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ABSTRACT
Lack of high-efficiency, cost-efficient, and well-stocked oxygen evolution reaction (OER) electrocatalysts is a main challenge in
large-scale implementation of electrolytic water.  By regulating the electronic structure of isolated single-atom metal  sites, high-
performance  transition-metal-based  catalysts  can  be  fabricated  to  greatly  improve  the  OER  performance.  Herein,  we
demonstrate single-atom manganese coordinated to nitrogen and sulfur species in two-dimensional graphene nanosheets Mn-
NSG (NSG means N- and S- codoped graphene) as an active and durable OER catalyst with a low overpotential of 296 mV in
alkaline media, compared to that of the benchmark IrO2 catalyst. Theoretical calculations and experimental measurements reveal
that the Mn-N3S sites in the graphene matrix are the most active sites for the OER due to modified electronic structure of the Mn
site by three nitrogen and one sulfur  atoms coordination,  which show lower theoretical  overpotential  than the Mn-N4 sites and
over which the O–O formation step is the rate-determining step.
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1    Introduction
The electrochemical  water  splitting  is  an  important  approach for
generating highly purified hydrogen by using renewable electricity,
which  involves  hydrogen  evolution  reaction  (HER)  and  oxygen
evolution reaction (OER) [1–3]. Up to now, large-scale application
of electrolytic water is still impeded by the lack of high-efficiency,
cost-efficient,  and  well-stocked  electrocatalysts  to  overcome  the
sluggish  OER  kinetics  and  improve  the  energy  efficiency  [4–6].
Although the OER energy barrier can be significantly reduced on
RuO2 and  IrO2 electrocatalysts,  the  scarcity  heavily  hinders  their
large-scale  application in water  splitting devices  [7–9].  Therefore,
development of high-performance transition-metal-based catalysts
is  the  key  to  realize  industrial  application  of  electrolytic
water [10–13].

Regulating the chemical  component,  geometric,  and electronic
structures  of  isolated  single-atom metal  sites  is  a  feasible  strategy
to  greatly  improve  the  electrocatalytic  performance.  The  natural
oxygen-evolving center CaMn4O5 showed a very low overpotential
and  high  turnover  frequency  (TOF,  100–400  s−1)  for  water
oxidation,  suggesting  that  Mn  is  a  highly  active  element  for  the
OER  [14].  However,  manganese  oxides  needed  large
overpotentials  (usually η10 >  500  mV)  to  achieve  10  mA·cm–2,
indicating that there is a high energy barrier and the structure and
coordination  environment  of  Mn  ions  in  the  manganese  oxides

should  not  be  optimal  for  the  OER  [15].  Downsizing  Mn-based
species  to  single  atomic  level  and  modulating  the  coordination
configuration  of  Mn  sites  are  efficient  strategies  to  improve  the
catalytic performance [16–18]. We found that atomic manganese
coordinated  to  four  nitrogen  atoms  in  the  graphene  exhibited  a
high  TOF  of  214  s−1 for  chemical  water  oxidation  and  an η10 of
337 mV, indicating that the OER activity can be greatly enhanced
by modulating the electronic structure of Mn sites [19]. Plenty of
investigations showed that N-coordination is  an effective strategy
to  adjust  the  d-band  electron  structure  of  transition  metals  and
improve  the  electrocatalytic  performance  due  to  moderate
electronegativity  of  N  and  its  electron–donating  effect  [20–25].
Thereinto,  M-N4Cx (M  =  Mn,  Fe,  Co,  Ni,  Ru,  Ir,  etc.)
configuration has been found to be efficient active structure for the
OER [26–28].  Although great progress has been made on single-
atom  M-N-C  catalysts  for  OER,  the  catalytic  performance  is  still
far from satisfactoriness [29]. To enhance the electrocatalytic OER
performance,  more  efforts  should  be  devoted  to  tune  finely  the
spatial and electronic structures of active sites for further lowering
the  reaction  energy  barrier  [30, 31].  Theoretical  studies  revealed
that the electron–donating property of transition metal active sites
can  be  modified  by  coordinating  with  proper  nonmetallic
atoms  [32, 33],  which  favors  lowering  the  energy  barriers  and
improving  the  intrinsic  electrocatalytic  activity.  Considering  that
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the electronegativity  of  S  is  between C and N,  we forecasted that
the partial  substitution of N with S atoms in single-atom M-N-C
catalysts  can  further  adjust  their  electronic  structures  and  thus
promote the OER kinetics.

