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Abstract 17 

Fabrication of an efficient electrode material is highly demanded for obtaining high energy 18 

conversion electrochemical system. In this study, we describe a green and innovative approach 19 

of using grape fruit juice as a high carrier of reducing and surface modifying agents for 20 

manipulating the surface properties of nickel-cobalt bimetallic oxide NiCo2O4 nanostructures. 21 

Different amounts of grape fruit juice were used to discern its role on the morphological and 22 

surface vacancies of NiCo2O4 nanostructures during oxygen evolution reaction (OER). 23 

Importantly, the physical characterization revealed the morphological transformation of NiCo2O4 24 

nanostructures from 1D nanorods to short range 0D nanoparticles. Furthermore, the surface 25 

studies have shown that NiCo2O4 nanostructures prepared with grapefruit juice have high density 26 

of surface vacancies and higher amount of Ni
2+

 and a Co
2+

 metallic ions on the surface of 27 

NiCo2O4 compare to pure NiCo2O4 nanostructures. The OER of electrodes modified with 28 

https://www.sciencedirect.com/science/article/pii/S0360319922017414#!
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NiCo2O4 nanostructures, particularly (sample-2, 2 mL of grape fruit juice) gave rise to an 29 

overpotential value of 260 mV at 10 mAcm
-2

 in 1.0 M KOH aqueous solution along with high 30 

durability/stability for 40 h. Additionally, the obtained electrochemical impedance spectroscopy 31 

value of 80 Ω and active surface area of 18.1µFcm
-2

 attested for the excellent OER performance 32 

of NiCo2O4 nanostructures (sample-2). Eventually, the proven enhancement in surface vacancies, 33 

alternation in the mixed oxidation states of both Ni and Co together with the morphological 34 

transformation that have been accomplished via the green, simple, and low-cost strategy of using 35 

grape juice make it a suitable option for large scale production of wide range of multifunctional 36 

metal oxides and related nanostructured materials for plethora of energy conversion and storage 37 

applications. 38 

Keywords: NiCo2O4 nanostructures, grape fruit juice, oxygen evolution reaction, asymmetric 39 

supercapacitor, surface vacancies  40 

 41 

 42 

1. Introduction  43 

Currently, world is facing challenge of global warming effect mainly caused by the 44 

combustion of fossil fuels. The continuous use of fossil fuels for transport, domestic and 45 

industrial applications is decreasing the reservoirs of fossil fuels in the universe. The greenhouse 46 

gases play a major role for bringing the global warming effect and consequently causing wide 47 

range of threats to every ecosystem of our environment [1, 2]. Therefore, researchers paying 48 

intense attention towards the strengthening of renewable energy reservoirs through the 49 

production of clean and green fuels in order to maintain and save the ecosystem of our 50 

environment [3, 4]. The present technologies used for the production of clean energy are solar, 51 

hydro, wind, bio mass and geothermal [5-8]. Beside these methods, water splitting either by 52 

photochemical or electrochemical is widely used to produce green fuels of hydrogen and oxygen 53 

which can be used either directly or in the development of fuels cells. Theoretical 54 

thermodynamic overpotential of 1.23V is required to split water into hydrogen and oxygen gases, 55 

indicating the high energy barrier and less likely favorable at any cost. Therefore, the only 56 

challenge in the field of water splitting is the need of efficient electrocatalysts to reduce the 57 

overpotential of water splitting. Hence, electrochemical water splitting (EWS) is widely used 58 



process because of its eco-friendly and economical energy properties for the production of green 59 

fuels like hydrogen and oxygen gases.  60 

In principle, water splitting is accompanied by two half-cell reactions including oxygen 61 

evolution reaction (OER) and hydrogen evolution reaction (HER). Among them, OER is the 62 

highest energy demanding process, as it involves four electrons transfer and has crucial  impact 63 

on the efficient production of hydrogen gas [9-14]. To date, the efficient OER electrocatalyst 64 

belong to noble metal based materials like Ir/Ru/Pt [1, 2] which are scarcely found in nature and 65 

not compatible in terms of economy for large scale applications, therefore the research endeavors 66 

have focused  towards the development of low cost, earth abundant and efficient electrocatalyst 67 

based on nonprecious materials. For this reason, wide range of earth abundant materials are 68 

considered recently  [3-5] . In particular,  transition metal based materials have been widely 69 

utilized for the design of OER electrocatalyst owing to  their unique d-orbital configuration and 70 

significant catalytic activities [6, 7]. For instance, nickel and cobalt oxides are actively 71 

implemented in  OER  due to their availability, tunable morphologies and enhanced catalytic 72 

performance at nanostructured phase [8, 9]. The spinel oxide phase of nickel and cobalt NiCo2O4 73 

has been extensively  investigated for catalytic applications [15-23]. Beside energy conversion 74 

applications of NiCo2O4 nanostructures, they are currently of great interest for the development 75 

of energy storage technologies. Hence, it is highly desired to design an inexpensive, efficient and 76 

earth abundant electrode materials based on NiCo2O4 using new synthetic strategies that yield 77 

unique nanostructure architectures for applications in supercapacitors (SCs) technology. The 78 

challenge of lower energy density of SCs strongly limits their scale up practical and commercial 79 

applications [24-29].  The energy density is highly dependent on the specific capacitance (Cs), 80 

which is more likely connected to the configuration of electrode materials [30-32]. For this 81 

reason, the controlled preparation and architecture manipulation of electrode materials with 82 

favorable structure are very important to exploit the full performance capabilities of OER and 83 

SCs. In this context, NiCo2O4 based electrode material is highly desirable to investigate  both 84 

OER and SCs due to its spinel structure that comprises mixed metal valence states favorable for 85 

swift charge transfer during the electrochemical processes as well as  enabling  high electrical 86 

conductivity [33-35]. In view of these structure-activity features, the catalytic behavior of 87 

NiCo2O4 towards OER or SCs is mainly governed by the morphology of electrode material, 88 

which has taken different shapes like nanoparticles [36, 37], microcuboids [38], hollow spheres 89 

[39], octahedrons [40], and nanocages [41]. Numerous approaches have been used to enhance the 90 



performance of nickel and cobalt based oxides towards OER activity [42-44]. The choice of 91 

grapefruit in the present study is highly supported by the presence of a wide range of chemical 92 

components in its juice like isoflavones, flavanols, furanocoumarins and anthocyanidin [45-54]. 93 

The most common  chemical components that  could act as reducing and  surface modifying 94 

agents for the nanostructured material are found in the relative portion as citric acid (809.70 mg 95 

