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Abstract: Interconnected hollow-structured carbon was successfully prepared from a readily
available bio-waste precursor (orange peel) by pyrolysis and chemical activation (using KOH),
and demonstrated its potential as a high-performing electrode material for energy storage. The surface
area and pore size of carbon were controlled by varying the precursor carbon to KOH mass ratio.
The specific surface area significantly increased with the increasing amount of KOH, reaching a
specific surface area of 2521 m2/g for a 1:3 mass ratio of precursor carbon/KOH. However, a 1:1 mass
ratio of precursor carbon/KOH displayed the optimum charge storage capacitance of 407 F/g,
owing to the ideal combination of micro- and mesopores and a higher degree of graphitization.
The capacitive performance varied with the electrolyte employed. The orange-peel-derived
electrode in KOH electrolyte displayed the maximum capacitance and optimum rate capability.
The orange-peel-derived electrode maintained above 100% capacitance retention during 5000 cyclic
tests and identical charge storage over different bending status. The fabricated supercapacitor device
delivered high energy density (100.4 µWh/cm2) and power density (6.87 mW/cm2), along with
improved performance at elevated temperatures. Our study demonstrates that bio-waste can be
easily converted into a high-performance and efficient energy storage device by employing a carefully
architected electrode—electrolyte system.
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1. Introduction

Supercapacitors or electrical double-layer capacitors (EDLCs) are one of the advanced energy
storage devices that have been drawing significant attention lately because of their unique advantages
such as pulse power supply, rapid charging time, outstanding service life, and operational safety [1,2].
Supercapacitors are emerging as a substitute power source over conventional batteries for a wide
range of applications in electrical vehicles, portable electronics, and energy harvesting systems [3,4].
Accumulation of charges on the electrode/electrolyte interface leads to electrical energy storage in
EDLCs. Therefore, an electrode with a larger surface area is necessary to maximize the charge storage
capacity. So far, various forms of carbons including grapheme [5], carbon nanotubes (CNT) [6], carbon
nanofibers [7], and carbon nanospheres [8] have been exploited for supercapacitor applications due
to their exceptional electrochemical and physical properties. Tedious synthesis processes and the
relatively high cost of these carbon allotropes limit their extensive use in commercial energy storage
devices. In contrast, activated carbon represents a cost-effective and facile synthesis process for
carbon-based electrodes compared to more advanced carbon allotropes. Activated carbon with a
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highly porous structure offers a larger surface area for electrolyte ion adsorption and electrostatic
double layer formation, which enhances the capacity.

Currently, the scarcity of petrochemical feedstock and environmental issues have driven the
focus towards sustainable and renewable resources for energy generation and storage. Therefore,
converting bio-waste into useful carbon material is gathering more and more attention. Bamboo [9],
corncob residue [10], sugarcane bagasse [11], waste tea leaves [12], rice bran [13], plant leaves [14],
and banana peel [15] have been utilized as precursors to prepare activated carbon for electrodes in
supercapacitors. Preparation of activated carbons involves two processes: pyrolysis of the precursor
in an inert environment, accompanied by chemical or physical activation at a higher temperature.
Steam [16] and carbon dioxide [17] are the main physical activators. Chemical activation agents such as
KOH [18], NaOH [19], H3PO4 [20], and ZnCl2 [21] have been employed to introduce porosity to carbon
for numerous applications. Among them, KOH is the most attractive chemical reagent for the activation
process of carbon used in supercapacitors, because it produces high carbon yield, high porosity, precise
pore size distribution, and ultrahigh surface area (~1 mL/g and ~3000 m2/g) [22,23]. Apart from
the surface area and pore characteristics, the charge storage capacity of a supercapacitor depends
on the surface functionality. Incorporation of a surface functional group containing oxygen [24],
nitrogen [25], and sulfur [26] can induce pseudocapacitive behavior and increase wettability to improve
the capacitance.

