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The hybrid nanocomposite of Copper Ferrite/Carbon sphere (CuFep04/C-sphere NC) has been synthesized and
their combined electrochemical activity for supercapacitors is achieved. XRD study reveals the average crystallite
size of CuFep04/C-sphere NC as 112 nm. CuFe204/C-sphere NC provides a huge specific surface area of 532 m%/
g. Cyclic voltammetry (CV) analysis exhibits the competitive specific capacity of CuFe304/C-sphere NC as 320 C/
g at the sweep rate of 10 mV/s. The galvanostatic charge-discharge (GCD) study shows a good specific capacity of

264 C/g at 1 A/g and excellent cyclic stability of 82.4% for 5000 cycles. The CuFe;04/C-sphere//AC solid-state
hybrid supercapacitor provides a high specific capacity of 131 C/g along with remarkable energy density and
power density of 40.9 Wh/kg and 11248 W/kg respectively.

1. Introduction

In the present world of advanced technologies and ultrafast com-
munications, the requirement for sustainable, quick-responding, and
long-lasting energy devices is extensively attaining scale and mo-
mentum. The existing technologies powered with lithium-ion batteries
fail to resolve the high power requirements. To overcome these issues,
researchers are intensively focused on developing energy storage de-
vices that hold both higher energy density and high power density [1,2].
Supercapacitors offer outstanding power densities, remarkable cyclic
stability, ultrafast charge-discharge rates, and are more environmentally
friendly than lithium-ion batteries and conventional capacitors, but they
deliver unsatisfactory energy density [3]. To further improve the energy
density and high charge accumulating capability, the enhancement of
the specific capacity of the electrodes as well as widening the operating
window of the device should be achieved. Here, the improved specific
capacitance can be achieved by tuning the electrode geometrical

architecture, improving the surface area, forming of mesoporous struc-
ture, developing of heterostructure, and maintaining the wettability [4].
Further, the wide potential window can be achieved by choosing the
appropriate electrolytes for the fabrication of devices with specified
configurations such as symmetric, asymmetric, and hybrid devices. The
main challenge is to select the electrode with perfect geometry that of-
fers high electrical conductivity, large surface area, and multiple
oxidation states that support efficient charge transport, and hybrid
structures that enable the use of different charge storage processes to
improve the charge accumulation and storage [5-8].

Electrode materials are categorized based on their mode of storing
the charges, subsequently, the electric double layer capacitors (EDLCs),
pseudocapacitors (PCs), and hybrid capacitors (HCs). In EDLCs, the
surface adsorption process occurs at the outer surface of the electrode/
electrolyte interfacial region which utilizes the mesoporous carbons as
electrodes, whereas in pseudocapacitors, the reversible rapid surface
redox process takes place which results in the intercalation of ions into
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the nearer atomic surface layers where the metal oxides, hydroxides,
sulfides, and polymers as the supercapacitor electrodes [9,10]. Recently,
diverse transition metal oxides were utilized as electrodes for super-
capacitors due to their unique quantum chemistry, generation of
abundant electrochemically active sites, and high conductivity [11,12].
Among the binary transition metal oxides, NiCo304 is known to be the
standard and most potential material for supercapacitor applications. In
this way, numerous binary transition metal oxides like CuCo204 [13],
ZnCo204 [14], MgCo204 [15], MnCo204 [16], etc have been recently
synthesized and successfully applied as the electrode materials for
supercapacitors. This binary cobalt series with its unique morphologies
exhibits good specific capacity and energy density values, but, they also
hold their limitations such as stability, conductivity, surface area, and
internal resistance values which varies one another [17,18]. Among all
other binary cobalt oxides, CuCo204 microtubes deliver a high specific
capacity value of about 393.66 C/g at the current density of 1 A/g with a
high energy density of about 32.49 W h/kg [13].

