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ABSTRACT: Designing the mesopore-dominated activated car-
bon electrodes has witnessed a significant breakthrough in
enhancing the electrolyte breakdown voltage and energy density
of supercapacitors. Herein, we designed N-doped mesoporous-
dominated hierarchical activated carbon (N-dfAC) from the
dragon fruit peel, an abundant biomass precursor, under the
synergetic effect of KOH as the activating agent and melamine as
the dopant. The electrode with the optimum N-doping content
(3.4 at. %) exhibits the highest specific capacitance of 427 F ¢! at

S mA cm™? and cyclic stability of 123% capacitance retention until 50000 charge—discharge cycles at S00 mA cm™? in aqueous 6 M
KOH electrolytes. We designed a 4 V symmetric coin cell supercapacitor cell, which exhibits a remarkable specific energy and
specific power of 112 W h kg™ and 3214 W kg™, respectively, in organic electrolytes. The cell also exhibits a significantly higher
cycle life (109% capacitance retention) after S000 GCD cycles at the working voltage of >3.5 V than commercial YP-50 AC (~60%
capacitance retention). The larger Debye length of the diffuse ion layer permitted by the mesopores can explain the higher voltage
window, and the polar N-doped species in the dfAC enhance capacitance and ion transport. The results endow a new path to design
high-capacity and high-working voltage EDLCs from eco-friendly and sustainable biomass materials by properly tuning their pore

structures.

B INTRODUCTION

The exigency for electric vehicles, portable equipment, and
smart grids has emphatically stimulated the rapid development
of electrochemical energy storage devices with sustainability,
high energy density, and cost-effectiveness.' Electric double-
layer capacitors (EDLCs) or ultracapacitors are a promising
type of energy storage devices because of their reliable cycle
life, faster charge/discharge rate, and remarkable power
density.”> Among the various EDLCs, porous activated carbon
(AC) has been regarded as a prominent electrode material
because of its high electrochemical stability, large surface area,
rich porosity, and good electrical conductivity.”” In general,
AC materials are prepared using fossil-based chemical products
as raw materials, which are expensive and cause environmental
pollution.”” In particular, these commercialized ACs are
predominantly microporous (<1 nm) in nature, which do
not allow high accessibility for large-sized ions of nonaqueous
electrolytes and show inferior electrochemical performance at
higher working voltages.

Consequently, researchers have a significant research interest
in pursuing renewable and green biomass as carbon sources for
high capacity and hierarchical pore structure. The biomass
includes pineapple leaves,'’ chicken, eggshells,'' neem
leaves,'? soybeans,13 coconut shells,"* walnut shells,"> human
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hair,'® and garlic skin.'"” However, the limited microporous
surface area in many of the approaches impoverished the pore
size distribution, the low packing density, the specific
capacitance, and energy density of these AC-based electrodes.
The inappropriate mesopore density further reduces the
electronic conductivity by decreasing the ion transport rate
during the charge—discharge process. Especially, the large
solvated ions in organic electrolytes ultimately affect the power
performance of AC-based supercapacitors.'® Therefore, a great
deal of research attention is focused on designing a hierarchical
porous structure with controlled micro-and mesopore ratios to
realize high specific capacitance, voltage window, specific
energy, and specific power.

Recently, heteroatom doping, especially N-doping on
biomass-derived carbon materials, has been proven to be
effective in deriving the hierarchical pore structures and
improving the surface wettability and ion transportation near
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Figure 2. SEM images of (a) dfAC, (b) and (c) N-dfAC-0.5, and (d) N-dfAC-1. (e—g) EDS elemental mapping of C, N, and O elements in N-
dfAC-0.5. (h—j) TEM images of N-dfAC-0.5 showing micro- and mesoporous structures.

