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A B S T R A C T

Phytochemicals in grape fruit juice have never been considered as potential sources of surface modification, 
shape modification, and energy storage. In our study, we demonstrate the hydrothermal synthesis of Co3O4 
nanostructures from grape fruit extracts. X-ray diffraction analysis revealed that Co3O4 nanostructures exhibit a 
cubic phase, while Fourier transform infrared spectroscopy identified several functional groups. An analysis of 
Co3O4 nanostructures using a scanning electron microscope revealed that uniformly distributed nanoparticles of 
Co3O4 were trapped in the carbon content of the spices during calcination. UV–visible spectrometer analysis of 
Co3O4 nanostructures reveals a wide range of optical bands. It was found that one mL of grape fruit juice pro
vided the lowest optical band gap of 2.51 eV for Co3O4 nanostructures. Nanostructures of Co3O4 were studied 
under alkaline conditions for use in supercapacitors and oxygen evolution reactions. An aqueous solution con
taining 1 mL of assisted Co3O4 nanostructures exhibited an overpotential of 290 mV at a current density of 10 
mA cm− 2 in 1 M KOH. In addition, they showed a Tafel slope of 80 mV dec− 1. When dissolved in 3 M KOH 
electrolyte, grape fruit juice assisted Co3O4 nanostructures showed a specific capacitance of 867 F/g at 1.5 A/g in 
3 M KOH aqueous solution. A specific capacitance retention percentage of about 101.1 % was achieved after 
40000 galvanic charge-discharge cycles. It has been shown that the total photochemistry of biomass waste can be 
tuned and enhanced to enhance the functional properties of nanostructures derived from rotten grape fruit 
extract in order to develop functional materials with high performance for a wide range of applications.

1. Introduction

Throughout the modern industrial sector, the intensive revolution 
has resulted in an increased demand for a wide variety of energy sources. 
This gesture has not only resulted in a rapid decline in energy reserves, 
but has also caused significant environmental damage, both intention
ally and unintentionally [1–4]. There is growing interest in electro
chemical water splitting as a potential technology for producing high 
density green hydrogen fuels [5]. Contrary to this, the water splitting 

process makes use of two different types of half-cell reactions, namely 
oxygen evolution reactions (OERs) at the cathode and hydrogen evolu
tion reactions (HERs) at the anode [6]. Due to the four-electron transfer 
process, the OER process is associated with slow kinetics and has 
therefore prevented the full utilization of water splitting for efficient 
hydrogen production [6,7]. The current state-of-the-art electrocatalysts 
for the OER process have been noble metal catalysts, particularly RuO2 
and IrO2, although their large-scale utilization has been prohibited 
because of their feared nature, high costs, and certain stability issues 
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under harsh electrolytic conditions [8]. Thus, there is a substantial 
amount of literature on the design and manufacture of electrocatalysts 
that are cost-effective, earth-abundant, stable, scalable, and efficient. In 
light of the heterogeneous distribution of renewable energy resources, 
effective and efficient energy storage systems are urgently needed [9,
10]. The development of supercapacitors (SCs) has recently emerged as 
one of the most innovative energy storage devices and has been 
receiving considerable attention around the world. It is argued that the 
main characteristics of SCs are their high specific power density of 
approximately 10 kW/kg, their fast charging and discharging abilities 
within a few seconds, and their high cycling stability of approximately 
105 times that of lithium ion batteries [11]. These attractive and unique 
characteristics of SCs make them a very important source of energy in a 
variety of fields, including mobile electric systems, backup power, 
power plants, military equipment, and hybrid electric cars [12]. The 
only disadvantage of SCs is their low energy density, which is approxi
mately 3–6 Wh/Kg, compared to lithium ion batteries that are approx
imately 150–200 Wh/Kg. Therefore, researchers have conducted studies 
around the world in order to construct SCs with high energy density 
[13]. In order to achieve high performance SCs, efficient electrode 
materials have been required, and materials selection has been based on 
three main categories, the first being carbonaceous materials [14,15], 
the second being conducting polymeric compounds [16,17], and the 
third being transition metal oxides [18]. The carbonaceous materials 
have been tested as electrode materials for SCs, but their specific 
capacitance values are less than 400 F/g [19,20]. As alternative and 
promising electrode materials for pseudo capacitance applications, 
transition metal oxides and conducting polymeric compounds have been 
investigated [21]. As a result of contraction and expansion during 
charging and discharging, conducting polymers do not possess an 
extremely stable specific capacitance of less than 530 F/g on average 
[22]. It has been demonstrated that transition metal oxides exhibit fast 
Faradaic reactions as well as high specific capacitances when they are 
intrinsically enhanced with variable oxidation states [23]. In contrast, 
transition metal oxides have been used to split water in OER half-cells to 
a greater extent, but their performance has been limited so far [24]. 
Transition metal oxides, despite their outstanding electrochemical 
properties, have a poor electrical conductivity due to their wide band 
gaps, which range between 3 and 4 eV [25]. Due to the tunable engi
neering of d-orbital electrons in spinel Co3O4, this material provides 
numerous catalytic sites for a wide range of electrochemical reactions 
[26–29]. The performance of Co3O4 is limited by its low surface area, 
poor electrical conductivity, and particle aggregation. Co3O4 has 
therefore been prepared by a variety of methods, including 
co-precipitation, sol-gel, wet chemistry, microwave, electrochemical, 
hydrothermal, reverse micelles, and green approaches [30–36]. It has 
been found that physical and chemical methods for synthesis of nano
structures are relatively costly and environmentally harmful [37–40]. 
Recent studies have focused on the green synthesis of Co3O4 using 
different plant extracts. Plant extracts contain flavonoids, glycosides, 
and polyphenols that reduce and stabilize nanostructures in a dynamic 
manner, controlling their size, surface area, and shape. The preparation 
of Co3O4 can be accomplished by utilizing a variety of plant extracts 
[41–43]. Catechins, flavonoids, and polyphenols are found in high 
concentrations in grape extract [44]. The grape fruit is composed of 
three parts: pulp, skin, and seeds. The presence of polyphenols in grape 
fruit has made it useful in reducing noble metal ions, ketones, and ni
trogen compounds. Nanoparticles of gold and silver have been prepared 
using grape fruit extract [45]. Researchers have synthesized graphene 
oxide nanocomposites using grape fruit extract [46]. There are no re
ports that have involved the direct use of rotten grape fruit juice extract 
to enhance the surface and shape properties of metal oxides. Rotten 
grape juice has an attractive phytochemistry, including pulp, skin, and 
seeds. As these phytochemicals with a tendency of reducing, stabilizing, 
and capping agents are extracted from rotten grape fruit juice, they can 
potentially change the surface properties with enriched active sites, 

