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� Adjacent N, P and S-codoped
hierarchical porous carbon nanoshells
is fabricated through a layer-by-layer
template coating strategy.

� The adjacent N, P and S dopants
engineer synergistic and reinforced
active sites for ORR.

� The metal-free catalyst exhibits
superior activity, durability and
methanol tolerance to the
commercial Pt/C.

� The primary Zn-air battery delivers
considerable open-circuit voltage,
power density and long-term charge–
discharge durability.
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Heteroatom-doped carbon materials have been regarded as sustainable alternatives to the noble-metal
catalysts for oxygen reduction reaction (ORR), while the catalytic performances still remain unsatisfac-
tory. Herein, we develop a metal-free adjacent N, P and S-codoped hierarchical porous carbon nanoshells
(NPS-HPCNs) through a novel layer-by-layer template coating method. The NPS-HPCNs is rationally fab-
ricated by crosslinking of polyethyenemine (PEI) and phytic acid (PA) on nano-SiO2 template surface and
subsequently coating of viscous sulfur-bearing petroleum pitch, followed by pyrolysis and alkaline etch-
ing. Soft X-ray absorption near-edge spectroscopy (XANES) analysis and density functional theory (DFT)
calculations prove the engineering of adjacent N, P and S atoms to generate synergistic and reinforced
active sites for oxygen electrocatalysis. The NPS-HPCNs manifests excellent ORR activity with a half-
wave potential (E1/2) of 0.86 V, as well as promoted durability and methanol tolerance in alkaline med-
ium. Remarkably, the NPS-HPCNs-based Zn-air battery delivers an open-circuit voltage of 1.479 V, a con-
siderable peak power density of 206 mW cm�2 and robust cycling stability (over 200 h), even exceeding
the commercial Pt/C catalyst. This study offers fundamental insights into the construction and synergistic
ersity of
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mechanism of adjacent heteroatoms on carbon substrate, providing advanced metal-free electrocatalysts
for Zn-air batteries and other energy conversion and storage devices.

� 2022 Elsevier Inc. All rights reserved.
1. Introduction

Energy crisis and environmental degradation have attracted
heightened attentions to develop renewable energy sources and
green technologies, such as rechargeable metal-air batteries and
regenerable fuel cells [1–2]. Especially, Zn-air battery is deemed
as one of the most promising energy conversion technologies due
to its high energy density, low cost and zero emission [3–6]. How-
ever, the high overpotential and sluggish kinetics of the cathodic
oxygen reduction reaction (ORR) severely limit the energy efficien-
cies and power capabilities [7–10]. Although noble metal-based
catalysts such as Pt/C exhibit excellent electrochemical activities
toward ORR, the scarcity, high cost and intolerance to methanol
severely hamper their extensive applications [11–12]. Therefore,
developing efficient and cost-effective electrode materials to
replace the noble metal electrocatalysts is of great significance.

A variety of synthetic methods have been proposed to construct
efficient electrode materials for ORR, such as three-dimensional
(3D) printing and joule heating [13–15]. Among them, metal-free
carbon-based materials have been regarded as sustainable and
promising substitutions to the noble-metal catalysts for ORR. Con-
sidering the intrinsic inertness of carbon, heteroatom doping is
generally employed to create catalytic active sites on carbonaceous
frameworks [16–18]. Theoretical and experimental investigations
have demonstrated that heteroatom doping can readily break the
electronic neutrality and change the charge and spin distribution
of the carbon substrates, which benefits the O2 adsorption and
accelerates the ORR kinetics [19–21]. Especially, dual- or multi-
heteroatom doping would further boost the ORR activity compared
with mono-dopant, since multi-dopants could induce larger charge
density changes or asymmetric spins of nearby carbon atoms [22–
24]. For instance, Sun et al. deposited N, P-codoped graphene dots
on N-doped (3D) graphene, leading to a good ORR activity with a
half-wave potential (E1/2) of 0.82 V in alkaline media [25]. Yang
et al. developed a N, P and S tri-doped graphene-like carbon
(NPS-G) derived from onium salts, resulting in an E1/2 of 0.857 V
for ORR, and an open-circuit voltage of 1.372 V and peak power
density of 0.151 W cm�2 for Zn-air battery [26]. Nevertheless,
heteroatom-doped carbon materials still exhibit unsatisfactory
electrocatalytic performances for practical application in Zn-air
batteries [23]. Especially, facile and reliable doping methods to
realize the controllable location of heteroatom dopants, which is
crucial to adjust the local charge distribution and synergistic cat-
alytic effect, are extremely desirable to construct advanced
metal-free electrocatalysts for ORR and Zn-air batteries.

