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� A nitrogen, sulfur dual-doped hollow
mesoporous carbon sphere (N/S-
HMCS) is fabricated by a simple yet
efficient template-free pyrolysis
approach.

� The N/S-HMCS900 exhibits high
oxygen reduction reaction (ORR)
activities with an excellent half-wave
potential and high methanol
tolerance.

� The optimal electrocatalyst can be
used as air electrode materials in
high-performance zinc-air batteries.

� Density functional theory (DFT)
calculations reveal that N, S-dual
dopant can create extra active sites
with higher catalytic activity than the
isolated N-dopant.
g r a p h i c a l a b s t r a c t

A template-free pyrolysis approach is proposed to fabricate nitrogen and sulfur doped hollow meso-
porous carbon sphere (N/S-HMCS). The unique hollow/mesoporous nanostructure and abundant N, S-
doped active sites prompt the optimal N/S-HMCS900 exhibits satisfactory electrocatalysis in oxygen elec-
troreduction for high-performance Zn-air battery.
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The construction of hollow mesoporous carbon nanospheres (HMCS) avoiding the use of traditional soft/
hard templates is highly desired for nanoscience yet challenging. Herein, we report a simple and straight-
forward template-free strategy for preparing nitrogen, sulfur dual-doped HMCSs (N/S-HMCSs) as oxygen
reduction reaction (ORR) electrocatalysts. The unique hollow spherical and mesoporous structure was in-
situ formed via a thermally initiated hollowing pathway from an elaborately engineered covalent triazine
framework. Regulation of pyrolysis temperatures contributed to precisely tailoring of the shell thickness
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Hollow mesoporous carbon nanospheres
Template-free
Covalent triazine framework
N
S-dual doping
Oxygen reduction reaction
of HMCSs. The resulting N/S-HMCS900 (pyrolyzed at 900 �C) possessed high N and S contents, large speci-
fic surface areas, rich and uniform mesopores distribution. Consequently, as a metal-free ORR electrocat-
alyst, N/S-HMCS900 exhibits a high half-wave potential, excellent methanol tolerance and great long-term
durability. Additionally, density functional theory calculations demonstrate that N, S-dual dopant can
create extra active sites with higher catalytic activity than the isolated N-dopant. This strategy provides
new insights into the construction of hollow and mesoporous multi-heteroatom-doped carbon materials
with tunable nanoarchitecture for various electrochemical applications.

� 2021 Elsevier Inc. All rights reserved.
1. Introduction

Hollow mesoporous carbon nanospheres (HMCS) featuring
lightweight, adequate void space, high porosity and great conduc-
tivity are highly promising electrocatalytic materials for energy
conversion and storage [1]. Hollow nanoarchitectures offer a mul-
titude of advantages for applications over solid nanostructure spe-
cies [2–5]. For instance, the large specific surface areas and open
porous channels provide abundant active sites for various electro-
chemical redox reactions. The thin permeable shells greatly reduce
the paths of fast ion and electron transport,[6] and the cavities
afford additional volume for alleviating the strain and sufficient
space for the electrolyte penetration [7]. Moreover, the comple-
mentary effects between the cavities and shells endow them with
new meaningful properties, which are unavailable from the iso-
lated components [8]. Until now, substantial efforts have been car-
ried out to fabricate fuctional HMCS. In general, hollow
architecture has been created through various hard or soft tem-
plates, such as SiO2[9], polystyrene[10] and block copolymer[11],
etc. Despite their tremendous success, the reported hard template
methods are time-consuming, complicated and uneconomical
caused by additional steps of the preparation and removal of tem-
plates [12]. Similarly, soft template approach is difficult to retain
the robustness of hollow structures during the subsequent applica-
tions [13]. Thus, it remains a great challenge to develop an effec-
tive, safe and template-free method for preparing HMCSs.

Recently, covalent triazine frameworks (CTFs), a type of
nitrogen-rich, porous organic polymer materials, have been widely
applied in electrocatalysis and nanoscience fields due to their
abundant heteroatom contents, controllable chemical structures,
inherent rich micropores and large specific surface areas [14–16].
Annealing of CTFs is a prevailing strategy to gain versatile porous
carbon materials with competitive electrochemical properties
[17–19]. The rigid skeleton and excellent thermal stability of the
CTFs ease the way to manipulate the exact content of doped het-
eroatoms in the carbon matrix, which would be almost impossible
with conventional doping strategies. A variety of CTFs has been
explored as ideal candidates to prepare heteroatom-doped carbons
with desired micro/nanostructures for various applications
[20,21,66]. Nevertheless, controllable synthesis of hollow carbon
materials using CTFs has not yet been developed so far, and feasi-
ble synthetic strategies are highly desired.

