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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   Summarizing modulation strategies of SACs (Single-Atom Catalysts) for 2e– ORR (oxygen reduction reaction).

■   Summarizing the reaction mechanism of 2e- ORR and the recent theoretical advances in SACs' structural design.

■   Identifying research gaps and future prospects of SACs for 2e- ORR.
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The electrocatalytic two-electron oxygen reduction reaction (2e– ORR) is an
effective  method  for  synthesizing  hydrogen  peroxide  under  ambient
temperature  and  pressure,  which  offers  advantages  such  as  operational
safety  and  low  cost.  Single-atom  catalysts  (SACs)  consist  of  individual
metal atoms dispersed on a support, allowing for high structural tunability
and  cost-effectiveness. Notably,  the  unsaturated  coordination  environ-
ments and unique electronic structures of SACs significantly enhance their
catalytic activity,  while  isolated  active  sites  improve  selectivity  for  hydro-
gen  peroxide.  Consequently,  SACs  have  attracted  considerable  research
interest  in  the  field  of  2e– ORR  in  recent  years,  leading  to  significant
advancements. This paper first outlines the mechanisms and pathways of
the  2e– ORR,  as  well  as  the  structural  design  principles  of  SACs.  It  then
summarizes  modulation  strategies  for  SACs,  focusing  on  the  selection  of
metal atoms,  optimization of  the coordination environment,  and modifica-
tion of the support. Furthermore, the paper discusses how these strategies
influence  the  catalytic  activity,  selectivity,  and  stability  of  SACs.  Finally,  it
highlights  the  limitations  of  SACs  in  2e– ORR research,  including  inade-
quate catalytic  performance,  insufficient  mechanistic  studies,  and  chal-
lenges in synthesis, while proposing potential solutions and future research
directions.
 

INTRODUCTION
Hydrogen peroxide ranks among the world’s top 100 most critical  chemi-

cals. Its widespread applications—including chemical synthesis, environmen-
tal remediation, and energy conversion—stem from three key characteristics:
strong  oxidizing  capacity,  environmental  compatibility,  and  non-corrosive
properties.1-3 In recent years, a surge in demand from industries and health-
care  sectors  has  significantly  expanded  both  the  application  scope  and
consumption of  hydrogen  peroxide.  In  2022,  global  market  sales  for  hydro-
gen peroxide reached approximately 3.9 billion U.S. dollars. Market forecasts
indicate that by 2029, this figure is expected to rise to 5.26 billion U.S. dollars,
highlighting the indispensable role hydrogen peroxide plays in contemporary
industry and everyday life.4

The substantial demand for hydrogen peroxide imposes stringent require-
ments  on  its  production  methods.  Currently,  the  anthraquinone  process
accounts  for  over  95%  of  global  hydrogen  peroxide  production.5,6 Although
offering  established  advantages—including  technological  maturity,  high
automation  levels,  and  precise  concentration  control—this  method  presents
critical limitations. Specifically, the anthraquinone process is characterized by
significant energy consumption and operational complexity.7,8 Additionally, its
centralized  industrial  production  mode  necessitates  long-distance trans-
portation  of  highly  concentrated  hydrogen  peroxide  (up  to  70  wt%),  which
increases both  the  risk  of  explosion  and  the  costs  associated  with  trans-
portation and storage.  These high costs and safety risks ultimately limit  the
broader application of this production method.

To overcome the limitations of the anthraquinone process and meet indus-
trial  demand,  researchers  have  developed  alternative  hydrogen  peroxide
synthesis  methods,  such  as  direct  synthesis  from  hydrogen  and  oxygen,9,10

photocatalytic  oxygen  reduction,11-14 and  electrocatalytic  oxygen
reduction.15,16 Among  these  methods,  direct  hydrogen-oxygen  synthesis  is
particularly attractive because of its high reaction selectivity (>95%), environ-
mentally  friendly  nature  (avoiding  harmful  byproducts),  and  single-step

streamlined workflow.  However,  this  method  also  presents  several  chal-
lenges: high explosion risk when hydrogen and oxygen are mixed, high costs
and  recovery  difficulties  associated  with  precious  metal  catalysts,  and  low
overall  reaction  efficiency.  These  factors  significantly  hinder  its  widespread
industrial  application.  In  contrast,  the  photocatalytic  oxygen  reduction
method offers  notable  benefits  in  terms of  environmental  sustainability  and
safety.  However,  it  still  faces  challenges  related  to  efficiency,  stability,  and
reaction selectivity that need to be addressed for broader adoption.

The  two-electron  oxygen  reduction  reaction  (2e– ORR)  is  a  cathodic
process  converting  oxygen  to  hydrogen  peroxide  (H2O2)  in  electrolytic  cells.
Its reaction mechanism follows: O2 + 2H+ + 2e– → H2O2. This electrochemical
pathway is alternatively termed the oxygen cathodic reduction reaction. This
reaction  provides  an  effective  method  for  ambient-condition  synthesis  of
hydrogen  peroxide  (room  temperature,  atmospheric  pressure).  The
distributed production mode enabled by this approach mitigates risks linked
to  storage  and  transportation,  thereby  substantially  lowering  operational
costs.  Additionally,  this  method  is  operationally  safe  and  yields  high-purity
hydrogen  peroxide,  making  it  a  promising  alternative  to  the  traditional
anthraquinone process.17

Despite its advantages, certain limitations hinder the broader application of
the  2e– ORR.  Firstly,  it  faces  strong  competition  from  the  four-electron
oxygen reduction reaction (4e– ORR), represented by the reaction: O2 + 4H+ +
4e– → 2H2O,  which  produces  water  as  the  main  product.  The  equilibrium
electrode  potential  of  the  4e– ORR  is  1.23  V  vs.  RHE  at  pH  0,  substantially
higher  than  that  of  the  2e– ORR (0.68  V  vs.  RHE  at  pH  0).  This  thermody-
namic preference for the 4e– ORR over the 2e–pathway consequently leads to
diminished H2O2 selectivity. Secondly, from a kinetic perspective, the 2e– ORR
has a higher energy barrier compared to the 4e– ORR, leading to slower reac-
tion kinetics, which further limits its efficiency in practical applications. 6,18

To  address  the  aforementioned  challenges,  developing  catalysts  that
effectively enhance  both  reaction  activity  and  selectivity  is  crucial.  Specifi-
cally, achieving high catalytic activity requires catalysts that can significantly
reduce  the  high  energy  barriers  associated  with  the  2e– ORR, thereby  opti-
mizing reaction kinetics. On the other hand, to achieve high product selectiv-
ity,  catalysts  must  adsorb  oxygen  and  intermediates  with  the  right  modes
and moderate strengths to favor the desired pathway over competing reac-
tions.  Furthermore,  an  ideal  2e– ORR  catalyst  should  exhibit  extremely  low
activity for the hydrogen peroxide reduction reaction (H2O2RR), ensuring that
the produced hydrogen peroxide remains stable over time. This dual focus on
enhancing activity  while  maintaining  selectivity  is  essential  for  the  develop-
ment of efficient catalysts for the 2e– ORR.19,20

To  date,  extensively  studied  2e– ORR  catalysts  include  carbon-based
materials,21-25 noble  metals,26-28 non-noble  metals29-31 and single  atom  cata-
lysts (SACs) 32-36.  Carbon-based materials offer several  advantages,  such as
abundant  availability,  low  cost,  structural  tunability,  and  a  low  tendency  to
decompose  hydrogen  peroxide.  However,  their  inherent  catalytic  activity  is
relatively  limited,  and  they  often  exhibit  poor  stability  under  acidic
conditions.37 In  contrast,  noble  metal-based  catalysts  demonstrate  superior
intrinsic  catalytic  activity  and  product  selectivity.  Nevertheless,  their  limited
availability and high cost hinder widespread application.38,39 Non-noble metal
materials  present  tunable  and  versatile  structures,  abundant  resources,  and
cost-effectiveness,  positioning  them  favorably  for  future  advancements.
However, their catalytic activity, product selectivity, and stability do not match

REVIEW    

2  　　　The Innovation Materials 3(3): 100141, August 27, 2025 www.the-innovation.org/materials

mailto:lin@jlu.edu.cn
mailto:lin@jlu.edu.cn
https://doi.org/10.59717/j.xinn-mater.2025.100141
https://doi.org/10.59717/j.xinn-mater.2025.100141
https://doi.org/10.59717/j.xinn-mater.2025.100141
https://creativecommons.org/licenses/by/4.0/
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials


those of noble metal catalysts, resulting in a gap in fulfilling the demands of
practical applications. Addressing these limitations is essential for enhancing
the overall viability of non-noble metal catalysts in 2e– ORR processes.38

The  limitations  of  conventional  catalysts  have  driven  the  development  of
SACs. Previous experimental and theoretical studies suggest that continuous
active  sites  on  metal  surfaces  tend  to  favor  side-on  adsorption  of  O2

molecules.40-42 This  finding  indicates  that  merely  increasing  the  density  of
active sites does not guarantee enhanced catalytic performance and may, in
fact,  reduce  selectivity  for  H2O2. The  research  by  Rossmeisl  et  al.  demon-
strated that changing the arrangement of surface metal atoms from continu-
ous to isolated sites can significantly enhance product selectivity.43 This find-
ing underscores the potential  of tuning the density and distribution of active
sites to  develop SACs with  isolated active  sites  for  hydrogen peroxide  elec-
trosynthesis.

