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H I G H L I G H T S

• Porous activated carbon nanosheets
fabricated by biowaste mass of pomelo
peels.

• Dual-doped with nitrogen and phos-
phorus elements by using ammonium
phosphate.

• High specific surface area of
807.7 m2/g and large pore volume of
0.4378 cm3/g.

• A capacitance of 240 F/g with 100%
of capacitance retention after 10,000
cycles.

• Symmetric electrochemical capacitor
device exhibits an energy density of
11.7Wh/kg.
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A B S T R A C T

In this work, biomass pomelo peel is used to fabricate the porous activated carbon microsheets, and diammo-
nium hydrogen phosphate (DHP) is employed to dual-dope carbon with nitrogen and phosphorus elements. With
the benefit of DHP inducement and dual-doping of nitrogen and phosphorus, the prepared carbon material has a
higher carbon yield, and exhibits higher specific surface area (about 807.7m2/g), and larger pore volume (about
0.4378 cm3/g) with hierarchically structure of interconnected thin microsheets compared to the pristine carbon.
The material exhibits not only high specific capacitance (240 F/g at 0.5 A/g), but also superior cycling per-
formance (approximately 100% of capacitance retention after 10,000 cycles at 2 A/g) in 2M KOH aqueous
electrolyte. Furthermore, the assembled symmetric electrochemical capacitor in 1M Na2SO4 aqueous electrolyte
exhibits a high energy density of 11.7Wh/kg at a power density of 160W/kg.

1. Introduction

Since the early 1950s, there has been significant attention on the
development of electrochemical capacitors due to their high charging

and discharging efficiency, long cycle life, and high power density.
[1–3]. The electrode material is an important component of electro-
chemical capacitors, including carbon material [4,5], transition metal
oxide/nitride (such as NiO, VN [6,7]), and a conductive polymer [8].
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The metal oxide/nitride and conductive polymer provide a large
pseudocapacitance, but the cycle stability is poor [9]. In contrast,
carbon materials have excellent electrical properties, good physical and
chemical stability, and high specific surface area, and thus they are
currently the most commonly used electrode materials of electro-
chemical capacitors. Nowadays, there are some novel routes for fabri-
cating electrode materials, such as crystal-structure modification [10],
heterostructured nanocomposites [11], experimental, simulation-based
[12], and so on. In addition, a study on C/Si3N4 composites [13] and
some other applications of the materials such as capacitor, intelligent
sensor [14–17] have been proposed, which further expanded the ap-
plication of carbon composites materials.

The material sources for the preparation of carbon materials are
quite extensive, such as polymers [18,19], which expand the usage of
recycled polymers for multifunctional nanocomposites preparation
with various fillers [20–22] and different hosting polymer matrices
[23–26]. Due to the shortage of fossil resources such as oil and coal, the
use of waste biomass sources prepared carbon materials for energy
applications, have become the focus of researchers due to the low cost
and environment-friendly properties. There are many works that have
utilized various waste biomass to derive carbon materials, such as fungi
[27], pistachio shells [28], banana peels [29,30], cassava peels [31],
seaweed [32], firewood [33], and so on, which have exhibited excellent
electrochemical properties as electrode materials for electrochemical
capacitors. In comparison, the pomelo peel is a widely distributed
biomass precursor material. Up to now, there are some reports have
utilized the abandoned pomelo peel to synthesize carbon materials by
KOH activation for energy applications [34–36]. The prepared carbon
materials have a high specific surface area, however, the yield of carbon
materials is always ignored in these works. Furthermore, the research
showed that cellulose was a linear homopolymer of the glucopyranose
residue linked by the β-1, 4-glycosidic linkage, which was the most
important component of the biomass [37]. It was confirmed that le-
voglucan was the main product in the cellulose pyrolysis process (ac-
counting for more than 50% by weight), and it was easy to volatilize at
high temperatures [38]. Hence, it needs to be pointed out that the
carbon yield was crucial for utilized various waste biomass to derive
carbon materials. Recently, some reports showed that addition of acid
would inhibit the formation of levoglucose during the pyrolysis process
[39,40].

