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A B S T R A C T

Providing a crystallographic and electronic modification of carbon-based materials in electrical double-layer
capacitors (EDLCs) is an essential technology needed to improve the charge storage kinetics and to enhance
ultrafast cycling performances. However, despite numerous structural composite and morphological modifica-
tion efforts focused on active materials, ultrafast charge storage kinetics still indicated a poor ultrafast capaci-
tance and low cycling stability. To solve these problems, in the present study, we propose a novel heteroatom (N,
P, and B)-doped activated carbon (AC) that has the synergistic effects of N-, P-, and B-doping using the one-pot
doping calcination process. Compared to the bare-AC, N-doped AC, P-doped AC, and B-doped AC, the novel
heteroatom-doped AC indicates an improved ultrafast charge storage kinetics, such as high specific capacitance
(243.9 F g−1 at the scan rate of 10mV s−1), good cycling stability (216.7 F g−1 at 100mV s−1 after 500 cycles),
and superb ultrafast cycling capacitance (199.7 F g−1 at 300mV s−1). These superb electrochemical perfor-
mances can be attributed by synergistic effects of increased active sites by N-doping related to a high charge
storage area, improved functional groups by P-doping related to an excellent wettability between the electrode
and the electrolyte, and enhanced electrical properties by B-doping related to a good electron acceptability.

1. Introduction

In recent years, due to their several advantages over conventional
secondary batteries such as higher power density, faster charge/dis-
charge rate, and longer life times than conventional secondary batteries
electrochemical capacitors (ECs) have come into wide use in portable
devices, electric vehicles, high-power equipment, and memory back-up
devises [1–4]. In general, the ECs can be generally categorized into
three types by energy storage mechanisms [5–7]: (1) electrical double-
layer capacitors (EDLCs) that operate with a physical adsorption/des-
orption of charge between the carbon-based materials and the elec-
trolyte (non-Faradaic reaction); (2) pseudo capacitors (PCs) that act by
the redox reaction between metal oxide-based material and the elec-
trolyte (Faradaic reaction); and (3) hybrid capacitors that drive by the
combination of non-Faradaic and Faradaic reaction. Among these en-
ergy storage mechanisms, EDLCs have outstanding advantages, such as
high power density, long life times, high-rate capability, and low cost
[8]. However, despite these advantages, EDLCs have limitations of low
energy density (5–15Wh kg−1) and high-rate performance of carbon-

based materials as the electrode has a low active site, a poor wettability
between the electrode and the electrolyte, and restrictive electrical
property. Therefore, to overcome these problems, various strategies,
including improvement of porous structure related to energy density,
adjustment of surface functional group related to wettability, and in-
troduction of dopant related to electrical conductivity, have been at-
tempted [9,10]. Particularly attractive strategies in this respect are the
functional group adjustment and the dopant introduction, as they can
improve the ultrafast charge storage kinetics. For example, to enhance
the wettability between the electrode and the electrolyte, Lai et al.
synthesized the pyrrole-coated reduced graphene oxide (rGO). The
authors reported that, due to the increased reaction rate by a high ac-
cessibility of electrolyte, pyrrole-coated rGO indicated a high capaci-
tance (150 F g−1) with a good cycling stability [11]. Furthermore, to
improve the electrical properties of carbon, Lee et al. fabricated man-
ganese-doped carbon aerogel. The authors found that, due to enhanced
charge transfer rate by high electrical conductivity, the sample dis-
played a high capacitance (125 F g−1) with an excellent cycling stabi-
lity [12]. However, the synergistic effect of heteroatom introduction in
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carbon-based materials has not yet been precisely certified for the ul-
trafast charge storage kinetics in EDLCs. Therefore, the synergistic ef-
fect of heteroatom-doped activated carbon (AC) as electrode material is
essentially required for the ultrafast EDLCs. In the present study, we
propose the synergistic effect of boron (B), phosphate (P), and nitrogen
(N) application in AC for ultrafast charge storage kinetics in EDLCs.

