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ABSTRACT: Heteroatom (N, P, and B)-codoped nanocarbons (NPBC) with
nanoporous morphology are fabricated via a facile one-step pyrolysis method and
exhibit good electrocatalytic activity, durability, and selectivity for the oxygen
reduction reaction (ORR) in alkaline media. The ORR activity of NPBC is better
than single- (nitrogen-doped carbon (NC)) or dual-doped (nitrogen and
phosphorus codoped carbon (NPC) or nitrogen and boron codoped carbon
(NBC)) catalysts in terms of onset potential and current density. This synthetic
approach is efficient and suitable for large-scale fabrication of metal-free carbon-
based catalysts.
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1. INTRODUCTION

The energy crisis makes the exploration of efficient catalysts for
cathodic oxygen reduction reaction (ORR) in fuel cells an
urgent challenge in present material chemistry.1,2 Platinum-
based catalysts have been identified as the most effective
catalysts for ORR.3,4 However, the sluggish kinetics, limited
reserves, high cost, and poor durability of platinum hinder the
large-scale commercialization of platinum-based catalysts. To
date, extensive research efforts have been directed toward the
search for alternative catalysts based on doping materials, such
as Co or Fe-based catalysts,5−7 and metal-free materials, such as
carbon-based materials (carbon nanotubes (CNTs),8 gra-
phene,9,10 mesoporous graphitic arrays,11 mesoporous carbon,12

and carbon nitride13−15). Carbon-based materials doped with
nonmetal heteroatoms (B, N, S, P, and I) have been considered
as promising candidates for replacing platinum-based catalysts
due to their pronounced electrocatalytic activities, long-term
stability, excellent tolerance against crossover effects, and
relatively low costs.16,17

For carbon-based catalysts, numerous efforts have been
devoted to N-doped carbon, a universal heterogeneous carbon-
based catalyst for ORR.18−20 The additional introduction of
other heteroatoms, such as B, P, or S, further alters the
properties of the carbon and enhances its catalytic activity.
Most previous studies focused on binary-doped carbon
materials, such as B−N, P−N, and S−N,21−23 which performed
better than single N-doped materials. For example, Liu et al.
reported boron and nitrogen codoped nanodiamond in which
the high ORR activity was attributed to the synergetic effect of
codopants boron and nitrogen.24 Xu et al. developed sulfur and
nitrogen dual-doped ordered mesoporous carbon, which
performed a positive onset voltage, but the template etching

method was inconvenient and the intermediate Fe catalyst may
affect the ORR performance.25 Besides the work focused on the
binary doping of heteroatoms into the carbon structure, the
ternary-doped carbon material for ORR is highly desired and
still remains a big challenge.
Herein, we reported the controllable fabrication of nitrogen,

phosphorus, and boron codoped carbon (NPBC) with porous
nanostructures by a facile pyrolysis method. It was demon-
strated that the tunable ternary (N, P, B)-doping of NPBC
could be realized by altering the ratio of phosphoric acid and
boracic acid in the raw materials. The NPBC, as metal-free
catalysts, exhibited favorable activity for ORR in alkaline
medium compared with nitrogen-doped carbon (NC), nitrogen
and phosphorus codoped carbon (NPC), and nitrogen and
boron codoped carbon (NBC).

2. EXPERIMENTAL SECTION
All the chemicals used in this work were used as obtained without
further purification and commercially available unless otherwise stated.