Herein, we demonstrate a novel layer-by-layer template coating
strategy to fabricate adjacent N, P and S-codoped hierarchical por-
ous carbon nanoshells (NPS-HPCNs) as a superior electrocatalyst
for ORR and rechargeable Zn-air batteries. By crosslinking
polyethyenemine (PEI) with phytic acid (PA) over nano-SiO2 tem-
plate surface, followed by covering a layer of sulfur-bearing petro-
leum pitch, the NPS-HPCNs is rationally fabricated through
carbonization and subsequent alkaline etching. With the advan-
tages of mass production, low cost and abundance of aromatic
compounds [27–28], the petroleum pitch is simultaneously
employed as the carbon and sulfur sources, which facilitate the
engineering of adjacent N, P and S active sites based on the
layer-by-layer template coating strategy [29]. Owing to the syner-
gistic and reinforced catalytic effect, as well as the hierarchical por-
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ous structure, the NPS-HPCNs shows superior electrocatalytic
performance for ORR in alkaline medium. Interestingly, the pri-
mary Zn-air battery based on NPS-HPCNs delivers a considerable
power density and long-term charge–discharge durability, even
outperforming the commercial Pt/C catalyst.

2. Experimental

2.1. Materials

The petroleum pitch was obtained from the China National Pet-
roleum Corporation (the composition and content are shown in
Table S1). Polyethyenemine (PEI, MV = 1800), phytic acid (PA,
70 wt% solution), toluene (99 wt%), H2SO4 (98 wt%), KOH (95 wt
%), NaOH (99 wt%), KSCN (99 wt%), K2SO4 (99 wt%), D-(+)-
glucose, Nafion solution (5 wt%), 30 nm SiO2 nanoparticles and
20 wt% Pt/C catalyst were purchased from Aladdin Biochemical
Technology Co., ltd. The chemical reagents were used directly
without further purification.

2.2. Synthesis of the electrocatalysts

50 mg PEI and 2 g SiO2 nanoparticles (30 nm) were dispersed in
water with stirring for 1 h. Then 800 mg PA was added into the
solution and mixed evenly to crosslink with PEI on the SiO2 tem-
plate surface. The mixed solution was dried at 60 �C for one night,
and the obtained powder was mixed with 500 mg petroleum pitch
in 50 mL toluene solution. After intensive stirring, the solution was
dried at 90 �C and subsequently carbonized at 900 �C for 3 h (with a
heating rate of 5 �C min�1) under N2 atmosphere. The obtained
sample was treated with 2 M NaOH at 90 �C for 12 h to remove
the template. The precipitate was rinsed with deionized water to
neutral and dried to obtain NPS-HPCNs.

N, S-doped and P, S-doped hierarchical porous carbon nano-
shells (denoted as NS-HPCNs and PS-HPCNs) were prepared under
the same condition without the addition of phosphorous source
(PA) and nitrogen (PEI), respectively. N, P-doped hierarchical por-
ous carbon nanoshells (NP-HPCNs) was also prepared by using glu-
cose as the carbon source instead of petroleum pitch. Taken as
controls, an isolated-NPS-HPCNs catalyst was prepared through a
general template method by pyrolysis of PEI, PA, SiO2 and petro-
leum pitch in one pot under the same conditions. NPS-HPCNs-NT
was prepared in the absence of the SiO2 template.

2.3. Material characterization

Scanning electron microscopy (SEM) images (Hitachi S-4800)
and transmission electron microscopy (TEM) images (JEM-2100F)
were captured to observe the microstructures and morphologies
of NPS-HPCNs. The element distribution was evaluated by energy
dispersive X-ray spectroscopy (EDX). Raman analysis was con-
ducted on a Jobin-Yvon Labram-010 Raman spectrometer. X-ray
photoelectron spectroscopy (XPS) investigation was performed
on a Kratos Axis Ultra equipment (Chestnut Ridge) with Mg Ka
radiation (1486.6 eV). The specific surface area and pore structure
were measured by the Brunauer-Emmett-Teller (BET) method on a
sorptometer (Micromeritics, ASAP 2020). The X-ray absorption
near-edge structure (XANES) spectra were collected at the National
Synchrotron Radiation Laboratory’s BL12B beamlines (Beamlines
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MCD-A and MCD-B (Soochow Beamline for Energy Materials))
(NSRL, Hefei). Electrochemical impedance spectroscopy (EIS) tests
were conducted on a CHI760E electrochemistry workstation at a
frequency range of 100 KHz to 10 MHz with an AC voltage ampli-
tude of 5 mV.