SACs  serve  as  an  ideal  platform  for  the  2e– ORR,  owing  to  the  unique
geometric  confinement  and  electronic  regulation  capabilities  of  isolated
metal  sites.  These  features  promote  end-on  O2 adsorption,  suppress  O–O
bond  cleavage,  and  lower  the  reaction  energy  barrier,  thereby  steering  the
reaction toward the 2e– pathway.32-36 They combine the advantages of  both
homogeneous  and  heterogeneous  catalysts,  with  benefits  including  but  not
limited  to  the  following  aspects:  (1)  Superior  catalytic  performance:  The
uniform  distribution  of  active  sites,  unsaturated  coordination  environments,
and unique  electronic  structures  contribute  to  high  catalytic  activity.  Addi-
tionally,  the  isolated  sites  on  SACs  tend  to  adsorb  O2 and *OOH  intermedi-
ates  in  an  end-on  configuration,  which  enhances  product  selectivity.  (2)
Structural  tunability:  The  strong  interactions  between  metal  atoms  and  the
support  allow  for  the  modulation  of  these  interactions,  leading  to  further
enhancements  in  catalytic  activity,  product  selectivity,  and stability.  (3)  Cost
efficiency:  SACs  significantly  reduce  overall  catalyst  costs  by  minimizing
metal  usage  and  improving  atomic  utilization  efficiency.  Recent  researches
have  extensively  studied  various  SACs  based  on  noble  and  transition
metals,33-36 confirming their advantages in the 2e– ORR through both theoret-
ical  and  experimental  approaches.  Current  research  efforts  are  focused  on
enhancing  catalytic  performance,  exploring  novel  synthesis  methods,  and
uncovering  the  underlying  catalytic  mechanisms.  Additionally,  scaling  up
production  and  reducing  costs  are  key  goals  to  enhance  the  feasibility  of
SACs for industrial applications.

To  advance  the  performance  of  SACs  to  the  high  standards  required  for
industrial  production—specifically in  terms  of  activity,  selectivity,  and  stabil-
ity—researchers have  implemented  various  strategies  and  achieved  signifi-
cant progress. Although previous reviews have outlined the progress of SACs
in the 2e– ORR field,19,20,44-51 they often focus on specific aspects or individual
strategies,  lacking  a  comprehensive  discussion  on  structural  regulation
mechanisms. Specifically, there is a notable absence of in-depth analysis on
how  different  strategies  impact  the  structure-performance  relationship.  To
bridge  this  gap,  this  paper  offers  an  in-depth  review of  structural  regulation
strategies  for  SACs.  It  begins  by  elucidating  the  reaction  mechanisms  and
pathways  for  the  2e– ORR,  followed  by  a  summary  of  the  latest  theoretical
advancements in the structural design of SACs. The core focus of the review
is on structural regulation strategies, including the selection of metal atoms,
optimization of  coordination structures,  and modification of  support  materi-
als.  It  examines  how  these  strategies  influence  catalytic  performance,
explores their advantages, challenges, and potential applications. Additionally,
it identifies the existing gaps in SACs research for the 2e– ORR and proposes
potential directions for future investigation. 

REACTION MECHANISM OF THE 2e– ORR 

Reaction steps and mechanisms
The 2e– ORR involves a two-step proton-coupled electron transfer process.

The specific  sequence is  as  follows:  First,  an  O2 molecule  adsorbs onto  the
catalyst surface, where it combines with one proton and one electron to form
the *OOH intermediate. This intermediate then accepts another electron and
proton, producing either H2O2 or HO2

–, which is eventually desorbed from the
catalyst  surface.  Below  are  the  reaction  equations  for  acidic,  alkaline,  and
neutral conditions, respectively.8,52

In acidic electrolytes： 

*+O2+H+
+e− = *OOH (1)

 

*OOH+H+
+e− = H2O2+ * (2)

In alkaline electrolytes： 

*+O2+H2O+e− = *OOH+OH− (3)
 

*OOH+e− = HO−
2 + * (4)

In neutral electrolytes： 

∗+O2+e− → *O−
2 (5)

 

*O−
2 +H2O→∗OOH+OH− (6)

 

*OOH+e− →∗+HO−
2 (7)

 

HO−
2 +H+(from H2O)→ H2O2 (8)

 

Key factors of the reaction pathway
Since the 4e– ORR has a higher equilibrium electrode potential (1.23 V vs.

RHE, pH = 0) compared to the 2e– ORR (0.68 V vs. RHE, pH = 0),53 it is ther-
modynamically  more  favorable.6,8,18 Therefore,  to  achieve  efficient  H2O2

production,  catalysts  must  exhibit  high  selectivity  toward  the  2e– ORR  to
suppress the competing 4e– ORR pathway. The adsorption modes of O2 are
critical factors determining the selectivity. As shown in Figure 1A, the adsorp-
tion  modes of  oxygen on  the  catalyst  include  two types:  end-on adsorption
(Pauling mode) and side-on adsorption (Yeager mode and Griffiths mode). In
the Pauling mode, O2 is adsorbed onto the active site in an end-on configura-
tion,  which  helps  maintain  the  integrity  of  the  O-O  bond.  Subsequently,  O2

gains  a  proton  and  an  electron  to  form  the  *OOH  intermediate,  ultimately
leading  to  the  generation  of  H2O2 or  HO2

–,  thus  facilitating  the  2e– ORR,  as
illustrated in Figure  1B.  In  contrast,  in  the  Yeager  and Griffiths  modes,  O2 is
adsorbed  in  a  side-on  configuration,  which  tends  to  activate  the  O-O  bond,
promoting the dissociation of *OOH to form *O, and ultimately leading to the
4e– ORR. Side-on adsorbed O2 can react through two pathways: one involves
direct  O‒O  bond  cleavage  after  adsorption,  generating  *O,  which  then
combines  with  protons  and  electrons  to  form  water;  the  other  involves  the
formation of  the *OOH intermediate first,  followed by O‒O bond cleavage to
form *O and *OH, which subsequently combine with protons and electrons to
produce water, as shown in Figure 1C. Therefore, the adsorption mode of the
oxygen  molecule  significantly  influences  the  reaction  pathway  of  the  ORR.
The distribution of  active sites on the catalyst  surface is  a key factor  deter-
mining  the  adsorption  mode.  Isolated  active  sites  favor  end-on  adsorption,
while adjacent active sites tend to favor side-on adsorption.

Additionally, the selectivity of the 2e– ORR is closely related to the catalyst's
ability  to  adsorb  the  *OOH  intermediate.  If  the  adsorption  is  too  weak
(ΔG(*OOH)  <  4.0  eV),  it  becomes  difficult  to  bind  and  activate  O2;  if  the
adsorption is too strong (ΔG(*OOH) > 4.5 eV), it leads to O‒O bond cleavage.
Only a moderate binding energy (ΔG(*OOH) ≈ 4.2 eV) is conducive to the 2e–

ORR.51

Furthermore,  according  to  the  Sabatier  principle,  the  linear  relationship
between the adsorption of different intermediates on the catalyst also limits
the reaction selectivity.54 The 2e– ORR involves the *OOH intermediate, while
the 4e– ORR involves intermediates such as *OOH, *O, and *OH. The adsorp-
tion  linear  relationship  indicates  that  while  strengthening  *OOH  adsorption
enhances  2e– ORR  activity,  it  concurrently  intensifies  O  and  OH  adsorption,
thereby promoting H2O formation and compromising selectivity.

In  summary,  to  promote  the  occurrence  of  the  2e– ORR,  a  catalyst  with
both  high  selectivity  and  high  activity  is  required.  For  high  selectivity,  the
catalyst should adsorb oxygen in an appropriate mode. End-on adsorption is
more  favorable  than  side-on  adsorption  for  maintaining  the  integrity  of  the
O‒O bond. Moreover, the catalyst should have a moderate adsorption energy
for  the  *OOH  intermediate,  facilitating  both  adsorption  and  desorption.  An
ideal  catalyst  should  be  able  to  break  the  linear  relationship  of  intermediate
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adsorption  to  achieve  the  highest  selectivity.  For  high  activity,  the  catalyst
should be designed to lower the reaction energy barrier, thereby accelerating
the reaction kinetics. 

Catalytic mechanism of SACs
Among  various  catalysts,  SACs  have  emerged  as  ideal  candidates  for

promoting the 2e– ORR due to their unique structural advantages, particularly
the  presence  of  isolated  active  sites  that  favor  the  end-on adsorption  of  O2

molecules.  Additionally,  SACs  possess  a  complex  and  tunable  electronic
structure, which facilitates the enhancement of adsorption of different inter-
mediates  and  breaks  the  linear  relationship  of  adsorption.  The  reaction
process  begins  with  O2 adsorption  on  the  active  site  in  an  end-on  mode,
where it combines with one electron and one proton to form the *OOH inter-
mediate,  as depicted in reactions (9) and (10) under acidic conditions. From
this point, two reaction pathways are possible: (1) The O‒O bond in *OOH is
cleaved,  allowing further combination with an electron and a proton to form
H2O (reaction equation (11)); or (2) the *OOH intermediate reacts with another
electron and proton, producing H2O2 (reaction equation (12)). The efficiency of
these reactions is highly dependent on the adsorption strength at the active
site. Too strong adsorption facilitates the cleavage of the O-O bond in *OOH,
driving the reaction toward H2O formation, while too weak adsorption hinders
O2 adsorption,  reducing  overall  catalytic  efficiency.  Thus,  only  moderate
adsorption strength ensures that O2 adsorbs efficiently while maintaining the
integrity of the O‒O bond to favor the 2e– ORR.48 From a kinetic perspective,
an ideal catalyst exhibits moderate binding energy for the *OOH intermediate,

which  results  in  lower  energy  barriers  for  O2

adsorption  and  *OOH  desorption,  while  raising
the barrier for the dissociation of *OOH into *O
and  *OH.  These  characteristics  enhance  the
2e– ORR  pathway  while  suppressing  the
competing 4e– ORR. 55 The binding energy and
reaction  barriers  are  determined  primarily  by
the  electronic  structure  of  the  active  sites,
making the rational design and optimization of
these  sites  critical  for  improving  catalytic
performance. 

O2+ *=*O2 (9)
 

*O2+H+
+e− = *OOH (10)

 

*OOH+H+
+e− = *O+H2O (11)

 

*OOH+H+
+e− = *+H2O2 (12)

 

CLASSIFICATION OF SACs
SACs  for  the  2e– ORR are  primarily  catego-

rized  into  two  groups:  noble  metal-based  and
non-noble  metal-based  SACs,  as  shown  in
Figure 2. 