According to the latest statistics from the United States Department of Agriculture (USDA),
estimated global orange production reached 49.6 million metric tons in 2016–2017 [27]. Among
those, a significant percentage of oranges are processed to manufacture fruit juice, 50–60% of
which is discarded as waste [28,29]. A major portion of the waste consists of orange peel, which
accounts for about 44% of the total weight of the orange fruit [30]. As a widely available and readily
collectable industrial bio-waste, various applications including extraction of pectin [31], heavy metal
adsorption [32], dye adsorption [33], production of biofuel [34], and starting material for polymers [35]
have been proposed for orange peel to date. Supercapacitors in general consist of two electrodes,
which are coated with porous materials such as activated carbon. This creates a higher surface
area for efficient charge storage. A carbon-based commercial supercapacitor cell delivers a specific
capacitance of 25–30 F/g. Power density and energy density are two important parameters that can be
used to evaluate the performance of an energy storage device. The power density of a commercial
supercapacitor is 3–5 kW/kg, which is higher than 1 kW/kg for a similar size battery. The main
limitation of a supercapacitor is the lower energy density (~10 Wh/kg). In contrast, batteries deliver
an energy density of 35–40 Wh/kg. The cycle life of a supercapacitor is around 500,000 cycles.

Petrochemical coke is a widely used source of activated carbon. In this study, we introduce
an attractive alternative, waste orange peel, to produce activated carbon. It is a low-cost, widely
available, and sustainable source of carbon. An orange-peel-based supercapacitor demonstrated high
performance by reaching a capacitance above 400 F/g, energy density of 100.4 µWh/cm2, and power
density of 6.87 mW/cm2. Although this study evaluated the use of activated carbon for supercapacitors,
there have been numerous reports on the application of activated carbon as an electrode material
in batteries. Herein, we report the synthesis and method to control the surface area and pore
characteristics of carbon derived from orange peel. A combination of KOH and precursor (1:1 w/w)
produced carbon with a moderate specific surface area, a high degree of graphitization, and, most
importantly, a well-developed meso-/micropore structure, which exhibited an optimum charge storage
capacity of 407 F/g at a current density of 0.5 A/g. The effect of different alkali electrolytes on
electrochemical performance was studied in detail and it is noted that KOH electrolytes offer excellent
rate capability and capacitance. About 100% capacitance retention over 5000 charge–discharge cycles,
unchanged electrochemical performance in various bending status, and improved capacitance at
elevated temperatures demonstrate the potential applicability of activated carbon from orange peel in
high-performance electrodes for energy storage applications.
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2. Results and Discussion

Waste orange peels were converted to porous carbon through pre-carbonization and pyrolysis in
the presence of a chemical activator, as illustrated in the graphical abstract. Subsequently, synthesized
carbon was utilized to fabricate an electrode for symmetric supercapacitor. Figure 1a displays the
XRD patterns of unactivated and activated carbonized OP with different mass ratios of KOH. XRD
peaks centered around 2θ of 24◦ and 44◦ in all the activated carbon samples correspond to the (002)
and (100) planes of the graphitic carbon. Broad and low-intensity peaks indicate the disordered
nature of the carbon samples. The characteristics peaks become broader and reduce intensity with
KOH mass ratio increase from 0 to 3, suggesting the decrease in graphitic structure in the OPACs [5].
These observations revealed that the degree of graphitization of the carbon sample was governed
by a chemical activation agent. Further, the graphitic structure of unactivated and activated carbons
was investigated by Raman spectra (Figure 1b). Two characteristic peaks around 1340 and 1582 cm−1

were assigned for the D-band and G-band of carbon, respectively. The D-band corresponds to the sp3

hybridized disordered carbon phase, while the G-band relates to the sp2 hybridized graphitic phase of
the carbon [36,37]. The proportion of the disordered carbon presence in a sample can be described
by the relative intensity of the D-band and G-band (the ID/IG ratio). The ID/IG ratio for OPUAC
was 0.88, whereas the ID/IG ratios for OPAC-0.5, OPAC-1, OPAC-2, and OPAC-3 were found to be
0.91, 0.90, 0.91, and 0.96, respectively—considerably higher than in the unactivated carbon sample.
The rise of the ID/IG ratio for the KOH-activated carbon suggests that harsh chemical treatment
disturbed the structural order of the carbon. However, the graphitization level of our activated carbon
materials (IG/ID > 1.04) were significantly higher than the IG/ID ratio of commercially activated carbon
(0.52) [11], indicating its suitability as an electrode material due to the excellent electrical conductivity.
The high electrical conductivity of carbon derived from orange peel will reduce the charge-transfer
resistance for the electrolyte ions and thus improve the electrochemical properties.
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Figure 1. (a) XRD spectra and (b) Raman spectra of OPUAC and OPACs carbons.