Herein, we reported a simple yet efficient template-free strat-
egy to prepare nitrogen and sulfur dual-doped hollow mesoporous
carbon nanospheres (N/S-HMCS). A step-wise solvothermal poly-
condensation and subsequent carbonization were conducted by
employing sulfur-bridged CTF sphere (S-CTF) as precursor. The
key to this synthesis is to control the varieties of polymerization
degrees in the interior and exterior layers of S-CTF. Via subsequent
pyrolysis, the internal oligomers are critical to trigger the hollow-
ing reaction to generate relatively large voids and rich mesopores
in the derived N/S-HMCSs materials, containing atomically dis-
persed N and S atoms as accessible catalytic active sites. The opti-
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mal N/S-HMCS900 possessed rich mesopores (�5 nm) distribution,
high N and S contents (�6.1 and 1.3 at %) as well as large specific
surface area (�331 m2 g�1), exhibiting a superior ORR electrocat-
alytic activity and Zn-air battery performance compared with com-
mercial Pt/C catalyst.

2. Experimental section

2.1. Chemicals

Cyanuric chloride (99.5 %) was obtained from Alfa aesar chem-
ical Co., Ltd, China. Trithiocyanuric acid (95 %) and melamine (99 %)
was purchased from Aladdin Reagent Co., Ltd, China. Acetonitrile
(AR, � 99.0 %) and ethanol (99.5 %) were purchased from Sino-
pharm Chemical Reagent Co., Ltd, China. Potassium hydroxide
(GR, � 90 %) and Nafion solution (5 wt%) were purchased from
Sigma-Aldrich Co., Ltd.

2.2. Materials preparation

2.2.1. Synthesis of sulfur-bridged CTF(S-CTF) precursors:
Typically, cyanuric chloride (6 mmol, 1.10 g) and trithiocya-

nuric acid (6 mmol, 1.06 g) were fully dissolved in 30 mL of ace-
tonitrile, respectively. Then the mixed solution was continuous
stirred at 25 �C for 4 h, and transferred into the Teflon-lined
stainless-steel autoclave, which was heated and maintained at
80 �C for 4 h and then at 160 �C for another 4 h. Afterward, the
resultant was cool down to room temperature gradually. The
obtained precipitates, denoted as S-CTF for simplicity, were fil-
tered, washed with excess acetonitrile, ethanol, and deionized
(DI) water for three times, respectively, and finally dried in a vac-
uum oven at 80 �C overnight. For comparison, sulfur-free precur-
sors were prepared via a same process with sulfur-free melamine
monomer, which was denoted as N-CTF.

2.2.2. Synthesis of N/S-HMCSs catalysts:
The S-CTF precursors were transferred to the ceramic crucible,

and then pyrolyzed at a designed temperature for 2 h under con-
tinuous argon flow with a heating rate of 5 �C/min. Up cooling
down naturally to room temperature, the as-obtained product
was washed with DI water to remove unstable and inactive sub-
stances to obtain N/S-HMCST, where T represents the pyrolytic
temperatures. As a convenient comparison, another catalyst was
also pyrolyzed at 900 �C via the similar procedures with N-CTF as
the precursor, named as N-HMCS900.

3. Results and discussion

The synthetic route of N/S-HMCS is illustrated in scheme 1,
involving a template-free hollowing process to generate a hollow
spherical carbon skeleton. First, the heterogeneous solid spherical
S-CTF precursor containing abundant pyridinic-N and S was
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synthesized by a step-wise solvothermal polycondensation. Then,
the as-synthesized S-CTF was pyrolyzed in an inert atmosphere
under different temperatures to form the N/S-HMCSs with differ-
ent shell thicknesses.

