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Abstract    Single-atom catalysts  (SACs)  are  promising low-cost  materials  for  zinc-air  batteries,  yet  simultaneously  achieving high density  and

high intrinsic activity of atomic sites remains a significant challenge. Herein, a sulfur and nitrogen co-doped porous carbon (SNC) featuring high

heteroatom contents (16.0 wt% sulfur and 10.1 wt% nitrogen) and a hierarchical porous architecture, is developed as a robust substrate for cobalt

single-atom catalysts. Benefiting from these abundant anchoring sites and synergistic S/N coordination, a high-loading Co SAC (Co/SNC, 8.9 wt%)

with an asymmetric Co―S3N1 configuration are successfully fabricated. The unique coordination environment optimizes the electronic structure

and reaction kinetics, endowing Co/SNC with outstanding oxygen reduction reaction activity (E1/2=0.89 V), surpassing commercial Pt/C. When

employed as cathode catalyst, the zinc-air battery delivers a high specific capacity (789 mAh·gZn
–1), peak power density (98 mW·cm–2), and robust

long-term durability. This work offers a promising strategy for the rational design of high-performance SACs for energy conversion devices.
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INTRODUCTION

Zinc-air  batteries  represent  one  of  the  most  promising  candi-
dates  for  next-generation  energy  storage  and  conversion  sys-
tems. However, their practical application is largely hindered by
the sluggish kinetics of the oxygen reduction reaction (ORR) and
the  oxygen  evolution  reaction  (OER)  at  the  air  cathode.[1,2] Al-
though  noble  metal-based  catalysts  exhibit  appealing  electro-
catalytic activity, their exorbitant cost and scarcity impede large-
scale  commercialization.[3−5] Therefore,  the  rational  design  and
development  of  cost-effective,  high-performance  non-noble-
metal electrocatalysts are urgently needed to promote the prac-
tical application of zinc-air batteries.

Single-atom  catalysts  (SACs),  featuring  well-defined  elec-
tronic structures, high catalytic activity, and maximized atom
utilization, have demonstrated effectiveness as low-cost cata-
lysts for Zn-air batteries.[6,7] Their atomic precision also offers
an  ideal  platform  for  elucidating  structure–activity  relation-
ships  at  the  molecular  level.[8,9] Nevertheless,  most  reported
SACs adopt a symmetric metal-nitrogen (e.g.,  M―N4)  coordi-

nation  configuration,  which  often  leads  to  suboptimal  elec-
tronic structures and limited intrinsic activity for the ORR. To
overcome  this  limitation,  recent  efforts  have  demonstrated
that  introducing  heteroatoms  (denoted  as  A)  other  than  ni-
trogen to construct  asymmetric  M―NxAy sites  can break the
planar  symmetry  of  the  electron  density  around  the  metal
center.  This  asymmetry  precisely  modulates  the  electronic
state and charge distribution of  the active site,  thereby opti-
mizing  the  adsorption/desorption  energies  of  oxygen-con-
taining intermediates.[10,11]

To  date,  a  variety  of  asymmetric  heteroatom-coordinated
single-atom  catalysts,  such  as  Co―N2O2,  Co―N3Cl1,  and
Fe―N4―S,  have  been  developed  as  cathode  materials  for
zinc-air  batteries,  exhibiting enhanced catalytic  performance
compared  to  their  symmetric  counterparts.[12−14] Neverthe-
less, compared to the traditional symmetric M―N4 structure,
asymmetric  active  sites  are  generally  less  stable  under  the
harsh conditions of high-temperature pyrolysis, making it dif-
ficult to achieve high metal loading while maintaining the de-
sired  coordination  environment.[15] On  the  one  hand,  the
doping  content  of  heteroatoms  such  as  N  and  S  in  conven-
tional carbon frameworks remains limited, resulting in insuffi-
cient  anchoring  sites  for  single  metal  atoms.  On  the  other
hand, isolated metal atoms inherently possess a high surface
free energy and tend to migrate and aggregate into metallic
nanoclusters  or  nanoparticles  during  high-temperature  syn-
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thesis. Consequently, most asymmetric SACs reported to date
exhibit low metal loadings (typically <5 wt%), which restricts
their  catalytic  performance,  particularly  under  high  current
density  operation  in  practical  energy  conversion
devices.[16−18] Therefore,  the  development  of  carbon  sub-
strates  with  abundant  and  stable  heteroatom  doping  is  of
paramount  importance  for  constructing  high  loading  asym-
metric SACs.