/100 mL), Naringin (160.79 mg /100 mL), Neohesperidin (9.69 mg /100 mL) and ascorbic acid 96 

(16.76 mg /100 mL) ascorbic acid [55, 56]. The presence of essential chemical components with 97 

high density of hydroxyl groups are shown in Supplementary Scheme 1.  These phytochemicals 98 

have the proorties like reducing, capping and stabilizing agents, hence they can be highly useful 99 

to control the size and shape during the synthesis of nanostructured material. The scenario of rich 100 

edge sites of hydroxyl groups could carry open functional sites for the surface modification and 101 

alteration of morphology of NiCo2O4 nanostructures. Additionally, the presence of these natural 102 

compounds can decrease the pH of growth solution, which would possibly change the 103 

morphology of NiCo2O4 nanostructures from 1D to 0D structure and modified the surface with 104 

favorable electrochemical activity.  105 

These chemical constituents of grapefruit juice can have ability to tune the morphology, 106 

electronic structure, create defects, and enhance the catalytic sites of NiCo2O4 which together 107 

will further accelerate the OER kinetics at low energy barrier and boost up the specific 108 

capacitance [57, 58]. To the best of our knowledge, there is no report on the use of grapefruit 109 

juice for tuning the catalytic features of NiCo2O4 nanostructures towards OER and SCs 110 

applications. 111 

In this study, we utilized the grapefruit juice with different amounts to tailor the catalytic 112 

properties of NiCo2O4 for OER application. Interestingly, we have noted that the grapefruit juice 113 

has changed the morphology of NiCo2O4 from 1D nanorods to short range 0D nanoparticles, 114 

created defects in the structure of material, and enhanced the charge transport during 115 

electrochemical performance, consequently a significant improvement in the OER activity was 116 

achieved via using NiCo2O4 material.  117 

2. Experimental section 118 

2.1.Hydrothermal synthesis of nickel cobalt oxide NiCo2O4 nanostructures using 119 

grape fruit juice 120 



Chemicals used for the synthesis of nickel cobalt oxide NiCo2O4 nanostructures were nickel 121 

chloride hexahydrate, cobalt chloride hexahydrate, potassium hydroxide and urea. They were 122 

used without further purification. The desired solutions were prepared in the deionized water. 123 

The ruthenium oxide was used as reference material during the performance evaluation of as 124 

prepared nanostructured materials. The synthesis process was completed in two steps. 125 

Nanomaterial was grown through hydrothermal method. In first step, the solution of 0.1M of 126 

cobalt chloride hexahydrate, 0.0151M nickel chloride hexahydrate and 0.1M urea was prepared 127 

in 100mL of deionized water. Then, fresh grapefruit juice was collected by electric machine 128 

juicer. Afterwards, 1mL and 2mL of grapefruit juice was added separately in the nickel-cobalt 129 

precursors and both beakers were labeled as sample-1 and sample-2. The pH of growth solution 130 

with the use of grapefruit juice 1mL and 2mL was about 6.7 and 5.9 respectively.  A third beaker 131 

was also prepared with nickel-cobalt precursor without the use of grapefruit juice and it was 132 

labeled pure sample and its pH was about 9.5. The uniformity of growth solution was achieved 133 

by mechanical stirring. The beakers were sealed with aluminum sheet very tightly and left into 134 

the electric oven at 95
0
C for 5h. After the completion of growth process, the precipitates of 135 

nanostructured material were collected on ordinary filter paper and washed several times with 136 

the deionized water. The collected amount of material was left for 10h. At the end, the 137 

calcination in air was performed at 500
0
C for 5h and black powder of NiCo2O4 was obtained. A 138 

brief synthesis process is represented by Supplementary scheme 2. 139 

The morphology, crystal arrays, chemical composition and surface characterizations of NiCo2O4 140 

nanostructures were done by different analytical techniques including scanning electron 141 

microscope (SEM) at an accelerating voltage of 15kV, X-ray diffraction (XRD) technique  with 142 

Cu Kα radiation (Cu λKα = 1.5406 Å), high resolution transmission electron microscopy 143 

(HRTEM)  at 200kV, Tecnai G2 F20, FEI, energy dispersive spectroscopy (EDS), and X-ray 144 

photoelectron spectroscopy (XPS) with an Al Kα X-ray resource at 30eV. The binding energy 145 

was compared the standard C1s peak at 284.6eV. 146 

2.2. Prepared NiCo2O4 nanostructures towards oxygen evolution reaction  147 

Electrochemical measurements of various NiCo2O4 nanostructures towards the OER 148 

characterization were performed in 1.0 M KOH electrolytic solution using a three electrode cell 149 

set up. The use of 5mg of NiCo2O4 nanostructures in 2.5mL of deionized water and 50µL of 5% 150 

Nafion solution was mixed and sonicated in the ultrasonic bath for 20 min, and then homogenous 151 



catalyst slurry was obtained. Three electrodes were consisted on Hg/HgO electrode as the 152 

reference electrode, graphite rod as counter electrode, and glassy carbon electrode (GCE) as 153 

working electrode. The cleaning of GCE was performed with 3µm alumina paste and silicon 154 

paper followed by washing with deionized water. The diameter of GCE was 3mm and it was 155 

modified with 5µL (0.2mg mass) of each prepared material. The electrochemical measurements 156 

were performed with linear sweep voltammetry (LSV) at 2mV/s. Electrochemical impedance 157 

spectroscopy was used to evaluate charge transport using frequency range of 100kHz to 1Hz at 158 

amplitude of 5mV and OER onset potential. Electrochemical active surface area (ECSA) was 159 

estimated from cyclic voltammetry curves at various scan rates using non-faradic region. The 160 

durability test was done with chronopotentiometry at 20 m.Acm
-2

. All the experimental 161 

potentials recorded against Hg/HgO electrode as the reference electrode are converted to 162 

reversible hydrogen electrode (RHE) using Nernst equation. Tafel equation was used to study 163 

OER kinetics through estimation of Tafel slopes for the different NiCo2O4 nanostructures. All the 164 

measurements were performed at standard conditions. 165 

2.3. Supercapacitor Applications 166 

Supercapacitor application of as prepared NiCo2O4 nanostructures was investigated by three 167 

electrode and two electrode configurations in 3M KOH aqueous solution. The same type of 168 

reference and counter electrodes were used during supercapacitor characterization. The 169 

chronopotentiomerty was used for the recording of galvanostatic charge-discharge (GCD) curves 170 

and they were used to calculate the specific capacitance Cs (Fg
-1

). The supercapacitor 171 

calculations were done with respect to specific capacitance, energy density and power density 172 

using three electrode configurations through reported work [59]. Following mathematical 173 

equations were used for this purpose:  174 

    
      