shape orientation, and particle size in order to enhance electrochemical 
activity.

Therefore, this study used the rotten grape fruit juice extract is used 
to prepare surface modified and controlled Co3O4 nanostructures that 
possess improved electrical conductivity, surface area, and catalytic 
sites for the efficient use of pseudo capacitance and half-cell water 
splitting with OER. Using rotten gape fruit juice extract, this study 
investigated how rotten gape fruit extract interacts with Co3O4 nano
structures to modify their surface properties. The shape, crystal struc
ture, chemical composition, optical properties, and chemical vibrations 
of Co3O4 nanostructures have been studied using a variety of analytical 
techniques. It was proposed that modified Co3O4 nanostructures could 
be useful for electrochemical water splitting in alkaline conditions, 
particularly in asymmetric devices and for OER applications.

2. Materials and method

2.1. Chemical reagents

All the chemical such as cobalt chloride hexahydrate (98 %), urea 
(99 %), potassium hydroxide (85 %) and Nafion (5 %) were purchased 
from sigma Aldrich, Karachi Sindh Pakistan.

2.2. Synthesis of Co3O4 using rotten grape juice by hydrothermal method

A hydrothermal method was used to prepare nanostructures of cobalt 
oxide. To grow pristine Co3O4, cobalt chloride and urea at a concen
tration of 0.1M were added to 200 mL deionized water, while growth 
solutions containing 1 mL and 2 mL of rotten grape fruit juice were also 
added separately to two beakers labeled sample 1 and sample 2. A 
pristine sample of Co3O4 nanostructures was prepared without adding 
rotten grape fruit juice. We obtained the rotten grape fruit juice extract 
by heating 250 g of grapes in 300 mL of deionized water for 3 h at 70 ◦C. 
All samples of growth solutions were tightly wrapped in aluminum foil 
and kept at 95 ◦C for 5 h. Following filtration, the products were dried at 
room temperature before being collected. As part of the annealing 
process, the samples were placed in a furnace at 500 ◦C for 5 h. A 
scanning electron microscope (SEM) was used to study the morphology 
of samples in addition to X-ray diffraction to determine the crystal 
structure. A UV–visible spectrophotometer was used to measure the 
band gap energy. Fourier transform infrared (FTIR) spectroscopy was 
used to elucidate the nature of functional groups on the surface of as 
synthesized Co3O4 nanostructures. Scheme 1 shows the stepwise syn
thesis of Co3O4 nanostructures using rotten grape fruit extract.

