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ABSTRACT

The electrode material is critical to the performance of a supercapacitor. Therefore, developing a cost-effective and efficient electrode is an essential step toward
broader applications for energy storage devices. This paper reports the development of a novel binary composite from watermelon rind (BCWR) as a nitrogen-rich
and high stability precursor for a supercapacitor’s electrode. BCWR has been successfully synthesized via one-pot self-purging pyrolysis of watermelon rind waste
impregnated with nickel ferrite (NiFe304). The effects of process parameters such as pyrolysis temperature, pyrolysis time and biomass to metal oxide ratio were
investigated by response surface methodology (RSM). The statistical analysis showed the optimal synthesis condition for BCWR to be 600 °C pyrolysis temperature,
15 min pyrolysis time, and 75:25 ratio of watermelon rind (WR) to NiFe;04. Furthermore, the predicted model and experimental results for the specific capacity of
BCWR were determined to be 191 Gg~! and 187 Cg™! at 5 mV s~!. With the experimental validation based on structural, chemical and morphological and elec-
trochemical properties determined by X-Ray Diffraction (XRD), Fourier transform infrared (FTIR), X-ray photoelectron spectroscopy (XPS), field emission electron
scanning electron microscopy (FESEM), energy dispersive spectroscopy (EDX), cyclic voltammetry (CV), galvanostatic charge discharge (GCD) and electrochemical
impedance spectrometry (EIS) we find that watermelon rind biochar (WRB) and BCWR can be considered as a superior alternative for electrode materials for energy
storage applications. Two-electrode cells device configuration of BCWR/WRB supercapattery exhibited high power density and energy density of 750.00 W kg~ ! and

28.33 Wh kg ! respectively at 1 Ag™! current density. Besides, the calculated charge transfer resistance of the BCWR/WRB supercapattery is 42.35 Ohms.

Introduction

Technology has immensely improved the social life of the world’s
population. Currently, energy storage has been anticipated to expand
considerably in the coming years due to the emergence of electronic
devices, robots, electric vehicles, drones and so on [1,2]. Super-
capacitors, batteries and fuel cells are the majorly classified energy
storage devices employed by the principles of storing electrical charges
and converting them to chemical energies [3,4,5].All these devices
comprise electrolyte, separator, and positive and negative electrodes
that contribute to the major cost for the devices. Thus, the development
of cost-effective electrodes is highly in exigency. Furthermore, in recent
years, researchers have deliberated genuinely on natural resources
preservation to improve energy efficiency and consumption [6].
Therefore, transition metal oxides, carbon materials, conducting poly-
mers, and new metal-organic frameworks have been employed as
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supercapacitors electrodes [7,8,9,10,11,12]. Among all, carbon mate-
rials such as carbon foams, nanotubes, graphene and microporous
activated carbons have been used as supercapacitor’s electrode due to
their outstanding performances [13]. However, their complicated pro-
duction process and high costs limit their industrial usage.
Alternatively, porous biocarbons such as biochars have considerably
been opted as supercapacitors’ electrode materials due to simple fabri-
cation method, low cost, renewability and abundance [14]. Super-
capacitors can be classified into two categories which are electric
double- layer capacitor (EDLC) and pseudocapacitor [15]. In pure EDLC,
the capacitance is proportional to the specific surface area and pore
distribution of porous activated carbons [14]. In addition, there is no
issue of electrolyte depletion in the EDLC system, which aided it in good
cyclability. However, batteries still have superiority in terms of energy
density. In order to overcome this drawback, pseudocapacitive materials
such as transition metal oxides (TMOs) and conducting polymers are
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Fig. 1. Schematic flow chart for methodology.

commonly doped with EDLC to upgrade it into a hybrid capacitor in
which one electrode exhibits EDLC and another one pseudocapacitor [6,
14,16,171.

TMOs are widely used as supercapacitor electrode materials due to
their high theoretical specific capacitance, low toxicity, low cost, and
good electrochemical activity [18,19]. Furthermore, TMOs are also
regarded as ideal pseudocapacitive materials for supercapacitors
because they have multiple oxidation states that allow for a wide range
of redox potentials. [17,20]. Recent studies have been exploratory about
the utilization of TMOs such as NiOj, Co304 and MnO, which are
abundantly available, eco-friendly along with superior redox activity.
Besides, the synergistic effects of cobalt and nickel, in particular, have
garnered a lot of attention. [18,21]. It’s worth noting that cobalt and
nickel oxide are both inexpensive to synthesise and have relatively high
theoretical capacities, making them the most promising candidates for
supercapacitor electrode materials [22,23]. Besides, RuO5 also has been
widely investigated as a promising candidate due to its good conduc-
tivity and high specific capacitance. Unfortunately, the cost and rarity of
Ru element limit it for bulky application [3,17,24].

Binary metal oxides (BMO) are composed of at least one transition
metal ion and one or more electrochemically active/inactive ions, and
they can produce more active sites, increase stability, and have syner-
getic effects of pure oxide. [25]. Furthermore, the idea of making carbon
materials with metal oxides, hydroxides or chalcogenides to produce
carbon composites may promote superior electrical conductivity from
carbon materials with higher storability of dopants which is expected to
further enhance the electrochemical performance of the carbon com-
posites [26].