2.1. Synthesis of Nitrogen, Phosphorus, and Boron
Codoped Carbon (NPBC). In a typical synthesis, 10 g of urea, 3
mL of 0.1 M phosphoric acid, and 7 mL of 0.1 M boracic acid were put
into a crucible with a cover, heated to 100 °C from room temperature
rapidly, then heated to 550 °C (450 or 600 °C) with a heating rate of 5
°C/min, and finally maintained at the temperature for 3 h in a muffle
furnace. Ultimately, yellow sample was obtained after spontaneous
cooling and was designated as NPBC-2. We altered the proportion of
phosphoric acid and boracic acid to obtain NPBC with different
phosphorus and boron contents. Detailed precursor compositions of
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synthesized samples are described in Table S1 (Supporting
Information). All as-prepared products were kept intact and collected
before characterization and further use.
2.2. Synthesis of Nitrogen-Doped Carbon (NC), Nitrogen

and Phosphorus Codoped Carbon (NPC), or Nitrogen and
Boron Codoped Carbon (NBC). All samples for controlled trials
were prepared by the similar steps of NPBC-2 synthesis with different
precursors. NC was obtained by direct pyrolysis of the urea. NPC was
prepared by heating the mixture of urea and phosphoric acid. NBC
was synthesized by heating the mixture of urea and boracic acid. The
heating procedures were the same as above. Detailed precursor
compositions of synthesized samples are described in Table S1,
Supporting Information. All as-prepared products were kept intact and
collected before characterization and further use.
2.3. Structure and Morphology Characterizations. An FEI-

quanta 200 scanning electron microscope with acceleration voltage of
20 kV were taken to measure scanning electron microscopy (SEM)
images and energy dispersive X-ray analysis (EDX) spectroscopy. The
compositions of obtained samples were measured by EDX. Trans-
mission electron microscope (TEM) images are obtained with a FEI-
Tecnai F20 (200 kV). The usual TEM products were prepared
through dropping the solution onto a copper grid with polyvinyl
formal support film and dried in air. The structure of the samples was
characterized by powder X-ray diffraction (XRD) by using an X’Pert-
ProMPD (Holand) D/max-γAX-ray diffractometer with Cu Kα
radiation (λ = 0.154178 nm). X-ray photoelectron spectroscopy
(XPS) was performed with a KRATOS Axis Ultra-DLD X-ray
photoelectron spectrometer with a monochromatised Al Kα X-ray
(hν = 1486.6 eV). UV−vis absorption was recorded on a Lambda 750
(PerkinElmer) spectrophotometer in the wavelength range of 200−
1000 nm. Fourier transform infrared (FT-IR) spectroscopy (Nicolet
6700 FT-IR spectrophotometer) was employed to characterize the
microstructure of as-synthesized products with a scanning range of
4000−400 cm−1 at room temperature.
2.4. Electrochemical Measurements. The electrocatalytic

characterization was performed by cyclic voltammograms (CV), linear
sweep voltammograms (LSV) and chronoamperometric measure-
ments in a standard three-electrode electrochemical cell, which was
connected to an electrochemical workstation (CHI 920C, CH
Instrument, Shanghai) coupled with a rotating disk electrode (RDE)
system (ATA-1B, Jiangfen Electroanalytical Instrument Co., Ltd.,
China) and a rotating ring-disk electrode (RRDE) system (HP-1A,
Jiangfen Electroanalytical Instrument Co. Ltd., China). A platinum
wire and a saturated calomel electrode (SCE) were used as the counter
electrode and the reference electrode, respectively. To prepare the
working electrode, 5 μL of catalyst solution (1.5 mg·mL−1) was
dropped onto the glassy carbon electrode (GCE, 0.0707 cm2), leading
to the catalyst loading ∼0.1 mg·cm−2, followed by coating with 5 μL of
Nafion solution (0.5 wt %) and dried at room temperature.
The CV measurements were performed in N2- and O2-saturated 0.1