2.3. Electrochemical measurement

Electrochemical measurements were conducted using a Versa 
Potentiostat, including cyclic voltammetry (CV), linear sweep voltam
metry (LSV), electrochemical impedance spectroscopy (EIS), chro
noamperometry, and chronopotentiometry. We used a three-electrode 
setup consisting of calomel Hg/HgO as a reference electrode, glassy 
carbon as a working electrode, and platinum wire as a counter electrode. 
A mixture of 10 mg of catalyst in 2 mL of deionized water and 50 μL of 
Nafion solution was prepared by mixing and stirring for 15–20 min, then 
homogenous catalyst was obtained which was deposited on a working 
electrode and 1 M KOH was used as an electrolyte. Cyclic voltammetry 
was used to confirm the stability of the material. A linear sweep vol
tammetry was performed at 5 mV/s in order to confirm the activity of 
the OER. To measure the electrochemical surface area, cyclic voltam
metry was performed at different scan rates. For the deposition of Co3O4 
nanostructures onto the nickel foam as an electrode material using same 
catalyst solution via dip coat method followed by the low temperature 
sintering method at 80oC for 30 min. Below Scheme 2 is showing the 
electrochemical measurement used methodology started making cata
lyst slurry to depositing to the Co3O4 nanostructures onto glassy carbon 
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Scheme 1. Schematic Illustration of Hydrothermal process and each step involved in the synthesis of Co3O4 nanostructures using Rotten Grape.

Scheme 2. Schematic Illustration for modification of electrode, the capacitance behavior of Co3O4 nanostructures and OER mechanism in alkaline conditions.
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electrode and energy conversion and storage uses.

3. Results and discussion

3.1. Structure, shape and optical studies of rotten grape fruit extract 
derived Co3O4 nanostructures

According to Fig. 1, powder X-ray diffraction (XRD) was utilized to 
identify the reflections of Co3O4 nanostructures formed by grape fruit 
juice phytochemicals. We have found that the diffraction patterns of 
gape fruit-mediated Co3O4 nanostructures, particularly sample 1, are 
identical to those reported in standard JCPDS card no: 01-074-1656. 
However, the use of 2 mL of grape juice resulted in the poor crystalli
zation properties of Co3O4 nanostructures and the presence of impurities 
in sample 2. At two-theta indices, it was observed that reflections cor
responding to 111, 220, 311, 222, 400, 511, 440, 531, and 442 were 
located at 18.90, 31.29, 36.81, 38.54, 44.80, 59.37, 65.27, 68.44, and 
71.51◦ for both the pure Co3O4 nanostructures and sample 1. The XRD 
analysis of the presented Co3O4 nanostructures, including pure Co3O4 
nanostructures and sample 1, indicated that all reflection peaks were 
associated with the cubic phase. Despite this, sample 2 of Co3O4 nano
structures exhibits a few patterns that are similar to those of pure Co3O4 
nanostructures and sample 1. Based on the published results [47–49], 
the XRD results of pure Co3O4 nanostructures and sample 1 were fully 
consistent. In sample 2, grape fruit extract has caused a significant 
amount of phytochemicals to be produced during the synthesis of Co3O4, 
leading to changes in crystal nucleation. Phytochemicals in grape fruit 
juice have strong reducing agents, as a result of which a large alteration 
in two-theta has been observed. It was observed that sample 2 has a 
relatively low contribution of Co3O4. It may be that the peak at 42.22◦ is 
due to the large amount of phytochemicals supplied by the 2 mL of 
rotten fruit extract in sample 2. Therefore, because of this impurity, 
sample 2 could not be used to enhance electrochemical activity. Due to 
their stress, the two-theta shift in the XRD patterns may be caused by the 
phytochemical compounds such as sugar, invert sugar, dextrose, and 
glucose solids in grapefruit juice.

Nanostructured materials perform electrochemically differently 
depending on their size and morphology. Fig. 2 shows the measured 
SEM images of the synthesized Co3O4 nanostructures. In Fig. 2a, it can 
be seen that the pristine Co3O4 nanostructures were oriented into 
nanowires consisting nanoparticle shapes with heterogeneous size dis
tributions. According to Fig. 2b–c, the grape fruit assisted Co3O4 nano
structures (sample 1) were uniform in size. Co3O4 nanostructures 