We analyzed the pyrolysis behavior of orange peel precursor under a nitrogen atmosphere
using thermogravimetric analysis. Thermogravimetric (TG) and its derivative (DTG) curves are
given in Figure S1. Generally, the pyrolysis of biomass involves the thermal decomposition of
lingocellulosic biomass by releasing volatile matter and leaving char behind. As seen in the DTG
curve, the appearance of peaks at temperature ranges of 50–100 ◦C, 200–300 ◦C, and 300–400 ◦C
can be attributed to the dehydration of orange peel, the decomposition of hemicellulose, and the
decomposition of cellulose, respectively [38,39]. Lignin pyrolyzes steadily over a wide temperature
range, and the weaker peak between 430 and 500 ◦C may represent the decomposition of lignin.
Lignin contributes predominantly to the formation of char [40,41]; about 21% char yield was observed
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at 700 ◦C. The SEM images in Figure 2 revealed the effect of chemical activation and pyrolysis
on the morphology of carbon synthesized from the orange peel precursor. The pyrolysis of the
pre-carbonized precursor in the presence of KOH (the chemical activating agent) produced open
channels with non-uniform honeycomb-like morphologies on the surface (Figure 2a–d). The pyrolysis
of the pre-carbonized precursor without employing a chemical activating agent produced a sheet-like
structure (Figure 2e). More prominent and widely spread honeycomb-like structures were observed
with an increasing KOH mass ratio. The schematic of the honeycomb and open tubular channels’
structures is illustrated in Figure 2f. The presence of an open channel structure forms porous carbon,
which provides electrolyte ions a higher surface area to access and a path for transportation during the
charge storage process [42,43]. The activation of the carbon by KOH at 800 ◦C proceeded according to
the following reaction:

6KOH + C → 2K + 3H2 + 2K2CO3 (1)

Subsequently, K2CO3 decomposed and the resultant products further reacted with the carbon to
form hollow channels inside the carbon matrix [44,45].
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Figure 2. SEM image of (a) OPAC-0.5; (b) OPAC-1; (C) OPAC-2; (d) OPAC-3; (e) OPUAC; and (f) a
schematic diagram of the porous structure in carbon derived from OP.

The nitrogen adsorption–desorption isotherms of OPAC and OPUAC samples are illustrated in
Figure 3a. It is evident that the pore structure and specific surface area of the resultant carbon are
influenced by the mass ratio of the activating agent. OPAC-2 and OPAC-3 showed type I isotherm
curves with the majority of N2 adsorption at relative pressures (P/P0) below 0.3 and a near-parallel
slope (to x-axis) of the isotherm above 0.3 of P/P0, which is typical of micropores in carbon. On the
other hand, OPAC-0.5 and OPAC-1 showed a combination of type I and IV isotherm curves with a
sharp slope at relative pressure less than 0.1, followed by a steady increase in the N2 adsorption and
the appearance of distinguishable hysteresis loops at P/P0 over 0.5, demonstrating the existence of
both micropores and mesopores [46]. In contrast, very low N2 adsorption of OPUAC indicated the
almost non-existence of the porous structure.
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These observations were further confirmed by the BJH pore size distribution plot (Figure 3b).
The pore size of OPAC-1 and OPAC-0.5 was mainly in the 3–4 nm range, along with a smaller fraction
of pores around 2 nm, whereas OPAC-2 and OPAC-3 did not exhibit a complete distribution at the
smaller pore size end and overwhelmingly consisted of pores with a diameter of less than 2 nm.
Therefore, the structure of OPAC-1 and OPAC-0.5 was a combination of meso- and micropores with a
larger proportion of mesopores. OPAC-2 and OPAC-3 contained an abundance of micopores. Table 1
summarizes the pore characteristics of the carbon materials. The specific surface area of the OPAC-0.5
to OPAC-3 continuously increased from 1004 to 2521 m2/g; similarly, pore volume also increased from
0.52 to 1.30 cm3/g. We observed significantly lower specific surface area and pore volume for OPUAC
(0.852 m2/g and 0.0004 cm3/g, respectively). Nevertheless, pore diameter was reduced in the activated
OP samples from 1.69 to 1.04 nm as the KOH mass ratio increased from 0.5 to 3. It was obvious that
the progressive increase of the KOH mass ratio during the activation process continued to etch the
carbon matrix deeper, while maximizing the pore volume and surface area, instead of enlarging pore
diameter. Therefore, a substantial proportion of micropores were created at higher KOH mass ratios.
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Figure 3. (a) Nitrogen adsorption–desorption isotherms and (b) BJH pore size distributions of OPUAC
and OPAC carbons.