      
    (1) 175 

Here Cs is specific capacitance, I current,     discharge time,    potential window, m is loading 176 

mass of electrode material  177 

For the calculation of energy density under given equation was used [59]: 178 

    
         

 
   (2) 179 



Ed energy density, Cs specific capacitance,     change in potential  180 

The power density was estimated by following equation [60]: 181 

   
 

  
    (3) 182 

Pd power density, E energy and    discharge time  183 

Asymmetric supercapacitor device was further designed using two electrode configuration 184 

consisting NiCo2O4 nanostructures (sample-2) as positive electrode and activated carbon (AC) 185 

was negative electrode in 3M KOH electrolytic solution. For the development of negative 186 

electrode, 20mg of AC was dissolved into 3mL of absolute ethanol and 1mL of deionized water  187 

with ratio of (3:1) using 150µL of 5% Nafion solution. Then, a homogenous mixture was 188 

obtained with sonication for 30min and it was drop casted onto the cleaned GCE and dried in 189 

vacuum. The NiCo2O4 nanostructures (sample-2) ink was used on other GCE electrode and dried 190 

in vacuum and used as positive electrode and the asymmetric supercapacitor  was represented by 191 

NiCo2O4 NP//AC ASC.  For the balancing of voltammetric charges (Q) of NiCo2O4 NP (Sample 192 

2) and AC, the loaded mass of each electrode system was achieved on the basis of Q+ = Q– 193 

through equation [60-62]: 194 

 m+ m− = Cs− ΔV− Cs+ΔV+ (4) 195 

Here: m±, Cs±, and ΔV± shows the mass, specific capacitance, and potential range of NiCo2O4 196 

NP (Sample 2) (+) and AC (−) electrodes, respectively. The estimated mass for m+/m− was 197 

around 0.17mg in NiCo2O4 NP//AC ASC. The use of total mass (M) for the calculation of 198 

specific capacitance (Cs, Fg
–1

), energy density (E, Wh.kg
–1

), and power density (P, W.kg
–1

) was 199 

followed.  200 

The calculations in terms of specific capacitance, energy density and powder density using two 201 

electrode systems were done according to the published work [63].  202 

    
        

      
   (5) 203 

Where in Cs specific capacitance, I current, discharge time   , potential window ΔV, loading 204 

mass ‘m’. 205 

Energy density was calculated give below [63]:  206 



    
         

   
   (6) 207 

Ed is energy density, specific capacitance Cs, potential change      208 

Moreover the power density of two electrodes was calculated by [63].  209 

   
        

  
   (7) 210 

 211 

Pd power density, specific capacitance Cs, discharge time     212 

 213 

 214 

 215 

3. Results and discussion  216 

3.1. Structural and crystalline characterization of NiCo2O4 nanostructures prepared 217 

with grapefruit juice  218 

The SEM was used to observe the morphological aspects of the as-prepared NiCo2O4 219 

nanostructures as shown in Figure1. The pure NiCo2O4 nanostructures exhibit the nanorods like 220 

morphology with interconnected network. The dimension of pure NiCo2O4 nanostructures would 221 

be around 200 to 300 nm with a length of few microns as shown in Figure 1a. The use of 222 

grapefruit juice has completely transformed the morphology of NiCo2O4 nanostructures from 223 

nanorods to short range nanoparticles as shown in Figures1b and 1c. The use of 1mL and 2mL of 224 

grape juice has shown almost same effect on the morphology and the associated morphology is 225 

like a short range nanoparticles with a size of 50-100 nm. The SEM observations suggest that the 226 

presence of wide range of functional hydroxyl and oxygenated groups from different chemical 227 

components of grape juice have played a dominant role to transform the catalyst morphology. 228 

These phytochemicals have tendency of reducing, capping and stabilizing agent, therefore they 229 

played a vital role to control the size and shape of NiCo2O4 material. Additionally, the grapefruit 230 

juice addition to growth solution results the change in the pH of solution towards acidic nature 231 

and consequently etching effect was expected which turned the 1D nanorod like morphology into 232 

compact 0D nanoparticles and modified the surface of as prepared NiCo2O4 nanostructures. Not 233 



only the morphology transformation is caused by the use of grapefruit juice, but it has also added 234 

defects to the structure and modified the surface of NiCo2O4 nanostructures, consequently such 235 

favorable environment would be useful for the surface reason like OER. The crystal arrays were 236 

also studied by the XRD and the measured diffraction patterns are enclosed in Figure 1d. The 237 

preferred orientation of crystal growth can be seen along the (400) crystal planes followed by the 238 

(620) planes and the intensity of these planes is increasing with the increase in the amount of 239 

grapefruit. This scenario has significantly introduced the exposure of different crystal facets 240 

which could play useful role towards the water catalysis. However, the pure NiCo2O4 241 

nanostructures have preferred crystal growth orientation among the (311) which could not be 242 

effective for efficient OER process; hence a limited catalytic activity was shown. The XRD 243 

results highlights that the crystal growth direction is also very essential parameter to evaluate the 244 

catalytic activity of newly developed electro catalyst for OER process. The other reflections for 245 

pure sample were 111, 220, 222, 422, 511, 531, 442, 533, and 622, however in case of grapefruit 246 

assisted NiCo2O4 nanostructures, some of the patterns were disappeared indicating that the 247 

reducing agents have either inhibited the crystal orientation or limited the growth along those 248 

crystal planes for the samples-1 and sample-2.  Moreover, all the diffraction patterns of NiCo2O4 249 

nanostructures well matched with the reference (card no: 01-080-1542). The XRD study has 250 

verified that the NiCo2O4 nanostructures prepared with grapefruit juice are only characterized by 251 

a spinel phase without any impurity.  252 



Figure 1: Typical SEM images of (a) pure NiCo2O4 nanostructures, (b,c) NiCo2O4 253 

nanostructures with the use of 1 mL (sample-1) and 2mL (sample-2) of grapefruit juice, (d) XRD 254 

diffraction patterns of NiCo2O4 nanostructures prepared with and without grapefruit juice. 255 

 256 

 257 

 258 

 259 



 260 

Figure 2: STEM Bright Field (BF) (a) and HRTEM (b) micrographs with corresponding Fast 261 