containing nanoparticles typically have a size between 100 and 200 nm. 
A cluster of Co3O4 nanostructures with a non-homogeneous size distri
bution is shown in Fig. 2d–e in a 2 mL grape fruit extract. Sample 2 
particles were relatively large in size compared to sample 1 due to 
possible large amounts of phytochemicals in the grape fruit juice, which 
increased the nucleation rate, resulting in clustered particles with a non- 
homogeneous distribution of size, as can be seen in Fig. 2d–e. Phyto
chemical compounds in grape fruit extract vary in amounts, resulting in 
significant differences in size and shape orientation of Co3O4 nano
structures. When the plant or fruit extract is used, a certain amount of 
carbon can be produced in the metal oxides, thereby eliminating particle 
agglomeration and aggregation during the process of making catalyst 
ink for electrode modification, and thus result in a higher level of 
electrochemical activity. As another point, the grape fruit extract has 
shown a uniform surface and modified catalytic sites which together can 
play a dynamic role in facilitating rapid electrochemical reactions. A 
typical synthesis mechanism can be proposed based on the role of cobalt 
and hydroxide ions furnished by the cobalt chloride hexahydrate and 
urea in aqueous solution respectively. The urea hydrolyzed during 
growth process into ammonia and carbon dioxide, then ammonia reacts 
with water and produced the ammonium and hydroxide ions as shown 
in equations 1 and 2. Afterwards, the cobalt ions from aqueous solution 
reacted with hydroxide ions and produce cobalt hydroxide phase as 
shown in equation 3. The capped and stabilized Co3O4 nanostructures 
were obtained by thermal annealing of cobalt hydroxide phase at 500oC 
for 5 h in air as shown in equation 4. The possible role of biomolecules 
from the rotten grape fruit extract during the synthesis of Co3O4 nano
structures was assigned to their behavior as capping, reducing and sta
bilizing agents. These biomolecules played a vital role in changing the 
nucleation rate and offering the different binding groups to cobalt ions 
in addition of hydroxide ions, thus the shape orientation of Co3O4 
nanostructures was strongly altered. 

Using energy dispersive spectroscopy (EDS), the elements of pure 
Co3O4 nanostructures, sample 1 and sample 2 were analyzed. As can be 
seen in Fig. 3a-c, all the samples were characterized with the three major 
elements Co, O and C. Nevertheless, the relative atomic weight % 
indicated that sample 1 is associated with more oxygen vacancies, hence 
possibly playing a vital role in improving the electrochemical perfor
mance of the material. Fig. 4a–f shows the EDS mapping of pure Co3O4 
nanostructures, sample 1 and sample 2 and uniform distribution of Co, O 
and C could be seen. To determine which functional groups the prepared 
materials carried, Fourier transform infrared spectroscopy (FTIR) was 
employed. Thus, FTIR spectra were recorded for pristine Co3O4 nano
structures, 1 mL, and 2 mL grape fruit extract-assisted Co3O4 nano
structures (Fig. 5). FTIR studies have clearly defined the different types 
of IR bands visible, particularly those associated with hydroxyl and M −
O stretching vibrations. Co-O chemical bonds typically exhibit a strong 
stretching vibration between 570 and 590 cm− 1 [50,51]. A major band 
for the pure Co3O4 nanostructures, sample 1 and sample 2 was noticed at 
587, 581, and 583 cm− 1 respectively. Accordingly, the FTIR spectrum of 
Co3O4 nanostructures shows the bending and stretching vibrations for 
the adsorbed OH hydroxyl group are indexed at 1745 cm− 1, as shown in 
Fig. 5. Phytochemical surface modification of Co3O4 nanostructures 
reduces the relative vibration bands intensity for the OH group. 
Furthermore, the bands between 904 cm− 1 were related to O-H-Co 
stretching vibrations. Few bands between 904 and 751 cm− 1 possibly 
could be labeled to different carbon based vibrations emerged from the 
phytochemicals of rotten grape fruit extract. The stretching band for Fig. 1. Powder XRD reflections of Co3O4 synthesized with 1 mL and 2 mL of 

rotten grape (sample 1 and sample 2) and without rotten grape (pureCo3O4).
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–OH and –NH2 was noticed at 3106 cm− 1 due to phytochemicals and 
surface adsorbed water molecules. Two unidentified bands were noticed 
at 2671 cm− 1 and 1904 cm− 1. The Co3O4 nanostructures based on 
sample 1 and sample 2 were exhibiting the most of the IR bands with 
slight variation. As a result of grape fruit juice extract, the frequency 
positions for functional groups have been slightly altered. UV–visible 
spectrophotometers have been used to investigate the fundamental op
tical properties of semiconducting materials. The UV–visible spectra of 
pure and grape fruit extract supported Co3O4 nanostructures were 
measured, as shown in Fig. 6a. The results confirmed that grape fruit 
extract significantly affects absorbance values. An intriguing feature of 

the absorption spectra is the presence of two distinct absorption edges 
located in the visible region as a result of two oxidation valences of 
cobalt in Co3O4 nanostructures that cause transmission from (O2

− → Co2
+) 

and (O2
− → Co3

+) [52]. We calculated the optical band gap values using 
Tauc Equation (1) [53,54]. 

(αһν)n = A A(һν− Eg)                                                                     (5)

Here, hν is energy of photons, n and A are constants, and Eg associated to 
band gap energy and α absorption coefficient. Tauc plots of pure and 
grape fruit derived Co3O4 nanostructures were used to extract the op
tical band gap value using extrapolated linear plots. Several factors 

Fig. 2. SEM images (a) pure Co3O4, (b.c) 1 mL and 2 mL of rotten grape (sample 1 and sample 2) assisted Co3O4.