In this work, we used the biomass pomelo peel to prepare porous
activated carbon microsheets and used diammonium hydrogen phos-
phate (DHP) to introduce dual-doping of nitrogen and phosphorus via
one-step carbonization under N2 atmosphere. The decomposition of
DHP could cause phosphorylation reactions [41] in pyrolysis process,
which can effectively reduce the formation of levoglucose and enhance
the formation of char [40]. Therefore, the carbon yield could be ef-
fectively improved. Meanwhile, the prepared carbon material would
exhibit high specific surface area and uniform pore size distribution due
to the inducement of the DHP-incorporated carbonization. Further-
more, DHP is an inorganic salt containing abundant nitrogen and
phosphorus elements, which could effectively dope the carbon frame-
work with nitrogen and phosphorus atoms. Which would largely im-
prove the wettability of the carbon-based material in the aqueous
electrolytes. Therefore, as the electrode material of electrochemical
capacitors, the prepared carbon microsheets would exhibit good elec-
trochemical performance.

2. Experimental

2.1. Chemicals and materials

Pomelo peel (PP) was recycled from pomelo after being washed
with the mixed solvent of deionized water and alcohol and dried under
vacuum at 60 °C overnight. Diammonium hydrogen phosphate (DHP) of
analytical grade was purchased from Sinopharm Chemical Reagent Co.

Ltd.

2.2. Preparation of dual-doped carbon

i) In a typical synthesis, the obtained dry PP (4 g) was heat-treated
under N2 atmosphere in a tube furnace at the temperatures of
700–900 °C for 2 h in a flow of 70 sccm (the abbreviation of standard
cubic centimeter per minute). Then the sample was naturally cooled
down to room temperature to obtain normal carbon material.

ii) For further modification, the dry PP (4 g) was treated with DHP
aqueous solution for 24 h, followed by wringing and then drying
under a vacuum at 60 °C for 48 h. The DHP treated pomelo peel was
heat-treated at 900 °C for 2 h in a tube furnace with an N2 flow of 70
sccm. Finally, the dual-doped porous activated carbon was fabri-
cated. The ratio of the remaining carbon of the samples was calcu-
lated according to the following equation:

r carbon (%)=Wb/Wa× 100% (1)

Where Wb (g) is the quality of final samples after carbonization, and Wa

(g) is the quality of pomelo peel after being washed and vacuum dried.

2.3. Materials structural characterization

The morphology and microstructure of the fabricated materials
were characterized using a HITACHI S-4800 scanning electron micro-
scope (SEM) and transmission electron microscope (TEM, JEOL, JEM-
2010, Japan). The X-ray photoelectron spectroscope (XPS, physical
Electronics UK) was used to analyze the chemical composition of the
samples. The Raman spectroscopy (Horiba Scientific, France, excita-
tion-beam wavelength=532 nm) was used to characterize the prop-
erties of materials. The specific surface area and pore structure of the
samples was characterized by Nitrogen adsorption and desorption ex-
periments at 77 K (Micromeritics, ASAP 2010M,USA). The specific
surface area was calculated from the nitrogen adsorption isotherm
using Brunauer-Emmett-Teller (BET) method and the Non Local Density
Functional Theory (NLDFT) model was used to analyze the pore size
distribution of samples.

2.4. Electrochemical performance

The working electrodes that were used for electrochemical mea-
surements were prepared as follows: the fabricated carbon samples,
carbon black, conductive graphite, and PTFE were mixed at a weight
ratio of 80: 7.5: 7.5: 5 to make a homogeneous black paste and then
coated on the surface of nickel foam, which was used as a current
collector. The electrode was dried under vacuum at 60 °C for 6 h, and
compressed at a pressure of 10MPa to minimize the loss of electroactive
materials during the electrochemical testing process. The performance
of electrochemical properties was tested using cyclic voltammetry (CV),
galvonostatic charging-discharging (GCD) and electrochemical im-
pedance spectroscopy (EIS) in an electrochemical workstation
(CHI660E, Shanghai, China). The cycling stability test was performed
using LAND CT2001A instrument.

Regarding the Single Electrodes Test:Electrochemical measurement
was conducted at room temperature in a traditional three-electrode
configuration containing the working electrode, a platinum gauze
counter electrode, and a saturated calomel reference electrode. The
alkaline solution (2M KOH) was used as the electrolyte for electro-
chemical tests. Cyclic voltammetry was recorded between −1.0 and
0 V at different scan rates from 5 to 100mV/s. For galvonostatic char-
ging-discharging measurement, the current densities were varied from
0.5 to 10 A/g within the same potential range as in cyclic voltammetry
measurements. The electrochemical impedance spectroscopy spectrum
was acquired with a frequency range from 10−2–105 Hz.