Noble metal-based SACs
In recent years,  noble metal-based catalysts

(e.g.,  Pt,  Pd,  and  Au)  have  emerged  as  a
research hotspot for the 2e– ORR process.28,56-58

Compared  to  non-noble  metal  alternatives,
these  materials  exhibit  superior  intrinsic
catalytic  activity.  This  enhanced  performance

primarily  arises  from  their  unique  d-band electronic  structure,  which  facili-
tates efficient charge transfer and accelerates reaction kinetics. Furthermore,
their  inherent  advantages—including  high-temperature  stability,  oxidation
resistance,  and  corrosion  durability—make  them  particularly  attractive  for
electrochemical applications.59 However, the intrinsically high catalytic activ-
ity  of  noble  metals  favors  the  4e– pathway,  while  dispersing them as single
atoms  can  effectively  moderate  their  reactivity,  thereby  optimizing  their
performance for selective 2e– ORR. Currently,  the most widely studied noble
metal-based SACs predominantly feature Pt56,60-63 and Pd,27,28,57,58,64 which are
typically  anchored  on  substrates  such  as  inert  metals26,27,60,64 carbon-based
materials,61,62 and metal compounds.63

The use of inert metals (such as Au, Hg, and Ti)27,60,64 enables the efficient
dispersion of  active  noble  metals  (such as  Pt  and Pd),  thereby constructing
SACs.  Density  functional  theory  (DFT)  calculations  indicate  that  on  the
surfaces  of  these  noble  metal  SACs,  the  energy  barrier  required  for  the
decomposition  of  *OOH  into  *O  and  *OH  is  relatively  high,  effectively
suppressing  the  4e– ORR  pathway.  For  example,  Jirkovský  et  al.  prepared
Au–Pd  SACs,  and  both  theoretical  calculations  and  experimental  tests
demonstrated  that  Au-coated  Pd  SACs  with  8%  molar  Pd  concentration
significantly  enhanced  the  selectivity  for  H2O2 production,  reaching  nearly
95%.27 This  is  attributed  to  the  isolated  active  sites  promoting  end-on
adsorption  of  O2,  thereby  avoiding  O‒O  bond  cleavage  and  the  subsequent
4e– ORR process.

Meanwhile, carbon-based supports have also become a popular substrate
material  for  constructing noble metal  single-atom catalysts due to their  low

 

Figure 1.  The  oxygen  adsorption  modes  at  the
active  sites  and  the  ORR  reaction  pathways (A)
Two  modes  of  oxygen  adsorption  on  metal  active
sites;  (B)  and  (C)  ORR  process  via  two- and  four-
electron pathways in acidic media.
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cost,  excellent  conductivity,  high  stability,  and  abundant  defect  sites.  For
instance,  Zhao  et  al.  synthesized  a  series  of  carbon-based  Pt  single-atom
catalysts and systematically investigated the influence of the local coordina-
tion environment on the ORR pathway.61 The study found that modifying the
coordination  environment  of  Pt  from  Pt-C  to  Pt-N-C  and  Pt-S-C  promoted
the  occurrence  of  2e– ORR,  increasing  the  selectivity  for  hydrogen  peroxide
from 23.3% to 81.4%.

Anchoring noble metal atoms on metal compound substrates and modu-
lating  the  electronic  structure  of  the  noble  metals  by  precisely  tuning  the
composition and  structure  of  these  substrates  has  become  another  impor-
tant  research focus.  Yang et  al.  compared the  regulatory  effects  of  TiC and
TiN  as  substrates  on  the  performance  of  Pt  single-atom  catalysts.63 Both
experimental  results and DFT calculations demonstrated that Pt1/TiC exhib-
ited  exothermic  processes in  all  reaction  steps,  along with  higher  selectivity
for the 2e– ORR pathway. In contrast, TiN tended to induce O‒O bond cleav-
age due to its  strong interaction with oxygen-containing species.  This high-
lights the importance of selecting appropriate substrates for developing effi-
cient  noble  metal-based  single-atom catalysts  to  achieve  targeted  electro-
chemical reactions.

Although noble  metal-based SACs demonstrate  high intrinsic  activity  and
tunable selectivity toward the 2e– ORR pathway via coordination engineering,
their  practical  deployment  faces  significant  barriers  due  to  the  high  cost  of
noble  metals,  complex  preparation  processes,  and  environmental  impacts
associated with their extraction.48
 

Non-noble metal-based SACs
Compared  to  precious  metal  materials,  non-noble  metal  materials  are

highly  favored  due  to  their  abundance  and  low  cost.  Moreover,  their  SACs
exhibit  excellent  tunability  in  composition  and  structure,  making  them  as  a
highly  promising  option  among  materials  for  2e– ORR  electrocatalysts.48

Currently,  non-noble  metal  SACs  in  the  field  of  2e– ORR  primarily  include
transition metal-based SACs,65-82 poor metal-based SACs (such as Pb-N-C83

and Bi-N-C84),  and metalloid-based SACs (such as Sb-N-C85).  Among these,
transition metal systems are the primary focus of research.

Among  the  various  transition  metals,  SACs
based  on  Co,65-77 Fe,78 Mn,79 Ni,80,81 and  Cu82

have  been  extensively  explored.  Notably,  Co-
based SACs have garnered the most attention.
Both  theoretical  calculations  and  experimental
studies  have  demonstrated  that  Co  single
atoms exhibit outstanding 2e– ORR activity and
selectivity under  specific  coordination  environ-
ments.65-69 Reported  Co-based  catalysts
encompass  a  wide  range  of  coordination
configurations  and  support  types,  including
single-atom systems (such as Co-N-C,66 CoSA-
N-CNTs,70 Co-N5C,71 Co  HSACs,72 and  Co-N2-
C/HO73) and dual-atom systems (such as Co2-
DAC,74 CoIn-N-C,75 CoZnSA@CNTs,76 and Cox-Ni
MAC77).  These  studies  provide  a  wealth  of
structural  design  paradigms for  optimizing  the
performance of Co-based catalysts.

Additionally,  metals  such  as  Mo,79 W,86 and
V,87 as well as metalloid- and poor metal-based
catalysts, are gradually gaining research atten-
tion.  For  example,  Yan  et  al.  successfully
synthesized  a  high-density  antimony  single-
atom catalyst (Sb-NSCF) supported on N,S-co-

doped  carbon  nanofibers  using  nanostructured  Sb2S3 as  a  template.85 This
catalyst demonstrated high selectivity of 97.2% and exceptional mass activ-
ity of 114.9 A g−1 at 0.65 V in alkaline media. DFT calculations further revealed
that  the  synergistic  effect  of  the  coordination  configuration  and  S  doping
significantly enhanced the 2e– ORR catalytic performance of the Sb-N4 sites.

In  summary,  non-noble  metal-based  SACs  have  become  a  research
hotspot in the field of 2e– ORR due to their wide availability, low cost, environ-
mental  friendliness,  and  flexible  structural  design.  However,  compared  to
noble  metals,  non-noble  metals  generally  exhibit  lower  intrinsic  catalytic
activity, often requiring precise structural modulation or ligand modification to
enhance  their  performance.  Moreover,  under  practical  reaction  conditions,
non-noble  metal  single  atoms are  prone to  aggregation or  leaching,  leading
to  reduced  catalytic  activity  and  compromised  stability,  which  limits  their
further application to some extent.48

To  comprehensively  evaluate  the  catalytic  performance  of  noble  metal-
based  and  non-noble  metal-based  SACs,  we  systematically  scored  and
compared multiple key metrics and visualized their overall performance using
radar charts (as shown in Figures 2B-C). This provides an intuitive represen-
tation of their comparative advantages and limitations. 

PROGRESS IN THEORETICAL RESEARCH ON SACS FOR THE 2e- ORR
Previous  research  has  shown  that  isolated  metal  atoms  are  typically  the

active  sites  of  SACs.88 Therefore,  selecting  appropriate  metal  atoms  is  the
most direct and effective approach to modulating the intrinsic catalytic activ-
ity of SACs. Additionally, the coordination structure of SACs can significantly
influence their  catalytic  performance.8 Thus, the rational  design and screen-
ing  of  metal  atoms  and  their  coordination  structures  are  key  to  achieving
superior performance.  Besides  experimental  methods,  theoretical  calcula-
tions  can  predict  and  screen  suitable  SACs  structures,  significantly  saving
researchers  time  and  effort  while  providing  clear  guidance  for  subsequent
experimental studies. To date, various theoretical calculation methods based
on  DFT  and  molecular  dynamics  have  been  successfully  developed  and
applied  to  model  SACs.  These  methods  enable  the  prediction  of  reaction
pathways,  rate-determining steps,  and  other  mechanistic  details  in  electro-
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Figure 2.  Types  of  SACs  studied  for  2e– ORR  and
performance  comparison  of  noble  vs.  non-noble
metal  SACs  via  radar  chart  analysis (A)  Types  of
SACs  studied  for  2e– ORR;  (B)  Radar  Chart  for
Performance  Comparison  of  Noble  metal-based
SACs; (C) Radar Chart for Performance Comparison
of Non-noble metal-based SACs.
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chemical reactions.89

The  adsorption  energy  of  reaction  intermediates  on  catalysts  is  a  crucial
determinant  of  reaction  kinetics  and  pathways.  In  theoretical  calculations,
descriptors  such  as  ΔG*OOH and  ΔG*OH assess  the  feasibility  of  reactions,
facilitating  the  screening  of  suitable  catalysts.  Yang  et  al.  illustrated  this
concept using a volcano plot, with ΔG*OOH values of various metals plotted on
the horizontal axis and the thermodynamic limiting potential (UL) on the verti-
cal axis (as shown in Figure 3A).8 This plot predicts catalytic activity for both
the 2e– ORR and 4e– ORR.

As  shown in Figure  3A,  the  green  line  represents  the  volcano  plot  for  the
2e– ORR.On  the  left  side  of  the  peak,  smaller  ΔG*OOH values  indicate  strong
binding of *OOH, which promotes O-O bond cleavage, favoring the 4e– ORR.

In contrast, larger ΔG*OOH values on the right side suggest weaker *OOH bind-
ing, implying a slow protonation of O2 molecules in the initial  step and lead-
ing  to  low  catalytic  activity.  Catalysts  positioned  at  the  peak  of  the  volcano
curve  exhibit  moderate  OOH  binding  energies  and  thermodynamic  limiting
potentials  (~4.22  eV).  These  characteristics  facilitate  both  OOH  adsorption
and desorption, rendering such catalysts optimal for the 2e– ORR pathway.