Herein,  inspired  by  our  group’s  previously  developed  sul-
fur-assisted  pyrolysis  strategy,  sulfur  and  nitrogen  co-doped
porous carbon (SNC) was developed as a robust substrate for
the  preparation  of  high-loading  asymmetric  cobalt  single-
atom  catalysts.[19,20] The  as  obtained  SNC  not  only  achieves
exceptionally high heteroatom doping levels (16.0 wt% S and
10.1 wt% N) but also possesses a three dimensional hierarchi-
cal porous architecture with a large surface area. Consequent-
ly,  a high-loading Co single-atom catalyst (Co/SNC) featuring
an  asymmetric  Co―S3N1 coordination  configuration  was  ef-
fectively developed. Owing to the high density of these asym-
metric  active  sites,  the  Co/SNC  catalyst  exhibited  outstand-
ing  ORR  activity,  achieving  a  half-wave  potential  as  high  as
0.89 V. When employed as a cathode catalyst in Zn-air batter-
ies,  Co/SNC  delivers  excellent  electrochemical  performance,
including a specific  capacity of  789 mAh·gZn

–1,  a  peak power
density of 98 mW·cm–2,  and remarkable long-term durability.

This  work  provides  a  promising  strategy  for  the  rational  de-
sign of high-performance cathode catalysts for Zn-air  batter-
ies.

MATERIALS AND CHARACTERIZATIONS

Details  are shown in the electronic supplementary information
(ESI).

RESULTS AND DISCUSSION

Fig. 1(a) shows the synthesis process of Co/SNC. In brief, a mix-
ture of polystyrene (PS), cyclic sulfur molecules (S8), calcium car-
bonate (CaCO3), and melamine was pyrolyzed at 800 °C for 3 h,
followed  by  acidic  etching  to  remove  the  CaCO3 template,
yielding  the  SNC  substrate.  Notably,  the  direct  pyrolysis  of  PS
alone does not produce carbonaceous products.[21]

However,  during  pyrolysis,  S8 molecules  undergo  ring-
opening polymerization to form linear polysulfide chains with
diradical  termini,  which  effectively  induce  dehydrogenation
and crosslinking of PS, generating a thermally stable interme-
diate polymer network. As shown in Fig. S1 (in ESI), the as-ob-
tained  SNC  exhibited  a  three-dimensional  porous  structure
derived  mainly  from  the  CaCO3 template.  Nitrogen  adsorp-
tion-desorption  measurements  revealed  that  the  SNC  pos-
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Fig. 1    (a) Schematic illustration of the synthetic process of Co/SNC; (b) SEM image, (c, d) TEM images, (e) AC HAADF-STEM image, (f) HAADF-STEM
image and (g) corresponding EDS element mapping images of Co/SNC.
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sessed  a  high  Brunauer-Emmett-Teller  (BET)  surface  area  of
244 m2·g–1 with H4-type hysteresis loops, and the correspond-
ing pore size distribution curve confirmed the presence of mi-
cropores  and mesopores  in  the  SNC (Fig.  S2  and Table  S1  in
ESI).[22] Benefiting from the S8 and melamine precursors, high
contents of heteroatoms (N:10.1 wt% and S: 16.0 wt%) are de-
tected  in  SNC  by  elemental  analysis  (Table  S2  in  ESI).  The
chemical  composition  of  SNC  was  further  investigated  by  X-
ray  photoelectron  spectroscopy  (XPS),  which  revealed  the
presence of C, N, and S elements (Fig. S3 in ESI).