Regarding the Symmetric Electrochemical Capacitor Test: The solid-
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state two electrodes symmetric electrochemical capacitor was as-
sembled with two pieces of the same electrodes, using 1M Na2SO4

aqueous as an electrolyte. Cyclic voltammetry was recorded at different
scan rates from 5 to 200mV/s with a potential window ranging from 0
to 1.6 V. For galvanostatic charging-discharging measurements, the
current densities were varied from 0.2 to 3 A/g within the same po-
tential range as in cyclic voltammetry measurements. The electro-
chemical impedance spectroscopy spectrum was acquired with a fre-
quency range from 10−2–105 Hz. The cycling test was performed using
LAND CT2001A instrument.

The specific capacitance of electrodes was calculated from the dis-
charging curves at different current densities according to the following
equation (2):

C= I× t/(△V×m) (2)

Where C (F/g) is the specific capacitance, I (A) is the constant dis-
charging current, △t (s) is the discharge time, △V (V) is the voltage
change during discharging (excluding the IR drop) and m (g) is the mass
of active materials on one electrode.

The energy density of the device was calculated according to the
following equation (3) [35]:

E (Wh/kg)= C× △V2/(2×3.6) (3)

The power density of the device was calculated according to the
following equation (4) [35]:

P (W/kg)= E×3600/△t (4)

Where E (Wh/kg) is the energy density of the device, P (W/kg) is the
power density of the device, C (F/g) is the specific capacitance, △V (V)
is the voltage change during the discharging process (excluding the IR
drop) and △t (s) is the discharging time.

3. Results and discussion

Pomelo peel (PP) was heat-treated under N2 atmosphere, and the
temperature of heat-treatment would affect carbon yield, structure, and
electrochemical performance of the carbon materials. The fabricated
pomelo peels-derived carbon microsheets (PPCs) at the temperature of
700, 800, and 900 °C were denoted as PPC700, PPC800, and PPC900,
respectively. As shown in Fig. 1 and Table S1 in Supporting Informa-
tion, with an increase of carbonization temperature, the carbon yields
of samples were decreased from 25.2 wt.% to 21.4 wt.%, due to the
decomposition of cellulose within the pomelo peels to produce large
amounts of volatile levoglucan [38], especially at an elevated carbo-
nization temperature. For electrochemical performance, PPC800

exhibited the highest specific capacitance of 118 F/g, but PPC900
showed better electrochemical performance behavior (Fig. S1 in the
Supporting Information). The PPC800 (exhibiting a size of ∼10 nm)
had lower specific surface area than that of PPC900 (exhibiting a size of
∼2 nm), but showed higher specific capacitance at the low current
density due to the ion migration related to the current density and the
pore size of the electrode [42,43]. At the low current density, the mi-
cropores (1–2 nm) would fully contribute to the charge storage, but
within which the ion diffusion and transfer was difficult [44], leading to
the lower capacitance; the mesopores (5–50 nm) provided a more ef-
fective accessible surface area for ion transport/charge storage [45],
thus presented the higher capacitance. Raman spectroscopies of PPCs
were illustrated in Fig. S2 in the Supporting Information. A band at
1580 cm−1 (G band), which corresponded to the ordered carbon
structure with sp2 electronic configuration, and a characteristic peak at
1350 cm−1 (D band) was observed, representing the disordered/de-
fective structure of carbon [46]. The degree of graphitization was
usually estimated by the intensity ratio of D/G band (ID/IG), the larger
ID/IG ratio indicated the lower graphitization degree. With increasing
carbonization temperature, the ID/IG value of PPCs decreased from 1.06
to 0.97, indicating a higher degree of graphitization at higher carbo-
nization temperature. And the results revealed that PPC900 contained a
lower degree of graphitic carbon and a certain amount of disordered
sections or defects. This property would be greatly beneficial to im-
prove electrical conductivity and the electrochemical performance of
carbon materials [47]. After an overall consideration and rational es-
timation of structure and specific capacitance, 900 °C was chosen as the
heat-treatment temperature for this kind of carbonization.