Experimental  studies  have  confirmed  that  catalysts  near  the  peak  of  the
volcano  plot,  such  as  Pd-Hg  SACs,83 show  exceptional  performance  due  to
their moderate  affinity  for  *OOH.  These  findings  validate  theoretical  predic-
tions and provide clear guidelines for selecting suitable metal atoms. Gao et
al.  demonstrated through DFT calculations that  the binding energy of  *OOH
generally correlates with the number of valence electrons at the metal center

 

Figure 3.  Theoretical  research of  different types of  SACs for 2e– ORR: volcano plots,  adsorption trends,  and performance evaluation (A) Sabatier  volcano plots for  electro-
chemical oxygen reduction for closely packed pure metal slabs (in blue) and M-N/C structures (in red) obtained from DFT calculations. The limiting potential is plotted as a func-
tion of ΔG*OOH.  The green line represents 2-electron reduction, and the black line represents 4-electron reduction. M-N/C catalysts lying to the right of the horizontal red band
bind *O sufficiently weak to thermodynamically favor the 2-electron pathway to H2O2; pure metal catalysts lying to the right of the horizontal blue band bind *O sufficiently weak
to thermodynamically favor the 2-electron pathway to H2O2. These boundaries are shown as bands rather than lines to represent the inherent uncertainty in the model; (B) Exper-
iment versus theory for pure metals and metal alloys. The solid line shows the limiting potential from DFT also shown in (A). Circles represent the potential required to reach a
kinetic current of 1 mA/cm2 on polycrystalline electrodes; (C) Adsorption trend for selected metal slabs and M-N/C catalysts (original data). Reprinted with permission.8 Copy-
right 2018 American Chemical  Society;  (D)  Schematic illustration of  the reactions and the equilibrium potentials during the O2 electroreduction;  (E)  Computed UL values of  31
SACs in comparison with the PtHg4 benchmark (UL = 0.46 V); (F) Volcano relation between UL and ΔG(OOH*) for SACs. (G) Variations of activity versus selectivity for SACs. The
PtHg4(110)  was  selected  as  a  benchmark  for  comparison;  (H)  Variations  of  ΔG(O*)  and  ΔG(OOH*)  on  the  31  studied  SACs.  Corrections  of −0.02  and  0.17  eV  were  added  to
convert the electronic potential into Gibbs free energy for O* and OOH*, respectively; (I) Feature importance of the random forest model for ΔG(O*). Reprinted with permission.42

Copyright 2019 American Chemical Society.
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in SACs.90 They found a gradual increase in binding strength as the number of
valence  electrons  increased  from  Mn  to  Fe,  Co,  Ni,  and  finally  Cu.  Their
conclusion  indicates  that  binding  energies  that  are  either  too  strong  or  too
weak hinder the preservation and desorption of *OOH, while moderate bind-
ing energy results in superior catalytic performance.  Among the SACs stud-
ied,  Co  SACs  exhibited  the  most  optimal  binding  energy  and  the  highest
catalytic activity for the 2e– ORR.

Furthermore, Federico  and  coworkers  explored  metalloporphyrin  struc-
tures with various metal atoms (Cr, Mn, Fe, Co, Ni, Cu) and ring ligands (H, F,
OH,  NH2,  CH3,  BH2).91 They  discovered  that  strategic  selection  of  these
components can disrupt  the linear  correlation between the binding energies
of *OH and *OOH intermediates, enhancing product selectivity in the 2e– ORR.
These studies underscore the importance of metal atom selection and coor-
dination structure  optimization  in  SACs  for  improving  intermediate  adsorp-
tion  and  enhancing  catalytic  performance.  Collectively,  these  theoretical
calculations  deepen  our  understanding  of  structure-performance relation-
ships  in  SACs  and  expand  our  knowledge  of  reaction  thermodynamics  and
kinetics in the 2e– ORR, providing vital theoretical support for catalyst design
and optimization.

Recently, Guo and colleagues constructed 210 representative single-atom
structures  to  identify  the  most  suitable  candidates  for  the  2e– ORR,  as
depicted  in Figures  3D-I.42 They  employed  a  three-step  screening  process
based  on  specific  criteria  related  to  thermodynamic  and  electrochemical
stability. In the first step, they required the formation energy (Ef) of the SACs
to be negative (Ef < 0) and the dissolution potential (Udiss) to be positive (Udiss >
0), which narrowed their selection down to 149 single-atom structures.

In the second step, the researchers focused on product selectivity,  further
reducing the pool to 31 metal coordination structures. They aimed to ensure
that  the  thermodynamic  barrier  for  H2O2 formation  was  lower  than  that  for
the  hydrogenation  of  OOH*  to  O*  and  H2O.  They  identified  two  key  factors
influencing product selectivity: the number of d-electrons in the central metal
atom  and  its  coordination  environment.  Their  findings  revealed  that  an
increase in the number of d-electrons in the central metal weakened the M-O
interaction and raised ΔG(*O), which facilitates the 2e– ORR process.

Furthermore,  they  discovered that  M-N4 coordination  structures—such as
M@Pc-N4,  M@Pr-N4,  M@Py-N4,  and M@g-N4—exhibited weaker *O adsorp-
tion  compared  to  M-C3,  M-C4,  and  M-N3 configurations.  This  characteristic
further promotes the efficiency of the 2e– ORR. In the final screening step, the
authors  evaluated  catalytic  activity  using  thermodynamic  and  kinetic
descriptors. They created a volcano plot to illustrate the relationship between
ΔG*OOH and the limiting potential  (UL),  along with a scatter  plot  to  depict  the
correlation between activity and selectivity.

Ultimately,  they  identified  seven  optimal  metal  single-atom  structures:
Ni@g-N4,  Zn@Pc-N4,  Ag@Pc-N4,  Ni@Py-N4,  Zn@Py-N4,  Au@Py-N4,  and
Au@Pr-N4.  The study further  demonstrated that  the  coordination structures
modulate  the  electronic  structure  of  the  central  metal  atom,  consequently
affecting  the  adsorption  energies  of  intermediates,  the  rate-determining
steps, and the limiting potential (UL). This influence significantly enhances the
catalyst's  performance in  terms of  both selectivity  and activity.  The authors
concluded  that  the  coordination  structure  and  the  number  of  d-electrons  in
the metal atom of SACs jointly determine the adsorption mode and strength
of intermediates,  thereby influencing both selectivity  and activity.  This  theo-
retical research not only confirms the feasibility of SACs as catalysts for the
2e– ORR but  also  lays  a  solid  theoretical  foundation  for  subsequent  experi-
mental studies. 

REGULATION STRATEGIES FOR SACS
SACs  offer  several  advantages  that  enhance  their  catalytic  performance,

including  uniform  active  sites,  unsaturated  coordination  environments,
unique  electronic  structures,  and  high  atomic  utilization.  The  isolated  active
sites promote end-on adsorption of O2,  which helps preserve the integrity of
the  O‒O  bond.  Furthermore,  SACs  facilitate  the  enhancement  of  catalytic
activity,  stability,  and selectivity  more effectively  than other  low-dimensional
materials,  primarily  through  the  modulation  of  metal-support  interactions.
Therefore,  by  implementing  appropriate  regulation  strategies,  researchers
can significantly improve the catalytic performance of SACs.

Both theoretical predictions and experimental studies have confirmed that

the  activity  and  selectivity  of  SACs  in  the  2e- ORR  are  predominantly
governed  by  three  key  factors:  the  number  of  d-electrons,  the  coordination
structure,  and  the  charge  transfer  capability  of  the  metal  centers.  These
factors collectively influence the adsorption mode and strength of the *OOH
intermediate.92 By precisely tuning the metal species and their configurations,
researchers can optimize the adsorption of the *OOH intermediate. Addition-
ally, the stability of SACs is significantly affected by the interactions between
the metal atoms and the support material. To enhance catalytic performance,
researchers have developed various regulation strategies, including selecting
appropriate  metal  atoms,42,65,75 optimizing  coordination  structures,42,71,73 and
modifying  support  materials.70,94-97 These  strategies  have  been  shown  to
effectively  improve  the  catalytic  activity,  selectivity,  and  stability  of  SACs  to
varying degrees. In the following sections, we will systematically review these
strategies,  evaluate  their  effectiveness  in  optimizing  SAC  performance,  and
explore  their  potential  in  the  design  and  preparation  of  SACs,  providing  a
comprehensive  reference  for  future  catalyst  development.  A  schematic
summary of the regulation strategies of SACs for 2e– ORR is shown in Figure
4. Table 1 provides a summary of the catalytic performance of SACs associ-
ated with different regulation strategies discussed below. 

Regulation of central metal atoms
Existing  research  shows  that  *OOH,  O,  and  OH  intermediates  typically

adsorb on top of metal atoms and interact electronically with them, identify-
ing  these  metal  centers  as  the  actual  active  sites.88 Consequently,  the
catalytic  performance  of  SACs  is  directly  linked  to  the  selection  of  metal
atoms.  Choosing  appropriate  metal  atoms  is  therefore  the  most  direct  and
effective way  to  achieve  high  intrinsic  catalytic  activity.  Moreover,  by  intro-
ducing  additional  active  centers  through  the  construction  of  dual-atom  or
multi-atom  structures,  it  is  possible  to  disrupt  the  linear  relationship  in  the
adsorption  of  the  *OOH,  *O,  and *OH intermediates.  This  approach not  only
enhances  catalytic  activity  but  also  enables  interactions  between  multiple
metal atoms to modulate the electronic structure of the active sites, thereby
facilitating  the  catalytic  reaction.  As  a  result,  adjusting  the  species  and
number of metal atoms stands out as one of the most effective strategies for
developing efficient SACs. 

Selection of metal atom types
The type  of  metal  atoms significantly  influences  the  catalytic  activity  and

product selectivity of SACs. Early studies have demonstrated that increasing
the  number  of  d-electrons  in  a  metal  leads  to  higher  adsorption  energy
(ΔG(*O)) for the *O intermediate. This enhanced adsorption weakens the M-O
interaction,  thereby  favoring  the  2e- ORR  pathway.42 Furthermore,  recent
research  indicates  that  both  the  number  of  d-electrons  and  the  position  of
the d-band center of the metal atom impact the adsorption of intermediates.