2.4. Electrochemical measurements

Electrochemical measurements were performed on an electro-
chemical workstation (CHI 760E) with a three-electrode cell sys-
tem, using an Ag/AgCl (saturated KCl) electrode as reference
electrode and Pt wire as the counter electrode. All the potentials
were referred to a reversible hydrogen electrode (RHE), ERHE = EAg/
AgCl + 0.197 V + 0.0591pH. A rotating ring-disk electrode (RRDE)
with a glassy carbon disk (GCE, 4 mm in diameter) and a Pt ring
(with inner and outer diameters of 5 and 7 mm, respectively) was
loaded with the as-prepared catalysts, serving as the working elec-
trode. The morphology of the ring electrode is shown in Figure S1.
2 mg of samples were dispersed in 0.8 mL ethanol and 5 uL of
5 wt% Nafion solution under sonication for 30min. 15 lL of the sus-
pension was pipetted onto the GCE and dried in air at a catalyst
loading of 0.30 mg cm�2. Cyclic voltammetry (CV) tests were con-
ducted in an O2 saturated 0.1 M KOH electrolyte at a scan rate of
0.1 V s�1. Linear-sweep voltammetry (LSV) measurements were
performed at a scan rate of 5 mV s�1 under an electrode rotation
rate of 1600 rpm. The applied potential at the ring electrode is 0.5 V.

The peroxide percentage (H2O2%) and the electron transfer
number (n) are determined by the following equations:

H2O2%=200�(IR/N)/(ID + IR/N) ð1-1Þ

n = 4 � ID/(ID + IR/N) ð1-2Þ
where ID is the disk current, IR is the ring current, and N is current
collection efficiency of the Pt ring. N is determined to be 0.40.

The ORR tests were performed in an O2 saturated 0.1 M KOH
aqueous solution (70 mL). As to the methanol tolerance test,
47.5 lL methanol dissolved in 1 mL of 0.1 M KOH was added to
the O2-saturated 0.1 M KOH aqueous solution at 300 s.

2.5. Aqueous Zn-air battery tests

A primary Zn-air battery was assembled to verify the catalysts
for application in energy conversion and storage devices. Polished
zinc plate, 6 M KOH (containing 0.2 M Zn(OAc)2) solution and car-
bon cloth loaded with 1 mg cm�2 catalyst were used as the nega-
tive electrode, electrolyte and positive electrode, respectively.
Charge-discharge cycle experiments were carried out at
10 mA cm�2 for 30 min every cycle (15 mins charge, 15 mins
discharge).

2.6. Density functional theory (DFT) calculations

Vienna Ab-initio Simulation Package was used to conduct all
DFT calculations (VASP). The exchange correlation energy was
computed using generalized gradient approximation (GGA) as
parameterized by Perdew et al. based on the Perdew-Burke-
Ernzerhof (PBE) functional [30–32]. In a plane wave basis with a
kinetic cutoff energy of 500 eV, the Kohn-Sham orbitals were
stretched. For graphite surfaces with unit cell of 5 � 5,
Monkhorst-Pack meshes of 3 � 3 � 1k-point samplings in the sur-
face Brillouin zones were chosen based on the lattice size. The
Monkhorst-Pack meshes of 3 � 3 � 1k-point samplings in the sur-
face Brillouin zones were used for the graphite surfaces with unit
cell of 5 � 5. All of structures were completely relaxation. To elim-
inate periodic interactions, the 15 Å vacuum layer was used in the
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direction of the surface normal. For all computations, the optimiza-
tion was converged until the stresses on each atom were less than
0.01 eV/Å and the overall energy differences were less than 10-6 eV.
3. Results and discussion

3.1. Catalyst synthesis and characterization

The NPS-HPCNs was rationally designed and fabricated through
a novel layer-by-layer template coating method, as illustrated in
Fig. 1a and Figure S2. Specifically, SiO2 nanoparticles are firstly
bonded and intertwined with the long-chain macromolecule of
PEI. The abundant positive charged –NH and –NH2 groups can fur-
ther crosslink with the phosphate groups of PA (negative charged),
resulting in a PEI-PA supermolecule layer covering over the surface
of nano-SiO2 template (Figure S3). The composite is further plas-
tered with a layer of petroleum pitch with a sulfur content of
2.2 wt% (Table S1), achieving a layer-by-layer structure. N, P and
S-codoped hierarchical porous carbon nanoshells can be facilely
synthesized after carbonization and alkaline etching of the tem-
plate. Remarkably, the layer-by-layer template coating strategy
can efficiently arrange S speices in the petroleum pitch close to
PEI (N source) and PA (P source), achieving adjacent N, P and S
atoms on the carbon substrate as synergistic and reinforced active
sites for ORR.

The morphology and structure of the samples were studied by
SEM and TEM images, as shown in Fig. 1 and Figure S4. SEM images
reveal the typical bulk structures both for the pristine petroleum
pitch and NPS-HPCNs-NT in the absence of template (Fig. 1b and
Fig. S4a-c). As expected, porous nanoshells characteristics appear
on NPS-HPCNs after the template-oriented procedure with an
inside diameter from 10 to 30 nm, indicating the pore-making
effect of nano-SiO2 templates (Fig. 1c, d). No residual nanoparticles
can be observed on the carbon substrate, suggesting the com-
pletely removal of the SiO2 template. SEM images of S-HPCNs,
NS-HPCNs and PS-HPCNs demonstrate their similar porous hollow
structure with NPS-HPCNs (Fig. S4d-i). Notably, some irregular
fringes of amorphous carbon with a lattice distance of 3.5 Å can
be seen in the HR-TEM image of NPS-HPCNs (Fig. 1e), and
selected-area electron diffraction further confirms the amorphous
structure of the sample (Figure S5). TEM image (Fig. 1f) and corre-
sponding EDX elemental mapping images (Fig. 1g) of NPS-HPCNs
manifest the homogeneous distribution of N, P and S elements over
the substrate, implying the successful introduction of N, P and S
atoms uniformly distributed on the carbon frameworks.