Scheme 1 illustrated the preparation strategy of pomelo peels-de-
rived porous activated carbon microsheets dual-doped with nitrogen
and phosphorus elements (PPC-N&P). Compared to that of PPCs fabri-
cation, DHP was incorporated to PP to form PP-DHPs intermediate as
precursor for PPC-N&P. The dry PP was impregnated into DHP aqueous
solution for 24 h, followed by wringing and then drying under vacuum
at 60 °C for 48 h. The dry PP-DHPs were heated at 900 °C for 2 h in a
tube furnace with an N2 atmosphere. PPC-N&Ps prepared with the
different mass fraction of 5, 10, 15, 20, 30, and 40wt% DHP aqueous
solution were named as PPC900-N&P5, PPC900-N&P10, PPC900-N&
P15, PPC900-N&P20, PPC900-N&P30, and PPC900-N&P40, respec-
tively. All carbon yields of DHP-incorporated samples were higher than
that of PPC900 (Fig. 1 and Table S1 in the Supporting Information)
because of the fact that DHP induced phosphorylation reactions in the
pyrolysis process, which effectively reduced the formation of levoglu-
cose. The formation of phosphoric acid at approximately 209 °C could
be explained by the reactions of (NH4)2HPO4(s)→NH3(g)
+NH4H2PO4(s), (NH4)2HPO4(s)→2NH3(g)+4H3PO4(l), and
NH4H2PO4(s)→NH3(g)+H3PO4(l), then the phosphoric acid was
mainly dehydrated to produce pyrophosphoric acid by the reaction of
4H3PO4(l)→2H2O(g)+2H4P2O7(l) at about 209 °C (DHP decomposition
diagram according to the literature [41]). As the increase of DHP do-
sage, the carbon yield was gradually decreased from 32.3 wt% to
22.6 wt%, implying that DHP could protect the carbon skeleton. Refer
to the electrochemical performance, the specific capacitance decreased
with DHP increase, and PPC900-N&P30 exhibited the highest specific
capacitance.

As shown in Fig. 2, PP exhibited dense flake morphology, and
PPC900-N&P preserved the precursor's microstructure in great detail
but demonstrated looser microsheet morphology. For PPC900 (Fig. S3
in the Supporting Information), there was no clear difference in the
graphical morphologies; but it was obvious that PPC900-N&P possessed
a looser arrangement, owing to the fact that DHP produced a lot of
water vapor and NH3 in the pyrolysis process [41], which increased the
interlayer space and induced the large pore structure. As shown in
Fig. 2d, the high-magnification image of PPC900-N&P displayed clearer
microsheets character with many folds, and a uniform thickness of
approximately 0.3 μm. Fig. 2e showed that the SEM elemental mappingFig. 1. The specific capacitance and carbon yield of samples.
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images of PPC900-N&P: C, N, and P elements were homogeneously
distributed in the matrix. From these results, it could be concluded that
N and P atoms were efficiently doped into a carbon scaffold of PPC900-
N&P.

The surface chemical composition of PPC900-N&P was further
analyzed by XPS. As shown in Fig. 3a, the full XPS spectrum showed
that the as-prepared carbon material mainly composed of C, N, P, and O
elements. The peaks at 285, 400, 133, and 520 eV in full spectra

Scheme 1. Schematic illustration for the synthesis process of PPC-N&Ps.

Fig. 2. SEM images of a and b) PP precursor, and
c and d) PPC900-N&P30, and e) elemental map-
ping images for C, N, and P elements.
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corresponded to C 1s, N 1s, P 2p, and O 1s, respectively. The curve
fitting of C 1s core level peak of the XPS spectrum was divided into four
main peaks, including C=C (284.5 eV), C-O (286.4 eV), C-N/C=O
(287.4 eV) and C=N/C-P (285.4 eV) bonds [48,49], respectively
(Fig. 3b). As shown in Fig. 3c, the curve fitting of P 2p core level peak
was divided into two main peaks, including P-C (133.1 eV) and P-O
(134.1 eV) on the surface of the sample [49,50]. Additionally, three
nitride species occurred in the N 1s spectra (Fig. 3d), including pyrrolic-
N (399.3 eV), quaternary-N (400.2 eV), and pyridinic-N (401.9 eV)
[36], the quaternary-N was conducive to the electrons conduction, and
thus improved the conductivity of carbon materials [51]. There were
two main fitted peaks in the O 1s spectra (Fig. S5 in the Supporting
Information) positioned at 531.6 and 533.0 eV, which respectively re-
presented C=O and C-O bonds [52]. These results provided the definite
evidence that P and N atoms were incorporated into the carbon fra-
mework, which was consistent with the result obtained from the SEM
elemental mapping images. It is reported that incorporating hetero-
geneous atoms such as N and P would provide electrochemically active
sites, enhance the wettability of an electrolyte on the electrode surface,
and therefore improved the electrochemical performance [53,54].

