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Abstract  25 

In this study, we have utilized the raw material of desert gourd fruit juice which distributed in the 26 

wide range of desert areas of the world. The desert gourd juice carries a significant content of 27 

acidic compounds which can slightly decrease the pH of growth solution, hence it could impart a 28 

significant role in the morphological transformation. Also, the purpose of using desert gourd fruit 29 

juice was  the availability of rich amount of green reducing, capping and stabilizing agents for 30 

obtaining the short range and closely packed nanoparticles of NiCo2O4. The preparation of 31 

nanostructured NiCo2O4 materials was carried out by using desert gourd fruit juice through 32 

hydrothermal process followed by thermal annealing in air. The morphology, crystalline 33 

structure, surface chemical composition and localized atomic investigations were performed by 34 

several analytical techniques. The role of desert gourd fruit juice on the structural and functional 35 

features of NiCo2O4 was also explored. The desert gourd juice through the decrease in the pH of 36 

growth solution and carrying green reducing, capping and stabilizing agents originating closely 37 

packed NiCo2O4 nanoparticles instead of nanorod like morphology. The oxygen evolution 38 

reaction (OER) half-cell characterization demonstrated overpotential of 260 mV@10 mAcm
-2

, 39 

Tafel slope of 62 mV dec
-1

 and durability of 40 hours using NiCo2O4 nanostructures prepared 40 

with 2 mL of desert gourd juice. Moreover, energy storage aspects of NiCo2O4 nanostructures 41 

prepared with desert gourd juice were studied for supercapacitor application and an asymmetric 42 
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supercapacitor (ASC) was developed. The findings of presented study revealed a high specific 43 

capacitance (Cs) 1958.17 F/g for newly developed ASC and high retention percentage of 99-90% 44 

during cycling stability was also notice. The enhanced performance of as prepared NiCo2O4 45 

nanostructures are attributed from the formation of unique architecture, surface oxygen 46 

vacancies, high ionic diffusion, high  exposure of surface active sites, fast electron 47 

communication, swift charge transport at the interface between electrode and electrolyte.  48 

Keywords: Desert gourd fruit, NiCo2O4 nanostructures, asymmetric supercapacitor, oxygen 49 

evolution reaction  50 

1. Introduction  51 

Renewable energy is the prioritized demand for the current and future needs due to worse 52 

situations created by the combustion of fossil fuels towards our environment [1]. Further high 53 

utilization of fossil fuels has shown the rapid depletion of their reservoirs around the world [1]. 54 

The nonhomogeneous distribution of natural energy reservoirs has induced lots of challenges for 55 

the maintenance of peace and harmony on the earth for the survival of human life [2-4]. The 56 

combustion of these fossil fuels produces different kind of greenhouse gases like carbon dioxide 57 

(CO2), sulfur dioxide (SO2), di-nitrogen oxide (N2O) etc. and they are causing global warming 58 

[5]. Hence, new and alternative renewable energy resources like solar, wind and hydro energies 59 

with possible uniform utilization throughout the world have been considered a great scientific 60 

opportunity for improving human life [1, 6, 7]. For this reason, various renewable energy 61 

production methods have been effectively under investigations; among them, water splitting is 62 

found to be the best source for the production of high density energy fuel of hydrogen gas [8]. 63 

Water splitting is taking place through electrolysis, photo electrochemical and radiolysis for the 64 

generation of hydrogen gas fuel [8]. Electrochemical water splitting using electrocatalyst is 65 
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highly considered due to its easy processing throughout the 24 hours, production of clean 66 

hydrogen fuel and high efficiency. The noble metal-based catalysts like Ru/Ir/Pt/Pd 67 

electrocatalysts are the most efficient to date for this kind of technology. However, the 68 

limitations of these noble metal-based catalysts are described by their rare abundance in nature, 69 

high cost, their half-cell reactions of water splitting and somehow their poor stability in harsh 70 

alkaline conditions. [9]. Two half-cell reactions of water splitting are oxygen evolution reaction 71 

(OER) at anode, and hydrogen evolution reaction (HER) at cathode [10, 11]. The OER process is 72 

the most challenging part of water splitting owing to its difficulty to run efficiently a four 73 

electron transfer process, hence it has limited the overall efficiency of water splitting for the 74 

production of hydrogen fuel to date [12]. This is the reason a wide range of earth abundant, low 75 

cost and scale up nonprecious materials have been studied for the electrochemical water splitting. 76 

However the performance of those materials is still not significant to capitalize them for practical 77 

applications [13,14]. Furthermore, the obvious availability of sustainable energy resources like 78 

wind, water splitting and solar driven technologies has highlighted the need of outperforming 79 

energy storage materials and their efficient device configurations [15]. The effective storage of 80 

these energy reservoirs inspired the researchers to realize energy storage devices as efficient as 81 

possible [16]. The future of these energy storage systems is realized for the applications of 82 

electrochemical capacitors and batteries [17]. It has been shown that the energy densities of 83 

lithium-ion batteries (LIBs) could achieve a value of 180 Wh.kg
-1 

[18] hence LIBS have limiting 84 

and slower power provision. Thus, the use of LIBSs is constrained particularly in energy-storage 85 

systems, which are accompanied by the swift and efficient power storage devices; hence they are 86 

of immediate need [19, 20]. The electrochemical capacitors are characterized by long cyclic 87 

stability, high power density, and accelerated charge-discharge kinetics, inexpensiveness, 88 
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therefore they are considered as promising and efficient energy storage devices for a bright 89 

future of specific applications [21]. The electrochemical capacitor devices have been categorized 90 

into ways first as electric double-layer capacitors (ELDCs) and pseudo capacitors [22-24]. It has 91 

been observed that the pseudo capacitors with redox behaviors could give out high energy 92 

density [25, 26]. Several potential pseudo capacitive and battery type electrode materials have 93 

been investigated [27-35]. Binary metal oxide like nickel-cobalt oxide (NiCo2O4) with spinel 94 

structure has been studied as composite supercapacitors (SCs). In the spinel structure of 95 

NiCo2O4, the tetrahedral and octahedral sites are occupied by Ni, Co atom respectively; hence 96 

such structural uniqueness gives the enhanced electrical conductivity to NiCo2O4 with significant 97 

electrochemical activity via Co and Ni metallic ions [36-39].  98 

Beside the development of energy storage electrode materials, there is also hotspot need to 99 

fabricate the materials, which can have dual functionality of energy storage and energy 100 

conversion. Especially, the electrochemical water splitting, where the design of electrocatalyst 101 

has almost the same type of demands to utilize for the strengthening of energy reservoirs. For 102 

water splitting, the noble metal based electrocatalysts like RuO2, IrO2, and Pt have been found to 103 

be the state-of-art catalysts to date. However, their limitations for large scale applications are 104 

bound by the rare abundance in nature, and high cost [40]. Various transition metal-based 105 

compounds have been studied for both the HER and OER processes [41-44]. The NiCo2O4 106 

nanostructures have also been explored for OER due to its countable density of active sites, high 107 

electron transfer reaction kinetics and mixed oxidation states of Co and Ni [45]. The preparation 108 

of NiCo2O4 by hydrothermal method is scalable, simple, low cost and ecofriendly. These 109 

advantages drive NiCo2O4 to be used for plenty of purposes like electrochemical water splitting 110 

and SCs field [46-51]. The synthesis methods have shown impact on the performance of 111 
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NiCo2O4 nanostructured materials, hence different methods have been used to prepare modified 112 

and new nanostructures of NiCo2O4 [52, 53]. Among them, the green approach of using biomass 113 

waste has recently received dynamic attention due its cost effectiveness, simplicity, scalability of 114 

the synthesis, environment friendliness, and the use of minimum toxic chemicals. For this 115 

reason, various biomass wastes have been used during the synthesis of NiCo2O4 nanostructures 116 

[53]. Biomass waste allows the provision of tunable surface of nanostructured materials due to 117 

rich natural chemistry of antioxidant and surface modifying agents, which further have 118 

demonstrated outstanding functionalities in both water splitting and SCs applications [53]. 119 