the electrode—electrolyte interface.'””’ Moreover, N-doped
porous carbon materials exhibit pseudocapacitance through
redox reaction, increasing their energy storage capacity.21 An
interesting phenomenon from these research studies is the
achievement of hierarchical carbon structures with a high
fraction of mesopores. Monte Carlo simulations on an AC-
based slit-like pore model suggested that there is a correlation
between the optimal pore width and working voltage. When
larger solvated ion size organic or ionic liquids are employed as
electrolytes, the workin§ voltage increases with the increase in
the optimal pore width.”” Interestingly, the most recent studies
also correlate with this theory. It appears that higher voltage is
achievable by tuning the pore size to the mesopore scale (>2
nm).”’ Therefore, the heteroatom doping and the appropriate
pore structure engineering point to the direction for a better
design of next-generation EDLCs.

Herein, we have chosen the dragon fruit (Hylocereus
undatus) peel for the first time as a different biowaste material
to synthesize the N-doped mesopore-dominated AC (N-dfAC)
for realizing the high performance supercapacitor. After
carbonizing the raw material and the subsequent activation
with KOH, the authors performed a simultaneous N-doping
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using melamine as an external nitrogen source. The authors
found that moderate N-doping content of 3.4 at. % resulted in
the highest specific surface area of 2667 m?/g and appropriate
pore size distribution with a high pore volume and pore
diameter. In order to find the effect of the N-doping level on
the electrochemical performance of AC supercapacitor, we first
performed a three-electrode testing experiment in an aqueous
electrolyte. Then, we designed the symmetric coin cell
supercapacitor using the electrodes with an optimized N-
doping level and pore structure, demonstrating a reliable cyclic
stability and excellent specific energy at a high working voltage
(3.5 V) in organic electrolytes.

B RESULTS AND DISCUSSION

Microstructure and Surface Analysis. The carbonized
carbon was mixed simultaneously with KOH for activation and
melamine for doping and then heated at 800 °C for 2 h. The
doping process finally yields N-dfAC, in which some of the
carbon atoms are replaced by the various types of N atoms.
The anticipated molecular configuration of N includes
pyridinic N, pyrrolic N, graphitic or quaternary N, and
oxidized N (Figure 1). The dfAC electrodes’ morphology was

https://dx.doi.org/10.1021/acsomega.0c06171
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Figure 3. (a) XPS survey spectra of dfAC and N-dfACs and (b) high-resolution N 1s XPS spectrum of N-dfAC-0.5. (c) N, adsorption—desorption
isotherms of dfAC and N-dfACs. (d) Pore size distributions from micropores to mesopores. (e) Raman spectra of dfAC, N-dfAC-0.5, and N-dfAC-

1.

analyzed using scanning electron microscopy (SEM) before
and after N-doping with the melamine. Without melamine, the
carbonized dragon fruit peel using KOH can produce only bulk
carbon particulates of several microns (Figure 2a). However,
melamine addition during the KOH activation process results
in a drastic change in the morphology (Figure 2b—d). At a
lower amount of melamine (i.e., 0.5 wt %), the bulk carbon
framework is converted to spherically aggregated porous
nanoparticles. Upon increasing the amount of melamine to 1
wt %, the spherical aggregates formed an interconnected
structure. The dragon fruit peel mainly consists of linoleic acid,
oleic acid, and palmitic acid, which have high stability under
the activation process. Therefore, KOH’s sole contribution
leads to an ineflicient etching of the stable portion, resulting in
a bulk morphology. The energy-dispersive X-ray (EDX)
analysis confirms the homogeneous distribution of C (83.4
at. %), N (3.6 at. %), and O (13 at. %) elements in N-dfAC-0.5
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(Figure 2e—g). The hierarchical porous AC structure is
confirmed using transmission electron microscopy (TEM)
(Figure 2h—j). The N-dfAC-0.5 shows abundant nano-sized
mesopores beside subnano micropores. Such a mesopore-
dominated hierarchical porous structure would bestow a
unique advantage in shortening the ion diffusion 2pa\th and
enhancing the electrodes’ energy storage capacity.'”*