For  example,  Sun and coworkers synthesized M-Nx-C structures contain-
ing various 3d-transition metal single atoms (M = Mn, Fe, Co, Ni, Cu), as illus-
trated in Figures 5A-E.66 Their theoretical calculations and experimental stud-
ies revealed that the oxidation state and d-band center position of the metal
sites  significantly  influence  their  ability  to  adsorb  O2 and  intermediates.
Specifically,  the electronic density at the metal site determines the oxidation
state,  which  subsequently  affects  its  interactions  with  O2 molecules  and
intermediates.  An  optimal  oxidation  state  promotes  moderate  adsorption  of
intermediates, facilitating the 2e– ORR and enhancing H2O2 formation.

Additionally, the position of the d-band center is crucial for catalytic activ-
ity.  When the d-band center  is  closer  to the Fermi level  (Ef),  more electronic
states are available for bonding with adsorbed molecules. This stronger inter-
action with adsorbed molecules can make the formation and transformation
of *OOH less favorable. Conversely, a d-band center that is farther from the Ef

leads  to  weaker  adsorption  of  oxygen  molecules,  making  the  2e– ORR  less
favorable. Consequently, both the oxidation state and d-band center of metal
sites  critically  influence  O2 and  intermediate  adsorption.  Optimizing  these
parameters is essential for achieving high H2O2 activity and selectivity.

Notably, findings from these studies indicate that Co-N-C catalysts exhibit
the  highest  catalytic  activity  for  the  2e– ORR.  The  Co-N-C catalyst,  posi-
tioned near  the peak of  the volcano plot,  features an optimal  d-band center
position and moderate adsorption energy for intermediates, contributing to its
exceptional catalytic performance. Similarly, Gao et al. synthesized a series of
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SACs  by  anchoring  transition  metals  ranging  from  Mn  to  Cu  on  nitrogen-
doped  graphene,  as  shown  in Figures  5F-I.90 They  found  that  the  binding
energy of the active sites for oxygen-containing intermediates, such as *OOH,
correlates  with  the  number  of  valence electrons at  the  metal  atoms.  As  the
number  of  valence  electrons  increases  from  Mn  to  Cu,  the  d-band  center
shifts  downward  relative  to  the Ef,  weakening  the  binding  between  metal
atoms and oxygen-containing intermediates. Among these catalysts, Co-N-C
exhibited superior selectivity for H2O2 and minimal activity for the H2O2 reduc-
tion reaction.

These  studies  underscore  the  critical  role  that  the  type  of  metal  atoms
plays  in  determining  catalytic  performance.  In  addition  to  the  examples
provided,  various Co-N-C SACs synthesized by different  methods have also
demonstrated  excellent  electrocatalytic  performance  for  the  2e–ORR.66,70-98

However,  it  is  important  to  note that  not  all  Co-based SACs are  suitable  for
the 2e– ORR; some exhibit a stronger tendency towards the 4e– ORR.99 This
observation emphasizes that catalytic activity and product selectivity depend
not only on metal type but also on coordination number and configurations.
These topics will be discussed in Section 5.2. Additionally, Fe-based78 and Ni-
based80 SACs have also shown promising catalytic activities for the 2e– ORR. 

Regulation of the number of metal atoms
Increasing the number and varying the types of metal atoms to construct

dual single-atom structures can lead to the development of dual-atom cata-
lysts (DACs). These catalysts retain the isolated active site structure charac-
teristic of SACs while effectively breaking the linear relationship between the
adsorption  of  different  reaction  intermediates.77 This  characteristic  allows
DACs to  enhance  catalytic  performance  through  multiple  strategies,  includ-
ing  modulating  adsorption  modes,  leveraging  synergistic  effects,  and
increasing  metal  loading.  As  a  result,  DACs  offer  distinct  advantages  in  the
field of the 2e– ORR. Consequently, the regulation of the number and type of
central metal atoms has become a prominent research focus.

In catalytic reactions, DACs benefit from two sets of single atoms that can
function  independently  or  synergistically  to  enhance  catalytic  performance.

Firstly, the presence of dual active sites allows
DACs to  utilize  a  variety  of  adsorption  modes
for  O2 and reaction  intermediates,  as  illus-
trated  in Figure  6A. This  diversity  in  adsorp-
tion  can  be  fine-tuned  by  adjusting  the  types
of metals,  coordination  elements,  and  coordi-
nation  structures  used.100 Moreover,  these
dual active sites disrupt the linear relationship
between the adsorption of different intermedi-
ates,  which  in  turn  enhances  both  catalytic
activity and product selectivity.

Secondly, the electronic effects and proxim-
ity  effects  between  neighboring  metal  atoms
in  DACs  foster  synergistic  interactions.101

These  interactions  can  adjust  the  d-band
center  position,  create  asymmetries  in  the
local  electronic  distribution,  and  optimize  the
bonding interactions between active sites and
the  intermediates.  As  a  result,  the  energy
barriers  of  the  rate-determining  steps  are
lowered, optimizing  the  overall  reaction  path-
ways.  Additionally,  certain  adjacent  metal
atoms exhibit unique long-range spin coupling
effects,  which  facilitate  further  synergistic
interactions through structural adaptation and
electronic  transfer.102 These  interactions,
whether  occurring  between  heteronuclear  or

homonuclear  dual  single  atoms,  help  stabilize  the  metal  atoms  and  reduce
the  tendency  of  SACs  to  agglomerate.  Consequently,  this  stabilization
enhances  both  the  metal  loading  and  the  mass-specific  activity  of  these
catalysts.

DACs  can  be  broadly  categorized  into  three  types:101 (1)  Strictly  Paired
DACs: These DACs consist of two sets of identical metal active centers with a
symmetrical  coordination  structure.  In  these  structures,  both  the  spatial
arrangement and distance symmetry of the coordination are closely aligned.
(2) Generalized DACs: Unlike strictly paired DACs, generalized DACs allow for
more  flexibility  in  their  coordination  structures.  While  they  still  contain  two
sets  of  metal  active  centers,  there  are  no  stringent  requirements  regarding
the  number  of  coordinating  atoms  or  the  symmetry  of  the  coordination
structure around each metal atom. In these DACs, carbon or metal atoms in
the support material  are replaced by two adjacent metal  atoms, maximizing
functionality  through  their  interactions.103-105 (3)  Metal-Nonmetal  (or
Semimetal)  DACs:  This  type  of  DAC  comprises  one  metal  atom  and  one
nonmetal (or semimetal) atom. The distinct electronic structures of the metal
and  nonmetal  (or  semimetal)  atoms  generate  synergistic  effects  that
enhance catalytic performance.106,107

The catalytic performance of DACs can be enhanced through metal selec-
tion, coordination control, optimization of dual-atom interactions, and adjust-
ment  of  metal-support  interactions.  These  strategies  allow  DACs  to  be
applied  in  diverse  fields,  including  CO2RR,108 HER,109 and  4e– ORR,110 while
research on 2e– ORR remains in its early stages. For instance, Du et al. devel-
oped a CoIn-N-C dual single-atom catalyst, where Co functions as the active
site and In facilitates OOH adsorption on neighboring Co atoms by stabilizing
hydroxyl  groups.75 This  catalyst  achieved  an  impressive  H2O2 yield  of  9.68
mol g−1 h−1 in a three-phase flow cell.

Similarly,  Huang  et  al.  synthesized  a  bimetallic  cobalt  catalyst  (Co2-DAC)
using  a  macrocyclic  precursor-mediated  method.74 This catalyst  demon-
strated  over  95%  selectivity  for  H2O2 and  a  high  current  density  of  2.7  mA
cm−2 in acidic media, achieving an H2O2 yield of 11.72 mol gcat

−1 h−1 at 400 mA
cm−2.  They  found  that  incorporating  a  second  metal  into  the  coordination

 

Figure 4.  A  schematic  summary  of  regulation
strategies of SACs for 2e– ORR (A-B) Regulation of
central  metal  atoms;  (C-E) Regulation  of  coordina-
tion  structures;  (F-H) Regulation  of  support  materi-
als.
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sphere  of  the  cobalt  atom  shifted  its  d-band  center  downward,  which
reduced its affinity for *OH and *HOOH intermediates. This adjustment effec-
tively  prevents  the  cleavage  of  the  O-O  bond  and  suppresses  the  further
reduction of H2O2.

Additionally,  Yang  et  al.  synthesized  a  heteronuclear  CoZn  dual  single-
atom  catalyst  (CoZnSA@CNTs)  encapsulated  in  N/O-doped  hollow  carbon
nanotubes  through  a  spatially  confined  growth  strategy， as  shown  in
Figures 6B-D.76 This material exhibits exceptional performance in synthesiz-
ing  H2O2 across  the  entire  pH  range.  The  remarkable  performance  is
attributed to the synergistic effect between adjacent Co and Zn single atoms,
which  optimizes  the  electronic  structure  and  facilitates  electron  transfer
between them via long-range interactions. This reduces the energy barrier of
the  reaction  and  enhances  catalytic  activity.  Furthermore,  the  abundant
defects  and  multiple  active  sites  within  the  material  create  a  favorable
microenvironment  for  the  adsorption  and  enrichment  of  oxygen,  thereby
improving  product  selectivity.  The  successful  synthesis  of  these  catalysts
highlights  the  significant  potential  and  promising  future  of  DACs  in  the  2e–

ORR field at the experimental level.

Building  on  the  concept  of  DACs,  researchers  have  developed  complex
multi-single-atom catalysts  (MSACs)  that  provide substantial  advantages in
regulating the microenvironment of active sites and optimizing their interac-
tions  with  intermediates.  The  versatile  atomic  arrangements  and  intricate
synergistic  effects  of  these  catalysts  enable  more  effective  catalytic
processes.77 A notable example is the work by Tong et al., who synthesized a
series  of  MSACs  tailored  for  the  2e– ORR，as  illustrated  in Figures  6E-H.77

Among these, the Co2NiN8 tri-single-atom structure (Co-O-Co-N-Ni) demon-
strated remarkable catalytic activity, achieving a rate of 28.96 mol/L/g/h and
high  selectivity  (>80%)  for  H2O2 in  both  acidic  and  neutral  conditions.  This
pioneering  research  marks  a  significant  advancement  in  the  application  of
multi-single-atom catalysts for the 2e– ORR. 