Among the biomasses, the desert gourd plant fruit juice is also known as desert gourd, colocynth, 120 

bitter cucumber, and bitter apple and it is widely spread in deserts of most of the countries in the 121 

world [54-56]. Most of the use of desert gourd is taking place in medical applications due its rich 122 

medicinal chemistry (see Scheme 1) like carbohydrate, protein, separated amino acid, tannins, 123 

saponins, phenolics, flavonoids, flavone glucosides, terpenoids, alkaloids, anthranol, steroids, 124 

cucurbitacin, saponin, cardic glycoloids [57, 58]. The existence and the relative percentage of 125 

these medicinal compounds in the desert gourd juice are followed by the 7.0% oil, 11.7% 126 

protein, 29.5% carbohydrate, and 5.51% dietary fiber content. Linoleic, palmitic oleic, and 127 

stearic acids make for 17–23% of the fatty acid composition [59- 61].   128 
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 129 

Scheme 1: Molecular structure of various natural product found in desert gourd plant juice.  130 

Many of these compounds have ability to bind effectively with the metal ions and redirecting the 131 

morphology into a new shape with increased electrochemical properties [55]. Hence, the purpose 132 

of this study was to utilize the green reducing, capping and stabilizing agents from the biomasses like 133 

desert gourd. The existence of desert gourd in the desert areas around the world is offering us wide range 134 

of useful natural chemicals for the green synthesis of nanostructured materials with enhanced 135 

performance. This is the reason, we offer an alternative green, eco and environment friendly approach for 136 

the preparation of functional nickel cobalt oxide nanostructures for the energy conversion and storage 137 

applications. Furthermore, among the set United Nations (UN) Sustainable Development Goals (SDGs) to 138 

minimize the use of hazardous chemicals during the synthesis of materials which become the cause of 139 

environmental pollution and at the same time uplift the renewable energy reservoirs. Hence, keeping in 140 

view this, the present study offers to avoid the source of toxic chemicals to pollute the environment and 141 

the synthesis of functional nanostructured materials for the renewable energy [62, 63]. Furthermore, the 142 

desert gourd fruit exhibits unique natural chemistry of antioxidants like fatty acids, proteins, oils 143 

and dietary fiber and surface modifying agents like carbohydrates. Therefore, it can be used 144 



8 
 

potentially to transform the morphology and tune the surface properties of nanostructured 145 

materials. The growth process of nanostructured material through rich chemistry of antioxidants 146 

kinetically can provide abundant nucleation sites for the well-defined morphology of 147 

nanostructured materials with promising functional properties. These attractive features of desert 148 

gourd fruit juice motivate us to capitalize it for the structural alteration, tuning the surface 149 

properties and producing a unique surface of NiCo2O4 nanostructures for the efficient energy 150 

storage and conversion systems. Such outstanding natural chemistry of antioxidants, surface 151 

modifying agents, stabilizing agents and chelating agent groups has not be utilized for the 152 

synthesis  of NiCo2O4 nanostructures and their improve electrochemical properties.   153 

 154 

In this study, we have investigated the role of desert gourd fruit juice towards the enhancement 155 

of electrode material properties of NiCo2O4 nanostructures using hydrothermal process. The 156 

optimization role of desert gourd fruit juice was also done. The NiCo2O4 nanostructure with 2 157 

mL of desert gourd juice has shown an enhanced OER activity at overpotential of 260 mV @10 158 

mAcm
-2

. Also, the NiCo2O4 nanostructures prepared with 2 mL of desert gourd juice were used 159 

as anode material for the development of asymmetric supercapacitor (ASC), which has shown 160 

specific capacitance (Cs) of 1958.17 F/g and high retention percentage of 99-90% of specific 161 

capacitance during cycling stability.  162 

 163 

 164 

2. Experimental Section 165 

2.1. Preparation of NiCo2O4 nanostructures using desert gourd plant fruit juice by 166 

hydrothermal method 167 
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Nickel chloride hexahydrate, cobalt chloride hexahydrate, and urea were the chemicals used 168 

without further purification to produce bimetallic oxide nanostructures of nickel cobalt oxide 169 

(NiCo2O4). Synthesis of NiCo2O4 nanostructures was carried out by two processes involving 170 

hydrothermal reaction followed by calcination in air as described herein. Before the growth 171 

process, desert gourd plant fruit juice was collected by home used juicer machine. Then, growth 172 

solution containing volume of 100 mL with equi-molar concentration of 0.1 M each of cobalt 173 

chloride hexahydrate and urea with 0.015 M nickel chloride hexahydrate was prepared with 174 

uniform dissolution using mechanical stirring. Three beakers of growth solution were taken and 175 

in two beakers 1 mL volume (sample 1), and 2 mL volume (sample 2) of desert gourd fruit juice 176 

was added respectively. The decrease in the pH of growth solution with addition of 1 mL and 2 177 

mL of desert gourd juice was also found and the corresponded values were as 6. 34 and 5.86 178 

respectively. Third growth solution beaker contained only the precursors of pristine NiCo2O4 179 

nanostructures with a pH of 6.72. Then, three growth solution beakers of NiCo2O4 nanostructures 180 

were covered with aluminum sheet in order to avoid the evaporation of growth solution. The 181 

hydrothermal process was started in the preheated electric oven for 5 hours at 95
o
C. After the 182 

growth completion, we filtered out the precipitates of hydroxide phase on the ordinary laboratory 183 

filter paper and washed them several times with the deionized water. Afterwards, we have dried 184 

the precipitates and processed the calcination in air at 500
o
C for 5 hours. Then, a black product 185 

in powder form was collected and used for further structural and functional investigations. The 186 

synthesis process is generalized in scheme 2 for the better visualization of each step of growth 187 

process 188 
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 189 

Scheme 2: Desert gourd plant juice assisted synthesis scheme for the synthesis of NiCo2O4 190 

nanostructures 191 

 The physical characterization was done with respect to morphology, crystalline structure, 192 

chemical composition, and surface properties using scanning electron microscope (SEM) with an 193 

accelerating voltage of 15 kV, powder X-ray diffraction using X-rays source of wavelength  λKα 194 

= 1.5406 Å from Cu anode material at 45 kV and 46 mA, high resolution transmission electron 195 

microscopy (HRTEM)  using 200 kV, Tecnai G2 F20, FEI, energy dispersive X-rays 196 

spectroscopy (EDX), and X-ray source from Al Kα X-ray resource at 30 eV for the surface 197 

analysis using X-ray photoelectron spectroscopy (XPS). The measured binding energies of as 198 

prepared materials were compared with the reference binding energy of C1s peak at 284.6 eV.  199 

Fourier transform infrared (FTIR) spectra of different nanostructured samples were measured in 200 

the range of 500-400 cm
-1

 through the use of Bruker Alfa spectrometer. The sample preparation 201 
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of FTIR study was done with the use of small amount of nanostructured sample with KBr to 202 

form a pellet and employed for the measurement.  203 

 204 

2.2. Electrochemical measurements of desert gourd plant fruit juice derived NiCo2O4 205 

nanostructures 206 

Two types of electrochemical experiments were performed including OER and supercapacitor 207 

characterizations in the alkaline electrolytic conditions. First, OER investigations were done on 208 

the surface of different NiCo2O4 nanostructures using three electrode cell configuration in 1.0 M 209 

KOH aqueous electrolyte. For this purpose, working electrode of glassy carbon electrode (GCE) 210 

with a diameter of 3 mm was cleaned with alumina paste of 0.3 µM and rubbed by silicon paper 211 

followed by washing with the deionized water. The reference electrode was consisting of 212 

calomel (Hg/HgO), and graphite rod was used a counter electrode. The modification of GCE was 213 

done with NiCo2O4 nanostructures paste prepared by dissolving 5 mg of each NiCo2O4 214 

nanostructured sample in 3 mL of deionized water and 100 µL of 5% Nafion binder and 215 

sonicated for 10 min. The utilization of 5 µL with a mass of (0.2mg) of each sample paste was 216 

dropped onto GCE using drop casting method. Various electrochemical tests were done with 217 

different electrochemical modes like linear sweep voltammetry (LSV), cyclic voltammetry (CV), 218 

chronopotentiometry and electrochemical impedance spectroscopy (EIS). First, three cycles of 219 