Replacing commercial activated carbon with biochars obtained from
agricultural waste is the focus of current research work, which reduces
the production cost of supercapacitors and has superfluous environ-
mental considerations. Therefore, watermelon rinds collected from local
markets have been used as a biochar production precursor in the present
work. Watermelon rind constitutes about 33-35% of watermelon fruit
and it is commonly discarded as agricultural food wastes without any
treatment, which will constitute solid waste to the environment [27]. In
addition, it contains non-essential amino acid citrulline and also
carboxyl and amino groups. These compounds contain heteroatoms N
and O, which previously reported that by substituting these atoms in the

carbon network could significantly improve the specific capacitance of
the carbon materials [28,29,30,31]. Incorporating eco-friendly mag-
netic binary metal oxide, NiFe;O4 into the biochar production to form
magnetic biochar is expected to promote extra charge storage due to
faradaic pseudocapacitance from NiFe,O4. As a result, the electrons are
delocalized and migrated within the magnetite structure resulting in
high conductivity and enhancing the supercapacitor properties [6,32,
33].

This study aimed to develop a binary composite from watermelon
rind (BCWR) via self-purging pyrolysis in an electric muffle furnace with
limited oxygen conditions. The effects of pyrolysis temperature, pyrol-
ysis time and watermelon rind to binary metal oxide ratio to specific
capacity were executed via central composite design (CCD) by Design
Expert© (Version 13). The as-synthesized BCWR under the optimum
condition and WRB as control sample were-then characterized by XRD,
FTIR and FESEM-EDX analysis. Additionally, the electrochemical anal-
ysis was conducted to measure the electrochemical performance of
fabricated materials in a liquid electrolyte via three-electrodes config-
uration and two-electrodes device configuration systems.

2. Materials and methods
2.1. Materials

Watermelon rinds were collected from local markets in Kuala Lum-
pur. First, the flesh residue was removed, then the rinds were cut into
small pieces prior to a drying process. The rinds were dried in the oven at
80C for 24 h, and then an additional drying process at 105 C for another
5 h was required to promote brittleness of the dried watermelon rinds in
order to ease the grinding process. The oven-dried watermelon rind was
powdered (50-100 um) using a conventional grinder then stored in an
airtight container. Nickel iron oxide (NiFe3O4), was purchased from
Sigma Aldrich, Malaysia. Potassium permanganate (KMnQj4), Potassium
hydroxide (KOH) and Nitric acid (HNOs) were supplied by R&M
Chemicals, Malaysia. All chemicals and reagents were of analytical
grade and were used as received without any further purification. The
programmable electric muffle furnace model WiseTherm, FP-03,
1000 °C, 3L was used in magnetic biochar preparation. Nickel foam of
uniform thickness (1.6 mm; bulk density of 0.45 g cm ™3, porosity of
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Table 1
Optimization of process parameters using CCD.

Factor Independent variables Ranges and levels
Low value (-1) 0 High value (+1)
A Pyrolysis temperature (C) 600 750 900
B Pyrolysis time (minutes) 10 35 60
C WR:BMO ratio (%) 25 50 75
Table 2
CCD for BCWR production.
Run  Point Factor 1A: Factor 2B: Factor 3C:
Type PyrolysisTemperature (C) Pyrolysis Time WR: BMO
(Minutes) Ratio
1 Factorial 600.00 10.00 25.00
2 Factorial 900.00 10.00 25.00
3 Factorial 600.00 60.00 25.00
4 Factorial 900.00 60.00 25.00
5 Factorial 600.00 10.00 75.00
6 Factorial 900.00 10.00 75.00
7 Factorial 600.00 60.00 75.00
8 Factorial 900.00 60.00 75.00
9 Axial 600.00 35.00 50.00
10 Axial 900.00 35.00 50.00
11 Axial 750.00 10.00 50.00
12 Axial 750.00 60.00 50.00
13 Axial 750.00 35.00 25.00
14 Axial 750.00 35.00 75.00
15 Center 750.00 35.00 50.00
16 Center 750.00 35.00 50.00

95%) was supplied by Sigma—Aldrich, Malaysia. Deionized (DI) water
was used throughout the sample’s preparations and experiments. The
experimental procedures are summarized in Fig. 1.

2.2. Experimental design and statistical analysis

Design Expert© (Version 13) was used in the experimental design
and statistical analysis. Central Composite Design (CCD) approach with
two levels and three variables was used to determine the relationship
between the combinations of experimental parameters with the corre-
sponding response. The three input parameters deployed in the experi-
mental design were the pyrolysis temperature, pyrolysis time and WR:
NiFey04 ratio. These parameters were designated as factors A, B and C.
All these factors were bound between the lower and upper limit value in
which lower coded limits for each factor was -1 while the upper coded

Separator
(Filter paper)

Positive electrode
(BCWR)

Counter
electrode
(Platinum
wire)

Working electrode
(Synthesized material)
T

Fig. 2. (a) Three-electrode cells configuration and (b) Two-electrode cells
configuration.
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limit for each factor was recorded as +1 [34]. The levels of these pa-
rameters are represented in Table 1.

The CCD technique was utilized to establish correlation between the
experimental parameters (pyrolysis temperature, pyrolysis time and
WR: NiFe,04 ratio) and the design response (specific capacity (Qs). A
total of 16 experiments were conducted based on design layout as
expressed in Eq (1). The independent variables and the responses were
recorded accordingly in Table 2.

N=2" +2n+n =2 +2(3)+2=16 )

Where n represents the number of factors. 2", 2n and n. denote the
total number of factorial points, total number of axial points, and total
number of center points, respectively.

