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A new composite electrode based on m-C/NiCo204 nanorod arrays (NRAs), which improves the pseudo
capacitive properties by effectively amplifying the electrochemical performance for applications of
supercapacitor. Carbon or graphene based nanorod thin films have been used in supercapacitors with
gravimetric capacitances of (85-250 F/g), but areal specific capacitance of (5-60 mF/cm2) is low due to
the thickness and low mass loading, which is undesirable for practical applications. The present study,
shitake mushroom was used as the carbon precursor. The shiitake mushroom provides a higher surface
area and higher energy storage value compared to other carbon materials. m-C/NiCo204 composite made
of NiCo204 nanorod combined with carbon made from shitake mushroom using hydrothermal method,
provides a higher specific capacitance when compared to other composite and carbon electrodes. The
formation of m-C/NiCo204 composite nanorods attributes to the higher surface area for the ions which
resulted in a high specific capacitance. Porous properties of natural carbon and NiCo204 metal oxides
effectively amplified the capacitance behavior and enhances stability. The structures and electrochemical
behavior of the samples are examined with Scanning electron microscopy, X-ray diffraction, X-ray photon
spectroscopy, EDAX , cyclic voltammetry, galvanostatic charge —discharge and impedance spectra
respectively. Therefore, the specific capacitance, excellent cycling stability with extraordinary mechanical
flexibility is been improved using m-C with a high surface area combined with NiCo204. m-C/NiC0204 coin
cell showed higher stability and energy storage capacity (556 F/g at current density of 10 A/g). The cause
for increase in capacitance and structural behavior and the effect of electrochemical performance are

been investigated and discussed.
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Introduction

The rapid growth in technology and fuel consumption over the past few decades has led to a high demand
for energy storage. The demand for other bio-friendly and renewable energy sources will reduce the
dependence on fossil fuels, and has prompted the development of storage technologies.[1][2] Although
the technologies of harvesting renewable energy, such as lithium-ion battery technology , fuel cells,
perovskites and dye-sensitized solar cells,[3—6] significantly improved over time, more techniques to
produce, store, and deliver the generated energy are needed. The properties of supercapacitors lies in
between conventional capacitors and batteries, and have been studied globally as a promising method as
the energy storage devices for next-generation technology owing to their remarkable properties, such as
higher power densities, long cycling stability, and fast charge/discharge processes.[7] In supercapacitors,
faradic charge transfer plays a major role and needs to be considered when choosing the appropriate
material for efficient supercapacitors. This faradaic charge transfer arises by a very prompt sequence of
reversible faradaic redox, electro-adsorption or intercalation processes of the appropriate electrode
surfaces.[8] Owing to its large surface area, prominent catalyst for transfer of electrons, intercalation,
excellent electrical conductivity and sufficient heat resistant property makes carbon based materials as the
significant electrode materials for supercapacitor applications.[9] Electrochemical capacitors (ECs), also
called supercapacitors, are fast-developing high-performance electrical energy storage devices which
receive enormous research attention worldwide.[10] Supercapacitors store and release energy based on
either the accumulation of charges at the interface between electrolyte and electrode (double layer
capacitors) or redox reactions take place at the surface of the electroactive material (pseudocapacitor) or
both (hybrid electrochemical capacitors).[11]

The carbonization of natural materials is a cost-effective route for the scalable production of Activated
Carbon for applications in waste water treatment,[12] biosensors,[13] and energy storage.[14-20] Thus
far, various natural products have been used as the carbon alternatives in the field of supercapacitors to
produce good morphological structures and higher capacity storage.[21] The morphology of natural
carbon plays a key role in increasing the power density and energy density of the capacitors. For example,
the carbonization of watermelon yield a chemically active and physically flexible carbon aerogel, which
excellently scaffolds with Fe304 nanoparticles for pseudocapacitor applications.[22] The bamboo sticks in
alkaline solution which had been treated hydrothermally was been carbonized as carbon fibers, which
exhibited enhanced capacitive performance when made as the composite with Mn02.[23] Most recently,
chitin-protein fibers mineralized in crab shells were used as biotemplate for Li-ion batteries and
supercapacitors.[24, 25] Plant biomass, including banana peels, Lettuce leaves and Typha orientalis have
also been effectively deployed as carbon products.[26]