Currently, the binary magnetic ferrites like NiFe;O4, ZnFesOy,
CuFey0y4, etc are broadly utilized as supercapacitor electrodes due to
their advantage of multiple metal cations that results in improving
electrochemical activity [19]. More specifically, CuFe2O4 holds bench-
mark characteristics as an excellent material for supercapacitors than
any other ferrites due to their distinctive electronic configuration like
3d;¢ 4s1 and excellent physicochemical properties that result in offering
extraordinary specific capacitance, longer cycle life, and competitive
energy density [20]. However, it suffered from low rate capability, slow
reaction kinetics, and morphological collapse owing to the successive
charge-discharge process [21,22]. To address these problems, the con-
struction of composites by introducing carbonized materials with metal
oxides is an effective way to tune the electronic structure, increase the
conductivity, facilitate the volume extension while the repeated char-
ge/discharge process occurs, and enhance the rate capability [23,24].
Specifically, Carbon spheres are the potential capacitive electrode ma-
terial with a large active surface area, mesoporous nature, good me-
chanical stability, and lower specific density which facilitates the
transfer of ions, and enhances the electrochemical activity by shortening
the diffusion pathways of the electrolytic ions in the electrode structure.
Apart from these characteristics, carbon spheres promote the expansion
and contraction of volume during the charging and discharging process
resulting in improved structural stability with a long cycle life [25,26].

There are numerous literature that reports the electrochemical ac-
tivity of the CuFeyO4 composite with carbonaceous materials for
supercapacitors. For example, Israr et al. [27] synthesized that the
CuFe;04 and graphene nanoplatelet nanocomposites ((CuF);.x(GNPs)y)
by an in-situ co-precipitation method. The as-prepared (CuF);.x(GNPs)x
demonstrated the high specific capacitance of about 264 F/g at the
current density of 0.5 A/g and also it delivers good cyclic stability of
74% for 1000 cycles. The symmetric supercapacitors were assembled,
providing the energy and power densities of 8.6 W h/kg and 125 W/kg
respectively. Similarly, Ghasemi et al. [27], reported that the PAN-
1/GO/CuFey04 ternary hybrid nanocomposite as electrode material for
supercapacitors. The fabricated ternary PANI/GO/CuFeyO4 electrode
demonstrated a high specific capacitance of 614.76 F/g at a current
density of 1 A/g along with the cyclic stability of about 88% for 3500
cycles. The asymmetric supercapacitor based on PAN-
1/GO/CuFe04//GO was fabricated, delivering the specific capacitance
of 124 F/g at 1 A/g and also the energy and power densities of 49.72 W
h/kg and 923 W/kg respectively. Further, Whon-hee Lee et al. [28],
synthesized the nitrogen-doped carbon spheres by emulsifying the
polymerized polystyrene-based colloidal spheres with melamine 1,3,
5-triazine-2,4,6-triamine (nitrogen-rich molecule) by pyrolytic carbon-
ization method. The nitrogen-doped carbon spheres demonstrated an
excellent specific capacitance of 191.9 F/g at 0.1 A/g and a capacitance
retention of 110% even after 10000 charge-discharge cycles.

In the present work, we have synthesized the binary CuFeyO4
nanoparticles by a simple and cost-effective co-precipitation technique.
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The CuFe,04 nanoparticles store the charges through the faradaic redox
reactions by the insertion/desertion of ions in their electrode structure
which results in delivering the high specific capacity with improved
energy density. Though the faradaic reaction is sluggish, it requires
more time to charge the electrode than the typical supercapacitors and
also it can accommodate only the limited ions due to their limited redox
active sites [29,30]. To improve the specific capacity and to generate
more active sites for the electrochemical reactions, the EDLC-type car-
bon spheres are incorporated into the CuFe,04 nanoparticles which can
deliver the numerous redox active sites, large surface area, high elec-
trical conductivity, rapid charge-discharge characteristics, low internal
impedance, and good electrode stability. The fabricated Copper Ferri-
te/Carbon sphere (CuFe;04/C-sphere NC) demonstrates a high specific
capacity of 264 C/g at 1 A/g and can withstand 5000 cycles with a
capacitive retention of 82.4%. Moreover, the achievement of high en-
ergy density is the major goal of this research, which can be fulfilled by
fabricating a solid-state hybrid supercapacitor that delivers a widened
operating potential with excellent energy and power densities. The
solid-state hybrid supercapacitor made of CuFe;04/C-sphere as cathode
and AC as anode was fabricated which delivers the high specific capacity
of 131 C/g together with the energy and power densities of 40.9 W h/kg
and 11248 W/kg respectively.