M KOH solutions with a scan rate of 50 mV·s−1. The RDE
measurements were conducted in the O2-saturated 0.1 M KOH
solution at rotation speeds ranging from 300 to 1600 rpm and with the

scan rate of 10 mV·s−1. The RRDE measurements were performed at a
rotation speed of 1600 rpm with a scan rate of 10 mV·s−1 and the ring
potential was constant at 0.5 V. The chronoamperometric measure-
ments were performed at −0.3 V for 10 h. The electron transfer
numbers and the kinetic current density can be calculated from the
slope and intercept of the Koutecky−Levich plots, respectively:6
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where J is the measured current density, Jk is the kinetic current
density, and w is the revolutions per minute of the disk. The constant
0.2 is adopted when the rotation speed is expressed in terms of rpm; n
is the overall number of electrons transferred in oxygen reduction; F is
the Faraday constant (F = 96485 C·mol−1), CO2

is the bulk

concentration of O2 (CO2
= 1.2 × 10−6 mol·cm−3), ν is the kinematic

viscosity of the 0.1 M KOH solution (ν = 0.011 cm2·s−1), and DO2
is

the diffusion coefficient of O2 in 0.1 M KOH solution (DO2
= 1.9 ×

10−5 cm2·s−1).

3. RESULTS AND DISCUSSION
In this study, the nitrogen-doped carbon (NC), nitrogen and
phosphorus codoped carbon (NPC), nitrogen and boron
codoped carbon (NBC) and nitrogen, phosphorus, and boron
codoped carbon (NPBC) with varying boron and phosphorus
contents have been synthesized to investigate the influence of
heteroatom doping on carbon materials toward ORR. The
original and final compositions of obtained samples were shown
in Tables S1 and S2 (Supporting Information), respectively.
The relative surface concentrations of NPBC-2, NC, NBC and
NPC were characterized by XPS (Table S3, Supporting
Information).
Here, a series of detailed discussion about morphology and

structure of the products were carried out based on typical one
of NPBC-2. The SEM images (Figure S1a,b, Supporting
Information) and the TEM images (Figure S1c,d, Supporting
Information) suggested that NPBC-2 was film-like carbon with
porous structure. A high-magnification TEM image of NPBC-2
(Figure 1a, inset) further confirmed the bubble-like and
irregular morphology. To further demonstrate its porous
structure, we carried out the nitrogen BET (Brunauer−
Emmet−Teller) adsorption measurements of NPBC-2. As
shown in Figure 1b, the BET specific surface area of NPBC-2
was 89.5 m2·g−1, which was about 2 times as high as that of NC
catalysts (44.9 m2·g−1; Figure S3, Supporting Information). The
pore size distribution was presented in the inset in Figure 1b.
An apparent pore size distribution of NPBC-2 could be

Figure 1. (a) Low-magnification and (inset) high-magnification TEM images of NPBC-2. (b) N2 adsorption−desorption isotherms for NPBC-2 and
(inset) the corresponding BJH pore-size distribution curve.
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observed, which mainly distributed at about 2.7 nm, and had a
broad peak at 10−50 nm. Thus, the doping of phosphorus and
boron element facilitated the formation of large surface area
during the pyrolysis process.
As shown in Figure 2a, the STEM and the corresponding

elemental mapping images revealed that the NPBC-2 sample
consisted of C, N, O, P, and B, and the P and B elements in the
carbon structure were distributed evenly. This suggested that
nitrogen, phosphorus and boron were all doped in the carbon
successfully. The EDS profile of the NPBC-2 also confirmed
the presence of nitrogen, phosphorus, and boron (Figure 2b).
Figure 2c showed the absorbance spectra of NPBC-2 with an
absorption onset at about 500 nm. The square of the
absorption energy (aE, where E is the photo energy and a is
the absorbance) against E could decide the energies of the
direct gap transitions.26 From approximate linear extrapolation,
the inset in Figure 2c gave apparent energies of 2.86 eV of the
direct transition for the NPBC-2 specimen, 2.82 eV for NC,
2.78 eV for NPC, and 2.90 eV for NBC (Figure S2, Supporting
Information).
Figure 3a showed the XRD patterns of NPBC-2, NBC, NPC

