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1 Introduction

ABSTRACT

The development of sustainable electrochemical energy storage devices faces a
great challenge in exploring highly efficient and low-cost electrode materials.
Biomass waste-derived carbonaceous materials can be used as an alternative to
expensive metals in supercapacitors. However, their application is limited by
low performance. In this study, the combination use of persimmon waste-
derived carbon and transition metal nitride demonstrated strong potential for
supercapacitor application. Persimmon-based carbonaceous gel decorated with
bimetallic nitride (N-NiCo/PC) was firstly synthesized through a green
hydrothermal method. Electrochemical properties of N-NiCo/PC electrode in
6 M KOH electrolyte solution were evaluated using cyclic voltammetry (CV)
and charge-discharge measurements. The N-NiCo/PC exhibited 320 F/g
specific capacitance at 1 A/g current density and maintained 91.4% capacitance
retention after 1500 cycles. Additionally, it exhibited a high energy density of
29.44 Wh/kg at 1000 W/kg power density and sustained 5.5 Wh/kg energy
density even at a power density of 10,000 W /kg. Hence, the bimetallic nitride-
based composite catalyst is a potentially suitable material for high-performance
energy storage devices. In addition, this work demonstrated a promising
pathway for transforming environmental waste into sustainable energy con-
version materials.

demand can be attained in the direction of uncon-
ventional sustainable and renewable energy devices

Recently, there is a need to protect natural resources
and control energy consumption because of global
warming. With rapid population growth, the energy
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[1], like fuel cells [2-5], batteries [6], and superca-
pacitors [7] that can convert chemically stored energy
into electrical energy through electrochemical
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reactions. Among these different technologies, the
supercapacitor has received great attention because
of its high power density, good cycle stability, fast
storage capacity, and excellent operational safety [8].
According to its energy storage mechanism, a
supercapacitor can be divided into a pseudo-capaci-
tor and an electric double-layer capacitor. The
capacitance of the pseudo-capacitor comes from the
reversible faraday redox reaction of electroactive
material at the electrode interface and electrolyte. The
capacitance of electric double-layer capacitor is
caused by the accumulation of pure electrostatic
charge at the electrode/electrolyte interface and it
has more stable reversible electrochemical perfor-
mance and longer cycle life than pseudo-capacitors
because of these properties it grabbed researcher’s
intention in last few decades [9]. However, superca-
pacitor performance based on the electrode material
selection, the material having large specific surface
area and good electrical conductivity is considered
suitable for high-performance supercapacitor [10, 11].
In various energy devices, carbon is the mainstream
active component owing to its low cost, good con-
ductivity, magnificent stability, and simple fabrica-
tion design. So far, porous carbon materials such as
activated carbon (AC) [12], graphene [13], carbon
nanotubes (CNT) [14], and biomass-derived carbon
hydro-aerogel [15-17] have provoked wide range
utilization in energy storage systems. Commercially
fabrication of energy storage devices largely depends
on abundant electrode material resources, economi-
cal, eco-friendly, and sustainable manufacturing.
These well-designed carbons are usually complex to
synthesize, costly, and agglomeration are obstacles in
their applied application. With rapid economic
development, we still face many challenges. It has
become a key issue to explore economical and effec-
tive electrode materials with excellent electrochemi-
cal performance. In this regard, biomass-based
hydro-aerogels are a good candidate in energy stor-
ing systems.

The efficiency-stability of the hydro-aerogel-based
electrode can be enhanced with the addition of metals
and their oxides. The cost-effective transition metals
(TM) or metal oxides demonstrated comparable per-
formance to noble metals and have attained enor-
mous interest recently. In supercapacitor application
the transition metals, nickel (Ni) [18], cobalt (Co) [19],
ruthenium (Ru) [20], vanadium (V) [21], and man-
ganese (Mn) [22], are widely used because of their
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high faradic charge transference process [23]. To
improve metal’s conductance and sustainability, the
combination of transitional metals and nitrides is
widely applied in supercapacitors [24]. Conductive
TM provides a combination of electronic conduc-
tance, valance state diversity, and sustainability-like
unique properties and is a potential candidate for
energy storage systems in comparison with equiva-
lent metals or metallic oxides [25-27]. Additionally,
the presence of nitrogen strongly affects the elec-
tronic properties of the metal by increasing the elec-
tron density on the metal surface [2].

In the work presented here, we synthesized a
material N-NiCo decorated on the persimmon waste
carbonaceous gel (PC) through a simple glass route
method. The as-prepared composite material
N-NiCo/PC was applied in the supercapacitor. The
use of bimetallic transition metals along with nitride
provides a renewable green synthetic route for cat-
alytic carbon material for the electrode. The use of
bimetallic PC along with nitride provides a renew-
able green synthetic method for high-performance
supercapacitor.