Fig. 3. EDS images (a) pure Co3O4, (b.c) 1 mL and 2 mL of rotten grape (sample 1 and sample 2) assisted Co3O4.
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contributed to the significant variation in optical band gap energy in 
grape fruit extract, including reduced particle size, impurity energy 
levels, morphological changes, crystal defects, and synthetic route. The 
optical band gap values of the pure and grape fruit extract mediated 
Co3O4 nanostructures (samples 1 and 2) were 3.21 eV, 2.55 eV, and 2.89 
eV, respectively.

3.2. Supercapacitor performance evaluation of grape fruit juice extract 
assisted Co3O4 nanostructures

For the preliminary supercapacitor investigations using cyclic vol
tammetry, three electrodes were used, with grape fruit extract derived 
Co3O4 nanostructures used as anode electrodes. We analyzed the 
capacitance behavior of grape fruit extract assisted Co3O4 nano
structures using CV analysis and compared them to pure Co3O4 

Fig. 4. EDS mapping of (a,b) pure Co3O4 nanostructures, (c–e) Co3O4 nanostructures prepared with 1 mL and (f–h) 2 mL of sugarcane molasses (sample 1 and sample 
2) respectively.

Fig. 5. FTIR spectra (a) pure Co3O4 without rotten grape (b,c) Co3O4 mediated with 1 mL and 2 mL of rotten grape (sample 1 and sample 2).
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nanostructures as shown in Fig. 7a–d. As part of the recording process, 
CV curves were recorded against Hg/HgO at different scanning rates in a 
potential range between − 0.1 V and 0.5 V using an electrolytic solution 
containing 3M KOH. CV study has revealed the surface kinetics 
controlled reaction between the electrode and electrolyte. By observing 
the wider and typical redox properties of CV curves, it is evident that 
pure and grapefruit-derived Co3O4 nanostructures exhibit significant 
pseudo capacitive properties. Co3O4 nanostructures derived from grape 
fruit extract exhibited enhanced reversibility of redox processes with 
increasing scan rate [55]. The CV curves have also demonstrated that 
the properties of grape fruit derived Co3O4 nanostructures are primarily 
influenced by pseudo capacitors rather than electrical double layer ca
pacitors [56]. Nanostructured materials vary greatly in their 
morphology and size, which has a significant impact on the shape 
orientation of CV curves. Accordingly, the CV curves of the prepared 
Co3O4 nanostructures appear to be different from each other as shown in 
Fig. 7a–d. The galvanic charge-discharge curves of grapefruit derived 
Co3O4 nanostructures were also measured using the chro
noamperometry method in an electrolyte containing 3M KOH at 

different current densities. As synthesized materials, Co3O4 nano
structures exhibited nonlinear GCD curves measured at different current 
densities such as 1.5, 2.5, 3.5, 4.5 and 5 A/g with ell defined pseudo 
capacitance properties [57]. Grape fruit extract has shown to signifi
cantly alter the morphology and size of Co3O4 nanostructures, thereby 
reducing the diffusion rate of hydroxide ions. Also, the use of grape fruit 
extract during the hydrothermal synthesis of Co3O4 nanostructures fol
lowed by calcination could add the carbon content which potentially 
enhanced the catalytic dispersion, resulting in reduced particle aggre
gation and good electrode stability. We estimated the specific capaci
tance, energy density, and power density using 2, 3, and 4 relations, 
respectively [57]. 

Cs= I/m × ΔT/ΔV                                                                         (6)

Ed = Cs × (ΔV2)/2                                                                         (7)

Pd = E/ΔT                                                                                     (8)

Here, Cs represents specific capacitance, I current, m loading mass of 
electrode, ΔT discharge time, and ΔV as potential window.

Fig. 6. (a) UV–visible absorption spectra of Co3O4 mediated with 1 mL and 2 mL of rotten grape (sample 1 and sample 2) and without rotten grape (pure Co3O4), (b) 
their corresponding Taucs plots of pure ,sample 1 and sample 2.

