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Abstract

In this study, we have utilized the raw material of desert gourd fruit juice which distributed in the
wide range of desert areas of the world. The desert gourd juice carries a significant content of
acidic compounds which can slightly decrease the pH of growth solution, hence it could impart a
significant role in the morphological transformation. Also, the purpose of using desert gourd fruit
juice was the availability of rich amount of green reducing, capping and stabilizing agents for
obtaining the short range and closely packed nanoparticles of NiCo,04. The preparation of
nanostructured NiCo,0, materials was carried out by using desert gourd fruit juice through
hydrothermal process followed by thermal annealing in air. The morphology, crystalline
structure, surface chemical composition and localized atomic investigations were performed by
several analytical techniques. The role of desert gourd fruit juice on the structural and functional
features of NiCo0,0,4 was also explored. The desert gourd juice through the decrease in the pH of
growth solution and carrying green reducing, capping and stabilizing agents originating closely
packed NiCo,0O4 nanoparticles instead of nanorod like morphology. The oxygen evolution
reaction (OER) half-cell characterization demonstrated overpotential of 260 mV@10 mAcm?,
Tafel slope of 62 mV dec” and durability of 40 hours using NiC0,0, nanostructures prepared
with 2 mL of desert gourd juice. Moreover, energy storage aspects of NiCo,0,4 nanostructures

prepared with desert gourd juice were studied for supercapacitor application and an asymmetric
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supercapacitor (ASC) was developed. The findings of presented study revealed a high specific
capacitance (Cs) 1958.17 F/g for newly developed ASC and high retention percentage of 99-90%
during cycling stability was also notice. The enhanced performance of as prepared NiCo,0,
nanostructures are attributed from the formation of unique architecture, surface oxygen
vacancies, high ionic diffusion, high  exposure of surface active sites, fast electron

communication, swift charge transport at the interface between electrode and electrolyte.

Keywords: Desert gourd fruit, NiCo,O4 nanostructures, asymmetric supercapacitor, oxygen

evolution reaction

1. Introduction

Renewable energy is the prioritized demand for the current and future needs due to worse
situations created by the combustion of fossil fuels towards our environment [1]. Further high
utilization of fossil fuels has shown the rapid depletion of their reservoirs around the world [1].
The nonhomogeneous distribution of natural energy reservoirs has induced lots of challenges for
the maintenance of peace and harmony on the earth for the survival of human life [2-4]. The
combustion of these fossil fuels produces different kind of greenhouse gases like carbon dioxide
(COy), sulfur dioxide (SO,), di-nitrogen oxide (N2O) etc. and they are causing global warming
[5]. Hence, new and alternative renewable energy resources like solar, wind and hydro energies
with possible uniform utilization throughout the world have been considered a great scientific
opportunity for improving human life [1, 6, 7]. For this reason, various renewable energy
production methods have been effectively under investigations; among them, water splitting is
found to be the best source for the production of high density energy fuel of hydrogen gas [8].
Water splitting is taking place through electrolysis, photo electrochemical and radiolysis for the

generation of hydrogen gas fuel [8]. Electrochemical water splitting using electrocatalyst is
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highly considered due to its easy processing throughout the 24 hours, production of clean
hydrogen fuel and high efficiency. The noble metal-based catalysts like Ru/Ir/Pt/Pd
electrocatalysts are the most efficient to date for this kind of technology. However, the
limitations of these noble metal-based catalysts are described by their rare abundance in nature,
high cost, their half-cell reactions of water splitting and somehow their poor stability in harsh
alkaline conditions. [9]. Two half-cell reactions of water splitting are oxygen evolution reaction
(OER) at anode, and hydrogen evolution reaction (HER) at cathode [10, 11]. The OER process is
the most challenging part of water splitting owing to its difficulty to run efficiently a four
electron transfer process, hence it has limited the overall efficiency of water splitting for the
production of hydrogen fuel to date [12]. This is the reason a wide range of earth abundant, low
cost and scale up nonprecious materials have been studied for the electrochemical water splitting.
However the performance of those materials is still not significant to capitalize them for practical
applications [13,14]. Furthermore, the obvious availability of sustainable energy resources like
wind, water splitting and solar driven technologies has highlighted the need of outperforming
energy storage materials and their efficient device configurations [15]. The effective storage of
these energy reservoirs inspired the researchers to realize energy storage devices as efficient as
possible [16]. The future of these energy storage systems is realized for the applications of
electrochemical capacitors and batteries [17]. It has been shown that the energy densities of
lithium-ion batteries (LIBs) could achieve a value of 180 Wh.kg™ [18] hence LIBS have limiting
and slower power provision. Thus, the use of LIBSs is constrained particularly in energy-storage
systems, which are accompanied by the swift and efficient power storage devices; hence they are
of immediate need [19, 20]. The electrochemical capacitors are characterized by long cyclic

stability, high power density, and accelerated charge-discharge kinetics, inexpensiveness,
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therefore they are considered as promising and efficient energy storage devices for a bright
future of specific applications [21]. The electrochemical capacitor devices have been categorized
into ways first as electric double-layer capacitors (ELDCs) and pseudo capacitors [22-24]. It has
been observed that the pseudo capacitors with redox behaviors could give out high energy
density [25, 26]. Several potential pseudo capacitive and battery type electrode materials have
been investigated [27-35]. Binary metal oxide like nickel-cobalt oxide (NiCo,04) with spinel
structure has been studied as composite supercapacitors (SCs). In the spinel structure of
NiCo0,0,, the tetrahedral and octahedral sites are occupied by Ni, Co atom respectively; hence
such structural uniqueness gives the enhanced electrical conductivity to NiCo,0,4 with significant
electrochemical activity via Co and Ni metallic ions [36-39].

