accessible
time into the electrode, therefore a large amount of
charge is stored on both inner and outer surfaces of the
electrode. The y-intercept of the linear fit of q vs v'"* at
v=a shows the amount of charge stored at the outer
surface of the electrode (Fig. 4(g)). At high scan rate,
the electrolyte ions access only the outer surface of the
electrode due to the limited interaction time with
electrode. The charge storage contribution from inner
electrode is calculated as QourQou. According to the
Trasatti plot (Fig. 4(f, g)), the amount of charge stored
in the inner and outer surface of the electrode is 334 and
98 C g, respectively. Overall, it can be concluded that
the capacitive mechanism is the dominant process for
storing charge in the electrode and the presence of
porosity facilitates charge storage on the inner surface
of the electrode.

Fig. 5(a) shows the galvanostatic charge-
discharge (GCD) curves of CoFe,0, at different current
densities. Three different regions are observed: the
potential dependent regions [I (-1 to -0.65V vs Hg/HgO)
and III (-0.50 to -0V vs Hg/HgO)] and a potential
independent region [II (-0.65 to -0.50V vs Hg/HgO)].
The potential dependent variation with time reveals that
the charge storage is due to the double layer formation
i.e. electrostatic adsorption of electrolyte ions at the
electrode/electrolyte interface (region [ and III).
Similarly, the independent variable of time with
potential (region II) describes that the charge storage of
electrode is due to the redox reaction between Fe*™ and
Fe*" ions. As noted earlier, the charge storage is mainly
due to the capacitive mechanism rather than the
intercalation mechanism. The discharge time decreases
with increasing current density leading to a decrease in
specific capacitance of the electrode, since the time
available for the electrolyte ions to access the electrode
is lower at high current densities.”**°

Fig. 5(b) represents the variation of specific capacitance
with current density. The CoFe,O, delivers the specific
capacitance of 125 F g' at 0.5 A g"'. The decrease in
specific capacitance with increasing current density can
be explained by: (i) the long interaction time between

This journal is © The Royal Society of Chemistry 2012
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CoFe,0, clectrode and electrolyte ions at low current
density allows storage of a large amount of charge in the
electrode, providing high specific capacitance; and (ii)
at high current density, the interaction time of the
electrolyte ions with electrode is limited. Hence, low
specific capacitance is yielded at high current densities.

The charge storage kinetics at the
electrode/electrolyte interface was analyzed using
electrochemical impedance analysis (EIS) at near peak
potential ((Fig. 5(c, d)). The electrode behaves as a
resistor and capacitor at high and low frequency
regions, respectively.’’*> In general, the EIS spectra
consists of three different regions (i) high frequency
(intersection of semicircle represents the equivalent
serial resistance (Rggr)), (i) mid frequency (diameter of
the semicircle shows the charge transfer resistance at the
electrode/electrolyte interface (R.)), and (iii)) low
frequency region (capacitive region, which also
supports the observation of the charge storage
mechanism of the electrode via the angle of tail from
real axis).*?

Fig. 5(e) shows that the R value is decreased
with increasing potential from -0.5V to -0.85 V. It
confirms that the charge is transferred easily at the
electrode/electrolyte interface, due to accessibility of the
electrolyte ions within the electrode. However, the Resg
value is small at the peak potential because of the fast
transfer of electrons at this potential. On the other hand,
Fig. 5(f) represents the variation of phase angle with
applied potential. It is well known that as phase angle
approaches 90°, it is the typical electric double layer
formation that leads to lower diffusive resistance. In
contrast, for pseudocapacitive mechanism, the tail
reaches a 45° angle, having a higher diffusive resistance.
In the case of the tail having the phase angle between 90
to 45°, the system stores the charge in both the
mechanisms. In this present case, the EDL capacitive
mechanism is dominant in the potential range between -
0.5 and -0.6 V, and -0.7 and -0.85 V, since the phase
angle is close to 90°. On the other hand, at -0.65 V, the
phase angle is 57°, which reveals the presence of a
pseudocapacitive mechanism ((Fig. 5(f)). This potential
corresponds to the peak potential of CoFe,O, which is
in agreement with the CV results. Hence, it can be
concluded that CoFe,Q, is a suitable negative electrode
based on good electrical conductivity, good
electrochemical performance, and material porosity.