The presence of the doped N atoms was further confirmed
using X-ray photoelectron spectroscopy (XPS). Figure 3a
shows the XPS survey spectra of N-dfAC-0.5 and N-dfAC-1,
which reveal the occurrence of C, N, and O atoms. In N-dfAC-
0.5, the content of C, N, and O was found to be 81.1, 3.4, and
15.5 at. %, respectively, which is consistent with the results
obtained from EDX analysis. The presence of nitrogen in N-
dfAC-0.5 and N-dfAC-1 improves their wettability with the
electrolyte, enhancing the accessibility of the electrolyte ions
and thus the increased charge storage capacity.”

https://dx.doi.org/10.1021/acsomega.0c06171
ACS Omega 2021, 6, 7615-7625
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The high-resolution N 1s spectra of N-dfAC-0.5 (Figure 3b)
are deconvoluted into four peaks corresponding to pyridinic N
(398.4 eV), pyrrolic N (400.1 eV), graphitic or quaternary N
(400.95 eV), and oxidized N (402.75 €V), as summarized in
Table 1.*° The graphitic N aids in enhancing the electron

Table 1. Concentration of Nitrogen Configuration in N-

dfACs

atomic % of total N

sample pyridinic N pyrrolic N graphitic N oxidized N
N-dfAC-0.5 30.15 52.38 109 6.57
N-dfAC-1 54.56 30.11 9.56 5.78

migration rate, thereby increasing carbon electrodes’ con-
ductivity.””” Although the N content in N-dfAC-0.5 (3.4 at.
%) is lower than that of N-dfAC-1 (7.9 at. %), it has higher
atomic % of pyrrolic N, graphitic N, and oxidized N, leading to
a superior electrochemical performance;*® therefore, the
charge storage capacity of N-dfAC-0.5 is higher.

The effect of the melamine-assisted N doping on the specific
surface area was investigated by the BET method and pore size
distribution by DFT and BJH methods (Figure 3c), which is
summarized in Table 2. The specific surface areas of dfAC, N-

Table 2. Specific Surface Area and Pore Structure
Parameters of dfAC and N-dfACs

SBET DBJH DDFT VBJH VDFT
sample (m*g™") (nm) (nm) (em*g™")  (ecm’g™)
dfAC 2994 3.02 0.55 0.3 1.19
N-dfAC-0.5 2667 3.14 0.59 0.21 1.18
N-dfAC-1 2134 3.14 0.56 0.2 0.62

dfAC-0.5, and N-dfAC-1 were found to be 2994, 2667, and
2134 m* g7, respectively, along with the pore volumes (DFT)
of 1.19, 1.18, and 0.62 cm® g™/, respectively. The pore size
distribution curve (Figure 3d) of the dfAC and N-dfAC
implies the broad pore distribution between 0.5 and 5.5 nm in
size, which indicates the presence of a hierarchical porous
structure with dual micro- and mesopores. Especially, the
abundant mesopores endow more charge storage sites and
more ion diffusion channels. Such a pore structure may endow
enhanced conductivity, voltage window, and power perform-
ance of supercapacitors when employing larger ion-sized
organic electrolyte or ionic liquid.”” The lower pore volume
in N-dfAC-1 is possibly due to the high concentration of N
functionalities on the surface of carbon, which etches in the
vicinity of pore surfaces.