Regulation of coordination structures
In SACs, the coordination structure of the metal,  in addition to the type of

metal  atom, significantly  influences the geometric  and electronic structures.
These factors subsequently affect the adsorption of intermediates, ultimately
impacting  catalytic  performance.  Coordination  structure  regulation  targets

M
a

teria
ls

 

Table 1.  Summary of electrocatalytic performance under different regulation strategies.

Regulation of Central Metal
Atoms Catalysts Electrolyte (RRDE) Eonset vs RHE H2O2 selectivty

(%)
H2O2 yield FE (%) Ref

Metal Atom Type Selection Co-N-C 0.5 M H2SO4 0.83 ~80 90.9 mmol g cat
−1h−1 — 66

CoSA-N-CNTs 0.5 M H2SO4 0.7 ~95 974±25 mmol g cat
−1h−1 80~86 70

Co-NC 0.1 M HClO4 0.7 ~90 275 mmol g cat
−1h−1 (0.4V) ＞90 90

Metal Atom Number
Regulation

CoIn-N-C 0.1 M HClO4 0.7 ~94 9.68 mol g cat
−1h−1 — 75

Co2-DAC 0.1 M HClO4 0.72 ~95 11.72 mol g cat
−1h−1 85~100 74

CoZnSA@CNTs 0.1 M KOH 0.82 ＞90 7.50 mol g cat
−1h−1 95 76

Cox-Ni MAC 0.1 M HClO4 0.75 ~80 28.96 mol L−1g cat
−1h−1 — 77

Regulation of Coordination
Structures Catalysts Electrolyte (RRDE) Eonset vs RHE H2O2 selectivty

(%)
H2O2 yield FE (%) Ref

Metal Atoms Coordination
Number Regulation

Co-N5C 0.5 M H2SO4 0.7 ~65 6.78 mol g cat
−1h−1 57.7 (at 0.3

V）
71

Co HSACs 0.1 M KOH 0.85 ~95 — 90 72

Co-N2-C/HO 0.1 M KOH 0.801 ~91.3 ~1000mg L−1 within 1h 90 73

Coordination Configuration
Modification

Co-N SACDP 0.1 M HClO4 0.3 ~94 664 mmol g cat
−1h−1 90 98

Coordinating Atom Type
Control

In SACs/NSBC 0.1 M KOH 0.65 ~95 6.49 mol g cat
−1h−1 90 142

Fe-CNT 0.1 M KOH 0.822 ~95 — — 119

Ni-N2O2 0.1 M KOH 0.4 ~96 5.9 mol g cat
−1h−1 91 115

W1/NO-C 0.1 M KOH 0.815 ~90 1.23 mol g cat
−1h−1 95 86

Support Regulation Catalysts Electrolyte (RRDE) Eonset vs RHE H2O2 selectivty
(%)

H2O2 yield FE (%) Ref

Defect Engineering DPC0.5-5 0.1 M KOH 0.75 ~90 115.32 mmol g cat
−1h−1 89 130

Heteroatom Doping Sb-NSCF 0.1 M KOH 0.76 ~97.2 7.46 mol g cat
−1h−1 80~94.7 85

CoN4-PC 0.1 M KOH 0.81 ~97 11.2 mol g cat
−1h−1 80~92 131

Co-N5-O-C 0.1 M KOH 0.801 ~85.6 11.3 mol g cat
−1h−1 ~80 112

Surface Modification Co-N SACDP 0.1 M HClO4 0.3 ~94 664 mmol g cat
−1h−1 ~90 125

Others Co1-NG（O） 0.1 M KOH 0.815 ~82 418±19 mmol g cat
−1h−1 — 65

Co-O4@PC 0.1 M KOH 0.73 98.8 0.25 mol g cat
−1h−1 84.8~92.4 126

Co-F-CNT 0.1 M KOH 0.7 ~80 18.6 mol g cat
−1h−1 90 124

h-Pt1-CuSx 0.1 M HClO4 0.68 ~96 546 ± 30 mmol g cat
−1h−1 — 128

Pt1/TiC 0.1 M HClO4 0.2 ~68 — — 56
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two microscopic-level features in single-atom catalysts: (i) the first coordina-
tion  shell  (e.g.,  N/O/S  atoms  and  their  coordination  number),  and  (ii)  the
second  shell  (e.g.,  next-nearest  neighbors  and  spatial  configurations).  This
approach directly interacts with the metal active center through strong elec-
tronic interactions, optimizing its local electronic structure and thus enhanc-
ing  catalytic  performance.  In  the  selection  of  supports  for  SACs,  carbon-
based substrates are widely used due to their high specific surface area and
excellent conductivity.  While metal atoms are typically supported on carbon,
the relatively weak chemical bonds between the metal and carbon can lead to
the aggregation or detachment of metal atoms from the support. This loss of
active sites results in a decline in catalyst performance. Unlike carbon, nitro-
gen atoms exhibit higher electronegativity, stronger coordination stability, and
broader  coordination  geometries.  These  advantages  render  nitrogen-doped
carbon  materials  ideal  supports  for  SACs,  with  nitrogen  atoms  serving  as
direct  ligands  to  metal  centers.  Theoretical  studies  have  demonstrated  that
the  electronic  structure  of  the  coordinating  atoms  influences  the  bonding
capability  between  the  metal  and  the  intermediates.118 Therefore,  regulating

the coordination structure of metal atoms is essential for enhancing catalytic
activity and product selectivity, which can involve adjustments to the coordi-
nation number, configuration, and types of coordinating atoms.

The  coordination  number  of  metal  atoms  significantly  influences  the
catalytic  performance  of  SACs  by  affecting  their  coordination  configuration.
When  the  coordination  number  is  ≤  4,  the  metal  atoms  and  coordinating
atoms typically form a planar configuration.  In contrast,  when the coordina-
tion number is ≥ 5,  metal  atoms bond with additional  coordinating atoms in
the  out-of-plane  axial  direction,  resulting  in  hyper-coordinated  structures.
Early theoretical calculations suggested that the M-N4 coordination structure
is more favorable for the 2e– ORR compared to M-C3, M-C4, and M-N3 struc-
tures.42 This  preference  arises  because  the  M-N4 structure  weakens  the
adsorption of the intermediate *O, thereby preventing the cleavage of the O-O
bond. However,  subsequent research has indicated that the M-N4 coordina-
tion structure does not consistently provide optimal intermediate adsorption
or catalytic activity.119 Consequently, efforts have been made to enhance the
catalytic  performance  by  regulating  the  coordination  structure  of  metal

 

Figure 5.  ORR pathways and H2O2 selectivity in different transition metal SACs: binding energy and activity volcano relationships (A) H2O2 production current as a function of
the binding energy of the *OH intermediate; (B) Thermodynamic relations (volcano) lines for the two- (green solid line) and four-electron ORR (black solid line); (C) Linear sweep
voltammetry (LSV) in a rotating ring-disk electrode (RRDE) setup with the Pt  ring held at  +1.2 VRHE;  (D)  H2O2 selectivity  (H2O2 %)  and the number of  electrons (n)  at  +0.1 VRHE
derived from RRDE data; (E) Background-corrected H2O2RR performance in N2-saturated 0.5 M H2SO4 electrolyte containing 1 mM H2O2. Reprinted with permission.66 Copyright
2019 American Chemical Society; (F) Schematic of ORR along the 2e– or 4e– pathway on transition metal SACs (M = Mn, Fe, Co, Ni, and Cu) anchored in N-doped graphene; (G)
Binding energy of *OOH, *O, and *OH on M-SAC (M = Mn, Fe, Co, Ni, and Cu) and d-bond center (open circle) of M atom in M-SAC (M = Mn, Fe, Co, Ni, and Cu); (H) Activity-volcano
curves of ORR via the 2e– or 4e– pathway. The limiting potential is plotted as a function of ΔG*OH. The gradual change in color indicates the catalyst window for producing H2O2;
(I) Free energy diagrams of 2e– ORR on the SACs at U = 0.7 V versus RHE.90 Copyright 2019 Elsevier Inc.
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atoms, particularly by increasing the coordination number.
Certain  hyper-coordinated  structures,  such  as  the  five-coordinated  M-N5

structure,  exhibit  superior  electrocatalytic  performance  compared  to  the  M-
N4 structure,  primarily due to their asymmetric electronic configuration. This
advantage  has  been  demonstrated  in  multiple  electrochemical  reactions,
such as CO2RR,113 4e– ORR,92 and sulfur redox chemistry in Li-S batteries.114