In the cross polarization/magic angle spinning (CP-MAS) 13C
nuclear magnetic resonance (NMR) spectroscopy of S-CTF, the
main peak at 164 ppm is assigned to the triazine rings (Fig. S1a),
while the shoulder peak at 157 ppm is attributed to the C atoms
in the heteroatom-containing unit (N2C-S) [23–25]. Fourier trans-
form infrared spectrum (FT-IR) of S-CTF (Fig. S1b) showed signals
at �1520, �1440, and �1300 cm�1, which are characteristic for
the triazine rings in the S-CTF polymer framework [14,26,65].
The disappearance of the peaks at 850 cm�1 and 2542 cm�1 imply
the absence of C-Cl bonds and SAH bands, further confirming the
successful polycondensation of the S-CTF spheres through dehy-
drochlorination [27]. XPS survey spectra displayed in Fig. S2a indi-
cates that the binding energies are corresponded to C, N and S
atoms for different S-CTF sample, respectively. Meanwhile, the
high-resolution N1s spectrum (Fig. S2b) has shown the peaks at
398.4 and 400.1 eV, which are attributed to pyridinic-N and N-
(C)3 structure [28,29]. Furthermore, XRD measurements of the S-
CTF denote a diffraction pattern at around 27� corresponding to
the stacking of the conjugated hexatomic heterocyclic systems
(Fig. S3) [30]. Besides, the typical pattern of in-planar repeat pack-
ing at about 13� is not exhibited, indicating the disordered crystal
structure of the polymeric precursors [31]. Also, the S-CTF polymer
exhibited decent thermal stability, and thermal decomposition
temperatures above 320 �C (Fig. S4).

Transmission electron microscope (TEM) images (Fig. 1a-c)
showed that the as-obtained S-CTF precursor exhibits a solid
spherical shape with an average diameter of 1.2 lm. In addition,
similar regular spherical morphologies were observed in the
sulfur-free N-CTF sample (Fig. S5a-b). After pyrolysis in an inert
atmosphere at 900 �C, a surface-wrinkled spherical morphology
was observed (Fig. 1d). It presented a hollow structure with a uni-
form shell thickness of � 70 nm and an inner cavity of � 250 nm,
which might be due to the thermal-induced structural shrinkage
and mass loss (Fig. 1e). Such hollow spherical morphologies were
also obtained in the sulfur-free N-HMCS900 (Fig. S5c-d). High-
resolution TEM (HRTEM) image showed the presence of meso-
porous pores in the shells of N/S-HMCS900 (Fig. 1f). Fig. S6 displays
the TEM images of the carbon spheres with different sizes of hol-
low cavities and shell thickness, which was formed by thermal
treatment under distinct temperatures. It can be observed that
with the increase of temperature, the hollow space of the carbon
sphere increases gradually, while the shell thickness gradually
decreases. This phenomenon demonstrates that the shell thickness
of hollow carbon spheres can be accurately tuned by regulating the
pyrolysis temperature.
Scheme 1. The synthetic procedure of the N
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Further, the HRTEM images and the selected area electron
diffraction (SAED) pattern (inset of Fig. 1f) showed clear graphitic
lattice fringes and weak diffraction rings, suggesting a certain gra-
phitic property of the porous carbon shells [32]. Scanning TEM
(STEM) images (Fig. 1g) further revealed that the hollow carbon
spheres have a rough surface with a wrinkle-like structure, which
can greatly improve the specific surface areas. Such nanowrinkles
structures can facilitate the electrolyte’s permeation, thus endow-
ing the formed N/S-HMCS900 with excellent electrocatalytic activ-
ity. The corresponding element mapping images (Fig. 1h-k)
reveal that C, N, O and S atoms are uniformly distributed in the car-
bon shell, indicating commendable doping of N and S elements.
Elemental mapping of O indicates the existence of some oxygen-
containing functional groups.

Nitrogen adsorption/desorption isotherms of the N/S-HMCS900
and N-HMCS900 depicted representative type-IV curves with hys-
teresis loop at a high relative pressure (Fig. 2a and Fig. S7), mean-
ing the existence of mesoporous structures [33]. The calculated
specific surface area and total pore volume of the N/S-HMCS900
(331 m2 g�1, 0.69 cm3 g�1) are much higher than these of N-
HMCS900 (179 m2 g�1, 0.27 cm3 g�1). The increased specific surface
area of the N/S-HMCS900 can provide more channels for electron
and ion transmission, which is conducive to the improvement of
electrochemical performance [34]. The pore size distribution of
the N/S-HMCS900 and N-HMCS900 were centered at � 5 nm, con-
firmed the existence of uniformly distributed mesopore in the
obtained HMCSs (inset of Fig. 2a and Fig. S7). These desirable
mesopores are helpful for the transfer of reactants in the electro-
catalytic process [35].