Their pore sizes and distribution of pores in a carbon material plays vital role in good capacitive

performance.[27] ACs used in the current in current studies composed primarily of micro-pores less than

IJCRT2401786 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org ] g673


http://www.ijcrt.org/
https://en.wikipedia.org/wiki/Faradaic_current
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Capacitive_deionization
https://en.wikipedia.org/wiki/Intercalation_(chemistry)
https://en.wikipedia.org/wiki/Electrode

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 1 January 2024 | ISSN: 2320-2882
2.0 nm in size. Such structural limitations result in a higher diffusion resistance, leading worse retention of

capacity and to poor charge storage. To meet the requirements of high storage capacity and high
conductivity, the meso and nano pores carbon material having lesser distance between the pores in
needed.[28][29] The pores usually serve as ion buffer reservoirs shortening ion diffusion length, when
micro- and mesopores are essential for improving the charge storage ability, leading to achieve both high
power density and high energy density. Carbon-based materials with a high surface area are usually used
as electrodes in this type of supercapacitors.[30] The present study shows, shitake mushroom was used as
the carbon precursor. The shiitake mushroom provides a higher surface area and higher energy storage
value compared to other carbon materials. Ping Cheng et al. proving that shiitake mushrooms have higher
capacitive storage than other natural carbons.[31] In oxide materials, NiCO204 has higher capacitance
than MnO2 and Fe304.[32][33][34] Many reported work have suggested that depositing
pseudocapacitance materials on conductive network (current collector) facilitates to enhance the
conductivity of electrodes composed of pseudocapacitance materials.[35] By combining the shiitake
mushroom carbon with NiCo204, a novel composite material was synthesized for high capacitance and
higher stability than that reported thus far according to the authors’ knowledge.[36] This paper presents
the synthesis of m-C/NiCo204 composite material via a hydrothermal reaction involving the preparation of
a highly porous activated carbon using the shiitake mushroom. The material characterization, studies using
this composite material using shitake mushroom carbon proves to be more efficient than the other carbon

composite with NiCo204.[37]

2. Experimental section

2.1 Synthesis Procedure

Edible shiitake mushroom, several grams in mass, was cleaned in distilled water and kept in a
crucible. The mushroom was dried at 80° C for 12hrs. After cooling, mushroom was soaked in
(NH4)2HPO4 solution (7.5%) at room temperature for 3 hours and kept in oven at 80° C for 12hrs.
The resultant dried mushroom was then carbonized at 500° C for 5hrs. After carbonization of m-C,
it was activated by heating it in CO, atmosphere at 1000°C for 2hrs. The derived sample of m-C
(0.15g) was mixed with 0.3 g of NiCl,.6H.0 and 0.6 g of CoCl,.6H;0 in 10ml double distilled water.
The solution was stirred well. Then 30ml of methanol and 5.4 g of urea was been added to the
stirred solution. After 15 min of stirring, the clear pink colored solution was subjected into an
autoclave having Teflon liner and was heated to 120°C for 6hrs, forming a purple color solution.
The solution was thoroughly washed numerous times with ethanol to remove the unreacted
impurities. Then, the obtained mixture was centrifuged and the sediment was heated at 60°C for
drying. After drying composite powder of m-C/NiCo204 yielded. Then the yield is annealed for
300°C.

IJCRT2401786 ] International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org ] g674


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 1 January 2024 | ISSN: 2320-2882
NiCo204 + OH- + H20 = NiOOH + 2CoOOH + e- (1)

2.2 Physico-Chemical characterization
The synthesized sample’s crystallinity was studied using X-ray diffraction (XRD) pattern with D8 ADVANCE
diffractometer. The conditions were using Cu Ka radiation having 40kv-40mA further accompanied by 26

range from 20-80°.