Fourier Transform (FFT) (insert of b) of pure NiCo2O4, SAED pattern of pure NiCo2O4 (c), and 262 

corresponding X-maps of cobalt (d), nickel (e) and oxygen (f). 263 

High resolution transmission electron microscopy (HRTEM), selected area electron diffraction 264 

(SAED) and scanning transmission electron microscopy (STEM) coupled with energy dispersive 265 

X-ray spectroscopy (EDXS) experiments were performed on pristine and NiCo2O4 grown with 266 

grapefruit juice to determine their morphologies, their crystallographic structures and their 267 

chemical compositions. The pristine NiCo2O4 exhibits 1D nanorod-like morphology as seen on 268 

STEM BF micrograph (Figure 1a) in agreement with SEM. These nanorods are composed of 269 

pure NiCo2O4 nanoparticles as determined by EDXS (Figures-1d-f) and their diameter varies 270 

between 20 and 80 nanometers. SAED pattern presents rings at 4.7, 2.9 and 2.4Å (Figure 1c) 271 

confirming the Fd-3m cubic structure of NiCo2O4 (a = 8.1Å). 272 



 273 

Figure 3: STEM Bright Field (BF) micrograph of NiCo2O4 grown with grapefruit (a), HRTEM 274 

micrograph of NiCo2O4 grown with grapefruit with corresponding Fast Fourier Transform (FFT) 275 

of one nanoparticle (yellow dashed square) (insert of b), SAED pattern of NiCo2O4 grown with 276 

grapefruit (c), and corresponding X-maps of cobalt (d), nickel (e) and oxygen (f). 277 

Contrarily to pure NiCo2O4, NiCo2O4 grown with grapefruit juice sample presents aggregates of 278 

0D nanoparticles with a diameter ranging from 10 to 50nm (Figures 3a and 3b). STEM-EDXS 279 

revealed that these nanoparticles are mainly composed of Co, Ni and O (Figures-3d-f). 280 

Additionally, SAED observations confirmed the Fd-3m cubic phase of NiCo2O4 nanostructures 281 

grown with grapefruit juice (Figure 3c), as supported by XRD analysis. TEM / STEM 282 

experiments highlighted that the main difference between both samples is clearly the nanorod-283 

like morphology of pristine NiCo2O4, while NiCo2O4 grown with grapefruit juice exhibits 284 

aggregates of little, smaller nanoparticles. These observations evidence the impact of grapefruit 285 

in the morphology transformation, especially regarding the size of the grown NiCo2O4 286 

nanoparticles. The results confirm the purity, excellent crystalline quality and controlled size of 287 

the prepared catalyst showing high accessible surface which is expected to have significant 288 

positive effect on water splitting at low energy demand.  289 

 290 



 291 

Figure 4: Ni 2p3/2, Co 2p3/2 and O 1s spectra of pure NiCo2O4 and grapefruit juice assisted 292 

NiCo2O4 nanostructures (2mL of grapefruit juice, 2G). 293 

XPS analysis was carried out to find the surface information in terms of chemical states and 294 

composition on the surface. Figure 4 shows the corresponding Ni 2p3/2, Co 2p3/2 and O 1s signals 295 

at the core level of pure and grapefruit assisted NiCo2O4 structures. The Co 2p3/2 photoemission 296 

signal of pristine NiCo2O4 was decomposed in four contributions at 779.5, 781.4, 784.2 and 297 

788.93eV and the obtained results are in good agreement with our previous studies [64-66] due 298 

to Co
3+

, Co
2+

, and two shake-up satellites, respectively. The Ni 2p3/2 signal, after decomposition, 299 

showed four contributions at 854.0, 855.7, 857.0 and 861.1eV due to Ni
2+

, Ni
3+

, Ni(OH)2 and a 300 

satellite, respectively, according to literature data [67]. NiCo2O4 sample prepared with grapefruit 301 

juice showed a similar spectrum with the same contribution. No major changes in the BE were 302 

noticed. The main difference between both samples was the Co
2+

/Co
3+

 ratios. The pristine 303 

NiCo2O4 sample showed a Ni
2+

/Ni
3+

 ratio of 1.13 and a Co
2+

/Co
3+

 ratio of 0.44. These ratios 304 

were 1.15 and 0.66, respectively, for grapefruit derived sample, suggesting high amount of Ni
2+ 305 

and Co
2+

 on the surface of NiCo2O4. XPS characterization has shown that the pristine and 306 

grapefruit NiCo2O4 samples showed mixed oxidation states, suggesting the typical spinel 307 

structure features of nickel-cobalt bimetallic oxides in good agreement with a previous study 308 

[68]. Moreover, the O1s core level signal showed three main peaks located at 529.4eV (OLat), 309 



531.1eV (OSurf) and 532.7eV (OChem). In both samples the peak at 529.4eV is distinctive of 310 

metal–oxygen chemical bonds. The peaks at around 531.1eV and 532.7eV in both materials are 311 

showing the surface defects and the impurities as shown in Figure 4. The peaks 531.1eV is 312 

mainly associated to oxygen vacancies and that at 532.7eV is connected to the chemisorbed 313 

oxygen [69]. The OSurf  /OLat ratio changed from 0.52 to 0.79 from pure to grapefruit juice 314 

derived nanostructure, i.e. the later contains a greater proportion of surface vacancies. 315 

3.2. Half-cell OER characterization on various nanostructured NiCo2O4 samples   316 

The performance evaluation of various NiCo2O4 samples prepared with the use of different juices 317 

of grapefruit was studied for OER activity in 1.0 M KOH electrolytic solution using three 318 

electrode electrochemical cell configurations like graphite rod as counter electrode, calomel 319 

(Hg/HgO) as reference electrode and glassy carbon electrode (GCE) modified with various 320 

NiCo2O4 samples as working electrode. A fixed mass of 5µL with a mass of 0.2 mg of various 321 