2. Experimental procedure
2.1. Synthesis of CuFe;04 nanoparticles

In a typical synthesis technique, 1 M of CuCl; and 2 M of FeCl; were
slowly dissolved in 30 mL of DI water at constant stirring and the
precipitating reagent of 8 M of NaOH was mixed with the above pro-
cessed solution. The entire reaction was processed at 80 °C and the pH =
12. Then, the precipitated solution was washed thrice with DI water and
ethanol and heated at 900 °C for 5 h to synthesize CuFe304.

2.2. Synthesis of carbon spheres

Concisely, 1 M of glucose was dissolved in 80 mL of the DI water at
constant stirring and hydrothermally heated at 180 °C for 12 h. Then,
the resultant solution was washed several times with DI water subse-
quently with ethanol and finally, vacuum dried at 80 °C for 12 h to get
Carbon spheres.

2.3. Synthesis of CuFe304/Carbon sphere nanocomposite

CuFey04/Carbon sphere nanocomposite was prepared by sonicating
0.2 g of CuFep04 and 0.02 g of Carbon sphere in 30 mL of DI water and
centrifuged at 3000 RPM. Finally, the resulting sample was vacuum
dried at 80 °C for 12 h to get CuFey04/Carbon sphere nanocomposite.
The complete synthesis method is presented in Fig. 1.

2.4. Electrode fabrication technique and electrochemical characterization

The working electrode featured a Nickel foam current collector,
which underwent a thorough cleaning process involving 1 M HCI,
ethanol, and DI water to prevent any additional contamination. The
slurry for the electrode was prepared by grinding 80% active material,
10% PVDF binder, and 10% activated carbon in N-methyl-2-Pyrrolidone
(NMP). The resulting homogeneous slurry was then applied to 1 x 1 cm?
Ni foam dimensions and subjected to vacuum drying at 80 °C for 12 h.

To study the electrochemical characteristics of the fabricated elec-
trodes, the Squidstat potentiostat instrument was utilized, employing a
platinum rod as the working electrode, and KCI saturated Ag/AgCl as
both the counter and reference electrodes. The specific capacitance of
the carbon sphere electrode material was evaluated from CV and GCD as
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The specific capacity of battery-type electrodes was evaluated by

JI(v)dv
(m)(v)
IAt

C_(sp4) = ) ()]

3)

Csp3 =

where Cgp; and Cgp; are the specific capacitance from CV and GCD an-
alyses respectively and Cgp3 and Cgp4 are the specific capacity of CV and
GCD analyses respectively, I(V) is the current, m; - mass of the coated
active material, v - scan rate (mV/s), and At is the discharge time.

2.5. Synthesis of PVA-KOH gel polymer electrolyte

Briefly, 0.5 g of polyvinyl alcohol was added to 30 mL of DI water
and heated at 90 °C until it was fully dissolved. Then, 0.5 g of KOH was
added to the above solution and stirred at 90 °C for 3 h until it got
yellowish gel. The resultant gel was then coated on the surface of the
anode and cathode and allowed to solidify.

2.6. Fabrication of CuFe304/C-sphere//AC solid state hybrid
supercapacitor

Solid state hybrid supercapacitor (SHC) device was assembled by
using the cathode as CuFe;04/C-sphere NC and the anode of AC in be-
tween these electrodes, the Whatman filter paper was used as the
separator, and PVA-KOH as the gel electrolytic medium. The specific
capacity Csp suc of the SHC device was estimated from the formula

IAt
CSpSHC = (m—2> (5)

The Energy density (Esuc), as well as the power density (Pgyc) of the
CuFe304/C-sphere//AC SHC device, were evaluated from the formula

Esic == Csp siic (AV)” )

1
7.2

curves of the GCD profile and my, is the total mass (g) which is the sum of
the mass of the cathode and anode.