Beside the development of energy storage electrode materials, there is also hotspot need to
fabricate the materials, which can have dual functionality of energy storage and energy
conversion. Especially, the electrochemical water splitting, where the design of electrocatalyst
has almost the same type of demands to utilize for the strengthening of energy reservoirs. For
water splitting, the noble metal based electrocatalysts like RuO,, IrO,, and Pt have been found to
be the state-of-art catalysts to date. However, their limitations for large scale applications are
bound by the rare abundance in nature, and high cost [40]. Various transition metal-based
compounds have been studied for both the HER and OER processes [41-44]. The NiCo0,0,4
nanostructures have also been explored for OER due to its countable density of active sites, high
electron transfer reaction kinetics and mixed oxidation states of Co and Ni [45]. The preparation
of NiCo,04 by hydrothermal method is scalable, simple, low cost and ecofriendly. These
advantages drive NiCo,04 to be used for plenty of purposes like electrochemical water splitting

and SCs field [46-51]. The synthesis methods have shown impact on the performance of
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NiCo,0,4 nanostructured materials, hence different methods have been used to prepare modified
and new nanostructures of NiCo,0,4 [52, 53]. Among them, the green approach of using biomass
waste has recently received dynamic attention due its cost effectiveness, simplicity, scalability of
the synthesis, environment friendliness, and the use of minimum toxic chemicals. For this
reason, various biomass wastes have been used during the synthesis of NiCo0,0,4 nanostructures
[53]. Biomass waste allows the provision of tunable surface of nanostructured materials due to
rich natural chemistry of antioxidant and surface modifying agents, which further have
demonstrated outstanding functionalities in both water splitting and SCs applications [53].
Among the biomasses, the desert gourd plant fruit juice is also known as desert gourd, colocynth,
bitter cucumber, and bitter apple and it is widely spread in deserts of most of the countries in the
world [54-56]. Most of the use of desert gourd is taking place in medical applications due its rich
medicinal chemistry (see Scheme 1) like carbohydrate, protein, separated amino acid, tannins,
saponins, phenolics, flavonoids, flavone glucosides, terpenoids, alkaloids, anthranol, steroids,
cucurbitacin, saponin, cardic glycoloids [57, 58]. The existence and the relative percentage of
these medicinal compounds in the desert gourd juice are followed by the 7.0% oil, 11.7%
protein, 29.5% carbohydrate, and 5.51% dietary fiber content. Linoleic, palmitic oleic, and

stearic acids make for 17—23% of the fatty acid composition [59- 61].
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Scheme 1: Molecular structure of various natural product found in desert gourd plant juice.

Many of these compounds have ability to bind effectively with the metal ions and redirecting the
morphology into a new shape with increased electrochemical properties [55]. Hence, the purpose
of this study was to utilize the green reducing, capping and stabilizing agents from the biomasses like
desert gourd. The existence of desert gourd in the desert areas around the world is offering us wide range
of useful natural chemicals for the green synthesis of nanostructured materials with enhanced
performance. This is the reason, we offer an alternative green, eco and environment friendly approach for
the preparation of functional nickel cobalt oxide nanostructures for the energy conversion and storage
applications. Furthermore, among the set United Nations (UN) Sustainable Development Goals (SDGs) to
minimize the use of hazardous chemicals during the synthesis of materials which become the cause of
environmental pollution and at the same time uplift the renewable energy reservoirs. Hence, keeping in
view this, the present study offers to avoid the source of toxic chemicals to pollute the environment and
the synthesis of functional nanostructured materials for the renewable energy [62, 63]. Furthermore, the

desert gourd fruit exhibits unique natural chemistry of antioxidants like fatty acids, proteins, oils

and dietary fiber and surface modifying agents like carbohydrates. Therefore, it can be used
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potentially to transform the morphology and tune the surface properties of nanostructured
materials. The growth process of nanostructured material through rich chemistry of antioxidants
kinetically can provide abundant nucleation sites for the well-defined morphology of
nanostructured materials with promising functional properties. These attractive features of desert
gourd fruit juice motivate us to capitalize it for the structural alteration, tuning the surface
properties and producing a unique surface of NiCo,0O,4 nanostructures for the efficient energy
storage and conversion systems. Such outstanding natural chemistry of antioxidants, surface
modifying agents, stabilizing agents and chelating agent groups has not be utilized for the

synthesis of NiCo0,0, nanostructures and their improve electrochemical properties.

In this study, we have investigated the role of desert gourd fruit juice towards the enhancement
of electrode material properties of NiCo,0,4 nanostructures using hydrothermal process. The
optimization role of desert gourd fruit juice was also done. The NiCo,0,4 nanostructure with 2
mL of desert gourd juice has shown an enhanced OER activity at overpotential of 260 mV @10
mAcm™. Also, the NiCo,04 nanostructures prepared with 2 mL of desert gourd juice were used
as anode material for the development of asymmetric supercapacitor (ASC), which has shown
specific capacitance (Cs) of 1958.17 F/g and high retention percentage of 99-90% of specific

capacitance during cycling stability.

2. Experimental Section
2.1. Preparation of NiCo,0,4 nanostructures using desert gourd plant fruit juice by

hydrothermal method
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Nickel chloride hexahydrate, cobalt chloride hexahydrate, and urea were the chemicals used
without further purification to produce bimetallic oxide nanostructures of nickel cobalt oxide
(NiC0,04). Synthesis of NiCo,04 nanostructures was carried out by two processes involving
hydrothermal reaction followed by calcination in air as described herein. Before the growth
process, desert gourd plant fruit juice was collected by home used juicer machine. Then, growth
solution containing volume of 100 mL with equi-molar concentration of 0.1 M each of cobalt
chloride hexahydrate and urea with 0.015 M nickel chloride hexahydrate was prepared with
uniform dissolution using mechanical stirring. Three beakers of growth solution were taken and
in two beakers 1 mL volume (sample 1), and 2 mL volume (sample 2) of desert gourd fruit juice
was added respectively. The decrease in the pH of growth solution with addition of 1 mL and 2
mL of desert gourd juice was also found and the corresponded values were as 6. 34 and 5.86
respectively. Third growth solution beaker contained only the precursors of pristine NiC0,04
nanostructures with a pH of 6.72. Then, three growth solution beakers of NiCo,0, nanostructures
were covered with aluminum sheet in order to avoid the evaporation of growth solution. The
hydrothermal process was started in the preheated electric oven for 5 hours at 95°C. After the
growth completion, we filtered out the precipitates of hydroxide phase on the ordinary laboratory
filter paper and washed them several times with the deionized water. Afterwards, we have dried
the precipitates and processed the calcination in air at 500°C for 5 hours. Then, a black product
in powder form was collected and used for further structural and functional investigations. The
synthesis process is generalized in scheme 2 for the better visualization of each step of growth

process
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Scheme 2: Desert gourd plant juice assisted synthesis scheme for the synthesis of NiCo,0,

nanostructures

The physical characterization was done with respect to morphology, crystalline structure,
chemical composition, and surface properties using scanning electron microscope (SEM) with an
accelerating voltage of 15 kV, powder X-ray diffraction using X-rays source of wavelength Ax,
= 1.5406 A from Cu anode material at 45 kV and 46 mA, high resolution transmission electron
microscopy (HRTEM) wusing 200 kV, Tecnai G2 F20, FEI, energy dispersive X-rays
spectroscopy (EDX), and X-ray source from Al K, X-ray resource at 30 eV for the surface
analysis using X-ray photoelectron spectroscopy (XPS). The measured binding energies of as
prepared materials were compared with the reference binding energy of Cls peak at 284.6 eV.
Fourier transform infrared (FTIR) spectra of different nanostructured samples were measured in

the range of 500-400 cm™ through the use of Bruker Alfa spectrometer. The sample preparation
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of FTIR study was done with the use of small amount of nanostructured sample with KBr to

form a pellet and employed for the measurement.