The specific surface area and pore characteristics are pivotal
for electrochemical energy storage. Figure 3c represents the N,
adsorption—desorption isotherms of the dfAC, N-dfAC-0.5,
and N-dfAC-1. All the samples exhibit type I and type IV
isotherms, the sharp adsorption at a lower relative pressure
revealing the presence of micropores, whereas the hysteresis
loop at a higher relative pressure (0.4—0.7) implies the
existence of mesopores. This is denoted as the H4 type
hysteresis loop with slit-shaped pores. The formation of the
hysteresis loop of N, adsorption—desorption is explained by
filling mesopores by capillary condensation at high relative
pressure (P/P,) followed by pore emptying by an evaporation
process.
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The degree of graphitization of the synthesized porous
carbon materials was analyzed using Raman spectra. As shown
in Figure 3e, the D band at 1336 cm™' represents the
disordered or defective structure of the carbon, whereas the G
band at 1580 cm™ represents the E,; phonon vibration of the
graphitic sp? hybridized carbon atoms.”® The intensity ratio of
D band to G band (Ip/I;) reflects the degree of graphitization.
The calculated I,/I; values of the dfAC, N-dfAC-0.5, and N-
dfAC-1 are 0.94, 0.96, and 0.97, respectively. These results
demonstrate that the graphitization degree was slightly
decreased after N-doping which introduces defects in the
form of N functionalities.

Electrochemical Performance Evaluation. Electro-
chemical performance can demonstrate the advantages of the
N-doping and hierarchical pore structure. When employing the
aqueous 6 M KOH electrolyte in a three-electrode system
within the potential limit of —1 to 0 V, the dfAC and N-doped
dfAC (N-dfAC-0.5 and N-dfAC-1) show the increase in the
current-carrying capability with N-doping (Figure 4a). At a
scan rate of 50 mV s}, the 0.5% doping results in the larger
CV current, while the 1% doping leads to a decline in the area
under CV curves. This difference confirms that the N-dfAC-0.5
electrode has the highest capacitive nature among the
synthesized electrodes. N-dfAC-0.5 exhibits quasirectangular-
shaped CV curves at various scan rates from S to 100 mV s™*
without any significant distortion in the peak shape (Figure
4b), demonstrating the high rate capability. As illustrated in
Figure 4c, all the synthesized electrodes exhibit symmetrical
and triangular-shaped GCD curves at the current density of §
mA cm™%, which characteristically features a typical EDLC.
The N-dfAC-0.5 delivers a longer discharge time than the
dfAC and N-dfAC-1, reflecting its high charge storage capacity.
Moreover, the reversible electrochemical behavior of the N-
dfAC-0.5 electrode is further confirmed by its fair symmetrical
shape GCD curves at different current densities from S to 100
mA cm™* with a negligible IR drop (Figure 4d).

The comparative specific capacitances of the undoped dfAC
and N-doped dfAC electrodes at various current densities are
represented in Figure 4e. At a current density of S mA cm ™,
the specific capacitances of the dfAC, N-dfAC-0.5, and N-
dfAC-1 are 198, 427, and 350 F g~', respectively. N-doping
extraordinarily increases the specific capacitance. Even at a
higher current density of 100 mA cm™>, the N-dfAC-0.5
exhibits a high rate capability with 80.3% capacitance retention
(343 F g7"). The higher specific capacitance of N-dfAC-0.5 in
comparison with N-dfAC-1 is attributed to its high specific
surface area, high pore volume, and high atomic percentage of
pyrrolic N, graphitic N, and oxidized N, which lead to the
enhanced ion diffusion and charge storage capacity.

To study the kinetics of ion transport across the electrode—
electrolyte interface and conductive nature of the electrodes,
electrochemical impedance spectroscopy (EIS) was performed
in the frequency range of 10 kHz to 0.01 Hz (Figure Sa), and
the corresponding equivalent circuit model to study the EIS is
represented in the inset. Here, R, is the charge transfer
resistance obtained from the diameter of the semicircle arc at
high frequency, R, represents the equivalent series resistance,
CPE describes a constant phase element, and Z, is the
Warburg resistance for the diffusion of electrolyte ions toward
the porous carbon.’”** The synthesized electrodes exhibited a
small semicircle at high frequency, followed by a linear part
parallel to the imaginary axis at the low-frequency region,
implying their ideal capacitive nature. According to the fitted

https://dx.doi.org/10.1021/acsomega.0c06171
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current density of 3 mA cm™ (d) GCD curves of the N-dfAC-0.5 at various current densities. (&) Rate capability at different current densities. (f)
Nyquist plots. (g) Capacitance retention and coulombic efficiency measured at 3.5 V and at a current density 50 mA cm™2 (h) Shape of GCD

curves of the N-dfAC-0.5 cell for first and last 10 cycles.