and NC. The distinct (002) peak at 27.43° in the black line
could be attributed to the interlayer spacing of 0.326 nm and
the (100) diffraction peak at 12.76° corresponded to the in-
plane ordering of tri-s-triazine units.27,28 As shown by the green
line for NPBC-2 (Figure 3a), the XRD pattern showed a
significant decrease of intensity and the peak corresponding to
(002) shifted to 26.92° after N, P, and B codoping into the
carbon structure. As shown in Figure 3b, the FT-IR spectra
showed that after the doping of boron and phosphorus, the

carbon nitride network remained nearly invariable. It could be
clearly seen that the characteristic peaks of the breathing
vibration (808.5 cm−1) and the stretching vibrations of the tri-s-
triazine units (1250−1650 cm−1) appeared on the FT-IR
spectra of all samples, and the peak positions were nearly the
same, indicating that the framework structures and functional
groups were analogous to each other.
X-ray photoelectron spectroscopy (XPS) measurements were

measured to analyze the chemical environment of the N-, P-, B-
doped carbon structures. In Figure 4a, the full XPS survey
spectrum showed the C 1s, N 1s, and O 1s peaks of the
nitrogen-doped carbon (NC). Compared with the full XPS
survey spectrum of NC, the existence of phosphorus and boron
in Figure 4b suggested that NPBC-2 consisted of C, N, O, P
and B. The presence of N, P, and B elements in the EDS
spectrum (Figure 2b) confirmed the XPS analysis. The high-
resolution XPS spectra of C 1s, N 1s, B 1s, and P 2p of the

Figure 2. (a) STEM image and the corresponding elemental mapping images of NPBC-2. (b) EDS profile of NPBC-2. (c) Optical absorption
spectra of NPBC-2 and (inset) plots of (aE)2 against the photon energy.

Figure 3. (a) XRD patterns and (b) FT-IR spectra of NC, NPC, NBC,
and NPBC-2.
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obtained NPBC-2 sample are shown in Figure 4. The C 1s peak
(Figure 4c) could be divided into four components located at
284.1, 285.3, 287.3, and 288.7 eV, respectively, which could be
ascribed to C−C, C−P, C−O, and C−N bonding,
respectively.29−31 The existence of the C−P bonding confirmed
that phosphorus was successfully doped in NPBC-2. Another
peak at 287.3 eV corresponding to C−O stemmed from the
urea precursor, and the peak at 288.7 eV was regarded as
originating from C, which was bonded with three N neighbors.
The high-resolution N 1s spectrum of nitrogen-doped carbon
(NC) displayed three binding energies and they could be
ascribed to C−N−C (399.0 eV), N−(C)3 (399.9 eV), and N−
N groups (401.2 eV), respectively (Figure S4, Supporting
Information).24,28,32 These representative signals also appeared
in N 1s spectrum of NPBC-2 (Figure 4d), indicating that the
framework of NC remained unchanged with the doping of
boron and phosphorus. Moreover, the peak at 398.5 eV
indicated the formation of pyridinic−N, which was associated
with N−B bond.24 According to the B 1s spectra in Figure 4e,
the peak at 188.0 eV was assigned to B−C bonding,32 while the
peak at 189.2 eV was related to the B−N−C bonding.24,33,34

The peak at 190.5 eV was related to the B−N bond.24 In Figure
4f, the peaks at 132.7 and 133.6 eV could be attributed to P−C
and P−O bonding, respectively.30,35,36 The existence of the P−
C covalent bonding confirmed that phosphorus had been
successfully doped into the NPBC-2. The presence of P−O
bonding implied the doped P atoms might be partially oxidized
in the pyrolysis process.30

The CV and RDE curves were performanced to measure the
activities of NPBC-2 for cathodic ORR. Meanwhile, we also
synthesized the NC, NPC, and NBC and tested their ORR
activities. First, the ORR activity of NC, NPC, NBC, and