2.2. Electrochemical measurements of desert gourd plant fruit juice derived NiCo0,0,
nanostructures

Two types of electrochemical experiments were performed including OER and supercapacitor
characterizations in the alkaline electrolytic conditions. First, OER investigations were done on
the surface of different NiCo,0,4 nanostructures using three electrode cell configuration in 1.0 M
KOH aqueous electrolyte. For this purpose, working electrode of glassy carbon electrode (GCE)
with a diameter of 3 mm was cleaned with alumina paste of 0.3 UM and rubbed by silicon paper
followed by washing with the deionized water. The reference electrode was consisting of
calomel (Hg/HgO), and graphite rod was used a counter electrode. The modification of GCE was
done with NiCo,0, nanostructures paste prepared by dissolving 5 mg of each NiCo,0,
nanostructured sample in 3 mL of deionized water and 100 pL of 5% Nafion binder and
sonicated for 10 min. The utilization of 5 pL with a mass of (0.2mg) of each sample paste was
dropped onto GCE using drop casting method. Various electrochemical tests were done with
different electrochemical modes like linear sweep voltammetry (LSV), cyclic voltammetry (CV),
chronopotentiometry and electrochemical impedance spectroscopy (EIS). First, three cycles of
CV at low scan rate of 5 mV/s were done followed by three LSV cycles at 2 mV/s. The purpose
of using first CV was to stabilize the electrode and to measure well defined half-cell OER signal
during the water splitting. Whereas, the EIS was done in the frequency range 100 kHz to 0.01
Hz using amplitude of 10 mV and onset potential of OER to evaluate the charge transfer rate at

the interface of electrode material and electrolyte. The non-Faradic CV curves were obtained at
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different scan rates to measure the number of active sites involved in the OER process. The
durability of optimized electrode material was studied by chronopotentiometry method at a
constant current density of 20 mA cm™. The measured experimental potential against calomel
reference electrode was reported herein into reversible hydrogen electrode (RHE) using Nernst
equation. Tafel analysis was done to investigate the reaction kinetics with the selected linear part
of LSV curves of OER process using Tafel equation and all the OER studies were done at room
temperature.

2.3. Asymmetric supercapacitor characterization of desert gourd plant fruit juice derived
NiCo0,04 nanostructures

First supercapacitor studies were done with the three electrode set up then practical aspects were
tested with two electrode cell configuration under 3.0M KOH electrolyte conditions.

The chronopotentiometry (CP) was applied to measure the galvanostatic charge-discharge
(GCD) curves for the illustration of specific capacitance (C;) F/g and energy density.

The calculations of Cs, energy density and power density of three electrode cell set up were
carried out according to the published work [64].

The used mathematical equations were given as below:

I x At
ST m x AV

Where Cs is the specific capacitance, | the current, At the discharge time, AV the potential

window, m the loaded mass on the GCE.
The energy density was calculated as follows [64]
G X (AV?)

d 2
12
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Herein Eq is the energy density, Cs is the specific capacitance, AV? is the variation in potential.
The esitmation of power density is [64]:

E

Py=—
47 At

where Py is the power density, E is the energy and At is the discharge time.

Two electrode set up was used to study the asymmetric supercapacitor device configuration, in
which nanostructured NiCo,04 was prepared with 2 mL of desert gourd fruit juice as anode and
activated carbon (AC) as cathode using 3.0 M KOH electrolyte conditions. The activated carbon
slurry was prepared with 15 mg in 3 mL of 99% ethanol and 1 mL of deionized water with
volume ratio of (3:1) and 200 pL of 5% Nafion. Uniformly dissolved slurry of AC was achieved
by sonication for 15 min. Two GCEs were modified with NiCo0,04 (sample 2) and AC as
positive and negative electrode respectively for the development of asymmetric supercapacitor
devices, and they were labeled as NiCo,0, DG//AC ASC. The balancing of voltammetric
charges for NiCo,04 DG (Sample 2) and AC, then loading masses for both electrodes were

determined by Q+ = Q— equation as previously reported [65]:
m+m— = Cs_ AV_ C5+AV+.

Whereas: m+, Cs+, and AVt represents the mass, Cs, and potential window of NiCo,0, DG
(Sample 2) (+) and AC ( —) electrodes, respectively. The determined value of mass for m+/m—
was around 0.17 mg in NiCo0,04 DG//AC ASC. The total mass (M) used for the calculation of Cs
(F g ), energy density (E, Wh kg ), and power density (P, W kg ) was as described and these

calculations were done according to the reported work [66]:

13
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C_4><I><At
ST m x AV

Energy density was estimated as below [66]:

_Cs % (AV?)
d= 7.2

Here Eq is the energy density; Cs is the specific capacitance, potential variation AV?

The power density was as obtained by [66]:

_ Cs X 3600
d= At

3. Results and discussion

3.1. Morphology, crystalline, and chemical analysis of various NiCo,O4 nanostructures
derived from desert gourd plant fruit juice