3. Characterization techniques

The X-ray diffractometer (PANalytical X’Pert PRO) was utilized to
examine the structural parameters of the CuFe;04/C-sphere, utilizing a
Cu Ka X-ray source. The surface morphology, surface nature, and
elemental distribution were visualized using a Field Emission Scanning
Electron Microscope (CARL ZEISS EVO 18) equipped with an EDAX
spectrometer (Quantax 200 with X-Flash — Bruker). High-Resolution
Transmission Electron Microscope (HR-TEM JOEL-2100+) was uti-
lized to analyze particle size, surface morphology, and d-spacing of
CuFey04/C-sphere. Additionally, the BET instrument (BELSORP-maxII)
was employed to evaluate surface area and pore size distribution.

4. Results and discussion
4.1. X-ray diffraction

XRD pattern was analyzed using an XPert Pro X-ray diffractometer.
XRD pattern shows the formation of pure CuFe;O4 with good crystal-
linity and their corresponding peaks were 26 = 18.3, 29.9°, 30.5, 34.7°,
35.8°, 37.1°, 57.8°, 62.1°, and 63.6° corresponds to their planes (101),
(112), (200), (103), (211), (422), (321), (224), and (400) which was
confirmed by JCPDS card: 34-0425 [31,32]. Similarly, the XRD pattern
of the C-sphere displays two broad peaks at 23° and 43°, corresponding
to the (002) and (100) planes, respectively. Notably, the XRD pattern of
CuFey04/C-sphere NC (Fig. 2) exhibits no significant peak shifts, but,
there is a slight increase in the amorphous nature, confirming the
incorporation of C-sphere into the CuFe;04 lattice.

The determination of crystallite sizes employed the Debye-Scherrer
formula:

D =0.91/pCosf (8)

Here, D represents the crystallite size, A is the X-ray radiation
wavelength, B is the full-width half maximum, and 0 is the diffraction
angle. The calculated average crystallite size for CuFe204/C-sphere NC
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Fig. 2. XRD pattern of CuFe;O4, C-sphere, and CuFe;04/C-sphere NC.

was found to be 112 nm.

4.2. BET analysis

Ny adsorption-desorption isotherms were investigated using
Brunauer-Emmett-Teller (BET) study. The N sorption study reveals a
similar H3-type hysteresis curve for all samples, representing type-II
isotherms [33]. In addition, the active surface area of CuFej;Oy,
C-sphere, and CuFe;O4/C-sphere NC was 78, 512, and 532 mz/g
correspondingly (Fig. 3a), signifying the substantial increase of the
surface of CuFe;04 by the incorporation of C-sphere. Similarly, the pore
size of CuFe04, C-sphere, and CuFe;0,4/C-sphere NC was 1.35 nm, 2.82
nm, and 2.65 nm respectively as presented in Fig. 3b. The obtained high
surface area and mesoporosity of CuFe;04/C-sphere NC effectively im-
proves the electrochemical activity by minimizing both ion transport
pathways and exposure of more surface active sites to involve in redox
reactions [34].

4.3. SEM and EDX analysis

The surface morphology and particle size were studied by FESEM
analysis. FESEM images show the existence of cubic-shaped CuFe;04
with smooth-surfaced nanoparticles and the size of the particle was
about 110 nm as depicted in Fig. 4a. Similarly, the surface morphology
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of C-spheres reveals the presence of well-aggregated microspheres with
smooth surfaced morphology, and the average sphere size of 750 nm
(Fig. 4b). Notably, the morphology of CuFe;04/C-sphere NC reveals the
co-existence of both the cubic shaped CuFe;04 nanoparticles and carbon
microspheres with the average particle size of 723 nm (Fig. 4c) [35].