Electrochemical performances of fabricated Asymmetric
Supercapacitor(4SC)

J. Name., 2012, 00, 1-3 | 5
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The asymmetric supercapacitor is fabricated using
CoFe,04 as negative electrode, reduced graphene oxide
(rGO) as positive electrode and 1M KOH as the
aqueous electrolyte. The main advantages of the
asymmetric supercapacitor are an enhanced working
potential window, and high specific capacitance and
energy density.””* Figure 6 shows the CV curves of the
individual electrodes of CoFe,O, and rGO at 2 mV s™.
It can be seen that the rGO exhibits rectangular curve
that infers the ideal capacitive behaviour, which stores
the charge based on surface adsorption of electrolyte
ions via electrostatic interaction or non-Faradaic
reaction on the electrode/electrolyte interface. The
calculated specific capacitance of rGO is 274 Fg' at 2
mV s In addition, there is no obvious distortion of CV
curve at the edge of switching potential which infers the
low electrode resistance of rGO.

3
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Fig. 6 Comparative CV curves of CoFe,04 and rGO at 2
mV s’

In order to counterbalance the specific
capacitance and energy density of the device, the mass
balance is calculated using eqn. 4 and the obtained mass
ratio between CoFe,0,4 and rGO is ca.0.77.

m, C_xAV_

N
m_ C, xAV, @

Fig. 7(a) shows the CV curves of the CoFe,O4/rGO
asymmetric supercapacitor measured at different scan
rates of 5, 10, 20, 30, 40 and 50 mV s with potential
range of 0 to 1.5 V. The CV curve shows the ideal
capacitive behaviour, even at 50 mV s™, revealing good
electrochemical reversibility of the device. The
calculated gravimetric capacitance is 31.3 Fg' at 5 mV

6 | J. Name., 2012, 00, 1-3

s, Further, the GCDs curve does not show any IR or
potential drop at the beginning of discharge curve,
suggesting a negligible loss of energy of the device. In
addition, the discharge time is decreased with increasing
current densities ((Fig. 7(b)). The device exhibits the
specific capacitance of 38 F g' at 3 mA cm™. In
addition, the specific capacitance of the device is
decreased with increasing current density due to the
insufficient accessible time of electrolyte ions to the
electrodes ((Fig. 7(c)). The energy and power densities
of the asymmetric supercapacitor are calculated based
on the total mass of the electrodes. The device exhibits
the gravimetric energy density of 12.14 Wh kg at a
power density of 643 W kg' ((Fig. 7(d)). The energy
density is higher than the reported ASCs of MnO-
rGO|[functionalized ~ carbon (2.6 Wh kg),”
Polypyrrole[MnO,,” MnFe,0,[LiMn,0, (10 Wh kg
.7 AC|MnO, (10 Wh kg™),*® Fe;04/MnO, (8.1 Wh
kg™"),”” and V,0s nanowire/CNT|MnO,/C (16 Wh kg

1440
).

Further, to understand the charge transfer kinetics at
the electrode/electrolyte interface, EIS analysis was
carried out both before and after cycling (Fig. 7(¢)). The
inset shows the Randle mathematical model circuit for
fitting the experimental data. It can be seen that the
model circuit fits experimental values well. Here, Rgsg
represents the equivalent serial resistance, Ry is the
charge transfer resistance at the electrode/electrolyte
interfaces during electrochemical reaction, Cy4 and C;
corresponds to the double layer capacitance and
Faradaic capacitance respectively, and W, is the
diffusive of Warburg resistance of electrolyte ions into
the electrode. Before and after cycling, the fitted Resg
and R values are 0.612 and 1.249 ohm and 6.965 and
6.995 ohm, respectively. Even after 3000 cycling, there
is no significant change of charge transfer resistance
observed, suggesting that the fabricated device is
suitable for energy storage applications.