impedance data, N-dfAC-0.5 exhibits lower R, (0.16 Q) and
R, (0.11 Q) values than those of N-dfAC-1 (R, = 0.20 Q; R, =
0.12 Q) and dfAC (R, = 022 Q; R, = 0.5 Q). This
comparison demonstrates that N-dfAC-0.5 has the lowest
electrolyte ions diffusion resistance, charge transfer resistance,
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and excellent capacitive behavior, which are correlated with the
results obtained from CV and GCD. The lower R, and higher
specific capacitance of N-dfAC-0.5 are attributed to the
optimal pore structure and high atomic % of pyrrolic N,
graphitic N, and oxidized N. The easy ion diffusion and the
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Figure 7. (a) Effect of optimal pore width on the working voltage of EDLC made of various carbon electrodes published. (b) Ragone plot showing
the specific energy vs specific power of N-dfAC-0.5 in comparison with the reported carbon-based symmetric supercapacitors. (c,d) Schematic
illustration of 2D projected views of small and large ions accessing to micro- and mesopores of commercial YP-S0F AC and hierarchical AC,

respectively.

enhanced conductivity in the electrolyte thereby result in the
increased charge storage capacity.”

The long-term cyclic stability is a significant factor of the
electrode material to realize its practical application as a
supercapacitor. Figure Sb demonstrated the cyclic stability of
the optimized electrode N-dfAC-0.5 using galvanostatic
charge—discharge test (GCD). After cycling the cells for
50,000 cycles at a high current density of 500 mA cm™, the
electrode still shows an exceptionally high capacitance
retention of 123% and the symmetrical triangular shape on
the GCD curves (inset of Figure Sb). The high capacitance
retention is attributed to gradual activation and wetting of the
N-doped porous carbon electrode with the electrolytes during
prolonged charge—discharge process. This enhanced wett-
ability endows better accessibility of electrolyte ions toward the
micro- and mesopores of the carbon electrode and thereby
results in the increase in the charge retention during cycling
process. Such an exceptional capacitance retention higher than
100% has already been observed for some of the porous
carbon-based electrodes.**°

