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ABSTRACT
The  development  of  cost-effective,  robust,  and  durable  electrocatalysts  to  replace  the  expensive  Pt-based  catalysts  towards
oxygen  reduction  reaction  (ORR)  is  the  trending  frontier  research  topic  in  renewable  energy  and  electrocatalysis.  Particular
attention has been paid to metal-nitrogen-carbon (M-N-C) single atom catalysts (SACs) due to their maximized atom utilization
efficiency,  biomimetic  active  site,  and  distinct  electronic  structure.  More  importantly,  their  catalytic  properties  can  be  further
tailored  by  rationally  regulating  the  microenvironment  of  active  sites  (i.e.,  M–N  coordination  number,  heteroatom  doping  and
substitution. Herein, we present a comprehensive summary of the recent advancement in the microenvironment regulation of M-
N-C  SACs  towards  improved  ORR  performance.  The  coordination  environment  manipulation  regarding  central  metal  and
coordinated atoms is first discussed, focusing on the structure–function relationship. Apart from the near-range coordination, long-
range  substrate  modulation  including  heteroatom  doping,  defect  engineering  is  discussed  as  well.  Besides,  the  synergy
mechanism of nanoparticles and single atom sites to tune the electron cloud density at the active sites is summarized. Finally, we
provide the challenges and outlook of the development of M-N-C SACs.
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 1    Introduction
In  the  modern  society,  fossil  energy  crisis  and  environment
pollution have driven the research and development of sustainable
and  environmentally  friendly  energy  technology  [1–3].  For
example,  electrochemical  energy  conversion  and  storage
technology including fuel cells and Zn-air batteries (ZABs) holds a
great  promise  for  clean  power  generation  because  it  can  convert
chemical  energy  directly  into  electrical  energy  with  high  energy
conversion  efficiency  and  zero  carbon  emission  [4–6].  However,
their  performance  is  seriously  affected  by  the  sluggish  oxygen
reduction  reaction  (ORR)  at  cathode  due  to  the  multi-electron
proton transfer  process  of  ORR [7].  Although Pt-based materials
have been demonstrated effective to accelerate ORR kinetics, their
scarcity and high cost severely hinder the commercial application
[8–12].  Consequently,  searching  for  efficient,  inexpensive,  and
durable  ORR  electrocatalysts  has  become  the  most  attractive
research topic in this field [13–17].

Initiated by the pioneering work on cobalt phthalocyanine as a
promising  non-precious  metal  ORR  catalyst  [18],  increasing
enthusiasm  has  been  directed  towards  metal–nitrogen  (M–Nx)
coordinate  structured  molecular  catalysts.  A  breakthrough  was
achieved  when  Yeager  et  al.  found  the  catalytic  activity  and
stability  can be boosted after  a  pyrolysis  process  [19].  Since then,

pyrolyzed  metal-nitrogen-carbon  (M-N-C)  catalysts  have  been
dominant in the non-precious metal catalyst community. Thanks
to  the  rapid  development  of  high-resolution  characterization
techniques  and  diverse  synthetic  strategies,  pyrolyzed  M-N-C
catalysts  encounter  unprecedented  new  opportunities.  The  active
site  structure  is  identified  as  single  metal  atom  coordinated  with
nitrogen  atoms,  thus  catalysts  with  maximum  metal  atom
utilization are categorized as M-N-C single atom catalysts (SACs)
[20–22].  Due  to  their  unique  structure,  strong  charge  transfer
occurs  between  central  metal  and  surrounding  atoms  [23, 24].
Therefore,  M-N-C  SACs  usually  possess  distinct  electronic
structure  and thus  perform excellent  ORR activity  and selectivity
[25, 26].

The  past  decades  have  witnessed  significant  progress  in
developing  M-N-C  SACs  for  ORR.  Combining  the  theoretical
calculations  and  experimental  results,  the  structure–function
relationship  between  M–Nx coordination  and  the  catalytic
properties is well understood, which in turn, serves as a guideline
for  the  rational  regulation  of  M-N-C  SACs  towards  enhanced
performance  [27–31].  Generally,  according  to  the  Sabatier
principle  [32],  the  moderate  adsorption  energy  is  significant  for
boosting the performance of the catalysts. The weaker adsorption
energy  would  inhibit  the  interaction  between  the
reactant/intermediate  and  the  catalysts,  whereas  the  stronger
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adsorption  energy  means  that  the  active  sites  would  be  blocked
and  hindered  for  the  next  catalytic  cycle.  As  the  adsorption
process is  initiated by the overlapping of  oxygen p orbital  with d
orbital of metal sites for most of the M-N-C catalysts, the position
of  the  d-band  has  been  recognized  as  the  descriptor  for  the
adsorption  strength.  On  this  basis,  proper  tune  on  the  d-band
center  is  essential  to  improve  the  ORR  performance  of  M-N-C
catalysts. M-N-C SACs with different central metal atoms (i.e., Fe
[33],  Co  [34],  Mn  [35],  Mg  [36],  Ce  [37],  etc.)  have  been
developed, and their activity has been discovered to correlate with
the  d/p  orbital  electronic  states  of  metal  center.  Among  these
catalysts, Fe based catalyst showed optimum d-band center, which
means the moderate binding strength and the best ORR activity in
the  volcano  type  plot.  On  this  basis,  if  we  could  modify  the
electronic  states  of  Fe  centers  towards  weaker  binding  strength
with oxygen intermediates,  its  ORR activity could reach the apex
of volcano plot. Utilizing the synergy between two adjacent metal
atoms  [38],  a  dual-atom  site  was  designed  [39],  and  it  displayed
superior  activity  to  its  single-atom  counterpart.  Since  the
electronic  states  of  central  metal  are  co-determined  by  the  metal
element,  coordinated  atoms,  and  substrate,  proper  tune  on  the
coordinated  atoms  has  been  proven  effective  in  tailoring  ORR
activity [40].  Recent research revealed that  the spin manipulation
can be a universal strategy to regulate the electronic structure of M-
N-C SACs via introducing polar XO2 (X represents S, Se, and Te)
groups  [41].  A  linear  relationship  between  spin  moments  of  Fe
centers  and  Fe  3d-band  center  was  found  in  this  work,  which
resulted  in  regulation  of  adsorption  energy  and  intrinsic  ORR
activity.  Regulating  the  coordination  number  and  replacing  N
with other heteroatoms (i.e., sulfur (S) [42]) can enhance the ORR
activity  of  M-N-C  SACs.  Although  S  is  not  directly  coordinated
with  central  metal  atom,  it  can  exert  an  electronic  modulation
effect  through M-N-C-S long-range  charge  transfer  [43].  Beyond
that,  defecting  engineering  and  synergetic  nanoparticle/single
atom site construction can modify the electronic structure of M-N-
C, thus, optimizing the intermediate binding energy on the active
site towards boosted ORR kinetics [44–47].

In  this  review,  we  present  a  comprehensive  summary  of  the
microenvironment  regulation  of  M-N-C  SACs  towards  ORR,
emphasizing  the  insights  into  the  active  site  structure–catalytic
property relationship. We first introduce the regulation of central
metal  and  coordinated  atoms  regarding  element  diversity  and
coordination  number,  highlighting  the  crucial  role  of  the
electronic  states  of  central  metal  site  in  determining  ORR
performance. Furthermore, we summarize the detailed discussion
on incorporating axial ligands and/or the heteroatoms adjacent to
the M–Nx site, defect engineering, and synergistic site construction
that  would  modify  the  electronic  structure  of  active  site  through
long-range  interaction.  Finally,  we  provide  the  challenges  and
prospects of the development of M-N-C catalysts. We expect that
this review will elucidate the design guidelines for achieving high-
performance ORR catalysts, and inspire efforts to expedite further
advancement in this field.

 2    Regulation of central metal

 2.1    Single-metal atom
For M-N-C SACs, the overlap between the d/p/s orbital of central
metal  and  the  p  electrons  of  ORR  intermediates  determines  the
binding  strength  of  ORR  intermediates  and  the  resulting  ORR
performance.  Consequently,  regulating the electronic  structure of
central metals via altering metal elements seems to be an effective
approach  to  ideal  catalytic  activity  [48].  Both  theoretical
calculations  and  experimental  results  demonstrate  the  ORR

performance of M-N-C SACs follows a volcano type plot, with the
trend  as  Fe-N4 >  Co-N4 >  Cu-N4 >  Mn-N4 [49].  Due  to  the
moderate binding energy of ORR intermediates, Fe-N4 site locates
nearest to the apex of the volcano type plot and promisingly shows
the  highest  activity  [50, 51].  On  this  basis,  Fe-N-C  SACs  have
attracted the most attention [25, 52–61]. For instance, Chen et al.
prepared Fe-N-C SAC with abundant edge-Fe-N4 sites using a self-
sacrificing template method [62]. The half-wave potential (E1/2) of
Fe-N-C SAC reached 0.89 V in alkaline medium, which was better
than  that  of  commercial  Pt/C.  Xing’s  group  reported  a  metal-
organic-framework-confined pyrolysis strategy to prepare Fe-N-C
SACs [63]. The optimal sample pyrolyzed under 950 °C, denoted
as  Fe-N-C-950  catalyst,  exhibited  excellent  ORR  activity  (E1/2 =
0.78  V)  in  0.1  M HClO4 solution (Fig. 1(a)).  The 57Fe Mossbauer
spectra revealed that the high ORR activity could be attributed to
the  high  spin  Fe-N4 configuration  [64–66].  Despite  the  superior
ORR activity,  Fe-based catalysts  suffer  from poor stability  caused
by  oxygen-containing  radical  attack,  which  is  generated  by  the
Fenton reaction between Fe2+ and H2O2 [67–69].  To improve the
stability  of  Fe-based  catalysts,  two  approaches  are  generally
considered.  The  first  one  is  adjusting  the  coordination
environment  surrounding  the  central  Fe  atom  [70–75].  For
instance,  Wu  et  al.  revealed  that  regulating  the  local  carbon
structure and promoting high active and unstable S1 (pyrrolic N-
coordinated low spin Fe-N4-C12) sites transformed into high stable
and less  active  S2 (pyridinic  N-coordinated middle/high spin Fe-
N4-C10)  sites  could  enhance  the  stability  [25].  This  transition
process  can  be  monitored  via 57Fe  Mössbeauer  spectra.  Besides,
detailed  regulation  mechanism  would  be  introduced  in  later
chapters.  The  other  one  is  seeking  for  highly  efficient  non-Fe
based catalyst with low Fenton reactivity.