NiCo2O4 samples prepared the juice of grapefruit was deposited onto GCE and preliminary OER 322 

performance was evaluated using linear sweep voltammetry (LSV) as shown in Figure 5a. The 323 

bare GCE was also characterized for OER in contrast to the newly prepared NiCo2O4 samples 324 

and a relatively poor OER activity was observed as shown in Figure 4a. The overpotential 325 

against reversible hydrogen electrode (RHE) at 10 m.Acm
-2

 was estimated for various NiCo2O4 326 

samples like sample-1, sample-2 and pure NiCo2O4 with values of 290 mV, 260 mV and 300 327 

mV, respectively. From these overpotential values, it is obvious that pure NiCo2O4 sample has 328 

relatively poor OER activity, compare to sample-1 and sample-2 suggesting that grapefruit juice 329 

has capability to tune the OER activity of NiCo2O4 material due to the presence of wide range of 330 

reducing and surface modifying agents in the grapefruit juice. The NiCo2O4 samples prepared 331 

with 1mL and 2mL of grapefruit juice have superior OER activities and the sample-2 has the 332 

highest OER activity with low overpotential of 260 mV.  However, we have also noticed that 333 

further addition of grapefruit juice has reduced the OER activity; hence we did not provide the 334 

results of OER polarization curves. The enhanced electrochemical performance of NiCo2O4 335 

sample prepared with 2 mL of grapefruit juice could be attributed to different type of 336 

phytochemicals having properties like reducing, capping and stabilizing agents which played a 337 

vital role during the growth process to control the morphology and size of nanostructured 338 

material.  The results of well controlled size, shape, defects in the crystal structure and the 339 

surface oxygen vacancies obtained through SEM, TEM, XRD, and XPS were the factors to 340 

improve the electrochemical performance of NiCo2O4 material prepared ith 2 mL of grapefruit 341 



juice.  Additionally, the enhanced performance of NiCo2O4 sample prepared with 2mL of 342 

grapefruit juice could be associated to high amount of Ni
2+

 r and Co
2+

  on the surface of 343 

NiCo2O4.  The OER kinetics was further illustrated from linear region of LSV OER polarization 344 

curves using Tafel analysis as shown in Figure 5b. The corresponding Tafel plots revealed a 345 

Tafel slopes for the sample-1, sample-2 and pure NiCo2O4 samples as 99mV.dec
-1

, 95mV.dec
-1

 346 

and 104mV.dec
-1 

respectively. The relatively low Tafel value for the sample-2 confirms that the 347 

OER kinetics is more favorable and it is directly connected to the surface morphology and rich 348 

surface active sites, hence it is characterized by low energy barrier as supported by the low 349 

overpotential of 260 mV. Furthermore, we have investigated the stability of NiCo2O4 sample-2 350 

using LSV curves after 40h operation of durability experiment as shown in Figure 5c. The 351 

stability of NiCo2O4 sample-2 is highly preserved without any loss of current density, onset 352 

potential and overpotential and it highly strengthens the obtained results of durability 353 

measurements. The challenges in the development of efficient nonprecious electro catalysts for 354 

OER is the issue of durability for long term applications and have studied the stability of 355 

NiCo2O4 sample-2 using chronopotentiometry at fixed current density of 20 mA.cm
-1 

as shown in 356 

Figure 5d. The stability of sample-2 is well maintained after 40h of continuous operation 357 

revealing that a negligible overpotential loss. The presented approach of using grapefruit juice to 358 

enhance the durability of NiCo2O4 sample based electrocatalyst could be connected to the 359 

stabilization of surface features by wide range of unique chemical compounds present in the 360 

grapefruit juice. We do also believe that future studies are needed to understand the role of each 361 

component of grapefruit juice to drive the OER activity at low overpotential and it can further 362 

help us to develop new generation of electrocatalysts in the near future, however in the proposed 363 

study we wanted to propose an alternative green and natural source of raw material to improve 364 

the catalytic properties of NiCo2O4 sample. Based on above highly enhanced and stable OER 365 

characterizaton of NiCo2O4 sample-2, Therefore, the presented study offers an alternative 366 

approach for the scale up synthesis of NiCo2O4 nanostructures for efficient OER activity and 367 

large scale applications. 368 

To support electrochemical OER characterization, the charge transfer information at the interface 369 

about the OER reaction kinetics was evaluated for various NiCo2O4 samples using 370 

electrochemical impedance spectroscopy (EIS) as shown in Figure 5. The presentation of EIS is 371 

shown in Figure 5 e as Nyquist plots and Figure 5f as Bode plots. Figures 5f enable to show the 372 

information about the gain and phase aspects through various sweeping frequency, however the 373 



charge transport at the interface could be seen from Figure-5e for different NiCo2O4 samples. 374 

The charge transfer resistance values of pure NiCo2O4 sample and grapefruit juice assisted 375 

NiCo2O4 (samples-1 and 2) are in the order 350Ω, 220Ω and 80Ω respectively. NiCo2O4 sample-376 

2 is associated with faster charge transfer at the interface of electrode and electrolyte there by 377 

fosters the OER kinetics. The calculated charge transfer resistance and double capacitance values 378 

are given in Supplementary Table-S1. Moreover, we have studied the electrochemical active 379 

surface area (ECSA) through non-faradic region of cyclic voltammetry curves at various scan 380 

rates as shown in Supplementary (S1). The ECSA is directly connected to the double-layer 381 

capacitance (Cdl) of electrocatalyst material [70] which is used an indicator the quantification of 382 

actives sites involved in the OER reaction. From the CV curves, the value of Cdl could be 383 

collected by extracting the difference of current densities of anodic and cathodic non-faradic 384 

regions (Δj = ja – jc) at 1.10V versus RHE against the scan rate [71]. The corresponding slope of 385 

linear plotting divided by 2 gives the value of Cdl and the ECSA can be estimated by using a 386 

mathematical relation as ECSA: Cdl/Cs. Each material has its constant Cs value depending on the 387 

nature electrode material surface which is reported value of 40mF.cm
-2

 by previous work in 388 

1.0M KOH [72]. The calculated ECSA values for various NiCo2O4 samples including pure 389 

NiCo2O4, NiCo2O4 sample-1 and NiCo2O4 sample-2 are 5.2µF.cm
-2

, 7.6µF.cm
-2

 and 18.1µF.cm
-2

, 390 

respectively. The highest ECSA value of NiCo2O4 sample-2 verifies that it possesses many active 391 

sites utilized during OER reaction, leading to superior OER performance. Furthermore, the 392 

intrinsic activities of as prepared NiCo2O4 samples including pure NiCo2O4, NiCo2O4 sample-1 393 

and NiCo2O4 sample-2 were evaluated using the normalization of their LSV curves with ECSA 394 

data as shown in as shown in Supplementary (S2). It was found that the enhanced 395 

electrochemical activity was connected with the increased surface area and related properties of 396 