2.3. Preparation of biomass precursor and magnetic biochar

A weighted amount of dried watermelon rinds and Nickel iron oxide
(according to the specified ratio) were added in the 320 ml solution
containing 0.4 M HNOj3 and 0.4 M KMnO4 The mixture was then
transferred into a 500 ml Pyrex laboratory beaker before sonochemical
treatment using a probe sonicator (brand QSONICA) for 15 min at 70%
amplitude. The mixture was then subjected to drying for 48 h at 80 C in
the oven to obtain magnetic metal oxide-watermelon rinds precursor.
BCWR samples’ pyrolysis was performed via an electric muffle furnace
(model WiseTherm, FP-03, 1000 °C, 3L) in limited oxygen condition. A
closed crucible containing 3 g of NiFe,O4-watermelon rinds precursor
was placed in the middle of the furnace and the furnace’s door was
closed tightly. Then, the vacuum pump was connected to the syngas
effluent’s tip at the top of the furnace to suck off the oxygen in order to
promote limited oxygen conditions inside the furnace. Next, the samples
were pyrolyzed according to the specified time and temperature. The
furnace was allowed to cool down upon completion of the pyrolysis
before removing the crucible.

2.4. Characterizations

The chemical structure and functional groups in WRB and BCWR
were studied using an FTIR (Perkin Elmer Spectrum 1000) fitted with an
attenuated total reflectance (ATR) accessory, with the powdered sample
put in a diamond crystal gate. FTIR spectra were recorded in the
wavenumber range 4000-400 cm L. The crystalline nature and phase
identification of BCWR were recorded by XRD (PANanalytical Empyrean
Diffractometer) equipped with Cu K-« radiation (A = 1.5418 10\) at a scan
rate 0.2 s_l, step 0.05° over 2¢, 5° to 90° X-ray photoelectron spec-
troscopy (XPS) was performed on BCWR using the XPS spectrometer
(Thermo Scientific. Waltham, MA, USA) (Thermo Fisher Scientific, En-
gland) with Al-Ka X-ray radiation as the X-ray source for excitation from
the range of 0 to 1200 eV The surface morphology and elemental
composition of the synthesized BCWR were analyzed using FESEM
equipped with EDS detector (JEOL: JSM 7800 F).

2.5. Electrode preparation

The working electrodes were prepared by mixing the synthesized
BCWR polyvinylidene fluoride (PVDF), and carbon black with a mass
percentage ratio of 75:15:10 in 1-methyl-2-pyrrolidone (NMP) medium
and stirred for a few hours to obtain a homogenous slurry. The viscous
slurry was then dropped and compressed on a 1 cm? area of 2 cm X 1 cm
nickel foam. The mass loading of BCWR on working electrodes was
approximate ~5 mg. The same procedures were applied for WRB and
NiFe;04 working electrodes.

2.6. Electrochemical analysis

The potentiostat (VersaSTAT 3F) was employed to investigate the
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Table 3
ANOVA for BCWR synthesis.
Source Sum of Squares df Mean Square F-value p-value
Model 159.67 9 17.74 292.61 < 0.0001 significant
A-Temperature 1.30 1 1.30 21.37 0.0036
B-Time 20.16 1 20.16 332.56 < 0.0001
C-WR: BMO Ratio 0.9000 1 0.9000 14.84 0.0084
AB 16.24 1 16.24 267.93 < 0.0001
AC 34.45 1 34.45 568.10 < 0.0001
BC 33.62 1 33.62 554.49 < 0.0001
A? 0.1717 1 0.1717 2.83 0.1434
B? 35.22 1 35.22 580.92 < 0.0001
c? 0.0053 1 0.0053 0.0874 0.7775
Residual 0.3638 6 0.0606
Lack of Fit 0.3438 5 0.0688 3.44 0.3872 not significant
Pure Error 0.0200 1 0.0200
Cor Total 160.04 15
electrochemical competency of the developed electrodes at ambient 192
temperature [35]. KOH (1 M), platinum wire, and saturated calomel
electrode (SCE) were used in a three-electrode system as an electrolyte, 1
counter electrode and reference electrode respectively. The electrodes 190 +
were examined through CV, GCD and EIS. The CV curve was recorded 1
over the specified potential window at 5 mV s™! to 50 mV s~ scan rates 188
and GCD was evaluated at 4 Ag~! to 7 Ag™! current densities. Finally,
the impedance measurements were obtained within the frequency range - ]
of 0.01 Hz to 100 k Hz at an alternating signal of 10 mV. ;3 186 +
% ]
2.7. Two-electrode device a 1847
1 n
For the device development, WRB electrodes (which acts as a nega- 182 +
tive electrode) are fabricated using Ni-foam and the same ratio of ma- ]
terials (as that of BCWR electrodes). BCWR acts as a positive electrode. 180 4
Both electrodes are assembled with filter paper in the middle actingas a
separator. The measurement systems in three-electrode and two- 178 ]

electrode device configurations are represented in Figs. 2(a) and (b).
3. Results and discussions
3.1. Statistical analysis of BCWR synthesis

The pyrolysis temperature (factor A), pyrolysis time (factor B) and
WR: NiFe,04 ratio (factor C) as the key process variables were observed
in the process optimization. The optimized conditions were determined
statistically based on the developed regression model. The regression
model equation was developed for the specific capacity of the synthe-
sized BCWR. ANOVA is an important tool that measures the significant
differences between means, thereby aiding the understanding of the
executed model [36]. In this statistical analysis, the predicted R? was

T T T T T T T T i T T T T
178 180 182 184 186 188 190 192
Actual

Fig. 3. Relationship between the theoretical values and experimental values of
specific capacity, Qs of the synthesized BCWR.