Herein, we report atomically dispersed Mn ions embedded into
N- and S- co-doped graphene by one-pot pyrolysis of the mixture
of  MnCl2,  sulfur,  and  graphene  oxide  (GO)  at  800  °C  in  an
ammonia  atmosphere.  The  obtained  Mn-NSG  ((NSG  means  N-
and  S-  codoped  graphene)  nanosheets  exhibit  outstanding  OER
activity  with  a  low η10 of  296  mV in  alkaline  media.  Experiment
and theory uncover that the superior OER activity is derived from
the  generation  of  atomic  Mn  coordinated  to  three  N  atoms  and
one S atom in the graphene matrix, which can greatly reduce the
OER barrier and boost the reaction kinetics. 

2    Experimental
 

2.1    Synthesis of Mn-NSG
Typically,  100  mg  GO  [34],  25  mg  S  power,  and  2.5  mg
MnCl2·4H2O (Mn/GO = 0.7 wt.%) were dispersed in water. Then,
the mixture was poured into liquid nitrogen. After the water was
dislodged by a freeze-drying equipment, the residuary yellow solid
was annealed at 800 °C under NH3 for 2 h to obtain black 0.7-Mn-
NSG-800.  For convenience,  the 0.7-Mn-NSG-800 is  simplified as
Mn-NSG.  Additionally, c-Mn-NSG-T (c:  initial  manganese
content, T:  annealing  temperature)  with  different  initial
manganese  content  (0.3  wt.%–0.9  wt.%)  and  different  annealing
temperature (600–900 °C) was synthesized by a similar process.

For  comparison,  Mn-G  and  Mn-SG  were  prepared  by
annealing  the  precursors  of  MnCl2/GO  and  MnCl2/S/GO  at
800  °C  under  N2 for  2  h,  respectively.  Mn-NG  was  prepared  by
annealing  the  precursor  of  MnCl2/GO  at  800  °C  under  NH3 for
2  h.  Graphene  (G)  and  NG  were  prepared  by  annealing  GO  at
800 °C under Ar and NH3 for 2 h, respectively. SG was prepared
by annealing the mixture of S/GO at 800 °C under N2 for 2 h. 

2.2    Characterization
X-ray diffraction (XRD) patterns were collected using a Shimadzu
XRD-6000.  High  resolution  transmission  electron  microscope
(HRTEM)  images  were  recorded  on  a  JEM-2100  microscope.
High-angle  annular  dark  field-scanning  transmission  electron
microscopy  (HAADF-STEM)  images  were  collected  on  a  JEM-
ARM  200F  microscope.  Scanning  electron  microscope  (SEM)
images  were  collected  on  a  LEO  1530  VP  microscope.  X-ray
photoelectron  spectroscopy  (XPS)  was  collected  on  a  Thermo
ESCALAB  250Xi.  The  X-ray  absorption  fine  structure  (XAFS)
spectra of Mn-NSG at Mn K (E0 = 6,539 eV) edge were performed
at BL14W1 beamline of Shanghai Synchrotron Radiation Facility. 