Besides, the larger mesoporous structure constructed within
the dfAC materials also plays a favorable role for the high
specific energy when employing organic electrolytes. Conven-
tionally, the solvated ions from organic electrolytes are large
and find it difficult to completely access the micropores (<1
nm) in ACs, which are mostly unable to sustain voltages higher
than 2.7 V. On the contrary, the mesopore-dominated N-dfAC
provides an easy path and accessibility for the large organic
ions. The electrochemical properties of the dfAC and N-doped
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dfACs were evaluated by designing symmetrical coin cell
supercapacitors in the 1 M TEABF,/acetonitrile electrolyte.
Compared to dfAC, the N-doped dfACs, especially N-dfAC-
0.5, showed the better charge storage behavior, which is
evidenced by the highest current under CV curve (Figure 6a).
As shown in Figure 6b, the N-dfAC-0.5 symmetric super-
capacitor’s CV curves show a quasirectangular shape at various
scan rates under a high potential window of 4 V. At a high scan
rate of 100 mV s~', the shape of the CV curve is slightly
distorted. Although both dfAC and N-doped dfACs exhibited
symmetrical and triangular-shaped GCD curves at a current
density of 3 mA cm™? (Figure 6c¢), the dfAC showed a large IR
drop at the beginning of the discharge curve and shorter
discharge time. However, N-doping significantly reduced the
IR drop and increased the discharge time. This result
demonstrates that N-doping increased both conductivity and
specific capacitance of the material. The N-dfAC-0.5 delivers a
longer discharge time than the dfAC and N-dfAC-1, reflecting
its high charge storage capacity. The shape of GCD curves of
N-dffAC-0.5 exhibited a different behavior at various current
densities under 4 V (Figure 6d). At a low current density of 2
mA cm™?, there is deviation from the linear triangular shape
with low coulombic efficiency (i.e., more charge duration than
discharge duration). The lower coulombic efficiency at low
current density may be ascribed to the higher ratio of the
parasitic side-chain reactions between the electrode and
impurities present in the electrolyte.”” However, when the
current density increases from 3 to 10 mA cm ™, the shape of
GCD curves becomes nearly symmetric, indicating the high
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coulombic efficiency and reversible capacitive nature. Indeed, it
showed 100% coulombic efficiency even at a high current
density of 50 mA cm™* (Figure 6g). The specific capacitance
obtained by the N-dfAC-0.5 device is superior with respect to
dfAC, N-dfAC-1, and YP-50 AC devices at various current
densities (Figure 6e), which is mainly attributed to optimum
doping content, which facilitates increased accessibility of
bulky solvated ions into the mesopores, rendering a high
charge storage capacity. The effect of N-doping on the
conductive behavior of the dfAC is studied in organic
electrolytes also using the Nyquist plot of the impedance
data, as shown in Figure 6f. R values of the dfAC, N-dfAC-0.5,
and N-dfAC-1 were calculated to be 3.43, 1.66, and 2.3 Q,
respectively. Moreover, the R, values were 8.11, 6.6, and 6.8 Q,
respectively. This apparently reveals an optimum N-doping
content at 0.5 wt % that offers a better conductivity for faster
ion diffusion through pore channels and thus a high specific
power for the designed supercapacitor.

Relationship between Pore Size and Working
Voltage. The supercapacitor’s cyclic stability at high working
voltages is crucial to realize its practical application in energy
storage devices. The enhanced voltage withstanding capability
was achieved when employing a mesoporous structured carbon
electrode derived from green tea waste.”® The microporous
dominated commercial YP-50 AC cell exhibited only ~60%
capacitance retention after 5000 GCD cycles at 3.5 V and 50
mA cm™? current density. This is due to inaccessibility of larger
sized TEA* and BF,” ions of the electrolyte into the smaller
pores, which diminishes the charge retention during the
cycling process. However, employing the mesoporous
dominated dfAC delivers a capacitance retention of 79%
owing to more ion accessibility. Interestingly, after N-doping,
the optimized N-dfAC-0.5 cell exhibited a remarkable cycle life
with a capacitance retention of 109% and a high coulombic
efficiency under the same test protocol as well (Figure 6g).

The mechanism for the enhanced capacitive behavior of
dfAC with N-doping in the TEABF,/acetonitrile organic
electrolyte can be correlated to a recent study by Dai et al.*’
The authors performed a systematic investigation to analyze
interactions of the cation (TEA") and anion (BF,~) of organic
electrolytes with various carbon surface models (undoped
carbon, pyrrolic-N modified carbon surface, graphitic-N
modified carbon surface, and pyridine-N modified carbon
surface). Introduction of electron-rich N species into carbon
structures causes uneven electrostatic potentials and atomic
charge distributions, leading to the surface polarization.
Compared to undoped carbon, the adsorption energies of
TEA" and BEF,” ions gradually increased for various N-doped
carbon models, and this higher adsorption energy indicates
stronger attraction or affinity between the electrolyte ions and
N-doped carbon surface. Such a strong affinity enhances the
wettability of electrodes and facilitates electrolyte ion diffusion
across the electrical double layer, which ultimately increases
the energy storage performance of a supercapacitor.