2. Experiments

The N-, P-, and B-doped AC as electrode material was successfully
synthesized using the one-pot doping calcination. To synthesize the N-,
P-, and B-doped AC, bare-AC (99.99%, Power Carbon Technology) was
mixed with 1M nitric acid (HNO3, 66%, SAMCHUN), 1M phosphorus
red (red P, 98.5%, ALADDIN), and 1M boric acid (H3BO3, 99.5,
SAMCHUN) in DI-water at 3000 rpm for 30min using the planetary ball
milling. Thereafter, the mixed solution was dried at 100 °C for 12 h. The
doping calcination was performed using a tube furnace at 900 °C for 6 h
in the argon (99.999%) atmosphere. In the next step, all doping agents
were removed by acid treatment using a mixture of hydrogen fluoride
(HF, 52%, SAMCHUN) and hydrofluoric acid (HCl, 52%, SAMCHUN).
The N-, P-, and B-doped AC is henceforth referred to as NPB-AC. For
comparison, the AC doped with N, P, or B, respectively, was fabricated
using the above-mentioned method (referred to herein as N-AC, P-AC,
and B-AC, respectively).

The morphology and structural characteristics of all samples were
analysed using field emission-scanning electron microscopy (FESEM,
Hitachi S-4800) and Energy-dispersive X-ray spectrometry mapping
(EDS-mapping). The crystal structure and chemical bonding state were
investigated using X-ray diffraction (XRD, Rigaku D/MAX2500 V) and
X-ray photoelectron spectroscopy (XPS, ESCALAB 250 used with an Al
Kα X-ray source). Furthermore, the electrochemical performances were
measured using a conventional three-electrode system composed of a
working electrode (glassy carbon), a counter electrode (Pt wire), and a
reference electrode (Ag/AgCl saturated KCl solution). The electrode
slurry was prepared by the mixture of a Ketjen black (Mitsubishi
Chemical, ECP-600JD) as the conducting material, poly(vinylidenedi-
fluoride) (PVDF, Alfa Aesar) as the binder, and the samples as the active
material in the weight ratio of 8:1:1 in N-methyl-2-pyrrolidinone (NMP,
99.5%, Aldrich). All slurry was applied on glassy carbon and dried at
60 °C for 1 h in a conventional oven. Finally, cyclic voltammetry (CV)
analyses were conducted at the scan rates of 10, 30, 50, 100, 200,
300mV s−1 in the potential range of 0.0–1.0 V.

3. Results and discussion

Fig. 1a-e shows the FESEM images of bare-AC, N-AC, P-AC, B-AC,
and NPB-AC, respectively. The morphology of bare-AC did not have any
specific shape and did not significantly change after the N-, P-, and B-

doping process. The diameters of the bare-AC, N-AC, P-AC, B-AC, and
NPB-AC indicated ca. 6.2–9.7 μm, 6.0–9.6 μm, 5.9–9.9 μm, 6.0–9.7 μm,
and 5.8–9.5 μm, respectively. In addition, according to the results of the
SEM-EDS mapping (see Fig. 1f), N, P, and B elements uniformly had the
atomic percent of 7.6, 5.1, and 5.8%, respectively. In particular, the
atomic percent of O increased sharply from 5.1 to 23.6% due to the
formation of O-containing functional groups (eO, μOH, and ]O) by
heteroatoms doping [13,14]. The O-containing functional groups were
previously reported to improve the electrochemical performance by the
increased wettability of the electrolyte [6]. In addition, due to the in-
creased active site by the heteroatom doping, the specific surface area
(2520.4 m2 g−1) and the total pore volume (1.88 cm3 g−1) of NPB-AC
were higher than the specific surface area (2186.1 m2 g−1) and the total
pore volume (0.97 cm3 g−1) of bare-AC (see Fig. S1a). Especially, pore
diameter and pore volume are increased compared to bare-AC because
it has the highest specific surface area and highest total pore volume
(see Fig. S1b).