Fig. 7. CV polarization curves under t different sweeping scan rates in 3M KOH electrolyte using (a) bare nickel foam (NF), (b) pure Co3O4, (c, d) Co3O4 mediated 
with 1 mL and 2 mL of rotten Grape (sample 1 and sample 2) respectively.
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Based on a comparative analysis of CV and GCD curves, it was 
concluded that the capacitance behavior of CV curves is higher due to 
well resolved Faradaic redox properties [58], whereas the lower 
capacitance of GCD curves is attributed to a lack of Faradaic redox 
processes at high current densities as shown in Fig. 8a–d. According to 
the GCD capacitance of various anode electrode materials, capacitance 
decreased with increasing current density [59]. As can be observed from 
the GCD curves, a significant voltage drop was observed due to the small 
equivalent series resistance and high current density resulting in po
larization effects, which resulted in the inability to utilize the entire 
surface of the active electrode, resulting in reduced charge storage ca
pacity. Furthermore, the calculated specific capacitance from GCD 
curves at various current densities, as shown in Fig. 9a, was calculated 
for bare nickel foam, pure Co3O4 nanostructures (sample 1), and grape 
fruit extract-derived Co3O4 nanostructures (sample 1, sample 2) as 50 
F/g, 610 F/g, 867 F/g and 740 F/g, respectively, at 1.5 A/g. As shown in 
Fig. 8b, the energy density was estimated for the electrode materials 
studied. In the case of bare nickel foam, pure Co3O4, and grape fruit 
extract derived Co3O4 nanostructures (sample 1, sample 2), the values 
were 3, 11.3, 18.4 and 16.2 Wh/Kg, respectively. Using the specific 
capacitance and energy density values of sample 1, the GCD study in
dicates that this anode material has high potential for designing asym
metric supercapacitors, so it is necessary to examine the retention 
percentage and columbic efficiency of sample 1 as shown in Fig. 9c–d. 
Fig. 9c–d illustrates the electrochemical stability of sample 1 over 40000 
GCD cycles at 1.5 A/g. The calculated values of specific retention per
centage and columbic efficiency of sample 1 were 101.1 % and 99.9 % 
respectively during the repeatable GCD cycles at 1.5A/g. The cyclic 
stability of sample 1 indicates that it has a good cyclic stability and 
excellent pseudo capacitance properties. The excellent specific retention 
percentage of sample 1 could be assigned to the well dispersed nano
particles and high compatibility with the surface of electrode, conse
quently outperform stability for maintaining the specific capacitance. 
Due to the improved redox reaction rate, sample 1 showed enhanced 
performance due to its unique shape, large surface exposure and utili
zation, and small diffusion of both hydroxide ions and electrons. It is 
clear from these observations that the grape fruit derived Co3O4 nano
structures possess excellent rate charge storage capability and are 

therefore capable of being used as an active electrode material for 
supercapacitors. Briefly, the performance of as developed super
capacitor is shown in Table 1. The comparative study of proposed 
supercapacitor was performed as given in Supplementary Table (S1). 
The analysis has suggested the proposed electrode material (sample 1) is 
simple, low cost, efficient ecofriendly compare to many of the developed 
electrode materials, hence it could be used as alternative material for the 
design of ream time energy storage device.

3.3. Asymmetric supercapacitor performance of grape fruit assisted 
Co3O4 nanostructures

In order to fabricate the asymmetric supercapacitor (ASC) device, 
two electrode cells were set up in 3M KOH aqueous solution in order to 
fabricate active electrode material from 1 mL of grape fruit derived 
Co3O4 nanostructures (sample 1). Before developing two electrodes, the 
three electrode supercapacitor performance of activated carbon (AC) 
was done as shown in Supplementary Figure (S1).The CV curves were 
measured at different for AC and the material has shown just limited 
capacitance behavior as shown, whereas the capacitance properties 
were noticed by the GCD cuvees at different current densities. Both CV 
and GCD behavior of AC were describing the poor electrochemical 
capacitance and energy density as the estimated values from GCD curves 
for the specific capacitance and energy density are shown in Supple
mentary Figure (S1). Based on these results, we integrated AC as cathode 
for the development of ASC. Co3O4 nanostructures were used as anode 
electrodes and activated carbon was used as cathode electrodes in 
sample 1. The ASC device was expressed in the form of Co3O4 GF//AC 
ASC. ASC CV curves at various scan rates and its corresponding GVD 
curves were also studied at various current densities as shown in Fig. 10. 
According to Fig. 10a, CV curves with scanning rates ranging from 10 
mV/s to 150 mV/s showed a slight variation in the shape of the anode 
material, indicating potential electrochemical activity. ASC’s GCD 
curves show a triangular shape without a plateau at various current 
densities of 1.5–5 A/g, confirming the useful and unique reversible 
redox reaction on the surface of the proposed anode material during 
ASC. According to Fig. 10b, the specific capacitance (Cs) of the ASC 
device was found to be 155 F/g at 1.5 A/g, which indicates excellent 