NPBC-2 was examined by CV in N2-saturated and O2-saturated
0.1 M KOH solutions. In Figure 5a, the obvious reduction

peaks occurred in the O2-saturated 0.1 M KOH solution using
all the four catalysts, while the featureless peaks were observed
within the same potential range in the N2-saturated 0.1 M KOH
solution. The ORR peak potential was −0.32 V for NPBC-2,
which was ∼0.09 V more positive than that of NPC and 0.08 V
more positive than that of NBC. This value was much more
positive than that of NC (−0.44 V). Commercial Pt/C was also
measured. For the NC, NPC, NBC, NPBC-2, and Pt/C,
respectively, the onset potentials were −0.22, −0.17, −0.16,
−0.11, and −0.06 V, respectively (Figure 5b). Remarkably, the
NPBC-2 electrode exhibited more positive onset potential and
larger current than those of NC, NPC, and NBC. Clearly, the
positive shift of onset potential and enhancement of reduction
current on NPBC-2 electrode indicated that NPBC-2 possessed
of much higher electrocatalytic activity toward ORR than NC,
NPC, and NBC. RDE measurements were performed with
varying rotation speeds from 300 to 1600 rpm (Figure 5c). The
oxygen reduction current density increased with increasing
rotation rate. The Koutecky−Levich plots at different electrode
potentials derived from Figure 5c displayed good linearity
(Figure 5d). The electron transfer number (n) of NPBC-2 was
calculated to be about 3.6 at the potential range from −0.3 to

Figure 4. XPS survey spectra of (a) NC and (b) NPBC-2; (c) C 1s,
(d) N 1s, (e) B 1s, and (f) P 2p XPS signals for NPBC-2.

Figure 5. (a) CV curves of NC, NPC, NBC, and NPBC-2 in (solid
line) O2-saturated or (dashed line) N2-saturated 0.1 M KOH solutions
with a scan rate of 50 mV·s−1. (b) LSVs of the NC, NPC, NBC,
NPBC-2, and commercial Pt/C in an O2-saturated 0.1 M KOH
solution at a rotation rate of 1600 rpm and a scanning rate of 10 mV·
s−1. (c) RDE voltammograms of the NPBC-2 in an O2-saturated 0.1 M
KOH solution at 10 mV·s−1 and various rotation speeds. (d)
Koutecky−Levich plots of j−1 versus ω−1/2 of the NPBC-2 at
potentials of −0.3, −0.4, −0.5, and −0.6 V. (e) Rotating ring-disk
electrode (RRDE) LSV curves for NPBC-2 with a rotation rate of
1600 rpm in an O2 saturated 0.1 M KOH solution at 10 mV·s−1; (1)
disk current density and (1′) ring current density obtained from the
NPBC-2 catalyst. (f) The calculated percentage of H2O2 and electron
transfer numbers (n) of various samples.
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−0.6 V according to the slopes of Koutecky−Levich plots,
indicating a more efficient four-electron pathway during the
ORR process. RRDE was measured to further confirm the
electron transfer number (n), a significant kinetic parameter to
investigate the ORR efficiency of NPBC-2 (Figure 5e).
The electron transfer number (n) could be calculated by the

following equation:37

= +n I I I N4 /( / )d d r (3)

= × − nH O (%) 100 (4 )/22 2 (4)

where Id is the disk current density, Ir is the ring current density
and N = 0.24 is the current collection efficiency. The electron
transfer number (n) of the NPBC-2 catalyst was calculated to
be 3.58, which was consistent with the result calculated from
the slopes of the Koutecky−Levich plots, indicating a nearly
4e− pathway. Figure S5a,c,e (Supporting Information) showed
the RDE curves of NC, NPC, and NBC electrodes at different
rotation speeds, respectively. Figure S5b,d,f (Supporting
Information) showed the corresponding Koutecky−Levich
plots of J−1 versus ω−1/2 of NC, NPC and NBC electrodes,
respectively. The electron transfer numbers were estimated to
be about 2.0 (NC), 2.6 (NPC), and 2.8 (NBC), respectively,
agreeing well with the results from the RRDE curves (Figure 5f;
Figure S6, Supporting Information), which explained the ORR
efficiency catalyzed by NC (or NPC, NBC) was below that by
NPBC-2. As shown in Figure 5f, the percentages of H2O2 in
NC, NPC, NBC and NPBC-2 were about 100, 70, 60, and 20%,
respectively. Thereby, we could suggest the NPBC-2 catalyst
showed better ORR efficiency from the nearly 4e− dominated
process.

