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Abstract

Mesoporous carbon nanospheres are produced from biowaste, Allium cepa peels, well known as “onion” dry peels using the catalyst-
free pyrolysis method. The synthesis process involves an unusable bio-precursor that is accumulated in millions of tons per year. The
obtained materials show nanosphere morphology with particles size of 63—66 nm and surface area up to 2962 m* g . After pyrolysis at
800, 900, and 1000 °C, the carbon nanospheres are directly applied for supercapacitance study without further activation processes. The
electrochemical studies show promising results such as high electrode capacitance of 189.4 at 0.1 A g ' in 3 M KOH. Moreover, full
cell symmetrical supercapacitor is fabricated and further investigated under a wide potential window up to 1.6 V. An excellent
electrochemical behavior is observed for the supercapacitor in terms of high energy density of 22.1 Wh kg ™" at a power density of
39.6 W kg ', high cyclic stability of 78%, and high coulombic efficiency of 90% over 4500 cycles at 0.5 A g'. These studies support

carbon nanospheres obtained from Allium cepa wastes to be used as promising materials for supercapacitor application.
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1 Introduction

The exponential growth of human population and its ever
increased dependency on energy appliances have accelerated
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consumption of energy at an alarming rate. Therefore, the
development of novel energy storage devices has become ex-
tremely necessary. Moreover, it is important to satisfy the
demands of society in terms of clean, renewable, cost-effec-
tive, and environmentally benign energy sources [1, 2].
Among the various energy storage systems, supercapacitors
are considered as potential candidates. In this regard,
supercapacitors are approached by the global research com-
munity which offers a promise to meet the energy require-
ments of the globe with a safe and reliable performance [3,
4]. Supercapacitors stand as the superior energy storage de-
vices that have gained enormous attention due to high stabil-
ity, long-life cycle, large power density, and low maintenance
cost. They also serve as a bridge between conventional batte-
ries and high-power energy systems [5]. Their fast charge—
discharge characteristics [6] and the ability to charge quickly
have provided a venue for many researchers to develop mate-
rials for better supercapacitor performances.

The supercapacitors illustrate energy storage mechanism
by two types of phenomena: electrical double layer capaci-
tance (EDLC) and pseudocapacitance (PC). The EDLC elec-
trode materials include various carbon-based materials that are
capable of storing charges by physical adsorption and build
reversible ion interactions at the electrode-electrolyte interface
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[7-9]. Therefore, the criteria for fabricating supercapacitor
carbon electrode include high chemical and mechanical sta-
bility, large surface area, and porosity.

In recent years, the carbon-based materials have been
emerged as well-known materials for the fabrication of
supercapacitor electrodes; the abundant availability, low-cost,
high stability, and non-toxic nature facilitate them to be the
ideal materials in the construction of high-density energy stor-
age systems [10—12]. So far, different forms of carbon struc-
tures such as activated carbon, carbon nanotubes, graphene,
and onion-like carbon have been exploited for supercapacitor
applications [5, 13-17].

Among various forms, recently, the biomass-derived car-
bons have got enormous appreciation to be used as
supercapacitor electrodes. This is because of their easy meth-
od of preparation like one-step pyrolysis and the exceptional
properties they exhibit such as porous nature, high surface
area, and good mechanical strength [8, 9, 11, 18]. In addition,
the agricultural wastes naturally contain Na, K, Mg, and Ca
compounds which induce porosity to carbon structures during
carbonization, without any requirement of post-pyrolysis ac-
tivation procedures [19]. Moreover, the carbonization of
biowaste preserves nitrogen, oxygen, and sulfur in the carbon
matrix that substantially facilitates the electrical conductivity
of carbon [20, 21]. These features have been utilized to con-
stitute highly efficient and economical supercapacitor elec-
trodes. In this regard, many attempts have been made to intro-
duce heteroatom functionalities to carbon structure post-
carbonization to enhance supercapacitance performances
[22, 23]. But such electrodes are found not so stable and result
in capacitance fading. Besides, they also develop internal re-
sistance and current leakage. Therefore, usage of carbon
nanomaterials obtained from oxygen-rich bio-precursor is
suggested as they contain a sufficient amount of oxygen in
the carbon framework [24].