2.3    Computational methods
Density  functional  theory  (DFT)  calculations  were  carried  out
using  the  Vienna ab initio simulation  package  (VASP)  [35, 36].
The Brillouin zone consisted of 2 × 2 × 2 Monkhorst–Pack points
mesh.  The  graphene  supercell  with  surface  periodicity  of  6  ×  6
including  82  atoms  was  employed  to  construct  the  MnN4-G,
MnN3S-G,  and  MnN4S-G.  The  solvation  effects  were  considered
in VASP. The Gibbs free energies of OOH*, O*, and OH* on the
electrode  surface  were  evaluated  by  using  the  DFT  calculations.
The Gibbs free energy changes of reactions were calculated at the
standard conditions. 

3    Results and discussion
 

3.1    Materials characterization
The  synthetic  procedure  of  the  Mn-NSG  is  depicted  in Fig. 1(a).
The structure of the Mn-NSG was analyzed by XRD. As exhibited
in Fig. S1  in  the  Electronic  Supplementary  Material  (ESM),  no
obvious  peaks  due  to  Mn/MnOx nanoparticles  can  be  found,
indicating high dispersion of  Mn-based species.  The morphology

 

Figure 1    (a)  Illustration for  the  synthetic  process  of  Mn-NSG.  (b)  HRTEM image of  Mn-NSG.  (c)  HAADF-STEM image of  Mn-NSG.  (d)  STEM image and the
corresponding EDS elemental mappings of (e) C, (f) N, (g) O, (h) S, and (i) Mn.
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of  the  Mn-NSG  was  identified  by  SEM  and  TEM.  As  shown  in
Fig. S2  in  the  ESM,  folded  sheet-like  structures  are  typically
observed  for  the  Mn-NSG  and  no  Mn-based  nanoparticles  are
observed  on  the  Mn-NSG  nanosheets  by  SEM  or  TEM,  further
implying  highly  dispersed  manganese  species.  To  uncover  the
existing  state  of  the  manganese  species,  we  performed  HRTEM
and  HAADF-STEM.  As  demonstrated  in Fig. 1(b),  no  Mn-
derived  nanoparticles  or  nanoclusters  can  be  found  on  the  Mn-
NSG  nanosheets  by  HRTEM.  The  manganese  species  are
atomically  dispersed  on  the  N/S-co-doped  graphene  nanosheets
(Fig. 1(c)).  The  elemental  mapping  results  further  demonstrate
that  the  manganese,  nitrogen,  and  sulfur  elements  are  well
distributed on the Mn-NSG nanosheets (Figs. 1(d)–1(i)).

The  surface  compositions  and  manganese  valence  state  were
disclosed  by  XPS.  As  displayed  in Fig. 2(a),  the  Mn-G  is  mainly
consisted  of  C,  O,  and  Mn  elements,  while  the  Mn-NG  is
primarily  made up of  C,  O,  N,  and Mn elements.  Moreover,  the
Mn-SG  is  principally  composed  by  C,  O,  S,  and  Mn  elements,
while the Mn-NSG contains chiefly C, O, N, S, and Mn elements.
The  high-resolution  Mn  2p  spectrum  of  the  Mn-NSG
demonstrates  the  binding energies  (BE)  of  the  Mn 2p3/2 and Mn
2p1/2 peaks at 641.3 and 653.4 eV with two satellite peaks at 646.2
and  658.2  eV,  respectively  (Fig. 2(b)),  which  are  characteristic  of
Mn2+ [19, 37].  Moreover,  the BE of  the Mn 2p3/2 peak for  Mn-G,
Mn-NG,  Mn-SG,  and Mn-NSG is  different,  which  is  centered  at
641.5, 641.4, 641.7, and 641.3 eV, respectively, suggesting that the
Mn  ions  in  these  samples  should  be  in  different  coordination
environments.  The  N  1s  peak  can  be  fitted  into  five  types  of
nitrogen  (Fig. 2(c)),  which  can  be  attributed  to  pyridinic  N
(398.4 eV), pyrrolic N (399.2 eV), Mn–N (400.2 eV), graphitic N
(401.1  eV)  and  oxidized  N  (403.1)  [33, 38, 39].  The  high-
resolution S 2p X-ray photoelectron spectroscopy (XPS) spectrum
of  Mn-NSG  verifies  the  existence  of  Mn–S–C  (163.5  eV),  C–S
(163.9 eV),  and S–O (168.0 eV) bonds (Fig. 2(d)),  indicating that
Mn–S bonds are formed in the Mn-SG and Mn-SNG [40].