The shape of the GCD curves of N-dfAC-0.5 is almost
similar during the entire cycling process without any significant
distortion. The representative curves of the first 10 and last 10
cycles are shown (Figure 6h). This superior performance at
high voltage is in good agreement with the Monte Carlo
simulations on the AC-based slit-like pore model for larger
solvated ions. The model proved that wider mesopores are
preferred over narrower micropores for higher voltage
operation.
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Figure 7a displays the dependence of working voltage on the
pore size of N-dfAC-0.5, various ACs, and previous
simulations.””****~*" The relationship further manifests the
importance of large pores and their utilization trend for high-
performance supercapacitors. When the dominant pores are
larger than 1.5 nm, the EDLCs may render a higher working
voltage than those using microporous AC electrodes. The
hierarchical micropore- and mesopore-dominated carbon
structures are schematically represented in Figure 7c¢,d,
respectively. In the former case, because of predominant
micropores and limited mesopores, only smaller sized ions
from aqueous electrolytes can be accessible. There is restricted
access for large-sized solvated ions or desolvated ions from
organic or ionic liquid electrolytes, which renders a high charge
storage capacity and a low working voltage. In the latter case,
because of the presence of predominant mesopores, in addition
to small-sized ions, the large-sized solvated ions can also be
easily entered into the pores, which endow not only high
charge storage capacity but also higher working voltage. This
preferred distribution of the large ions results in a thicker
diffuse layer (dp) and thus a higher accumulated charge
quantity. According to the Gouy—Chapman—Stern model, the
working voltage is proportional to the pore width and
charges.45 Consequently, the mesopore-dominated AC can
be operated at a higher working voltage with an enhanced
cyclic retention comparing with the micropore-dominated AC.

The advantage of a higher working voltage is reflected in the
increased specific energy and specific power of the device. The
Ragone plot (Figure 7b) shows that the 4 V device delivers a
remarkable specific energy of 112 W h kg™ at a specific power
of 664 W kg™', which is measured at a current density of 2 mA
cm™? and the obtained specific capacitance value is 53 F g~". At
a current density of 10 mA cm™?, the device delivers a high
specific power of 3214 W kg™' at a specific energy of 40 W h
kg™' and the obtained specific capacitance value is 23 F g~
The achieved specific energy of 112 W h kg™ is higher than
the reported heteroatom-doped ACs and commercial YP-SOF—
based capacitors.”***~*

B CONCLUSIONS

Mesopore-dominated N-doped carbon (N-dfAC) is synthe-
sized using the eco-friendly dragon fruit peel as a precursor
through a facile two-step process, that is, carbonization
followed by simultaneous KOH activation and melamine
doping. The structural nature of a large specific surface area
(2667 m* g™'), appropriate pore size distribution, and optimal
N-doping level (3.4 at. %) endow the N-dfAC-0.5 electrode
with a high specific capacitance and a cycle life in an aqueous
electrolyte in a three-electrode system. The N-doping
significantly enhanced the charge storage capacity and
conductivity of dfAC. The N-dfAC-0.5—based symmetric
coin cell using an organic electrolyte exhibited an extraordinary
cycle life, high specific energy, and specific power at a higher
voltage of >3.5 V. The results benefit from the accommoda-
tion of more ionic charges of the large mesopores and the
formation of a more extensive diffuse layer according to the
modified Gouy—Chapman—Stern model. This study demon-
strates an engineering pathway to achieve high voltage and
power density through N-doping and mesopores’ synergistic
effort in AC electrodes.
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B EXPERIMENTAL SECTION

Materials. The dragon fruit (raw material) was purchased
from the local fruit market. All chemicals were obtained from
Shanghai Macklin Biochemical Co., Ltd and were used without
further purification.