In the present work, Allium cepa (onion) dry peel waste is
used as a precursor for the synthesis of oxygen self-doped car-
bon nanospheres. Allium cepa is one of the most commonly
cultivated crops across the globe, produces huge waste, which
if not handled properly can cause serious environmental issues.
Reports mentioned that India produces > 1,500,000 tonnes of
agro-waste per year [25], of which major part is onion dry peel;
European Union produces > 500,000 tonnes of onion waste
annually [26]. Besides the waste produced from food indus-
tries, domestic wastes add on to this number in the process of
meeting demands of increasing population. Therefore, utilizing
easily available Allium cepa peels to produce sustainable car-
bon nanoparticles facilitates waste remediation and boosts eco-
nomical method of valorizing waste. Further, proximate analy-
sis of onion peels has revealed the presence of ~ 80% of car-
bohydrate which can be good source of carbon; proteins, ash
content, flavonoids constitute the rest. The precursor material
possesses many groups, may be in the form of salts or
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derivatives that are predicted to facilitate the formation of po-
rous carbon structures. The work involves fabrication of
oxygen-rich supercapacitive carbon nanospheres (CNSs) by
one-step pyrolysis under an inert atmosphere.

2 Experiment
2.1 Sample preparation

The onion peel waste was used as raw material for the synthe-
sis of CNSs. The waste material was collected from southern
part of India, washed thoroughly with water, and subsequently
dried. The properly dried waste was ground into a fine powder
using ~ 62-pum sieve, which was then subjected to pyrolysis at
three consecutive temperatures, viz. 800, 900, and 1000 °C
under nitrogen atmosphere (gas flow rate 150 mL cm °) [27];
the pyrolyzed products were coded as S1, S2, and S3, respec-
tively. The detailed explanation of the synthesis of CNSs had
been explained in our previous works for different waste pre-
cursors [28-30]. For comparison purpose, some parts of the
work are repeated and shown in this manuscript wherever it is
necessary.

2.2 Characterization

The CNSs thus obtained by one-pot pyrolysis technique (cat-
alyst free) were characterized using energy-dispersive X-ray
diffraction (EDS), field emission electron microscopy
(FESEM), transmission electron microscopy (TEM), X-ray
diffraction (XRD), Raman spectroscopy, and Brunauer—
Emmett-Teller (BET) studies. The shape and size of the car-
bon nanostructures formed were demonstrated by FESEM
(JEOL JSM-7100F) and TEM (JEOL, JSM 1230). The
XRD patterns were recorded from 20 to 60° to understand
the nature of CNS particles formed (PANalytical-X-Ray).
The order of particle arrangement was checked by Raman
spectroscopy (New Xplora Plus V1.2 multiline, HORIBA
Jobin Yvon confocal Raman spectroscope). The Fourier-
transform infrared spectra (FTIR) analyses were performed
from 4000 to 400 cm ' using PerkinElmer, Spectrum 100.
X-ray photoelectron spectroscopy (XPS) analysis was carried
out using Kratos Axis Ultra X-ray photoelectron spectrometer
employing MgKa X-rays, hy = 1253.6 eV. Further, the sur-
face properties of CNSs were carried out using Brunauer—
Emmett-Teller studies (BELSORP-max, Microtrac, Japan).