Subsequently,  Co/SNC  was  successfully  synthesized via a
simple  two-step  loading  process  for  single  cobalt  atoms.
Scanning  electron  microscopy  (SEM)  and  transmission  elec-
tron microscopy (TEM)  images  revealed that  Co/SNC inherit-
ed  the  three-dimensional  porous  structure  of  SNC  (Figs.  1b
and 1c). Compared with SNC, Co/SNC exhibited similar nitro-
gen  adsorption-desorption  isotherms  and  pore  size  distribu-
tions,  yet  delivered  a  decreased  BET  surface  area  of  128
m2·g–1 (Fig.  S2  and  Table  S1  in  ESI).  This  phenomenon  origi-
nates from the abundant incorporation of Co atoms into the
pore  channels,  which  inevitably  reduces  the  overall  BET  sur-
face  area.  Raman  spectroscopy  revealed  that  all  samples  ex-
hibited  characteristic  signals  at  1346  and  1590  cm−1,  which
can  be  assigned  to  defective  carbon  (D-band)  and  graphitic
carbon  (G-band),  respectively  (Fig.  S4a  in  ESI).  Notably,
Co/SNC  displayed  an  intensified  G-band  intensity  relative  to
SNC, which can be attributed to the promoted graphitization
degree  catalyzed  by  immobilized  Co  single  atoms  at  550  °C.
High-resolution  TEM  (HRTEM)  observations  revealed  no  Co
nanoclusters  or  nanoparticles  (Fig.  1d),  which  is  consistent
with the X-ray diffraction (XRD) results (Fig. S4b in ESI). Atom-
ic-scale  bright  spots  can  be  observed  in  the  aberration-cor-
rected  (AC)  HAADF-STEM  image  of  Co/SNC,  confirming  that
Co  exists  as  isolated  single  atoms  (Fig.  1e).  Additionally,
HAADF-STEM and the corresponding energy-dispersive X-ray
spectroscopy  (EDS)  element  mapping  (Figs.  1f and  1g)  im-
ages  show  that  C,  N,  Co,  and  S  species  were  uniformly  dis-
tributed in Co/SNC.

The  chemical  composition  of  Co/SNC  was  further  investi-
gated by XPS, which revealed the presence of N, S, and Co el-
ements (Fig.  S5 in ESI).  The high-resolution N 1s spectrum of
Co/SNC  (Fig.  2a)  displays  peaks  at  398.0,  399.7,  400.7  and
404.0 eV corresponding to pyridinic N, pyrrolic N, graphitic N,
and  oxidized  N,  respectively.  In  addition,  the  pyridinic  nitro-
gen coordinated with a single Co atom to form Co―N bonds,
as evidenced by the peak at 398.7 eV.[23] In comparison with
SNC,  the  binding  energies  of  pyridinic  N  and  pyrrolic  N  for
Co/SNC  decrease  by  0.25  and  0.10  eV,  respectively,  further
proving Co―N interaction.[24] Meanwhile, the C―S―C bonds
in  the  high-resolution  S  2p  spectrum  shifted  negatively  by
0.18 eV, due to Co―S bond formation and the resulting high-
er electron density around sulfur (Fig. 2b).[25] The high-resolu-
tion Co 2p spectrum exhibited two main peaks  at  781.0  and
796.9 eV, corresponding to the Co 2p3/2 and Co 2p1/2 spin-or-
bit components of Coδ+, respectively (Fig. 2c). No characteris-
tic peaks corresponding to metallic Co (778.1–778.8 eV) were
observed, further confirming the isolated single-atom nature
of Co.[26]

A Co K-edge X-ray absorption near-edge structure (XANES)
was  employed  to  elucidate  the  electronic  configuration  and

coordination  environment  of  the  Co  species  within  the
Co/SNC.  The  absorption  edge  of  Co/SNC  lies  between  those
of the Co foil and CoO, indicating that the valence state of Co
is  between  0  and  +2  (Fig.  2d).  The  Fourier-transformed  ex-
tended  X-ray  absorption  fine  structure  (EXAFS)  spectrum  of
Co/SNC displayed two peaks at 1.34 and 1.84 Å, correspond-
ing  to  Co―N  and  Co―S  bonds,  respectively  (Fig.  2e).[27,28]