The elemental distribution, chemical composition, and purity were
confirmed by EDX Spectroscopy analysis. EDX mapping confirms
(Fig. 4d-h) the evenly distributed particles with high purity and their
corresponding weight ratios of 41 wt% of C, 18 wt% of Fe, 34 wt% of O,
and 7 wt% of Cu. In EDX mapping, there is no other elemental traces
were observed, revealing the high-purity nature of the CuFe;04/-C-
sphere NC [36].

4.4. HRTEM analysis

HR-TEM reveals the formation of smooth-surfaced cubic particles
along with a well-aggregated smooth-surfaced microsphere with the size
of the particle of 710 nm (Fig. 5a and b). Notably, there are some small
particles were also observed at the C-sphere surface as represented in
Fig. 5c. SAED analysis confirms the polycrystallinity of CuFe;04/C-
sphere NC (Fig. 5d), and their concentric rings were allotted to the lat-
tice planes (211), and (101) which coincides with their XRD results [37].

4.5. XPS analysis

The oxidation states and composition of the CuFe;04/C-sphere NC
were analyzed using X-ray Photoelectron Spectroscopy (XPS). The sur-
vey spectrum revealed various oxidation states of copper, iron, oxygen,
and carbon along with their respective binding energies, as depicted in
Fig. 6a. The high-resolution XPS spectrum for Cu shows the presence of
the Cu 2p doublet peaks Cu 2p;,2 and Cu 2ps3/2 at binding energies of
944.5 eV and 933.2 eV, respectively as shown in Fig. 6b. Similarly, the
high-resolution XPS spectrum for Fe indicates the Fe 2p doublet, with Fe
2pi,2 and Fe 2p3/, peaks around 725.3 eV and 710.7 eV, correspond-
ingly [38]. The deconvoluted Fe spectrum also shows the presence of
Fe3* at a binding energy of 712.3 eV, as shown in Fig. 6¢. Additionally,
the deconvoluted O spectrum reveals a peak around 531.8 eV, which can
be split into two peaks indicating the presence of OH™ and Ols at
binding energies of 533 eV and 531 eV, respectively as presented in
Fig. 6d. The XPS spectrum for carbon shows peaks at 287 eV and 284.7
eV, corresponding to the chemical states of -C-O and -C—=C-, respec-
tively, as depicted in Fig. 6e [39].

4.6. Electrochemical studies

The electrochemical characteristics were studied in a three-electrode
system in a 3 M KOH electrolyte medium. Moreover, the electrochemical
properties of CuFe;04 and C-sphere were studied separately. CV curves
of CuFe;04 were measured within 0-0.6 V, revealing the typical battery-
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Fig. 3. BET analysis (a) Ny sorption study (b) pore size distribution of CuFe;0,4, C-sphere, and CuFe;0,4/C-sphere NC.
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Fig. 5. (a—c) HETEM image and (d) SAED pattern of CuFe,04/C-sphere NC.

like behavior with good reversibility and high rate capability and their
calculated specific capacities are 200.5, 164, 119, 93.6, and 78C/g
correspond to scan rates 10-200 mV/s correspondingly as shown in
Fig. Sla. Likewise, the CV profile of the C-sphere (Fig. S2a) was analyzed
within —1 V-0 V which demonstrates typical EDLC behavior and their
obtained specific capacitances are 402, 388, 353, 302, and 274 F/g
corresponds to sweep rates 10-200 mV/s respectively.

Remarkably, CV curves of CuFey04/C-sphere NC (Fig. 7a) show
typical battery-like characteristics that provide excellent reversible CV
curves along with a large integral area, signifying their enhanced

electrochemical activity owing to their combined charge storage process
as well as the synergistic effect of CuFe;04 and C-sphere NC, generation
of multiple cations, and improved surface area [40,41]. The calculated
specific capacities are 320, 280, 250, 185, and 107.5C/g corresponding
to sweep rates 10-200 mV/s.