2 Experiment section

2.1 Preparation of persimmon fruit waste
aerogel and N-NiCo/PC

Scheme 1 represents the synthesis procedure for
N-NiCo/PC composite material. Briefly, the persim-
mon fruit waste was collected and washed with dis-
tilled water. The fruit was shacked and autoclaved at
150 °C using 100 mL Teflon vessels for 10 h. After
being naturally cooled the block of hydrogel was
removed from the vessels and kept in ethanol solu-
tion for 3 days to get rid of impurities. The hydrogel
block was cut into 1 cm® pieces and dried through
vacuum freeze-drying. A brown-colored aerogel was
obtained after being dried completely followed by
annealing at 350 °C in a tube furnace for 4 h. The
persimmon-based carbonaceous gel (500 mg) was
soaked in an ethanol solution containing nickel
nitride Ni (NO3),.6H,0, cobalt nitride Co (NO3),.6-
H,O (molar ratio 1:1), and urea (H,NCONH,) and
then stirred by nitrogen supply for 8 h. The soaking
process continued for 8 h and after that the material
was dried at 70 °C in a vacuum oven overnight. The
dried composite material was then carbonized
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Scheme 1 The schematic

diagram for the preparation of

the N-NiCo/PC composite Persimmon fruit waste
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Fig. 1 Physical characterization by XRD and XPS of N-NiCo/PC composite material. a XRD; b Ni 2p; ¢ Co 2p; d Nls; e Ols; f Cls

@ Springer



22248

through a tube furnace at 350 °C for 5 h under a
nitrogen environment. The tube furnace was natu-
rally cooled down and the obtained persimmon-
based carbonaceous gel was decorated with
bimetallic nitride (N-NiCo/PC) composite and then
used for electrode preparation. N-Ni/PC and N-Co/
PC were also prepared for comparison by following
the same procedure.

2.2 Physical and electrochemical
characterization

The XRD, XPS, FE-SEM, and EDAX spectra were used
for the physical characterization of the bimetallic
nitride composite material. The electrochemical char-
acterization was achieved using CHI 660E electro-
chemical workstation (CH Instruments, Inc. Shanghai).
An electrode was fabricated by loading N-NiCo/PC,
carbon black, and PTFE (80:1:1) on HCL-cleaned nickel
foam. The fabricated electrode was dried overnight and
pressed. 6 M KOH solution was used for three-elec-
trode systems: (1) N-NiCo/PC working electrode; (2) Pt

J] Mater Sci: Mater Electron (2021) 32:22245-22255

counter electrode; (3) Hg/HgO reference electrode,
respectively. The other electrodes, N-Ni/PC and N-
Co/PC, were synthesized following the same
methodology. The specific capacitance of synthesized
electrodes was obtained through cyclic voltammetry
(CV) and charge-discharge measurements using the
following equations:

 Jidv
P 0.AV.m m
IAt
Co = nav =

where [)dV represent the area under the CV curve,
AV represent the potential window, m indicates the
loading material (mg), v indicates the scan rate (mV/
s), I indicate the discharge current density (A), and At
represent the discharge time (s), respectively.

The specific capacitance from charge to discharge,
power (P)W/kg, and energy density (EYWh/kg of the
two-electrode supercapacitor was calculated using
Egs. (3, 4, 5) [28]:

Element Atom % Weight %

C 26.29 1557

N 2095 1447

o 39.33 31.03

Co 4.83 14.04
24.89

Kilo counts (a.u.)

Energy (KeV)

Fig. 2 FE-SEM images of a N-Ni/PC; b N-Co/PC; ¢ N-NiCo/PC, and d the EDAX spectrum of N-NiCo/PC
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Fig. 3 The cyclic voltammetry of three composite materials at various scan rates; a N-NiCo/PC; b N-Ni/PC; ¢ N-Co/PC; d specific
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3 Results and discussion

Figure la shows the XRD pattern of synthesized
composite material N-NiCo/PC. The characteristic
peaks of metallic nickel and cobalt appeared in the
XRD pattern, revealed the phase purity of the

prepared material. The diffraction peaks at 44.39°
(111), 51.71° (200), and 76.17° (220) attributed to
metallic nickel, while the peaks appeared at 41.72°
(100) and 62.74° (102) correspond to metallic cobalt,
respectively [29]. Further, the valance state and
chemical composition of the N-NiCo/PC was char-
acterized through XPS (Fig. 1b—f). The Ni 2p indicates
peaks at the binding energies of 855.5 eV and
873.25 eV which correspond to Ni 2p; s, and Ni 2p3,
respectively [4]. In addition, the deconvoluted peak
centered at 856.9 can be assigned to Ni** [30]. The
presence of Ni®" peak may preclude further surface
oxidation and Ni*" state is considered more elec-
troactive than Ni*" state which can be beneficial to
promote electrons transportation [30, 31]. In the Co
2p, two peaks appeared that correspond to Co 2p;,»
and Co 2p;,, and accompanied a couple of satellites,
representing the presence of Co”" and Co’" states
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Fig. 4 Nyquist plot of N-Ni/ 30
PC, N-Co/PC, and N-NiCo/PC
electrodes fitted by an
equivalent electrical circuit