The  absence  of  Co―Co  characteristic  peaks  at  about  2.1  Å
further confirms the atomically dispersed nature of Co sites in
Co/SNC.  Moreover,  the  Wavelet-transformed  EXAFS  (WT-EX-
AFS)  spectra  of  Co/SNC  manifested  a  maximum  intensity  at
5.9  Å−1,  consistent  with  Co―N/Co―S  bonds,  as  verified  by
comparison  with  Co  foil  and  CoPc  (Fig.  2f and  Fig.  S6  in
ESI).[29] Quantitative least-squares EXAFS fitting revealed that
each Co atom in Co/SNC coordinates with three sulfur atoms
and  one  nitrogen  atom,  forming  an  asymmetric  Co―S3N1

structure (Fig. S7 and Table S3 in ESI). According to EA analy-
sis, Co/SNC retained abundant heteroatoms after cobalt load-
ing,  with  N  and  S  contents  of  4.0  wt%  and  8.8  wt%,  respec-
tively.  Benefiting  from  the  high  heteroatom  content,  induc-
tively  coupled  plasma  optical  emission  spectrometry  (ICP-
OES)  measurements  delivered  a  high  Co  content  of  8.9  wt%
for Co/SNC. To the best of our knowledge, this loading com-
pares  favorably  with  those  of  recently  reported  Co  single-
atom catalysts (Fig. 2g).

To validate the structural advantages of SNC for high-load-
ing  asymmetric  SACs,  sulfur-doped  porous  carbon  (SC)  and
nitrogen-doped porous carbon (NC) were also synthesized as
supports  and  subsequently  loaded  with  cobalt,  affording
Co/SC  and  Co/NC,  respectively  (Figs.  S8  and  S9  in  ESI).  The
sulfur and nitrogen contents are determined to be 12.2 wt%
and 8.8 wt% for SC and NC, respectively, comparable to those
of SNC (Table S2 in ESI). Moreover, N2 adsorption–desorption
measurements demonstrated that both SC and NC exhibited
highly porous architectures, which were retained after cobalt
loading (Figs. S10, S11 and Table S1 in ESI). The XRD patterns
of Co/SC and Co/NC showed no discernible diffraction peaks,
ruling out the presence of cobalt clusters (Fig. S12 in ESI). The
XPS  and  EXAFS  results  further  corroborated  the  absence  of
Co―Co bonds and confirmed the existence of  isolated sym-
metric  Co―S4 and  Co―N4 single-atom  sites  in  Co/SC  and
Co/NC,  respectively  (Figs.  S13–S17  in  ESI).  Notably,  although
NC possesses a nitrogen content similar to that of SNC, the re-
sulting Co/NC shows a markedly lower cobalt loading of only
3.2 wt%. Conversely, SC exhibited a sulfur level comparable to
that of SNC, and Co/SC achieved a cobalt loading of 8.0 wt%,
approaching  that  of  Co/SNC  (Table  S2  in  ESI).  Overall,  the
above  results  demonstrate  that  the  presence  of  sulfur
dopants  affords  a  substantially  high  density  of  Co  single
atoms, whereas the nitrogen dopants dictate the formation of
an  asymmetric  coordination  configuration  around  the  metal
center.

To  evaluate  the  electrocatalytic  activity  of  Co/SNC  toward
ORR,  linear  sweep  voltammograms  (LSV)  were  recorded  us-
ing a rotating disk electrode (RDE) in O2-saturated 0.1 mol·L−1