Co-based  catalysts  with  lower  Fenton  reactivity  have  been
extensively investigated as the most promising alternative to Fe-N-
C  SACs  [34, 76].  For  example,  Wu  et  al.  synthesized  Co-N-C
catalyst with abundant Co-N4 sites and the E1/2 reached 0.83 V in
0.5  M  H2SO4 (Fig. 1(b))  [77].  Owing  to  the  mitigated  Fenton
effect,  Co-N-C  catalyst  displayed  admirable  stability  by  showing
only  35  mV  negative  shift  in E1/2 after  30,000  accelerated  stress
tests  (AST)  in  the  range  of  0.6  to  1  V,  which  proved  the  huge
potential  of  Co-N-C  catalyst  to  replace  Fe-based  catalyst.  In  a
recent study by Shao and co-workers [34], Co-N-C demonstrated
four-time  enhanced  durability  compared  with  a  similarly
synthesized  Fe-N-C  counterpart.  The  suppressed  chemical
oxidation of catalysts and active site demetallation of Co-N-C SAC
was  responsible  for  its  superior  durability  [34, 78].  However,  the
fuel  cell  performance  using  Co-N-C  SACs  as  cathodic
electrocatalysts  is  inferior  to  that  of  Fe-N-C  SACs.  Therefore,  in
order to achieve the practical application of Co-based catalyst, one
strategy is to improve the activity of Co-N4 catalyst by increasing
the  density  of  active  sites.  The  other  one  is  to  boost  the  intrinsic
activity  of  Co  site  by  enhancing  the  adsorption  energy  of  ORR
intermediates  on  Co-N4 site  as  it  is  located  at  the  weak  binding
side of volcano plots [79, 80].

Apart from Co-N-C SACs, Mn-N-C SACs have been exploited
to replace Fe-based catalysts because of their low-cost and optimal
stability  [81–83].  For  instance,  Xu  et  al.  certified  that  Mn-N-C
catalyst  was  more  stable  in  fuel  cell  durability  test  than  Fe-N-C
catalysts at a constant potential of 0.65 V in H2-air conditions (Fig.
1(c)) [84]. To get insights into the improved stability of Mn-N-C
catalyst,  density  functional  theory  (DFT)  calculations  were
conducted to simulate the metal  stripping process  of  Mn-N4 and
Fe-N4. The lower leaching free energy of Mn-N4 compared to that
of  Fe-N4 strongly  verified  the  higher  stability  of  the  former.
Although Mn-based catalysts exhibit such excellent stability, their
ORR  activity  is  unsatisfactory  in  comparison  with  Fe-based
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catalysts.  This  discrepancy  could  be  attributed  to  low  intrinsic
activity and low density of Mn-N4 sites [85]. Consequently, future
research efforts should be directed towards improving the intrinsic
activity and/or increasing the site density of Mn-N4 sites [35, 86].

In  sharp  contrast  to  Fe,  Co,  Mn,  the  d-orbital  of  Zn  atoms  is
completely filled, which prevents the formation of high-valent Zn
ions  that  will  degrade  the  electrode  and  electrolyte  membranes
[87]. Inspired by this, Wei et al. developed an atomically dispersed
Zn-based  catalyst  (denoted  as  Zn-N-C-1)  to  catalyze  ORR  [87].
The  active  site  structure  was  confirmed  as  Zn  coordinated  with
four  N  atoms  by  Fourier  transforms  of  the  extended  X-ray
absorption fine structure spectra (FT-EXAFS) (Fig. 1(d)).  The as-
prepared  Zn-N-C-1  catalyst  with  an  ultrahigh-loading  of  Zn
(9.33  wt.%)  displayed  high  activity  in  both  acidic  and  alkaline
electrolytes,  with E1/2 of  0.746  and  0.873  V  in  0.1  M  HClO4 and
0.1  M KOH electrolytes,  respectively,  surpassing Fe-N-C catalyst,
which confirmed the significant importance of high-loading for M-
N-C  SACs.  In  addition,  it  possessed  outstanding  stability.  DFT
calculations were performed to investigate the excellent stability of
the  Zn-N4 site  by  computing  the  formation  free  energy  of  *OH
adsorbed on metal sites. It was found that the formation energy of
*Zn(OH) (1.42 eV) is higher than that of *Fe(OH) (1.07 eV) (Fig.
1(e)).  When two *OH attached to  the  same metal  site,  the  metal
atom tended to dissociate. The formation free energy of *Zn(OH)2
(10.49  eV)  was  higher  than  *Fe(OH)2 (1.68  eV).  These  results
imply that Zn-N4 site is more resistant to corrosion than Fe-N4 site
in  ORR  process.  More  interestingly,  the  research  of  the  active
center atom has extended to other transition metal elements.  For
instance,  Xing  et  al.  designed  an  effective  Cr-N4 site  for  the  first
time [88]. The E1/2 of Cr-N-C catalyst in 0.1 M HClO4 approached
to that of the Fe-N-C counterpart. Besides, the suppressed Fenton

reaction activity of  Cr-N4 site  contributed to higher stability than
that  of  Fe-N-C.  A  recent  study  revealed  that  rationally
constructing Cu-N4 sites onto edge-enriched carbon could activate
the pristine inert Cu sites in catalyzing ORR [89]. The as-designed
Cu-N2+2-C catalyst exhibited superior ORR activity (E1/2 = 0.88 V)
to  commercial  Pt/C  (E1/2 =  0.85  V)  in  alkaline  electrolytes.
Furthermore,  Cu-N2+2-C  catalyst  possessed  excellent  discharge
performance  and  long-term  charge/discharge  stability,  which
suggested that  Cu could be  a  promising candidate  of  the  non-Fe
ORR catalysts.

In addition to the transition metals mentioned above, the main
group metals (Mg [36], Ca [90], Sn [91], Sb [92, 93], and Se [94])
can also serve as  active sites  for ORR. Generally,  the main-group
metals in s-block have fewer valence electrons, thus usually exhibit
single valence state. On this basis, s-block elements are expected as
ideal  active  centers  that  would  be  effective  to  alleviate  Fenton
reactions. For example, Chen et al. synthesized Ca-N, O/C catalyst
with atomically dispersed Ca atoms [90]. The optimized p-orbital
electron  structure  of  Ca  facilitated  the  adsorption  of  ORR
intermediates and electron transfer. As a result, Ca-N, O/C catalyst
displayed  exceptional  ORR  activity  and  durability.  Besides,
through  directly  pyrolyzing  Mg-based  metal-organic-framework
(denoted  as  Mg-HMT) and subsequently  acid  leaching,  Mg-N-C
catalyst with optimized electronic configuration was prepared (Fig.
1(f))  [36].  In  contrary  to  the  principle  in  d-band  metals,  an  up-
shift  of  p-band  center  was  proposed  to  cause  decreased  binding
strength with the intermediates on Mg-N-C catalyst, thus leading
to  the  high  ORR  activity  (E1/2 =  0.79  V)  in  0.1  M  HClO4 (Fig.
1(g)). The main group metals in p-block could also be activated by
coordinating with N atoms. Jiao et al. proved that the p orbital of
positively charged Sb in Sb-N4 sites can easily interact with the 2p

 

Figure 1    (a) The structure (left) and ORR activity of Fe-N-C catalysts (right) [63]. (b) The schematic (left) and stability test of Co-N-C catalyst (right) [77]. (c) The
schematic of Mn-N-C catalyst on the left and membrane electrode assembly (MEA) durability tests for Mn-N-C and Fe-N-C catalysts on the right [84]. (d) Fourier
transforms  of  extended  X-ray  absorption  fine  structure  (FT-EXAFS)  spectra  of  the  Zn-N-C-1  catalyst  and  standard  samples.  (e)  Free-energy  diagrams  for  metal
corrosion process of Zn(OH)2, Fe(OH)2, and Fe(OH)3 [87]. (f) Synthesis process of Mg-N-C and (g) the electrochemical performance in 0.1 M HClO4 [36]. (h) The
Specific  activity  and  Mass  activity  of  Ru-SSC and  standard  samples  [95].  (a)  Reproduced  with  permission  from Ref.  [63],  ©  American  Chemical  Society  2018.  (b)
Reproduced with permission from Ref. [77], © Wiley-VCH GmbH 2021. (c) Reproduced with permission from Ref. [84], © American Chemical Society 2020. (d) and
(e) Reproduced with permission from Ref. [87], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2019. (f) and (g) Reproduced with permission from Ref. [36],
© Liu, S. et al. 2020. (h) Reproduced with permission from Ref. [95], © American Chemical Society 2019.
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orbital of O2 [96]. Besides, Sn-N-C catalyst with moderate oxygen
adsorption/desorption  properties  was  employed  as  cathode
catalyst  in  fuel  cells  [91],  which  showed  superior  fuel  cell
performance  under  hydrogen-air  condition.  Beyond  the  metal
elements, non-metallic element in p-block, Se is able to constitute
ORR active sites [94]. For instance, atomically dispersed Se atoms
on  nitrogen  doped  carbon  substrates  were  prepared  by  high-
temperature annealing. The resultant catalyst, denoted as Se@NC-
1000,  exhibited  remarkable  long-term  durability  and  satisfactory
discharge  power  density  in  ZABs.  This  work  provides  the
possibilities  of  extending  the  research  of  SACs  from  metal  to
nonmetal centers.

Apart  from  transition  metals  and  main  group  metals,  earth
elements  are  also  found  to  exhibit  ORR  activity  and  draw
widespread attention in recent years. For example, Ce coordinated
with four N atoms and six O atoms were reported active for ORR
[37].  To  be  specific,  the  prepared  Ce-N-C  catalyst  performed
excellent  activity  with Eonset and E1/2 of  1.04  and  0.862  V,
respectively,  which  was  superior  to  most  of  the  reported  M-N-C
catalysts.  The  excellent  performance  of  Ce-N-C  catalyst  was
further confirmed in fuel cell test, delivering high power density of
0.525 W·cm−2 under 2.0 bar H2/O2 condition. Notably, the Ce-N-C
is more advantageous in eliminating Fenton effect by its powerful
ability to catalyze H2O2 decomposition.

To further improve ORR activity of M-N-C SACs, noble metal
centers  are  designed.  For  instance,  Ir-N-C  SAC  with  atomic
dispersed  Ir-N4 site  was  constructed  in  the  research  of  Chen’s
group  [24].  Due  to  the  unique  electronic  structure  of  Ir-N4 sites,
the  catalyst  displayed  a  record-high  turnover  frequency  of
24.3  e−·site−1·s−1 at  0.85  V  vs.  RHE.  Beyond  that,  Xing  et  al.
successfully  fabricated  Ru-N-C  SAC  with  Ru-N4 active  sites
(denoted as Ru-SSC) [95]. Ru-SSC showed higher specific activity
and  mass  activity  than  commercial  Pt/C  catalyst  and  Fe-SSC
catalyst  in  acidic  solution  (Fig. 1(h)).  More  interestingly,  Ru-SSC
presented superior stability to Pt/C by showing only 17 mV loss in
E1/2 after  20,000  cycles  in  potential  cycling  stability  tests.  DFT
calculations  suggested  that  excellent  activity  and  stability
originated  from  appropriate  *OH  adsorption  energy  and  low
Fenton activity.