Physical characterization of various samples of NiCo,0O, nanostructures prepared with and
without desert gourd fruit juice in terms of morphology was performed using SEM analysis as
shown in Figure 1. The NiCo,04 nanostructures without the desert gourd fruit juice confirmed
the typical assembled nanorod like morphology as shown in Figure 1(a). The length of each
nanorod could be few microns and the sample was found to be heterogeneous in the shape,
consisting of aggregated nanoparticles in addition to nanorod. However, the preparation of
NiCo,04 nanostructures with 1 mL (sample 1) and 2 mL (sample 2) only shown a homogenous
morphology of closely packed nanoparticles and the nanorod were lost as shown in Figure 1(b,
c). Furthermore, the majority of the compounds of desert gourd juice were acidic in nature and

could change the pH of growth of solution; hence such environment of growth solution would
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change the morphology due to the etching effect [67-69]. As a consequence, we observed the
morphology of closely assembled nanoparticles of NiCo,O4 as shown in Figure 1(b, c).
Furthermore, the presence of green reducing, capping and stabilizing agents in the desert gourd
also played role to transform the morphology from nanorod to nanoparticles. The powder XRD
was used to measure the diffraction patterns of various NiCo,0, nanostructures prepared with
the 1mL and 2 mL of desert gourd juice as shown in Figure 1(d). Different XRD diffraction
patterns were observed such as 220, 311, 400, 422, 511, 440, and 533 at two theta angle 31.02°,
36.67°, 44.66° 55.30°, 58.62°, 64.95° and 77.96° respectively as shown in Figure 1(d). From
XRD analysis, it was found that the diffraction patterns were corresponded to spinel structure
and cubic phase of NiCo0,04 nanostructures and they were well matched the standard JCPDS
(card no: 01-080-1542). The XRD study has shown high crystalline properties of as prepared

NiCo0,04 nanostructures.

Sample 1

(b)

Pure NiCo,0,

Pure NiCo,0, 8§

§ % §5 § 2

Sample 1 A ;
Sample 2 A '

Reference code: 00-002-1074; Cubic
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Figure 1. Typical SEM imaging (a) pure NiCo,0,4 nanostructured material, (b, ¢) NiC0,0,4
nanostructured materials prepared with 1 mL (sample 1) and 2 mL (sample 2) (d) XRD patterns

of NiCo,04 nanostructured materials prepared with and without desert gourd juice.

Fourier Transform Infra-red (FT-IR) was used to understand the functional groups exhibited by
NiCo,04 nanostructured materials before and after the thermal annealing process. The FTIR
spectra were measured in the range from 4000-500 cm™, indicating the chemical bonds present
in the prepared materials as shown in Supplementary Information (Figure Sla,b). The broad
peak at 3557 cm™ corresponded to stretching vibration of hydroxyl groups (-OH) related to non-
hydrogen bonded group. Whereas, the peak recorded at 3427 cm™, suggesting stretching
vibration of hydrogen bonded hydroxide group (O-H) [70]. The band peaks observed at 2922 cm’
! and 2851 cm™ indicated the C-H vibration bands of CH,. The peak measured at 2186 cm™ was
assigned to atmospheric carbon dioxide as the measurement was done in the air. The peak
noticed at 1617 cm™ could be linked to bending vibrations of surface bound water molecules like
hydroxyl groups [70, 71]. Most of the metal hydroxide/oxide and spinel structure compounds
have stretching bands in the range of 400-700 cm™ [72, 73]. The major peak observed at 570 cm’
! could be connected to Ni/Co-O-H bending vibrational modes as shown in Supplementary
Information (Figure Sla) [70]. Similarly, FTIR study was performed for the bimetallic oxide
phase of NiCo,0, prepared with desert gourd juice and almost similar band vibrations were
observed, however they were found slightly shifted and with higher intensity, whereas few of the
bands were disappeared as shown in Supplementary Information (Figure S1b). Typical bands of
Ni-O and C-O vibrations for octahedral and tetrahedral sites were located at 570 cm™ and 661

cm™ respectively [74]. FTIR study did not reveal any functional groups from chemical
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compounds of the desert gourd juice during the synthesis of NiCo,0,4 using hydrothermal and

thermal annealing processes.

Scanning transmission electron microscopy (STEM) coupled with energy dispersive X-ray
spectroscopy (EDXS), high resolution transmission electron microscopy and selective area
electron diffraction (SAED) experiments were carried out to determine the shape, the chemical
composition, and the crystallographic structure of pristine NiCo,0O4 and NiCo0,0,4 prepared with
the use of desert gourd. The pure NiCo,0,4 exhibits a nanorod-like morphology Figure 2(a).
These nanorods are constituted of nanoparticles of several tens of nanometers, which are only
composed of Ni, Co and O, without any impurities, as shown by STEM-EDXS Figures 2(d-f).
Complementary SAED and HRTEM experiments indicate that their crystallographic structure
corresponds to the Fd-3m cubic structure of NiCo,0;4 (a = 8.1 A) Figure 2(c) and insert of Figure

2(b).
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Figure 2: STEM High Angle Annular Dark Field (HAADF) micrograph of pristine NiC0,04 (a),
HRTEM micrograph of pure NiCo,04 (b) with corresponding Fast Fourier Transform (FFT)
(insert of b), SAED pattern of pure NiCo,04 (c), and corresponding X-maps of cobalt (d), nickel

(e) and oxygen (f)

Contrarily to pure NiCo,04, NiC0,0, prepared with the use of desert gourd sample displays
aggregates of nanoparticles of a few tens of nanometers (Figure 3a). These nanoparticles have
the same chemical composition as the pristine NiC0,0,, i.e. Ni, Co and O without impurities, as
determined by STEM-EDXS (Figures 3d-f). SAED and HRTEM observations evidenced the Fd-

3m cubic structure of NiCo,0, (Figure 3c and inset of Figure 3b).
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Figure 3: STEM High Angle Annular Dark Field (HAADF) micrograph of NiCo,0O, prepared
with the use of desert gourd (a), HRTEM micrograph of NiCo,0, prepared with the use of desert
gourd with corresponding Fast Fourier Transform (FFT) of one nanoparticle (yellow dotted
square) (insert of b), SAED pattern of NiCo,0, prepared with the use of desert gourd (c), and

corresponding X-maps of cobalt (d), nickel (e) and oxygen (f)

STEM / HRTEM studies confirmed the high purity of NiCo,0,4 nanostructured material prepared
with the use of desert gourd fruit juice; however the nanorod-like morphology of pure NiCo,0,4
was changed into aggregated nanoparticles with the use of desert gourd juice as previously seen
form SEM analysis. The HRTEM results of NiCo,0,4 were observed in full agreement with the
XRD results. The change in the morphology can further significantly support the surface reaction

like in the presented study.
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Figure 4: Ni 2p3/2, Co 2p3/2 and O1s spectra of pure NiCo,0,4 and desert gourd assisted

grown NiCo,04 nanostructures (sample 2).