Fig. 7f shows the cycle life of the fabricated ASC
up to 3000 cycles at 7 mA cm™. The CoFe,O4||graphene
device exhibits long-term cyclic stability with the
capacitance loss of 33% over 3000 cycles. This is
comparable, and in some cases an improvement on,
reported values for similar devices. Capacitance
retention of 71.9% over 2500 cycles for

This journal is © The Royal Society of Chemistry 2012
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carbon/NiCo,S4||AC is repor‘ced.41 The Lag;Sry;Co0s.
s|[AC device delivered 80% of specific capacitance
retention after 2000 cycles.* Ruibin ef al have reported
that the monodisperse carbon microspheres|[rGO
delivered 75% of initial specific capacitance after 1000
cycles.” The Ni(OH),/ultrathin-graphite foam||activated
microwave exfoliated graphite oxide showed 63.2% of
specific capacitance retention over 10000 cycles.*
CSS/Graphite/PEDOT/MnO,||AC  exhibited 81% of
specific capacitance over 2000 cycles.”’ The capacitance
loss in this study may be due to the decrease of
electrolyte ions and loss of electrical contact between
active material and the substrate. The inset figure shows
typical charge-discharge curves at initial and final cycle.
The charge-discharge curves maintain the symmetric
and linear charge-discharge behaviour, revealing good
electrochemical reversibility of the device. Further, the
four fabricated devices are serially connected,
illuminating the LED for long duration (10 mins) (Fig.
8), which is comparable to the reported time.****

Overall, the good performance of
CoFe,04/|graphene device is observed. This may be
attributed to i) porous morphology, which facilitates
greater contact of electrolyte ions  during
charging/discharging process, 1ii) good electrical
conductivity, and iii) best combination of positive and
negative electrodes. The suitability of the device for
supercapacitor applications is demonstrated.

Omin 5 min

.

Fig. 8. Glowing LED using serially connected three
asymmetric supercapacitor. (inset) Glowing LED at
different time intervals.

4. Conclusion

The effective role of PEG in the synthesis of
CoFe,04 nanoparticles is identified. The formation of
single phase CoFe,0, particles is evidenced by XRD
and FT-IR analysis. The porous morphology is observed
from FE-SEM images. The sample possesses good
electrical conductivity of 3.43 x 10° S cm™ at room

This journal is © The Royal Society of Chemistry 2012
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temperature. The pseudocapacitive nature of the
CoFe,04 is explained using Power’s law and Trasatti
plot. The CoFe,O, exhibits maximum specific
capacitance of 195 Fg' at 1 mVs'. Similarly, the
amount of charge stored in the inner (334 Cg') and
outer surface (98 Cg') of the electrode is calculated.
The combination of CoFe,Os and rGO as suitable
electrodes for hybrid capacitors was demonstrated and
tested for real time application through a glowing LED
for 10 minutes.
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Fig. 4. (a) CV curves of CoFe,0, at different scan rates, (b) plot between log (i) vs log (scan rate), (c) variation of
b-values with applied potential, (d) the plot between i/v'* and v at -0.65 V, (e) variation of specific capacitance
(intercalation and de-intercalation specific capacitance) as a function of scan rate, and (f, g) Corresponds to the
Trasatti plot.
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Fig. 5. (a) GCDs curves of porous CoFe,0, at different current densities, (b) Variation of specific capacitance with
current densities, (c, d) Nyquist plot of CoFe,O, at different potentials, () Variation Rgsg and R, as a function of
applied potential, and (f) Variation of phase angle with respect to applied potential.
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Fig. 7. (a, b) CV and GCDs curves of fabricated asymmetric supercapacitor at different scan rates and current
densities, (c) variation of specific capacitance with current densities, (d) Ragone plot of (plot between energy
density and power density) the fabricated device, (¢) Nyquist spectra of asymmetric cell (Inset: Randles model
circuit) and (f) Cyclic stability of the fabricated asymmetric supercapacitor over 3000 cycles. The inset is
corresponding initial and final cycle of the device.
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