The redox mechanism of CuFe;O4/C-sphere NC is shown in the
equation as

CuFeO + OH™ < CuFeO (OH) + e~ (C)]
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CuO+OH" < CuO (OH) +e"

FeO+OH™ « FeO (OH) + e~

(10)

(1)

More information regarding the charge storage process was studied
through the Trasatti method. From the Trasatti method, it is possible to
differentiate the capacitive and diffusion currents from the CV curve and
the net charge accumulated at the electrode is the sum of capacitive
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contribution and diffusion contributions as
C*total = C*inner + C*outer (12)

Also, Trasatti differentiated the surface-controlled reactions and
intercalation-de-intercalation as a function of scan rate as

(V) =k v+ ky v'/2 (13)

i(V) 12
m:klv/ +k2 (14)

here, k; and ky are the capacity contribution factor and diffusion-
controlled contribution factor.
Besides, the total charge accumulated internally (Cy,,) and the

Total
charge adsorbed at the electrode surface (C,,,,) can be separated as [42]

uter

C'(V)=kx* 1)17+cm, @s)
1 1
=kxv/2+ 16)
C‘(V) C;oml

From equations (15) and (16), the total capacity (C;,,,) can be esti-
mated by linear fitting of C™'* vs v1/2 at v = 0, and from the intercept of
the linear fit, the total capacity of CuFe;04 and CuFez04/C-sphere NC
was calculated to be 358.4 and 833.4C/g, and for C-sphere, the total
capacitance was 555 F/g as depicted in Fig.S1b, Fig.S2b, and Fig. 7b.
Similarly, the outer capacity (C;,,,) can be estimated from the intercept
of the linear fit between C* vs v 2 at v = 00, and the obtained outer
capacities were 69 and 106.3 C/g for CuFe;04 and CuFe;04/C-sphere
NC correspondingly as portrayed in Fig.S1c and Fig. 7c. Moreover, the
outer capacitance of the C-sphere was 46.4 F/g as presented in Fig. S2c.

Finally, the accumulation of the charges at the electrode structure
can be evaluated by subtracting the outer capacity from the total ca-
pacity, and the resultant inner capacity (C;,,,) was 289.4 and 727.03 C/
g respectively for CuFey04 and CuFep04/C-sphere NC g and for C-
sphere, the inner capacitance was 508.6 F/g.

Moreover, the capacitive-controlled and diffusion-controlled con-
tributions were estimated from the equation as,

C inner
C*inner (0/0) :L x 100 % (17)
*Total
o Coouter o
C*outer (%) =—x100% (18)
*Total

From equations (17) and (18), the percentage of diffusion contri-
butions (C*jnner (%)) calculated at the scan rate of 10 mV/s was 87.9%,
9.2%, and 36.9% and the percentage of capacitive controlled contribu-
tions (C*outer (%)) were evaluated as 12.1%, 90.8%, and 63.1%
respectively for CuFez04, C-sphere, and CuFe204/C-sphere NC as shown
in Fig.S1d, Fig.S2d, and Fig. 7d. It is observed from the Dunn plot, the
capacity contribution of CuFe;04/C-sphere NC (63.1%) greatly
improved compared with the pure CuFe;04 (12.1%), which is due to the
presence of C-sphere (90.8%) that induces the surface controlled reac-
tion in CuFe;04/C-sphere NC as depicted in Fig.S1e, Fig.S2e, and Fig. 7e.

Furthermore, the above-discussed capacity enhancement can be
confirmed by the power law,

I[=av® (19)

where, v is the sweep rate (V/s), a and b are constants. The value of ‘b’
can be obtained by linear fitting the plot log (i) vs log v and taking the
slope to get the b-value. As a result, the obtained b-value can be either
0.5 or 1. If the b-value is nearly 0.5, represents the battery-like charge
storage mechanism, and if the b-value is nearly 1, indicating the
capacitance or surface-controlled charge storage mechanism [43]. From
the obtained b-values, the CuFe;04 (Fig. S1f) shows purely battery-like
behavior with the value of b = 0.45 and for C-sphere (Fig. S2f), the
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b-value is 0.69, indicating the capacitive type behavior. Finally, the
CuFe04/C-sphere NC (Fig. 7f) delivers the b-value of 0.59, indicating
the improvement in the surface-controlled reactions owing to the
incorporation of the C-sphere in the CuFe;04 lattice.