KOH electrolyte at a scan rate of 10 mV·s−1. As shown in Figs.
3(a)  and  3(b),  Co/SNC  delivers  an  onset  potential  (Eonset)  of
0.97 V and a half-wave potential  (E1/2)  of  0.89 V,  outperform-
ing  both  of  the  benchmark  Pt/C  catalyst  (Eonset=0.94  V,
E1/2=0.84  V)  and  recently  reported  Co  single-atom  catalysts
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(Fig. 2g and Table S4 in ESI).[30−39] Moreover, Co/SNC demon-
strated a considerably higher diffusion-limiting current densi-
ty (23.8 mA·cm−2)  than Pt/C (4.4 mA·cm−2)  at  0.6 V.  The well-
defined current plateau observed between 0.70 and 0.20 V is
characteristic of a diffusion-controlled process related to four-
electron-dominated  ORR  pathway.  To  gain  a  deeper  insight
into the structural advantages of Co/SNC, the electrocatalytic
performances of SNC and Co/SC were evaluated under identi-
cal  conditions.  As  expected,  owing  to  its  lack  of  single-atom
Co  species,  SNC  exhibits  substantially  lower  onset  and  half-
wave potentials (Eonset=0.86 V, E1/2=0.76 V) than Co/SNC. No-
tably, despite having a similar Co single atom loading, Co/SC
also  demonstrate  considerably  poorer  activity,  with  a  much
lower  onset  and  half-wave  potential  (Eonset=0.88  V, E1/2=0.80
V) compared to Co/SNC, verifying the key role of asymmetric
Co―S3N1 moiety in facilitating the ORR process. The superior
catalytic  activity  of  Co/SNC  toward  ORR  is  further  evidenced
by its smallest Tafel slope of 59.9 mV·dec−1, which is consider-
ably  lower  than  those  of  SNC  (69.3  mV·dec−1),  Co/SC  (62.3
mV·dec−1),  and  even  Pt/C  catalyst  (91.7  mV·dec−1)  (Fig.  3c).

Notably, SNC exhibits inferior Eonset and E1/2 values compared
to  Pt/C,  yet  displays  a  lower  Tafel  slope.  This  result  confirms
that  in  addition  to  the  primary  contribution  from  the
Co―S3N1 active sites, the hierarchical pore structure also con-
tributes to the improved performance of Co/SNC by facilitat-
ing mass transfer.

To  further  elucidate  the  reaction  kinetics  of  the  ORR  pro-
cess, the LSV curves of Co/SNC were recorded at various rota-
tion  speeds.  As  shown  in  Fig.  S18  (in  ESI),  the  current  densi-
ties  increased  with  increasing  rotation  rate,  owing  to  faster
mass  diffusion  at  higher  speeds.  The  corresponding
Koutecky-Levich  (K-L)  plots  of  Co/SNC  exhibit  good  linearity
and  parallelism  over  the  potential  rang  of  0.40–0.60  V,  indi-
cating  first-order  reaction  kinetics  with  respect  to  the  dis-
solved  O2 concentration  (Fig.  3d).  It  should  be  noted  that
Co/SNC manifests a slope similar to Pt/C (Fig. S19 in ESI).  Ro-
tating  ring-disk  electrode  (RRDE)  measurements  were  per-
formed to determine the hydrogen peroxide (H2O2)  yield.  As
shown  in Fig.  3(e),  the  electron  transfer  number  of  Co/SNC
reaches  3.88  in  the  potential  range  of  0.20–0.80  V,  corre-
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Fig. 2    High-resolution (a) N 1s and (b) S 2p XPS spectra of Co/SNC and SNC; (c) High-resolution Co 2p XPS spectra of Co/SNC; (d) Co K-edge XANES
spectra; (e) Fourier transformed EXAFS spectra of Co/SNC, Co foil, CoPc, Co2O3, and CoO; (f) WT-EXAFS spectra of Co/SNC; (g) Single-atom loading
comparison and the corresponding E1/2 between Co/SNC and previously reported materials.

4 Li, J. M. et al. / Chinese J. Polym. Sci.  

 
https://doi.org/10.1007/s10118-026-3851-y

 

https://doi.org/10.1007/s10118-026-3851-y
https://doi.org/10.1007/s10118-026-3851-y
https://doi.org/10.1007/s10118-026-3851-y
https://doi.org/10.1007/s10118-026-3851-y
https://doi.org/10.1007/s10118-026-3851-y
https://doi.org/10.1007/s10118-026-3851-y
https://doi.org/10.1007/s10118-026-3851-y


sponding  to  a  low  peroxide  yield  of  below  10%.  This  sug-

gests  the  existence  of  a  desirable  four-electron  reduction

pathway  from  O2 to  H2O.[40] LSV  and  chronoamperometric

measurements further revealed that Co/SNC exhibited superi-

or long-term stability compared to the benchmark Pt/C cata-

lyst in O2-saturated 0.1 mol·L−1 KOH (Fig. 3f). After chronoam-

perometric  testing for  10 h,  Co/SNC retained over  90% of  its

initial current, whereas Pt/C exhibited a rapid current decay of

80.5%  under  identical  conditions.  The  results  demonstrate

that the heteroatom-rich carbon skeleton can effectively sta-
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bilize  the  high-loading  asymmetric  Co―S3N1 sites,  thereby
significantly enhancing catalytic durability.