XPS analysis was used to verify the chemical states and defects on the surface of as grown
nanostructured materials as enclosed in Figure 4. The pure NiCo0,0,4 and desert gourd derived
NiCo,04 nanostructures were investigated by XPS and the chemical composition of both
samples is only associated with the presence of Co, Ni and O as verified via wide scan survey
spectra enclosed in the Supplementary Information (Figure S2). The Co2ps;, signal of pure
NiCo,0, sample was located at 779.54, 781.39, 784.21 and 788.93 eV and these binding
energies for Co2ps, were found in good agreement with previous work [75]. In the pure
NiCo,04 sample, the Ni 2p3/, peaks were measured at different binding energies (854.03, 855.75,

857.02 and 861.11 eV) and the measured peaks are in good agreement with the previous study
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[75]. In the pure sample of pure NiCo,0, the variation of the ratio of metal oxidation states

(Ni?*/Ni*" and Co**/C0*") was quantified as 1.13 and 0.44, respectively.

The NiCo,0,4 sample grown with desert gourd was also analyzed by XPS and the high resolution
photoemission signals for Co2ps, and Ni 2p3/, are enclosed in Figure 4. For the Co2ps/, peaks at
779.45, 781.24, 783.96, and 788.44 eV were measured as depicted in Figure 4 [75]. For the Ni
2p3/2, two spin-orbit doublets and shakeup peaks were identified at 853.98, 855.73, 857.13, and
860. 94 eV as enclosed in Figure 4. In the sample of NiCo,0,4 grown with desert gourd, the
change in the metallic valence states of nickel and cobalt was also quantified and the
corresponding ratio for Ni**/Ni** and Co®**/Co®" was found as 1.01 and 0.66 respectively.
Overall, in the sample of desert gourd assisted NiCo,04, Ni/Co ratio was approximately 0.859.
From the high resolution XPS analysis in terms of varied metallic oxidation states, it is revealed
that as prepared samples of NiCo,0, are well characterized by spinel structure [75]. The surface
contamination and defects were also studied via O1s spectra as shown in Figure 4. The O1s
spectra is well characterized by three major peaks centered at O1 529.35 eV, O at 531.08 eV
and O 532.69 eV for pure NiCo,04 sample. For the NiCo,0,4 synthesized with desert gourd the
observed peaks were at O1 529.35, 02 531.08 and 0™ 532.93 eV as shown in Figure 4. Both the
samples of NiCo,0, carried the typical peaks at 529.43/529.35 eV which are confirming the
typical metal-oxygen chemical bond. The surface defects and involvement of any impurity in
both the samples was further verified by the appeared peaks at 531.13/531.08 eV and
532.69/532.93 eV as shown in Figure 4. The identified peaks at 531.13/531.08 eV are mainly
connected to the relative portion of oxygen vacancies in pure NiCo,0,4 and desert gourd assisted
NiCo,04 material. However, the peaks at 532.69/532.93eV from both samples are merged due to

the chemisorbed oxygenated species [75].
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3.2. OER half-cell electrochemical water splitting characterization of NiCo0,0,
nanostructures derived from desert gourd plant fruit juice

The first electrochemical performance of all the prepared samples was explored for OER half-
cell water splitting reaction under 1.0M KOH alkaline solutions. For the preliminary OER
studies, LSV polarization curves were measured using three electrode cell systems at a scan rate
of 2 mV/s as shown in Figure 5(a). The electrochemical performance through LSV curves of
three samples of NiCo,0, nanostructures was evaluated. The pristine NiCo,04 sample has lower
activity than the two samples prepared with 1 mL and 2 mL of desert gourd fruit juice in terms of
high overpotential of 300 mV at 10 mA cm™. At the same current density of 10 mAcm?, the
overpotential for sample 1 and sample 2 were observed as 280 mV and 260 mV respectively.
These OER activities suggest that desert gourd plant juice has lowered the overpotential of 40
mV for the sample 2, offering a new roadmap for the use of abundant natural chemistry source
for enhancing the electrochemical activity of nanostructured materials for a particular
application. From the overpotential values, it is very much clear that the influence of desert
gourd plant fruit juice is highly significant in tuning the electrochemical activity of NiCo,0,
nanostructures, as shown in Figure 5(a). The performance of sample 2 is indicating the suitability
of this new material as an alternative electrocatalyst for the OER half-cell reaction. The linear
region of LSV curves was selected to evaluate OER Kkinetics using Tafel analysis as shown in
Figure 5(b). The Tafel slopes of 62 mV dec™, 72 mV dec” and 104 mV dec™ were observed for
sample 2, sample 1 and pristine NiCo,0,4 nanostructures, respectively. From XPS, analysis, it was
found that high amount of higher Co (I11) valence states favored the increase in the oxygen vacancies

which were further favored the OER activity of optimized sample, this was supported by already existing

literature. [76]
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The analysis of the Tafel slope indicates that the intrinsic electrochemical properties of NiC0,0,4
were significantly altered by the use of desert gourd plant juice, confirming the variation in the
intrinsic features via reduction in size, unique morphology, improved crystalline quality, defects
concentration and high density of catalytic sites on the surface. Another accelerated Kinetics
could be connected to the electron and radical generation during the growth process in the
presence of variety of antioxidants from desert gourd plant fruit juice, facilitating the electron
transport in NiCo,0, nanostructures. Consequently, a favorable OER kinetics was demonstrated,
with interesting practical aspects of as prepared NiCo,0, nanostructured material. We have also
compared the LSV polarization curve obtained after durability test of 40 hours with the LSV
curve before the durability measurement, and it was observed that the NiCo,0,4 nanostructures
were highly capable in maintaining the onset potential, overpotential and current density again
verifying the outstanding stability behavior of NiCo0,0,4 nanostructures for long term applications
as shown in Figure 5(c). From practical point of view, it is very essential to evaluate the long-
term durability of nonprecious electrocatalyst for OER process. For this purpose, we have
studied the durability of sample 2 using chronopotentiometry measurement for the time period of
40 hours at a constant current density of 20 mA cm™ as shown in Figure 5(d). Negligible fall in
overpotential was observed, suggesting the high durability of the material. It has been shown in
the previous studies that the nonprecious NiCo,0, nanostructures are stable under low alkaline
conditions. To support the observed results of LSV and long-term durability, the double layer
capacitance (Cdl) is good indicator to investigate the electrochemical active surface area
(ECSA), which describes the exposure of surface active sites during the electrochemical
reactions. The ECSA values were calculated for three samples from the non-Faradic region of

CV curves measured at different scan rates as shown in Supplementary Information (Figure S3).

