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Herein, we report a simple, cost-effective, one-step green synthesis of nickel oxide nanoparticles (NiO—NPs)
from Opuntia ficus-indica leaves extract for asymmetric supercapacitor application. The plant extract derived
NiO—NPs exhibits an exceptional half-cell specific capacitance of 644 Fg~! (~89.4 mAhg™!) at 0.5 Ag~'. The
assembled asymmetric NIO—NPs| | activated carbon (AC) supercapacitor cell delivers high specific capacitance of
~280 Fg ! (~38.8 mAhg 1), excellent specific energy of 25 Wh kg~!. In addition, the NiO—NPs|AC device works
until 1.4 V with 0.1 M KOH as electrolyte delivering an excellent rate capability and high coulombic efficiency of

124% even after 10,000 cycles. Moreover, the biomass derived NiO NPs performs better than the other reported
NiO based compounds, due to its presence of nickel-rich natural minerals. Through these findings, the use of
plant leaves like Opuntia ficus-indica is hereby shown to be low-cost, environment-friendly alternative for pre-
paring NiO- based composites for energy storage applications.

1. Introduction

Due to enormous consumption of fossil fuels and utilization of energy
by the growing population, there is an urgent need in developing a
sustainable energy storage device to meet the demand [1]. The design
and fabrication of electrochemical energy storage systems with high
flexibility, high energy and power densities dominate the majority of
current rechargeable energy storage market [2]. In this regard, devel-
opment of various high-performance energy storage devices such as fuel
cells, batteries and supercapacitors (SCs) has gained enormous attention
in recent years [3,4] Electrochemical supercapacitors (SCs) contribute to
the high specific power, rapid charging-discharging, environmental
friendliness, nontoxic nature and long-life cycle, which can meet the
urgent need in the energy storage applications [1]. The energy storage
performance of SCs mainly depends on various factors like electro-
chemical behavior of electrode material, electrolyte choice, and the
operating potential window [2]. SCs have three classes namely, electric
double layer capacitors (EDLC), pseudo-capacitors and battery SC
hybrid (BSH) [5]. EDLC uses ion adsorption/desorption for the char-
ging/discharging process (non-faradaic), whereas, pseudo-capacitors,
uses oxidation-reduction reactions for charging and discharging
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(faradaic). BSH uses both faradaic and non-faradaic process charge
storage mechanism. Due to the poor energy density of EDLC,
pseudo-capacitors are gaining significant interest due to their highest
theoretical specific capacitance and wide operating potential range [2].
Pseudocapacitors can provide much higher specific capacity and energy
density than EDLCs, due to the large number ions participating in the
redox reactions [6]. The carbon, carbon nanotubes are used as EDLC
electrode materials, whereas meta oxides, hydroxides, sulphides are
used as the pseudocapactior electrode material [3]. Carbon materials
with high specific surface area, porosity and low cost were used as the
electrode material for EDLC and their main drawbacks are the activation
process, which involves lot of toxic chemicals [5]. There are variety of
pseudocapacitance materials such as transition metal oxides or hy-
droxides or chalcogenides, metal sulfides, and conducting polymers [3].
Metal oxides offer attractive options as electrode material because of
their high specific capacitance and low resistance, making it easy to
create high energy and power SCs [6,7]. Therefore, in recent years
development of various pseudocapacitive electrode materials has
become a thrust research are to achieve much enhanced specific
capacitance [8].

In particular, transition metal oxide NPs have attracted great interest
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due to their significant physio-chemical and electrochemical properties
such as enhanced charge storage property and efficient reversible redox
reactions. Among various transition metal oxides like Fe;O3, SnO», and
ZnO, the NiO material has shown promising supercapacitive perfor-
mance due to its high electroactive sites with multiple oxidation states,
abundancy, facile and low-cost synthesis route [3]. NiO has high elec-
trochemical redox activity, cyclic reversibility, excellent durability and
electrochemical stability and henceforth used as electrode material in
supercapacitors [8]. Nanostructured NiO—NPs have been prepared
using various methods like sol-gel [8], solvothermal [4],
co-precipitation [9], thermal decomposition [10], polymer-matrix
assisted synthesis [11], microwave [12], pulse laser ablation [13].
These techniques involve high energy, pressure, temperature, usage of
toxic chemicals and longer reaction time strategies. Therefore, devel-
oping a simple and green synthesis routes for preparing NiO—NPs is of
great significance in the area of affordable and sustainable synthesis
approaches.