NiCo2O4. The normalization of LSV curves of pure NiCo2O4, NiCo2O4 sample-1 and NiCo2O4 397 

sample-2 with ECSA has been in good agreement with the previous work [73].  Moreover, low 398 

charge transfer resistance and high amount of ECSA of NiCo2O4 sample prepared with 2 mL of 399 

grapefruit juice also became the reasons for the enhanced electrochemical activity of as prepared 400 

material.  401 

 402 



 403 

Figure 5:  (a) LSV polarization curves at 2mV/s for pristine NiCo2O4  nanostructure, sample-1 404 

sample-2 and RuO2 in 1.0M KOH aqueous electrolytic solution, (b) Corresponding Tafel 405 

analysis, (c) stability of sample-2, (d) durability for 40 hours at 20mAcm
-2

, (e) EIS Nyquist plots 406 

of pristine NiCo2O4  nanostructure, sample-1 sample-2 for frequency range of 100000 kHz to 407 

0.1Hz at an amplitude of 10mV and onset potential of OER, inset shows the fitted equivalent 408 

circuit (f) Corresponded Bode Plots from same EIS. 409 

3.2.Supercapacitor Investigations  410 

Three electrode systems were used to evaluate the supercapacitor potential of various samples of 411 

NiCo2O4 nanostructures using CV and galvanostatic charge-discharge measurements as shown in 412 

Figure 6. Interestingly, CV curves of three NiCo2O4 samples at various scan rates ranging from 413 

10 to 60mVs
-1

, indicating typical pair of redox peaks for the potential range from 0 to 0.5V (vs. 414 

Hg/HgO) as shown in Figure 6(a-c). However, in case of pure NiCo2O4 nanostructures the redox 415 

behavior is limited and verifying the poor charge storage capacity with the material. But for the 416 

NiCo2O4 nanostructures (sample-1 and sample-2) prepared with grapefruit juice are well 417 

characterized by the typical redox peaks suggesting an excellent charge storage phenomenon 418 

within these two nanostructured samples of NiCo2O4 due to the dynamic aspects of Faradic 419 

mechanisms and they have distinctive battery type material properties. The redox process  of 420 



NiCo2O4 nanostructures was observed  through the reversible Faradic redox reactions of 421 

Co
2+

/Co
3+

, Ni
2+

/Ni
3+

, and Co
3+

/ Co
4+

  through the reported  mechanism [18]:  422 

NiCo2O4 + OH
−
 + H2O ↔ NiOOH + 2CoOOH + e

−
   (8) 423 

 CoOOH + OH
−
 ↔ CoO2 + H2O + e

−
     (9) 424 

On the applied higher scan rate, the cathodic peaks shifted slightly to lower potentials whereas 425 

the anodic peaks shifted to the opposite direction and it could be attributed to deficient 426 

incorporation of OH- into the center of nanostructured NiCo2O4 samples. The centered area of 427 

NiCo2O4 nanostructures (sample-2) is higher than (sample-1) and pure NiCo2O4 nanostructures at 428 

a scan rate 40mVs
-1

, indicating the specific capacitance of sample-2 relatively higher than the 429 

sample-1 and pure NiCo2O4 nanostructures. For the potential range of 0 to 0.5V (vs. Hg/HgO), 430 

GCD curves Figure 6(d-f) were measured at various current densities of 0.8 to 0.94Ag
-1

 and their 431 

GCD curves were with certain difference from the conventional triangular shapes with 432 

significant outlook of well-defined plateaus of charge and discharge curves. From the GCD 433 

curves, it’s obvious that the sample-2 of NiCo2O4 nanostructures has higher Faradic features as 434 

confirmed from the CV curves of sample-2 when the current density was about 0.8Ag
-1

. 435 

Furthermore, the GCD curves of NiCo2O4 nanostructures (sample-1, sample-2 and pure NiCo2O4 436 

nanostructures revealed that the specific capacitance of sample-2 is larger than the sample-1 and 437 

pure NiCo2O4 nanostructures as shown in Figure 6(d-f). The using mathematical equation from 438 

[57], the calculated specific capacitance for the NiCo2O4 nanostructures (sample-1, 2 and pure 439 

NiCo2O4 nanostructures were in the order to 178.00, 367.59 and 124.28Fg
-1 

at a current density 440 

of 0.8Ag
-1

 as shown in Figure 7a, at a current density of 0.94Ag
-1

, the specific capacitance were 441 

found to be 30.21, 31.74 and 43.50Fg
-1 

for NiCo2O4 nanostructures (sample-1, 2 and pure 442 

NiCo2O4 nanostructures respectively, confirming that 91.4.36% specific capacitance was retained 443 

compare to 8.6% at a current density of 0.94Ag
-1

. The retention of specific capacitance by 444 

sample-2 is higher than the pure NiCo2O4 nanostructures and (sample-1). The cycling stability 445 

was also evaluated by 900 GCD cycles for the NiCo2O4 nanostructures (sample-1, 2 and pure 446 

NiCo2O4 nanostructures as shown in Figure-7b, again sample-2 has shown an excellent cycling 447 

durability and high retention of specific capacitance after 900 cycles of GCD at 0.8Ag
-1

, and it 448 

further strengthened the claims of using grape juice for improving the electrochemical properties 449 

of NiCo2O4 nanostructures due to the presence of wide range of phytochemical chemicals. 450 

Because of the activation of three NiCo2O4 nanostructures (sample-1, 2 and pure) during the 451 



stability test the cations from NiCo2O4 lattice planes slowly penetrate out and the electrolyte 452 

significantly diffuse inside the crystal arrays of NiCo2O4 nanostructures [72]. The high retention 453 

of % specific capacitance of sample-2 is verified as shown in Figure 7b. Beside the cycling 454 

stability was used to calculate the columbic efficiency of 47%, 73% and 45% for sample-1, 455 

sample-2 and pure sample of NiCo2O4 as shown in Figure 7c. The corresponding energy density 456 

of sample-1 of 8.13Wh/kg, sample-2 of 9.64Wh/kg, and pure sample of NiCo2O4 of 3.79Wh/Kg 457 

at current density of 0.8Ag
-1

 are shown in Figure 7(d-f) respectively. The sample-2 has 458 

demonstrated enhanced energy density at very low applied current density, confirming its 459 

potential aspect for the development of practical energy storage device. From CV, GCD and EIS 460 

together by the swift charge transfer of electron and fast diffusion of ions kinetically were 461 

assigned to the enhanced he supercapacitor performance. For the better presentation the 462 

calculated values of specific capacitance (Cs), energy density, power density, % retention of 463 

specific capacitance, and columbic efficiency are given in Table-1.  464 

 465 

 466 

 467 



Figure 6:  (a-c) CV curves at different scan rates for pristine NiCo2O4 nanostructure, sample-1 468 

sample-2 in 3.0M KOH aqueous electrolytic solution, (d-f) Corresponding GCD curves at 469 

different current densities measured in 3.0M KOH solution. 470 

 471 

 472 

Figure 7:  (a) specific capacitance of  pristine NiCo2O4  nanostructure, sample 1(G1),  sample 473 