2.3 Electrodes fabrication and supercapacitance
testing

For electrochemical characterization, the electrodes were
prepared with a final composition of 90 wt.% of active
material, 5 wt.% carbon black (Alfa Aesar), and 5 wt.%
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PVDF (Aldrich, 60 wt.%). The mixture was casted on
nickel foam (Goodfellow) and dried at 60 °C for 30
min. After drying, the coated mesh was uniaxially pressed
at 5 tons and the weight of the active material was deter-
mined by a Shimadzu AUW220D, Japan microbalance.
The active material mass loading of the obtained elec-
trodes ranged from 3 to 6 mg cm >. A platinum wire
was used as a counter electrode and Ag/AgCl was used
as a reference electrode. All the electrochemical experi-
ments were conducted in different electrolytes LiOH,
NaOH, and KOH (3 M). A practical symmetrical
supercapacitor has been made using two electrodes of
the active material electrically isolated from each other
by porous membrane pre-soaked with the electrolyte so-
lution. It was then sandwiched and pressed into a coin cell
design. The electrochemical data were collected using an
AUTOLAB PGSTAT30, electrochemical workstation, the
Netherlands equipped with frequency response analyzer.
Cyclic voltammetry (CV) and galvanostatic charge/
discharge (CDC) tests were performed at different scan
rates and different current densities, respectively.
Electrochemical impedance spectroscopy (EIS) data were
collected from 50 kHz to 0.01 Hz, at open circuit potential
(OCP) with AC amplitude of 10 mV.

3 Results and discussion
3.1 Structural and morphological characterizations

The valorization of waste onion peel to CNSs was carried
out by pyrolysis at different temperatures (800, 900, and
1000 °C). The various characterization techniques aided
to analyze the structural and morphological properties of
CNSs, which manifested them to be applicable as
supercapacitor electrode materials. First, the pyrolyzed
materials were subjected to EDS analysis to determine
purity, in terms of carbon percentage. The raw material
contained ~ 55% of carbon, ~ 50% oxygen, and other
elements such as sodium, magnesium, sulfur, potassium,
and calcium. The pyrolysis process, where waste onion
peel powder was heated at elevated temperature, facilitat-
ed removal of the elements other than carbon, resulting in
carbonized products with higher carbon content. EDS re-
sults (Fig. 1) showed that S1, S2, and S3 having 84, 90,
and 91% of carbon, respectively; oxygen was less than
10% and other elements in negligible values.

The TEM images (Fig. 1) were captured to confirm the
formation of spherical shape and nanosize of pyrolyzed
materials. The images clearly showed spherical particles
well distributed over the area. Moreover, the images also
gave information about the size of the particles. The sizes
of CNSs produced at all temperatures lied in nanoscale,

where reduction of size was found with increment in tem-
perature; the average size calculated for S1, S2, and S3
was 66, 65, and 63 nm, respectively.

The particle arrangement in the CNSs was demonstrat-
ed by XRD analysis. The XRD patterns of S1, S2, and S3
(Fig. 2a—c, respectively showed the occurrence of two
prominent peaks at 26.5° and 44.5°, specific carbon nano-
structures, which correspond to (002) and (100) lattice
planes respectively) [8, 31]. Further, the narrow, sharp,
and intense peaks correspond to crystalline/graphitic na-
ture of CNSs are also formed. The other peaks observed at
26 of 21°, 33°, 37°, and 39° could be attributed to metal
carbonates. A similar pattern has been observed by Carrot
et al. during the XRD analysis of the pyrolyzed product of
lignin [32]. Moreover, the XRD results corroborated with
Raman spectroscopic outcomes. Two major peaks ap-
peared in Raman spectroscopic plots (Fig. 2d); a peak at
1594 cm ™' represented the disorder present in nanocarbon
structures, whereas the peak observed at 1347 cm™ ' indi-
cated the formation of graphitic CNSs [33]. Thus, the
above analyses confirmed the formation of pure, crystal-
line, and graphitic CNSs by the pyrolysis of a biowaste
material.

FTIR (Fig. 2e) was carried out to investigate the bonding
and thus purity of the CNS compounds. The peak at 3429
cm ' is due to O—H bond stretching; the stretching frequency
of C—H appeared as twin peaks at 2931 and 2848 cm . The
peak at 1572 cm ' could be attributed to sp® hybridized car-
bon, C=C stretching. At 1438 and 877 cm ™", bending vibra-
tions of C—H and C=C were formed. The FTIR analysis of
CNSs showed that the nanomaterials were highly pure with
traces of heteroatoms like oxygen [33].