Porosity structure of the samples was characterized by the TEM and
BET method, and the results were shown in Fig. 4 and Fig. S4 in the
Supporting Information. PPC900-N&P exhibited a mesoporous struc-
ture with the uniform pore size of 2–3 nm (Fig. 4a). It is reasonable that
the activation process with DHP played a vital role in fabricating the
porous structure, and the SAED (the inset in Fig. 4a) exhibited low
crystallinity of activated carbon material. All PPC samples except
PPC900 showed typical type Ш N2 adsorption isotherm close to the X-

axis at low relative pressures according to IUPAC classification, in-
dicating a low specific surface area, and the N2 molecules demonstrated
a poor interaction with carbon materials (Fig. S4 in the Supporting
Information). The pore structure parameters of PPCs samples were
shown in Table 1. As can be seen, with the increase of carbonization
temperature, the BET surface area (SBET) and total pore volumes (Vtotal)
of samples sharply increased from 0.694 to 627.5 m2/g and from
0.0039 to 0.3552 cm3/g, respectively, which could be attributed to the
pyrolysis of biomass PP materials under carbonization process. CO and
CO2 were regarded as the most dominant gas products [37], and the
carbonization eliminated some volatility organics and other carbon-
containing low molecular weight substances [40,55]. The lignin of PP
material had a wide temperature range (pyrolysis temperature
≥800 °C) [56], so the thermal decomposition reactions were more
rapid, especially at elevated carbonization temperatures, thus resulting
in more loose characteristics of the residual solid, which means that
they demonstrate a large specific surface area. As shown in Fig. 4b, all
the PPC900-N&Ps samples except PPC900-N&P5 presented standard
type I N2 adsorption isotherm close to the Y-axis at very low relative
pressures and a nearly unchanged adsorption amount at higher relative
pressures, indicating a narrow micropore size distribution [57], and the
presence of micropores is beneficial in establishing the double layer,
resulting in a higher specific capacitance of the material [58]. For
PPC900-N&P5, there was no sufficient DHP participating in the acti-
vation, the porosity of the sample was quite undeveloped, which was
similar to that of PPCs. Fig. 4c and d represent the N2 adsorption iso-
therm and pore size distributions for PPC900-N&P30, there is rather
high SBET of about 807.7 m2/g and a large Vtotal of 0.4378 cm3/g. In

Fig. 3. XPS data of PPC900-N&P: a) full spectrum, and b-d) the curve fittings of C 1s, P 2p, and N 1s core level peak.
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addition, it could be seen in Table 1 that the SBET and Vtotal of DHP-
incorporated activated carbon samples (PPC900-N&P5 and PPC900-N&
P10) was lower than PPC900, indicating that a small amount of DHP
could effectively improve the carbon yield, but obviously reduce the
specific surface area of the carbon material. Remarkably, with the in-
crease of DHP concentration, the SBET and Vtotal value gradually in-
creased, even higher than that of PPC900. As the DHP dosage increased,
more potential sites could be penetrated and occupied by the activating
agent, which benefited the following pore-opening and widening pro-
cesses [59], thus resulting in a much more developed porosity. The pore
size distribution was further calculated by the BJH method using the
adsorption branch of the isotherm, further confirming the existence of
micropore size of about 2 nm, which was consistent with the TEM

result. The unique porous nanostructure was convenient for diffusion
and transfer of electrolyte ions during the charging-discharging process
[60]. Consequently, the electrochemical performance would be im-
proved greatly.