T T T
0.0 05 10 15 2.0
Z' (ohm)

—e— N-Co/PC
—e&— N-Ni/PC
—e&— N-NiCo/PC

Table 1 Supercapacitor-fitted EIS data for N-Ni/PC, N-Co/PC,
and N-NiCo/PC electrodes by an equivalent electrical circuit

Supercapacitor electrode R () R, (Q) Rgq(QQ) R, (Q)
N-NiCo/PC 0.0642  0.589 0.6223  1.2755
N-Ni/PC 0.0765 0.781 0.8351 1.6926
N-Co/PC 0.7137 0.838 0.7137  2.2651

[30]. The pyridinic N, pyrrolic N, and Quaternary N
peaks appeared at binding energies of 398.5 £ 0.2,
399.4 £ 0.2, and 400.65 &+ 0.2 eV, respectively, and
are considered as faradaic-active species and can
improve electron transport, surface wettability, and
ion transport from the electrolyte to interface [2, 32].
There are three peaks observed in the Ols spectra at a
binding energy of 530.50 &+ 0.2, 531.5 + 0.2, and
53.4 £ 0.2 eV, which correspond to quinone, car-
boxyl, and single bond oxygen, respectively. The
oxygen-based groups can increase wettability, reduce
resistance, improve electrochemical property, and
react with hydrogen ions reversibly in an alkaline
environment [2]. The Cls spectrum can be deconvo-

luted into five peaks corresponding to C-C
(2842 +£02eV), C-N (285.05+02eV), C-O
(28665 +0.2), C=0 (289 +0.2), and HCO;~

(293 + 0.2), respectively.

The morphology of the obtained composite mate-
rial was analyzed using FE-SEM. Figure 2a—c repre-
sents the FE-SEM images at a 200 nm diameter of
N-Ni/PC, N-Co/PC, and N-NiCo/PC. The N-Ni/PC
shows similar interconnected network channels on
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the carbonaceous gel surface that enables the diffu-
sion and ion movements. However, large-sized cav-
ities and aggregation of particles can be seen in the
N-Co/PC composite material. As for N-NiCo/PC,
many small-sized nanoparticles and cracks are uni-
formly distributed which may be beneficial for the
electrochemical reactions. The EDAX spectra
(Fig. 2d) showed the presence of C, N, O, Co, and Ni
elements in the N-NiCo/PC. Their compositions are
C (1557 wt%), O (31.03 wt%), N (14.47 wt%), Ni
(24.89 wt%), and Co (14.04 wt%).

The performance of annealed composite catalysts
analyzed in supercapacitor. The black slurry (see
methodology section) contained catalysts N-Ni/PC,
N-Co/PC, and N-NiCo/PC used as the working
electrode. Cyclic voltammogram (CV) and galvanos-
tatic charge—discharge characterization were carried
out within — 1.0 to 0 V potential window in 6 M
KOH solution. Figure 3a—c shows that the CV curve
of three annealed catalysts measured at various scan
rates (mV/s) has an asymmetric shape which could
be due to pseudocapacitance behavior. It can be seen
from the CV profile that the area under the N-NiCo/
PC CV curve is superior to that of N-Ni/PC and N-
Co/PC nanostructures. The specific capacitance cal-
culated at different scan rates is presented in Fig. 3d.
The Cg, of N-NiCo/PC is 410 and 329.5 (F/g), at the
scan rates of 10-100 mV/s, respectively. The
improvement in the performance of N-NiCo/PC may
be due to the reduction in crystal size, mesoporous
structure, and high surface area allowing ions to
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rapidly enter the active site of the electrode [33]. The
smaller the grain size, the larger the surface volume
ratio and the stronger the charge storage capacity of
the electrode.

EIS was determined to demonstrate the excellent
electrochemical performance of N-NiCo/PC super-
capacitor electrode as shown in Fig. 4. Ry electrodes
are measured at 0.06429 Q, 0.0.0765 Q, and 0.7137 Q,
respectively, indicating the goodness of N-NiCo/PC
electrodes’ electrical conductivity. The semicircle is in
the high frequency range corresponds to R (charge
transfer) resistance (Table 1) caused by the Faraday
reaction. The charge transfer resistance of the
N-NiCo/PC electrode is lower due to its higher sur-
face area and wuniform distribution of nickel
nanoparticles providing a more active reaction site,
indicating that the electrode material as a superca-
pacitor has a higher electrochemical reactivity.