XRD patterns of the heteroatom-doped carbon materials are
illustrated in Fig. 2a. All of S-HPCNs, PS-HPCNs, NS-HPCNs and
NPS-HPCNs exhibit two obvious peaks centered at around 26�
and 44�, which belong to the (002) and (100) diffraction of graphi-
tic materials, respectively. The broad peaks suggest emerged
defects and disorders in the carbon structure after the introduction
of heteroatoms [33]. Compared with S-HPCNs and NS-HPCNs, the
(002) peaks of PS-HPCNs and NPS-HPCNs move to lower diffrac-
tion angles, indicating the larger lattice spacing within carbon
layer caused by the intercalation of P atoms with bigger atomic
radius [34]. The structural changes were further confirmed by
Raman analysis. Two peaks at around 1350 cm�1 (D band) and
1595 cm�1 (G band) can be found in Fig. 2b, and the intensity ratio
of D and G bands (ID/IG) represents the degree of structural order
[35]. Owing to the easy graphitization property, S-HPCNs directly
derived from petroleum pitch shows a low ID/IG of 0.86. In compar-
ison, the ID/IG ratios of PS-HPCNs and NPS-HPCNs increase to 0.88
and 0.89, respectively, indicating more defects induced by heteroa-
tom doping. Whereas NS-HPCNs shows the highest ID/IG of 0.99
among the samples, which might be ascribed to the instability of



Fig. 1. Schematic illustration of the preparation procedure for NPS-HPCNs (a). SEM images of petroleum pitch (b) and NPS-HPCNs (c). TEM (d) and HR-TEM (e) images of NPS-
HPCNs. TEM image of NPS-HPCNs (f) and corresponding EDX elemental mapping of C, N, P and S (g).
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PEI during thermal treatment to generate more structural disorder/
defects. Notably, all the samples exhibit a broad 2D band at around
2691 cm�1, (D + G) band at around 2935 cm�1 and 2D’ band at
around 3192 cm�1, indicating the high graphitization degree to
establish conductive networks for electron transport [36]. The por-
ous nanostructure and pore size distribution were further deter-
mined by N2 adsorption/desorption isotherm measurements. S-
HPCNs, NS-HPCNs, PS-HPCNs and HPCNs all exhibit type IV iso-
therms with hysteresis loops, with a surface area of 929, 734,
565 and 715 m2 g�1, respectively (Fig. 2c). Pore size distribution
analysis reveals the coexistence of micropores, mesopores and
macropores in all samples (Fig. 2d). The micropores should be gen-
erated resulted from the released gas species in the pyrolysis pro-
cedure, while the mesopores and macropores may originate from
the pore-making effect of the template. Compared with S-HPCNs,
the relative smaller surface area of NS-HPCNs, PS-HPCNs and
NPS-HPCNs should be attributed to the destruction of partial
mesopores caused by the released gas from PA and PEI polymers.
Such hierarchical porous structure with high surface area would
provide accessible mass transfer pathways to the active sites in
the oxygen electrocatalysis process [37].

The chemical composition of the prepared samples was investi-
gated by XPS measurements. As shown in Fig. 3a, C, N, O and S ele-
ments can be found in the spectrum of S-HPCNs, with an additional
N signal in NS-HPCNs, P signal in PS-HPCNs, and N and P signals in
NPS-HPCNs. The contents of N, P and S in NPS-HPCNs are deter-
mined to be 1.0 ± 0.1, 0.3 ± 0.1 and 1.1 ± 0.3 at.%, respectively
(Table S2). C 1 s XPS spectra of the samples can be deconvoluted
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into three peaks at 284.5, 286.5 and 288.1 eV, corresponding to
C@C, CAO/C@N/CAP and O-C@O, respectively (Fig. 3b). The high
percentage of sp2-hybridized carbon reflects the graphitized struc-
ture of NPS-HPCNs. In terms of the S 2p XPS spectra, S-HPCNs and
PS-HPCNs show peaks at the binding energy of 163.5, 164.8 and
167.8 eV, respectively (Fig. 3c). The former two peaks are assigned
to 2p3/2 and 2p1/2 of thiophenic S (CASAC), and the latter peak is
responsible for oxidized S (C-SOx-C) species. By comparison, slight
shifts occur on the S 2p3/2 peaks of NS-HPCN and NPS-HPCNs, with
an additional peak emerging at 164.2 eV, suggesting the formation
of SAN bond and charge transfer from adjacent N and P atoms. Two
peaks at 130.9 and 133.9 eV corresponding to PAC and PAO bonds
can be seen in the P 2p XPS spectrum of NPS-HPCs (Figure S6). This
verifies the successful doping of P atoms into the carbon lattice,
whose 3d orbitals can modulate the local charge density and regu-
late the lone pair electrons of O2 to trigger ORR [38]. N 1s spectra
reveals five peaks at 398.1, 399.5, 400.4, 401.6 and 405.7 eV
assigned to pyridinic N, NAS, pyrrolic N, graphitic N, and
pyridinic-N-oxide species, respectively (Fig. 3d) [39]. It is worth
mentioning that the introduced oxygen should be derived from
the petroleum pitch source (Figure S7), which can facilitate the
contact between the electrolyte and electrode. Particularly, due
to adjacent S and P doping, NPS-HPCNs affords an enlarged propor-
tion of graphitic N compared with NS-HPCNs, which can donate
more p electrons to the p system of the carbon substrate to create
efficient active sites for ORR [40].