 2.2    Bi-atom active site
Although single atoms sites have shown considerable ORR activity
and  stability,  there  remains  a  certain  room  for  the  performance
improvement  to  rival  commercial  Pt/C.  For  instance,  Co-N-C
SACs  can  mitigate  Fenton  effect,  but  suffer  from  lower  intrinsic
activity due to the weak binding strength with ORR intermediates.
Recent studies revealed that constructing bi-atom active site could
effectively tailor the electronic states of the single-metal atom site,
thus achieving desirable catalytic properties [97, 98]. For instance,
Xing  et  al.  for  the  first  time  reported  homonuclear  bi-atom  Co-
based catalysts  containing Co2-N5 sites  via  controlling  the  Zn/Co
ratio  in  the  precursor  [99].  The  presence  of  bi-atom  site  was
confirmed by direct observation of two conjoint Co atoms with a
distance  of  2.1–2.2  Å  in  aberration-corrected  HAADF-STEM
images (Figs. 2(a) and 2(b)). Combining FT-EXAFS spectroscopy
and theoretical calculations, the active site structure was confirmed
as Co2-N5. On the Co2-N5 site, spontaneous *OH adsorption from
water  dissociation  would  modify  the  electronic  structure  of  the
pristine  Co site,  thus  facilitating  the  rate-determining  step  (RDS)
(*O2 +  H+ +  e− →  *OOH)  towards  boosted  ORR  activity.  As
expected,  the  ORR  performance  of  Co2-N5 sites  was  12  times
higher than Co-N4 and approached to commercial Pt/C catalyst in
0.1 M HClO4 solution.  The *OH regulation mechanism was also
proposed  by  Sun  and  co-workers  [38].  In  their  study,  ZnCo-N6
site exhibited superior ORR performance to both Zn-N4 and Co-

N4 sites.  The  theoretical  calculations  pointed  out  the  geometric
advantage  of  di-atom  site,  on  which  the  O–O  bond  elongated
from  1.23  to  1.43  Å  (Fig. 2(c)).  The  extension  of  the  O–O  bond
length suggested that ZnCo-N6 is more conducive to the cleavage
of O2 at the first step of ORR process. In a recent study by Chen et
al., IrCo-N-C catalyst with heteronuclear bi-atom IrCo-N5 site was
fabricated  by  pyrolyzing  the  Ir-doped  ZnCo-ZIF  in  high
temperature  under  flowing  Ar/H2 atmosphere  (Fig. 2(d))  [100].
The incorporation of Ir was proposed to alter the d-orbital energy
level  of  Co  and  thus  inducing  the  re-arrangement  of  d-electron
toward  stronger  affinity  with  ORR  intermediates  (Fig. 2(d)).  A
higher energy gap between antibonding states and bonding states
observed  on  IrCo-N5 corresponded  to  stronger  Co–O  bond.  In
line  with  the  theoretical  prediction,  IrCo-N-C  catalyst  owned
excellent performance with high E1/2 of 0.911 V, superior to the Co-
N-C (E1/2 = 0.85 V) and Ir-N-C (E1/2 = 0.845 V) counterparts (Fig.
2(e)).  Moreover,  when  assembled  into  a  ZAB,  IrCo-N-C  catalyst
delivered a high open-circuit voltage of 1.46 V and a peak power
density  of  138.8  mW·cm−2,  outperforming  the  commercial
Pt/C+Ir/C (1.43 V, 110.5 mW·cm−2). In contrary to Co-N-C SACs,
Fe-N-C  SACs  are  criticized  for  the  extremely  strong  adsorption
energy of oxygen, which results in considerable energy barrier for
the  *OH  desorption  (*OH  +  H+ +  e− →  H2O).  To  weaken  the
binding  energy  of  ORR  intermediates  on  Fe  site,  Xing  et  al.
designed  a  bi-atom  FeCo-N5 site  to  stabilize  the  electron-
withdrawing  OH  ligand,  which  can  act  proactively  as  an  energy
level modifier to empower easy intermediate desorption [101]. As
expected,  the  superb  activity  of  FeCo-N5 site  can  be  validated  by
showing the highest kinetic current density (Jk) of 7.245 mA·cm−2

at  0.85 V,  which was 20 and 64 times higher than that  of  single-
atom  Fe-N4 and  Co-N4 site,  respectively  (Fig. 2(f)).  Furthermore,
the  geometric  merits  endowed  the  catalyst  with  decreased  H2O2
yield  (2%)  (Fig. 2(g)).  Inspired  by  this  study,  Wen’s  group
investigated ORR activity of three FeCo-N6 isomers adsorbed with
ORR  intermediates  (i.e.,  *O,  *OH,  and  *O2)  [102].  It  was  found
that  FeCo-N6-I  (each metal  atom coordinated with four nitrogen
atoms) with *OH or *O2 ligands promisingly displayed the highest
ORR activity.  A similar  configuration was reported by Sun et  al.,
who  verified  that  FeNi-N6-I  contributed  to  the  majority  of  ORR
activity  [103].  Constructing  bi-atom  sites  can  not  only  induce
electronic  and/or  geometric  structure  regulation,  but  also
modulate  spin-state  to  optimize  the  adsorption/desorption
behaviors on metal sites. For example, Zhang et al. discovered that
the  construction of  bi-atom FeMn-N6 site  could  regulate  Fe-spin
state  [104].The  electron  energy  loss  spectrum  (EELS)  confirmed
the  co-existence  of  Fe  and  Mn  elements.  And  their  distance  was
estimated  to  be  0.25  ±  0.02  nm  (Fig. 2(h)),  which  proved  the
successful  fabrication  of  FeMn-N6 site.  The  adjacent  Mn-Nx
induced spin-state transition of Fe to accelerate ORR kinetics. As a
result,  FeMn-N6 site  exhibited excellent  ORR activity  with E1/2 of
0.928  V in  0.1  M KOH solution,  surpassing  the  Fe-N4 sites.  The
extraordinary ORR performance was further certified in ZAB test,
where  Fe,  Mn-N-C  catalyst  delivered  a  high  power  density  of
160.8  mW·cm−2 and  long-term  durability.  Beyond  the
heteronuclear di-atom site, Fe2-N6 site was reported by Xie and co-
workers [105]. Similarly, the intermediate species of *OOH would
adsorb  on  the  adjacent  Fe  atoms  via  bridge-cis  model,  which  is
beneficial  for  its  subsequent  dissociation.  In  summary,  both
theoretical and experimental studies confirmed that the geometric
configuration and element type of bi-atomic sites are crucial to the
final catalytic performance [106], which provides insights into the
design and synthesis of efficient ORR catalysts containing bi-atom
sites.

 2.3    Non-bonded dual-atom sites
Recently,  non-bonded  dual-atom  sites  are  emerging  as  superior
active  site  to  the  single-atom  site  because  of  the  long-range
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coupling  effect  between  the  two  isolated  sites  [107, 108].  For
instance,  FeCo-N doped in porous carbon with homogenous Fe-
N4 and Co-N4 sites (denoted as FeCo2-NPC-900) was designed by
pyrolyzing  metalloporphyrin  MOFs  at  900  °C  (Fig. 3(a))  [109].
The FeCo2-NPC-900 catalyst exhibited high ORR activity with E1/2
of  0.87  V  in  0.1  M  KOH,  exceeding  that  of  single-atom  Fe-N-C
and Co-N-C counterparts. Such an enhancement was proposed to
originate  from  the  synergetic  effect  between  Fe-N4 and  Co-N4
sites.  In  order  to  clarify  the  synergetic  effect,  DFT  calculations
were conducted by Bu and co-workers [110]. The synergetic effect
between  the  dual-atom  sites  (Fe/Co-N4)  optimized  adsorption
energy  of  *O  and  thus  decreased  the  reaction  barrier  of  RDS
towards  faster  ORR  kinetics  (Fig. 3(b)).  Besides,  the  density  of
states  (DOS) revealed that  dual-atom sites  possessed a  minimum
band  gap  of  0.29  eV  (Fig. 3(c)),  implying  increased  electronic
conductivity  and  accelerated  electron  transfer.  Ni-N4 site  is  also
employed to regulate the ORR performance of Fe-N4 site, as Zhao
et  al.  reported  a  Fe/Ni-N4 doped  in  porous  carbon,  which
displayed  an  84  mV  positive  shift  in E1/2 compared  with  single-
atom Fe-N-C catalyst  [111].  However,  in  another  work  by  Chen
and  co-workers  [112],  Fe-N4 was  proposed  to  modulate  the
coordination  environment  of  Ni-N4 site,  triggering  optimized
adsorption  energy  of  ORR  intermediates  on  the  Ni-N4 site.  In
addition to optimizing adsorption energy, dual-atom sites are able
to regulate the spin polarization and promote O–O dissociation as
well.  For  instance,  the  incorporation  of  Mn-N4 site  induced  the
selective  formation of  low-spin  FeII-N4 (D1)  [113].  The  increased
D1 (75.6%) content in Fe/Mn-N-C was responsible for its higher
activity than Fe-N-C (50%) (Figs 3(d) and 3(e)). At the same time,
there was an electronic effect in the Fe/Mn-N-C sample, as X-ray
absorption near-edge structure (XANES) spectra revealed obvious
electron transfer between Fe-N4 and Mn-N4 (Fig. 3(f)). Therefore,
it  is  the  combination  of  increased  D1  content  and  electronic
modulation  effect  that  contributed  to  the  enhanced  ORR

performance of Fe/Mn-N-C catalyst. While in the case of Cu/Zn-
N-C catalyst [114], the presence of Zn-N4 denoted electron to Cu-
N4 not only strengthens oxygen adsorption on Cu-N4 site, but also
stretches O–O bond towards easier breaking. Based on the above
analysis,  the  synergy  between  dual-atom  sites  can  effectively
promote  oxygen  adsorption  and  the  subsequent  reduction
reaction. However, precise synthesis of dual-atom sites and the in-
depth  mechanistic  understanding  are  still  challenging,  which
required  more  efforts  towards  innovation  in  synthetic  strategies
and the development of the more advanced characterization tools.

 3    Regulation of coordinated atoms
As  the  active  site  is  composed  of  central  metal  and  coordinated
atoms,  regulation of  coordinated  atoms could  exert  an  electronic
modulation  effect  on  the  central  metal,  and  thus  tailoring  the
binding  strength  with  ORR  intermediates  towards  boosted
intrinsic  ORR  activity  [115].  In  this  section,  we  would  like  to
introduce the coordinated atom regulation from the three aspects
including  nitrogen  coordination  (number  and  type),  heteroatom
substitution  (i.e.,  S  [70],  P  [116],  O  [86],  etc.),  and  axial
coordination ligand.

 3.1    Nitrogen coordination

 3.1.1    Coordination number

Due  to  the  difference  of  electronegativity  between  the  metal  and
the nitrogen atom, there would exist an electron transfer from M
to  N  in  M-N-C  SACs.  Therefore,  the  number  of  coordinated  N
atom will play a crucial role in determining the electron effect on
M–Nx sites [79]. In a theoretical study conducted by Kasai and co-
workers,  M-N2 sites  with  metal  centers  at  weak  binding  side  of
volcano  plot  (i.e.,  Co  and  Ni)  were  found  to  promote  the  four-

 

Figure 2    (a) and (b) Co2-N5 site in HAADF-STEM images [99]. (c) Optimized geometry of O2 adsorption configuration on the Zn-N4, Co-N4, and ZnCo-N6(OH)
systems [38]. (d) The synthesis process of IrCo-N-C. (e) The ORR performance of IrCo-N-C catalyst [100]. (f) Kinetic current density comparison of Co-N4, Fe-N4,
and FeCo-N4 catalysts. (g) H2O2 yield and electron transfer number of FeCo-N5/C site [101]. (h) Statistical Fe–Mn distance in the observed diatomic pairs of FeMn-N6

site [104]. (a) and (b) Reproduced with permission from Ref. [99], © Elsevier Ltd. 2018. (c) Reproduced with permission from Ref. [38], © Wiley-VCH Verlag GmbH
& Co. KGaA, Weinheim 2019. (d) and (e) Reproduced with permission from Ref. [100], © American Chemical Society 2021. (f) and (g) Reproduced with permission
from Ref. [101], © American Chemical Society 2019. (h) Reproduced with permission from Ref. [104], © Yang, G. G. et al. 2021.