Fig. 2 shows a schematic illustration of N-, P-, and B-doping site in a
graphene lattice structure of graphite. In Fig. 2a, the N atoms have three
different configurations of graphitic-N (or quaternary-N), pyrrolic-N,
and pyridinic-N in the graphene lattice plane [15,16]. Pyridinic-N
atoms are formed at the edges of the graphene lattice plane bonded to
two C atoms with the generation of one π-electron by π electron sys-
tems. Pyrrolic-N atoms are located at the heterocyclic rings of the
graphene lattice plane coupled with two C atoms, offering two π-elec-
trons by π electron systems [16]. In the case of graphitic-N, they are
located by the replacement of the C atoms to N atoms in the graphene
lattice plane. It appears that the N atom could locally modulate the
electronic properties of the graphene lattice plane, as the electro-
negativity of N atom (3.04) was reported to be higher than that of the C
atom (2.55) [15–18]. It could offer strong bonds with C atoms (NeC
bond) by a smaller atomic size of N than the atomic size of C. In ad-
dition, as reported in previous research, pyridinic-N and pyrrolic-N
offer the active site, which can improve the electrochemical perfor-
mance by turning off the CeC bonds with extra π-electron [17,18]. The
P atoms in the graphene lattice plane show four different structures of
PC2O2, PCO2, PC2O, and PCO3 (see Fig. 2b) [19]. In general, P atoms
have been known to form the coordination of three, four, or five atoms
in the graphene lattice structure, when the P atoms replace the carbon
located two edge, and it generate the oxygen-containing functional
groups (eO, ]O, and eOH) [8,20]. The oxygen-containing functional
groups were reported to enhance the electrochemical performance be-
cause they facilitate the connection of the charge from the improved
wettability of the electrolyte [8,19,20]. The B atoms appeared in four
different types of BCO2, B4C, BC3, and BCO3 due to replacement of B
into the C sp2 frame (see Fig. 2c) [21,22]. In addition, the B atoms cause
a transition of the electronic structure and electronic density state of the
C atoms, suggesting the Faradic reaction and initiating a higher value of

Fig. 1. (a-e) FESEM images of bare-AC, N-AC, P-AC, B-AC, and NPB-AC and (f) SEM-EDS mapping result of NPB-AC.
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the interfacial capacitance [23]. The BeO bond is formed by electronic
state transformation at the edge of the graphene lattice structure [23].
Therefore, N-, P-, and B-doped carbon indicates the synergistic doping
structure, including the improved active site by N-doping, the increased
functional groups by P-doping, and the enhanced electron accepting by
B-doping [24,25]. Thus, N-, P-, and B-doped carbon shows a combi-
nation doping effect of N, P, B atoms, including increased active sites,
improved functional groups, and enhanced electron acceptability (see
Fig. 2d) [24,25].

To confirm the doping state of N, P, and B atoms on the AC, the XPS
measurements were performed (see Fig. 3a-f). Fig. 3a shows the XPS full
scan spectrum of NPB-AC confirming the presence of C, O, N, P, and B
atoms with no other elements. The C 1 s spectrum of NPB-AC (see
Fig. 3b) shows a typical signal at ~284.0, ~284.6, ~286.1, ~287.5,
~288.7, and ~290.5 eV, corresponding to different bonding states of
CeB, CeC, CeO or eN, or eP, CeOeC, CeOeB, and π-π⁎, respectively
[24,25]. In particular, the CeB, CeN, and CeP bonding are well known
to be formed by the replacement of the C element of CeC bonding to B,
N, and P atoms [26]. The O 1 s XPS spectrum of NPB-AC (see Fig. 3c)
shows four signals at ~530.9, ~532.1, ~533.1, and ~535.0 eV, cor-
responding to the CeO or PeO, eOH, OeC]O, and COOH bonding,
respectively [26,27]. Generally, since P atoms can form three-, four-, or
five-atom coordination in the graphene lattice structure, the PeO
bonding is formed by a replacement of the two-edge C element by the P
element [8,19]. The formed O-containing functional groups (eO, ]O,
and eOH) can improve the capacitance of electrode material by facil-
itating the connection of the charge from the enhanced wettability of