For example, Nwanya et.al., reported the synthesis of NiO—NPs
using zea mays lea silk extract as a precursor through water-mediated
synthesis. The synthesized nanoparticle delivered a specific capaci-
tance of 54 Fg~! at 5 mVs~! [14]. Also, Reddy et.al, reported NiO—NPs
composite from Moringa oleifera leaves by aqueous co-precipitation
method. The prepared NiO—NPs delivered 350 Fg~! at 0.5 mVs~!
[15]. From the above reported works, green synthesis of NPs has various
advantages such as cost effectiveness, economic benefits, eco-friendly
[16] than chemical or physical methods [17]. The plant extract serves
as a fuel, capping agent and co-ordinates the capture the metal ion n the
amylose helix in well-oriented sites. Moreover, there exist scant report
on supercapacitor application using NiO NPs prepared via green syn-
thesis route.

Herein, we report a novel one-step green synthesis of NiO—NPs from
Opuntia ficus-indica plant-leaves extract as a new biomass source for high
performance supercapacitor applications. Opuntia ficus-indica is from the
polyphenol family which contains various flavonoids and phenolic
acids. The chemical composition includes zinc 3.2 + 0.3 mg/kg, man-
ganese 1.9 + 0.3 mg/kg, copper 2.1 + 0.7 mg/kg and maximum po-
tassium of 532.7 & 11.7 mg/kg [18]. Since, the plant contains potassium
as major composition, it can exhibit good electrochemical properties in
the aqueous 6 M KOH electrolyte. The phenolic compounds, flavonoids,
amino acids, proteins and lipids present in the extract acts a reducing
and capping agent in the synthesis of NiO—NPs. In addition, due to the
presence of nickel-rich natural minerals (garnierite), the formation of
NiO—NPs is facile and efficient. The NiO NPs from the plant extract is
obtained via ethanolic precipitation as a viable alternative to the
chemical synthetic routes which releases large heat and toxic gasses.
Moreover, the purity of the NiO nanoparticles obtained through the
ethanolic precipitation is high compared to the water-induced precipi-
tation [18]. The obtained NiO—NPs delivered high specific capacitance
of 644 Fg~! (~89.4 mAhg™!) at 0.5 Ag™!. The assembled ASC device
employing activated carbon (AC) and the as-prepared NiO—NPs as the
negative and positive electrode, respectively exhibited excellent energy
of 25 Wh kg ™! at 40 W kg ™! with an outstanding cyclic stability. The ASC
device has been fabricated with the NiO produced from this plant extract
is the prime novelty of this work. NiO provides high pseudo-capacitance
because of high-density faradaic actions. The NiO has been chosen for
this work because of its low toxicity, low cost and higher abundance in
biomass. Due to its multiple oxidation states, this NiO can be used in
high-efficiency storage of electrochemical energy compared with
carbon-based materials. NiO with AC with their synergic efficiency had
contributed to the excellent specific capacitance, energy density and
power density. To the best of our knowledge, this is the first report on
NiO—NPs synthesized by green-protocol using new plant extract via
ethanol precipitation for high-performance asymmetric supercapacitor
applications.
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2. Experimental section
2.1. Materials and reagents

The fresh leaves of Opuntia ficus-indica, ethanol, nickel nitrate
hexahydrate [Ni (NO3)2-6H20], de-ionized water, potassium hydroxide
(KOH), dilute hydrochloric acid (HCI), isopropanol (99.5%), Nafion
(60%) and Teflon solution were used without any modifications. All the
reagents were of analytical grade.