To  further  obtain  the  valence  state  and  local  coordination
configurations of the Mn ions in Mn-NSG, XAFS was carried out
(Fig. 3). The edge positions of Mn-NG and Mn-NSG are between
Mn  foil  and  Mn3O4,  demonstrating  the  average  valence  state  of

Mn  is  between  the  two  references  (Fig. 3(a)).  Additionally,  the
white-line  position  of  Mn-NSG  is  slightly  different  from  that  of
Mn-NG due to N/S co-coordination influencing the oxidation stat
of Mn, agreeing well with the XPS analysis. The Fourier transform
(FT) extended X-ray absorption fine structure (EXAFS) spectra of
Mn-NSG  and  the  references  (Mn  foil,  Mn3O4,  and  Mn-NG)  are
demonstrated  in Fig. 3(b),  revealing  that  the  coordination
environment of Mn in Mn-NSG is quite different from that in Mn-
NG.  The  mean  bond  length  of  Mn–N  coordination  in  the  Mn-
NG is 1.88 ± 0.01 Å, close to the mean bond length (1.90 ± 0.01 Å)
of  Mn–N/S  coordination  in  the  Mn-NSG.  The  coordination
number of Mn-N path is 2.5 ± 0.2. Moreover, the bond length of
Mn–S  coordination  in  the  Mn-NSG  is  2.50  ±  0.02  Å,  and  the
coordination  number  is  1.7  ±  0.5  (Fig. 3(c) and  Table  S1  in  the
ESM). The EXAFS fitting spectrum shows that Mn-N3S1 structure
could best reproduce the main features of the experimental curve
of Mn-NSG (Fig. 3(d)). 

3.2    OER performance
The  OER  activity  of  Mn-NSG  was  evaluated  by  electrochemical
measurements in 1.0 M KOH. Figure 4(a) shows the linear sweep
voltammetry (LSV) curves for Mn-G, Mn-NG, Mn-SG, and Mn-
NSG.  The  IrO2 was  also  included  for  comparison.  The  Mn-G
displays  inferior  OER  activity  and  the η10 is  as  high  as  431  mV.
The  introduction  of  N  or  S  elements  results  in  obvious
enhancement of catalytic activity. Mn-SG and Mn-NG require an
η10 of 370 and 346 mV, respectively. Additionally, the OER activity
can be  further  increased by N/S co-doping strategy and the  Mn-
NSG exhibits an η10 of 296 mV, much smaller than those of Mn-
SG and Mn-NG, and close to that of IrO2 (282 mV). The η10 value
of  Mn-NSG  is  superior  or  comparable  to  most  of  single-atom
catalysts  (Table  S2  in  the  ESM),  such  as  atomic  Mn  in  NG
(337  mV)[19],  isolated  Fe-N4 moieties  embedded  onto  porous
carbon (430 mV) [41],  hierarchical  atomic  Co catalyst  (380 mV)
[42],  atomic  Ni  in  NG  (331  mV)  [43],  a  Co-Fe  double-atom
catalyst  (309  mV)  [44],  and  atomic  Ni-Fe  sites  immobilized  into
polymeric  carbon  nitride  (310  mV)  [45].  Optimizations  of
synthesis  conditions  show  that  the  electrocatalytic  OER
performance  of  Mn-NSG  is  susceptive  to  annealing  temperature

 

Figure 2    (a) XPS survey spectra of the Mn-G, Mn-SG, Mn-NG, and Mn-SNG. (b) Mn 2p XPS peaks of the Mn-G, Mn-SG, Mn-NG, and Mn-SNG. (c) N 1s XPS
peaks of the Mn-NG and Mn-SNG. (d) S 2p XPS peaks of the Mn-SG and Mn-SNG. The black lines in Figs. 2(b)–2(d) are the experimental data, while the colored
lines are the fitted data.