Table 1. Pore characteristics and surface area of unactivated and activated carbons. a Surface area
measured via BET method, b Total pore volume, and c Average pore diameter.

Sample SBET
a (m2/g) Vtotal

b (cm3/g) Dave
c (nm)

OPAC-0.5 1004 0.52 1.69
OPAC-1 1391 0.72 1.59
OPAC-2 1960 1.01 1.45
OPAC-3 2521 1.30 1.04
OPUAC 0.852 0.0004 1.16

The existence of both micro- and mesopores is a favorable feature in activated carbon-based
electrodes for supercapacitor applications. The presence of micropores provides a larger surface for
the adsorption–desorption process of electrolyte ions. Mesopores also ensure a highly accessible
surface area and offer wider channels for several electrolyte ions to diffuse at the same time
without experiencing geometric resistance [14,47]. Therefore, we presumed superior electrochemical
performance in OPAC-1 due to the higher fraction of mesopores and enhanced surface area.

The electrochemical performance of supercapacitor electrodes based on orange-peel-derived
carbon was studied by employing a three-electrode system in 3 M KOH electrolyte. Figure 4a
compares the cyclic voltammetry curves of OPUAC and OPACs at a scan rate of 10 mV/s. OPAC
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electrodes exhibited symmetrical rectangular-shaped CV curves. In the absence of any redox peaks,
this represents a typical electric double-layer (EDL) mechanism. In contrast, OPUAC had a smaller
and highly distorted rectangular CV curve, indicating low charge storage capacity compared to
OPAC electrodes. Galvanostatic charge–discharge profiles at a current density of 1 A/g and specific
capacitance at different current densities for the OPUAC and OPACs electrodes are shown in Figure 4b.
The symmetric and linear nature of the charge–discharge profiles provided further evidence of the
EDL behavior of the electrodes. The shortest discharging time and lowest capacitance of 115 F/g at
1 A/g were given by OPUAC. Chemical activation of the pre-carbonized OP significantly enhanced
the capacitance. OPAC-1 provided the highest capacity of 217 F/g at 1 A/g (Figure 4c). OPAC-2 and
OPAC-3 had a higher specific surface area than OPAC-1, indicating that increased chemical activator
amount and high surface area did not always improve the charge storage capacity. Higher specific
surface area of the OPAC-2 and OPAC-3 was attained through the substantial presence of micropores.
However, very narrow micropores restrict the ion transfer process, reducing the effective surface area
for electrolyte ion adsorption. Therefore, the OPAC-1 electrode provided the maximum capacitance.

Electrochemical properties of the OPAC-1 electrode were studied in detail by performing CV at
different scan rates (Figure 4d) and GCD at different current densities (Figure S2). At low scan rates,
CV curves exhibited a nearly perfect rectangular shape and the shape was retained even at higher scan
rates with a minor distortion, suggesting a rapid and unrestricted charge transfer process, owing to
the meso-/micropore combination of OPAC-1. As seen in Figure S2, the charge–discharge profiles
retained their linear and almost symmetrical nature even at higher current densities, indicating an
efficient electrolyte ion diffusion process. The IR drop (voltage drop) at the start of the discharge curve
accounts for the total resistance in the electrode [48]. We observed an IR drop of 4 mV at 0.5 A/g and it
only increased to 194 mV even for a high discharge current of 20 A/g (Figure S3).