  4472 Nano Res. 2023, 16(4): 4468–4487

 

 

| www.editorialmanager.com/nare/default.asp



electron ORR pathway, and the RDS on these sites changed from
oxygen  adsorption  to  *OH  desorption  [117].  This  result  implies
that  a  decreased  coordination  number  is  beneficial  for  the  metal
elements at weak binding side. The hypothesis was validated by a
recent work from Zhang’s group [118]. They synthesized the Ni-N-
C  catalyst  with  monodispersed  Ni-N2 active  sites  utilizing  the
space  confinement  effect  of  SiO2 nanospheres.  Ni-N2 active  sites
endow the  catalyst  with  higher  ORR performance  (E1/2 is  0.88  V
and Jk is  20.0  mA·cm−2),  surpassing  the  catalyst  with  Ni-N4 sites
[119].  Besides,  the  superiority  of  the  Ni-N2 sites  enabled  an
outstanding  power  density  of  120  mW·cm−2 in  ZABs  [118].  In
addition  to  Ni,  Mg-N2 was  reported  active  to  catalyze  ORR.  For
example, Chen et al. have successfully designed Mg-N-C catalysts
with Mg-N2 as active sites [36]. The as-prepared Mg-N-C catalysts
showed  excellent  performance  with E1/2 up  to  0.79  V  in  0.1  M
HClO4.  While for Co-N-C SACs, Co-N3 sites were also proposed
to  improve  ORR  activity  and  selectivity.  More  interestingly,  a
theoretical  study  by  Sun  et  al.  revealed  that  the  Co-N3 site
embedded  in  graphene  was  superior  to  Pt/C  with  lower  energy
barrier  (0.38  eV  vs.  0.80  eV  for  Pt/C)  at  the  RDS  (the
decomposition  of  *OOH)  of  ORR  [120].  Inspired  by  the  DFT
prediction,  Zhao  et  al.  designed  Co-N3 sites  by in-situ pyrolytic
Co/Zn-ZIF-67 and demonstrated that Co-N3 site was favorable for
O2 adsorption  [121].  Beyond  that,  Sardroodi  et  al.  demonstrated
that  Cu-N3 embedded  graphene  can  serve  as  a  highly  efficient
catalyst for ORR [122], which deserves further study in the future.
From  the  above  results,  it  can  be  found  that  the  weaker  binding
strength is, the smaller coordination number should be, which will
provide  some insights  for  the  rational  regulation  of  coordination
number.

In  contrast  to  the  metals  at  weak  binding  side,  higher  N
coordination  number  is  favorable  for  Fe-N-C  SACs  that  located
nearest  to the apex.  For example,  Shui  et  al.  designed Fe-Nx sites
with  different  N-coordination  numbers  by  controlling  the
annealing  temperature  [123].  To  be  specific,  by  pyrolyzing  the
precursor at 300, 500, and 1000 °C the catalysts with Fe-N1, Fe-N3,
and  Fe-N4 sites,  respectively,  were  obtained  (Fig. 4(a)).  The
superiority of Fe-N4 over other sites was confirmed by the highest
ORR  activity  of  the  catalyst  pyrolyzed  at  1000  °C  (FeNC-1000)

(Fig. 4(a)).  Besides,  the coordination number affected the stability
with  a  sequence  as  Fe-N4 >  Fe-N3 >  Fe-N1.  In  addition  to
determining  the  intrinsic  activity  of  the  active  site,  the
coordination  number  of  N  will  affect  the  neighboring  atom  and
determine  active  site  density.  For  instance,  Zhang  et  al.
demonstrated a weaker neighboring effect of Fe-N4 site than Fe-N3
[124],  which  was  beneficial  for  improving  the  density  of  Fe-N4
sites.  Higher coordination number more than 4 was theoretically
proposed to reduce the energy barrier of *OH desorption process
and promote the intrinsic activity of Fe-N-C SACs [125]. Wang et
al.  confirmed  that  the  catalyst  with  Fe-N5 sites  (denoted  as
FeN5–C/G)  performed  higher  ORR  activity  than  that  of  the
catalysts with Fe-N4 sites [126].  The ZABs of FeN5–C/G catalysts
showed  a  high  specific  capacity  of  798  mA·h·g−1 and  remarkable
long-term  stability,  superior  to  the  Pt/C-based  battery.  Besides,
Yang et al. designed Fe-N5 site by grafting a pyridine group to the
Fe-N4 site on the surface of graphene (left in Fig. 4(b)) [127]. The
as-obtained catalyst,  denoted as  FePc/AP-GA displayed a  40  mV
positive  shift  in E1/2 compared  with  Fe-N4 counterpart  (right  in
Fig. 4(b)).  In  their  study,  geometric  and  electronic  effect  of  this
novel  structure  was  believed  to  contribute  to  the  higher  activity,
yet  not being specifically clarified.  While in the research work by
Chen and co-workers, they conducted DFT calculations to unveil
the  origin  of  activity  enhancement  on  Fe-N5 sites  [128].  They
discovered  that  electron  diminution  of  Fe  dz2 orbital  could
accelerate the last electron transfer process, thus boosting the ORR
kinetics.  By  pyrolyzing  polymerized  o,  -phenylenediamine,  ferric
chloride, and carbon black, Su et al. prepared PpPD-Fe-C catalyst
with Fe-N6 as active sites that Fe coordinated with four N atoms in
the  plane  and  two  pyridine-N  in  the  axial  direction  (Fig. 4(c))
[129].  This  unique  structure  enabled  improved  activity  and
stability  in  compared  with  the  control  samples,  which  provide  a
new inspiration for the design of superior performance of SACs.

 3.1.2    Coordinated N type

As known to all, the types of N participating in M–Nx sites include
pyrrole-N  and  pyridine-N,  which  will  cause  varying  degrees
electron redistribution and local electrical field for M-N4 site [50].
Combining experimental results and theoretical calculations, Cao’

 

Figure 3    (a)  Illustration  of  the  stepwise  fabrication  of  FeCo2-NPC-900  [109].  (b)  Free  energy  diagrams  for  ORR  on  the  single-atom  and  bi-atom  sites.  (c)  DOS
patterns of Fe-N4 and Co-N4 (up) and Fe/Co-N4 (down) [110]. (d) and (e) 57Fe Mössbauer absorption spectra of Fe/Mn-N-C (d) and Fe/N-C (e). (f) Normalized Fe K-
edge XANES of Fe/Mn-N-C (inset: enlarged near-edge absorption curves) [113]. (a) Reproduced with permission from Ref. [109], © Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim 2017. (b) and (c) Reproduced with permission from Ref. [110], © Wiley-VCH GmbH 2022. (d)–(f) Reproduced with permission from Ref. [113], ©
Wiley-VCH GmbH 2022.
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s  group  proved  the  superiority  of  pyrrole-type  Fe-N4 site  [130].
Following  this  study,  Xie  and  coworkers  prepared  a  Fe-N-C
catalyst with high-purity pyrrole-type Fe-N4 sites by transforming
pyridine-N to pyrrole-N via  the  assistance of  NH3 pyrolysis  [33].
The  as-designed  catalyst  (HP-Fe-N4)  exhibited  extremely  high
ORR  performance  with  the Eonset of  0.95  V  and E1/2 of  0.86  V,
surpassing  the  pristine  Fe-N4 counterpart.  Besides,  it  showed
lower  H2O2 yields  (<  2%)  than  that  of  Fe-N4 catalyst  (3.5%),
demonstrating  pyrrole-type  Fe-N4 sites  possess  higher  selectivity
for  four-electron  ORR  pathway.  The  DFT  calculations  revealed
that more electron depletion in pyrrole-type Fe-N4 than pyridine-
type  Fe-N4 (Fig. 4(d)),  which  would  accelerate  the  first  electron
transfer step of ORR. In line with their study, Jaouen and his co-
work  confirmed  the  higher  ORR  activity  of  pyrrole-type  Fe-N4
[65].  However,  they  found  that  the  pyrrole-type  Fe-N4 would
degrade  to  ferric  oxide  during  ORR  process  using in-situ 57Fe
Mössbauer spectroscopy, while the pyridine-type Fe-N4 with lower
activity  exhibited  superb  stability.  To  unveil  the  origin  of  higher
stability  of  pyridine-type  Fe-N4,  Yin  et  al.  computed  the  free
energy change of Fe atoms leaching process [40]. The free energy
change  of  pyridine-type  Fe-N4 was  1.64  eV  lower  than  that  of
pyrrole  type  Fe-N4 (0.67  eV)  with  O2 adsorbed,  implying  higher
stability of the former. In addition, a shorter Fe–N bond length of
pyridine-type  Fe-N4 contributed  to  its  stability  as  well.  In

contradictory  with  the  above  opinions,  Wang  and  co-workers
pointed  out  pyridine-type  Fe-N4 was  more  active  than  pyrrole-
type  Fe-N4 [131].  The  former  required  only  0.20  eV  energy  for
*OOH  dissociation,  while  pyrrole-type  Fe-N4 necessitated  much
higher  energy  of  0.72  eV.  Wu  et  al.  also  proved  the  excellent
activity  of  pyridine-type  Co-N4 site  as  the  catalyst  delivered  high
ORR  performance  with Eonset and E1/2 of  0.97  and  0.86  V,
respectively  [132].  Employing  DFT  calculations,  Zhang  and
coworkers  demonstrated  superior  ORR  activity  of  pyridine-type
Co-N4 to  the  pyrrole-type  one.  However,  both  the  2-electrons
pathway  and  4-electrons  pathway  may  proceed  on  pyridine-type
Co-N4 [133],  while  only  4-electrons  pathway  is  favorable  on
pyrrole-type Co-N4. This result indicated that pyrrole-type Co-N4
possessed  higher  4-electrons  selectivity.  Therefore,  a  trade-off
between  activity  and  selectivity  should  be  considered  when
regulating the coordinated nitrogen types.