Microstructures and the surface morphology of the obtained materials were characterized by Field
Emission scanning electron microscopy (FE-SEM) technique by Hitachi S-4200 with EDX. X-ray
photoelectron spectroscopy (XPS) measurements were analysed by VG Scientific — ESCALAB 250 equipped

with Al-Ka X-ray excitation.

2.3 Electrochemical measurement

The electrochemical measurements were carried out using three compartment electrode system
consisting of working electrode, counter electrode and reference electrode with alkaline electrolyte (6 M
KOH) at room temperature. The saturated Ag/AgCl electrode immersed in KCl solution and Platinum wire
used as the reference electrode and counter electrode respectively, for this study. In order to prepare
working electrode, NiCo204 and m-C/NiCo,04 nanocomposites coated on nickel foam by mixing with 5
wt. % PVDF binder and 10 wt. % of carbon black. Cyclic voltammogram (CV) was studied with varying
the sweep rates (5, 20, 50 and 100 mV s!) between the potential window of 0.1 and 0.4 V. The GCD
(galvanostatic charge-discharge) test was studied with different current densities of 10, 20, 30 and 40 A g%
EIS (Electrochemical impedance spectroscopy) was studied in a frequency range of 100 kHz. To make the
coin cell device, m-C/NiCo204 was assembled into symmetrical electrodes by mixing with 5 wt. %
PVDF binder and 10 wt. % of carbon black. The mixture was homogenized in an agate mortar,
spread over copper foil and left to stand at 70°C for 24 hrs. The dried product was punched out as
1.6 cm diameter disks. A coin cell was assembled with a spacer having the counter electrode in one
side and the anode in other. The separator, Millipore glass fiber was placed in between the
counter electrode and anode. A 6M KOH added to distilled water to prepare electrolyte solution
and the coin cell was sealed and tested. Cyclic voltammogram (CV) and CD was studied with
varying the sweep rates (5, 20, 50 and 100 mV s-1) between the potential window of 0.1 and 0.4 V.

The weight of the material coated in coin cell is 1mg.
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3. Results and Discussion
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Fig 1. a) & b) XRD pattern of the working electrodes.

X-ray diffraction (XRD) having diffraction peaks showing crystalline NiCo204 and m-C/ NiCo204 in
Fig 1. The JCPDS data no. 20-0781 shows the hkl planes of 220, 311, 400, 511, and 440 in figure 1b
showing the NiCo204 diffraction peaks and figure 1b having JCPDS no. 73-1702 shows extra 002
and 101 hkl planes corresponding to the carbon material which confirms the presence of carbon in
the composite in m-C/ NiCo204. The crystalline nature of the material absorbs the broad peaks,
which indicated a size of approximately 100nm in width and 700nm in length and using Scherer’s

equation the average crystalline size is to be calculated around 130 nm.

IJCRT2401786 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | g676


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 1 January 2024 | ISSN: 2320-2882

Fig 2. a) and b) shows the porous
nature of mushroom carbon, c), d) and e) FE-SEM images of a porous m-C/NiCo,04 composite nanorods

and f) Crystalline structure of non-composite NiCo204 nanorod.

Fascinatingly, the hydrothermal reaction influences to change nano particles morphology
structure. This method makes this m-C/NiCo>04 to form nano rod structure. Nano rod structure
can be clearly seen in the FESEM of the m-C/NiCo0204 and NiCo204 samples (Fig. 2 (a) and (b)). The
FESEM also reveals that the porous nature of the mushroom carbon, whereas in composites (Fig. 2
(c), (d) and (e)) shows the m-C/NiCo,04 material formed as nanorods without any distinctive or
remarkable changes in structures due to the involvement of mesoporous carbon material, which
strongly adhered as the composite to NiCo204. On the other hand, NiCo204 had a hexagonal crystal
grain structure formation was clearly illustrated in Fig. 2 (f). The effect of carbon clearly implies on

NiCo204 when seen in the figures. The average size of the m-C/NiCo204 is approximately width of
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80nm to 240nm and length of 700nm. This nanorod structures helps in the quantity of reactive

area and porous nature helps in increasing electric conductivity and large surface area to store

jons. [11, 38]

Fig 3: EDX mapping images of various material in m-C/ NiCo,04 nanorods.