Figure 4e illustrates the CV curves for different bending angles at a scan rate of 100 mV/s.
The shape of the CV curves remained identical, indicating that the OPAC-1 electrode sustained its
electrochemical properties while flexing. This suggested a potential application of OPAC-1 electrode in
flexible supercapacitors. The long-term cyclic stability of a supercapacitor is another important feature
that determines its practical applicability. The cyclic stability of OPAC-1 was evaluated by performing
continuous charge–discharge cycles at 3A/g (Figure 4f). The capacitance for the first 500 cycles
gradually increased until capacitance retention reached 105%, followed by an almost steady capacitance
delivery. The capacitive performance improved to 108% of its initial value over 5000 cycles. The initial
improvement in capacitance was due to the activation of the OPAC-1 electrode by progressive wetting
of the electrode with electrolytes [10,49]. The perfectly overlapping charge–discharge profiles of the
first and last five cycles (inset in Figure 4f) provided further evidence for the excellent long-term cyclic
stability of OPAC-1.
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To understand the effect of electrolytes, specific capacitance of OPAC-1 was measured in 3 M
KOH, NaOH, and LiOH at different current densities (Figure 5a) and scan rates (Figure 5b). According
to the results, OPAC-1 in KOH electrolyte delivered superior specific capacitance than NaOH and
LiOH electrolytes. The improved electrochemical properties in KOH can be ascribed to the smaller
hydrated ionic radius of K+ (3.31 Å), which is lower than the hydrated ionic radius of the Na+ (3.58 Å)
and Li+ (3.82 Å). The ionic conductivity of hydrated ions increases with a decrease in ion size [47].
This facilitated access to the innermost pores of OPAC-1 for the K+ and reduced the transition time
between the adsorption and desorption processes. Therefore, OPAC-1 in KOH electrolyte exhibited
the maximum charge storage capacity. We also observed a different rate behavior of OPAC-1 in
these electrolytes. Figure S4 displays the CV curves of OPAC-1 at 10 and 200 mV/s in KOH, NaOH,
and LiOH. The areas under the curves were almost equal at a low scan rate, indicating similar charge
storage behavior in the three electrolytes. In contrast, charge storage capacity deviated at a high scan
rate, increasing in the order of LiOH < NaOH < KOH. The least decay of capacitance in KOH electrolyte
can be credited to the smallest hydrated radius of K+ among the three metallic ions. Therefore, hydrated
K+ possessed the highest ionic conductivity and shortest relaxation time during the diffusion process,
resulting in an increment in the rate capability of OPAC-1 in LiOH < NaOH < KOH, in this order.

Additionally, electrochemical impedance spectra were conducted to understand the electrochemical
behavior of OPAC-1 in three different electrolytes. Figure 5c shows the Nyquist plots of the OPAC-1
electrode in 3 M KOH, NaOH, and LiOH in a frequency range from 10 kHz to 0.05 Hz. Nyquist plots of
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the three electrolytes had a similar shape: a modest semi-circle at the middle to high frequency range,
and a straight line at low frequency. Interception at Zreal axis at a high frequency (inset Figure 5c) was
an indication of the solution resistance [50]. The corresponding values for the solution resistance (RS)
were 0.83, 0.58, and 0.36 Ω for LiOH, NaOH, and KOH, respectively. Therefore, the KOH electrolyte
had better conductivity than NaOH and LiOH electrolytes. The diameter of the semicircle represented
the charge transfer resistance at the double layer [51], which was decreasing in the following sequence,
LiOH > NaOH > KOH. The lowest charge transfer resistance value in KOH electrolyte suggests
that K+ contributed to an efficient charge adsorption–desorption process on the electrode–electrolyte
interface due to its smaller hydrated ionic radius [52]. At the low frequency range, we observed a
near-vertical straight line for KOH electrolyte, indicating perfect capacitive behavior and efficient ionic
diffusion. We simulated the equivalent circuit for the EIS data to obtain the quantitative value for each
electrochemical component of the electrode. The equivalent circuit and parameters of the OPAC-1
in the three electrolytes are given in Figure 5d. Equivalent circuit included the components related
to solution resistance (RS), charge transfer resistance (RCT), constant phase elements (Q1 and Q2),
and capacitance (C). Existence of the constant phase elements in the electrode can be attributed to
the capacitance of the double layer, the chaotic nature of the diffusion process, or irregularities in
the electrode–electrolyte interface [53]. According to the simulated values, total capacitance in three
electrolytes increased in the order of LiOH < NaOH < KOH, which was consistent with the charge
storage capacitance calculated from GCD and CV measurements (Figure 5a,b). Bode plots (frequency
vs. impedance) of three different electrolytes further confirmed the outstanding rate capability in KOH
electrolyte (Figure S5). At a low frequency range (<1 Hz), differences between the impedances in three
electrolytes were insignificant. Beyond a frequency of 1 Hz, a low impedance was observed for KOH
compared to NaOH and LiOH, indicating an excellent rate capability in KOH electrolyte.