CV at low scan rate of 5 mV/s were done followed by three LSV cycles at 2 mV/s. The purpose 220 

of using first CV was to stabilize the electrode and to measure well defined half-cell OER signal 221 

during the water splitting. Whereas, the EIS was done in the frequency range  100 kHz to 0.01 222 

Hz using amplitude of 10 mV and onset potential of OER to evaluate the charge transfer rate at 223 

the interface of electrode material and electrolyte. The non-Faradic CV curves were obtained at 224 



12 
 

different scan rates to measure the number of active sites involved in the OER process. The 225 

durability of optimized electrode material was studied by chronopotentiometry method at a 226 

constant current density of 20 mA cm
-2

. The measured experimental potential against calomel 227 

reference electrode was reported herein into reversible hydrogen electrode (RHE) using Nernst 228 

equation. Tafel analysis was done to investigate the reaction kinetics with the selected linear part 229 

of LSV curves of OER process using Tafel equation and all the OER studies were done at room 230 

temperature.  231 

2.3. Asymmetric supercapacitor characterization of desert gourd plant fruit juice derived 232 

NiCo2O4 nanostructures 233 

First supercapacitor studies were done with the three electrode set up then practical aspects were 234 

tested with two electrode cell configuration under 3.0M KOH electrolyte conditions.  235 

The chronopotentiometry (CP) was applied to measure the galvanostatic charge-discharge 236 

(GCD) curves for the illustration of specific capacitance (Cs) F/g and energy density.  237 

The calculations of Cs, energy density and power density of three electrode cell set up were 238 

carried out according to the published work [64].  239 

The used mathematical equations were given as below: 240 

 241 

    
      

      
 

Where Cs is the specific capacitance, I the current,    the discharge time,    the potential 242 

window, m the loaded mass on the GCE. 243 

The energy density was calculated as follows [64] 244 
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Herein Ed is the energy density, Cs is the specific capacitance,     is the variation  in potential.  245 

The esitmation of power density is [64]:  246 

   
 

  
 

where Pd is the power density, E is the energy and    is the discharge time.  247 

Two electrode set up was used to study the asymmetric supercapacitor device configuration, in 248 

which nanostructured NiCo2O4 was prepared with 2 mL of desert gourd fruit juice as anode and 249 

activated carbon (AC) as cathode using 3.0 M KOH electrolyte conditions. The activated carbon 250 

slurry was prepared with 15 mg in 3 mL of 99% ethanol and 1 mL of deionized water with 251 

volume ratio of (3:1) and 200 µL of 5% Nafion. Uniformly dissolved slurry of AC was achieved 252 

by sonication for 15 min. Two GCEs were modified with NiCo2O4 (sample 2) and AC as 253 

positive and negative electrode respectively for the development of asymmetric supercapacitor 254 

devices, and they were labeled as NiCo2O4 DG//AC ASC. The balancing of voltammetric 255 

charges for NiCo2O4 DG (Sample 2) and AC, then loading masses for both electrodes were 256 

determined by Q+ = Q–  equation  as previously reported [65]: 257 

m+ m− = Cs− ΔV− Cs+ΔV+.   258 

Whereas: m±, Cs±, and ΔV± represents the mass, Cs, and potential window of NiCo2O4 DG 259 

(Sample 2) ( + ) and AC ( − ) electrodes, respectively.  The determined value of mass for m+/m− 260 

was around 0.17 mg in NiCo2O4 DG//AC ASC. The total mass (M) used for the calculation of Cs 261 

(F g
–1

), energy density (E, Wh kg
–1

 ), and power density (P, W kg
–1

 ) was  as described and these 262 

calculations were done according to the reported work [66]:  263 
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Energy density was estimated as below [66]:  264 

    
         

   
 

Here Ed is the energy density; Cs is the specific capacitance, potential variation      265 

The power density was as obtained by [66]:   266 

   
        

  
 

   267 

3. Results and discussion  268 

3.1. Morphology, crystalline, and chemical analysis of various NiCo2O4 nanostructures 269 

derived from desert gourd plant fruit juice 270 

Physical characterization of various samples of NiCo2O4 nanostructures prepared with and 271 

without desert gourd fruit juice in terms of morphology was performed using SEM analysis as 272 

shown in Figure 1. The NiCo2O4 nanostructures without the desert gourd fruit juice confirmed 273 

the typical assembled nanorod like morphology as shown in Figure 1(a). The length of each 274 

nanorod could be few microns and the sample was found to be heterogeneous in the shape, 275 

consisting of aggregated nanoparticles in addition to nanorod. However, the preparation of 276 

NiCo2O4 nanostructures with 1 mL (sample 1) and 2 mL (sample 2) only shown a homogenous 277 

morphology of closely packed nanoparticles and the nanorod were lost as shown in Figure 1(b, 278 

c). Furthermore, the majority of the compounds of desert gourd juice were acidic in nature and 279 

could change the pH of growth of solution; hence such environment of growth solution would 280 
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change the morphology due to the etching effect [67-69]. As a consequence, we observed the 281 

morphology of closely assembled nanoparticles of NiCo2O4 as shown in Figure 1(b, c). 282 

Furthermore, the presence of green reducing, capping and stabilizing agents in the desert gourd 283 

also played role to transform the morphology from nanorod to nanoparticles.  The powder XRD 284 

was used to measure the diffraction patterns of various NiCo2O4 nanostructures prepared with 285 

the 1mL and 2 mL of desert gourd juice as shown in Figure 1(d). Different XRD diffraction 286 

patterns were observed such as 220, 311, 400, 422, 511, 440, and 533 at two theta angle 31.02
o
, 287 

36.67
o
, 44.66

o
, 55.30

o
, 58.62

o
, 64.95

o
, and 77.96

o
 respectively as shown in Figure 1(d).  From 288 

XRD analysis, it was found that the diffraction patterns were corresponded to spinel structure 289 

and cubic phase of NiCo2O4 nanostructures and they were well matched the standard JCPDS 290 

(card no: 01-080-1542). The XRD study has shown high crystalline properties of as prepared 291 

NiCo2O4 nanostructures.  292 

 293 



16 
 

Figure 1: Typical SEM imaging (a) pure NiCo2O4 nanostructured material, (b, c) NiCo2O4 294 

nanostructured materials prepared with 1 mL (sample 1) and 2 mL (sample 2) (d) XRD patterns 295 

of NiCo2O4 nanostructured materials prepared with and without desert gourd juice. 296 

Fourier Transform Infra-red (FT-IR) was used to understand the functional groups exhibited by 297 

NiCo2O4 nanostructured materials before and after the thermal annealing process.  The FTIR 298 

spectra were measured in the range from 4000-500 cm
-1

, indicating the chemical bonds present 299 

in the prepared materials as shown in Supplementary Information (Figure S1a,b).  The broad 300 

peak at 3557 cm
-1

 corresponded to stretching vibration of hydroxyl groups (-OH) related to non-301 

hydrogen bonded group. Whereas, the peak recorded at 3427 cm
-1

, suggesting stretching 302 

vibration of hydrogen bonded hydroxide group (O-H) [70]. The band peaks observed at 2922 cm
-

303 

1
 and 2851 cm

-1
 indicated the C-H vibration bands of CH2. The peak measured at 2186 cm

-1
 was 304 

assigned to atmospheric carbon dioxide as the measurement was done in the air. The peak 305 

noticed at 1617 cm
-1

 could be linked to bending vibrations of surface bound water molecules like 306 

hydroxyl groups [70, 71]. Most of the metal hydroxide/oxide and spinel structure compounds 307 

have stretching bands in the range of 400-700 cm
-1

 [72, 73]. The major peak observed at 570 cm
-308 

1
 could be connected to Ni/Co-O-H bending vibrational modes as shown in Supplementary 309 

Information (Figure S1a) [70]. Similarly, FTIR study was performed for the bimetallic oxide 310 

phase of NiCo2O4 prepared with desert gourd juice and almost similar band vibrations were 311 

observed, however they were found slightly shifted and with higher intensity, whereas few of the 312 

bands were disappeared as shown in Supplementary Information (Figure S1b). Typical bands of 313 