Recently, the benefits of the M-N5 structure have also been confirmed in the
2e– ORR  field.71 For  instance,  Fan  et  al.  successfully  synthesized  a  SAC
featuring  Co-N5  coordination  through  axial  coordination  between  pyridine
groups and cobalt phthalocyanine (CoPc) molecules, as shown in Figures 7A-
C.72 This innovative design resulted in excellent catalytic activity and product
selectivity for the 2e– ORR. The performance enhancement stems from axial
coordination disrupting Co-N4 planar symmetry in CoPc. This breaks charge
symmetry  and  shifts  the  Co  d-band  center.  This  adjustment  optimizes  the

adsorption and activation of the *OOH intermediate.
In  another  study,  Yan  et  al.  employed  a  sacrificial  template  strategy  to

embed  a  Co-N5 structure  within  graphite-3R carbon,  constructing  a  hierar-
chical  pore  structure.71 This  catalyst  featured  axial  nitrogen  ligands  that
effectively modulated the d-band center of the Co atom, optimizing the bind-
ing  energy  of  the  *OOH  intermediate.  As  a  result,  the  catalyst  achieved  a
remarkable H2O2 yield of 6.78 mol/gcatalyst/h at 0.0 V (vs. RHE). Both theoreti-
cal and experimental findings highlight the benefits of adjusting the coordina-
tion number to enhance the catalytic activity of SACs. Beyond M-N4 and M-
N5 structures, studies have also reported SACs with M-N3 and M-N6 coordi-
nation configurations,72,73 further reinforcing the feasibility and advantages of
this  approach  in  improving  catalytic  performance.  These  studies  provide
valuable insights  and  references  for  future  efforts  to  tune  catalytic  perfor-
mance. Nevertheless, maximizing the coordination number in SACs does not
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Figure 6.  Different DACs for 2e– ORR: adsorption modes, electronic structure, and pH-dependent H2O2 selectivity (A) Distinct adsorption modes of oxygen molecules on single-
metallic  and  bimetallic  sites.;  (B)  Illustration  of  model  specification  and  their  differential  partial  charge  densities  with  OOH*  adsorption  (side  view)  for  CoSA@CNTs  and
CoZnSA@CNTs,  respectively;  (C)  PDOS of  Co 3d orbital  and Gibbs free  energy diagrams of  two-electron ORR of  CoSA@CNTs and CoZnSA@CNTs,  respectively;  (D)  LSV curves
based  on  RRDE,  along  with  H2O2 selectivity  and  electron  transfer  number  (n)  for  CoSA@CNTs and  CoZnSA@CNTs,  respectively.76 Copyright  2024  The  Author(s);  (E)  Structural
diagram of Cox-Ni MAC; (F) RRDE polarization curves in O2-saturated 0.1 M HClO4; (G) H2O2 selectivity and electron transfer number calculated from the polarization curves; (H)
H2O2 selectivity in 0.1 M HClO4 (pH = 1.5; potential = 0.4 V), 0.1 M CH3COONa buffer solution (pH = 3.5; potential = 0.2 V), and 0.1 M phosphate buffer saline (pH = 7.4; potential =
0.6 V).77 Copyright 2023 The Authors. Carbon Energy published by Wenzhou University and John Wiley &amp; Sons Australia, Ltd.
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universally  improve  catalytic  performance.  Increased  coordination  numbers
enhance stability via strengthened metal-support bonds. However, excessive
coordination  can  over-stabilize  the  electronic  states  of  active  sites,  thereby
impairing  reactant  adsorption  and  reducing  catalytic  activity.  Consequently,
rational  optimization of  SACs'  coordination numbers  is  critical  for  balancing
competing  activity-stability  requirements.  State-of-the-art  high-throughput
computational  screening  and  machine  learning  techniques  now  allow  for
quantitative  structure-activity  relationship  (QSAR)  modeling,  revealing  the
fundamental  mechanisms  that  connect  coordination  number  with  catalytic
behavior.  This  integration  will  unravel  the  mechanistic  interplay  between
coordination  number  and  SACs'  performance,  while  providing  a  theoretical
foundation  for  the  precise  design  of  highly  active  and  stable  single-atom
catalysts.

Modifying  the  coordination  configuration  of  SACs is  a  crucial  strategy  for
enhancing  their  catalytic  performance.  While  the  coordination  number  and
ligand types in the first shell are critical, the second coordination shell's envi-
ronment  can  induce  distinct  electronic  configurations  that  significantly

modulate catalytic performance. In this section, we will primarily discuss how
changes in the coordination configuration,  while maintaining fixed coordina-
tion numbers and types in the first shell, impact the catalytic performance of
SACs.  It  has  been  observed  that  SACs  with  the  same  Co-N4-C  structure
exhibit  varying  sensitivities;  some  show  enhanced  reactivity  toward  the  2e–

ORR,  while  others are more favorable for  the 4e– ORR.70,116,117 This suggests
that, in addition to the number and spatial arrangement of nitrogen atoms in
the first  coordination shell,  other factors—such as the arrangement of nitro-
gen atoms in the second coordination shell and their spin states—also signif-
icantly  influence  performance.  Theoretical  and  experimental  studies  reveal
that in M-N4 structures, the coordinating nitrogen atoms in the second shell
can  adopt  various  spatial  arrangements,  such  as  phthalocyanine-type,
pyrrole-type,  pyridine-type,  and  graphite-type.42,98 These  different  nitrogen
atom coordination configurations significantly  influence the catalytic  perfor-
mance of SACs. For instance, Chen et al.  demonstrate that pyrrole-type Co-
N4-C  is  favorable  for  the  2e– ORR,  while  pyridine-type  Co-N4-C is  advanta-
geous for the 4e– ORR, as illustrated in Figures 7D-I.98 This distinction arises

 

Figure 7.  Regulation of coordination structures of SACs for 2e– ORR pathways: volcano activity, H2O2 selectivity, and electronic structure modulation (A) Calculated catalytic
activity volcano plot for the 2e– and 4e– reaction pathways of ORR over Co HSACs-F and Co HSACs-CH3; (B) Calculated catalytic activity volcano plot for the 2e− and 4e− reaction
pathways of ORR over M HSACs; (C) Calculated selectivity plot of ORR over M HSACs.72 Copyright 2023, The Author(s); (D) Simulated different CoN4 coordination structures; (E)
Differential  charge  distribution  on  the  pyridine-type  CoN4 with  adsorption  of  HOO*;  (F)  Differential  charge  distribution  on  the  pyrrole-type  CoN4 with  adsorption  of  HOO*;  (G)
Volcano plot depicting the Gibbs free energy of reaction intermediates (ΔHO* and ΔHOO*) on different Co–N coordination structures; (H) Free energy diagram of ORR on the pyridine-
type and pyrrole-type CoN4;  (I)  3d electron configuration of  pyridine-type and pyrrole-type CoN4 with adsorption of  HOO*.98 Copyright  2022 The Authors.;  (J)  Synthesis  of  Ni-
N2O2/C; (K) RRDE polarization curves at 1600 rpm in O2-saturated 0.1 m KOH with the ring current shown in upper part (dashed lines) and disk current shown in lower part (solid
lines); (L) H2O2 selectivity as a function of the applied potential.115 Copyright 2020 Wiley‐VCH Verlag GmbH &amp;amp; Co. KGaA, Weinheim
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from  variations  in  the  spin  states  of  the  nitrogen  ligands,  which  affect  the
electronic  structure  of  cobalt.  The  Pyrrole-type  Co-N4-C  exhibits  a  weak
interaction  with  O2/*OOH,  promoting  the  production  of  hydrogen  peroxide.
Similarly, Ha et al. found that in Co-N4-C SACs, the configuration of nitrogen
ligands, in  addition  to  their  number,  significantly  influences  catalytic  perfor-
mance.118 They developed a Co-N4-C SAC in which cobalt atoms are primar-
ily anchored to pyridinic nitrogen (Co-pyridinic N-C). DFT calculations showed
that  the  presence  of  pyridinic  nitrogen  greatly  reduces  electron  localization
around the cobalt atom, increases the binding energy with *OOH, and lowers
the  energy  barrier  for  the  4e– ORR,  thereby  facilitating  this  reaction.  These
findings underscore  the  critical  role  of  coordination  configuration  in  deter-
mining  catalytic  performance.  Consequently,  designing  and  synthesizing
optimal coordination configurations for SACs can substantially enhance their
catalytic activity and product selectivity.

Controlling the types of coordinating atoms is another strategy to enhance
the  catalytic  performance  of  SACs.  Currently,  many  studied  SACs  primarily
feature  M-Nx structures,  where  nitrogen  is  the  main  coordinating  atom.
However,  other  elements  such  as  oxygen,86,119 carbon,71,119 boron,120 and
sulfur121 can also serve as coordinating atoms. Changing the type of coordi-
nating  atom  around  a  given  metal  single  atom  can  significantly  impact  its
electronic  structure  and,  consequently,  its  catalytic  activity.  Notably,  certain

non-metal coordinating atoms may play a more critical role in catalytic reac-
tions  compared  to  nitrogen,  potentially  acting  as  active  sites  for  catalysis.
This  highlights  the  importance  of  exploring  a  broader  range  of  coordinating
atoms to optimize SAC performance. For instance, Wang et al. developed a Ni-
N2O2 SAC  that  shows  higher  selectivity  for  hydrogen  peroxide  (H2O2)
compared  to  conventional  Ni-N4 SACs， as  shown  in Figures  7J-L.115 This
improvement  is  largely  due to  the  simultaneous presence of  Ni-N and Ni-O
bonds, which  optimize  the  adsorption  of  OOH  on  the  nickel  atom,  signifi-
cantly  enhancing  selectivity  for  H2O2.  Additionally,  Zhang  et  al.  employed  a
coordination  polymer  pyrolysis  method  to  create  a  tungsten  SAC  (W-N1O2)
anchored  on  porous  carbon  nanosheets  doped  with  oxygen  and  nitrogen.86

The catalytic activity of W-N1O2 was markedly enhanced, achieving over 90%
selectivity for H2O2 and a yield of up to 1.23 mol gcat

−1 h−1, outperforming W-O3

or  W-N3 structures.  DFT  calculations  revealed  that  carbon  is  the  primary
active site, with tungsten crucial for optimizing the binding energy of the HOO
intermediate.