OPAC-1 produced the optimum specific capacitance of 407 F/g at 0.5 A/g in 3 M KOH electrolyte.
However, we noticed a decrease in specific capacitance with increasing current density. This is an effect
of limited electrolyte ions’ diffusion to the micropores and decreased the amount of electrolyte ions that
accumulated on the electrode surface, owing to insufficient time at higher current densities [51,54]. Here,
we report the specific capacitance for OPAC-1 electrode, superior or comparable to the capacitance of
previous biomass-derived electrodes. Table 2 displays the capacitive performance of the recently
synthesized activated carbon from the biomass precursors. It should be noted that the charge
storage capacity of OPAC-1 was higher than commercially available activated carbons (<200 F/g) [55],
and even comparable to the more advanced forms of carbons such as graphene-based materials
(100–347 F/g) [56], nitrogen-doped graphene (138–326 F/g) [57], and CNT (128–335 F/g) [58]. The high
capacitive performance of our material can be attributed to the higher specific surface area along with
the prominent mesopore structure, with a 3–4 nm pore size. This provided a larger surface area for the
adsorption–desorption process of the ions and efficient pathways to ion transfer.
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Table 2. Comparison of the orange-peel-derived carbon to carbon derived from other biomass precursors.

Carbon Source BET Surface
Area (m2/g)

Specific
Capacitance (F/g)

Current
Density (A/g) Electrolyte Reference

Pitch 2602 263 0.05 6 M KOH [59]
Porous starch 3251 304 0.05 6 M KOH [60]
Celtuce leaves 3404 421 0.5 2 M KOH [61]

Sago bark 58 113 0.02 5 M KOH [62]
Corn straw 1413 379 0.05 6 M KOH [63]

Bamboo 3061 258 0.1 6 M KOH [64]
Oil palm kernel shell 462 210 0.5 1 M KOH [48]

Rice husk 2696 147 0.1 6 M KOH [65]
Ramie 1616 287 0.05 6 M KOH [66]

Camellia oleifera shell 1935 266 0.2 6 M KOH [67]
Soybean residue 1950 261 0.2 1 M H2SO4 [25]

Neem dead leaves 1230 400 0.5 1 M H2SO4 [14]
Orange peel 1391 407 0.5 3 M KOH This work

Considering the high electrochemical performance of the OPAC-1, a symmetric supercapacitor
was fabricated by assembling two OPAC-1 electrodes as the negative and positive electrodes.
CV measurements were performed between 0 and 1 V in 3 M KOH electrolyte for various scan
rates (Figure 6a). The OPAC-1-based supercapacitor exhibited a rectangular-shaped CV curve at low
scan rates and continued to maintain a rectangular shape without major distortion with increasing
scan rate, indicating its suitability as a fast charge–discharge supercapacitor device. The charge storage
process of an energy storage device can be identified by the power law equation below:

i = avb (2)

where i is the peak current (A), v is the scan rate (V/s), and a and b are coefficients. The value
of coefficient b determines whether the charge storage mechanism is either capacitive (b = 1) or
semi-infinite diffusion controlled (b = 0.5) [68,69]. We plotted the logarithms of discharge current
density vs. logarithms of scan rate (Figure S6) and obtained 0.89 for coefficient b. This suggests that
the charge storage process of the OPAC-1 supercapacitor was based on the accumulation of electrical
charges at the electrode–electrolyte interface.
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GCD profiles for OPAC-1 supercapacitor at different current densities in Figure 6b resemble a
quasi-triangle shape, further confirming the formation of EDL during the charge storage process.
IR drop for the supercapacitor was negligible even for higher current densities, which provided
evidence of the minimum internal resistance of the device. Figure 6c shows the specific capacitance
of the OPAC-1-based supercapacitor at various current densities. The specific capacitance of the
supercapacitor decreased from 729 to 697 mF/cm2 as the current density increased from 2 to
14 mA/cm2, demonstrating an impressive capacitance retention of 96% across the same current
density range. This further confirmed the high rate capability of the OPAC-1 supercapacitor.
The well-developed structure of OPAC-1 facilitated the high rate capability by providing an unhindered
pathway to ion transfer.