Fig. 8. Distinctive GCD curves obtained at various current densities in 3M KOH electrolyte using (a) bare nickel foam (NF), (b) pure Co3O4, (c, d) Co3O4 mediated 
with 1 mL and 2 mL of rotten Grape (sample 1 and sample 2) respectively.
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electrode performance of the anode material. In Fig. 9c, it can be seen 
that the energy density of the ASC device is approximately 3.2 Wh/Kg. 
At a current density of 1.5A/g about the anode material, repeatable 
40000 GCD cycles were also conducted to estimate the columbic effi
ciency, and the results confirmed the columbic efficiency was 99 
percent, whereas Fig. 10d and e illustrates the specific retention per
centage of anode material as about 99 %. Due to the polarization effect, 
it was noticed that specific capacitance and energy density decreased 
with increasing current densities [59]. As demonstrated by the electro
chemical performance of sample 1, the structure, morphology, surface 
chemical composition, and modified surface properties are crucial in 
driving the capacity of the anode electrode material to store charges. 
The excellent contribution of sample 1 towards the development of 
enhanced asymmetric devices could be indexed to the well-defined 
nanoparticles, modified surface properties, tunable optical band gap 
and uniform elemental composition of Co3O4 nanostructures. Through 
the use of rotten grape juice, it has provided the biomolecules that 
enhance the compatibility of structure with the electrode surface, 
resulting in an excellent specific capacitance retention percentage and 
cycling stability.

3.4. OER half-cell water splitting performance of grape fruit extract 
assisted Co3O4 nanostructure

A three-electrode cell set up in 1M KOH aqueous electrolytic solution 

was used to investigate the energy conversion aspects of different Co3O4 
nanostructures derived from grape fruit extract. As shown in Fig. 11a, 
the OER polarization curves of pure and grape fruit derived Co3O4 
nanostructures (sample 1, sample 2) were characterized by using LSV 
curves at a scan rate of 2 mV/s. According to LSV curves, the grape fruit 
modulates the OER activity of Co3O4 nanostructures compared to the 
pure system. According to Fig. 11a, sample 1 showed a lower OER onset 
potential than sample 2 and pure Co3O4 nanostructures, indicating that 
the surface properties and aspects of charge transfer were highly altered 
by the addition of 1 mL of grape fruit extract to the samples. In Fig. 11a, 
an overpotential of 290 mV at 10 mAcm− 2 was observed for sample 1, 
indicating that sample 2 and pure Co3O4 nanostructures experienced 
higher overpotentials at the same current density. The presence of well 
controlled phytochemical content during the synthesis of Co3O4 nano
structures by using 1 mL of grape fruit has drastically altered the elec
trochemical acridity during the OER half-cell water splitting process. 
These aspects of grape fruit indicate that it could be used to develop high 
performance electrocatalysts for efficient electrochemical water split
ting in the future. Furthermore, the linear part of LSV curves was treated 
with Tafel equation fort the estimation of Tafel slopes in order to have 
possible deep insight on the OER mechanism. As shown in Fig. 11b, the 
results of the Tafel analysis have been presented. The Tafel slopes of the 
1 mL and 2 mL derived Co3O4 nanostructures (sample 1, sample 2), as 
well as the pure system, were 80 mVdec− 1, 95 mVdec− 1, and 109 
mVdec− 1, respectively. In sample 1, which had the lowest Tafel slope, 

Fig. 9. (a) Estimated specific capacitance of bare nickel foam (NF), pure Co3O4, Co3O4 mediated with 1 mL and 2 mL of rotten grape (sample 1 and sample 2) 
respectively, (b) energy and power densities of calculated specific capacitance of bare nickel foam (NF), pure Co3O4, Co3O4 mediated with 1 mL and 2 mL of rotten 
grapes (sample 1 and sample 2) respectively, (c) columbic efficiency of sample 1 for 40000 GCD cycles at 1.5A/g, (d) percent capacitance retention of sample 1 
during 40000 GCD cycles at 1.5 A/g current density.

Table 1 
Calculated Supercapacitor parameters of sample 1 (Co3O4).

Sample Current Density A 
g− 1

Specific Capacitance F 
g− 1

Energy Density (W h 
Kg− 1)

Power Density 
(WKg− 1)

Columbic Efficiency 
(%)

Capacitance Retention 
(%)