 3.2    Heteroatom substitution
One of the strategies to improve the intrinsic activity of SACs is to
adjust the coordination environment of center atoms [72, 134]. In
view of the difference in electron spin density and electronegativity
between N and other heteroatoms (i.e.,  S [70], O [86], P [135], B
[136]), replacing the coordinated N with heteroatoms could break
the  symmetrical  distribution  of  electrons  in  M-N4 and  improve

 

Figure 4    (a)  The  synthesis  process  for  FeNC-300/500/1000  (left)  and  LSV  curves  of  FeNC-300/500/1000  (right)  [123].  (b)  The  structure  of  active  sites  and  ORR
activity of FePc/AP-GA catalyst [127]. (c) The structure of PpPD-Fe-C catalyst [129]. (d) Calculated charge density difference of pyrrole-type Fe-N4 (left) and pyridine-
type Fe-N4 (right) [33]. (a) Reproduced with permission from Ref. [123], © The Royal Society of Chemistry 2019. (b) Reproduced with permission from Ref. [127], ©
The Royal Society of Chemistry 2018. (c) Reproduced with permission from Ref. [129], © WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 2014. (d) Reproduced
with permission from Ref. [33], © The Royal Society of Chemistry 2020.
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ORR  activity  [137, 138].  For  instance,  Wu  et  al.  embedded
atomically  dispersed  Fe  atoms  into  N  and  S  co-doped  carbon
substrate and obtained N, S-coordinated Fe-N-C catalyst (denoted
as Fe(Fc)-N/S-C) with Fe-N3S1 as active sites (Fig. 5(a)) [70].  The
presence of Fe–S bond was evidenced by Fe–S characteristic peak
observed  at  161.8  eV  in  XPS  spectrum,  which  caused  a  positive
shift  of  Fe-N  binding  energy.  Due  to  the  electronic  regulation
effect, Fe(Fc)-N/S-C catalysts delivered better ORR activity (E1/2 =
0.872 V) than Fe(Fc)-N-C (Fe-N4 as  active sites)  (E1/2 = 0.834 V)
(Fig. 5(b)). Mechanistic study was performed to gain insights into
the activity enhancement by S substitution. The differential charge
density diagram clearly showed the electron transfer from S to Fe,
resulting  in  higher  electron  density  of  Fe  atoms  in  Fe-N3S1 site
than that in Fe-N4 (Fig. 5(c)). The regulated electronic states of Fe
site  promoted  *OH  desorption  towards  decreased  energy  barrier
of RDS. In a study by Makonnen and coworkers, the substitution
degree was investigated by constructing five models, including Co-
N4/C, Co-S4/C, Co-N2S2/C, Co-N2S3/C, and Co-N3S/C [42]. Their
performance was found to follow the sequence as Co-N4/C < Co-
S4/C  <  Co-N2S2/C  <  Co-N2S3/C  <  Co-N3S/C.  In  this  research,
electron transfer from Co to N/S occurred, which would optimize
the  binding  strength  of  *OH on Co-N3S sites  (Fig. 5(d)).  Further
introducing  O  into  the  S,  N-coordinated  Fe-N-C  catalyst  would
lead  to  higher  ORR  activity.  Ruan  et  al.  rationally  designed  Fe-

N3OS sites via introducing sacrificial bonds [71]. DFT calculations
showed  that  the  d-band  center  of  Fe-N3OS  further  decreased
compared  with  both  Fe-N4 and  Fe-N3S  sites  (Fig. 5(e)).  The
energy barrier of RDS was decreased from 0.58 to 0.26 eV upon O
doping (Fig. 5(f)).

Apart  from  S,  P  element  was  selected  as  substitute  for  N  to
regulate the electronic configuration of metal centers. For instance,
Scherf  et  al.  designed  Fe-N3P  site  for  ORR,  and  the  as-prepared
catalyst showed excellent ORR activity with Eonset and E1/2 as 0.941
and 0.867 V, respectively [72]. Beyond that, surprising activity has
also  been  demonstrated  in  ZABs  with  open-circuit  voltage  of
1.42  V  and  power  density  of  133.2  mW·cm−2.  The  theoretical
calculations  verified  that  P  could  promote  oxygen  adsorption  on
Fe site and decrease energy barrier of RDS (*OH→H2O) from 1.02
to 0.85 eV. In the study by Li and coworkers, substituting N with
P  was  proven  able  to  regulate  the  catalytic  properties  of  Co/Ni
dual-atom  sites  as  well  [135].  To  be  specific,  the  charge  density
differences  revealed  that  strong  electronic  localization  and  spin
polarization  could  be  observed  in  Co-N3P1 and  Ni-N3P1 sites,
resulting in more negative valence state in M-N3P1 sites than that
in the pristine M-N4 sites. Such an electronic regulation facilitated
the  ORR  process  and  promote  the  four-electron  ORR  pathway.
Further increasing P content resulted in the formation of Co-N2P2
site  [116],  which  was  also  verified  to  impel  favorable  oxygen

 

Figure 5    (a) The synthetic process of the Fe(Fc)-N/S-C catalyst. (b) The ORR performance of Fe(Fc)-N/S-C. (c) Charge density differences of Fe-N3S (left) and Fe-N4

(right) [70]. (d) Volcano plot for the ORR limiting potential (UL) against the Gibbs free energy of ΔadsG(*OH) [42]. (e) The d-band of Fe-S1N3, Fe-N4, and Fe-N3OS
referenced to the Fermi level. (f) Calculated free energy evolution of each elementary step on Fe-S1N3, Fe-N4, and Fe-N3OS sites [71]. (g) The free energy diagrams and
key reaction intermediates of Zn-N2B2 [136]. (a)–(c) Reproduced with permission from Ref. [70], © American Chemical Society 2021. (d) Reproduced with permission
from Ref.  [42],  © The Royal  Society of  Chemistry 2022.  (e)  and (f)  Reproduced with permission from Ref.  [71],  © Wiley-VCH GmbH 2021.  (g)  Reproduced with
permission from Ref. [136], © Wiley-VCH GmbH 2020.
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adsorption  on  Co  site.  Besides,  it  could  accelerate  oxygen
dissociation  through  lowering  the  energy  barrier  from  0.33  to
0.271  eV.  Apart  from  this,  engineering  P,  S  co-coordinated  sites
has been proven as a feasible strategy to optimize the ORR activity.
For  instance,  Li  et  al.  synthesized  Co1-N3PS  sites  embedded  into
carbon  support  [134].  It  exhibited  an  ultra-high E1/2 of  0.92  V,
surpassing Co1-N4 catalysts and commercial Pt/C.

Beyond  that,  recent  researches  have  reported  that  other
coordinated elements, such as O and B, show promotion effect in
tailoring ORR performance of  M-N-C SACs.  For example,  Chen
et  al.  investigated  Mn-N2O3,  Mn-N2O2,  and  Mn-N3O1 sites
theoretically  [86].  The  d-band  center  of  Mn  in  Mn-N3O1 is  the
lowest  than  those  of  Mn-N2O3 and  Mn-N2O2.  This  implied  that
Mn-N3O1 presented  the  optimum  reaction  energy.  Besides,  Zn-
N2B2 was  designed  to  strengthen  the  adsorption  of  ORR
intermediates  on  Zn  site  (Fig. 5(g))  [136].  Due  to  the  weak
electronegativity, B could denote electron to the nearby N atoms,
resulting  in  electron  reservation  for  Zn  4s  and  stronger  binding
strength with ORR intermediates.

 3.3    Axial coordination
Engineering axial ligands have proved to be an effective strategy to
adjust  the  electronic  and  geometric  structure  of  M-N-C  SACs
[139].  For  instance,  Liu  et  al.  constructed  a  series  of  iron
porphyrin  FeF20TPP  (5-tetra(pentafluorophenyl)  iron  porphyrin)
coordinated  with  different  axial  ligands  on  the  surface  of  multi-
walled carbon nanotubes  (MWCNTs)  varying from imidazole  to
thiophene [140]. It was found that the ORR performance could be
significantly  boosted  via  introducing  above  ligands,  of  which
imidazole  displayed  the  highest  promotion  effect.  In  view  of
dependence of ORR activity on the ligand type, more efforts have
been devoted to clarify  the potential  mechanisms and exploit  the
optimal ligand. For example, Yu et al. employed the commercially
available MCNTs with various functional  groups R (R represents
–NH2, –OH,  and –COOH) for  anchoring  FePc  molecular  [141].
These functional groups served as axil ligands coordinated with Fe
site  (FePc/CNT-R)  (Fig. 6(a)).  Their  ORR  activities  were  found
highly dependent on electron-donating ability of ligand and follow
the  sequence  as  FePc/CNT–NH2 >  FePc/CNT–OH  >
FePc/CNT–COOH  >  FePc/CNT.  Notably,  the  most  electron-
denoting  ligand, –NH2 endowed  the  catalyst  FePc/CNT–NH2
with  highest  ORR  performance  (E1/2 =  0.92  V)  in  alkaline
medium, surpassing commercial Pt/C catalyst (E1/2 = 0.85 V) (Fig.
6(b)).  DFT  calculations  revealed  that  axial  coordination  of  the
electron-donating group NH2 promoted O2 adsorption on Fe site.
Besides, the enhance of D3 (O-Fe-N4-O2) content revealed axial O
coordination could promote O2 adsorption on Fe-N4 site  via 57Fe
Mössbauer spectroscopy [75].

In  addition  to  promote  O2 adsorption,  axial  ligand  has  been
proven  to  optimize  the  binding  strength  with  *OH  on  M-N-C
SACs.  For  instance,  Xing  et  al.  revealed  the  promotion  effect  of
axial  OH  ligands  on  Ru-N4 site  via  DFT  calculations  [95].  The
electron-withdrawing  OH  ligand  caused  electron  transfer  from
Ru, thus downshifting the d-band center from −2.03 to −3.22 eV.
Therefore,  the  last  electron transfer  step,  *OH desorption,  would
be  accelerated  on  the  Ru-N4-OH  site  and  led  to  higher  ORR
activity. The effect of axial OH ligand was found dependent on the
active  site  configurations.  Using  poly(iron  phthalocyanine)
(PFePc) as Fe-N4-based model catalysts, Sun et al. investigated the
ligand  effect  on  the  catalytic  performance  of  Fe-N4 site,  where
strong-field  ligand, –NCS  and  weak-field  ligand,  i.e., –OH, –I
were  systematically  studied  [142].  The  Fe  3d  orbital  energy  level
changed significantly after the axial coordination and it was found
that  the  energy  level  of  dz2 decreased  as  the  field  strength  of  the
axial  ligands  decreased  (Fig. 6(c)).  The  decreased  dz2 energy  level

suggested  easier  *OH  desorption  since  *OH  desorption  process
was  accompanied  by  electron  transfer  from  Fe  dz2 to  OH  px/py
orbitals  (Fig. 6(d)).  On  this  basis,  PFePc–OH  with  the  lower  dz2

energy level exhibited the higher ORR performance than PFePc–I
and PFePc–NCS.  In  view of  this,  the  crystal  field  strength  of  the
ligand  should  be  taken  into  consideration  when designing  M-N4
with axial-ligand. Besides,  the axial  ligand could regulate the spin
state of Fe site towards improved activity. For instance, Wang et al.
introduced -O-Ti ligand to the Fe-N-C catalyst and found a low-
to-medium  spin  state  transition  (Fig. 6(e))  [143].  The  modulated
spin state was beneficial for oxygen adsorption, as evidenced by a
more  negative  value  of  integrated-crystal  orbital  Hamilton
population  (ICOHP)  on  FeN3O-O-Ti  site  (−1.88  vs.  −1.65  on
FeN3O  site)  (Fig. 6(f)).  As  a  result,  the  *OOH  formation  process
was  obviously  accelerated  on  the  FeN3O-O-Ti  site  (Fig. 6(g)).  In
spite  considerable  activity  improvement  achieved  by  axial  ligand
coordination,  the  stability  of  these  ligands  under  working
condition should be considered in future study.