Ni-O and C-O vibrations for octahedral and tetrahedral sites were located at 570 cm
-1

 and 661 314 

cm
-1

 respectively [74]. FTIR study did not reveal any functional groups from chemical 315 
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compounds of the desert gourd juice during the synthesis of NiCo2O4 using hydrothermal and 316 

thermal annealing processes. 317 

Scanning transmission electron microscopy (STEM) coupled with energy dispersive X-ray 318 

spectroscopy (EDXS), high resolution transmission electron microscopy and selective area 319 

electron diffraction (SAED) experiments were carried out to determine the shape, the chemical 320 

composition, and the crystallographic structure of pristine NiCo2O4 and NiCo2O4 prepared with 321 

the use of desert gourd. The pure NiCo2O4 exhibits a nanorod-like morphology Figure 2(a). 322 

These nanorods are constituted of nanoparticles of several tens of nanometers, which are only 323 

composed of Ni, Co and O, without any impurities, as shown by STEM-EDXS Figures 2(d-f). 324 

Complementary SAED and HRTEM experiments indicate that their crystallographic structure 325 

corresponds to the Fd-3m cubic structure of NiCo2O4 (a = 8.1 Å) Figure 2(c) and insert of Figure 326 

2(b).  327 
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 328 

Figure 2: STEM High Angle Annular Dark Field (HAADF) micrograph of pristine NiCo2O4 (a), 329 

HRTEM micrograph of pure NiCo2O4 (b) with corresponding Fast Fourier Transform (FFT) 330 

(insert of b), SAED pattern of pure NiCo2O4 (c), and corresponding X-maps of cobalt (d), nickel 331 

(e) and oxygen (f) 332 

Contrarily to pure NiCo2O4, NiCo2O4 prepared with the use of desert gourd sample displays 333 

aggregates of nanoparticles of a few tens of nanometers (Figure 3a). These nanoparticles have 334 

the same chemical composition as the pristine NiCo2O4, i.e. Ni, Co and O without impurities, as 335 

determined by STEM-EDXS (Figures 3d-f). SAED and HRTEM observations evidenced the Fd-336 

3m cubic structure of NiCo2O4 (Figure 3c and inset of Figure 3b). 337 
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 338 

Figure 3: STEM High Angle Annular Dark Field (HAADF) micrograph of NiCo2O4 prepared 339 

with the use of desert gourd (a), HRTEM micrograph of NiCo2O4 prepared with the use of desert 340 

gourd with corresponding Fast Fourier Transform (FFT) of one nanoparticle (yellow dotted 341 

square) (insert of b), SAED pattern of NiCo2O4 prepared with the use of desert gourd (c), and 342 

corresponding X-maps of cobalt (d), nickel (e) and oxygen (f) 343 

STEM / HRTEM studies confirmed the high purity of NiCo2O4 nanostructured material prepared 344 

with the use of desert gourd fruit juice; however the nanorod-like morphology of pure NiCo2O4 345 

was changed into aggregated nanoparticles with the use of desert gourd juice as previously seen 346 

form SEM analysis. The HRTEM results of NiCo2O4 were observed in full agreement with the 347 

XRD results. The change in the morphology can further significantly support the surface reaction 348 

like in the presented study.  349 
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 350 

 351 

Figure 4: Ni 2p3/2, Co 2p3/2 and O1s spectra of pure NiCo2O4 and desert gourd assisted 352 

grown NiCo2O4 nanostructures (sample 2). 353 

XPS analysis was used to verify the chemical states and defects on the surface of as grown 354 

nanostructured materials as enclosed in Figure 4. The pure NiCo2O4 and desert gourd derived 355 

NiCo2O4 nanostructures were investigated by XPS and the chemical composition of both 356 

samples is only associated with the presence of Co, Ni and O as verified via wide scan survey 357 

spectra enclosed in the Supplementary Information (Figure S2). The Co2p3/2 signal of pure 358 

NiCo2O4 sample was located at 779.54, 781.39, 784.21 and 788.93 eV and these binding 359 

energies for Co2p3/2 were found in good agreement with previous work [75]. In the pure 360 

NiCo2O4 sample, the Ni 2p3/2 peaks were measured at different binding energies (854.03, 855.75, 361 

857.02 and 861.11 eV) and the measured peaks are in good agreement with the previous study 362 
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[75]. In the pure sample of pure NiCo2O4 the variation of the ratio of metal oxidation states 363 

(Ni
2+

/Ni
3+

 and Co
2+

/Co
3+

) was quantified as 1.13 and 0.44, respectively. 364 

The NiCo2O4 sample grown with desert gourd was also analyzed by XPS and the high resolution 365 

photoemission signals for Co2p3/2 and Ni 2p3/2 are enclosed in Figure 4. For the Co2p3/2 peaks at 366 

779.45, 781.24, 783.96, and 788.44 eV were measured as depicted in Figure 4 [75]. For the Ni 367 

2p3/2, two spin-orbit doublets and shakeup peaks were identified at 853.98, 855.73, 857.13, and 368 

860. 94 eV as enclosed in Figure 4. In the sample of NiCo2O4 grown with desert gourd, the 369 

change in the metallic valence states of nickel and cobalt was also quantified and the 370 

corresponding ratio for Ni
2+

/Ni
3+

 and Co
2+

/Co
3+

 was found as 1.01 and 0.66 respectively. 371 

Overall, in the sample of desert gourd assisted NiCo2O4, Ni/Co ratio was approximately 0.859. 372 

From the high resolution XPS analysis in terms of varied metallic oxidation states, it is revealed 373 

that as prepared samples of NiCo2O4 are well characterized by spinel structure [75]. The surface 374 

contamination and defects were also studied via O1s spectra as shown in Figure 4. The O1s 375 

spectra is well characterized by three major peaks centered at O1 529.35 eV, O
-2

 at 531.08 eV 376 

and O
-3

 532.69 eV for pure NiCo2O4 sample. For the NiCo2O4 synthesized with desert gourd the 377 

observed peaks were at O1 529.35, O
-2

 531.08 and O
-3

 532.93 eV as shown in Figure 4. Both the 378 

samples of NiCo2O4 carried the typical peaks at 529.43/529.35 eV which are confirming the 379 

typical metal–oxygen chemical bond. The surface defects and involvement of any impurity in 380 

both the samples was further verified by the appeared peaks at 531.13/531.08 eV and 381 

532.69/532.93 eV as shown in Figure 4. The identified peaks at 531.13/531.08 eV are mainly 382 

connected to the relative portion of oxygen vacancies in pure NiCo2O4 and desert gourd assisted 383 

NiCo2O4 material. However, the peaks at 532.69/532.93eV from both samples are merged due to 384 

the chemisorbed oxygenated species [75]. 385 
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3.2. OER half-cell electrochemical water splitting characterization of NiCo2O4 386 

nanostructures derived from desert gourd plant fruit juice 387 

The first electrochemical performance of all the prepared samples was explored for OER half-388 

cell water splitting reaction under 1.0M KOH alkaline solutions. For the preliminary OER 389 

studies, LSV polarization curves were measured using three electrode cell systems at a scan rate 390 

of 2 mV/s as shown in Figure 5(a). The electrochemical performance through LSV curves of 391 

three samples of NiCo2O4 nanostructures was evaluated. The pristine NiCo2O4 sample has lower 392 

activity than the two samples prepared with 1 mL and 2 mL of desert gourd fruit juice in terms of 393 

high overpotential of 300 mV at 10 mA cm
-2

. At the same current density of 10 mAcm
-2

, the 394 

overpotential for sample 1 and sample 2 were observed as 280 mV and 260 mV respectively. 395 