Additionally, N-NiCo/PC has a relatively higher
oxygen and nitride functional group that increased
the electrode surface wettability resulting in a
reduction in contact resistance [9]. The electrochem-
ical properties of the supercapacitor consistent with
the fuel cell indicate that N-NiCo/PC is applicable in
both energy conversion and energy storage systems.

The charge and discharge behavior of three syn-
thesized catalysts was also determined at 0.5-10 A/g
current density. The triangular charge/discharge
curve with slight internal resistance (IR) is shown in
Fig. 5a—c, which implies a high degree of symmetry
of charge/discharge. In beginning, the IR drop is
usually associated with ESR (equivalent series resis-
tance) phenomenon. The specific capacitance of these
catalysts is calculated by the equation Cg, =
14t/mAV, where, Cg, is the specific capacitance of
charge and discharge, constant charge/discharge

@ Springer
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two electrodes N-NiCo/PC symmetric supercapacitor; ¢ specific

current (A) is I, discharging time (s) is At, (m) mass of
active material used and the potential window is AV
[34]. The specific capacitance of N-NiCo/PC catalyst
is 13.22% higher than N-Ni/PC, while it is 28.57%
higher than N-Co/PC at a specific current of 0.5 A/g.
Further, the charge and discharge behavior of
N-NiCo/PC was analyzed at current densities from 1
to 10 A/g (Fig. 5d). The estimated specific capaci-
tance is 320 and 283 F/g at current density 1 to 2 A/
g, respectively. The specific capacitance obtained at
1 A/g is comparable to Fe;O,/graphene nanosheets
(358 F/g) [35] and much higher than many composite
materials like N doping of carbon fiber (202.0 F/g)
[36], CeCoO3 (112 F/g) [37], NiCu hydro-oxide @ Ni-
Cu-Se (15895 F/g) [38], Ni-WO; (138.97 F/g)[39],
and hollow graphite N-doped [36] carbon spheres
(260 F/g). The excellent capacitive performance of
the N-NiCo/PC is mainly due to its unique structure.
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capacitance of charge—discharge; d Ragone plots of N-NiCo/PC
device and other different material-based supercapacitors

Moreover, there are many active reaction sites on the
surface, which can carry out more Faraday reactions;
N-doped sites act as heteroatom defects, resulting in
good conductivity, wettability of both electrode and
electrolyte, resulting in rapid electron transfer, dif-
fusion, and absorption rates [40-42].

The life cycle stability of the N-NiCo/PC electrode
was evaluated by constant current charge and dis-
charge at 2 A/g. Capacitance retention of N-NiCo/
PC electrode during 1500 charge/discharge cycles
test is shown in Fig. 6a. The capacitance retention
throughout the cycle test is calculated by (each cycle
ratio/first cycle capacitance value); in the first 500
cycles, 8.6% capacitance retention of the N-NiCo/PC
electrode is lost with the increasing charge/discharge
cycle and remains almost unchanged at 1500 cycles.
Outstanding life cycle stability may result from a
porous structure with the least crystallographic
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changes during catalyst synthesis. Thus, good speci-
fic capacitance retention reflects the higher durability
of N-NiCo/PC electrodes in excellent performance
supercapacitor applications.

In addition, symmetrical supercapacitor based on
N-NiCo/PC was assembled to evaluate in practical
application. The charge-discharge curves at different
current densities of as-assembled supercapacitor
(Fig. 6b) showed triangular profiles suggesting an
excellent charge-discharge capacitive response. Fig-
ure 6¢ represents specific capacitance derived from
charge-discharge curves at various current densities
1, 2, 4, 6, and 10 A/g. Ragone plot represents the
energy and power density of the N-NiCo/PC device
(Fig. 6d). The N-NiCo/PC exhibited a high energy
density of 29.44 Wh/kg at 1000 W/kg power density
and the device sustained 5.5 Wh/kg energy density
even at a power density of 10,000 W/kg. Such results
are better than other previously reported symmetrical
and asymmetrical devices [43—46]. All the above-
mentioned results revealed that the N-NiCo/PC
supercapacitor can deliver significant performance in
comparison with the traditional electrode material.

4 Conclusion

In this paper, persimmon waste was used to syn-
thesize an aerogel through the hydrothermal method.
Then, nickel, cobalt, and nitride were introduced in
aerogel and prepared N-NiCo/PC composite catalyst
for supercapacitor electrode. The specific capacitance
of N-NiCo/PC catalyst is 13.22% higher than N-Ni/
PC, while it is 28.57% greater than N-Co/PC at a
specific current of 0.5 A/g. After, 1500 cycles, our
N-NiCo/PC electrode maintained 91.4% of its
capacitance retention. Thus, from this finding, it
could be concluded that the cost-effective bimetallic
nitride electrode N-NiCo/PC has the potential for
high-performance storage devices.
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