2.2. Preparation of plant extract

The schematic representation of the synthesis of the nanoparticles
has been represented in Fig. 1. The collected leaves of Opuntia ficus-
indica were washed with running tap water and de-ionized water to
remove the contaminants and air dried for about 2 weeks. The dried
leaves were pulverized to dust particles. Further, 5 g of pulverized leaf
dust mixed with 50 mL of ethanol solution were heated to 80 °C for 30
min. During the heating process, the phyto-chemicals are liberated
which may contribute significantly to the electrochemical properties of
the NPs. The phyto-chemicals like phenolic compounds, flavonoids, al-
kaloids, aspalathin, thiamine, riboflavin, niacin plays an important role
as reducing and capping agent. The blend was cooled to room temper-
ature and was filtered by Whatman filter paper (90 mm) and the ob-
tained extract were stored in a cold condition (20 °C). It was then used
for the further process.

2.3. Green synthesis of nickel-oxide nanoparticles

In brief, 0.1 M Ni (NO3)2-6H20 were added drop wise to 20 mL of
Opuntia ficus-indica leaf extract with constant stirring at ambient tem-
perature. The formation of a black color mixture was observed which
was then centrifuged at 10,000 rpm for 20 mins with de-ionized water in
order to remove the unbound phytocompounds and impurities. The
black color precipitate is the intermediate unstable Ni(OH),, which was
annealed at 500 °C for 2 h under inert atmosphere to obtain NiO—NPs.
The phenolic compounds with antioxidant potential in the leaf extract
act as reducing agent while the other phytochemical moieties like amino
acids, proteins and lipids act as capping agent to assist the nanoparticles
synthesis.

2.4. Material characterization

The optimized NiO—NPs exhibit spherical-shaped agglomerated
globules like morphology confirmed by field emission scanning electron
spectroscopy (FE-SEM-Quattro S, Thermo Fischer Scientific, USA), while
its oxidation states and electronic structure are confirmed by the x-ray
photoelectron spectroscopy, X-ray diffractometer (XRD-Rigaku Smart
Lab, Japan) with a copper source was used for studying the crystallinity
of NiO—NPs. Raman spectrometer (RFS-100/S, Bruker, Germany) with
laser excitation at 532 nm was employed for the recording of the Raman
spectra of the NiO—NPs.

2.5. Electrochemical measurements

SP300 Biologic electrochemical workstation were used to evaluate
all the electrochemical measurements using both two-electrode and
three-electrode cell configuration. For three-electrode cell configura-
tion, the electrode material was prepared by mixing 85% of NiO—NPs
material with a homogenous suspension of 5% Nafion solution mixed
with isopropanol and 10% acetylene black. It was then drop-casted onto
the pre-cleaned glassy carbon electrode (GCE) (~0.1 mg) of 3 mm
diameter and dried overnight in a vacuum at 80 °C.

CR2032 coin cells were used to fabricate the ASC with glass fibres as
the separator and 0.1 M KOH as the electrolytic medium. The active
material slurry was obtained by mixing NiO—NPs, carbon black, and
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Fig. 1. Schematic representation of green synthesis of NiO—NPs.

Teflon solution (85:10:5)%w. The paste is made into a self-standing
electrode film by drying in a vacuum at 120 °C for 2 h. Here, the
NiO—NPs and AC are used as the cathode and anode, respectively.

Electrochemical performance of NiO—NPs was evaluated using cy-
clic voltammetry (CV), galvanostatic charge-discharge (GCD), electro-
chemical impedance spectroscopy (EIS) and cyclic stability study for the
asymmetric supercapacitor applications. CV test was carried out within
potential range of 0.3 V to 0.8 V at different scan rates 10-100 mVs ™ * in
0.1 M KOH as the electrolyte. GCD were carried out for different current
density 0.5,1,2,4,8,10,15 Ag’l. The open-circuit voltage (OCV) was
used for measuring the EIS spectrum with the frequency ranging from
0.01 Hz to 10 ¢ 7 Hz.

The gravimetric specific capacitance (Fg’l) of the electrode from CV
profile was calculated using the below Eq. (1).

Ve
1000
Tmxvx (Ve — Va) /I(V)dV )

Va

m — electrode mass (mg), v-scan rate (mVs™1), V. and V, -cathodic and
anodic potential (V), I is the constant current (mA) and dV/dt is the
discharge slope.