The energy and power density of the OPAC-1 supercapacitor are illustrated using a Ragone
plot in Figure 6d. The supercapacitor delivered energy density between 100.4 to 93.4 µWh/cm2

for the corresponding power density from 0.99 to 6.87 mW/cm2, while maintaining 93% of its
highest energy density. We compared these values to previously reported supercapacitors based
on other forms of carbon (inset Figure 6d). For example, the energy and power performance of
polyaniline-deposited CNT (50.98 µWh/cm2 at 28.404 mW/cm2) [70], a graphene oxide–polypyrrole
composite (16.8 µWh/cm2 at 0.08 mW/cm2) [71], a polypyrrole–MnO2–CNT coated cotton
thread (33 µWh/cm2 at 0.67 mW/cm2) [72], CNT-coated carbon microfiber (9.8 µWh/cm2 at
0.189 mW/cm2) [73], and graphene–cellulose paper (1.5 µWh/cm2 at 0.01 mW/cm2) [74] were inferior
to our work. The high power capability of the OPAC-1 supercapacitor indicates its potential for
applications where rapid release of energy is required.
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The temperature dependence of the OPAC-1 supercapacitor was studied by performing
electrochemical measurements in the temperature range between 10 and 80 ◦C. Figure 7a displays the
CV curves at 100 mV/s for various temperatures. Nearly rectangular CV curves were observed even
for the higher temperatures, indicating retention of ideal EDL behavior and excellent stability in a
broad temperature range. Figure 7b shows the GCD profiles of a supercapacitor at a current density of
10 mA/cm2 for different temperatures. The discharge time continue to increase as the temperature
increased from 10 to 80 ◦C. As a result, the charge storage capacity improved. We calculated the
change in the capacitance at each temperature relative to capacitance at 10 ◦C (Figure 7c). A nearly
34% improvement in the capacitance was observed s the temperature increased from 10 to 80 ◦C at
current densities of both 10 and 14 mA/cm2.
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To investigate the temperature dependence of the charge storage process, we performed EIS
measurements at different temperatures. Figure 7d compares the Nyquist plots of the OPAC-1
supercapacitor, measured at 10, 20, 40, and 70 ◦C. The features of the Nyquist plots, i.e., interception at
Zreal axis in the high frequency region, diameter of the semi-circle at the middle–high frequency region,
and length of the straight line at a low frequency range were associated with ohmic resistance of the
solution, charge transfer resistance at the electrode–electrolyte interface, and ion diffusion resistance,
respectively. All of these parameters decreased with an increase in temperature. The decrease in the
series resistance was a result of the enhanced kinetic activity of electrolyte ions at elevated temperatures,
rather than a change in the electrical properties of the electrode material [75]. The increased mobility
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of electrolyte ions caused a 34% increment in the capacitance value with increasing temperature.
Figure S7 shows the Bode impedance plots at 10, 20, 40, and 70 ◦C of the OPAC-1 device. It was noted
that impedances below 1 Hz are almost equal for the considered temperatures, while for frequencies
above 1 Hz, the impedance reduced faster with increasing temperature. These observations suggested
that a supercapacitor based on pyrolyzed orange peel induced superior electrochemical performance
at elevated temperatures.

3. Experimental

3.1. Preparation of Orange-Peel-Derived Porous Carbon

The waste orange peels were collected from households and subsequently washed, cleaned,
and dried at 60 ◦C. Dried orange peels were crushed into a fine powder. The obtained orange peel
powder was pre-carbonized at 400 ◦C for 2 h under a nitrogen atmosphere. Subsequently, chemical
activation of the resultant carbon powder was performed using KOH as an activation agent. Carbon
powder (1 g) and KOH pellets (1 g) were thoroughly mixed and pyrolyzed at 800 ◦C for 2 h inside a
tube furnace under a nitrogen flow. The collected black mass was ground into powder and rinsed with
1 M HCl and DI water. The powder was dried at 60 ◦C for overnight. The obtained sample was named
OPAC-1. Accordingly, porous carbons with a different activation level were prepared by changing
the mass ratio of KOH (1:0.5, 1:2, 1:3); these samples were named OPAC-0.5, OPAC-2, and OPAC-3.
The sample without KOH activation (OPUAC) was used as the control.