To  further  explore  the  practical  application  of  Co/SNC,  a
homemade  Zn-air  battery  was  assembled  using  Co/SNC  as
the  cathode  catalyst  and  zinc  foil  as  the  anode  (Fig.  4a).  As
shown  in Fig.  4(b)  and  Fig.  S20  (in  ESI),  the  battery  with
Co/SNC  delivered  a  specific  capacity  of  789  mAh·gZn

–1 and
areal capacity of 18.36 mAh·cm–2 at 2 mA·cm–2 accompanied
by  a  typical  discharge  plateau  of  1.30  V,  corresponding  to
96.2% of the theoretical capacity (820 mAh·gZn

–1). In compari-
son, the battery with Pt/C catalyst achieves a specific capacity
of  718  mAh·gZn

–1 and  an  areal  capacity  of  11.33  mAh·cm–2

with  a  lower  discharge  plateau  of  1.27  V.  Moreover,  the
Co/SNC based battery  exhibits  significantly  higher  discharge
voltages than the Pt/C based counterpart across various cur-
rent densities range from 1 mA·cm–2 to 20 mA·cm–2, confirm-
ing  accelerated  ORR  kinetics  (Fig.  4c).  Notably,  the  battery
with  the  Co/SNC  catalyst  delivered  a  peak  power  density  of
98 mW·cm–2,  which was substantially higher than that of the
Pt/C-based  battery  (56  mW·cm–2)  (Fig.  4d).  As  shown  in  Fig.
S21  (in  ESI),  two  homemade  Zn-air  batteries  with  a  Co/SNC
catalyst can be connected in series to power a light-emitting
diode  (LED)  array  panel.  Rechargeable  Zn-air  batteries  were
further  evaluated  by  galvanostatic  charge–discharge  cycling
at  a  current  density  of  2  mA·cm–2.  Notably,  the  battery  em-
ploying  Co/SNC  exhibits  an  initial  polarization  voltage  hys-
teresis  of  0.64 V  and  superior  cycling  stability,  with  no  obvi-
ous  voltage  fading  after  over  100 h  (Fig.  4e).  This  perfor-
mance is markedly superior to that of the Pt/C based battery,
whose  voltage  gap  increases  from  0.93 V  in  the  initial  cycles
to 1.52 V after 45 h of cycling.

CONCLUSIONS

In  summary,  we  successfully  fabricated  a  sulfur-nitrogen  co-
doped  porous  carbon  substrate via a  sulfur-assisted  crosslink-
ing and templating process. The rich heteroatom functionalities
of SNC serve as efficient anchoring sites, enabling the construc-
tion of  a  high-loading Co SAC with predominantly  asymmetric
Co―S3N1 coordination.  This  unique  local  structure  effectively
modulated the  electronic  density  of  the  Co centers,  endowing
the resulting Co/SNC with outstanding ORR activity (E1/2=0.89 V)
and  superior  durability  relative  to  Pt/C.  Impressively,  as  an  air
cathode  in  zinc-air  batteries,  Co/SNC  demonstrated  excellent
specific capacity and long-cycle durability. This work presents a
viable  design  principle  for  engineering  high-density  asymmet-
ric  active  sites,  paving  the  way  for  the  development  of  next-
generation  nonprecious  metal  catalysts  for  sustainable  energy
technologies.
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In  this  study,  we  designed  and  synthesized  heteroatom-rich  S- and  N-co-doped  carbon  (SNC).  The  Co/SNC  catalyst
(Co/SNC) derived from the SNC substrate featured high-density Co―S3N1 active sites. Owing to this structural advantage,
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