Thus, the significant model terms recorded were B, AB, AC, BC and B2
The insignificant value of lack of fit implied the model’s suitability for
synthesizing BCWR as summarized in Table 3.

The quadratic model equation for the specific capacity (Qs) in terms
of the coded factors given in Eq. (2). The equation in terms of coded
factors can be used to predict the response for a given level of each
factor.

Q, = 150.80 — 0.3600A — 1.42B — 0.3000C + 1.42AB —2.08AC — 2.05BC — 0.2552A% — 3.66B*+ 0.0448C> 2)

0.9822 and agreed well with an adjusted R? of 0.9943. And hence, the
recorded R? value was 0.9977, which showed that only 0.23% of all the
recorded incongruities were not seized by the mode [35]. The high R?
value confirmed a strong analysis of experimental data in which a good
model was predicted as the R? value close to unity. Predicted R? in-
dicates the accuracy of the response’s prediction by the model [37]. The
model was significant with an F-value of 292.61 and p-value <0.0001.
There was only 0.01% chance that a model value of this magnitude
could occur due to noise [36]. The low value of Probability >F (p-value)
and less than 0.05 indicate that the model was very significant. The
F-value of lack of fit (3.44) implied that lack of fit was not significant.

Here, Qs refers to the specific capacity of BCWR while A, B and C are
referred to pyrolysis temperature, pyrolysis time and WR: NiFe,04 ratio
respectively. In Eq. (2), the terms with single factor indicate the indi-
vidual factor’s effect on the response, while those terms that carry two
factors indicate the combined effects on the response. The positive sign
prior to any terms in the equation represented the synergistic effect,
while the negative sign demonstrated the effect of the antagonistic
values of those factors [34,35]. Fig. 3 shows the theoretical values
against the experimental values of the specific capacity, Qs of BCWR.
The results revealed that the predicted values obtained were very close
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Fig. 4. 3D surface plots for the specific capacity using optimized BCWR synthesis conditions: (a) interactions of pyrolysis time and pyrolysis temperature (b) in-
teractions of WR: NiFe204 ratio and pyrolysis temperature, and (c) interactions of WR: NiFe204 ratio and pyrolysis time.

to experimental values. Thus, it implies that the model successfully
bridged the correlation between the electrode’s specific capacity mea-
surement parameters. The highest specific capacity achieved was 191
Cglin the 5% run of the experiment while the lowest specific capacity
was observed at the 8 run of the experiment with the specific capacity
value of 179 Cg~'. An analysis of the studentized residuals of responses
confirmed that the selection model accurately estimates the real system.
The normal distribution pattern disseminated below and above the
straight line reveals that the proposed model is fitted for this study [38,
39].

3.2. Surface analysis of BCWR synthesis

The specific capacity over the various combinations of design factors
and their relationships are represented in 3D response surface plots for
specific capacity in Fig. 4. Each plot was generated by varying two in-
dividual variables while the third variable was kept constant. The spe-
cific capacity is minimum at low levels of interactions involving the
pyrolysis time and pyrolysis temperature of BCWR as observed in Fig. 4
(a). However, with increasing pyrolysis time, at the lower pyrolysis
temperature of 600 C, the specific capacity increased and attained the

highest specific capacity of 191 Cg~! at 20 min. Further increasing the
pyrolysis time, the specific capacity tends to reduce. On the other hand,
the specific capacity is maximum at low pyrolysis temperatures and
declines as pyrolysis temperatures increase.

Besides, the integrated effect of WR: NiFe;O4 ratio and pyrolysis
temperature for specific capacity of BCWR was demonstrated in Fig. 4
(b). The specific capacity increased as the watermelon rind to binary
metal oxide ratio increased from 25 weight percent (wt.%) to 75 wt.%.
However, when the pyrolysis temperature increased, there was little
difference in the electrode’s specific capacity as illustrated in Fig. 4(b).
Thus, it elucidated that the maximum specific capacity can be attained
when the interactions of both process variables were in the WR: NiFe,O4
ratio in the range 55-75 wt. % and pyrolysis temperature range of
600-660 C. In addition, the response surface plot in Fig. 4(c) describes
the effects of WR: NiFep04 ratio with pyrolysis time to the electrode’s
specific capacity. The results show that WR: NiFeyOy4 ratio has a signif-
icant impact on the BCWR electrode’s specific capacity. It was attributed
to the surface properties and active sites in BCWR which facilitates the
ion movements within the electrode and electrolyte interfaces which
remarkably enhance the electrochemical properties of the carbon ma-
terials [40].



N. Omar et al.

192
A
190
188 —
186 —
[
(¢
184
182
180 -| A: Pyrolysis Temperature
B: Pyrolysis Time
C: WR:NiFe,O, Ratio
178
T T T T T
-2.000 -1.000 0.000 1.000 2.000

Deviation from Reference Point (Coded Units)
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Fig. 6. FTIR spectrum of WRB and BCWR.