3.2. Structural Characterization

To investigate the crystallite structure of synthesized carbon, X-ray powder diffraction (Shimadzu
X-ray diffractometer) was conducted using 2θ-θ scan, employing CuKα1 (λ = 1.5406 Å) as the
radiation source. Raman spectroscopy (Model Innova 70, Coherent) was performed using an argon
ion laser with a wavelength of 514.5 nm as the excitation source. Thermogravimetric analysis
(TGA) was performed under nitrogen flow at a rate of 10 ◦C/min on a TA instrument (TA 2980).
The morphology and microstructure of the carbon sample were determined by scanning electron
microscopy (JEOL 7000 FE-SEM). Nitrogen adsorption/desorption isotherms were performed using
an ASAP 2020 volumetric adsorption analyzer (Micrometrics, Norcross, GA, USA) at 77 K. Prior to the
analysis, samples were degassed for 24 h at 90 ◦C. The Brunauer–Emmett–Teller (BET) method and
Barrett–Joyner–Halenda (BJH) theory were used to calculate the specific surface area and derive pore
size distributions, respectively.

3.3. Electrochemical Measurements

Electrochemical properties of the orange-peel-derived carbon (OPC) were evaluated utilizing a
three-electrode system and a supercapacitor device. In both methods, electrodes were prepared by
coating a viscous slurry of 80% (w/w) OPC, 10% (w/w) acetylene black, and 10% (w/w) polyvinylidene
difluoride in N-methyl pyrrolidinone on to a nickel foam substrate. In a three-electrode system,
electrochemical properties were studied using OPC-coated nickel foam as a working electrode,
a platinum strip as a counter-electrode, and saturated calomel electrode as a reference electrode
in three different electrolytes (3 M KOH, NaOH, and LiOH). A symmetrical supercapacitor was
assembled by inserting an ion transporting layer between two identical OPAC-1 electrodes, followed
by immersion in 3 M KOH electrolyte. The galvanostatic charge–discharge (GCD), cyclic voltammetry
(CV), and electrochemical impedance spectroscopy (EIS) were completed using a VersaSTAT 4-500
electrochemical workstation (Princeton Applied Research, Oak Ridge, TN, USA). The frequency range
of EIS varied from 0.05 Hz to 10 kHz with 10 mV of AC voltage amplitude. The gravimetric capacitance
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(Cg/Fg−1) for the three-electrode system and areal capacitance (Ca/Fcm−2) for the supercapacitor
were calculated from GCD measurements using the following equations:

Cg =
I× ∆t

∆V×m
(3)

Ca =
I× ∆t

∆V×A
(4)

where I is the discharge current (A), ∆t is the discharge time (s), ∆V is the potential window (V),
m is the mass (g) of the OPC, and A is the active area (cm2) of the electrode. The energy density
(E/Whcm−2) and power density (P/Wcm−2) of the symmetrical supercapacitor device were calculated
according to the following equations:

E =
Ca × ∆V2

7.2
(5)

P =
E× 3600

t
(6)

where Ca is the areal capacitance (Fcm−2) calculated from galvanostatic charge–discharge
measurements, ∆V is the potential window (V), and t is the discharge time (s).

4. Conclusions

Sustainable and renewable carbon with a well-developed porous structure was synthesized
via simple pyrolysis and chemical activation from readily available waste orange peels. A higher
mass ratio of activation agent produced carbon with a larger surface area and a higher micropore
fraction. However, it was found that carbon with mesopores and suitable pore size contribute to
the higher capacitive performance. Among the studied alkaline electrolytes, these carbon materials
exhibited optimum charge storage and rate capability in KOH electrolyte, along with 108% capacitance
retention over 5000 cycles and identical electrochemical performance at different bending angles,
indicating its potential as a stable and flexible electrode material. The prepared supercapacitor device
showed superior energy density (100.4 µWh/cm2) and power density (6.87 mW/cm2), improved
temperature performance, and negligible IR drop, owing to the suitable pore size and higher degree of
graphitization. This work presents the creation of proper electrode architecture and the selection of
an efficient electrolyte system to enhance the charge storage capacity of biowaste-derived activated
carbon for high-performance, sustainable, and cost-effective energy storage.
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