23



432

433

434

435

436

437

438

439

440

441

442

443

444

445

It was noticed that sample 2 was accompanied by the highest value of ECSA (13.2 pF cm™).
However, sample 1 and the pure NiCo,0,4 nanostructures exhibited ECSA values of 7.2 uF cm™
and 5.2 puF cm™ respectively; hence sample 2 presented the highest density of active sites, which
were exposed during OER process [77]. To study OER reaction kinetics at the interface of
electrode material and electrolyte, EIS experiment was performed to evaluate the charge transfer
at the interface for the sweeping frequency range from 100 kHz to 0.1 Hz. Previously, it was
shown that the semicircle arc at the low frequency region is associated to the charge transfer (Rcy)
in the Nyquist plots [78, 79] and that a small R value validates the fast charge transfer rate [80].
The distinguished Nyquist plots of the three samples were shown in Figure 5(e) and the
corresponding Bode plot is reported in Figure 5(f). It can be visualized that the sample 2
exhibited low diameter of semicircle in the fitted EIS data, indicating the swift charge transport
at the interface between electrode and electrolyte during OER process [81, 82]. Both the high
ECSA and the low charge transfer kinetics contribute to the outstanding electrochemical

performance of sample 2 towards an efficient OER half-cell water splitting.
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Figure 5: (a) Measured LSV polarization curves for pure NiCo,O4 nanostructure (sample 1),

NiCo,04 nanostructure (sample 2) 2 mV/s in 1.0M KOH solution (b) Corresponding Tafel

analysis of sample 1, sample 2 and pure NiCo0,0, (c) Stability of sample 2 (d) Durability for 40

hours at 20 mA cm™ for sample 2. () EIS Nyquist plots of sample 1, sample 2 and RuO in the

frequency range of 100 kHZ to 0.01Hz using amplitude of 10 mV and onset potential of OER in

1.0M KOH. The inset represents the fitted equivalent circuit. (f) Bode plots of sample 1, sample

2 and RuO, from the same EIS.

3.3. Supercapacitor (SC) characterization of NiCo0,0,4 nanostructures derived from desert

gourd plant fruit juice
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The SCs studies were performed on newly prepared NiCo,0, nanostructures using desert gourd
plant fruit juice using hydrothermal method followed by thermal annealing in air. The desert
gourd fruit juice of ImL and 2 mL were used to understand the role of wide range of natural
products in driving the electrochemical performance of NiCo,0, nanostructures towards the
energy storage application. The electrochemical performance was evaluated by using CV and
GCD curves measured in 3.0M KOH electrolyte as shown in Figure 6. The first CV of the
pristine sample 1 and sample 2 were measured with different sweeping scan rates for the applied
potential range from 0 to 0.5 V as shown in Figure 6(a-c). The CV studies on these samples have
shown the Faradic behavior of each material with increasing current densities with the increase
of the scan rate. From the redox features of CV curves, the high electrochemical activity within
the vicinity of positive potential range is clear, as expected also from previous studies [83, 84].
From CV curves, the redox behavior for each material is almost vanished when going towards
the negative potential, indicating the kinetically irreversible phenomenon taking place on the
surface of electrode material [85]. The occurrence of oxidation in the forwarding scan, whereas
the absence of reduction peak in the reverse scan suggests the existence of irreversible reaction
in the presented materials. However, new experimental approaches are needed to better describe
the actual mechanism of irreversibility [86]. In the presented CV curves, the drift of the
oxidation peak was found in the irreversible process towards higher potential value with
increasing value of scan rate because of the overpotential [87]. Interestingly, the shape of CV
curves remained unchanged with the increasing sweeping scan rates, confirming an excellent
electrical conductivity and outperforming functionality of electrode material toward energy
storage application. In the presented study, each material is not fully characterized by perfect

pseudo capacitance; however it is closer to battery type material. From CV curves of three
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materials, the sample 2 has shown more pronounced battery type behavior as shown in Figure
6(b). The battery type of behavior of sample 2 could be assigned several factors like surface area, ion

diffusion rate and conductance of material; hence ECSA and EIS data have shown higher values of
catalytic active sites and the charge transfer rate for the sample 2 which favored its battery type behavior.
It is shown that the morphology of prepared nanostructured has great role on the battery type behavior as
it strongly influence on the value of ion diffusion rate, surface area and electron communication. Sample
2 is has small size nanoparticles which offered high adsorption rate for hydroxide ions, rich exposed
catalytic sites and fast charge transfer rate at the interface, hence it behaved like a battery type- material.

[88]

Furthermore, the galvanostatic charge-discharge (GCD) curves of pristine NiCo0,0,
nanostructures, sample 1 and sample 2 were measured at applied potential of 0 to 0.5 V using
different current densities of 0.8 to 0.94 A g™ as shown in Figure 6(d-f). Each material has
demonstrated the triangular shape and symmetric behavior of curves for the selected potential
window verifying their significant electrochemical reversibility. The possible reason for the
sharp degradation of capacitance for the sample 1 could be only assigned to rapid desorption of

ions from the surface of sample 1 which brought a sharp degradation of capacitance.

Some of the slight plateau were noticed in each GCD curve of the three samples, connected to
the earlier described CV findings. The linear GCD curves of each electrode material show an
excellent population of charges storage throughout the nanostructured NiCo,0, materials in
aqueous KOH electrolyte. This describes the activating role of various antioxidants and surface
modifying agents of desert gourd juice in sample 1 and sample 2, which created multiple ionic
channels via well packed and short range nanoparticles, and offered narrow ion and electron

channels for the transfer of charge and ionic electrolyte between the electrode material and 3.0M
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KOH electrolyte [89, 90]. From GCD curves, it was seen that the discharge time and the
capacitance values were linearly decreasing with the increasing current density, which could be
attributed to the low penetration of ions into the architecture of the samples because of the swift
variation in the potential. The corresponding specific capacitance, energy density, and power
density, were calculated from GCD curves as shown in Figure 7. The GCD curves derived values
of Cs at 0.8 A g, for the pristine sample 1 and sample 2 were found in the order as 197 F/g, 313
F/g, and 435 F/g respectively. Whereas it was observed that Cs was decreasing with the applied
current density as shown from GCD curves behavior Figure 7(a). Moreover, during the
measured cycling stability GCD curves for the pure NiCo,0, nanostructures, sample 1 and
sample 2, the obtained values of columbic efficiency and capacitance retention percentage were
found as 52%/88-60%, 66%/110-80%, and 74%/103-93% respectively as shown in Figure 7(b).
Also, the cycling stability was studied to verify the columbic efficiency of 66%, 74% and 52%
for the sample 1, sample 2 and pure NiCo,04 nanostructures, respectively, as shown in Figure
7(c). Furthermore, the energy density and power density were observed in the order for 4.15
Wh/Kg?/155.60 W/Kg, 6.31 Wh/Kg/152.40 W/Kg, 9.53 Wh/Kg/158.84 W/Kg at 0.8 A g™ for
pristine NiCo,0, nanostructures, sample 1 and sample 2 respectively as shown in Figure 7(d-f).
The observation about the energy density indicates that it depends on the Cs, which is further
highly dependent on the applied current density; hence we have used smaller values of energy
density compared to the reported works where various researchers have used high applied
current density. Our obtained values of C for sample 1 and 2 are either superior or equal to many
of the recently reported NiCo,0,4 nanostructures-based electrode materials [91-93] under the low
applied energy density values. Importantly, the obtained GCD curves for each electrode material