 4    Heteroatom doping
As the M–Nx active site is embedded into the carbon substrate, the
long-range electronic  effect  between surrounding carbon support
and  M–Nx site  would  affect  the  catalytic  properties  as  well.  For
example,  non-metallic  heteroatoms  such  as  sulfur  [144–146],
phosphorus [147], fluorine [148], etc. can be effectively introduced
into  the  carbon  plane  to  moderate  the  electronic  and  geometric
structures of SACs for boosted activity.

 4.1    Sulfur doping
Compared  with  N  atom,  S  atom  owns  larger  atomic  radius  and
smaller  electronegativity  [149],  which  could  break  the  symmetry
of  carbon  six-membered  ring  and  adjust  the  local  electronic
structure of M-N4 site when doped into the carbon plane. Besides,
S  doping was  reported able  to  enlarge  the  surface  area  of  carbon
supports  thus  promoting  the  accessibility  of  reactants  during  the
ORR  reaction.  For  instance,  Lv  and  coworkers  reported  that  the
specific  surface  area  of  Fe/SNCFs-NH3 catalyst  increases  from
904 to 1092 m2·g−1 via S-doping, which could provide high content
of accessible Fe-N4 sites and promote the accessibility of reactants
during  the  ORR  reaction  [150].  The  ORR  performance  of
Fe/SNCFs-NH3 catalyst (E1/2 = 0.89 V) was higher than that of S-
free Fe/NCFs-NH3 catalysts (E1/2 = 0.86 V) and commercial  Pt/C
(E1/2 =  0.86 V).  Besides,  the open-circuit  voltage and peak power
density of ZABs with Fe/SNCFs-NH3 as cathode were 1.38 V and
255.84 mW·cm−2, respectively. These experimental results revealed
that enhancing the surface area of M-N-C single atom catalyst via
S-doping  can  be  an  efficient  strategy  to  optimize  the  ORR
performance. Additionally, S doping could induce the transition of
spin polarization configuration. Increased content of low spin Fe3+

(D1)  was  detected  on  the  S-doped  Fe-N-C  catalyst  (58%)  [151],
while  only  28.8%  of  D1  was  observed  on  the  undoped  Fe-N-C
sample.  Further  increasing  S  dopants  led  to  a  decrease  of  D1
(40%).  This  illustrated  that  moderate  S  doping  will  promote  the
formation of high active sites, thus enhancing the ORR activity by
promoting the formation of the high ORR active site.

Besides, it  should be noted that the configuration of S dopants
would exert different effects. For instance, Lee et al. adjusted the S
species,  i.e.,  thiophene-like  S  (C-S-C)  and  oxidized  S  (C-SOx)  by
controlling the content of S precursor, dibenzyl disulfide (DBDS)
(Fig. 7(a))  [152].  The  catalyst  dominated  by  C-SOx and  C-S-C  is
denoted  as  FeNC-S-MSUFC-2  and  FeNC-S-MSUFC-4,
respectively.  Interestingly,  FeNC-S-MSUFC-2  outperformed
FeNC-S-MSUFC-4  by  showing  a  more  positive E1/2,  indicating
that  it  is  C-SOx which  could  boost  the  intrinsic  activity  of  Fe-N4
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site  (Fig. 7(a)).  A  contradictory  conclusion  was  achieved  by  Guo
and co-workers [153]. They proposed C-S-C as a promotor for Fe-
N4 site,  which  is  able  to  reduce  electron  localization  around  Fe
atom  and  optimize  the  interaction  between  Fe-N4 site  and  ORR
intermediate. Besides, the distance between Fe-N4 and C-S-C was
considered in  their  study,  revealing  that  the  beneficial  effect  only
occurred  when  the  distance  was  about  7.3  Å  (Fig. 7(b)).  In  line
with this hypothesis, Mu et al. considered that C-S-C shifted the d-
band  center  of  Fe  close  to  the  Fermi  energy  and  benefited  the
oxygen adsorption [154]. Similarly, Wang et al. demonstrated that
the 3d orbital configuration of Co could be optimized by S doping
towards  easier  oxygen  adsorption  [155].  Unlike  the  above-
mentioned  mechanisms,  Xu  et  al.  proposed  that  S  doping  led  to
spatial  repulsion interaction with the ORR intermediates on Mn-
N4 site,  thus  weakening  their  adsorption  and  facilitating  the
desorption  process,  which  enhance  the  stability  of  Mn-N-C-S
catalysts (Fig. 7(c)) [81].

 4.2    Phosphorus doping
Due  to  the  lower  electronegativity  of  phosphorus  (P),  P-doping
can adjust  the electronic structure of  the carrier through electron
donating effect and induce the formation of defect sites. A recent
research  has  proved  that  the  synergistic  effect  between  doped  P
atoms substrates and Fe-Nx sites can effectively promote the ORR
process  [156].  Using  a  sacrificial  template  method,  Zhang  et  al.
prepared P doped Fe-N-C catalyst (Fe-N-C-P/N,P-C) [55], which

exhibited appealing ORR performance with E1/2 of 0.80 V in 0.1 M
HClO4 solution  (Fig. 8(a)).  P  doping  was  believed  to  drive  the
electron  delocalization  and  decrease  the  bad  gap  of  Fe-N4 site,
thereby  weakening  the  free  energy  barrier  of  four-electron  ORR
process.  In  the  study  by  Shao  and  co-workers,  they  investigated
the configurations with P doped into the second shell around Fe-
N4 sites  [157].  The  P-doped  sites  demonstrated  lower  theoretical
overpotentials  of  0.75 V than that  of  pristine Fe-N4 site  (0.77 V).
In  addition,  the  thermodynamic  overpotential  of  Fe-N4 and  P-
doped Fe-N4 was estimated to be 0.34 and 0.32 eV, respectively, in
RDS  (*OH-H2O).  These  results  strongly  confirm  the  promotion
effect of P doping on the ORR activity enhancement. As P is easily
bonded with O, Fe-N4 with a P–O bond was proposed by Yan and
co-workers  [158].  The  incorporation  of  P–O  groups  altered  the
charge  density  distribution  and  electronic  structure  of  Fe  sites,
thus  promoting  the  *OH  desorption  process.  It  should  be  noted
that P–O doped Fe-N4 site was demonstrated more active than the
P-doped  Fe-N4 site.  Above  experimental  and  theoretical  results
confirm P-doping can effectively improve the ORR activity of M-
N4 sites.  However,  the  configuration  P-doping  can’t  be  precisely
controlled  because  the  conventional  synthetic  procedure  involves
high temperature pyrolysis. Therefore, it is difficult to identify the
authentic promotion mechanism via physical characterization. On
this basis, it is urgently desirable to develop new strategies towards
controllable P-doping.

 

Figure 6    (a) The synthesis process of FePc/CNT-R. (b) The ORR performance of FePc/CNT-R [141]. (c) Calculated Fe 3d orbital energy levels of PFePc and PFePc-L
and the electron configurations. (d) Intermolecular hardness (ηDA) between PFePc-L and *OH [142]. (e) Calculated relationship between magnetic moment (μB) and
ΔEads(O2)  of  FeN3O  and  FeN3O-O-Ti.  (f)  Integrated-crystal  orbital  Hamilton  population  (ICOHP)  between  O2 species  and  FeN3O  and  FeN3O-O-Ti.  (g)  The  free
energy  changes  for  ORR  on  FeN3O  and  FeN3O-O-Ti  [143].  (a)  and  (b)  Reproduced  with  permission  from  Ref.  [141],  ©  Wiley-VCH  GmbH  2021.  (c)  and  (d)
Reproduced with permission from Ref. [142], © Wiley-VCH GmbH 2022. (e)–(g) Reproduced with permission from Ref. [143], © Wiley-VCH GmbH 2022.
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 4.3    Fluorine doping
As  the  most  electronegative  element,  Fluorine  (F)  has  been
employed to optimize the ORR activity of metal sites. For instance,
Li  et  al.  reported  F-doped  Fe-N-C  catalysts  using  Fe-zeolitic
imidazolate  framework-8  (Fe-ZIF-8)  and  ammonium  fluoride  as
precursors [159]. In this work, they found F-doping could increase
the content of pyridinic-N and pyrrolic-N, thus facilitating Fe-N4
site  formation.  Besides,  the  doping  of  F  breaks  the  electric
neutrality of carbon support and synergistically promotes the ORR
activity  of  Fe-N4 site.  The  beneficial  effect  of  F-doping  on
promoting the formation of  pyridinic-N and pyrrolic-N was also
evidenced in a report by Ahn and co-workers [160]. In Müllen et
al.’s  work, the effect of F doping was clarified as enlarged surface
area,  increased  active  sites  (higher  content  of  D1  and  D3, Fig.
8(b)),  and strong electron-withdrawing effect  [161].  These  merits
endow the F-doped Fe-N-C catalyst with a 30 mV positive shift in
E1/2 compared  with  the  Fe-N-C.  Theoretical  calculations  reveal
that  F  doping  could  balance  the  *OH  adsorption  on  the  Fe  site
that  it  is  neither  too  strong  nor  too  weak.  More  interestingly,  F-
doped Fe-N-C catalyst showed excellent stability with only 13 mV
loss  in E1/2 after  60,000  cycles  of  accelerated  stress  tests  (ASTs)
(Fig. 8(b)).

Although F-doping has been proven effective to boost the ORR
performance,  there  remain  some  challenges.  First,  the  content  of
the  F  is  relatively  low,  how  to  increase  the  dopant  content  and
investigate its effect on ORR activity is highly desirable. Secondly,
the optimal coordination configuration of F with respect to Fe-N4
site needs to be reasonable designed.