Soft X-ray absorption near-edge spectroscopy (XANES), a reli-
able technique to unveil the local chemical environment and elec-



Fig. 2. XRD patterns (a) and Raman spectra (b) of S-HPCNs, NS-HPCNs, PS-HPCNs and NPS-HPCNs. N2 adsorption/desorption isotherms (c) and the pore size distribution (d) of
S-HPCNs, NS-HPCNs, PS-HPCNs and NPS-HPCNs.
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tronic structure, was further conducted to gain insight into the
atomic interaction among C, S, N and P atoms. As shown in
Fig. 4a, the C K-edge spectra are dominated by two strong peaks
centered at 285.5 and 292.4 eV, corresponding to the excitation
of C 1s electrons to the p*C@C and r*CAC orbitals, respectively.
Besides, all the samples exhibit a peak centered at 289.6 eV
assigned to p*CASAC orbitals, while additional peaks at 288.1
(p*CANAC orbitals) and 288.4 eV (p*CAPAC) orbitals can be found
in NS-HPCNs and PS-HPCNs, respectively. Although all the peaks
can be observed in NPS-HPCNs, the intensity of p*C@C and
r*CAC peaks show simultaneously declines, confirming the chem-
ical interaction induced by N, P and S dopants [41]. The S L-edge
XANES spectra present three peaks at around 164.0, 165.4 and
166.9 eV classified to CASAC coordination species (Fig. 4b). Nota-
bly, compared with S-HPCNs, the middle peaks in NS-HPCNs, NP-
HPCNs and NPS-HPCNs show a gradual upshift, indicating that S
is positively charged by adjacent N and P atoms due to their higher
electronegativity [42]. Furthermore, the electronic states of N in
NS-HPCNs and NPS-HPCNs were detected by the N K-edge XANES
spectra. As shown in Fig. 4c, the peaks at around 399.4, 402.8 and
408.0 eV are attributed to pyridinic N, pyrrolic N and graphitic N,
respectively. Compared with NS-HPCNs, the stronger intensities
of pyridinic N and graphitic N species of NPS-HPCNs reveal the
introduction of more pyridinic N and graphitic N species, which
can be beneficial to the transportation of O2 to the active sites
and facilitate the 4-electron ORR process (Fig. 4c). Fig. 4d displays
the P L-edge XANES spectra for PS-HPCNs and NPS-HPCNs. The
peak at 146.5 eV corresponds to the 2p to 3p transitions of P atom,
and the peak at 142.3 eV is attributed to the PAC/N bonds, demon-
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strating the well intercalation of P. The above XANES results pro-
vide strong evidence for the formation of adjacent N, P and S
atoms on the carbon skeletons to construct highly efficient active
sites for ORR.

3.2. Electrocatalytic performance towards ORR

The prepared samples were utilized as ORR catalysts to evaluate
their electrocatalytic performance. S-HPCNs, NS-HPCNs, PS-HPCNs,
NP-HPCNs, NPS-HPCNs and NPS-HPCNs-NT samples were firstly
performed in 0.1 M KOH solution saturated with N2 or O2 for cyclic
voltammetry (CV) tests. It can be clearly observed in Fig. 5a and
Figure S9a that all the samples exhibit cathodic peaks in O2-
saturated solution, illustrating the effective electrochemical O2

reduction. Among all the catalysts, NPS-HPCNs displays the most
conspicuous cathodic peak and highest peak intensity, suggesting
its superior ORR activity to other samples. Linear sweep voltamme-
try (LSV) measurements were determined to further evaluate the
ORR performance using RRDE at 1600 rpm (Fig. 5b). The NPS-
HPCNs shows an onset potential (Eonset) of 0.96 V (vs RHE) and a
half wave potential (E1/2) of 0.86 V (vs RHE), which is even compa-
rable to that of Pt/C catalyst, with Eonset of 0.99 V and E1/2 of 0.86 V,
respectively. Based on the Eonset and E1/2 results, the ORR activity of
ternary doped NPS-HPCNs is significantly improved compared
with S-HPCNs and the co-doped samples (NS-HPCNs and PS-
HPCNs), and is much higher than NP-HPCNs and NPS-HPCNs-NT
(Figure S9b), indicating that ternary doping of N, P and S poses a
promotion effect on the ORR performance. A control isolated-
NPS-HPCNs catalyst was prepared through a general template