These OER activities suggest that desert gourd plant juice has lowered the overpotential of 40 396 

mV for the sample 2, offering a new roadmap for the use of abundant natural chemistry source 397 

for enhancing the electrochemical activity of nanostructured materials for a particular 398 

application. From the overpotential values, it is very much clear that the influence of desert 399 

gourd plant fruit juice is highly significant in tuning the electrochemical activity of NiCo2O4 400 

nanostructures, as shown in Figure 5(a). The performance of sample 2 is indicating the suitability 401 

of this new material as an alternative electrocatalyst for the OER half-cell reaction. The linear 402 

region of LSV curves was selected to evaluate OER kinetics using Tafel analysis as shown in 403 

Figure 5(b). The Tafel slopes of 62 mV dec
-1

, 72 mV dec
-1

 and 104 mV dec
-1

 were observed for 404 

sample 2, sample 1 and pristine NiCo2O4 nanostructures, respectively. From XPS, analysis, it was 405 

found that high amount of higher Co (III) valence states favored the increase in the oxygen vacancies 406 

which were further favored the OER activity of optimized sample, this was supported by already existing 407 

literature. [76] 408 
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The analysis of the Tafel slope indicates that the intrinsic electrochemical properties of NiCo2O4 409 

were significantly altered by the use of desert gourd plant juice, confirming the variation in the 410 

intrinsic features via reduction in size, unique morphology, improved crystalline quality, defects 411 

concentration and high density of catalytic sites on the surface. Another accelerated kinetics 412 

could be connected to the electron and radical generation during the growth process in the 413 

presence of variety of antioxidants from desert gourd plant fruit juice, facilitating the electron 414 

transport in NiCo2O4 nanostructures. Consequently, a favorable OER kinetics was demonstrated, 415 

with interesting practical aspects of as prepared NiCo2O4 nanostructured material. We have also 416 

compared the LSV polarization curve obtained after durability test of 40 hours with the LSV 417 

curve before the durability measurement, and it was observed that the NiCo2O4 nanostructures 418 

were highly capable in maintaining the onset potential, overpotential and current density again 419 

verifying the outstanding stability behavior of NiCo2O4 nanostructures for long term applications 420 

as shown in Figure 5(c). From practical point of view, it is very essential to evaluate the long-421 

term durability of nonprecious electrocatalyst for OER process. For this purpose, we have 422 

studied the durability of sample 2 using chronopotentiometry measurement for the time period of 423 

40 hours at a constant current density of 20 mA cm
-2 

as shown in Figure 5(d). Negligible fall in 424 

overpotential was observed, suggesting the high durability of the material. It has been shown in 425 

the previous studies that the nonprecious NiCo2O4 nanostructures are stable under low alkaline 426 

conditions. To support the observed results of LSV and long-term durability, the double layer 427 

capacitance (Cdl) is good indicator to investigate the electrochemical active surface area 428 

(ECSA), which describes the exposure of surface active sites during the electrochemical 429 

reactions. The ECSA values were calculated for three samples from the non-Faradic region of 430 

CV curves measured at different scan rates as shown in Supplementary Information (Figure S3). 431 
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It was noticed that sample 2 was accompanied by the highest value of ECSA (13.2 µF cm
-2

). 432 

However, sample 1 and the pure NiCo2O4 nanostructures exhibited ECSA values of 7.2 µF cm
-2

 433 

and 5.2 µF cm
-2

 respectively; hence sample 2 presented the highest density of active sites, which 434 

were exposed during OER process [77]. To study OER reaction kinetics at the interface of 435 

electrode material and electrolyte, EIS experiment was performed to evaluate the charge transfer 436 

at the interface for the sweeping frequency range from 100 kHz to 0.1 Hz. Previously, it was 437 

shown that the semicircle arc at the low frequency region is associated to the charge transfer (Rct) 438 

in the Nyquist plots [78, 79] and that a small Rct value validates the fast charge transfer rate [80]. 439 

The distinguished Nyquist plots of the three samples were shown in Figure 5(e) and the 440 

corresponding Bode plot is reported in Figure 5(f). It can be visualized that the sample 2 441 

exhibited low diameter of semicircle in the fitted EIS data, indicating the swift charge transport 442 

at the interface between electrode and electrolyte during OER process [81, 82]. Both the high 443 

ECSA and the low charge transfer kinetics contribute to the outstanding electrochemical 444 

performance of sample 2 towards an efficient OER half-cell water splitting.  445 
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 446 

Figure 5: (a) Measured LSV polarization curves for pure NiCo2O4 nanostructure (sample 1), 447 

NiCo2O4 nanostructure (sample 2) 2 mV/s in 1.0M KOH solution (b) Corresponding Tafel 448 

analysis of sample 1, sample 2 and pure NiCo2O4 (c) Stability of sample 2 (d) Durability for 40 449 

hours at 20 mA cm
-2

 for sample 2. (e) EIS Nyquist plots of sample 1, sample 2 and RuO2 in the 450 

frequency range of 100 kHZ to 0.01Hz using amplitude of 10 mV and onset potential of OER in 451 

1.0M KOH. The inset represents the fitted equivalent circuit. (f) Bode plots of sample 1, sample 452 

2 and RuO2 from the same EIS.  453 

3.3. Supercapacitor (SC) characterization of NiCo2O4 nanostructures derived from desert 454 

gourd plant fruit juice 455 
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The SCs studies were performed on newly prepared NiCo2O4 nanostructures using desert gourd 456 

plant fruit juice using hydrothermal method followed by thermal annealing in air. The desert 457 

gourd fruit juice of 1mL and 2 mL were used to understand the role of wide range of natural 458 

products in driving the electrochemical performance of NiCo2O4 nanostructures towards the 459 

energy storage application. The electrochemical performance was evaluated by using CV and 460 

GCD curves measured in 3.0M KOH electrolyte as shown in Figure 6. The first CV of the 461 

pristine sample 1 and sample 2 were measured with different sweeping scan rates for the applied 462 

potential range from 0 to 0.5 V as shown in Figure 6(a-c). The CV studies on these samples have 463 

shown the Faradic behavior of each material with increasing current densities with the increase 464 

of the scan rate. From the redox features of CV curves, the high electrochemical activity within 465 

the vicinity of positive potential range is clear, as expected also from previous studies [83, 84]. 466 

From CV curves, the redox behavior for each material is almost vanished when going towards 467 

the negative potential, indicating the kinetically irreversible phenomenon taking place on the 468 

surface of electrode material [85]. The occurrence of oxidation in the forwarding scan, whereas 469 

the absence of reduction peak in the reverse scan suggests the existence of irreversible reaction 470 

in the presented materials. However, new experimental approaches are needed to better describe 471 

the actual mechanism of irreversibility [86]. In the presented CV curves, the drift of the 472 

oxidation peak was found in the irreversible process towards higher potential value with 473 

increasing value of scan rate because of the overpotential [87]. Interestingly, the shape of CV 474 

curves remained unchanged with the increasing sweeping scan rates, confirming an excellent 475 

electrical conductivity and outperforming functionality of electrode material toward energy 476 

storage application. In the presented study, each material is not fully characterized by perfect 477 

pseudo capacitance; however it is closer to battery type material. From CV curves of three 478 
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materials, the sample 2 has shown more pronounced battery type behavior as shown in Figure 479 

6(b).  The battery type of behavior of sample 2 could be assigned several factors like surface area, ion 480 

diffusion rate and conductance of material; hence ECSA and EIS data have shown higher values of 481 

catalytic active sites and the charge transfer rate for the sample 2 which favored its battery type behavior. 482 

It is shown that the morphology of prepared nanostructured has great role on the battery type behavior as 483 

it strongly influence on the value of ion diffusion rate, surface area and electron communication. Sample 484 

2 is has small size nanoparticles which offered high adsorption rate for hydroxide ions, rich exposed 485 

catalytic sites and fast charge transfer rate at the interface, hence it behaved like a battery type- material. 486 

[88] 487 

Furthermore, the galvanostatic charge-discharge (GCD) curves of pristine NiCo2O4 488 

nanostructures, sample 1 and sample 2 were measured at applied potential of 0 to 0.5 V using 489 

different current densities of 0.8 to 0.94 A g
-1

 as shown in Figure 6(d-f). Each material has 490 

demonstrated the triangular shape and symmetric behavior of curves for the selected potential 491 

window verifying their significant electrochemical reversibility. The possible reason for the 492 

sharp degradation of capacitance for the sample 1 could be only assigned to rapid desorption of 493 

ions from the surface of sample 1 which brought a sharp degradation of capacitance.   494 