The specific capacity (mAhg 1) of the electrode from CV profile was
calculated using (2)

[idv

C=—2J """
2*3.6*m*V

2
Where, [idV implies area under the CV curve, m is the mass of the
electrode material (g), v is the sweep rate.
From GCD, the specific capacitance of the NiO—NPs and the ASC cell
was obtained using Eq. (2).

1At
"= WAV ®
I-current (A), At -discharge time (s), M- total electrode mass (g), and
AV-discharge potential (V).
From GCD, the specific capacity of the NIO—NPs and the assembled

ASC device can be determined by (4).

IA
3.6*M

C= 4

Where, I is the current density, At is the discharge time.
The specific energy (Wh kg™1) of the ASC is calculated from Eq. (5).
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The specific power (W kg’l) is calculated from the Eq. (6).

E
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3. Result and discussion
3.1. Elemental and morphological investigation of NiO-NPs

The surface morphology study of the as-synthesized NiO—NPs were
studied using SEM images as given in Fig. 2(a, b). The results show
randomly distributed smaller sized with homogeneous spherical shaped
globule like particles, where some are in elongated form. The diameter
of nanoparticles ranges from 20-34 nm. From 2(c) the EDAX spectrum of
the prepared NiO—NPs reveals the presence of nickel and oxygen
element without any other impurities [ 18]. The higher oxygen content is
due to the large surface oxidation in addition to the obtained NiO
sample.

3.2. Structural analysis of NiO-NPs

The structural information and crystallinity of prepared NiO—NPs
were studied by XRD technique, which is represented in Fig. 3(a). The
five characteristic peaks for NiO NPs at 20= 36.22, 42.77, 61.97, 72.02,
and 75.97 ° corresponds to the Miller planes (111), (200), (220), (311),
and (222), respectively. The peak at 20=29 represents the (110) plane.
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Fig. 2. FESEM image of NiO nanoparticles (a) at lower magnification (b) at higher magnification (c) EDAX spectrum.
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Fig. 3. (a) XRD pattern and (b) Raman spectrum of NiO NPs.

However, they are not properly aligned to produce a diffraction peak. As
perpendicular to those planes does not bisect the incident and diffracted
beams. Only the background is observed. Also, the peak at 20=23 arises
due to the cellotape used for the XRD setup. These overall results
represent the face-centered cubic (fcc) structure of NiO with JCPDS
04-0835 [19].

The Raman spectrum of NiO NPs is represented in Fig. 3(b). There
are about 5 different prominent peaks at ~600 em ™!, ~800 cm™! -
~1200 cm ™! and ~1300 cm ™, corresponding to 1P (one-phonon) TO
and LO modes, 2P (two-phonon) 2TO modes, 2 M (two-magnon) scat-
tering modes, respectively. The 1P bad which is the disorder-induced
band has smaller intensity indicating the good-quality of the single-
crystal of NiO NP with the presence of little defects due to the surface
effects. The high intensity 2P band corresponds to the detectability for
100 nm crystallite size of the material at ambient temperature. The LO
band, which is the first-order longitudinal optical property, can be
related to the activation of the Raman vibration that causes a slight
rhombohedral distortion in bulk NiO [20].

X-ray photoelectron spectroscopy (XPS) was studied to investigate
the elemental valence state of the as-prepared NiO NPs. Fig. 4(a) which
is the survey spectrum of the prepared NiO NPs, reveals the presence of
nickel, carbon and oxygen without any impurities. Fig. 4(b) represents
the high-resolution Ni 2p spectrum which displays a two-prominent
main-peaks at ~855 eV and ~875 eV, corresponds the Ni 2p;,» and
Ni 2ps/9, respectively, which contributes to the redox reactions of +3
and +2 states of NiO in the electrochemical performance [21]. The
peaks at ~863 eV and ~883 eV corresponds to the satellite peaks which
are due change in coulombic potential. The Cls profile which is the
reference profile is depicted in Fig. 4(c). According to the strong C—C/C

= C peak appearing at 284 eV, it is evident that the oxygen function-
alities are sufficiently reduced by the thermal annealing treatment,
which ensures good conductivity of the material. The deconvoluted O1s
spectrum (Fig. 4(d)) has a peak at ~532 eV which is due to the oxygen
functional group bonded with the nickel in the NiO, with Ni®*with va-
cancy and deficiency, which can be attributed to the presence of more
positive charge, that is helpful in capacitance enhancement [22].