Fig. 3. XPS survey spectra of S-HPCNs, NS-HPCNs, PS-HPCNs and NPS-HPCNs (a). The inset is a local magnification from 100 to 146 eV. C 1s (b) and S 2p (c) XPS spectra of S-
HPCNs, NS-HPCNs, PS-HPCNs and NPS-HPCNs. N 1s XPS spectra of NS-HPCNs and NPS-HPCNs (d).
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method by pyrolysis of PEI, PA, SiO2 and petroleum pitch in one
pot. It can be determined that without the layer-by-layer strategy,
the isolated-NPS-HPCNs catalyst displays a much worse ORR activ-
ity than NPS-HPCNs, as concluded by the CV and LSV results in Fig-
ure S10. The results confirm the synergy effect of adjacent N, P and
S atoms on modulation of charge spin density and delocalization of
carbon atoms, constructing superior active sites for ORR [43]. Fig-
ure S11 presents the CV and LSV results of NPS-HPCNs samples
dependent on the pyrolysis temperature, among which NPS-
HPCNs-900 stands out. The results reveal that pyrolysis tempera-
ture would affect the heteroatom doping manner and degree of
graphitization, which significantly influence the ORR performance.

The Tafel plots of the catalysts calculated from mass transfer
correction of related LSV data are shown in Fig. 5c. NPS-HPCNs
exhibits a Tafel slope of 72.54 mV Dec-1, which is much smaller
than commercial Pt/C (91.80 mV Dec-1) and other doped-carbon
catalysts, indicating a faster reaction kinetics of ORR. The electro-
chemically active surface area (ECSA) of NPS-HPCNs was measured
based on double layer capacitance (Cdl) in the non-Faradaic poten-
tial region (Figure S12). According to the CV measurements at var-
ious scan rates, Cdl is calculated to be 5.63 mF cm�2. And the ECSA
of NPS-HPCNs is calculated to be 0.18 mA cm-2

ECSA. Electrochemical
impedance spectroscopy (EIS) test of NPS-HPCNs shows a small
semicircle at the high-frequency region and a line with high slope
at the low-frequency region, indicating the low interfacial charge
transfer resistance and rapid ion diffusion across the catalyst (Fig-
ure S13). Therefore, the hierarchical porous hollow structure and
adjacent N, P and S dopants guarantee more accessible contact
between the dissolved O2 and efficient active sites. LSV of the sam-
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ples were recorded with rotation rate ranged from 400 rpm to
2500 rpm, and the ORR kinetics was analyzed by the Kouteckye-
Levich (K-L) plots based on K-L equations (Figure S14-15). All the
prepared catalysts follow the first-order reaction with respect to
the dissolved O2. The electron transfer numbers (n) of S-HPCNs,
NS-HPCNs, PS-HPCNs, NPS-HPCNs and Pt/C are calculated to be
2.35, 2.78, 2.88, 3.92 and 4.01, respectively. The average n of NPS-
HPCNs is calculated to be 3.95 under the potential window from
0.2 to 0.5 V, with an average H2O2 yield below 4.4 % (Figure S16),
demonstrating a four-electron pathway on NPS-HPCNs.

Fig. 5e shows the LSV curves of NPS-HPCNs before and after
3000 cycles. NPS-HPCNs shows an excellent electrocatalytic ORR
stability, with a slight negative shift of E1/2 from 0.86 to 0.85 V.
The stability was further investigated through amperometric i-t
measurements (Figure S17). The commercial Pt/C catalyst shows
a gradual fading of current density within 12 h and results in a
retention rate of 70 %. Remarkably, the NPS-HPCNs displays an out-
standing durability, with a reinforced retention rate of 93 %, indi-
cating an enhanced stability of the metal-free NPS-HPCNs than
commercial Pt/C catalyst. SEM of NPS-HPCNs after the long-term
electrochemical tests was carried out, which still remains the por-
ous structure, indicating its robust structural stability (Figure S18).
Moreover, methanol tolerance ability is a crucial factor on the prac-
tical application of ORR electrocatalysts. As such, methanol cross-
over tests were carried out (Fig. 5f). When methanol was injected
at the interval time of 300 s, the Pt/C catalyst suffers a significant
decrease on current density, while the impact of methanol on the
ORR electrocatalytic performance of NPS-HPCNs is minimal, indi-
cating its exceptional methanol tolerance capability. To further



Fig. 4. C K-edge (a) and S L-edge (b) XANES spectra of S-HPCNs, NS-HPCNs, PS-HPCNs and NPS-HPCNs. N K-edge XANES spectra of NS-HPCNs and NPS-HPCNs (c). P L-edge
XANES spectra of PS-HPCNs and NPS-HPCNs (d).