  Nano Res. 2022, 15(7): 6019–6025 6021
 

 

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



(Fig. S3 in the ESM) and Mn concentration (Fig. S4 in the ESM).
The  optimization  results  reveal  that  the  Mn-NSG  with  initial
0.7  wt.%  Mn  content  annealed  at  800  °C  exhibits  the  best  OER
performance.  In addition to outstanding OER performance,  Mn-
NSG  also  exhibits  excellent  oxygen  reduction  reaction  (ORR)
activity  in  0.1  M  KOH  (Fig. S5  and  Table  S3  in  the  ESM).  Mn-
NSG exhibits a half-wave potential of 0.85 V in 0.1 M KOH, more
positive  than  Mn-G  (0.719  V),  Mn-SG  (0.812  V),  Mn-NG
(0.817 V), and Pt/C (0.842 V).

The  role  of  Mn  in  OER  was  investigated  by  comparing  the
electrocatalytic  performance  of  Mn-free  and  Mn-doped  samples.
As displayed in Fig. S6 in the ESM, the graphene (G) shows an η10
of  490  mV,  much  higher  than  Mn-G.  The  OER  activity  can  be
significantly improved by N- or S-doping method and the NG and
SG exhibit an η10 of 367 and 385 mV, respectively. However, NSG
shows  lower  OER  activity  than  NG  and  SG  due  to  superfluous
electron  endowment  effect  [46].  Compared  with  Mn-doped

counterparts,  Mn-free  NG,  SG,  and  NSG  all  demonstrate  higher
overpotential,  indicating  that  Mn  is  the  efficient  active  site  for
OER.

The OER kinetics were analyzed by Tafel plots (Fig. 4(b)). The
Tafel  slope  for  Mn-NSG  (38  mV·dec−1)  is  much  smaller  than
Mn-G  (136  mV·dec−1),  Mn-NG  (54  mV·dec−1),  and  Mn-SG
(60  mV·dec−1),  and  even  less  than  IrO2 (58  mV·dec−1),  suggesting
favorable OER kinetics on the Mn-NSG. The Tafel slope for Mn-
NSG  is  near  40  mV·dec−1,  implying  that  the  second  electron
transfer  might  be  the  rate-determining  step  [47].  Furthermore,
compared  with  Mn-free  counterparts,  Mn-containing  samples
show  lower  Tafel  slopes,  indicating  positive  role  of  Mn  in
facilitating the OER kinetics.  The electrochemically  active  surface
area  (ECSA)  can  reflect  efficient  active  sites  involved  in  the
electrocatalytic  reaction [48].  As illustrated in Figs.  S7–S10 in the
ESM,  the  ECSA  for  Mn-NSG  is  250  cm2,  far  larger  than  Mn-G
(77 cm2), Mn-NG (102 cm2), and Mn-SG (84 cm2), implying that

 

Figure 3    (a) Normalized XANES spectra at Mn K-edge of Mn foil, Mn3O4, MnO2, Mn-NG, and Mn-NSG. (b) FT-EXAFS spectra, (c) FT-EXAFS fitting spectrum of
Mn-NSG at the Mn K-edge, and (d) atomic model of MnN3S-G.
 