Synthesis of N-dfACs. First, the dragon fruit peels were
washed with the DI water, followed by ethanol to eliminate the
surface impurities before drying at 65 °C for 12 h.
Subsequently, it was crushed into powder and sieved under
the size of 500 ym. The obtained powder was carbonized at
600 °C (at a heating rate of S °C min™') for 2 h in the
presence of argon gas in a tube furnace. Then, the fine
powders, KOH, and melamine were mixed at different mass
ratios (1:3:0, 1:3:0.5, and 1:3:1) and annealed at 800 °C for 2
h for an activation treatment. Afterward, the obtained powders
were washed with a 1 M HCI solution, followed by the DI
water to remove the captured potassium compounds and other
surface impurities. Finally, it was dried at 85 °C for 12 h to
obtain an N-doped porous AC. The dfACs synthesized at
different weight ratios of melamine dopant are marked as N-
dfAC-0.5 and N-dfAC-1.

Characterizations. The surface morphology of the
synthesized samples was investigated using a ZEISS Sigma-
500 scanning electron microscope (Germany). The elemental
distribution and mapping were obtained using Energy
Dispersive Spectroscopy (EDS, BRUKE XFlash-6130, Ger-
many). TEM images were captured on a JEM2100 instrument
at an acceleration voltage of 200 kV. The surface elemental
composition was evaluated using XPS from Thermo Scientific
ESCALAB 250Xi, USA, with a monochrome Al Ko as the X-
ray source. The N, adsorption—desorption isotherm analysis of
the samples was performed by a Quantachrome Autosorb-iQ2-
MP (USA) Nova-1000 system at —196 °C. The degassing of
the samples was performed at 250 °C for 3 h. The specific
surface and pore size distribution were analyzed using
Brunauer—Emmett—Teller (BET) and density functional
theory (DFT) methods, respectively.

Electrochemical Performance Test. The electrochemical
performance of the synthesized N-dfAC materials was
measured in a three-electrode cell using the Gamry electro-
chemical workstation (Interface 1010E, USA). The working
electrodes were prepared by homogeneously mixing N-dfAC
(85%), super P carbon black (10%), and polyvinylidene
difluoride (5%) in N-methyl-2-pyrrolidinone solution, followed
by coating on a 1 cm X 1 cm nickel foam and subsequent
drying in an oven at 85 °C for 12 h. Finally, it was pressed into
a dense sheet at 10 MPa for 60 s to obtain working electrodes.
The loaded active mass of N-dfAC working electrodes was ~9
mg cm ™% Hg/HgO was used as the reference, and a Pt plate
was used as counter electrodes. 6 M aqueous KOH solution
was used as the electrolyte. Cyclic voltammetry (CV)
measurement was carried out at different scan rates from S
to 100 mV s7., the voltage window for CV and galvanostatic
charge—discharge (GCD) measurements is in the range of —1
to 0 V, and the current density for GCD measurements is
varied from 5 to 100 mA cm™2 EIS data were recorded with 5
mV amplitude potential within 10 kHz to 0.01 Hz frequency
range.

The specific capacitance values in the three-electrode system
were calculated using GCD curves from the following
equationSO
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At

T mAV (1)

where C denotes the specific capacitance (F g') of the
electrode materials, I represents the discharge current (A), At
is the discharge time (s), m is the mass (g) of active material
loaded, and AV denotes the potential window (V) excluding
IR drop.

A symmetrical supercapacitor device was fabricated using
CR2032 coin cells to verify the practical applicability of
electrode materials. The optimized N-dfAC-0.5 was used as
both anode and cathode. Aluminum foil of 0.2 gm thickness
was used as a current collector. 1 M TEABF,/acetonitrile was
employed as an electrolyte, and a 35 um thick cellulose NKK
TF4035 (Nippon Kodoshi, Japan), having 75% porosity, was
used as a separator. The specific capacitance of the
supercapacitor cell was calculated from eq 1. The total loaded
mass (in g) of both the anode and cathode electrodes is taken
into consideration.

The specific energy (E, W h kg™") and specific power (P, W
kg™') of the supercagacitor device were calculated from the
following equations.’

g o CX AV?
2% 3.6 ()

po EX 3600
At (3)

where C denotes the specific capacitance (F g™') of the device,
AV describes the potential window (V) excluding IR drop, and
At is the discharge time (s).
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