The XPS analysis was performed for carbon nanospheres
synthesized at 1000 °C to demonstrate the chemical nature at
the surface. The wide spectral analysis (Fig. 3a) revealed the
presence of carbon and oxygen bound in different ways; also,
the presence of nitrogen in minute quantity was confirmed.
The XPS core-level spectra of C 15,0 1s,and N 1 s are given
in Fig. 3b—d, respectively. The XPS spectrum of C 1 s exhibits
the intense characteristic peak at binding energy value
284.8 eV which could be attributed to C—C or C=C bonds in
the carbon matrix. The other two minor peaks were formed at
285.3 and 290.0 eV. The binding energies of these small peaks
were 0.5 and 5.2 eV higher than the binding energies of car-
bon atoms. This indicated the existence of C—O and C=0
bonds in the carbon matrix [34]. Further, XPS spectrum of
O 1 s in Fig. 3¢ showed peaks at 532.4 and 532.7 eV which
could be attributed to C—O or C=0 bonds in CNSs [34]. XPS
analysis also showed the traces of nitrogen entities in CNSs
forming nadir intensity peaks. The XPS core-level spectrum
of N 1 s showed four peaks at 395.1, 398.0, 400.8, and 403.7
eV. The major peak appeared at 400.8 eV was correspondent
to graphitic nitrogen substituting carbon atoms in carbon
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network. The peaks at 395.1 and 398.0 might be due to sp*
nitrogen forming pyridinic nitrogen and the oxidized nitrogen
produced a peak at 403.7 eV [35].

Further, the surface area study was carried out by the N,
adsorption—desorption method to determine the surface mor-
phological properties of CNSs. The N, adsorption—desorption
isotherms are given in supplementary as Fig. S1. The results
reveal that the isotherms can be classified according to the
TUPAC as reversible type IV which characterizes a material
that contains mesopores and has a high energy of adsorption
[36, 37]. The investigations emphasized on surface area and
porosity; of the CNS materials, S1 exhibited the lowest sur-
face area (692 m> g_l), whereas S3 showed the largest value
(2962 m* g ') and S2 had 930 m* g”'. The obtained BET
surface area is higher than those reported for KOH activation
of wax gourd-derived carbon materials [38]. The mesoporous
CNSs were found to have a similar pattern of values with
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regard to porosity. The total pore volumes of S1, S2, and S3
were found to be 0.4, 0.5, and 2.1 m® g™' respectively.
Figure 4 a shows the direct relationship between pyrolysis
temperature, surface area, and total pore volume. With in-
crease in temperature from 800 to 1000 °C, the surface area
and pore volume in CNSs were also found to increase. These
studies proved to be important in manifesting the CNSs for
supercapacitor applications. Table 1 summarizes the textural
properties analyses results along with average particle size.

Micropore volume in CNSs was determined by the volume
of gas adsorbed using the t-plot method (Fig. 4b). The total
micropore volumes were 0.4, 0.5, and 1.7 cm’ g71 in S1, S2,
and S3, respectively. The waste onion peel derived CNSs were
found to be constituted by mesopores along with micropores.
The combination of these two types of pores well facilitates
the diffusion of ions into void and retention of electrons, there-
by producing higher capacitance.



Biomass Conv. Bioref.

(002)
(002) (3) (b) (002) (c)
3 3 3
. ©
s 2 s
2 2
§ ‘; .a
g c c
o i} 3
- | = e
£ (100) - (100) o= (100)
T . Ll L T T T T T
20 30 40 50 20 30 40 50 60 20 30 40 50 60
26 (degree) 26 (degree) 26 (degree)
A : —S1
(d) Rea g.@"‘ s2
—S3
=
—_ cl
S g
< =
el k=
= £
L —
— Cd
= B3
- > A T T T T T T T
500 1000 1500 2000 2500 3500 3000 2500 2000 1500 1000 500
Raman shift (cm'1) Wavenumber (cm'l)

Fig. 2 XRD patterns of CNSs a S1, b S2, ¢ S3, d Raman, and e FTIR spectra for S1, S2, and S3 samples