3.3. Electrochemical performance in a three-electrode cell

To investigate the electrochemical performance of the individual
NiO electrode material, CV, Galvanostatic-discharge techniques were
employed in three-electrode cell configuration. Fig. 5(a) represents the
CV curves of NiO NPs at increasing scan rates from 10 to 100 mVs L.
Two-strong symmetrical anodic and cathodic peak are found at 0.52 V
and 0.58 V which reveals the excellent reversible redox behavior of
NiO—NPs [23]. The obtained redox peaks capacitance is mainly derived
from surface faradiac reaction, contributing to the pseudo-capacitance
[24]. The maximum specific capacitance of ~644 Fg! is obtained for
the NiO—NPs at a scan rate of 10 mVs L. This value is higher than the
previously reported results for NIO—NPs with different capacity [25].
Fig. 5(b) represents the capacitive and diffusion-controlled contribution
to the charge storage of NiO—NPs. The EDLC represents to the capaci-
tive contribution and the pseudo-capacitance represents the
diffusion-controlled contribution. The capacitive and
diffusion-controlled contribution can be evaluated using the equation
[10],

i(V) = Ko 4 Kpv'/? @)
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Fig. 4. XPS spectra of NiO NPs: (a) Survey Spectrum; high-resolution spectrum of (b) Ni 2p and (c) C1s(d) O 1s.

where, i is the obtained current, V is the potential, v is the operating
sweep rates. The values of K; and Ky is determined by employing CV
currents at different scan rates. K; corresponds to the fraction of current
from the surface capacitance (EDLC), whereas Ky corresponds to the
fraction current from the diffusion-controlled process (pseudo-capaci-
tance). The figure represented, shows the typical voltage profile for the
capacitive current (black) in comparison with the total current at a scan
rate of 20 mVs L. It can be detected that the capacitive effect in prepared
NiO is about ~5-10%, indicating a diffusion-controlled process of about
~90%, respectively. The percentage of EDLC is very smaller for the
prepared NiO, which is due to the typical battery characteristic of ma-
terial, which performance charge-storage through faradaic adsorption/
desorption mechanism [26]. The capacitive process is enlarged in the
insert for the clarification.

Further, to evaluate the electrochemical performance of NiO—NPs
the GCD study was carried out (Fig. 5(c)). Different current densities
(0.5 to 15 Ag’l) were performed and is seen that lower the current
given, the longer is the discharging time of the material, which is sig-
nificant for the pseudo-capacitors [27,28]. The highest capacitance of
NiO—NPs was calculated to be ~640 Fg~! (~88.8 mAhg™!) at 0.5 Ag™L.
This exceptional performance can be attributed to the presence func-
tional groups like C, H, O, N-containing organic compounds in the leaf
extract which will create more active sites and quick diffusion pathways.
This enhanced capacitance can also be attributed to the surface area of
the NiO—NPs material which is found to be ~275 ng’l. Fig. 5(c)
represents the comparison of specific capacitance of NiO—NPs at
different current densities. It can be found that the specific capacitance
is inversely proportional to the current density. The diffusion of elec-
trolytic ions onto the active material happens at the lower current

density. In contrast, the diffusion is limited at the higher current density
[29]. The maximum capacitance of ~644 Fg~! (~89.4 mAhg™!) at 0.5
Ag™Y) is significantly higher than the previous reported NiO-based ma-
terials [30]. This is due to the phytochemicals which is present in the
plant extract which acts as the capping agent and catalytic agent for the
enhanced electrochemical performance. The plant extract induces car-
bon, oxygen and N-containing organic compounds into the synthesized
nanoparticle. And this acquired carbon and oxygen-containing surface
functional groups improves the conductivity and specific capacitance of
the electrode material.