2(G2) from GCD curves, (b) percentage retention specific capacitance of pristine NiCo2O4  474 

nanostructure, sample-1 (G1), sample-2 (G2) from 900 GCD repeatable cycles in 3.0M KOH for 475 

the illustration of cycling stability, (c) columbic efficiency of pristine NiCo2O4  nanostructure, 476 

sample-1 (G1) , sample-2 (G2)  from 900 cycles stability of GCD curves in 3.0M KOH, (d-f) 477 

corresponding energy density of pristine NiCo2O4  nanostructure, sample-1 (G1), sample-2 (G2). 478 

 479 

 480 

 481 



 482 

 483 

 484 

 485 

Table 1: The calculated various supercapacitor indicators for pristine NiCo2O4 nanostructure, 486 

sample-1 (G1) and sample-2 (G2). 487 

 488 

 489 
 490 

To study the promising features of NiCo2O4 nanostructures (sample2) towards practical aspects, 491 

an asymmetric supercapacitor represented as (NiCo2O4 NP//AC ASC) was configured using 492 

NiCo2O4 nanostructures (sample-2) was positive electrode and AC as negative electrode in a 3.0 493 

Samples 

Current 

Density 

(Ag
-1

) 

Specific 

Capacitance 

(Fg
-1

) 

Energy 

Density 

(Wh kg
-1

) 

Power 

Density 

(W kg
-1

) 

Columbic 

Efficiency 

(%) 

Capacitance 

Retention 

(%) 

G-1 

0.8 366.00 8.13 160.00 

47% 106-71% 

0.85 183.08 3.87 165.75 

0.882 129.91 2.70 170.67 

0.94 62.83 1.32 182.83 

G-2 

0.8 434.00 9.64 160.00 

73% 111-92% 

0.85 219.42 4.85 169.58 

0.882 84.00 1.86 175.96 

0.94 42.51 0.94 187.06 

Pure 

NiCo2O4 

0.8 202.72 3.79 146.80 

45% 100-65% 
0.85 213.22 3.55 147.09 

0.882 76.38 1.19 147.69 

0.94 83.53 1.15 148.10 



M KOH electrolyte. As prepared AC exhibited a rectangular shape with the absence of redox 494 

peak and a significant specific capacitance of 50 Fg
-1

 at 0.8Ag
-1 

as shown supplementary (S3). 495 

For ASC device, the mass ratio of negative and positive electrode was estimated about 0.17mg. 496 

The loaded mass of negative electrode was about 5 mg. The NiCo2O4 nanostructures (sample 2) 497 

and AC CV curves were described in the Figure 8a and it was predicted to have potential range 498 

to 1.5V. The NiCo2O4 NP//AC ASC was characterized by CV curves and the overall capacitance 499 

was estimated from the double layer capacitance and battery type functionality of electrode. The 500 

CV curves with negligible shape alteration suggested the rapid charge-discharge properties of 501 

NiCo2O4 NP//AC ASC. The GCD curves of as developed asymmetric supercapacitor are 502 

enclosed in Figure 8b at different current densities from 0.8Ag
-1 

to 0.94Ag
-1

, whereas related 503 

supercapacitor calculations are show in Figure 8d. The specific capacitance of ASC device as 504 

found to be 1928.59Fg
-1

, energy density of 41.77Wh.kg
-1

 and power density of 631.84W/Kg at 505 

0.8Ag
-1

 as shown in Figure 8(d,e). The columbic efficiency of 42% and 100% capacitance 506 

retention was noticed during the 900 cycling durability test as shown in Figure 8e. The 100% 507 

retention of capacitance for 900 cycles confirms a significant rate stability of electrode material 508 

for long term energy storage applications as shown in Figure 8c. The measured asymmetric 509 

supercapacitor performance indicators are given in Table-2 for better understanding and 510 

visualization. Overall electrochemical performance of various samples like RuO2, NiCo2O4 511 

nanostructures (sample-1, 2 and pure) in terms of overpotential, Tafel slope values, specific 512 

capacitance and energy density are further clearly represented through bar graphs view as shown 513 

in supplementary (S4).  514 

The performance evaluation was prepared NiCo2O4 NP//AC ASC device was compared with 515 

several recently reported works as given in Table-S2. It obvious that the presented ASC device 516 

has either superior or comparable performance in terms of specific capacitance, energy density, 517 

power density and columbic efficiency. Based on the overall an excellent performance of 518 

NiCo2O4 nanostructures (sample-2) towards OER and SC applications which could contributed 519 

from large surface area owing to short range nanoparticles, high electrical conductivity, fast 520 

electron transfer, strong contact of nanoparticles with electrode to bioactive mimic effect, 521 

favorable interface chemistry, small packets of nanoparticles allowed the frequent electrode to 522 

electrolyte communication, the bioactive mimic effect minimized the volume changes, hence a 523 

realization of mechanical durability, and high structure integrity of the electrode material during 524 

the cycling measurements. Furthermore, the OER performance of as prepared NiCo2O4 525 



nanostructures (sample-2) was compared with recently reported electrocatalyst as given 526 

Supplementary Table-S3.  It is obvious under the similar conditions of alkaline electrolyte, the 527 

energy demand for OER was found lower for the NiCo2O4 nanostructures (sample-2) compared 528 

to the exiting electrocatalysts, hence it can be capitalized as an alternative material for the energy 529 

conversion applications. Generally, energy storage mechanism in alkaline conditions has been 530 

described as:  531 

The physicochemical properties of NiCo2O4 are highly tuned by the presence of nickel atom due 532 

to its similar size to that of cobalt atom, hence obviously crystal structure is changed which 533 

further causes the defects. These defects may play unexpected role towards electrochemical 534 

activity of NiCo2O4 as shown in several reported works [74, 75]. The NiCo2O4 exhibits potential 535 

window in the range of 0 to 0.55 V in alkaline electrolyte conditions and its pseudo capacitance 536 

properties could be described through equation 8 and 9. The energy storage mechanism is 537 

presented in the Supplementary Scheme 3.  It has been shown during the charging-discharging 538 

experiment onto the surface of  NiCo2O4 electrode material,  there is variation of oxidation states 539 

of Co
3+

/Co
4+ 

along with the  Ni
2+

/Ni
3+

, hereby the swift reversible Faradic processes take place 540 

[76, 77].  It has been found  that the electrochemical redox potentials of  Ni
2+