Fig. 3 XPS analysis of S3 a wide 12000
spectral measurement, b C 1 s, ¢ 35000+
1 .
Ols,anddN1s 300004 0000
=
L 25000+ & 8000+
< S
}: 20000 - = 6000-
2 150002 g
8 S 4000
= 10000 -
— 2000 -
T T T T T 0 T T T T T
1000 800 600 400 200 0 292 290 288 286 284 282
Binding energy (eV) Binding energy (eV)
8000
Ols 19804
7000 4 (C)
1960 -
n n
6 6000 - E') 1940 ]
-’ S’
5000 -
z £ 1920
: z
4000 -
I @
E E 1900
3000 -
1880 -
2000 -
T T T T T T T 1860 T ¥ T T T
538 536 534 532 530 528 526 406 404 402 400 39 3% 3N
Binding energy (eV) Binding energy (eV)

@ Springer



Biomass Conv. Bioref.

3000 ® k-
- -8 -BETSurfacearsa (a)
"ot =i —Porz volume o
o~ 2500| 2.0
g
S
g 2000 &
-
L
8 1500]
.
<
-
&
1000)
= __,_..—F""'"-—'-F”. =
g 500| :____——-——o ba
800 850 900 950 1000

Pyrolysis temperature (‘C)

3.2 Electrochemical studies
3.2.1 Supercapacitor electrodes performance

Effect of electrolyte The electrochemical behavior and the
stability of the electrodes fabricated from CNSs synthe-
sized from Allium cepa peels were studied using cyclic
voltammetry galvanostatic charge/discharge tests. The
electrochemical performances of the electrodes were stud-
ied in different electrolytes (3 M LiOH, NaOH, and KOH)
to optimize the testing conditions. The tests were per-
formed after initial stabilization for 20 cyclic voltammetry
cycles at a scan rate ranging between 5 and 100 mV s~ in
a potential window of — 1-0 V. Cyclic voltammetry
curves measured at 50 mV s~ ! scan rate, charge/
discharge at 0.5 A g ' current density, and the specific
capacitance as a function of current density in different
electrolytes (LiOH, NaOH, and KOH) are shown in Fig.
Sa—c, respectively. Cyclic voltammetry curves exhibit al-
most rectangular-like shape with no obvious redox peaks,
which reveals the EDLC behavior in all electrolytes. This
cyclic voltammetry shape was found to be similar as pre-
sented elsewhere for activated carbon from waste
Camellia oleifera shell [39]. In addition, the galvanostatic
charge/discharge plots display nearly a straight line with a
neglected iR drop, indicating a good current—voltage re-
sponse. In KOH, the discharging time is higher indicating
high charge accumulations. The specific capacitance (Cs)

Table 1 Summarization of textural properties analyses results
CNS BET surface area Average pore size Pore volume
(m’g ") (nm) m’g )
S1 692 25 04
S2 930 23 0.5
S3 2962 2.8 2.1
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Fig. 4 a Surface area and pore volume as functions of pyrolysis temperature; b t- plots showing volume of gas adsorbed by CNSs having pore size < 2
nm

as a function of current density calculated from the slope
of charge—discharge curves according to Eq. (1) [38, 40]:

I
O = AV /A M

where [ is the discharge current, dV/dt is the slope of
discharge curve, and m is the mass of active materials
on the working electrode. The C; was found to decrease
with increasing discharge current and found to be 35.5,
88.3, and 189.4 F g~ was obtained at 0.1 A g in LiOH,
NaOH and KOH, respectively. Figure 6 shows the cyclic
voltammetry at different scan rates and galvanostatic
charge/discharge at different current densities for S3 in
LiOH, NaOH, and KOH. KOH electrolyte shows the
highest specific capacitance among all electrolytes; thus,
it has selected for further testing. These high specific ca-
pacitance values could be attributed to the high porosity
and surface area [41] that could be accessible to the elec-
trolyte ions. The results suggest that the capacitance in the
basic electrolytes is based only on non-Faradaic electro-
static sorption of ions on the double layer [42]. On the
other hand, KOH shows the highest capacitance which is
due to smallest radius of hydration of K* (3.31, 3.58, and
3.82 A for K*, Na*, and Li*, respectively) and highest
molar conductivity of K* (73.5, 50.1, and 38.6 cm?Q 7!
Mol ™! for K*, Na*, and Li*, respectively) among other
electrolyte ions [43]. In addition, the deviation from line-
arity of the galvanostatic charge/discharge curves may be
attributed to the pseudocapacitance contribution of oxy-
gen functional groups [44], which lead to high specific
capacitance values [45].