3.4. Electrochemical performance of NiO NPs||AC

To evaluate the performance of NiO NPs||[AC ASC device, a two-
electrode cell configuration was measured as represented in Fig. 6(a-
¢). Fig. 6(a) shows CV profile of the individual electrode activated car-
bon (AC) and the prepared NiO—NPs at 20 mVs L. The AC delivered
rectangular shape CV curve without any redox peak which contributes
to the EDLC behavior, whereas the NiO—NPs showed distorted redox
peak contributing to the pseudo-capacitive behavior. For AC, the po-
tential window of 0 V to —1 V were chosen. For the prepared NiO NPs, as
the redox potential was found between 0.5 V-0.6 V, the potential win-
dow of 0.3 V to 0.8 V was opted. The potential of both AC and NiO—NPs
in the assembled ASC device delivers the potential window of 0-1.4 V.
Also, due to more active sites in the NiO—NPs, water-splitting takes
place and paves way for the oxygen evolution reactions beyond 0.7 V.
Fig. 6(b) represents the CV curve of the assembled ASC device at
increasing potential window from 1 V to 1.4 V and hence the maximum
voltage operated is optimized. As the voltage window is increased, the
area under the CV curve is also increased, which can contribute to the
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Fig. 5. (a) Cyclic voltammograms of prepared NiO NPs at different scan rates in 0.1 M KOH (b) CV curve of capacitive and diffused control process of the NiO—NPs
at 20 mVs~ ! insert: capacitive process enlarged (c) Galvanostatic-discharge curve of NiO—NPs at different current density (d) Specific capacitance of prepared

NiO—NPs at different current density.

enhancement in the specific capacitance. Also, the redox peak is slightly
shifted higher potential value. Fig. 6(c) represents the CV profile of ASC
device at different scan rates 10-100 mVs ™!, From the result, it is clearly
evident that, the current density and the operating sweep rate is directly
proportional to each other. Fig. 6(d) represents the capacitive and
diffusion-controlled contribution to the charge storage of the assembled
ASC device. The capacitive and diffusion-controlled contribution is
determined using the Eq. (7) and found to have ~10% of EDLC and
~90% of pseudocapacitance. This result confirms that the charge-
storage in the assembled ASC device is predominately by the battery
type electrode through faradaic redox reactions. The insert enlarges the
EDLC contribution for the clarity.

Fig. 6(e) represents the GCD curve at increasing voltage. As the
voltage is increases, the discharge also increases, which can be suitable
for the high-performance supercapacitor applications. Fig. 6(f) repre-
sents the GCD profile of ASC device at increasing current densities from
0.5 Ag™! to 10 Ag!. The curves obtained are irregular and non-
symmetrical not similar to the EDLC [31,32]. Faradaic reaction
involved in the reaction is given below.

NiO+ (OH) <> NiOOH + ¢~

The maximum capacitance from CV and GCD technique were
calculated to be ~276 Fg~! at 10 mVs ! and 280 Fg~! (~38.8 mAhg 1)
at 0.5 Ag~!, respectively which is due to the short path for the ionic
transport and good electrical conductivity of NiO NPs||AC materials.
Also, the functional groups such as C, H, O, N-related functional groups
from the plant extract change the electronic structure, morphology of

the material and will create more active sites and quick diffusion
pathways. Thus, the plant extract significantly improves the super-
capacitive properties of the as-prepared NiO NPs [33].

3.5. Stability of NiO NPs||AC ASC

The diffusion kinetics of electrolytes ions within the active sites of
the electrodes are determined by the EIS techniques [34]. Fig. 7(a)
shows the Nyquist plots for the NiO—NPs|AC ASC device before and
after cycling analyzed by EIS. The diffusion of ions in the electrode
material can be contributed to a small-depressed semi-circle which is
found in the high-frequency region and a vertical line is found in the
low-frequency region [35]. From the EIS spectrum, it is seen that the
low-frequency straight line is almost vertical and thus contributing to
the improved capacitive behavior of the electrode material [36]. The
series resistance is found to be 0.23 Q, indicating its better
charge-discharge rates enhancing the specific capacitance and specific
energy of the ASC device [37]. The series resistance after the cycling is
found to be ~13.4 Q. The resistance value has been increased after the
cycling process due to the formation of an SEI layer (Solid electrolyte
interfase) layer between the electrode and the electrolyte. The Ragone’s
plot which is the plot between the specific energy and specific power of
the ASC device is shown in Fig. 7(b). The plot showed the linear per-
formance, which attributed to the significant supercapacitor behavior.
The maximum specific energy was found to be ~25 Whkg ™! at 0.5 Ag™?
and the maximum specific power was found to be ~40 Wkg™! at 15
Ag~!. The long-term stability of the cycle is typically needed for the
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Fig. 7. (a) EIS-Nyquist spectrum before and after cycling (b) Ragone’s plot (c) Cyclic study of ASC device.