the electrolyte [8,19,20]. In addition, the N 1 s XPS spectrum of NPB-AC
(see Fig. 3d) exhibits three signals at ~398.3, ~399.5, and ~401.0 eV,
corresponding to the pyidinic-N, graphitic-N, and pyrrolic-N bonding
state [16,18]. In general, due to breaking the bonds of C, the pyidinic-N
and pyrrolic-N contribute to the increasing active site. The pyidinic-N
and pyrrolic-N, formed at the edge of graphene lattice structure with a
bonding of two C atoms, offer one and two p-electron by aromatic π
system [15–18]. The P 2p spectrum of NPB-AC (see Fig. 3e) exhibits two
signals at 133.0 and 135.0 eV, corresponding to PeC and PeO bonding
states, respectively [28,29]. The PeO bonding state was formed at the
edge of the graphene lattice structure by O-containing functional
groups. In addition, the B 1 s (see Fig. 3f) signal indicated three types of
BCO2, BC2O, and BC3 states at the binding energy of 190, 191.3, and
192.5 eV, respectively. Due to a changed band gap and an adjusted
Fermi-level depression, the B atoms exchanged the C atoms with a
modification of the electronic structure and enhanced the electron ac-
ceptability [30,31]. Therefore, the doped N, P, and B in AC were suc-
cessfully confirmed by the results of the XPS analyses.

Electrochemical performances were measured using a conventional
three-electrode system in the 0.5 M H2SO4 electrolyte. Fig. 4a-e shows
the cyclic voltammetry (CV) curves for bare-AC, N-AC, P-AC, B-AC, and
NPB-AC. All samples were measured at the scan rates of 10, 30, 50, 100,
200, and 300mV s−1 in the potential range of 0.0–1.0 V. The CV curve
area of all samples increased with an increase of the scan rate, meaning
a decrease in the specific capacitance by the limited diffusion of ions in
the electrolyte [8]. The CV curve of the bare-AC (see Fig. 4a) shows a
semi-rectangular behavior, indicating ideal EDLC behavior. On the

Fig. 2. Schematic illustration of N, P, and B doping system in graphene lattice structure.
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other hand, the N-AC (see Fig. 4b) shows the redox peak at 0.37 and
0.47 V due to the formation of N-containing functional group of NeC
[32]. The CV curve of the P-AC (see Fig. 4c) shows a redox peak at 0.44
and 0.11 V, as it caused the O-containing functional groups (PeO,
PeOH, and P]O) by formed P-doping in the graphene lattice structure
[33]. In addition, the redox peaks of B-AC in the CV curve (see Fig. 4d)
are observed at 0.39 and 0.12 V, indicating a lower redox peak intensity
as compared to that of N-AC and P-AC. Due to the formation of func-
tional groups, the dominant B-doping effect in the graphene lattice
structure modifies the electronic state of C, rather than the increase of
redox reaction, thereby improving the electron acceptability [34]. In
particular, the CV curve of NPB-AC (see Fig. 4e) exhibits as a combi-
nation of CV curves of N-AC, P-AC, and B-AC, with the largest CV area
among the samples.