Effect of carbonization temperature To optimize the carboni-
zation temperature, three samples annealed at different tem-
peratures (800, 900, and 1000 °C) coded as S1, S2, and S3,
respectively, were investigated. The cyclic voltammetry
curves measured at 50 mV s ' scan rate, charge/discharge
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for the indicated materials in 3 M KOH

further testing. The findings were compared with other carbon
materials as listed in Table 2.

EIS was performed to investigate the chemical and
physical processes occurring on the electrode surface
[17]. Nyquist plots are shown in Fig. 9a and the inset
represents the high-frequency region of the recorded full
impedance plot. At low-frequency region, the curve was
parallel to the ordinate, indicating a better capacitive be-
havior in KOH. A small semi-circle in the high-frequency
region and a vertically straight line in the low-frequency
region could be seen clearly from the figure. R, and R
were found to be very small, indicating high electrical

conductivity of carbon materials. The vertical linear sec-
tion in the low-frequency region demonstrated a pure ca-
pacitive behavior and represented an ideal supercapacitor.
The result of EIS measurement indicated that the CNSs
had good capacitive performance. All fitting parameters
are summarized in Table 3.

Bode plots for CNS supercapacitor materials are shown
in Fig. 9b. The phase angle of S1, S2, and S3 in KOH was
found to be — 75.5°, — 79.1°, and — 80.1°, respectively
which was close to ideal supercapacitor (— 90°) [51, 52].
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of frequency (using the equation mentioned elsewhere
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Fig.8 Cyclic voltammetry at different scan rates and galvanostatic charge/discharge at different current densities in KOH for S1 (a, b), S2 (¢, d), and S3
(e, f), respectively
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Table2  Comparison of reported specific capacitance with carbon-based materials

Carbon-based electrode Precursor Specific capacitance (F g ') Electrolyte Ref.
MWCNTs-Cyst Industrial grade MWCNTs 23@025Ag" 1 M Na,SOq4 [7]
MWCNTs 6@025Ag"

KOH-activated carbon Fir trees 180 @ 10mV s ! 0.5 M H,SO4 [46]
Steam-activated carbon 110 @ 10mV s~

Rotten carrot-activated carbon Rotten carrot 113.9@ 10mV's ™'

Aluminum foil with a carbonaceous coating Commercial activated carbon 95 @ 20 mA cm >
and activated carbon

KOH-activated recycled jute Recycled jute 185@ 500 mA g

Activated carbon derived from banana fibers ~ Banana fibers 74 @ 500 mA g

Oxygen self-doped carbon nanospheres Onion peel 1894 @0.1 Ag"

10 M EMITfin SN [47]

1.5 M NEt,BF, [48]
3 M KOH [49]
1 M Na,SO, [50]
3 M KOH This work

[40, 51]) are shown in Fig. 9c and d. In KOH, S1, S2, and
S3 showed lower relaxation time of 0.62, 0.63, and 0.63 s
indicating good electrochemical supercapacitive proper-
ties and fast galvanostatic charge/discharge characteristic
response.