Fig. 5. CV curves of S-HPCNs, NS-HPCNs, PS-HPCNs and NPS-HPCNs in N2 (dashed curves) or O2 (solid curves)-saturated 0.1 M KOH solution (a). LSV curves of S-HPCNs, NS-
HPCNs, PS-HPCNs, NPS-HPCNs and commercial Pt/C (20 wt%) in O2-saturated 0.1 M KOH solution at a rotating speed of 1600 rpm (b). Tafel plots of the catalysts derived from
mass transport correction of corresponding LSV data (c). Eonset, E1/2 and n for the catalysts (d). LSV curves of NPS-HPCNs before and after 3000 cycles (e). Methanol tolerance
tests of NPS-HPCNs and Pt/C (f).
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evaluate the stability against environmental factors, the NPS-
HPCNs was respectively pretreated under acid, base, high temper-
ature and high humidity conditions. As shown in Figure S19, it can
be found that the metal-free catalyst exhibits excellent tolerance
against the above conditions, which shows hardly activity change
or slight performance decrease for ORR.

3.3. Rechargeable zinc-air batteries

Motivated by the extraordinary ORR electrochemical perfor-
mance of NPS-HPCNs, its effectiveness as an air–cathode for Zn-
air batteries was investigated. A primary Zn-air battery was assem-
bled with a carbon cloth supported electrocatalyst working as the
air cathode and a 6 M KOH solution containing 0.2 M Zn(OAc)2 as
the electrolyte (Fig. 6a). As can be seen in Fig. 6b, three batteries
in series with NPS-HPCNs as the air cathode can work properly
and readily power a light-emitting diode (LED) screen. As shown
in Fig. 6c, the initial open-circuit voltage of the NPS-HPCNs-based
Zn-air battery is tested to be 1.479 V, which is higher than
1.401 V of Pt/C catalyst. Fig. 6d and Figure S20 displays the polariza-
tion and power density curves for the Zn-air batteries. Obviously,
compared with S-HPCNs, NS-HPCNs, PS-HPCNs and NP-HPCNs,
the NPS-HPCNs-based Zn-air battery exists a prominent peak
power density of 206 mW cm�2, exceeding the commercial Pt/C
catalyst (135 mW cm�2). The NPS-HPCNs also exhibits superior
Fig. 6. Graphical illustration for the Zn-air battery (a). Photograph of red LED screen po
potential (c) and polarization curves and corresponding power density plots (d) of Zn-air b
HPCNs, NS-HPCNs, PS-HPCNs, NP-HPCNs, NPS-HPCNs and Pt/C-based Zn-air batteries (
catalyst at current densities of 1, 2, 5, 7, 10 and 15 mA cm�2 (f). Long-term cycling
interpretation of the references to colour in this figure legend, the reader is referred to
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charging and discharging abilities to the commercial Pt/C catalyst
in rechargeable Zn-air batteries (Figure S21), demonstrating its reli-
able electrocatalytic activities. Moreover, the galvanostatic dis-
charge voltages of NPS-HPCNs and Pt/C both decrease with the
increasing of current densities (Fig. 6f). Besides, the NPS-HPCNs-
based Zn-air battery shows voltage plateaus of 1.37, 1.34, 1.33,
1.32. 1.31 and 1.29 V at the discharge current densities of 1, 3, 5,
7, 10 and 15 mA cm�2, respectively, which are higher than those
of Pt/C catalyst. Remarkably, the NPS-HPCNs-based battery delivers
reinforced charge and discharge potentials in a 200 h long-term
cycling test at a current density of 10 mA cm�2, indicating its satis-
factory electrocatalytic performance for rechargeable Zn-air batter-
ies (Fig. 6g). To explore the effect of foreign ions on the performance
of NPS-HPCNs in Zn-air batteries, the catalyst was pre-impregnated
in SO4

2-, Na+ and SCN- solutions, respectively. As shown in Figure S22,
the various foreign ions show negligible influences on the perfor-
mance of the batteries, suggesting prominent ion tolerance and
reinforced stability of the metal-free active sites.