The electrocatalytic activity of NPBC-2 at various treatment
temperatures were studied by LSV measurements. Figure S7
(Supporting Information) revealed that NPBC-2 (550 °C)
showed the best performance. Then, we investigated the
influence of heat-treatment time on the ORR activity of NPBC-
2. The samples were maintained at 550 °C for 1, 2, 3, 5, and 10
h, respectively, and are denoted as NPBC-2 (1 h), NPBC-2 (2
h), NPBC-2 (3 h), NPBC-2 (5 h) and NPBC-2 (10 h),
respectively. As shown in Figure 6a, NPBC-2 (1 h) exhibited
the lowest ORR performance of all, while NPBC-2 (2 h)
revealed better performance compared with NPBC-2 (1 h).
The NPBC-2 (3 h) displayed a significantly enhanced current
density and much more positive onset potential than NPBC-2
(2 h) and NPBC-2 (1 h). NPBC-2 (5 h) performed with a tiny
improvement of ORR activity over that of NPBC-2 (3 h), and
the catalytic activity of NPBC-2 (10 h) showed almost no
change compared with NPBC-2 (5 h) in terms of the current
density and onset potential. The obvious enhancement of
NPBC-2 (3, 5, and 10 h) may be attributed to the influence of
heating time on the structure and specific surface area of
catalysts. According to the corresponding BET results of
different catalysts in Table S4 (Supporting Information), the
heat-treatment time changed the specific surface area and pore
size of the catalysts. When the heating time exceeded 3 h, the
specific surface area of the catalysts increased scarcely.
Therefore, it could be concluded that the increased specific
surface area would enhance the ORR activity of the catalysts.
To further investigate the influence of dopants on the ORR

performance, five NPBC samples with different contents of
phosphorus and boron were prepared by altering the
proportion of phosphoric acid and boracic acid in raw materials

Figure 6. (a) LSV curves of ORR on the NPBC-2 samples prepared under different heating time in an O2-saturated 0.1 M KOH solution with a scan
rate of 10 mV·s−1 at a rotation rate of 1600 rpm. (b) The plot of (black line) peak potential and (red line) peak current density of ORR on NPBC
electrodes normalized to NC.

Figure 7. (a) The current−time (i−t) curves of NPBC-2 and 20% Pt/C catalysts at −0.3 V (vs SCE) in an O2-saturated 0.1 M KOH solution for 10
h. (b) Chronoamperometric responses of NPBC-2 and 20% Pt/C catalysts at −0.3 V in an O2-saturated 0.1 M KOH solution without methanol (0−
2000 s) and with adding methanol (2000−6000 s). The arrow represents the addition of methanol.
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(Table S1, Supporting Information). The peak potential and
peak current density of NPBC electrodes are shown in Figure
6b. The NPBC catalysts with different contents of phosphorus
and boron showed various ORR activities. Here, the peak
potential and peak current density of NC were used as the
references. The NPBC-2 (the initial molar ratio of P/B was
3:7) exhibited the best performance, that is, the peak potential
(−0.32 V) was more positive than that of NC (−0.44 V) and
the peak current density was 2.75 times as large as that of NC.
Interestingly, the peak current density of NPBC-3 (the initial
molar ratio of P/B was 5:5) was close to that of NC. By
controlling the initial molar ratio of P/B, the peak potential and
peak current of the NPBC nanocatalysts could be remarkably
promoted. In the series of samples, the N dopant remained
almost unchanged. The results indicated that the nitrogen,
phosphorus, and boron in carbon material with appropriate
doping amounts synergistically improved the ORR activity.
Another vital consideration about electrocatalysts is their