 4.4    Boron doping
The electronegativity of Boron (B) is merely 2.02 less than C (2.55)
and presents an electron-deficient state. So, B-doping is enough to
adjust  the  charge  density  on  the  carbon  plane  and  enhance  the
ORR activity. For instance, Liu et al. doped B into Fe-N-C (Fe-N4-
C-B-900)  catalyst  through  a  high  temperature  pyrolysis  and
confirmed that B-doping positively shift E1/2 by 24 mV compared
with  the  pristine  Fe-N-C  catalyst  [162].  Besides,  Fe-N4-C-B-900
displayed superior stability to the Pt/C benchmark, retaining 93%
of the initial  current after 25 h of operation at 0.65 V. This work

has  proved  that  the  synergistic  effect  between  B  and  Fe-N4 site
could effectively improve ORR activity and stability. In addition to
this,  Hu et  al.  prepared B-doped Fe-N-C catalyst  (Fe-N4-C-B) by
the  impregnation  method  with closo-[B12H12]2−,  1,10-
phenanthroline-iron and ZIF-8 as precursor [163]. The Fe-N4-C-B
catalysts presented lower Tafel slope (85.41 mV·dec−1) than Fe-N4
(141.40  mV·dec−1),  which  demonstrated  that  B-doping  improved
the  ORR  activity  of  Fe-N4 sites  (Fig. 8(c)).  To  uncover  the
mechanism  B-doping,  DFT  calculations  were  conducted.  The
lower  d-band  center  of  Fe-N4-C-B  implied  a  weakened  O2
adsorption  induced  by  B-doping.  Thus,  the  bond  length  of
adsorbed O2 was extended from 1.48 Å (Fe-N4-C) to 2.03 Å (Fe-
N4-C-B), leading to the easier O–O bond breaking. What’s more,
the Fe–O bond was found to increase from 1.884 Å (Fe-N4-C) to
1.925  Å  (Fe-N4-C-B),  resulting  in  decreased  dissociation  energy
barrier  towards  4-electron  ORR  pathway.  Whereas  in  another
study,  B-doping  was  regarded  to  enhance  oxygen  adsorption  on
Fe  site  by  transferring  electron  from  N  to  B  [164].  The  reduced
interaction  between  Fe-3d  and  N-2p  orbital  was  responsible  for
the  enhanced  ORR  performance.  The  doping  level  and
configuration  were  further  investigated  in  a  theoretical  study
[165].  It  was  revealed  that  B-doping  could  lower  the  charge
density of  Mn site,  therefore weakening the adsorption energy of
ORR  intermediates  towards  higher  ORR  activity.  The  optimal
structure, Mn-N4-B4 exhibited high onset potential for ORR (Uonset
= 0.84 V and ΔG*OH = 0.96 eV). Another insight into the effect of
B has been proposed by Ullrich Scherf [166]. Specifically, B atom
was regarded as additional sites for O2 molecule adsorption based
on  DFT  calculations,  which  can  symmetrically  accelerate  ORR
kinetics with Fe-N4 sites.  The B–O bond (2.157 Å) has also been
confirmed to be longer than Fe–O bond in Fe-N4-B2 in Fig. 8(c),
demonstrating that  the first  step of  ORR process should occur at
B@Fe-N4-B2 sites more easily.

 4.5    Other heteroatom doping
In addition to those elements  summarized above,  other  elements
have also been reported for their specific properties. For example,
Zhai  and  coworkers  doped  Se  into  Fe-N-C  catalyst  (Fe1Se1-NC)
for ORR [167]. The ORR performance of Fe1Se1-NC catalysts (E1/2

 

Figure 7    (a)  The  schematic  diagram  of  oxidized  S/thiophene  S  doping  (up)  and  the  ORR  performance  of  FeNC-S-MSUFC-2  (down)  [152].  (b)  The  structure  of
Fe/SNC-7.3 (up) and free energy diagram for the Fe/NC and Fe/SNC systems of U = 1.  23 V [153].  (c) The structure of C–S–C near to Mn-N4 sites (up) and the
stability of Mn-N-C-S catalysts (down) [81]. (a) Reproduced with permission from Ref. [152], © American Chemical Society 2019. (b) Reproduced with permission
from Ref. [153], © Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 2017. (c) Reproduced with permission from Ref. [81], © American Chemical Society 2021.
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= 0.88 V) was better than those of Fe1-NC (E1/2 = 0.84 V) and Se1-
NC catalysts (E1/2 = 0.85 V) (Fig. 8(d)). The synergistic effect could
be  attributed  to  the  following  points.  First,  the  volatilization  of
SeO2 during  pyrolysis  process  would  result  in  the  formation  of
porous  structure  of  Fe1Se1-N-C  catalyst,  which  was  conducive  to
mass  transfer  in  ORR  process.  Second,  Se-doping  increased  the
content  of  low  spin  component  Fe3+ (D3)  of  Fe1Se1-N-C  catalyst,
beneficial  for  enhancing the ORR activity.  Last,  DFT calculations
demonstrated that Se-doping enabled an appropriate Bader charge
and  spin  density,  thus  weakening  the  adsorption  and  facilitating
the four-electron process (Fig. 8(d)). In addition to this, O-doping
was  revealed  to  promote  the  ORR  process  [168].  The  increased
content of mesopores and surface hydrophilicity was proposed to
contribute  to  the  activity  improvement.  Besides,  DFT calculation
demonstrated that O-doping promoted the *OOH formation and
*OH desorption, reducing the energy barrier of the RDS.

 4.6    Multiple heteroatom regulation
Except for the single regulation strategy, regulation of coordinated
atoms and heteroatoms doping simultaneously has been adopted
to regulate ORR properties. For instance, Li and coworkers loaded
single  Fe  sites  on  the  P,  S  co-doped  hollow  carbon  polyhedron
(denoted  as  Fe-SAs/NPS-HC)  successfully  [169].  Such  a
synergistic  effect  between  P/S  and  Fe-N4 sites  endowed  Fe-
SAs/NPS-HC catalysts with better ORR activity (E1/2 = 0.912 V, Jk
= 71.9 mA·cm−2 at 0.85 V) than Pt/C catalysts (E1/2 = 0.840 V, Jk =
4.78 mA·cm−2 at 0.85 V). The DFT calculations revealed that P, S
co-doping could donate electrons to Fe sites, which could weaken
the  binding  strength  with  *OH  towards  higher  intrinsic  ORR
activity.  Besides, a typical representative study was reported by Li
et  al.  in  2018  [170].  In  this  study,  they  combined  Cl  atom  axial
ligand coordination with S doping to boost the ORR performance.
It was found that the long-range interaction of S could lead to the
negative  shift  of  d-band  center  and  narrow  gap  towards  Fermi
level of Fe sites. Besides, the near-range interaction with Cl could
further optimize the O2 binding energy. Thanks to the Cl and S co-
doping,  FeCl1N4 sites  would  become  closer  to  the  apex  of  the
volcano  curve  than  Fe-N4 sites.  Similarly,  S  and  B  co-doping
strategy  was  applied  to  adjust  the  electronic  structure  of  p-block
metal  single  atom  catalysts  towards  higher  selectivity  [171].  In
such a catalyst, S was directly coordinated with central indium (In)

atom, while B was doped into the second coordination shell. They
cooperated well to optimize the charge localization of In center for
a moderate binding energy of ORR intermediates. These exhibited
merits of multiple heteroatoms doping strategy further boost ORR
performance  of  M-N-C  SACs.  Despite  these  achievements,
increasing  efforts  should  be  devoted  to  unveil  more  insights  into
regulatory mechanisms in multiple heteroatom doping.

Heteroatom  doping  could  make  great  contribution  to  the
performance  of  the  catalysts  via  synergy  effect  and  electronic
structure  optimization.  To  precisely  clarify  the  underlying
mechanism  of  the  heteroatomic  doping,  controllable  synthetic
methods  to  regulate  the  doping  degree  and  configuration  are
required.

 5    Defect engineering
As the catalytic performance is co-determined by the properties of
M–Nx sites  and  the  surrounding  carbon  substrate,  defect
engineering  is  considered  as  effective  approach  to  tailor  the
catalytic  performance  of  M-N-C  SACs  [44].  For  instance,  Chen
and  co-workers  synthesized  defective  Fe-N-C  catalyst  with
abundant Fe-N4 sites located at the edge of micropores/mesopores
[52],  and  confirmed  the  extraordinary  intrinsic  activity  of  edge-
type  Fe-N4 site,  compared  with  plane-type  sites.  Following  this
study,  a  variety  of  strategies  have  been  developed  to  selectively
fabricate  defective  Fe-N-C  catalysts.  For  example,  Zhao  et  al.
reported  the  KOH  activation  strategy  to  create  abundant
defects/vacancies  in  carbon  nanospheres  followed  by  anchoring
transition  metal  monomers  onto  the  surface  [172].  Initiated  by
theoretical  prediction,  Chen  et  al.  put  forward  a  self-sacrificed
template method to prepare Fe-N-C catalyst containing abundant
edge-type  Fe-N4 sites  (Fig. 9(a))  [62].  In  their  study,  excessive  Fe
precursor  was  introduced  to  serve  as  sacrificed  template  for  the
preferential  deposition  of  edge-type  sites.  DFT  calculations
revealed  that  more  charge  transfer  from  the  Fe  atom  to  the  N
atom  could  be  observed  at  edge-type  Fe-N4 (1.17e−),  compared
with  plane-type  Fe-N4 (0.97e−).  This  suggested  a  weaker
adsorption strength of ORR intermediate on the edge-type Fe-N4
site.  Gibbs  free  energy  diagram  further  confirmed  that  the
decreased binding strength with *OH contributed to the improved
ORR performance of edge-type Fe-N4 site. In the study of Yao et

 

Figure 8    (a) The ORR performance and structure of P-doping [55]. (b) Different components of Fe species of F-doping and durability tests by cycling the potential of
F-doped  Fe-N-C  in  O2-saturated  0.5  M  H2SO4 [161].  (c)  Tafel  plots  converted  from  LSV  signals  of  Fe-N4-C,  Fe-N4-C-B,  and  Pt/C  (left)  and  optimized  geometry
structure  of  O2 adsorption  for  the  Fe-N4-C-B  (right)  [163].  (d)  The  ORR  performance,  Bader  charge,  and  spin  density  value  of  Fe1Se1-NC  and  Fe1-NC  [167].  (a)
Reproduced with permission from Ref. [55], © American Chemical Society 2021. (b) Reproduced with permission from Ref. [161], © The Royal Society of Chemistry
2022.  (c)  Reproduced  with  permission  from  Ref.  [163],  ©  Science  Press  and  Dalian  Institute  of  Chemical  Physics,  Chinese  Academy  of  Sciences.  Published  by
ELSEVIER B.V. and Science Press 2022. (d) Reproduced with permission from Ref. [167], © Elsevier B.V. 2022.

  Nano Res. 2023, 16(4): 4468–4487 4479
 

 

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



al.,  the defect content can be regulated by controlling the content
of FeCl3 [44]. Increasing the FeCl3 content from 40 to 60 mg could
lead to  the formation of  more defects,  whereas  further  raising its
content to 80 mg, the pore was fused into a large pore and led to
some  degree  of  structural  collapse.  The  electrochemical  tests
showed that the catalyst using 60 mg FeCl3 as precursors (Fe-N4-C-
60)  exhibited  the  highest  ORR  activity,  highlighting  the
importance  of  defect  size  and  content.  In  addition  to  the  above-
mentioned  template  strategy,  other  facial  methods  have  been
exploited  as  well.  For  instance,  Wang  et  al.  reported  a  selective
C–N  bond  cleavage  approach  to  Fe-N-C  catalyst  with  edge-type
Fe-N4 sites, which was accomplished by porosity engineering via a
pyrolysis  process  [173].  In  their  study,  the  crucial  role  of  defect
content and position was investigated by theoretical calculations.

Besides,  Wang  et  al.  engineered  defects  by  the  pyrolysis  of
carboxylate/amide  mixed  with  ligand  zinc  MOF  (DMOF)  [174].
They found a  linear  relationship between ORR performance and
defect  contents.  By  carrying  out  DFT  calculations,  the.
configuration  of  the  defective  site  was  proposed  as  Co-N4-6r-c2
(Fig. 9(b)),  similar  as  the  structure  reported  by  Wang et  al  [173].
This  unique  structure  could  enhance  oxygen  adsorption  on  Co
site  for  a  faster  ORR  kinetic  (Fig. 9(c)).  In  future  research,
methods to raise the defect content and control the configuration
precisely would become the research hot spot.