3.2.2 Practical symmetrical supercapacitor performance

The symmetric supercapacitor of S3//S3 had been fabri-
cated and tested using cyclic voltammetry under different
operating voltages. In KOH solution, it could work under
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plots (the inset is zoomed view of

- S3
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Table 3  Fitting parameters of the experimental impedance data for the
electrode materials in 3 M KOH

Electrode Ry () Ry (Q) C@mF) CPEW2's") W) 7()
S1 0.95 0.71 0.29 0.060 0.158  0.62
S2 0.80 0.78 0.11 0.051 0.077  0.63
S3 0.58 0.73 0.11 0.062 0.087 0.63

1.7 V, which indicated high energy was stored in the
supercapacitor. As shown in Fig. 10 a and b, the symmet-
ric supercapacitor shows a quasi-rectangular cyclic volt-
ammetry curve under all potential windows and all scan
rates. At a low scan rate, electrolyte ions had more time to
diffuse into the pores of the S3, making the huge increase
in the capacitance values. However, at higher scan rate,
the electrolyte ions did not have sufficient time to diffuse,
and they increased the ionic resistivity generating slower
capacitance values increment [53]. The galvanostatic
charge/discharge characteristics of S3//S3 supercapacitor
were performed at different current densities and different
voltage windows and the results are presented as shown in
Fig. 10 ¢ and d. The cell showed a linear charge and

discharge curves even under high voltage limit (1.6 V).
The calculated specific capacitance decreased with in-
creasing discharge current and the highest specific capac-
itance of 81.3 F g ' was obtained at 0.01 A g' in 3 M
KOH (Fig. 10e). The decreasing in specific capacitance
with increasing current density implies the potential dif-
ference in pores because of the ohmic resistance of the
electrolyte [54]. The energy (E) and power (P) densities
can be calculated from CDC data using Egs. (2) and (3),
respectively [12, 38].
F—1 C, V? (2)

2

E

:A_td

(3)

The Ragone plot for S3//S3 is shown in Fig. 10f, show-
ing the maximum energy density of 22.1 Wh kg ' at a
power density of 39.6 W kg~'. The energy density was
found to be higher than those obtained for biomass-based
N-doped hierarchical porous carbon nanosheets (10.2 Wh
kg ') [55], KOH activation of wax gourd-derived carbon
materials (13.0 Wh kg™ ') [38], KOH activation of
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Fig. 10 Cyclic voltammetry curves under different potential windows at
50 mV s ! (a) at different scan rates in potential windows of 0—1.4 V (b),
galvanostatic charge/discharge curves at 0.5 A g ' under different poten-
tial windows (d), at different current densities under 1.4 V (d), specific
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biomass-derived nitrogen-doped carbons (13.0 Wh kg ")
[38], straw-based porous carbon fibers (16.0 Wh kg ')
[56], and peach gum-derived porous carbon nanosheets
(17.3 Wh kg™ ") [57].

The cycling stability of S3//S3 was performed using galva-
nostatic charge/discharge at 0.5 A g for 4500 cycles and the
data are presented as shown in Fig. 11. S3//S3 showed very
good cycling stability where it still maintained more than 78%
of its original capacitance in KOH. Moreover, it shows the
high coulombic efficiency of 90%. This is due to easily
insertion—desertion of the electrolyte ions through the porous
carbon structure [15]. Some galvanostatic charge/discharge
cycles are shown as insets of Fig. 11 to confirm stable and
uniform performance.

4 Conclusions

Oxygen self-doped carbon nanospheres were successfully ob-
tained from Allium cepa peel as a biowaste precursor. The
obtained electrochemical behavior in 3 M KOH showed ex-
cellent supercapacitance performance (189.4 at 0.1 A g ') of
the prepared carbon nanospheres electrode. Impedance spec-
tra showed a low resistivity of carbon nanospheres, supporting
its suitability for supercapacitor electrodes application. That is
due to their fine particles size of ~ 60 nm and porous structure.
The full supercapacitor device fabricated from carbon nano-
spheres showed the high cyclic stability of about 78% and
high coulombic efficiency of 90% over 4500 cycles at 0.5 A
g . The symmetric supercapacitor shows a good electro-
chemical performance in KOH up to 1.7 V, with a high energy
density of 22.1 Wh kg '. The obtained results recommend
these carbon nanospheres obtained from Allium cepa wastes
for supercapacitor applications.
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