stability in fuel cells. To evaluate the stability of obtained
catalysts, we conducted continuous chronoamperometric
measurements of 10 h for NPBC-2, NPC, and NBC toward
ORR at −0.3 V in an O2-saturated 0.1 M KOH solution
compared with commercial Pt/C catalyst. As shown in Figure
7a and Figure S8 (Supporting Information), NPBC-2, NPC,
and NBC all exhibited tardy attenuation, especially the NPBC-
2, which showed a high relative current of 95% over 10 h, but
the commercial Pt/C catalyst merely kept 58% of the original
current within the same time. The result demonstrated that
NPBC-2 held better stability performance compared with that
for Pt/C toward ORR in an alkaline medium. To examine
possible crossover effects, we measured the electrocatalytic
selectivity of NPBC-2, NPC, NBC, and 20% Pt/C against the
electrooxidation of methanol in an O2-saturated 0.1 M KOH
solution by adding 3 mL of methanol at 2000 s. The ORR
current of commercial Pt/C catalyst exhibited a sudden change
after the methanol injection owing to the electrochemical
oxidization of methanol (Figure 7b). However, the NPBC-2
remained almost unchanged under the same condition. This
may be ascribed to the excellent stability of the ternary-doped
carbon material as well as the synergetic effect of N, P, and B
among the carbon framework. NPBC-2 exhibited high
selectivity toward ORR with excellent performance in avoiding
crossover effects, which had an advantage over the 20% Pt/C
catalyst.
These results demonstrated that the doping of nitrogen,

phosphorus and boron into carbon material had an important
influence on the peak potential, electron transfer number, onset
potential and current density. Two possible important reasons
for the enhanced ORR activity were as follows. On one hand,
the synchronous introduction of nitrogen, phosphorus, and
boron led to the highly intricate surface structures of the as-
prepared carbon materials. The film-shaped catalysts with
porous structure and large special surface area may provide
favorable reaction spaces and enough active catalytic sites for
oxygen reduction, leading to their significantly enhanced ORR
activity.22,38−40 Additionally, the synergistic effect of heter-
oatoms (N, P, and B) among carbon framework may be a
crucial factor influencing the electrochemical performance of
NPBC. The doping of nonmetal heteroatoms in the sp2 carbon
framework could break the electroneutrality of carbon and
generate active sites for O2 adsorption, no matter if the
heteroatom electronegativity is higher or lower than the carbon
value of 2.55 (N: 3.04, B: 2.04, P: 2.19).41−43 The ternary

doping of N, P, and B may introduce asymmetrical spin and
charge density, inducing a larger number of active C atoms.44

The underlying synergistic effect among heteroatoms may
result from the enhanced disturbance to the uniform electronic
structure of the carbon surfaces.41 Compared to previous
research (Table S5, Supporting Information), our present work
has made a breakthrough for the low-cost, facile fabrication of
heteroatom (N, P, and B) codoped nanocarbon (NPBC)
composite with highly efficient ORR activity. In addition, we
have analyzed the influence of different contents of P and B on
the catalytic ORR performance of NPBC in detail and found an
interesting trend.

4. CONCLUSIONS
In summary, we synthesized the N, P, and B codoped carbon
by an effective, simple, and easily reproducible method. As a
metal-free catalyst, the resulting NPBC sample showed good
electrocatalytic activity, long-term stability, and superb
resistance to crossover effects for oxygen reduction reaction
in alkaline media. The synergetic effect of N, P, and B among
the carbon framework by chemical doping strategy promoted
the formation of active sites for ORR. We have also investigated
the influence of different contents of P and B on catalytic ORR
performance of NPBC and found that NPBC-2 outperformed
the catalysts with other ratios of P and B. Such novel and high-
efficiency ternary-doped carbon-based catalyst could give a
promising substitute for commercial Pt/C in the future.
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