The X-ray diffraction (XRD) pattern of the N/S-HMCS900 demon-
strated two broad peaks assigning to the (002) and (100) diffrac-
tion modes at approximately 24.3�and 42.9�, confirming a
disordered carbonaceous structure (Fig. S8a) [36]. Further, the
Raman spectra corresponding to the graphitization degree of car-
bonaceous materials were shown in Fig. S8b. The intensity of the
D band (1350 cm�1) is higher than that of the G band
(1590 cm�1), indicating the existence of rich defects in the N/S-
HMCS900, which is beneficial to the exposure of electrocatalytic
active sites [37,38].

The X-ray photoelectron spectroscopy (XPS) survey spectrum of
the N/S-HMCS900 presents typical peaks of C1s, N1s, O1s and S2p,
proving the N and S elements were successfully doped into the car-
bon matrix (Fig. 2b) [39]. Especially, the corresponding content of
C, N, O and S are 89.3, 6.1, 2.6 and 1.3 at%, respectively. Whereas,
the XPS survey spectrum of the N-HMCS900 exhibited characteristic
peaks of C1s, N1s and O1s and the corresponding content are 91.2,
5.7 and 3.8 at%, respectively (Fig. S9). High resolution C1s XPS
spectrum of the N/S-HMCS900 (Fig. S10) shows the presence of
C@C (284.5 eV), CAS/C@N (285.8 eV), CAN (287.1 eV), O-C@O
/S-HMCS via a template-free pathway.



Fig. 1. (a-c) TEM images of S-CTF solid spheres; (d, e) TEM images, (f) High-resolution TEM (HRTEM), (g) STEM image and (h-k) corresponding EDS element (C, N, O, S)
mappings of the N/S-HMCS900.

Fig. 2. (a) N2 adsorption–desorption isotherms, (b) XPS survey spectrum, High-resolution (c) N1s and (d) S2p XPS spectra of N/S-HMCS900. Inset of (a) showing the
corresponding pore size distribution.
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(288.6 eV) functional groups [40]. The N 1 s spectra can be decon-
voluted into three peaks corresponding to pyridinic-N (398.3 eV),
pyrrolic-N (400.5 eV) and graphitic N (401.3 eV) species, respec-
tively (Fig. 2c) [41]. Fig. S11 shows that graphitic-N and
pyridinic-N owns larger proportions among these N-doped forms,
which are the significant active sites for electrocatalytic ORR
[42]. A detailed scan of S 2p spectrum mainly decomposed into
three different peaks, corresponding to carbon-bonded sulfur
(CASAC, 163.9 and 165.2 eV) and oxidized sulfur species (SOx,
167.4 and 168.1 eV), respectively (Fig. 2d) [43]. The introduction
of S element imparts structural defects and a favorable electronic
structure owing to the larger radius of S atom, which provides
abundant electrocatalytic active sites for the ORR [44]. The content
of C, N and S elements in the N/S-HMCS900 are further confirmed by
the elemental analysis to be 85.6, 5.8 and 1.1 at %, respectively,
which is well consistent with the XPS results (Fig. S12). As a com-
parison, the content of C and N elements in the N-HMCS900 are 87.1
and 5.3 at %, respectively. The relatively high nitrogen and sulfur
contents in N/S-HMCS900 are in favor of its electrocatalytic activity
[45].

The time and reaction temperature effects on the formation of
S-CTF were investigated in detail. Spherical nanostructure was syn-
thesized using a one-pot solvothermal process involving three
stepwise reaction stages. The SEM images of the intermediates at
different temperature stages (25 �C, 80 �C, 160 �C) and varied inter-
vals (0, 4, 8, and 12 h) are shown in Fig. S13. Specifically, the oligo-
mer nanoparticles with a size of � 100 nm were formed after
room-temperature reaction for 4 h. With the extension of reaction
time, these nanoparticles tend to aggregate to form irregular
spheres. After another 4 h at 80 �C, these nanoparticles evolved
into well-defined spheres through further aggregation and assem-
bly. When the reaction temperature was further increased to
160 �C for the last 4 h, a more compact and regular structure
was discovered. Based on the above observations, a versatile
step-wise polycondensation route for the formation of S-CTF from
the predesigned organic monomers is proposed. Firstly, low cross-
Fig. 3. Proposed formation process of N/S-HMCS by the thermally in
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linked oligomers were formed and tended to be nucleated directly
to grow into larger particles at the initial stage of relative low-
temperature polycondensation. With the increase of reaction tem-
perature, these oligomers immediately aggregate and further deep
polycondensation occurred between the residual active groups,
forming small irregular spheres. By further increasing the
solvothermal temperature, solid spheres with increased diameter
were formed by the deeply-crosslinking ripeness process. There-
fore, the internal structure of S-CTF is composed of oligomers,
while the exterior space is a highly cross-linked polymer.