/Ni
3+

 and Co
3+

/Co
4+

  541 

transition are very much close, consequently the redox peaks found to be closely merged [76, 542 

77].  543 

 544 

 545 



 546 

Figure 8: CV curves of  sample-2 (G2) at different scan rates in 3.0M KOH, (b) GCD curves at 547 

different current density for sample-2 (G2), (c) Cycling stability of sample-2 (G2)  during 900 548 

GCD repeatable cycles in 3.0M KOH , (d) specific capacitance of sample-2 (G2) from GCD 549 

curves, (e) Energy density of sample-2 (G2), (f) Columbic efficiency during 900 repeatable GCD 550 

cycles in 3.0M KOH  551 



Table 2: Measured indicators for asymmetric supercapacitor using two electrode configurations 552 

for practical applications. 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 

 563 

4. Conclusions  564 

 565 

In summary, a green approach was used to synthesize short range nanoparticles of NiCo2O4 with 566 

high surface vacancies, rich surface with Ni
2+

 and Co
2+

, large active sites and fast charge 567 

transport for the OER half-cell reaction. The grapefruit juice has a wide range of functional 568 

molecules, which can act as either reducing agents or surface modifying agents. Importantly, the 569 

1D NiCo2O4 structure was successfully changed into 0D structure. The chemical components of 570 

the grapefruit juice have proved to be potential candidates to tune the electrochemical 571 

performance of NiCo2O4 nanostructures. The OER was evident to occur at markedly low 572 

overpotential of 260 mV at 10 mA.cm
-2

 which is significantly improved performance from a low 573 

Samples 

Current 

Density 

(Ag
-1

) 

Specific 

Capacitance 

(Fg
-1

) 

Energy 

Density 

(Wh kg
-1

) 

Power 

Density 

(W/Kg) 

Columbic 

Efficiency 

% 

Capacitance 

Retention 

% 

G-2 

0.8 1928.59 41.77 631.84 

100-81% 
100-93% 

( 900 Cycles) 

0.85 1896.55 40.97 670.48 

0.882 1883.27 40.48 693.96 

0.94 1870.79 39.09 729.25 



cost and earth abundant material. The enhanced OER activity was strongly supported by the 574 

charge transfer at the interface and involvement of high active surface area during the process. 575 

Based on these results, we conclude that the grapefruit is a powerful natural source playing as 576 

reducing and surface modifying agents for tailoring the surface-based reactions at swift kinetics. 577 

Thus, it can be used as an alternative raw material for the development of new generation of 578 

electrocatalysts for energy conversion and storage systems. 579 
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Scheme S1: Main chemical constituents of grapefruit juice  848 

 849 

 850 
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 854 

 855 

Scheme S2: Hydrothermal synthesis process of NiCo2O4 nanostructures using grapefruit juice.  856 



 857 

Scheme S3: Energy storage mechanism illustration  858 

 859 



 860 

S1: CV curves at variosu scan rates in 1.0M KOH for (a) pristine NiCo2O4  nanostructure, (b) 861 

sample-1(G1), (c) sample-2(G2), (d) caluclated ECSA from non-Faradic region of measured CV 862 

curves for pristine NiCo2O4  nanostructure, sample-1(G1),  sample-2(G2) 863 



 864 

S2: Normalized LSV curves of of as prepared materials with their correspondign ECSA data  865 

 866 



S3: CV curves of activated carbon (AC) at various scan rates in 3.0M KOH, (b) GCD curves 867 

of AC at different current density in 3.0M KOH, (c) specific capacitance from GCD curves 868 

of AC, (d) Energy density of AC from GCD curves in 3.0M KOH 869 

 870 

 871 

S4: Bar graph view (a) overpotential at 10 and 50 mAcm
-2

 for RuO2, pristine NiCo2O4  872 

nanostructure, sample-1 (G1), sample-2 (G2), (b) Tafel slope for RuO2,  pristine NiCo2O4  873 

nanostructure, sample-1 (G1),  sample-2 (G2), (c) Energy density of supercapacitor for pristine 874 

NiCo2O4  nanostructure, sample-1 (G1),  sample-2 (G2), (d) specific capacitance for pristine 875 

NiCo2O4  nanostructure, sample-1(G1),  sample-2 (G2). 876 
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Table S1:  Fitted EIS data values of charge transfer and double layer capacitance for various 886 

samples. 887 

 888 
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 896 

Table S2: Supercapacitor performance evaluation of as prepared grape fruit assisted juice NiCo2O4 897 

nanostructure (sample-2, G2) with reported super capacitors based on NiCo2O4. 898 

Material 
Specific 

Capacitance 

Current 

Density 

Potential 

Window 

Energy 

Density 

(Wh kg
−1

) 

Power 

Density 

(W/kg) 

Reference 

NCO@MWCNT 374 F/g 2 A/g -0.5 to 2.2V 95 3964 [1] 

MWCNTs 84 F/g 0.6 A/g -0.5 to 2.2V 21 6237 [1] 

NCO//MWCNT 157 F/g 0.6 A/g -0.5 to 2.2V 40 2816  [1] 

NCO@MWCNT//

MWCNT 
242 F/g 0.6 A/g -0.5 to 2.2V 61 2837  [1] 

NiCoF 50.0 1 A/g 0 to 1 V - - [2] 

NiCuF 44 1 A/g 0 to 1 V - - [2] 

NC6 1294.25 10 A/g 0.4 - - [3] 

 
Charge Transform 

Resistance (Rct in Ω) 

Double layer Capacitor 

(Cdl in Farad) 

Pristine 350 0.21 

S-1 220 0.31 

S-2 80 0.38 



NC10 687.20 10 A/g 0.4 - - [3] 

NiCo2O4 

(Grapefruit) 
434 0.8 A/g 0 to 0.4 V 9.64 160  This Work 

 899 

Table S3:  Oxygen evolution reaction performance evaluation of as prepared grapefruit juice 900 

assisted NiCo2O4 nanostructures (sample-2, G2) with reported on NiCo2O4. 901 

Catalyst 
Overpotential  

@ 10 mA/cm
2
 

Electrolyte References 

Co3O4 500 1.0 M NaOH [4] 

Co3O4 NPs 363 1.0 M KOH [5] 

NiCo-LDH 334 1.0 M KOH [6] 

Ni(Fe)OOH 300 1.0 M KOH [7] 

Activated OM NixCoyO4 336 1.0 M KOH [8] 

OM NiO 414 1.0 M KOH [9] 

Co3O4 382 1.0 M KOH [5] 

NiCo2O4 hybrid material 260 1.0 M KOH Present Work 
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