3.4. Density functional theory calculations

Density functional theory (DFT) calculations were conducted to
elucidate the synergetic mechanism of the adjacent heteroatoms
on the carbon substrate. Combined with the XPS and XANES
results, two NPS-HPCNs models with adjacent N, P and S dopants
wered by three NPS-HPCNs-based Zn-air batteries in series (b). Initial open-circuit
atteries with NPS-HPCNs and Pt/C as the air cathodes. The peak power density for S-
e). Discharge profiles of the Zn-air batteries using NPS-HPCNs and Pt/C as the air-
performance of the Zn-air batteries at a current density of 10 mA cm�2 (g). (For
the web version of this article.)
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were constructed. Figure S23 shows the top view of optimized
adsorption configurations of the reaction intermediates (*OOH,
*O and *OH) adsorbed on the model surfaces. Apparently, the first
model displays much lower free energy barriers during the reac-
tion pathway, revealing the optimal configuration of NPS-HPCNs.
Bader charge analysis and charge density change of the optimal
NPS-HPCNs model indicate inhomogeneous local charge distribu-
tion and obvious charge transfer between the adjacent N, P and S
atoms, forming effective active sites for ORR (Figure S24). Further-
more, the optimized adsorption configurations and free energy
reaction pathway for NS-HPCNs, PS-HPCNs, NP-HPCNs, NPS-
HPCNs and isolated-NPS-HPCNs are also conducted (Figure S25
and Fig. 7a-b). Due to the charge modulation effect arising from
surroudning N and S atoms, O2 molecule is favorable to be
adsorbed on the P sites. Under the equilibrium potential of ORR
(U = 1.23 V vs RHE), the first reduction step (O2 ? *OOH) and last
reduction step (OH*? H2O) are uphill over the catalysts except for
NP-HPCNs, suggesting an applied potential to overcome the posi-
tive free energy change [44]. Among all the samples, NPS-HPCNs
shows the smallest DG of 0.25 eV for the hydrogenation of O2 to
*OOH and relatively low energy barrier of 0.69 eV for the protona-
tion step of OH*, indicating its strengthened catalytic efficiency
[45]. To validate the effect of heteroatom location on the catalytic
reactions, free energy reaction pathway over isolated-NS-HPCNs
and isolated-NPS-HPCNs were also investigated. As shown in Fig-
ure S26 and Fig. 7c, the contrastive samples with isolated heteroa-
Fig. 7. The proposed absorption geometry of oxygen intermediates (*OOH, *O, *OH) on NP
oxygen reduction pathway on NS-HPCNs, PS-HPCNs, NP-HPCNs, NPS-HPCNs and isolate
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tom dopants need to overcome much higher energy barriers
compared with NS-HPCNs and NPS-HPCNs, accounting for their
inferior ORR catalytic activities. The calculation results manifest
the reinforced synergistic effect of adjacent N, P and S active sites
for ORR electrocatalysis, which can significantly promote the
adsorption of O2 and reduce the energy barriers, leading to supe-
rior electrocatalytic performance for ORR and rechargeable Zn-air
batteries (Figure S27).

Based on the experimental and theoretical results, the NPS-
HPCNs exhibits a prominent electrocatalytic activity for ORR and
outstanding power density and rechargeable stability for as the
cathode for Zn-air batteries. The outstanding performance of
NPS-HPCNs should be mainly attributed to the following factors.
Firstly, adjacent N, P and S atoms are controllably engineered based
on the layer-by-layer template coating strategy, which uneven the
local charge distribution of the carbon substrates to generate rein-
forced synergistic active sites, significantly accelerate the adsorp-
tion of O2 and reduce the energy barriers of ORR. Secondly, the
hierarchical porous hollow structure, as well as the high graphiti-
zation degree of the carbon matrix, provide more rapid mass and
electron transferring channels towards the active sites, smoothly
facilitating the proceeding of electrocatalytic ORR. Moreover, the
excellent structural stability of the metal-free active sites ensures
the superior durability for ORR and reversibility for rechargeable
Zn-air batteries, demonstrating its great potential for practical
applications.
S-HPCNs (a) and isolated-NPS-HPCNs (b). Free energy diagram for the four-electron
d-NPS-HPCNs in alkaline media at U = 1.23 V (c).
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4. Conclusion

In summary, we have successfully developed a novel layer-by-
layer template coating strategy for the fabrication of adjacent N, P
andSatomsonhierarchicalporouscarbonnanoshells. Thehierarchi-
cal porous hollow structure can facilitate mass transport and elec-
tron transfer during the electrocatalytic process. The adjacent N, P
and S atoms engineer synergistic and reinforced active sites that
can dramatically promote the adsorption of O2 and reduce the
energy barriers for ORR. These advantages endow NPS-HPCNs with
superior catalytic performances for ORR and Zn-air batteries, stand-
ing out among the recently reported metal-free catalysts (Table S3-
4). TheNPS-HPCNs shows excellent electrochemical activity for ORR
with an E1/2 of 0.86 V, reinforced durability andmethanol tolerance.
The Zn-air battery based on NPS-HPCNs cathode delivers an excep-
tional open-circuit voltage of 1.479 V, a considerable peak power
density of 206 mW cm�2 and a good cycling stability for over
200 h, even outperforming the commercial Pt/C catalyst. Based on
these findings, this study provides fresh insights into the construc-
tion and synergistic mechanism of adjacent heteroatoms on carbon
substrate, achieving advanced electrodes for rechargeable Zn-air
batteries and other energy conversion and storage devices.
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