Figure 4    (a) LSV curves of commercial IrO2, Mn-G, Mn-NG, Mn-SG, and Mn-NSG. (b) Tafel plots. (c) CVs of Mn-NSG. (d) Multi-current electrochemical process
of Mn-NSG. (e) Plot of current density vs. time for Mn-NSG at 1.526 V. (f) Polarization curves of Mn-NSG before and after 500 cycles.
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Mn-NSG  possesses  more  active  sites  for  OER  than  the  latter.
Furthermore,  the  electrochemical  impedance  spectra  reveal  that
Mn-NSG  shows  a  much  smaller  charge  transfer  resistance  than
Mn-G  (Fig. S11  in  the  ESM),  indicating  more  favorable  OER
kinetics in the former [33].

To  probe  the  change  of  chemical  valence  states  of  Mn-based
species  during  OER,  cyclic  voltammogram  (CV)  and  differential
pulse  voltammetry  (DPV) were  carried  out.  As  illustrated  in Fig.
4(c),  a  reduction wave at E1/2 = 0.65 V and an oxidation wave at
E1/2 = 1.30 V can be observed for the Mn-NSG, which is attributed
to  the  sequentially  occurring  one-electron  redox  reactions
concerning Mn3+/Mn2+ and Mn4+/Mn3+ couples, respectively. These
consecutively occurring one-electron redox couples can be further
verified  by  the  DPV of  Mn-NSG where  two reduction  peaks  are
evident in the range of 1.5 to 0.5 V and ascribed to the reductions
of  Mn4+ →  Mn3+ →  Mn2+,  respectively  (Fig. S12  in  the  ESM).  The
structure  of  Mn  sites  can  be  reflected  by  the  reduction  peak
position  since  Mn  sites  with  different  configurations  possess
different redox capacity.  It  can be seen from Fig. S12 in the ESM
that  the  reduction  peak  positions  due  to  Mn3+/Mn2+ and
Mn4+/Mn3+ are  quite  different  for  Mn-G,  Mn-NG,  Mn-SG,  and
Mn-NSG,  suggesting  that  the  Mn  ions  in  these  samples  are  in
different  coordination  environments.  Specifically,  the  reduction
peak position due to Mn4+/Mn3+ for Mn-G, Mn-SG, Mn-NG, and
Mn-NSG is  centered  at  around 1.203,  1.192,  1.289,  and  1.342  V,
respectively.  When  Mn  ions  are  coordinated  with  N  atoms  (i.e.,
Mn-NG),  the reduction peak of  Mn4+/Mn3+ shifts  more positively
than  those  of  Mn-G  (Mn  coordinated  with  O)  and  Mn-S  (Mn
coordinated  with  O/S),  implying  more  difficulty  of  reduction  of
Mn4+ to Mn3+ due to electron–donating effect of N. When Mn ions
are simultaneously coordinated with N and S, the reduction peak
position is the most positive, implying that the electron–donating
effect  is  more  significant  and  the  reduction  of  Mn4+ to  Mn3+ is
more difficult.

The  OER  durability  of  Mn-NSG  was  first  evaluated  by  multi-

current steps. For preparing high quality electrodes, the Mn-NSG
was in-situ supported  on  a  graphite  plate  by  annealing
MnCl2/S/GO/graphite  plate  at  800  °C  in  NH3 (Fig. 4(d)).  At  the
beginning  of  10  mA·cm−2,  the  multi-step  chronopotentiometric
curve  demonstrates  that  the  potential  quickly  reaches  a  steady
state at  1.526 V and holds steady for the rest  of  500 s.  The other
steps  also  demonstrate  similar  tendencies  up  to  100  mA·cm−2,
reflecting  excellent  mass  transport  property  and  good  stability  of
Mn-NSG.  The  OER  stability  of  Mn-NSG  was  further  assessed
using  a  chronoamperometry  technique.  As  exhibited  in Fig. 4(e),
no obvious current loss is observed after continuous operation for
70  h,  indicating  superior  durability.  In  addition,  the  polarization
curve  of  Mn-NSG  exhibits  no  apparent  current  recession  even
after  500  cycles  (Fig. 4(f)),  suggesting  outstanding  electrocatalytic
OER  stability.  The  structure  of  Mn-NSG  after  OER  test  was
analyzed  by  XRD  (Fig. S13  in  the  ESM),  which  shows  that  the
structure  of  the  graphene  substrate  remains  unchanged  and  no
agglomeration of Mn-based species happens. The valence state of
Mn in the Mn-NSG after OER test was detected by XPS (Fig. S14
in the ESM), demonstrating that the binding energy of Mn2p3/2 is
centered at around 642.5 eV, indicating that the Mn is oxidized to
higher  chemical  valence  of  +4,  which  might  be  due  to  the
absorption of oxygen-containing species on Mn sites [49]. 