practical supercapacitor performance. The cyclic charge-discharge of till 9000+ cycles is attributed to the activation process of the electrode
the ASC device was studied at 1 Ag~! over 10,000 cycles and the results material. Also, the accessibility of more pore sites within the active
are depicted in Fig. 7(c). The enhancement in the specific capacitance material after several constant GCD cycles contributes to the
Table 1
Comparison of half-cell specific capacitance of prepared NiO with recent NiO nanomaterials-based reports.

S. Material Synthesis Techniques Specific Capacitance (Fg ~!)  Cyclic Stability (No. of cycles) ~ References

No

1. NiO Nanoparticle Co-Precipitation from E. cognate 74 - [38]

2. NiO Nanoparticle Homogeneous precipitation method 390 82.8% in 5000 cycles [40]

3. NiO Nanoflakes Microwave assisted 401 - [41]

4. NiO Nanocrystals Hydrothermal Process 390 - [42]

5. NiO Thin film Chemical Deposition 167 - [43]

6. NiO Nanosheet Hydrothermal 81.67 78.5% in 5000 cycles [44]

7. NiO Nanoarray Electrochemical precipitation 277 - [45]

8. NiO Thin flim Hydrothermal Method 270 93% in [46]

500 cycles
9. NiO Nanofiber Electrospinning 336 87% in 200 cycles [47]
10. NiO Nanoglobule  Ethanolic precipitation from Opuntia ficus-indica plant extract 644 96.5% in 10,000 cycles This Work
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performance. The capacitance retention is calculated from the following

equation,

Capacitance Retention (%) = 1 *—Ffr%al Capacz.tance
Initial Capacitance

The initial capacitance of ~ 273 Fg~! of the ASC device was used to
calculate the capacitance retention. After 1000 cycles, the ASC delivers
124% capacitance retention, due to the redox reactions during cycling
performance indicating its excellent cyclic stability [38,39].

The performance of the NiO—NPs derived from Opuntia ficus-indica
plant extract is compared with recently reported NiO—NPs synthesized
using different methodologies, as shown in Table 1. Most of these ma-
terials are synthesized using multi-step process that use expensive and
toxic reagents. In addition, techniques like microwave, chemical vapor
deposition, hydrothermal along with requirement of higher temperature
and pressure are used for the synthesis. Also, the ASC device from other
NiO—NPs deliver narrow potential window (below 1.2 V). In this work,
we report the synthesis of NNO—NPS by a green synthetic route which
simplifies the synthesis approach and prevails over the above-
mentioned limitations. To the best of our knowledge, this is the first
report of ASC with green electrode, extending its potential window till
1.4 V.

4. Conclusion

In summary, NiO—NPs were successfully synthesized from Opuntia
ficus-indica leaves extract as new biomass source by green biosynthesis
technique, towards supercapacitor applications. The presence of phy-
tochemicals present in the plant extract acts as a capping and catalytic
agent for the formation of NiO NPs. The NiO—NPs electrode material
delivered an excellent half-cell specific capacitance of 644 (~89.4
mAhg™!) Fg ! at 0.5 Ag™l. The NiO—NPs|AC ASC device delivered
maximum capacitance of ~280 Fg™' (~38.8 mAhg™!) and energy
density of ~25 Whkg™! at ~40.1 Wkg™! power density with 96.5%
capacitance retention even after 10,000 cycles. Hence, this bio-
synthesized NiO—NPs with high electrochemical stability can be a po-
tential electrode material for energy and catalytic applications.
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