exhibited capacitive features due to close triangular shape with well-defined capacitive
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properties and a Faradic aspect owing to the negligible plateau look of each GCD curve.
Furthermore, the performance evaluation of three electrodes based supercapacitor is summarized

in Table (S1).

The structural analysis has shown that the optimized sample was characterized with small nanoparticles of
few tens nm as confirmed by STEM/HRTEM which are in good agreement with SEM results. The small
size of nanoparticles offers the large exposure to electrolytic ions for the adsorption; hence favorable
electrochemical performance was noticed for the optimized sample. Furthermore, the optimized sample
exhibited high amount Co(lll) ions which induced high surface oxygen vacancies on the surface of
optimized NiCo,0, nanostructures prepared with desert gourd juice, consequently improved
electrochemical supercapacitor and OER performance was observed. The optimized NiCo0,0,4
nanostructures with rich surface oxygen vacancies have offered the more adsorption of hydroxide ions
which are the reactive species for the charge storage and oxygen production. The electrochemical studies
about the active surface sites for the frequent interaction of electrolytic ions and fast charge transfer at the

interface together played dynamic role for the enhanced electrochemical activity of optimized sample.
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Figure 6: (a-c) Different CV curves at various scan rates in 3.0M KOH for sample 1, sample 2,
and pure NiCo,0,4 nanostructure (d-f) corresponding GCD curves of for sample 1, sample 2 and

pure NiCo,0, nanostructure in 3.0M KOH at different 0.8, 0.85, 0.88, and 0.94 A g™
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Figure 7: (a) Specific capacitance (Cs) of sample 1, sample 2 and pure NiCo,04 (b) percentage
retention specific capacitance during cycling stability for sample 1 and sample 2, estimated from
GCD curves. (c) Columbic efficiency sample 1, sample 2, and pure NiCo,0, cycling stability of
GCD curves (d-f) Corresponding energy density of sample 1, sample 2 and pure NiC0,0,,

respectively.

At the same time, three electrode supercapacitor application of as activated carbon (AC) was
studied by CV curves and GCD curves as shown in Supplementary Information (Figure S4). The
pure AC has shown non-Faradic behavior and with limited specific capacitance as shown by CV
curves in Figure S4 (a). The GCD curves have shown triangular shape as shown in Figure S4 (b),

with a specific capacitance value of 261 F/g and the energy density of 5.7 Wh/kg, indicating the
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poor energy and capacitance for the development of energy storage device as shown in Figure S4
(c-d). Moreover, the calculated the values of Cs, energy density and power density for AC in the

three electrode cell set up are given in Table (S1).
3.4. Asymmetric Supercapacitor (ASC) characterization

After understanding the electrochemical performance of pristine NiCo,0,4 nanostructures, sample
1 and sample 2, we have optimized electrode material, which was further assembled as practical
positive electrode with negative electrode of activated carbon (AC) towards the development
asymmetric supercapacitor (ASC) device. The representation of two electrode cell asymmetric
supercapacitor is described NiCo,0, DG//AC ASC. Figure 8 shows the CV curves at different
scan rates and GCD curves at various applied current density of two electrode configuration.
Figure 8(a) shows the CV curves at scan rates from 10 to 110 mV/s and with increasing of scan
rate the CV curves were found to be slightly changed in the shape, suggesting the favorable
electrochemical reaction on the surface of electrode materials and reversibility. Figure 8(b)
shows the typical triangular shape of GCD curves without plateau at different current density
ranging from 0.8 to 0.94A g™, revealing highly reversible redox processing in the developed
ASC device. Importantly, the 84% C; initially was retained at a 0.8 Ag™ confirming an excellent
kinetics activity of the ACS device. These obtained values of high Cs and electrochemical
activity rate offered potential and promising features for the presented NiCo,0, DG//AC ASC
device for practical uses. Figure 8(c) describes the Cs retention percentage about 99-90% during
the 900 GCD cycles measured for cycling stability, suggesting that ASC device is potentially
associated with long-term retaining of Cs. The specific capacitance (Cs) was estimated from the
GCD curves. The value of Cs of (1958.17 F/g) was observed higher at low current density.

However, at the higher current densities such as 0.85, 0.88 and 0.94 Ag™ the Cs values were
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estimated 1948.87 F/g, 1688.55 F/g and 1654.32 F/g respectively as shown in Figure 8(d).
Moreover, the energy density and power density are also useful aspects of ASC device for real
performance evaluation. Therefore, they were calculated from GCD curves at 0.8 Ag™ and found
as energy density 41 Wh/Kg, and power density of 620 W/Kg as shown in Figure 8(e). The
energy density of NiCo,0, DG//AC ASC device is still far better than the recently reported ASC
devices such as WC/CuO//WC (13.6 Wh.kg* at 350.3 W kg ') [94] etc. Furthermore, the
columbic efficiency was also evaluated and retained by 96-82% for 900 GCD cycles as shown in
Figure 8(f), which is also an efficient indicator for the practical aspects of as designed ASC
device. Based on the structural, chemical composition, morphology, surface properties, the
sample 2 was found to be highly active owing to its high density of active sites for reversible
redox process from short range nanoparticles of NiCo,0,, low charge transfer resistance, swift
electron and ionic transfer kinetics, higher electrical conductivity of material, consequently high

performance electrochemical performance was demonstrated by sample 2.
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Figure 8: (a) Measured CV curves of (sample 2) at various scan rates in 3.0M KOH. (b) GCD

curves at various 0.8, 0.85, 0.88, and 0.94 Ag™ of (sample 2). (c) Cycling stability from GCD

curves at 0.8Ag™ of (sample 2). (d) Specific capacitance of (sample 2) from GCD curves. (e)