Some of the slight plateau were noticed in each GCD curve of the three samples, connected to 495 

the earlier described CV findings. The linear GCD curves of each electrode material show an 496 

excellent population of charges storage throughout the nanostructured NiCo2O4 materials in 497 

aqueous KOH electrolyte. This describes the activating role of various antioxidants and surface 498 

modifying agents of desert gourd juice in sample 1 and sample 2, which created multiple ionic 499 

channels via well packed and short range nanoparticles, and offered narrow ion and electron 500 

channels for the transfer of charge and ionic electrolyte between the electrode material and 3.0M 501 
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KOH electrolyte [89, 90]. From GCD curves, it was seen that the discharge time and the 502 

capacitance values were linearly decreasing with the increasing current density, which could be 503 

attributed to the low penetration of ions into the architecture of the samples because of the swift 504 

variation in the potential. The corresponding specific capacitance, energy density, and power 505 

density, were calculated from GCD curves as shown in Figure 7. The GCD curves derived values 506 

of Cs at 0.8 A g
-1

, for the pristine sample 1 and sample 2 were found in the order as 197 F/g, 313 507 

F/g, and 435 F/g respectively. Whereas it was observed that Cs was decreasing with the applied 508 

current density as shown from GCD curves behavior Figure 7(a).  Moreover, during the 509 

measured cycling stability GCD curves for the pure NiCo2O4 nanostructures, sample 1 and 510 

sample 2, the obtained values of columbic efficiency and capacitance retention percentage were 511 

found as 52%/88-60%, 66%/110-80%, and 74%/103-93% respectively as shown in Figure 7(b). 512 

Also, the cycling stability was studied to verify the columbic efficiency of 66%, 74% and 52% 513 

for the sample 1, sample 2 and pure NiCo2O4 nanostructures, respectively, as shown in Figure 514 

7(c). Furthermore, the energy density and power density were observed in the order for 4.15 515 

Wh/Kg
-1

/155.60 W/Kg, 6.31 Wh/Kg
-1

/152.40 W/Kg, 9.53 Wh/Kg
-1

/158.84 W/Kg at 0.8 A g
-1 

for 516 

pristine NiCo2O4 nanostructures, sample 1 and sample 2 respectively as shown in Figure 7(d-f). 517 

The observation about the energy density indicates that it depends on the Cs, which is further 518 

highly dependent on the applied current density; hence we have used smaller values of energy 519 

density compared to the reported works where various researchers have used high applied 520 

current density. Our obtained values of Cs for sample 1 and 2 are either superior or equal to many 521 

of the recently reported NiCo2O4 nanostructures-based electrode materials [91-93] under the low 522 

applied energy density values. Importantly, the obtained GCD curves for each electrode material 523 

exhibited capacitive features due to close triangular shape with well-defined capacitive 524 
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properties and a Faradic aspect owing to the negligible plateau look of each GCD curve. 525 

Furthermore, the performance evaluation of three electrodes based supercapacitor is summarized 526 

in Table (S1). 527 

The structural analysis has shown that the optimized sample was characterized with small nanoparticles of 528 

few tens nm as confirmed by STEM/HRTEM which are in good agreement with SEM results. The small 529 

size of nanoparticles offers the large exposure to electrolytic ions for the adsorption; hence favorable 530 

electrochemical performance was noticed for the optimized sample. Furthermore, the optimized sample 531 

exhibited high amount Co(III) ions which induced high surface oxygen vacancies on the surface of  532 

optimized NiCo2O4 nanostructures prepared with desert gourd juice, consequently improved 533 

electrochemical supercapacitor and OER performance was observed. The optimized NiCo2O4 534 

nanostructures with rich surface oxygen vacancies have offered the more adsorption of hydroxide ions 535 

which are the reactive species for the charge storage and oxygen production. The electrochemical studies 536 

about the active surface sites for the frequent interaction of electrolytic ions and fast charge transfer at the 537 

interface together played dynamic role for the enhanced electrochemical activity of optimized sample.  538 
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 539 

Figure 6: (a-c) Different CV curves at various scan rates in 3.0M KOH for sample 1, sample 2, 540 

and pure NiCo2O4 nanostructure (d-f) corresponding GCD curves of for sample 1, sample 2 and 541 

pure NiCo2O4 nanostructure in 3.0M KOH at different 0.8, 0.85, 0.88, and 0.94 A g
-1

. 542 
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 543 

Figure 7: (a) Specific capacitance (Cs) of sample 1, sample 2 and pure NiCo2O4 (b) percentage 544 

retention specific capacitance during cycling stability for sample 1 and sample 2, estimated from 545 

GCD curves. (c) Columbic efficiency sample 1, sample 2, and pure NiCo2O4 cycling stability of 546 

GCD curves (d-f) Corresponding energy density of sample 1, sample 2 and pure NiCo2O4, 547 

respectively. 548 

At the same time, three electrode supercapacitor application of as activated carbon (AC) was 549 

studied by CV curves and GCD curves as shown in Supplementary Information (Figure S4). The 550 

pure AC has shown non-Faradic behavior and with limited specific capacitance as shown by CV 551 

curves in Figure S4 (a). The GCD curves have shown triangular shape as shown in Figure S4 (b), 552 

with a specific capacitance value of 261 F/g and the energy density of 5.7 Wh/kg, indicating the 553 
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poor energy and capacitance for the development of energy storage device as shown in Figure S4 554 

(c-d). Moreover, the calculated the values of Cs, energy density and power density for AC in the 555 

three electrode cell set up are given in Table (S1).  556 

3.4. Asymmetric Supercapacitor (ASC) characterization  557 

After understanding the electrochemical performance of pristine NiCo2O4 nanostructures, sample 558 

1 and sample 2, we have optimized electrode material, which was further assembled as practical 559 

positive electrode with negative electrode of activated carbon (AC) towards the development 560 

asymmetric supercapacitor (ASC) device. The representation of two electrode cell asymmetric 561 

supercapacitor is described NiCo2O4 DG//AC ASC.  Figure 8 shows the CV curves at different 562 

scan rates and GCD curves at various applied current density of two electrode configuration. 563 

Figure 8(a) shows the CV curves at scan rates from 10 to 110 mV/s and with increasing of scan 564 

rate the CV curves were found to be slightly changed in the shape, suggesting the favorable 565 

electrochemical reaction on the surface of electrode materials and reversibility. Figure 8(b) 566 

shows the typical triangular shape of GCD curves without plateau at different current density 567 

ranging from 0.8 to 0.94A g
-1

, revealing highly reversible redox processing in the developed 568 

ASC device. Importantly, the 84% Cs initially was retained at a 0.8 Ag
-1

 confirming an excellent 569 

kinetics activity of the ACS device. These obtained values of high Cs and electrochemical 570 

activity rate offered potential and promising features for the presented NiCo2O4 DG//AC ASC 571 

device for practical uses. Figure 8(c) describes the Cs retention percentage about 99-90% during 572 

the 900 GCD cycles measured for cycling stability, suggesting that ASC device is potentially 573 

associated with long-term retaining of Cs. The specific capacitance (Cs) was estimated from the 574 

GCD curves. The value of Cs of (1958.17 F/g) was observed higher at low current density. 575 

However, at the higher current densities such as 0.85, 0.88 and 0.94 Ag
-1

 the Cs values were 576 
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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). 577 

Moreover, the energy density and power density are also useful aspects of ASC device for real 578 

performance evaluation. Therefore, they were calculated from GCD curves at 0.8 Ag
-1

 and found 579 

as energy density 41 Wh/Kg, and power density of 620 W/Kg as shown in Figure 8(e). The 580 

energy density of NiCo2O4 DG//AC ASC device is still far better than the recently reported ASC 581 

devices such as WC/CuO//WC (13.6 Wh.kg
−1

 at 350.3 W kg
−1

) [94] etc. Furthermore, the 582 

columbic efficiency was also evaluated and retained by 96-82% for 900 GCD cycles as shown in 583 