3.3. Perturbation effects on specific capacity

Process factors such as pyrolysis temperature, pyrolysis time and
WR: NiFe 04 ratio influenced the specific capacity of the synthesized
BCWR. One important plot in analyzing the level of significance is the
perturbation plot, as depicted in Fig. 5. All three factors were plotted on
one response graph to generate the perturbation plots. The response
graph is plotted with one factor being varied within its window while
keeping all other factor positions constant. The response (specific ca-
pacity) was plotted over the deviations from the reference point with the
synergetic effects of all other factors within its range [35].

The perturbation plot shows that the slopes for factors C and A are in
a straight line indicating low significant factors for the process [41,42].
In contrast, a curved line for factor B has been observed, showing the
significant effect of the pyrolysis time on the specific capacity of the

Journal of Energy Storage 49 (2022) 104147

— WRB
BCWR

(400)

(311) 422)

(440) (533)

(220) (511)

(002)

Intensity (a.u)

2 Theta (Degree)

Fig. 7. XRD patterns of WRB and BCWR.

synthesized BCWR. For example, the perturbation of pyrolysis time has
both increased and decreased in specific capacity values. If the pyrolysis
time is lowered from 20 minutes, it will decrease the specific capacity. A
similar effect is also observed when the pyrolysis time increases above
20 minutes.

3.4. Optimization of BCWR synthesis and model validation

The developed model was validated by performing additional ex-
periments based on suggested solutions from the Design Expert ©
(Version 13). The model predicted optimized values were 191 Cg~*, 600
C, 20 min and 75:25 for specific capacity, pyrolysis temperature, py-
rolysis time and WR: NiFe,O4 ratio respectively. After performing
additional experiments, a reasonable difference of 4 Cg~! was attained
between the experimental data and predicted data from the model.
Hence, the predicted model and experimental results for the specific
capacity obtained to validate the model were 191 Cg~! and 187 Cg™?,
respectively which is only a 0.5% difference obtained from the experi-
mental results; the model is well fitted.

3.5. Chemical structure and functional group analysis

FTIR analysis of WRB and BCWR is shown in Fig. 6. The FTIR results
revealed that both WRB and BCWR have almost identical spectra but are
different in peak intensity. A broad band was observed around 3600
cm ! for both WRB and BCWR, indicating the adsorbed water and the
presence of moisture in the samples [43]. The small peaks around
2000-2400 cm ™! in both WRB and BCWR spectrum attributed to the
nitrogenous group formation when the biomass was heated at a high
temperature which indicated that there was a reduction in the functional
groups containing hydrogen and oxygen due to the dehydration and
decarboxylation reactions at the high-temperature pyrolysis [44,45].

FTIR spectra around 1500-1600 cm ™! represent the C-H bending
vibration [46]. The small peak at wavenumber 1453 cm™' at WRB
spectrum prescribed the C-O functional group [47]. However, the peak
was disappeared for the BCWR sample. The short peak around 1400
cm™! in the BCWR spectrum refers to the C-H in plane bending vibra-
tions in methyl and methylene groups [48]. The sharp peak around
1012 ecm™! and broad peak around 1003 cm-1 at WRB and BCWR
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Fig. 8. (a) XPS survey spectrum and High-resolution XPS spectrum of (b) C 1s peaks (c) O 1s peaks and (d) N 1s peaks.

spectrum respectively correspond to the C-O stretching of alcohol and
ester groups [49]. The increasing peak intensity at 548 cm ™! for BCWR
confirms the formation of Fe-O bond which attributes the presence of
iron oxides from nickel-iron oxide used in the preparation of the sample
for its magnetic properties [50,51]

3.6. Phase analysis

XRD determines the crystallographic structure of WRB and BCWR.
XRD patterns were obtained over 26 range from 5 to 80 with mono-
chromatized Cu K-« radiation. Fig. 7 provides the XRD patterns of WRB
and BCWR. In the XRD profile of WRB, there is evidence of a broad
diffraction pattern in with no identifiable features that indicate the
crystalline nature of WRB [52]. Thus, WRB’s amorphous nature can be
postulated [53]. The XRD signature peak at 25 was ascribed to the
reflection from (002), indicating that it corresponds to crystalline car-
bon with extended lattice characteristics [52,54,55]. The small peak
around 43 with low intensity in the WRB spectrum corresponds to the
(100) crystal plane of carbon [56].

For the XRD spectrum of BCWR in Fig. 7, the diffraction peaks at 26
=30.3; 35.7, 43.6, 51.1, 57.1; 62.9, and 74.9 are assigned to the (220),
(311), (400), (422), (511), (440), and (533) planes, respectively,

according to the cubic spinel ferrites database standard card (JCPDS no.
65-3107) which reveals that the biochar materials were successfully
coated with NiFe;O4 nanoparticles without any other impurities [57,58,
591.