EIS analysis reveals the internal impedance of CuFe;04/C-sphere NC
measured within the frequency range 100 kHz-0.1 Hz [44]. The Nyquist
plot shows the solution resistance (Rs) and charge transfer resistance
(Rep) of CuFey04 as 3.2 Q and 5.04 Q correspondingly and for.

C-sphere, Rs and Rt were 2.13 Q and 4.27 Q respectively as shown in
Fig. 8a. Noteworthy, CuFe,04/C-sphere NC delivers the lower internal
impedances compared to the individual electrodes which shows their
improved electrical conductivity and their corresponding Rs and R.; was
1.87 Q and 2.8 Q.

The charge-discharge characteristics were studied by GCD profiles.
GCD curves of CuFeyO4 (Fig. 8b) show the asymmetric non-linear
charge/discharge profiles which represent their battery-type behavior
as discussed in CV studies and their competitive specific capacity was
138 C/g at 1 A/g. Similarly, the GCD curves of the C-sphere (Fig. 8c)
deliver the symmetric charge-discharge profile which represents typical
EDLC nature and their high specific capacitance was 322 F/g at 1 A/g
[45]. Noteworthy, the discharge profile of CuFey04/C-sphere NC
(Fig. 8d) delivers excellent electrochemical activity which is owing to
the synergy effect of CuFe;O4 and C-sphere and also due to the gener-
ation of multiple redox active sites and the obtained specific capacity of
264 C/g at constant current of 1 A/g. The cyclic stability of
CuFe04/C-sphere NC (Fig. 8e) was tested to evaluate the cycling per-
formance for longer charge/discharge cycles and demonstrated stable
capacitive retention of 82.4% for 5000 cycles.

4.7. Post-cyclic SEM analysis

The SEM analysis of the CuFey04/C-sphere NC after 5000 cycles
represents the morphological variation after the continuous charging
and discharging process. The long-term interaction between the
electrolyte-electrode interfacial junctions degrades the surface of the
active material and as a result the specific capacity and stability sub-
stantially decrease [46]. Herein, the SEM image of CuFe;04/C-sphere
NC after 5000 cycles maintains a morphology similar to their
morphology before the cyclic stability test was conducted. In some cases,
the morphology of the C-sphere (marked as yellow color in Fig. 9a)
shows some deep pits which may be the starting stage of morphological
degradation. From Fig. 9b, the SEM image reveals the agglomeration of
CuFe,04 nanoparticles present in CuFe;04/C-sphere NC. From the SEM
analysis, it is observed that the morphology of CuFeyQ4/C-sphere NC
after 5000 cycles remains the same with minor defects which confirms
the stable structure of the electrode material.

4.8. Solid-state hybrid supercapacitor

Based on the electrochemical activity of the CuFe304/C-sphere NG, it
is further scaled up to a solid-state hybrid supercapacitor (SHC). Prior to
the device fabrication process, the charge of the anode and cathode
should be balanced by using the mass balance equation, 7= = gj“ﬁ;.
Similar to the three-electrode configuration of CuFe;04/C-sphere NC,
the electrochemical characteristics of the anode (AC) were tested within
the potential window of —1 to 0 V and the detailed electrochemical
study was included in the supplementary information file (Fig. S3). From
the electrochemical test of the anode, the calculated mass balance ratio
was achieved to be 1:1.2 (as shown in Fig. 10a). SHC device was fabri-
cated by assembling the AC anode, CuFey04/C-sphere cathode, and
separator along with the PVA-KOH as the gel polymer electrolyte [47].
The cyclic voltammetry of the SHC provides the combined profile of AC
and CuFey04/C-sphere NC within the wide operating voltage of 0-1.5V
and also it demonstrates the typical faradaic curves with specific redox
peaks were observed. Also, the CV of CuFe304/C-sphere//AC SHC shows
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Fig. 9. (a,b) SEM image of CuFe;04/C-sphere after 5000 cycles.

the increased integral area with an increased scan rate from 10 to 200
mV/s and the redox curves remain analogous even at a high sweep rate
of 200 mV/s, signifying their good reversible performance along with
their superior rate capability as shown in Fig. 10b.