Figure 8(f), which is also an efficient indicator for the practical aspects of as designed ASC 584 

device. Based on the structural, chemical composition, morphology, surface properties, the 585 

sample 2 was found to be highly active owing to its high density of active sites for reversible 586 

redox process from short range nanoparticles of NiCo2O4, low charge transfer resistance, swift 587 

electron and ionic transfer kinetics, higher electrical conductivity of material, consequently high 588 

performance electrochemical performance was demonstrated by sample 2.  589 
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 590 

Figure 8: (a) Measured CV curves of (sample 2) at various scan rates in 3.0M KOH. (b) GCD 591 

curves at various 0.8, 0.85, 0.88, and 0.94 Ag
-1

 of (sample 2). (c) Cycling stability from GCD 592 

curves at 0.8Ag
-1

 of (sample 2). (d) Specific capacitance of (sample 2) from GCD curves. (e) 593 

Energy density of (sample 2). (f) Columbic efficiency of (sample 2) during cycling stability of 594 

GCD curves in 3.0M KOH. 595 

 596 

 597 

 598 

 599 
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Table 1: Measured indicators for asymmetric supercapacitor using two electrode configuration 600 

of NiCo2O4   nanostructure (sample 2) for practical applications  601 

Sample 

Current 

Density 

(A/g) 

Specific 

capacitance 

(F/g) 

Energy 

density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Columbic 

Efficiency 

% 

Capacitance 

Retention  

% 

Sample 2 

0.8 1958 41 620 

96-82% 
99-90% 

( 900 Cycles) 

0.85 1949 41 658 

0.882 1689 36 693 

0.94 1654 33 716 

 602 

Overall, enhanced electrochemical activity of NiCo2O4 nanostructures prepared with desert 603 

gourd plant fruit juice (sample 1 and sample 2 respectively), pristine sample, RuO2 in terms of 604 

overpotential at 10 and 50 mA cm
-2

, Tafel slope values, specific capacitance and energy density 605 

is described by bar graphs in Supplementary Information (Figure S5). Furthermore, the 606 

performance of NiCo2O4 nanostructures prepared with desert gourd plant fruit juice (sample 2) 607 

was compared with the recently reported NiCo2O4 based electrode material as given in Table 608 

(S3). It is obvious that the presented material has equal or superior performance of energy 609 

density and specific capacitance, when compared with the high applied energy density in the 610 

reported works compared to the present work.  Moreover, the OER performance of sample 2 was 611 

also compared with the recently reported electrocatalysts in term of overpotential as given in 612 

Table (S4). It is obvious that the presented material has equal or better performance in terms of 613 

synthesis, cost-effectiveness, simplicity, low overpotential and ecofriendly nature. 614 

 615 
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4. Conclusions  616 

In summary, we have used the desert gourd fruit juice as a raw biomass material, which is 617 

possessing high density of green natural compounds with properties like reducing, capping and 618 

stabilizing agents. They have effectively changed the morphology NiCo2O4 nanostructures and 619 

surface properties during the hydrothermal process followed by thermal combustion in air. The 620 

morphology, surface oxygen vacancies and relative ratio of metal oxidation states was 621 

quantified. The NiCo2O4 nanostructures prepared with 2 mL of desert gourd juice has shown 622 

drastic lowering of overpotential of 260 mV@10 mA cm
-2

, and Tafel slope of 62 mV dec
-1

 623 

during OER process. Moreover, the energy storage functionality of as prepared NiCo2O4 624 

nanostructures with desert gourd juice was also evaluated through three and two electrode 625 

configurations. The realization of asymmetric supercapacitor was described by specific 626 

capacitance (Cs) 1958 F/g and retention percentage of 99-90% during cycling stability. The 627 

presented study strongly suggests the utilization of raw functional materials form the desert with 628 

unique natural chemistry, which can potentially alter the morphology and surface properties of 629 

new generation of high-performance electrode materials for the strengthening of energy storage 630 

and conversion applications.  631 
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 974 

 S3: Various CV curves measured in 1.0M KOH at differrnt scan rates (a) NiCo2O4  975 

nanostructure (sample 1) (b) NiCo2O4  nanostructure (sample 2)  and (c) pure NiCo2O4  976 

nanostructure (d) estimated  ECSA from non-Faradic region of  recorded  CV curevs for pure 977 

NiCo2O4  nanostructure, NiCo2O4 (sample 1), NiCo2O4  nanostructure (sample 2).  978 

 979 
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 980 

 S4:  Recorded CV curves of activated carbon (AC) in 3.0M KOH at different scan 981 

rates , (b) GCD curves of AC in 3.0M KOH at various current density (c) specific 982 

capacitance (Cs)  from GCD curves of AC, (d) Energy density of AC in 3.0M KOH 983 

obtained  from various  GCD curves  984 

 985 
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 986 

S5: Bar graph view Bar graph view (a) overpotential at 10 and 50 mAcm
-2

 for pure  NiCo2O4  987 

nanostructure, NiCo2O4 (sample 1), NiCo2O4 (sample 2) in 1.0M KOH (b) Tafel slope for pure 988 

NiCo2O4 nanostructure, NiCo2O4 (sample 1), NiCo2O4 (sample 2) in 1.0M KOH, (c) specific 989 

capacitance (Cs) for pure NiCo2O4  nanostructure, NiCo2O4 (sample 1), NiCo2O4 (sample 2) in 990 

3.0M KOH (d) Energy density of supercapacitor for pure NiCo2O4 nanostructure, NiCo2O4 991 

(sample 1), NiCo2O4   (sample 2) in 3.0M KOH. 992 

 993 

 994 

 995 

 996 
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Table (S1): The calculated supercapacitor indicators for NiCo2O4 nanostructures sample 1, 997 

sample 2 and pure NiCo2O4. 998 

Samples 

Current 

Density 

(A/g) 

Specific 

capacitance 

(F/g) 

Energy 

density 

(Wh/kg) 

Power 

Density 

(W/kg) 

Columbic 

Efficiency 

% 

Capacitance 

Retention 

% 

Sample 1 

0.8 313 6 152 

66% 110-80% 
0.85 277 6 163 

0.882 179 4 172 

0.94 106 2 183 

Sample 2 

0.8 435 10 159 

74% 103-93% 
0.85 298 7 168 

0.882 197 4 174 

0.94 176 4 188 

Pure 

(NiCo2O4) 

0.8 197 4 156 

52% 88-60% 
0.85 128 3 167 

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 1008 

activated carbon using three electrode cells set up. 1009 

 1010 

 1011 

 1012 

 1013 

 1014 

 1015 

 1016 

 1017 

 1018 

 1019 

 1020 

 1021 

 1022 

 1023 

 1024 

 1025 

 1026 

Samples 
Current Density 

(A/g) 

Specific 

capacitance 

(F/g) 

Energy density 

(Wh/kg) 

Power Density 

(W/kg) 

Activated 

Carbon 

0.8 261 6 158 

0.85 258 5 165 

0.882 255 5 166 

0.94 253 5 171 
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Table (S3): Supercapacitor performance evaluation of NiCo2O4 nanostructure prepared with 1027 

desert gourd fruit juice (sample 2, T-2) with reported supercapacitors based on NiCo2O4. 1028 

 1029 

Material 

Specific 

Capacitance 

(F/g) 

Current 

Density 

(A/g) 

Potential 

Window 

(V) 

Energy 

Density 

(Wh/kg) 

Power 

Density 

(W/kg) 

References 

NCO@MWCNT 374 2  -0.5 to 2.2 95 3964 [1] 

MWCNTs 84 0.6  -0.5 to 2.2 21 6237 [1] 

NCO//MWCNT 157 0.6  -0.5 to 2.2 40 2816 [1] 

NCO@MWCNT//

MWCNT 
242  0.6  -0.5 to 2.2 61 2837 [1] 

NiCoF 50 1  0 to 1  - - [2] 

NiCuF 44  1  0 to 1  - - [2] 

NC6 1294.25 10  0.4  - - [3] 

NC10 687.20  10 0.4  - - [3] 