Based on the internal and external heterogeneity of S-CTF, we
provide a thermally initiated hollowing mechanism for the forma-
tion of the resultant N/S-HMCSs. During this procedure, the central
oligomers with a relatively lower polymerization degree showed a
strong tendency to decompose and volatile, and then subsequently
migrated to the shell by redeposition, thus leading to the formation
of hollow interior spaces. Meanwhile, the outer polymer shell as a
surface-protected layer was in-situ carbonized into a stabilized
carbon shell. The morphological evolution process was observed
through ex-situ TEM images, and different temperature stages
were used to simulate the various stages of the formation of hollow
structures (Fig. 3). The center of the sphere started to become hol-
low at a pyrolysis temperature of 500 �C, when the precursor began
to decompose. The gas produced by thermal decomposition in the
internal layer migrated out gradually to maintain a stable structure
with reduced surface energies, thus finally forming the hollow cav-
ities inside the spheres. The further increase in temperature led to
further decomposition from the core, and the diameter of the cav-
ity gradually increased, making the appearance of hollow struc-
tures more pronounced. During this process, the shell was
carbonized to form the carbon shell framework, while the inner
core was further transferred to the shell as nitrogen and sulfur
sources to realize in-situ doping of N and S. The average diameters
are � 1050, 850, 700, and 450 nm for the N/S-HMCS500, N/S-
HMCS600, N/S-HMCS700 and N/S-HMCS800, respectively (Fig. 3).
Simultaneously, the generated gas should etch the remaining
itiated hollowing mechanism with corresponding TEM images.
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carbon shell, producing numerous mesopores and making the sur-
face rougher. The specific surface areas of S-CTF, N/S-HMCS500, N/S-
HMCS600, N/S-HMCS700, N/S-HMCS800 and N/S-HMCS900 are 6, 12,
17, 54, 220 and 331 m2 g�1, respectively (Fig. S14 and Table 1).
These results indicate that the increased cavity volume enlarges
the specific surface areas. The current hollowing process occurred
preferentially in the spherical interior rather than the shell due to
their inherent structure difference between the interior and the
exterior of S-CTF. Thermal shrinkage of the external shell leads to
the decrease of HMCS diameters, while the increasing void volume
ascribed to the increase of pyrolysis temperature enhanced the
decomposition of the internal oligomer further.

The electrocatalytic activity of the resultant N/S-HMCS900
toward ORR was evaluated by cyclic voltammetry (CV) measure-
ments in O2 and N2-saturated 0.1 M KOH solution, respectively
(Fig. S15). The typical cathodic ORR peaks at the potential of � 0.
79 V vs. RHE were observed in O2-saturated electrolyte, while no
peaks were presented in N2-saturated electrolyte, predicting that
N/S-HMCS900 possessed outstanding ORR activities [46]. The onset
potential and half-wave potential (Fig. 4a) was close to that of Pt/C
catalyst and exceeding other prepared catalysts and most of the
other reported catalysts (Fig. S16 and Table S1) [47]. Besides, the
N/S-HMCS900 performed a low Tafel slope of 72 mV dec-1, even
smaller than that of Pt/C catalyst (75 mV dec-1) displayed in
Table 1
Structure parameters of pyrolytic S-CTF under different temperatures.