Sample 1 
Co3O4

1.5 867 18.41 239.25 99.9 % 101.1 %
2.5 601 12.76 488.75
3.5 393 8.36 684.25
4.5 287 6.11 879.75
5 204 4.34 977.50
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the OER kinetics were highly favorable and again confirmed that grape 
fruit has significantly modulated the surface reaction properties of the 
sample. Tafel results for sample 1 could be attributed to the intrinsic 
electrochemical characteristics resulting from the reduced particle size, 
modified surface shape, and high surface-active sites exposed to the 
electrolyte. As shown in Fig. 11c, the stability of the sample was also 
assessed using the LSV curves before and after the chrono-potentiometer 
response time curve for the period of 40 h. The two LSV curves indicate 
that sample 1 has a high tendency to retain its onset potential and 
overpotential regardless of its durability performance over a long period 
of time. We also evaluated the durability of sample 1 during OER re
action using chronopotentiometry at a fixed current density of 20 
mAcm− 2. Fig. 11d illustrates the measured response time curve for the 
period of 40 h. According to the durability test, sample 1 can be used for 
a long period of time without losing its overpotential. An excellent 
durability from a nonprecious catalyst verifies that the grape fruit 
played a significant role in enhancing the durability of sample 1 by 
eliminating agglomeration via the addition of carbon to the sample. 
Using non-Faradic CV curves at different scan rates, the electrochemical 
active surface area (ECSA) of sample 1 was calculated in order to 
demonstrate its superior OER activity compared to sample 2 and pure 
Co3O4 nanostructures. In Supplementary Figure (S2), we show the CV 
curves for bare nickel foam, pure Co3O4 nanostructures, and grape fruit 
derived Co3O4 nanostructures. The ECSA calculations suggested that 
the sample bare nickel foam, sample 1, sample 2 and pure Co3O4 
nanostructures possessed values of 2.13 nFcm− 2, 1.5945 μFcm− 2, 
1.5164 μFcm− 2 and 1.33 4μFcm− 2 respectively as shown in Supple
mentary Figure (S2) [60]. The sample 1 exhibited a significant amount 
of surface-active sites and it strongly supported the OER characteriza
tion in an aqueous electrolytic solution containing 1M KOH. Moreover, 

as shown in Fig. 11e, the interface charger transport of pure, sample 1, 
and sample 2 was also evaluated by EIS-based Nyquist plots. It has been 
stated in the existing literature that the semicircle arc at the low fre
quency area is related to the charge transfer resistance in given Nyquist 
plots [61–63]. Based on the fitted impedance data and the well-suited 
equivalent circuit, the estimated charge transfer resistance values for 
the pure, sample 1, and sample 2 were 94.37, 38.95, and 82.14 Ohms, 
respectively. As a result of the EIS results, sample 1 was found to have a 
low charge transfer resistance, indicating a fast charge transfer rate at 
the interface, which may have resulted in a rapid oxidation reaction 
under alkaline conditions [64]. ECSA and EIS results strongly support 
the excellent electrochemical performance of sample 1 of grape fruit 
derived Co3O4 nanostructures during the ASC and electrochemical 
water splitting tests. The OER study was compared with different pub
lished studies about the design of electrocatalysts as given in Supple
mentary Table (S2). The presented electrocatalyst based on sample is 
simple, cost effective, highly active and exhibiting low overpotential to 
many of the electrocatalysts. Hence, sample 1 based electrocatalyst 
could be used for the real time water splitting application. This 
improved electrochemical performance could be attributed to the effect 
of the phytochemicals present in 1 mM and 2 mL of grape extract which 
affect the shape structure, particle size, and surface modification of the 
particles, as well as the electrochemical properties of the particles.

4. Conclusions

Hydrothermal treatment of rotten grapefruit has modified the sur
face and shape structure of Co3O4 nanostructures. A structural analysis 
and an electrochemical analysis were conducted. In the XRD study, the 
cubic phase has been confirmed, variations in the two-theta indicate 

Fig. 10. (a) CV cycles of two electrode asymmetric supercapacitor based on anode material of Co3O4 mediated with 1 mL of rotten grape (sample 1) at various scan 
rates in 3M KOH aqueous solution and cathode of activated carbon (b) GCD cycles of anode electrode of Co3O4 prepared with 1 mL of rotten grape (sample 1) at 
various current densities in 3M KOH aqueous solution, (c) estimated specific capacitance of Co3O4 mediated with 1 mL of rotten grape fruit (sample 1), (d) energy 
and power densities of Co3O4 mediated with 1 mL of rotten grape (sample 1), (e) columbic efficiency of Co3O4 mediated with 1 mL of rotten grape (sample 1) using 
40000 GCD repeatable cycles in 3M KOH aqueous solution, (f) Capacitance retention percentage of Co3O4 mediated with 1 mL of rotten grape (sample 1) for 40000 
GCD repeatable cycle in 3M KOH aqueous solution.
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defects, and the nanoparticles are trapped in the carbon species, as 
revealed by SEM. According to the UV–visible study, the optical band 
gap has been reduced. Among the different grape fruit extract volumes, 
1 mL has demonstrated significant enhancement in the electrochemical 
properties of Co3O4 nanostructures in alkaline conditions. With 1 mL of 
grape fruit extract derived Co3O4 nanostructures, the OER study 
demonstrated an overpotential of 290 mV at 10 mAcm− 2 and a Tafel 
slope of 80 mVdec− 1. Using 1.5 A/g current density in 3M KOH solution, 
the supercapacitor study reported a specific capacitance of 867 F/g. 
According to the results of the present research, the Co3O4 nano
structures prepared in the presence of rotten grape fruit extract during 
hydrothermal method are highly suitable for application as alternative 
electrode materials for OERs and supercapacitors.
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