3.7. XPS analysis

XPS analysis was carried out to identify and estimate the nature of
the elements present in BCWR sample. The XPS survey spectra in Fig. 8
(a) reveal the presence of C, O, N, Fe, Ni, and Mn as the main elements of
the prepared BCWR. Fig. 8(a) depicts the survey spectra confirming the
BCWR contain abundant carbon, oxygen and little nitrogen [60]. The N
1s, C 1s and O 1s lines are scanned at higher magnification and decon-
voluted, fitted based on the well-known Gaussian fitting method as
depicted in Fig. 8(b-d). Moreover, the high-resolution C1s XPS spectrum
can be fitted into four individual peaks, which are C-C, C-O and C=0 and
0O-C=0 at 285.19 eV, 289.94 eV, 293.59 eV and 296.28 eV, respectively,
as demonstrated in Fig. 8(b) [60,61]. The O 1s spectrum in Fig. 8(c) has
two characteristic peaks at 533.81 eV and 531.35 eV corresponding to
C-O and C=O respectively [61]. The presence of four different N con-
figurations is revealed by the high-resolution XPS spectra of N 1s in
Fig. 8(d). The peaks at 400.12, 400.88, and 402.22 eV represent the N
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Fig. 9. FESEM images of (a) WRB, (b) BCWR and EDS spectrum of (c) WRB (d) BCWR.

doping in the form of pyridinic-N, pyrrolic-N, and quaternary-N,
respectively [62,63,64]. The electrochemical performance of carbons
can be improved further by surface functions of O and N due to extra
pseudocapacitive behaviour [65].

3.8. Morphological and EDX analysis of WRB and BCWR

FESEM images of WRB and BCWR produced are demonstrated in
Fig. 9(a and b). An uneven and heterogeneous surface morphology with
a well-developed porous structure on the smooth surface is depicted
from the FESEM image of WRB in Fig. 9(a) [48,56]. The pores are
generated when small molecules in the watermelon rind are volatilized
and depleted during the pyrolysis process [14,66]. BCWR showed high
porosity with varied irregular pore sizes following KMnO4 + HNOs3
activation and NiFepO4 impregnation, as shown in Fig. 9(b). By
improving the porosity channels and introducing functional groups, acid
and alkaline treatment could boost the degree of graphitization of bio-
char [56,67]. Besides, slight agglomerations could be observed in Fig. 9

(b), which could be related to the extraction of some materials, such as
dissolution of lignin and other components from the watermelon rind
during impregnation, and the escape of the developed volatile com-
pounds from within the particle gradually increased when the final
temperature increased during the pyrolysis process [44, 68]. A further
EDX elementary composition analysis, as shown in 9(c and d), confirmed
the presence of Fe, Ni and O ions in the BCWR sample.

3.9. Cyclic voltammetry analysis

Biomass carbons including biochars contain many oxygen and
oxygen-containing groups. Oxygen by negative charge absorbs Fe*® and
Ni*? cations and NiFeyOy4 is formed on the biochar surface. It is
important to note that by converting biomass to biochar, we have a
hydrophobic and conductive biochar-based compound. The proposed
electrochemical mechanism BCWR is suggested as in Fig. 10.

The electrochemical performance of WRB and BCWR and NiFeyO4
was evaluated using cyclic voltammetry (CV), galvanostatic charge
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Fig. 10. The proposed electrochemical mechanism for the production of BCWR.

discharge (GCD), and electrochemical impedance spectroscopy (EIS)
analysis as presented in Fig. 11(a-h). The CV responses samples at
different scan rates (5-50 mV s~ 1) over the potential window —1-0 V for
WRB, while 0-0.5 V for BCWR and NiFe;O4 in a standard three-electrode
cell are presented in Fig. 11(a-c). From Fig. 11(a), the CV curve of WRB
shows well defined quasi rectangular shape indicating the behavior of
electric double layer capacitor (EDLC) [69,70,71]. While, the CV curve
in Fig. 11(b and c¢) demonstrates well-defined redox peaks indicating the
behavior of battery-grade material. The generated symmetric redox
peaks can be ascribed to the migration and diffusion of ionic species as
the electrolyte is dispersed suggesting that NiFeyO4 is unveiling
battery-type characteristics [35,72].

The samples have higher specific capacity at a lower scan rate as
represented in Table 4 since the hydroxyl ions had sufficient time to be
migrated in the electrode at a low scan rate which gave higher specific
capacity whereas, at a high scan rate, electrolyte ions had less time to
diffuse and intercalate into the electrode resulting in a lower specific
capacity for WRB, BCWR as well as NiFe;O4 [6,73]. In addition, it could
be observed that an increase in the CV scan rate increases the redox peak
current of the electrode, indicating high rate capability and better
reversibility behavior [15,74]. The electrochemical performance of the
BCWR electrode was greatly enhanced compared to the WRB electrode
due to the presence of NiFe;O4 which enhanced the redox peak current
contributing to a significant increase in the electrode performance with
better reversibility characteristics.

The high background current for the BCWR electrode compared to
the WRB electrode results from the highly conductive binary metal oxide
in the BCWR. Therefore, the combination of binary metal oxide into
biochar improved the material conductivity, rate capability, revers-
ibility, and cyclic stability [75,76,77,78]. The value of the specific ca-
pacity of BCWR electrode prepared at the optimum conditions was
measured to be 160 Cg™'. In comparison, the WRB electrode delivered

118 Cg~! under the same optimal conditions by using Eq. (3).

A
/ I x (V)av 3

vi

1
Vv Xm

Os =

where v, V, I, and m are the scan rate, operating potential, current, and
mass of active materials, respectively. The integral term represents the
region under the oxidation-reduction peaks.

The specific capacity of BCWR in this work is compatible with
various other reported nickel ferrite composites electrodes listed in
Table 5.