Sample BET (m2 g�1) Total pore
volume (cm3 g�1)

Mesopore
volume (cm3 g�1)

S-CTF 6 0.01 0.01
N/S-HMCS500 12 0.03 0.03
N/S-HMCS600 17 0.07 0.06
N/S-HMCS700 54 0.15 0.14
N/S-HMCS800 220 0.32 0.16
N/S-HMCS900 331 0.69 0.64
N-HMCS900 179 0.27 0.25

Fig. 4. (a) LSV curves of N-HMCS900, N/S-HMCS900 and Pt/C electrodes at a rotation rate
plots the N/S-HMCS900 at various potentials; (d) The electron transfer number of the N/S-
catalysts in O2-saturated 0.1 M KOH; (f) Current-time (i-t) chronoamperometric respon
satuated 0.1 M KOH.
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Fig. S17, suggesting outstanding electrocatalytic kinetics [48].
Linear sweep voltammetry (LSV) results illustrated that the limit-
ing current density of the N/S-HMCS900 electrode increased with
the rise of rotation rates from 800 to 2400 rpm (Fig. 4b). The cor-
responding Koutecky-Levich (K-L) plots displayed perfect linearity
and parallelism under different potentials (Fig. 4c). From the K-L
equation, the average electron transfer number (n) was calculated
to be � 3.95 (Fig. 4d), indicating a nearly four-electron transfer
pathway for ORR. Rotating ring disk electrode (RRDE) measure-
ments revealed that the N/S-HMCS900 possesses a low H2O2 yield
(<10 %) and an average n of � 3.97, matching well with the results
of K-L plots (Fig. S18). In addition, the Cdl of the as-obtained cata-
lysts are also measured by CV analysis (Fig. S19a-b). As a result, N/
S-HMCS900 also showedmuch higher Cdl value (16.7 mF cm�2) than
that of N-HMCS900 (2.7 mF cm�2) in 0.1 M KOH (Fig. S19c). The sig-
nificant increase of ECSA may result in the enhancement of electro-
catalytic activity. After a continuous operation for 10 h, the current
density was maintained at � 97.8 % while Pt/C catalysts only
reserved � 87.4%, indicating the superior durability (Fig. 4f) [25].
Besides, methanol tolerance is another significant factor in practi-
cal application. After adding 1 M methanol in the electrolyte at
200 s, no noticeable change happened in the N/S-HMCS900 catalyst,
whereas an obvious response was observed for Pt/C catalyst
(Fig. 4e). The superior ORR electrocatalytic performance was
ascribed to the unique hollow architecture, rich mesopores and
high density of N, S-doped heteroatom active sites [49]. To further
investigate the surface-evolution process of the N/S-HMCS900 cata-
lyst during the ORR process, we also characterized and analyzed
the morphology and composition of the N/S-HMCS900 catalyst after
long-term running test. TEM observation demonstrated the
microstructure is basically unchanged after the stability test (as
shown in Fig. S20a-c). Corresponding elemental mapping images
(Fig. S20d-g) revealed that C, N and S elements still exist and
homogeneously distribute in the carbon framework, suggesting
that the as-made catalyst has great structural stability. Fig. S21a
exhibits the XPS spectrum of N/S-HMCS900 after the stability test.
The peaks of O 1 s increased significantly, which might be ascribed
to the slight oxidation of carbon matrix during long-term test
of 1600 rpm; (b) LSV curves of the N/S-HMCS900 at various rotating speeds; (c) K-L
HMCS900 at 0.6–0.8 V; (e) Chronoamperometric responses of N/S-HMCS900 and Pt/C
ses of N/S-HMCS900 and Pt/C catalysts by adding 1 M methanol after 200 s in O2-
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process. Moreover, after the stability test, the corresponding N 1 s
and S 2p spectra changed slightly (Fig. S21b-c), indicating that the
carbon matrix has decent chemical stability.
Fig. 5. (a) Schematic illustration of a primary Zn-air battery with an N/S-HMCS900 catho
HMCS900 and Pt/C air electrode, respectively; Inset of (d) is the LED light powered throug
HMCS900 and Pt/C cathodes, respectively; (d) Performance comparisons of power densi
discharge curves of Zn-air batteries with the N/S-HMCS900 and Pt/C cathodes at 20 mA cm
10, 20, 30, 40, 50, and 10 mA cm�2, respectively.