3.3    OER mechanism
To  probe  the  OER  mechanism  on  the  highly  active  Mn-NSG
catalyst,  DFT calculations  were  used  to  evaluate  the  OER energy
barrier  on the MnN4-G,  MnN3S-G,  and MnN4S-G sites  by using
VASP.  The  optimized  structures  of  MnNxS-G  configurations  are
shown in Figs.  5(a)–5(c),  and the  theoretical  overpotential  for  all
the models is used to evaluate the catalytic activities. As shown in
Fig. 5(d),  the  theoretical  overpotential  of  MnN4-G  (540  mV)  is
much higher than that of MnN3S-G (490 mV). Based on previous
work, S and C atoms neighboring the N atom in the N-S models
are  considered  as  typical  electron  donors,  possessing  high-

 

Figure 5    Top view of the initial structure and structures after adsorption of OH*, O*, and OOH* on (a) MnN4-G, (b) MnN3S-G, and (c) MnN4S-G. (d) Free energy
diagram for OER.
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potential barriers for the rate-limiting step in OER [46]. Due to the
intervention of S atom, the electron donation ability of Mn atom
to  its  neighboring  N  atoms  is  deteriorated,  which  improves  the
OER  catalytic  performance  [50].  Thus,  the  MnN3S-G
configuration  is  identified  as  the  optimal  catalytic  structure.  The
difference of the overpotential between MnN4-G and MnN3S-G is
mainly  traceable  in  the  formation  of  O* intermediate.  The  rate-
limiting  step  for  MnN4-G  is  the  oxidation  of  OH* to  O*  species,
while the O–O coupling step is the rate-limiting step for Mn-N3S-
G  (Fig. 5(d)).  To  further  investigate  the  catalytic  mechanism,  we
also  investigated  the  catalytic  performance  on  MnN4S-G.
According to the calculations, the formation energy on MnN4S-G
is  higher  than  those  of  MnN4-G  and  MnN3S-G,  indicating  that
Mn-X4 (four-coordinated  models)  can  be  more  thermally
stabilized  than  Mn-X5 (five-coordinated  models).  Due  to  the
excessive  stabilization  of  O* intermediate,  MnN4S-G  exhibits  the
highest  overpotential,  as  high  as  1,200  mV  (Fig. 5(d)).  These
results demonstrate that isolated single Mn site coupled with four
atom  coordination  environments  (e.g.,  three  nitrogen  and  one
sulfur) is favorable for achieving superior OER activity [19]. 

4    Conclusions
In  conclusion,  we  put  forward  a  one-pot  annealing  method  to
prepare  an  atomically  dispersed  Mn-based  catalyst  with  N/S  co-
coordination,  which  exhibits  superior  OER  performance  with  a
low η10 of  296  mV,  a  Tafel  slope  of  38  mV·decade–1,  and
outstanding stability in alkaline media, surpassing most transition
metal-based  single-atom  catalysts.  Experimental  results  and
theoretical  calculations  uncover  that  one  manganese  ion
coordinated  to  three  nitrogen  atoms  and  a  sulfur  atom  in  the
graphene (MnN3S-G) is the efficient active site for OER, on which
MnIV is  the  key  species  and  the  O–O  coupling  step  is  the  rate-
determining step. 
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