Energy density of (sample 2). (f) Columbic efficiency of (sample 2) during cycling stability of

GCD curves in 3.0M KOH.
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Table 1: Measured indicators for asymmetric supercapacitor using two electrode configuration

of NiCo,0,4 nanostructure (sample 2) for practical applications

Current Specific Energy Power Columbic | Capacitance
Sample Density | capacitance | density Density | Efficiency Retention
(A/g) (F/9) (Whikg) | (Wikg) % %
0.8 1958 41 620
0.85 1949 41 658 .
Sample 2 96-82% ( 988'30 fl’es)
0.882 1689 36 693 Y
0.94 1654 33 716

Overall, enhanced electrochemical activity of NiCo,0O, nanostructures prepared with desert
gourd plant fruit juice (sample 1 and sample 2 respectively), pristine sample, RuO; in terms of
overpotential at 10 and 50 mA cm, Tafel slope values, specific capacitance and energy density
is described by bar graphs in Supplementary Information (Figure S5). Furthermore, the
performance of NiCo,0, nanostructures prepared with desert gourd plant fruit juice (sample 2)
was compared with the recently reported NiCo,0,4 based electrode material as given in Table
(S3). It is obvious that the presented material has equal or superior performance of energy
density and specific capacitance, when compared with the high applied energy density in the
reported works compared to the present work. Moreover, the OER performance of sample 2 was
also compared with the recently reported electrocatalysts in term of overpotential as given in
Table (S4). It is obvious that the presented material has equal or better performance in terms of

synthesis, cost-effectiveness, simplicity, low overpotential and ecofriendly nature.
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4. Conclusions

In summary, we have used the desert gourd fruit juice as a raw biomass material, which is
possessing high density of green natural compounds with properties like reducing, capping and
stabilizing agents. They have effectively changed the morphology NiCo,0,4 nanostructures and
surface properties during the hydrothermal process followed by thermal combustion in air. The
morphology, surface oxygen vacancies and relative ratio of metal oxidation states was
quantified. The NiCo,04 nanostructures prepared with 2 mL of desert gourd juice has shown
drastic lowering of overpotential of 260 mV@10 mA cm™, and Tafel slope of 62 mV dec™
during OER process. Moreover, the energy storage functionality of as prepared NiCo0,0,4
nanostructures with desert gourd juice was also evaluated through three and two electrode
configurations. The realization of asymmetric supercapacitor was described by specific
capacitance (Cs) 1958 F/g and retention percentage of 99-90% during cycling stability. The
presented study strongly suggests the utilization of raw functional materials form the desert with
unique natural chemistry, which can potentially alter the morphology and surface properties of
new generation of high-performance electrode materials for the strengthening of energy storage

and conversion applications.
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997 Table (S1): The calculated supercapacitor indicators for_NiCo,0, nanostructures sample 1,
998  sample 2 and pure NiC0,0;.
Current Specific Energy Power Columbic | Capacitance
Samples Density capacitance density Density Efficiency Retention
(A/g) (F/9) (Wh/kg) (W/kg) % %
0.8 313 6 152
0.85 277 6 163
Sample 1 66% 110-80%
0.882 179 4 172
0.94 106 2 183
0.8 435 10 159
0.85 298 7 168
Sample 2 74% 103-93%
P 0.882 197 4 174 ’ ’
0.94 176 4 188
0.8 197 4 156
0.85 128 3 167
Pure
. 52% 88-60%
(NiC0204) 0.882 110 2 174 ’ °
0.94 94 2 183
999
1000
1001
1002
1003
1004
1005
1006
1007
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Table (S2): Calculated values of specific capacitance, energy density and power density of

activated carbon using three electrode cells set up.

1012
. Specific .
Current Density ; Energy density | Power Del3i8/
Samples capacitance
P (AVg) P (Whikg) (Wikg)
(F/9)

1014

0.8 261 6 158
1015

_ 0.85 258 5 165
Activated 1016

Carbon

0.882 255 5 166
1017

0.94 253 5 171
1018
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1029

1030

1031

1032

1033

1034

Table (S3): Supercapacitor performance evaluation of NiCo,0, nanostructure prepared with

desert gourd fruit juice (sample 2, T-2) with reported supercapacitors based on NiC0,0,.

Specific Current Potential Energy Power
Material Capacitance | Density Window Density Density | References
(F/9) (A/9) V) (Whikg) | (Wrikg)
NCO@MWCNT 374 2 -0.5t02.2 95 3964 [1]
MWCNTSs 84 0.6 -0.5t02.2 21 6237 [1]
NCO/MWCNT 157 0.6 -0.5t02.2 40 2816 [1]
NCO@MWCNT//

MWCNT 242 0.6 -0.5t02.2 61 2837 [1]
NiCoF 50 1 Otol - - [2]
NiCuF 44 1 Otol - - [2]

NC6 1294.25 10 0.4 - - [3]
NC10 687.20 10 0.4 - - [3]
NiC020. (Desert 435 0.8 0t00.4 9.53 159 | This Work

Gourd)
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1036

1037

1038

1039

Table (S4): The summary of OER activity performance of Desert Gourd juice assisted NiC0,0,4

nanostructures with recently reported electrocatalysts in 1.0 M KOH.

Over potential

Catalyst (mV) @ 10 Electrolyte References
mA/cm?

NiCo,0,@Graphene Nano sheets 383 1.0 M KOH [4]
NiOX/NiC0,04/C0304 315 1.0 M KOH [5]
NiCo0,04/CoO/graphite 323 1.0 M KOH [6]

MOF derived-NiC0,04/NiO 430 1.0 M KOH [7]
P-doped NiC0,04 on Ni-Foam 300 1.0 M KOH [8]
CogFeSg/CoS@CNT 278 1.0 M KOH [9]
CoSx/MoS, 347 1.0 M KOH [10]
NiC0,04/NiO 360 1.0 M KOH [11]
CoxNil-xS; (CNS)/rGO 290 1.0 M KOH [12]
3D core-shell NiCo0,0,@CoS/NF 290 1.0 M KOH [13]
CoFe/CogFeSg/CNT 290 1.0 M KOH [14]
NiC0,04/NiO hexagonal rods 285 1.0 M KOH [15]
NisS2/MoS; (NiMoS) 260 1.0 M KOH [16]
Ni3N-NiMoN 277 1.0 M KOH [17]
Co3;0,@CMC 290 1.0 M KOH [18]

Desert Gourd ass!sted NiC0,04 260 1.0 M KOH Present

material Work
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