Fig. 6. Optimized structures for the stable adsorbed O atom on (a) N-HMCS900
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To evaluate the practical applications of electrocatalysts, we
assembled a primary Zn-air battery using the N/S-HMCS900 as a
cathode material (Fig. 5a). Fig. 5b shows the as-assembled battery
de. (b) Open circuit voltage curves of the as-assemble Zn-air battery with the N/S-
h two primary Zn-air batteries; (c) Polarization curves and power densities of N/S-
ty of N/S-HMCS900 with other catalysts in the literature[53–61]; (e) Galvanostatic
�2; (f) Rate performance of N/S-HMCS900 and Pt/C electrodes at a current density of

and (b) N/S-HMCS900; (c) the DOS plots of N-HMCS900 and N/S-HMCS900.
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has a continuous steady open circuit voltage at � 1.47 V, which is
very close to that of Pt/C catalyst (�1.51 V) [50]. Two Zn-air batter-
ies fabricated by using the N/S-HMCS900 cathode are capable of
lighting up a LED lamp for a long time, indicating that N/S-
HMCS900 can satisfy the requirements in practical applications.
Noticeably, from the polarization curve, N/S-HMCS900 showed a
high peak power density of � 141 mW cm�2, exceeding that of
Pt/C catalyst (�123 mW cm�2) and most of the reported catalysts
(Fig. 5c-d) [51]. As dispalyed in Fig. 5e, the N/S-HMCS900-catalyzed
Zn-air battery delivered a stable discharge voltage (greater
than1.2 V) almost without obvious degradation when galvanostat-
ically discharged at 20 mA cm�2. The specific capacity of the batt-
tery assembled by N/S-HMCS900 at the discharge current density of
20 mA cm�2 is more than 800 mAh gZn�1 (normalized to the mass of
consumed Zn plate), which is much higher than that of Pt/C-
catalyzed Zn-air battery [52]. Furthermore, the self-made Zn-air
battery utilizing N/S-HMCS900 electrode also exhibited superior
rate performance than that of the commercial Pt/C-based electrode
(Fig. 5f). Notably, the N/S-HMCS900-based air electrode also dis-
played superior performance compared to other carbon-based air
electrodes reported in the previous literature (Table S2). Above
results clearly demonstrate that our developed N/S-HMCS900 elec-
trocatalyst is a highly competitive candidate to substitute commer-
cial Pt/C catalyst for practical application in energy conversation
fields.

To investigate the effects of the sulfur doping in N/S-HMCS900
toward the ORR activity, density functional theory (DFT) calcula-
tions were carried out to study the adsorption energy of different
heteroatom-doped carbon models. The specific configurations of
N/S-HMCS900 structures are depicted in Fig. 6a-b. The edge C atoms
adjacent to the S atoms are found to be the active centers toward
ORR, which is beneficial to the adsorption of O atom [62]. By com-
paring the charge density differences, we found that the electrons
of carbon framework were attracted to the S-doped ORR catalytic
active sites (Fig. S22). Additionally, the conductivity of t N-
HMCS900 and N/S-HMCS900 models was also predicted by the den-
sity of states (DOS), which is important for enabling catalysts with
faster electron transport capability [63]. As shown in Fig. 6c, the
DOS of the N/S-HMCS900 exhibit a relatively higher electron den-
sity at the Fermi energy (EF) than the N-doped nanocarbon models.
It indicates that efficiently sulfur doping plays an important role in
enhancing the conductivity of N/S-HMCS900,[64] which is also con-
firmed by corresponding conductivity test (Table S3). All of those
computational results reveal that the extra sulfur doping indeed
makes a significant improvement to the electrochemical ORR activ-
ity of the resultant electrocatalysts.
4. Conclusion

In summary, a thermally initiated hollowing strategy is
employed to prepare nitrogen, sulfur dual-doped hollow meso-
porous carbon spheres (N/S-HMCS) using a sulfur-bridged CTF
solid spheres (S-CTF) as precursor. Controlling the polymerization
degrees in the interior and exterior layers of S-CTF polymer
ensured the formation of the hollow nanostructure without any
templates and the shell thickness can be precisely tailored by reg-
ulating the pyrolysis temperatures. As a result, the optimal N/S-
HMCS900 exhibited a unique hollow and mesoporous structure
with desired shell thickness (�70 nm), uniform mesopores (�5
nm), large specific surface area (�331 m2 g�1) and high-content
heteroatom doping (�6.1 and 1.3 at% for nitrogen and sulfur,
respectively). These distinctive characteristics enabled N/S-
HMCS900 with high electrocatalytic activity and great durability
towards the ORR and Zn-air batteries. Furthermore, DFT calcula-
tions is helpful to illuminate the contribution of N, S dual-doping
3175
to the enhanced ORR performance. This study demonstrates a
promising template-free method toward the synthesis of hollow
mesoporous carbon materials with precisely tailored structures,
which has a great potential for energy-related electrocatalytic
applications.
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