The electrochemical performance of the electrodes prepared with
PPC or PPC900-N&Ps was conducted in a three-electrode system using
2M KOH aqueous as the electrolyte as shown in Fig. 5. All CV curves of
PPC900-N&Ps electrodes presented nearly rectangular-like shapes, in-
dicating an ideal double layer capacitive behavior of carbon (Fig. 5a).
One can find that the surrounding area in the CV curve for PPC900-N&
P30 electrode was the highest one compared with those of other sam-
ples, illustrating the highest specific capacitance of PPC900-N&P30. As
shown in Fig. 5b, all GCD curves at 0.5 A/g were closely linear, and
exhibited a symmetrical triangular shape with small IR drops, which
suggested excellent columbic efficiency and a low resistance. The cal-
culated specific capacitances of PPC900-N&P5, PPC900-N&P10,
PPC900-N&P15, PPC900-N&P20, PPC900-N&P30, and PPC900-N&P40
were shown in Fig. 5d. The specific capacitance of PPC900-N&Ps in-
creased and then decreased with the increase of DHP dosage, the spe-
cific capacitance values were 117, 156, 178, 188, 240, and 150 F/g,
respectively (The CVol were 24.0 F/cm3, 26.0 F/cm3, 24.8 F/cm3,
31.2 F/cm3, 35.6 F/cm3, 39.6 F/cm3, 48.0 F/cm3and 27.2 F/cm3), re-
spectively. The detailed data is shown in Table S2 in the Supporting
Information, the volumetric capacitance of PPC900-N&P30 was higher
than those of other PPC900-N&Ps and PPCs electrodes (the electro-
chemical performance of PPCs see Fig. S1 in supporting information),
and comparable to the most previously reported carbon materials in the

Fig. 4. Porosity characterization of PPC-N&Ps: a) TEM images (inset is the SAED pattern) of PPC900-N&P, b and c) nitrogen adsorption and desorption isotherms, and d) pore size
distribution.

Table 1
Pore structure parameters of the different samples.

Sample SBET (m2/g) Smic (m2/g) Vtotal (cm3/g) Vmic (cm3/g) d (nm)

PPC700 0.694 0.544 0.0039 0.0003 22.4
PPC800 2.004 1.604 0.0057 0.0005 11.3
PPC900 627.5 444.7 0.3552 0.2364 2.26
PPC900-N&P5 53.23 36.84 0.0365 0.0197 2.69
PPC900-N&P10 475.1 350.9 0.2567 0.1858 2.16
PPC900-N&P15 723.6 431.8 0.3865 0.2301 2.13
PPC900-N&P20 768.7 416.5 0.4343 0.2229 2.20
PPC900-N&P30 807.7 442.8 0.4378 0.2376 2.16
PPC900-N&P40 935.0 463.0 0.5085 0.2537 2.17
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aqueous electrolytes (Table 2). Interestingly, PPC900-N&P30 had lower
specific surface area (807.7m2/g) than that of PPC900-N&P40
(935.0 m2/g) but showed higher specific capacitance. Although the
specific surface area was an important parameter for the performance
of electrochemical capacitors, it was sometimes not directly propor-
tional to the specific surface area. This is because not all pores in the
electrode layer were necessarily accessible to electrolyte ions [3,4].
Here, the highly curved and tortuous inner pore surfaces give the mi-
crosheets a high specific surface area, but lead to a less effective charge

accumulation of the pores by sterical limitation compared to planar one
[61]. In addition, a higher specific surface area may increase the risk of
decomposition of the electrolyte during the process of charging/dis-
charging storage [62]. The electrochemical impedance spectroscopy
(EIS) was tested, the ideal EIS for an electrical double-layer capacitor
(EDLC) included a straight line with a slope of close to 45° at a high-
middle frequency region and an almost vertical line at low frequency
range [63]. However, a semicircle loop in the high frequency region has
been found for the carbon-based EDLCs with both aqueous and