EDX mapping further proves the existence of O, Ni, C and Co in the synthesized material, as shown
in Fig 3. The oxygen presence results in formation of oxides. The chemical composition was further
verified by XPS in Fig. 4. The spectra revealed that the existence of C, Ni, Co, and O. The carbon, C 1s
spectrum showed peaks for C-C, C-O and C=0 with the corresponding binding energies of 284.56,
286.04, and 288.48 eV respectively. Peaks for Ni 2p3/2 and Ni 2p1/2 was observed at 854.82 eV
(Ni2+) and 856.31eV (Ni3+), and 871.89 eV (Ni2+) and 874.05 eV (Ni3+), respectively.[39, 40]
Furthermore, peaks for Co 2p3/2 and Co 2p1/2 were noted at 779.96 eV (Co2+) and 795.09 eV
(Co2+), respectively, was depicted in Fig 4 (c).[41] The binding energies for Co 2p3/2 and Co 2p1/2
(Co3+) were 781.51 eV and 796.78 eV, respectively. The three peaks for oxygen (01, O2 and 03)
implies: O1 at 529.82 eV on O spectrum, indicating metal oxygen; the peak for 02 at 531.58 eV for
oxygen ions; and the peak for O3 at 533.26 eV indicating chemisorbed oxygen within the surface

and under-coordinated lattice oxygen.[42, 43]

IJCRT2401786 | International Journal of Creative Research Thoughts (IJCRT) www.ijcrt.org | g678


http://www.ijcrt.org/

www.ijcrt.org © 2024 1JCRT | Volume 12, Issue 1 January 2024 | ISSN: 2320-2882

a) b)

C1s Ni2p

Intensity (a.u.)
Intensity (a.u.)

280 284 288 292 860 870 880 890
Binding Energy (eV) d) Binding Energy (eV)

O1s Co 2p

2+ Co2p,, 34

Intensity (a.u.)

525 53 535 540 780 790 800 810
Binding Energy (eV) Binding Energy (eV)

| Fig 4. XPS spectra of (a) C1s, (b) Ni 2p, (c) Co 2p and (d) O 1 s regions of m-C/
NiCo204

The electro chemical behavior m-C/ NiCo,04 and NiCo,04 was investigated using three electrode
system shown in fig 5. In contrast, due to the presence of m-C in NiC0204, m-c/NiCo204 shows good
capacitance value than unaltered NiCo204. m-C/ NiCo,04 capacitance shows 3517.76 F g, 2001.03
F g, 1020.21 F g%, and 738.53 F g! at various scan rates. Unaltered NiCo,04, exhibits specific
capacitance of 2014.82 F g%, 1123.21 F g, 791.56 F g%, and 512.42 F g at different scan rates.
The results denotes that the m-C with large surface area makes the difference in m-C/NiCo204. This
was described clearly to the high surface area of m-C, which allows the ions to settle down in
highly porous framework of the m-C. The shape of the CV curves with bulge showing that oxidation
and reduction peaks are present which implies redox reaction taking place prominently, certainly
also in higher scan rates. The peaks current increased with increasing the sweep rate when the
oxidation and reduction peak shift towards higher and lower potentials respectively. This process
leads to the fast movement of ions inter and intra surface of the electrode. The redox peaks can be
attributed mainly to the redox reactions linked to N-O/N-O-OH (N represents Ni or Co). Moreover