Fig. 5(f) shows the specific capacitance of bare-AC, N-AC, P-AC, B-
AC, and NPB-AC at various scan rates shown in Fig. 5a-e. The specific
capacitances (C) were calculated using Eq. (1) [12]:

= +C (Q Q )/(2mΔV)c a (1)

where Qc and Qa are the charges obtained from integrated cathodic and
anodic areas in the CV curves, m is the mass of the active materials, and
ΔV is the potential range of the CV curves. At 10mV s−1, the specific
capacitance values of bare-AC, N-AC, P-AC, B-AC, and NPB-AC were
198.8, 227.1, 217.6, 203.8, and 243.9 F g−1, respectively. Due to the
diffusion limitation of the ion and the electron, the N-AC and P-AC
show a high capacitance at the low scan rate of 10mV s−1 while a large
capacitance reduction with an increase of the scan rate from 10 to
300mV s−1 [8]. On the other hand, the B-AC displays a poor capaci-
tance at a low scan rate, but it shows an excellent capacitance retention
at the high scan rate of 300mV s−1 due to improved electron accept-
ability [21,22]. Among the samples, the NPB-AC exhibited the highest
specific capacitance, as well as a high rate capacitance (199.7 F g−1) at
300mV s−1. This result is higher than previously reported values for
doped carbon-based materials in EDLCs (see Table S1). In addition, the
cycling stability of NPB-AC (216.7 F g−1 with the capacitance retention

Fig. 3. XPS results of (a) full scan spectrum of NPB-AC and XPS spectra obtained from (b) C 1 s, (c) O 1 s, (d) N 1 s, (e) P 2p, and (f) B 1 s of NPB-AC.

Fig. 4. Cyclic voltammetry of (a) bare-AC, (b) N-AC, (c) P-AC, (d) B-AC, and (e) NPB-AC characterized at scan rate from 10mV s−1 to 300mV s−1 in the potential
range of 0.0–1.0 V. (e) specific capacitance of all samples calculated from their CVs. (f) cycling stability test of all samples at 100mV s−1 measured up to 500 cycles.
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of 98.5%) was higher than that of bare-AC (152.8 F g−1 with the ca-
pacitance retention of 95.1%) at 100mV s−1 after 500 cycles (see
Fig. 4g).

Therefore, in our study, the improved electrochemical performance
with charge storage kinetics was achieved by doping the heteroatom
into AC. Thus, the observed enhanced electrochemical performances
can be attributed to three main effects. First, an increase of active area
on the surface by N doping enables an efficient charge storage, leading
to an increased specific capacitance. Second, the improvement of
functional groups by P-doping can yield excellent wettability between
the electrode and the electrolyte, leading to cycling stability. Third,
enhancement of electrical properties by B-doping can reinforce a fast
electron acceptability, leading to ultrafast charge storage kinetics.
Based on these results, it can be concluded that the NPB-AC exhibits
superb charge storage kinetic at a high scan rate and has excellent
specific capacitance with cycling stability (see Fig. 5).

4. Conclusions

In the present study, the heteroatom (N, P, and B)-doped AC for
ultrafast EDLCs was successfully fabricated using the doping calcina-
tion. The atomic percent of N, P, and B in AC amounted to 7.6, 5.1, and
5.8%, respectively with a high O atomic percent (23.6%). The improved
electrochemical performances of NPB-AC were investigated; in the re-
sults, we observed a high specific capacitance (243.9 F g−1 at the scan
rate of 10mV s−1), an excellent cycling stability (216.7 F g−1 with the
capacitance retention of 98.5% at the scan rate of 100mV s−1 after
500 cycles), and a superb ultrafast cycling capacitance (199.7 F g−1 at
the scan rate of 300mV s−1). These improvements can be attributed to
the following tree main effects: (1) a high specific capacitance can be
attributed to an increased active site by N-doping, which effectively
provides an charge storage site; (2) the superb cycling stability is re-
lated to the improved functional groups by P-doping, providing an
enhancement of wettability between the electrode and the electrolyte;
(3) the excellent ultrafast cycling capacitance can be ascribed to ad-
vanced electrical properties by B-doping, corresponding to a high
electron acceptability. Taken together, the results of the present study
suggest that the synergistic effects of heteroatom doping in AC is a
promising strategy for practical applications of ultrafast EDLCs.
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