Fig. 5. Electrochemical performance tested by a three-electrode system: a) CV curves at 10mV/s, b) GCD curves at 0.5 A/g, c) Nyquist plots, d) the specific capacitances at 0.5 A/g and e)
the specific capacitances at different current density.
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nonaqueous electrolytes in many works [34–36], which are different
from the classic EIS. Various theories have been proposed to explain the
cause of this semicircle loop: Sun et al. [63] proposed an equivalent
model, which proved that the semicircle was ascribed to the contact
resistance and contact capacitance between particles of activate mate-
rials, and between the electrode and current collectors. Dsoke S. et al.
[64] demonstrated that the semicircle was attributed to the porous
structures of the electrode with complex network. In addition, Nian
et al. [65] believed that the semicircle of pseudocapacity was due to the
interfacial redox reactions of impurities and surface functional groups.
As shown in Fig. 5c, all the EIS were similar, being composed of one
semicircle at high frequency followed by a linear component at low
frequency. In the high frequency region, the intercepts with the x-real
axis was a intrinsic ohmic resistance (Rs), the semicircle shape re-
presented the charge-transfer resistance (Rct), the presence of Rct at
high frequencies is mainly due to electrode porosity, and the interfacial
resistance between current collector and electrode, and inter-particle
contact resistance. In the low frequency region of the Nyquist plots was
the Warburg diffusion resistance (Rw). The PPC900-N&P30 electrode
exhibited smaller Rct and Rs than those of the other PPC900-N&Ps
electrodes. Compared to the others, PPC900-N&P30 electrode also
displayed a vertical slope in the low frequency region, indicating a
lower Rw at electrode/electrolyte interface. Fig. 5e showed the rate
performances of PPC900-N&Ps and PPC900 electrodes demonstrated
that the specific capacitance remained about 65% of initial specific
capacitance when the current density increased from 0.5 to 10 A/g.

The electrochemical performance of PPC900-N&P30 was shown in
Fig. 6. For all CV curves, with the typical characteristic of electrical
double-layer capacitors, the current increased steadily in the potential
window from −0.3 to −1 V, resulting from much more micropores
being used for energy storage at enhanced voltages [66]. And the shape
of CV curves at different scan rates showed no obvious change even at
scan rate as high as 100mV/s, indicating an ideal capacitive behavior
of the electrode materials (Fig. 6a). In addition, all GCD curves of
PPC900-N&P30 electrode at different current densities showed linear
and symmetric triangular shapes, indicating excellent columbic effi-
ciency and good electrochemical reversibility during the process of
charging/discharging storage (Fig. 6b). The calculated specific capaci-
tance of the electrode material was 240 F/g at the current density of 0.5
A/g. Fig. 6c showed the specific capacitance retention of the PPC900-N
&P30 electrode. It could be seen that excellent cycling stability

demonstrated approximately 100% capacitance retention after 10,000
cycles at the current density of 2 A/g, and the almost identical GCD
curves for both the first cycle and the 10,000th cycle also indicated the
excellent cycling stability (inset in Fig. 6c). The detailed electro-
chemical performance like CV and GCD curves for the various PPCs and
PPC900-N&Ps electrodes are also shown in Fig. S6 and Fig. S7 in the
Supporting Information. In addition, as shown in Fig. 6d, the Nyquist
plot of PPC900-N&P30 electrode was almost vertical at the low-fre-
quency region, and a segment of a semicircle at the high-frequencies,
indicating the PPC900-N&P30 electrode had excellent wettability and
ideal capacitive behavior. To obtain more information about the elec-
trochemical behavior of the electrodes, an equivalent electrical circuit
model was established [67] (inset in Fig. 6d). The fitted parameters for
EIS obtained by Zswinpwin software of different samples were shown in
Table 3, which was consistent with the results from the electrochemical
impedance spectroscopy (EIS) measurements.