NiCo2O4 (Desert 

Gourd) 
435  0.8 0 to 0.4  9.53 159 This Work 

 1030 

 1031 

 1032 

 1033 

 1034 
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Table (S4):  The summary of OER activity performance of Desert Gourd juice assisted NiCo2O4 1035 

nanostructures with recently reported electrocatalysts in 1.0 M KOH. 1036 

 1037 

 1038 

 1039 

Catalyst 

Over potential 

(mV) @ 10 

mA/cm
2
 

Electrolyte References 

NiCo2O4@Graphene Nano sheets 383 1.0 M KOH [4] 

NiOx/NiCo2O4/Co3O4 315 1.0 M KOH [5] 

NiCo2O4/CoO/graphite 323 1.0 M KOH [6] 

MOF derived-NiCo2O4/NiO 430 1.0 M KOH [7] 

P-doped NiCo2O4 on Ni-Foam 300 1.0 M KOH [8] 

Co8FeS8/CoS@CNT 278 1.0 M KOH [9] 

CoSx/MoS2 347 1.0 M KOH [10] 

NiCo2O4/NiO 360 1.0 M KOH [11] 

CoxNi1-xS2 (CNS)/rGO 290 1.0 M KOH [12] 

3D core–shell NiCo2O4@CoS/NF 290 1.0 M KOH [13] 

CoFe/Co8FeS8/CNT 290 1.0 M KOH [14] 

NiCo2O4/NiO hexagonal rods 285 1.0 M KOH [15] 

Ni3S2/MoS2 (NiMoS) 260 1.0 M KOH [16] 

Ni3N-NiMoN 277 1.0 M KOH [17] 

Co3O4@CMC 290 1.0 M KOH [18] 

Desert Gourd assisted NiCo2O4  

material 
260 1.0 M KOH 

Present 

Work 



62 
 

 1040 

 Reference 1041 

[1] M. Pathak, J.R. Jose, B. Chakraborty, C.S. Rout, High performance supercapacitor 1042 

electrodes based on spinel NiCo2O4@ MWCNT composite with insights from density 1043 

functional theory simulations, The Journal of Chemical Physics. 152 (2020) 064706.  1044 

[2] B. Bhujun, M.T. Tan, A.S. Shanmugam, Study of mixed ternary transition metal ferrites 1045 

as potential electrodes for supercapacitor applications, Results in Physics 7 (2017) 345-1046 

53.  1047 

[3] M. Kaur, P. Chand, H. Anand, Binder free electrodeposition fabrication of NiCo2O4 1048 

electrode with improved electrochemical behavior for supercapacitor application, Journal 1049 

of Energy Storage 52 (2022) 104941. 1050 

[4]  Z. Li, B. Li, J. Chen, Q. Pang, P. Shen, Spinel NiCo2O4 3-D nanoflowers supported on 1051 

graphene nanosheets as efficient electrocatalyst for oxygen evolution reaction, 1052 

International Journal of Hydrogen Energy 44 (2019) 16120-31. 1053 

[5]  J. Chen, Y. Ling, Z. Lu, X. Huai, F. Qin, Z. Zhang, Sandwich-like 1054 

NiOx/NiCo2O4/Co3O4 nanoflakes enable efficient oxygen evolution electrocatalysis, 1055 

Electrochimica Acta 322 (2019) 134753. 1056 

[6]  N. Srinivasa, L. Shreenivasa, P.S. Adarakatti, J.P. Hughes, S.J. Rowley-Neale, C.E. 1057 

Banks, S. Ashoka, In situ addition of graphitic carbon into a NiCo 2 O 4/CoO composite: 1058 

enhanced catalysis toward the oxygen evolution reaction, RSC advances 9 (2019) 24995-1059 

5002.  1060 



63 
 

[7]  Y. Wang, Z. Zhang, X. Liu, F. Ding, P. Zou, X. Wang, Q. Zhao, H. Rao, MOF-derived 1061 

NiO/NiCo2O4 and NiO/NiCo2O4-rGO as highly efficient and stable electrocatalysts for 1062 

oxygen evolution reaction. ACS Sustainable Chemistry & Engineering 6 (2018) 12511-1063 

21. 1064 

[8]  W. Chu, Z. Shi, Y. Hou, D. Ma, X. Bai, Y. Gao, N. Yang, Trifunctional of phosphorus-1065 

doped NiCo2O4 nanowire materials for asymmetric supercapacitor, oxygen evolution 1066 

reaction, and hydrogen evolution reaction. ACS applied materials & interfaces 12 (2019) 1067 

2763-72.  1068 

[9]  B. Wang, Y. Chen, X. Wang, X. Zhang, Y. Hu, B. Yu, D. Yang, W. Zhang, A 1069 

microwave-assisted bubble bursting strategy to grow Co8FeS8/CoS heterostructure on 1070 

rearranged carbon nanotubes as efficient electrocatalyst for oxygen evolution reaction. 1071 

Journal of Power Sources 449 (2020) 227561. 1072 

[10]  L. Yang, L. Zhang, G. Xu, X. Ma, W. Wang, H. Song, D. Jia. Metal–Organic-1073 

Framework-Derived Hollow CoS x@ MoS2 Microcubes as Superior Bifunctional 1074 

Electrocatalysts for Hydrogen Evolution and Oxygen Evolution Reactions, ACS 1075 

Sustainable Chemistry & Engineering 6 (2018) 12961-8. 1076 

[11]   C. Mahala, M. Basu. Nanosheets of NiCo2O4/NiO as efficient and stable electrocatalyst 1077 

for oxygen evolution reaction. ACS omega 2 (2017) 7559-67. 1078 

[12]  Y.R. Hong, S. Mhin, K.M. Kim, W.S. Han, H. Choi, G. Ali, K.Y. Chung, H.J. Lee, S.I. 1079 

Moon, S. Dutta, S. Sun, Electrochemically activated cobalt nickel sulfide for an efficient 1080 

oxygen evolution reaction: partial amorphization and phase control, Journal of Materials 1081 

Chemistry A. 7 (2019) 3592-602.  1082 



64 
 

[13]  S. Adhikari, Y. Kwon, D.H. Kim, Three-dimensional core–shell structured NiCo2O4@ 1083 

CoS/Ni-Foam electrocatalyst for oxygen evolution reaction and electrocatalytic oxidation 1084 

of urea, Chemical Engineering Journal 402 (2020) 126192. 1085 

[14]  B. Wang, Y. Hu, B. Yu, X. Zhang, D. Yang, Y. Chen,  Heterogeneous CoFe–Co8FeS8 1086 

nanoparticles embedded in CNT networks as highly efficient and stable electrocatalysts 1087 

for oxygen evolution reaction. Journal of Power Sources 433 (2019) 126688. 1088 

[15]  Y. Yuan, L. Sun, Y. Li, W. Zhan, X. Wang, X. Han, Synergistic modulation of active 1089 

sites and charge transport: N/S Co-doped C encapsulated NiCo2O4/NiO hollow 1090 

microrods for boosting oxygen evolution catalysis. Inorganic Chemistry 59 (2020) 4080-1091 

9.  1092 

[16]   C. Wang, X. Shao, J. Pan, J. Hu, X. Xu, Redox bifunctional activities with optical gain of 1093 

Ni3S2 nanosheets edged with MoS2 for overall water splitting. Applied Catalysis B: 1094 

Environmental 268 (2020) 118435. 1095 

[17]  A. Wu, Y. Xie, H. Ma, C. Tian, Y. Gu, H. Yan, X. Zhang, G. Yang, H. Fu, Integrating 1096 

the active OER and HER components as the heterostructures for the efficient overall 1097 

water splitting, Nano Energy 44 (2018) 353-63.  1098 

[18]  A.L. Bhatti, A. Tahira, A. Gradone, R. Mazzaro, V. Morandi, M.I. Abro, A. Nafady, K. 1099 

Qi, A. Infantes-Molina, A. Vomiero, Z.H. Ibupoto, Nanostructured Co3O4 electrocatalyst 1100 

for OER: the role of organic polyelectrolytes as soft templates, Electrochimica Acta. 398 1101 

(2021) 139338. 1102 

 1103 