3.10. Galvanostatic charge-discharge analysis

Fig. 11 (c-d) represents GCD plots for WRB and BCWR. The shape of
GCD curves for WRB is nearly symmetrical, and the isosceles triangle is
formed at various current densities. This shows that WRB has an ideal
capacitive behavior. The GCD characteristics were determined different
current densities over a potential range of 1.0 V and 0.5 V at room
temperature for WRB and BCWR, respectively. According to Eq. (4), the
BCWR electrode’s specific capacity measured from the GCD plot at 4.0
A/g was 136 Cg~! for BCWR, 112 Cg~! for WRB and 40 Cg~! for
NiF8204.
0s = I x At @

m
where I, m, and At are the discharge current, mass of active materials,
and discharge time reported for a complete discharge, respectively.

Similar trends were observed for specific capacity measurements
from GCD as CV measurements. At a lower current density, the elec-
trode’s higher charge storage capacity is achieved. Besides, BCWR
produces a significant electrochemical performance due to the
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Table 4
Specific capacity of WRB and BCWR at different scan rates.

Scan rate(mVs 1) Specific Capacity(Cg 1)

WRB BCWR NiFe,04
5 118.00 187.00 43.00
10 91.00 148.00 41.00
20 76.00 112.00 25.90
30 58.00 73.00 25.10
40 36.00 42.00 21.40
50 29.00 33.00 19.90

conductive platform provided by a combination of biochar as well as the
synergistic effect of binary metal oxide. The linear nature of the rela-
tionship between the specific capacity and surface area could be seen as
demonstrated in the related studies that utilized such materials as NiO,
FeyO4 and carbon for energy storage application [6,85,86]. A larger
current provides more active sites and environments to generate a larger
number of redox reactions due to the electrode material’s larger surface
area. The redox peaks in CV and GCD curves are indexed to the
battery-like behavior and Faradaic reaction of NiFe;O4. The possible
redox reaction is presented in Eq. 5 as follows:

Fe* + Ni*™ + 50H aFe(OH), + Ni(OH),2Fe(OH), + Ni(OH),aNiFe; 0,
+4H,0
)]

3.11. Electrochemical impedance spectroscopy analysis

Electrochemical Impedance Spectroscopy (EIS) studies the mecha-
nism of reactant migration and dispersion to and /or away from the
electrode surface, which results in a frequency character known as
“Warburg impedance”[87]. The slope of the Warburg impedance in the
low-frequency region is used to calculate the diffusion resistance since
the slope of the line reflects the dynamics of the electrolyte diffusion of
the electrode material [88]. Additionally, the impedance of electrode
materials can reveal their electrochemical properties. Fig. 11(g) depicts
the EIS spectra of NiFe;04, WRB and BCWR at the optimum synthesis
condition while Fig. 8(h) shows the fitted Nyquist plots with an equiv-
alent circuit.

The impedance plots of WRB and BCWR samples comprise a typical
semicircle at the high-frequency region followed by a linear part in the
low-frequency region [89]. The nearly 45° line in the middle-frequency
region was caused by electrolyte ion diffusion within the electrode
pores, whereas the oblique line at the low frequency corresponds to
capacitive behavior [90]. A slope of the linear part at a low frequency
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close to 90° along the imaginary axis -Z” is known to be a characteristic
of an ideally polarizable electrode.

In contrast, a large semicircle at a high frequency indicates high
interfacial charge-transfer resistance due to the poor electrical conduc-
tivity of electrode materials [91,92]. As shown in Fig. 8, the BCWR
sample deviates slightly from the straight line along the -Z"’ axis and has
a smaller semicircle than the WRB sample, implying good capacitive
performance and lower interfacial charge-transfer resistance.

3.12. Two-electrode device fabrication

A supercapattery is a device that combines the characteristics of a
capacitor and a battery. In supercapattery, the characteristic parameter
is the energy density, which is enhanced by extending the operating
voltage window [93]. Due to the fact that energy density is a function of
electrode capacity and cell voltage, the supercapattery device incorpo-
rating EDLC and battery-grade electrodes makes use of the combined
potential window of the two electrodes, resulting in a device with a
larger potential window. As schematically depicted in Fig. 12(a), the
supercapattery was built using WRB as the negative electrode and BCWR
as the positive electrode. Individual cyclic voltammograms for both
BCWR and WRB electrodes were done at room temperature as the first
stage in the electrochemical research. These preliminary analyses
enabled reliable estimates of the highest feasible operating potentials by
examining the individual electrode properties. It was observed that
BCWR and WRB electrodes operated optimally in the potential range of
0-0.5 V and -1.0-0 V, respectively Fig. 11(a) and 11(b). As seen in
Figs. 12(b) and 12(c), the potential window for the constructed
BCWR/WRB supercapattery can be increased from O to 1.5 V by
combining the potential ranges of the BCWR and WRB electrodes. Cyclic
voltammograms were recorded at various potential ranges at a fixed
scan rate of 10 mV s’ to determine the device’s rate capacity, as illus-
trated in Fig. 12(b). Fig. 12(c) shows the cyclic voltammograms of the
completed asymmetric device obtained at various san rates (3-200 mV
s H over a potential window of 0-1.5 V.