A symmetric electrochemical capacitor (SSC) consisting of the same
PPC900-N&P30 electrodes was constructed by using 1M Na2SO4 aqu-
eous solution as the electrolyte. According to equation (3), enhancing
voltage can be employed to increase the energy density of the device
[69]. Compared with acid and alkali electrolytes, the neutral electrolyte
(such as Na2SO4 aqueous) had low H+ and OH− concentration and
oxygenated surface functionalities on the carbon surface resulting in
high over-potential for dihydrogen evolution for carbon-based sym-
metric electrochemical capacitors [70]. The electrochemical perfor-
mance of the device was shown in Fig. 7. CV curves of the SSC at dif-
ferent scan rates with potential windows ranging from 0 to 1.6 V
displayed a quasi-rectangular shape even at a high scan rate of 200mV/
s, indicating an ideal capacitive behavior of carbon materials (Fig. 7a).
The GCD curves showed symmetric triangular shapes and low IR drops,
indicating excellent columbic efficiency and a low internal series re-
sistance, the maximum specific capacitance value calculated from the
GCD curve was 32 F/g at 0.2 A/g (Fig. 7b). Approximately 70% of the
initial specific capacitance remained when the current density in-
creased from 0.2 to 3 A/g (Fig. 7c). The EIS measurement was shown in
Fig. 7d, the value of Rs calculated from the equivalent circuit model was
as small as 4.16Ω, indicating a common purely resistive response at
high frequencies represented by the ohmic resistance of the electrode
and electrolyte. Furthermore, the SSC showed excellent cycling stability
with 99% capacitance retention after 10,000 cycles at 1 A/g (Fig. 7e).
The CV curves had almost no significant change before and after 10,000

Table 2
Comparisons of the porosity structure and electrochemical performance of carbon materials derived from biomass precursors.

Carbon precursor Activation method SBET Gravimetric capacitance Volumetric
capacitance

Measurement
condition

Ref

Fungi Thermal 80m2/g 196 F/g No report 6M KOH
5mV/s

[27]

Seaweed Thermal 746m2/g 244 F/g 224.0 F/cm3 6M KOH
2mV/s

[32]

Firwood KOH 1064m2/g 180 F/g No report 0.5MH2SO4

10mV/s
[33]

Banana peel Zn(NO3)2 1650m2/g 206 F/g No report 6M KOH
1.0 A/g

[29]

Banana peel Thermal + NH3 1357m2/g 210 F/g No report 6M KOH
0.5 A/g

[30]

Grapefruit peel KOH 1760m2/g 311 F/g No report 1MH2SO4

0.1 A/g
[34]

Pistachio shell KOH 1096m2/g 120 F/g No report 0.5MH2SO4

10mV/s
[28]

Cassava peel KOH + CO2 1352m2/g 153 F/g 142.0 F/cm3 0.5M H2SO4 [31]
Banana fiber ZnCl2 1097m2/g 74 F/g No report 1M Na2SO4

500mA/g
[68]

Pomelo peel Thermal + DHP 807m2/g 240 F/g 48.0 F/cm3 2M KOH
0.5 A/g

This
work
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cycles at 10mV/s (inset in Fig. 7e left), and the GCD curves still showed
symmetric triangular shapes in the cycling test process (inset in Fig. 7e
right), demonstrating excellent electrochemical cyclic stability. Energy
density and power density were two important parameters for the
evaluation of the device, and the Ragone plot of SSC (inset in Fig. 7c)
was calculated, the cell showed a high energy density of 11.7Wh/kg
when the power density was 160W/kg at a discharging current density
of 0.2 A/g.

4. Conclusions

In summary, the porous layer-stacking carbon microsheets were
synthesized through DHP impregnation treatment of pomelo peel and

subsequent carbonization process. The carbon yield of DHP-treated PP
was higher than that of untreated PP derived carbon. Remarkably, the
as-obtained carbon material had a high surface area, narrow pore size
distribution, and hierarchically interconnected thin microsheets fra-
mework. The nitrogen and phosphorus atoms were efficiently doped in
the carbon material framework. Therefore, the carbon material ex-
hibited good electrochemical behaviors, such as excellent cyclic stabi-
lity, low resistance, and high specific capacitance. When the mass
fraction of DHP was 30%, the prepared carbon material exhibited the
best electrochemical performances, the specific capacitance of PPC-N&
P30 had a maximum value of 240 F/g at the current density of 0.5 A/g,
and superior cycling performance with the capacitance retention ap-
proximately 100% after 10,000 cycles at 2 A/g in 2M KOH aqueous
electrolyte. Furthermore, the assembled symmetric electrochemical
capacitor in 1M Na2SO4 aqueous electrolyte exhibited a high energy
density of 11.7Wh/kg at a power density of 160W/kg, and excellent
cycling stability with 99% capacitance retention after 10,000 cycles at 1
A/g. These exciting results suggest a low-cost and environmentally
friendly design route for carbon material with the attractive electro-
chemical properties, which have a great potential for real application in
energy storage.
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