The internal impedance and diffusion behavior of the CuFe;04/C-
sphere//AC SHC were studied from the EIS analysis between the fre-
quency range 100 kHz to 0.1 Hz. EIS profile (Fig. 10c) shows the arc-like
spectra which deliver the lower solution resistance of 0.85 Q and the
charge transport resistance of about 12.8 Q, indicating their excellent
electrical conductivity and low internal resistance of the device [48].

The charge-discharge characteristics of the CuFey04/C-sphere//AC
SHC were investigated by the GCD study. The GCD curves of CuFe;04/C-
sphere//AC SHC show the typical non-linear performance within the
operating potential of 0-1.5 V and also it provides excellent charge-
discharge characteristics even at the highest current of 10 A/g, repre-
senting their admirable charge storage ability. In addition, the

fabricated device demonstrates a low IR drop even at the higher current
densities which confirms their exceptional stability and their ability to
withstand the higher applied currents as presented in Fig. 10d. The
specific capacity of the CuFey04/C-sphere//AC SHC was found to be
131, 128, 96.3, 61, and 46 C/g corresponding current rates of 1, 2, 3, 5,
and 10 A/g. Moreover, the cyclic stability tests of CuFe;04/C-sphere//
AC SHC were analyzed to evaluate the device stability for several
charge-discharge cycles [49]. From the cycle test (Fig. 10e), the
CuFey04/C-sphere//AC SHC demonstrated excellent stability of 78%
even after 3000 charge/discharge cycles.

The energy and power density of the CuFe;04/C-sphere//AC SHC
determines the actual electrochemical performance compared with the
other electrochemical devices. Ragone plot which is a plot between the
energy density and power density that shows the electrochemical per-
formance of all devices [50,51]. Ragone plot of CuFe204/C-sphere//AC
SHC (Fig. 10f) shows the calculated energy densities were 40.9, 39, 30.5,
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(f) Ragone plot of CuFe,04/C-sphere//AC SHC.

19.6, and 14.4 W h/kg and their actual power densities were calculated
as 1123, 2248, 3362, 5612, and 11248 W/kg. It is observed from the
Ragone plot, that the energy density (14.4 W h/kg) of the
CuFe04/C-sphere//AC SHC even at the higher current density of 10
A/g is higher than the actual supercapacitor energy density which
confirms their excellent charge storage performance. The comparison of
the electrochemical performance of the CuFe;04/C-sphere NC with
other reported literature is tabulated in Table 1. From the electro-
chemical studies, the CuFep04/C-sphere NC demonstrated its own
electrochemical potential and it can be used as an alternative for fu-
turistic supercapacitor applications.

5. Conclusion

In conclusion, the CuFe304/C-sphere NC was synthesized and suc-
cessfully applied as an electrode for high energy density solid-state
hybrid supercapacitors. HR-TEM confirmed the existence of cubic par-
ticles and carbon microsphere particles with a size of 710 nm. CV study
confirmed that the competitive specific capacity of CuFe;04/C-sphere
NC was 320 C/g at 10 mV/s together with long-lasting cyclic stability of
82.4% for 5000 cycles. The fabricated CuFe;04/C-sphere//AC SHC de-
livers a specific capacity of 131 C/g and also it provides an excellent
energy density of 40.9 W h/kg and a high power density of 11248 W/kg.
This work confirms the CuFe04/C-sphere NC will play a huge role in
altering the technologies for the upcoming advanced electronics.
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