the solid state redox couples of Co?*/Co3* and Ni?*/ Ni3* having to different types of active centers
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are present in the structure, there were no couple redox peaks of Ni?*/ Ni3* and Co?*/Co3*due to

the comparable redox potential due to the surface modification of NiCo,04 composite with m-C. A
comparison of the voltammograms of NiCo,04 and m-C/ NiCo,04 revealed a difference in both CV
curves; m-C/ NiCo204 showed a stronger redox reaction than NiCo204. The excellent behavior of m-
C/NiCo,04 resulted mainly due to the reversible adsorption of ions present in the electrolyte rather
than NiCo;0a4. This totally depends on the porous nature of the m-C composite with NiCo,04. The

m-C provided a highly conductive support for NiCo,04, resulting in a better rate capability.
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Fig 5. Electro chemical performance of m-C/NiCo204 and NiCo204. @) and b) CV curves of m-
C/NiCo204 and NiCo204 respectively. ¢) and d) shows the CD curves of m-C/NiCo204 and NiCo204

respectively.

According to galvanometric charge-discharge investigation, the capacitance for m-C/ NiCo204 was
4148, 3219, 2153, and 1543 Fg-1at specified current densities respectively and specific
capacitance of NiCo204 was 2434, 1613, 1228 and 914 Fg-1. These values clearly shows m-C/
NiCo204 having upper hand over NiCo204, confirming m-C supports NiCo204 enhancing
performance. The decrease in specific capacitance at high current densities (= 40 A g-1) described
to the low diffusion of ions in the supporting electrolyte. Salunkhe et al.[44] reported nickel
cobaltite material using CBD technique having specific capacitance of 490 Fg-1. Kuang et al.[45]
reported NiCo204 by a hydrothermal technique having capacitance of 372 Fg—-1. Nickel—cobalt
hydroxide by CBD technique having capacitance of 456 Fg-1, Salunkhe et al.[46] The reported

specific capacitance shown in higher capacitance is due to the porous nature and nanorod
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morphology. The cyclic voltammetry of the symmetrical cell revealed a lower specific capacitance

compared to the three electrodes tested. In real-time applications, a two electrode system is taken
into account. The coin cell revealed a higher specific capacitance of 515 F/g at a scan rate of
5mV/s. The capacitance decreased with increasing scan rate. The diffusion of ions exists
predominantly in the outer regions of the pores at higher scan rates, while both inner and outer
surfaces could easily facilitated by the ions in the electrolyte at lower scan rate, which
demonstrates the high specific capacitance of the material at a lower sweep rate.[47] In fig 6 (b)
shows the CD curve of the electrode material exhibited pseudocapacitance behavior. The charge-
discharge curve in Fig 6 b) showed a maximum capacitance of 578.67 F/g at a current density of
10A/g. When compared to the current density at 10A/g, the discharge time at a 20 and 30A/g
current density was shorter than that at 10A/g. YuOuyang et al, prepared CC/NiCo204 asymmetric
cell showed lower specific capacitance when compared to m-C/NiCo204.[48] The derived specific
capacitances decreases with increase in current density. It is mainly due to the lack of time
availability at larger current densities for the efficient movement of K+ ions into the bulk portions
of the electrode, which hinders the existence of re-dox reactions to the outer surface of the
electrode.[49] The cycling stability of the m-C/ NiCo204-based coin cell electrode was measured
for 3000 cycles. The coin cell electrode material retained approximately 84% of its initial
capacitance at the current density of 10A/g. In fig 6 C), the cycling stability of the m-C/ NiCo204-
based three electrode system was measured for 3000 cycles, and there was a steady decrease in
specific capacitance of the electrode material. The electrode retained approximately 86% of its
initial capacitance at 10 A/g until the 3000th cycle. Therefore, the electrode material shows
excellent long-term stability and is suitable for real-time applications. The degradation of the
electrode material was minimal at the 3000th cycle due to the doping of carbon with NiCo204. The
coin cell electrode showed 84% high retention in the cycling stability test when compared to other
works.[48] The materials performance improves by electrode wetting with the electrolyte, making
way to electroactive surface area. The surface area of the m-C plays a major role in the storage of
more ions compared to NiCo204.[50] Therefore, m-C/ NiCo204 has better cycling stability than
NiCo20a. In contrast to the coin cell electrode, the retention percentage of the initial capacitance
was similar to the m-C/ NiCo,04-based three-electrode system. There is no significant difference in