 6    Synergistic  effects  between  nanoparticles  and
SACs
Although  great  efforts  have  been  made  to  improve  the
performance of the SACs, it is still difficult to meet the demand for
practical  application  due  to  the  unsatisfied  stability  and  activity.
Aiming at promoting the intrinsic activity and extending stability,
the  introduction  of  nanoparticles  (NPs)  has  been  adopted  to
corporate with the M-N4 sites [156, 175–179].  For example,  Feng
and  his  coworkers  incorporated  Co  NPs  into  Fe-N-C  catalyst
(Co@Fe-N-C)  to  tailor  the  properties  of  Fe-N4 sites  [45].  As
expected, the Co@Fe-N-C performed superior ORR performance
(E1/2 =  0.92  V)  to  Fe-N-C  catalyst  (E1/2 =  0.85  V)  (Fig. 10(a)).
Besides,  Co  NPs  were  proven  capable  of  enhancing  the  catalytic
performance  of  Co-N4 sites  as  well.  By  introducing  Co  NPs,  the

Co-N-C  catalyst  developed  by  Yang’s  group  demonstrated  an
impressive  ORR  performance  with E1/2 of  0.778  V  in  acidic
solution [180]. In order to unveil the synergetic effect between Co
NPs  and  Co-N4 sites,  Lu  and  co-workers  employed  DFT
calculations  [181].  Besides,  they  investigated  the  size  effect  of  Co
NPs  by  constructing  two  different  models  (Co-N4@Co12
represents small Co NPs; Co-N4@Co2layer represents large Co NPs,
as shown in Figs. 10(b) and 10(c)). The results confirmed that the
incorporation of Co NPs irrelative with particle size would weaken
oxygen  adsorption  on  Co-N4 site,  with  a  moderate  binding
strength  on  the  Co-N4@Co12 surface.  The  beneficial  effect  of
atomic  clusters  on  M–Nx sites  were  certified  by  Zeng  and  co-
workers  [182].  Four  different  models  including  Fe1@FeSA-N-C,
Fe13@FeSA-N-C,  FeNP@FeSA-N-C,  and  FeSA-N-C  were  built.  In
contrary  to  the  conclusion  of  Co-N-C,  only  atomic  Fe  clusters
improved  the  ORR  activity  of  Fe-N4,  while  large  NPs  decreased
the ORR performance by strengthening the oxygen adsorption on
Fe site  (Figs.  10(d) and 10(e)).  A similar  result  was achieved in a
research  by  Peng’s  group  [183].  The  charge  density  difference
analyses  revealed  small-size  Fe  clusters  could  induce  electron
redistribution around Fe-N4 sites.  The decreased electron density
of  Fe center weakened the adsorption of  *OH. In sharp contrast,
the large-size Fe NPs would denote electron to Fe-N4 site, resulting
in  enhanced  *OH  adsorption.  Apart  from  the  metals,  metal
compounds  (i.e.,  Fe2N  [176],  Fe3C  [184])  were  adopted  to  boost
the  ORR  performance  of  M–Nx sites  through  negatively  shifting
the  d-band center  away  from Fermi  level.  In  a  recent  report,  the
introduction  of  Co  NPs  was  found  able  to  improve  the  catalytic
stability of Co-N-C [185]. The as-designed catalyst (d-CoNP/CoSA-
N-C)  exhibited  excellent  stability  with  a  12  mV  negative  shift  of
E1/2 after  50  K  cycles  (0.6–1.0  V)  in  acidic  solution.  DFT
calculations revealed that the introduction of Co4 to Co-N4 could
enhance  the  OOH  adsorption  and  weaken  the  O–O  bond,
resulting  in  easier  cleavage  of  O–O  bond  than  Co-N4.  Thus,  the
formation of H2O2 could be inhibited for improved stability.  The
promotion  effect  of  NPs  in  activity  and  stability  has  been
demonstrated.  However,  the  electrochemical  stability  of  NPs  in
strong  acidic  condition  should  be  seriously  considered.  Besides,
rational construction of the synergetic structure is still a challenge
and deserves more effort to achieve the ideal performance.

 

Figure 9    (a)  Various  Fe  cluster/Fe-N4 site  configurations  and  the  corresponding  formation  energy  (Ef)  [62].  (b)  The  five  possible  models  of  atomic  Co-N4

configurations with different defective degrees. (c) Free energy diagrams of above models were calculated at U = 0.83 V [174]. (a) Reproduced with permission from
Ref. [62], © Wiley-VCH GmbH 2020. (b) and (c) Reproduced with permission from Ref. [174], © Wiley-VCH GmbH 2021.
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 7    Summary and perspective
Due  to  their  cost  effectiveness,  defined  active  site  structure,  and
tunable  catalytic  performance,  M-N-C SACs  have  been  hailed  as
promising alternatives to the expensive Pt-based catalysts for ORR.
Further improvement in their intrinsic activity is essential to rival
the  state-of-the-art  Pt  benchmarks,  necessitating  the  rational
design of catalyst structure. Since the activity is determined by the
electronic states of the central metal atom, proper regulation of the
microenvironment  surrounding  metal  atoms  is  an  appealing
approach.  This  review  summarizes  the  recent  progress  in  the
microenvironment regulation of M-N-C SACs towards enhanced
ORR  performance  regarding  coordination  environment
regulation,  heteroatom  doping,  defect  engineering,  and  synergic
site  construction.  Combining  the  theoretical  calculations  and
experimental results, we attempt to gain a coherent picture of the
structure–function  relationship  between  the  coordination
structure  and  catalytic  properties.  Despite  significant  progress
made  in  terms  of  mechanism  comprehension  and  performance
improvement,  some  essential  issues  remain  to  be  urgently
addressed.

(1) Most of the synthetic methods reported in the literature are
based  on  high  temperature  pyrolysis.  To  surpass  the  Ostwald
ripening under high temperature, limited metal content is always a
prerequisite  for  the  preparation  of  prepare-N-C  SACs  catalysts,
leading to low active site density. Moreover, the conventional high
temperature annealing strategy would cause uncontrollable active
site  structure,  i.e.,  co-existence  of  pyridinic  N-  and  pyrrolic  N-
coordinated  sites.  Therefore,  innovative  synthetic  strategies  are
urgently  desirable  for  the  preparation  of  high  metal  loading  and
uniform structure M-N-C SACs.

(2)  Stability  is  one  of  the  bottlenecks  for  the  practical
application  of  M-N-C  SACs,  especially  under  harsh
electrochemical  conditions  of  PEMFC.  The  origin  of  the  initial
activity  loss  has  always  been  a  controversial  issue,  with  various
degradation mechanism proposed.  For  instance,  demetallation of
M–Nx sites would not only cause a loss in active site number, but
also  initiate  Fenton  reactions  to  generate  poisoning  oxygen-

containing  free  radicals,  which  in  turn  attacks  the
membrane/ionomers and carbon support. In addition, micropore
flooding would cause the mass transfer issues and demetallation of
M-N-C  SACs  during  practical  fuel  cell.  Thus,  developing
optimized strategies (i.e., strengthening the M–N bond, increasing
graphitic  degree,  and  introducing  radical  scavengers)  to  improve
stability is urgent. What’s more, monitoring the dynamic structure
evolution  during  the  ORR  process  via  advanced in-situ and
operando experiments  is  important  to  elucidate  the  degradation
mechanism, which can provide effective guidance for the rational
regulation of M-N-C SACs.

(3)  The  active  site  structure  is  commonly  identified  by  XAFS
spectroscopy  and  DFT  calculations.  However,  disparity  remains
between  actual  active  site  structure  and  the  modeling  result.  For
example,  simplified  single-layer  graphene  supercell  is  always
employed  for  the  modeling  study,  whereas  the  real  catalyst
consists  of  several  carbon  layers.  Besides,  distinguishing  light
atoms,  i.e.,  O,  N  from  the  XAFS  spectroscopy  is  difficult.  These
disparities  result  in  different  understandings  on  the
structure–activity relationship even based on the similar structure.
Therefore,  more  efforts  need  to  be  directed  towards  the
development  of  more  advanced ex-situ and in-situ
characterization  tools  with  high  resolution  to  probe  the  precise
structure.

(4) The first-gate screening of newly developed ORR catalysts is
commonly  realized  using  a  laboratory  three-electrode  system,
which  is  totally  different  from  the  practical  application
environment.  Most  M-N-C  SACs  perform  well  in  the  three-
electrode  system,  but  fail  in  the  fuel  cells.  How  to  transfer  the
activity of M-N-C SACs to the high-performance electrode in fuel
cells  depends  on  the  rational  electrode  design  from  the
perspectives of optimal three-phase interfaces for mass and charge
transportation.  For  instance,  the  ink  formula,  ionomer  content,
casting  procedure,  hot-pressing  temperature/pressure,  etc.,  are
important  for  expressing  the  activity  in  the  fuel  cells.  Equal
attention should be  paid on the  electrode design and the  catalyst
innovation.

(5)  For  promoting  the  further  development  of  PEMFCs  and

 

Figure 10    (a) LSV curves of Co@Fe-N-C, Fe-N-C, and Co@N-C [45]. (b) Top views (upper panels) and side views (bottom panels) of Co-N4, Co-N4@Co12, and Co-
N4@Co2layers. (c) ORR free energy diagrams for Co-N4, Co-N4@Co12, and Co-N4@Co2layers at U = 0 and 1.23 V [181]. (d) Free energy diagram of ORR for Fe1@FeSA-N-
C, Fe13@FeSA-N-C, FeNP@FeSA-N-C, and FeSA-N-C. (e) Calculated overpotentials  of  the ORR for the Fe1@FeSA-N-C, Fe13@FeSA-N-C, FeNP@FeSA-N-C, and FeSA-N-C
models [182]. (a) Reproduced with permission from Ref. [45], © The Royal Society of Chemistry 2021. (b) and (c) Reproduced with permission from Ref. [181], ©
Wiley-VCH GmbH 2021. (d) and (e) Reproduced with permission from Ref. [182], © American Chemical Society 2019.
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ZABs,  several  factors  relative  to  catalytic  engineering  should  also
be  emphasized.  Firstly,  the  metal  mass  loading  is  of  significant
importance  as  the  high  metal  loading  means  decreased  carbon
content and increased active site density, which would result in a
thinner catalytic layer and better mass transfer efficiency. Besides,
it  was  established  that  the  large  BET  surface  area  of  SACs  is
beneficial  to  anchor  high  density  M–Nx sites.  What’s  more,  the
uniform  dispersion  of  supported  M–Nx sites  means  high-
efficiency  selectivity  of  catalytic  transformations.  Therefore,  it  is
necessary to further optimize the PEMFCs/ZABs performance by
tuning  the  uniform  dispersion  level  of  M–Nx sites.  Last  but  not
least,  hierarchically  porous  structure  can  facilitate  mass  transport
and  ensure  sufficient  active  site  density  simultaneously.  Thus,  to
improve  the  activity  and durability  of  SACs,  more  efforts  should
be devoted to the regulation of catalytic morphological structure.
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