Fig. 12(a) shows that the CV curve was rectangular until a potential
of 0.5V, indicating that charge storage was primarily owing to the EDLC
effect. Redox peaks emerged at potentials greater than 0.5 V, indicating
that charge storage was due to non-capacitive faradaic processes [94,95,
96]. As a result, the charge storage mechanism was due to both EDLC
and non-capacitive faradaic reactions spanning the entire potential
window of 0 to 1.5 V. Capacitive behaviour contributed to energy
storage in the 0-0.5 V potential range, but non-capacitive faradaic redox
processes were dominating in the energy storage mechanism beyond 0.5
V. High rate capability and stability of the supercapattery were

Table 5
The various reported nickel ferrite composites electrodes for supercapacitor application.
Material Method Electrolyte  Potential Specific Specific Scan rate Ref.
range capacitance (Fg~  capacity (mvs™1)
p) (Cg™)
Graphene oxide/NiFe,O4 Hydrothermal 1M NaySO4 -1.2 and 218.47 218.47 5 [79]
composite -0.2V
NiFe,04/graphene Solution-based process 1M NaySO4 0 and 1V 207 207 5 [80]
nanocomposite
Ternary nitrogen-doped In-situ polymerization 1M KOH -0.8and 0.2 645 645 1 [81]
graphene/nickel ferrite/ \
polyaniline (NGNP)
Hybrid of NiFe,04/rGO Hydrothermal 1M KOH 0-0.5V 584.63 292 10 [82]
NiFe,04 /Activated carbon NiFe;04 was prepared using a facile and cost- 4M KOH 0.25 59.52 23.81 10 [83]
(NFO/AC) composite effective citrate-gel followed by auto-ignition V-0.65V
method
Ni-foam/NiFe;04 hybrid NiFe,04 nanoparticles are directly grown over the 6M KOH 005V 922 461 5 [84]
electrode Ni-foam and stainless-steel substrates by a scalable
and novel surfactant assisted co-precipitation
technique
NiFe,04/Watermelon rind Pyrolysis 1M KOH 0-0.5V 374 187 5 This
biochar or BCWR work
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Fig. 12. (a) Schematic illustration of the assembled BCWR/WRB supercapattery (b) CV curve of BCWR/WRB supercapattery measured over different potential
windows at a scan rate of 10 mV s~ and (c) CV curve of BCWR/WRB supercapattery measured at diverse scan rates.

demonstrated by the shape, consistency, and amplification of the CV
curves at diverse scan rates (3-200 mV s ’1).

The specific capacity of the built asymmetric device was calculated
using the relationship described in Egs. (6), (7), and (8), while also
taking into account the overall mass loading of the device electrodes.
Charge-discharge plots of the BCWR/WRB supercapattery device are
shown in Fig. 13(a) over a range of potential windows at the same
current density of 4 A/g. While Fig. 13(b) shows charge-discharge plots
at a range of current densities in the potential range of 0-1.5 V. The
symmetrical charge-discharge plots proved the capacitive nature of the
material in conjunction with the strong reversibility of the redox re-
actions [97]. To determine the efficiency of the built device, the energy
density, E (Wh kg_l), and power density, P (W kg_l), of the fabricated
supercapattery were measured using the equations specified in Egs. (7)
and (8), respectively [98,99]. Table 6 contains the estimated values of E
and P.

I x At

0d=—=m ©)
Qs x AV
T2 x 36 7

12

E x 3600
P=—" """

At ®)

where Qd, is the specific capacity of the device (mA h g1), is the
operating voltage window; m, is the total mass of active materials for
both electrodes; I, is the discharging current, and At is the discharge
time.

Fig. 14 depicts the Nyquist plot for the assembled device showing the
EIS spectra of the device. As expected, a semicircle was apparent in the
high-frequency region whereas, in the low frequency region, a straight
line was observed for the device.

The semicircle diameter measurements showed low cell resistance,
demonstrating the short path travelled by ions/electrons [100,101]. At
the low-frequency region of the plot showed a straight-line gradient (less
steep slope) in the Nyquist plot indicating low interfacial diffusion
resistance (fast ion diffusion and mass transport at electrode/electrolyte
interface) [102,103,104]. Accordingly, the Nyquist plots reported the
charge transfer resistances of the device to be 42.35 Ohm:s.
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Energy density versus power density.

Device Current density(Ag  Energy density(W h Power density(W
) Kg Kg )
1 28.33 750.00
BCWR/ 2 23.83 1500.31
WRB 3 11.80 2250.00
4 7.38 3000.00
1404 "
50
1204 _%
£ 40
s
1004 &% //
@ » ,,,.»»"’""M /
£ oo
£ g0 104 2 j
:g ° o 10 20 30 40 50 €0 70 °/
Islj 60 - Z" (Ohms) °/
4
40 4 °.°'°
¥
09
Q
20 00009?
0 T T T T T T T T T T T
0 20 40 60 80 100 120 140
Z" (Ohms)

Fig. 14. EIS spectra of the BCWR/WRB supercapattery device.

4. Conclusion

The WRB and BCWR were developed via pyrolysis in a limited ox-
ygen condition electric muffle furnace and investigated for energy
storage applications. The statistical analysis revealed that the optimized
values for synthesizing BCWR were 600 C, 15 min, and 75:25 for py-
rolysis temperature, pyrolysis time and WR to BMO ratio respectively.
The FESEM-EDS analyses confirmed the presence of Fe and Ni elements
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in BCWR. Furthermore, the results of the electrochemical measurements
of the developed nanocomposite were 187 Cg ! at 5mV s}, 136 Cg ! at
4.0 A/g for BCWR. Two-electrode cells device configuration of BCWR/
WRB supercapattery exhibited high power density and energy density of
750.00 W kg ! and 28.33 Wh kg ! respectively at 1 A/g current density.
Thus, the results reveal the battery-like features (from CV and GCD) of
the fabricated BCWR and its promising potentials to be utilized as
electrode material in developing electrochemical energy storage
systems.
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