retention rate, highlighting its great stability for commercial uses.
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Fig 6. a) Coin cell m-C/NiCo204CV curves, b) coin cell m-C/ NiCo,04 electrode Charge-Discharge curves, c)

Cycling performance of coin cell m-C/NiCo204 and m-C/NiCo204 during 3000 cycles and d) m-C/ NiCo204
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Fig 7. a) m-C/ NiCo,04 and NiCo,04 electrode’s Nyquist plot and b) m-C/ NiCo204 coin cell electrode’s
Nyquist plot.

Electrodes tested in the 6 M KOH having frequency range of 100 kHz. The EIS was consists of a
single semicircle at higher frequency and followed by a linear component at lower frequency. In
the lower frequency region, Warburg resistance (ZW) was shown at the slope of the curve,

indicating electrolyte diffusion on the surface of the electrode. The semicircle in the low frequency
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region of m-C/ NiCo,04 curve is not noticeable compared to NiCo;04. The increased capacitive

performance at lower current density, attributes to the superior performance of the electro active
surface compared to NiCo204. The pore size allows better storage of the charge due to the
introduction of m-C in NiCo20a4. In m-C/NiCo204, the pores acts as an ion-buffering reservoir, which
promotes a faster permeation into the electrolyte, reducing the diffusion distance of OH", which
helps the insertion and extraction of possible OH™ ions. Fig 7 b) exhibits the resistance of the coin
cell m-C/ NiCo;04 electrode in a Nyquist plot. The impedance spectra were similar; they were
composed of a semicircle component at the high frequency range and a linear component at the
low frequency range. The ionic resistance of the electrolyte is the sum of internal resistance, such
as intrinsic resistance of the active material, and the contact resistance at the active material side
and current collector side. The semicircle ranged from approximately 5.3Q2 and the overall
resistance at the highest peak was approximately 5.8€), indicating negligible resistance in the coin
cell electrode. Therefore, the conductivity and OH- ion transfer were greater in the coin cell
electrode. The obtained results clearly illustrate that the combination of low electron transfer
resistance and rapid ion diffusion synergistically increase the electrochemical performance of the
coin cell m-C/ NiCo204 electrode. The energy density and maximum power density of the
symmetric device and the electrode materials were calculated from the CP curves at different
current densities respectively. The Ragone plot showed that the symmetric cells had the highest
energy density of 52.083 Wh kg-1 and maximum power density of 7499.52 W kg-1 at a current
density of 5 A/g. The calculated power density was higher than that reported in other studies, such
as the Carbon composite with NiCo204 for symmetric cell[51] porous NiCo204 for a symmetric
cell[43], CNT/ graphene composite[52], and RGO/Acetylene black[53] . Therefore, this material is

suitable for commercial applications.

4. Conclusions

From the obtained results, m-C/NiCo.0s possesses excellent electrode material for supercapacitor
application by a simple and effective hydrothermal synthesis method. The NiCo;04 nanorod morphology
was changed due to the implementation of m-C in the surface. The electro chemical properties of m-
C/NiCo204 is superior due to the porous nature, morphology of the composite material and the large
surface are of the carbon based on shitake mushroom. The long term stability is also obtained in m-
C/NiCo204 against the NiCo204. The coil cell device, which was fabricated from the m-C/NiCo,04 electrode
material, showed lower capacitance than the m-C/NiCo,04 three electrode system but had higher stability
compared to other composite materials. Overall, the m-C/NiCo,04 electrode has good potential for

commercial applications.
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