Furthermore,  Jiang  and  colleagues  synthesized  an  Fe-C3O1 catalyst  and
found that its 2e– ORR catalytic activity significantly exceeded that of the Fe-
N4 structure,  achieving over 95% selectivity for H2O2 under both alkaline and
neutral  conditions.119 DFT  calculations  revealed  that  the  *OOH  intermediate
binds to the catalyst through the carbon site, while electron transfer between
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Figure 8.  Theoretical calculations and performance analysis of 2e– ORR for SACs with engineered support materials (A) Schematic diagram of the DPC Synthesis Strategy; (B)
Calculated 2e– ORR-related volcano plot for the electro-reduction of O2 to H2O2 displayed with the limiting potential plotted as a function of ΔGOOH*. The equilibrium potential for
the 2e– ORR is shown as a dashed black line; (C) Free-energy diagram of hole1, hole2, hole3, zigzag and armchair defects for oxygen reduction to H2O2; (D) Density of states for
armchair, zigzag, hole1, hole2 and hole3 defects carbon site and the final adsorption energy of OOH*.130 Copyright 2022 Elsevier B.V.; (E) Side and top views of optimized struc-
tural models of pyridinic-SbN4-S, porphyrinic-SbN4-S, pyridinic-SbN4, and porphyrinic-SbN4 and the calculated charge density difference for the corresponding structural models;
(F) Limiting potentials (UL) as a function of ΔG*OOH for the four models; (G) The 2e– and 4e– ORR reaction pathways on the porphyrinic-SbN4-S configuration. 85 Copyright © 2023,
The Author(s); (H) The pyrrole-type CoN4 with C-O-C at different positions and the corresponding volcano plot for ΔHO* and ΔHOO*; (I) ORR polarization curves of RRDE for Co-N
SACDp and Co-N SACDp-H2; (J) H2O2 selectivity for Co-N SACDp and Co-N SACDp-H2. 125 Copyright 2022 The Authors.
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the  iron  and  oxygen  atoms  enhances  catalytic  performance.  These  results
illustrate  that  the  choice  of  coordinating  atoms  can  influence  the  electronic
structure of  the metal  atoms to which they are bound,  thereby affecting the
adsorption  of  O2 and  intermediates.  In  conclusion,  controlling  the  types  of
coordinating  atoms  is  a  crucial  measure  for  improving  the  catalytic  activity
and product selectivity and of SACs. 

Modification of support materials
Beyond the two aforementioned modulation strategies,  support  modifica-

tion  operates  at  the  structural  level  by  introducing  defects  (e.g.,  vacancies,
edges),  surface  functional  groups  (e.g., -OH, -COOH),  and  heteroatom
dopants (e.g., B, P, S). These modifications indirectly tune the catalyst's elec-
tronic  properties,  thereby  influencing  the  catalytic  behavior  of  metal  active
sites.  Isolated  metal  atoms  in  SACs  are  anchored  to  the  support  through
coordinating atoms, which facilitate electronic interactions between the metal
atoms, the coordinating atoms, and the support material. These interactions
allow the support to regulate the electronic structure of the metal and affect
its  stability.42 Additionally,  the  support  can  provide  catalytic  active  sites  that
modulate  the  adsorption  behavior  of  reactants  and  intermediates,  further
contributing to catalytic activity.96 At the macroscopic level,  an ideal support
features a high specific surface area, superior electrical conductivity, and high
hydrophilicity, which facilitate efficient mass transfer and accelerate the reac-
tion.  Therefore,  selecting  an  appropriate  support  can  significantly  enhance
the  catalytic  performance  of  SACs.  In  recent  years,  various  strategies  have
been developed to modulate the structure of supports to optimize their coor-
dination with metal atoms and maintain their dispersion.

To elucidate the interaction between metal atoms and supports, extensive
research has been conducted. The interaction between the support material
and the metal is referred to as the metal-support interaction (MSI),  a funda-
mental concept in catalysis that significantly influences the activity,  stability,
and  selectivity  of  catalysts.  MSI  primarily  includes  four  categories:  covalent
metal-support interaction (CMSI), electronic metal-support interaction (EMSI),
oxidative strong metal-support interaction (OMSI), and strong metal-support
interaction  (SMSI).122 CMSI  and  EMSI  are  dominant  MSI  mechanisms  in
SACs. Through synergistic effects, these interactions stabilize isolated metal
atoms  and  modulate  their  electronic  structures,  enabling  high  activity  and
selectivity.

Covalent Metal-Support Interaction (CMSI) refers to the formation of partial
or complete covalent bonds between metal atoms and surface atoms of the
support (e.g., N, O, S). This chemical bonding not only effectively anchors the
metal atoms but  also  regulates  their  electronic  structures,  thereby  influenc-
ing  the  activity  and  selectivity  of  catalytic  reactions.  CMSI  effectively
suppresses  metal  aggregation  while  simultaneously  tailoring  the  electronic
structure via precise control of charge distribution and d-band center modu-
lation.  This  electronic  structure  regulation  significantly  affects  reactant
adsorption, activation, and intermediate stability,  thereby enhancing catalytic
activity and selectivity. Precise modulation of CMSI configurations (e.g., Ni-N4-
O2, Ni-N4-O1) enables selective control over ORR pathways (2e– or 4e–), offer-
ing new strategies for catalyst design and optimization.123

The  concept  of  Electronic  Metal-Support  Interaction  (EMSI),  proposed  by
Campbell,97 is  also  a  common  MSI  in  SACs.  It  involves  electron  transfer
between  metal  and  support,  driven  by  chemical  potential  differences.96 This
interaction  finely  tunes  the  electron  density  of  metal  sites,  affecting  the
adsorption mode and strength of reactants (e.g.,  O2), thereby reducing reac-
tion  energy  barriers  and  accelerating  reaction  kinetics.  Additionally,  EMSI
improves reaction selectivity by stabilizing intermediates.  The EMSI effect is
influenced by  both  the  intrinsic  properties  of  the  support  and the  geometric
position of single metal atoms on the support. Strong metal-support interac-
tions  induce  greater  electron  transfer  from  metal  to  support/coordinating
atoms, which increases the positive charge on the metal.  This phenomenon
affects  the  adsorption  of  intermediates  on  the  catalyst,  thereby  influencing
catalytic activity. It is important to note that catalytic reactions have specific
requirements for the electron density of metal atoms; excessively high or low
electron density  can  hinder  the  smooth  progression  of  the  reaction.  There-
fore, selecting an appropriate support and modulating its structure to alter the
bonding  state  and  distribution  of  metal  atoms  on  the  support  and  thereby
tune the electronic structure of the metal atoms will be more conducive to the

2e– ORR catalytic reaction.
In  practical  catalytic  systems,  CMSI  and  EMSI  often  act  synergistically  to

influence the catalytic process. CMSI provides structural stability by anchor-
ing single  metal  atoms through covalent  bonds,  while  EMSI  optimizes elec-
tronic structures by regulating electron transfer and d-band centers between
the  metal  and  support.  This  dual  interaction  synergistically  stabilizes  active
sites and precisely controls reaction pathways.

Currently, the supports utilized for SACs include inert metals, carbon-based
materials,  and  metal  compounds.  Inert  metals  are  preferred  supports  for
noble metal SACs to mitigate intermediate over-adsorption (Section 3.1). Non-
noble SACs typically  use carbon-based or  metal  compound supports.  While
both  types  of  materials  effectively  disperse  single  metal  atoms,  each  has
distinct  advantages.  Carbon-based  materials,  because  of  their  high  specific
surface  area,  abundant  defects,  and  ease  of  heteroatom  doping,  are  widely
used in SACs. Common carbon-based materials include graphene,65 CNTs,124

amorphous carbon,125 and porous carbon.126 Two-dimensional carbon-based
materials,  represented by graphene, have become commonly used supports
for  SACs  due  to  their  excellent  conductivity,  good  structural  stability,  and
thermal stability.  For instance,  in 2020,  Hyeon and Sung et  al.  designed and
synthesized  a  catalyst  with  Co-N4 active  sites  supported  on  N-doped
graphene for the electrocatalytic production of H2O2.65 This catalyst exhibited
outstanding  performance,  achieving  a  current  density  of  2.8  ±  0.2  mA  cm−2

(0.65 V vs. RHE), a mass activity of 155 ± 6 A g−1 (0.65 V), and electrochemi-
cal  stability  for  up  to  110  hours.  Furthermore,  three-dimensional  carbon-
based  materials,  such  as  MOF-derived carbon,  have  also  attracted  signifi-
cant  attention  due  to  their  high  volumetric  surface  area  and  3D  structure,
which promote mass transfer. Zhang et al. synthesized a Co-O4@PC single-
atom  catalyst  (SAC)  by  embedding  cobalt  into  a  metal-organic  framework
(MOF)-derived  graphene-like  carbon  matrix.126 Carbon  vacancies,  porosity,
and  high  surface  area  in  this  structure  contributed  to  enhanced  2e– ORR
selectivity  and  activity.  At  0.6  V,  it  achieved  a  selectivity  of  98.8%  for  H2O2,
with  an  onset  potential  of  0.73  V.  DFT calculations  revealed  that  tuning  the
electronic structure of the Co sites through carbon vacancies reduced the d-
band  center,  leading  to  a  lower  Gibbs  free  energy  and  optimized  *OOH
adsorption,  thereby  boosting  H2O2 production. Additionally,  CNTs  are  excel-
lent  supports  for  SACs due to  their  high  surface  area,  superior  conductivity,
large  π-electron  system,  ease  of  modification  and  doping,  and  tunable
surface  functionalization.  Tian  et  al.  constructed  a  Co  SAC  (Co-F-CNT)  on
fluorine-doped  carbon  nanotubes  (F-CNTs).124 By  utilizing  the  long-range

 

Figure 9.  Summary and perspectives on SACs for 2e– ORR.
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coupling  effect  between  the  F  and  Co  atoms,  they  modulated  the  surface
charge  distribution  of  the  Co  single  atoms.  This  modulation  successfully
turned the active sites from individual Co atoms to multiple adjacent carbon
atoms,  thereby  not  only  increasing  the  number  of  active  sites  but  also
enhancing  the  catalyst’s  electrochemical  stability.  The  H2O2 yield  reached
18.6  mol  g−1 L−1 with  a  Faradaic  efficiency  of  90%.  Theoretical  calculations
confirmed that the optimal adsorption of *OOH on these carbon sites lowered
the kinetic energy barrier of the reaction.

As another class of supports for SACs, metal compounds show consider-
able  promise  in  the  2e– ORR  field.  Their  remarkable  metal-support interac-
tions provide unique advantages in dispersing and stabilizing active centers.
These interactions, combined with their tunability in crystal phase, composi-
tion,  and  crystal  facets,  further  enhance  the  overall  catalyst's  performance.
Moreover, these supports endow catalysts with superior thermal and chemi-
cal  stability,  which  are  crucial  for  maintaining  long-term  catalytic  efficiency
under harsh conditions. The mechanisms for anchoring metal atoms in these
supports are as follows:127 (i) Cation vacancies, which provide sufficient space
for  atom  adsorption  and  regulate  the  electronic  density  at  the  interface,
thereby  activating  local  metal  atoms  to  promote  reaction  kinetics;  (ii)  Anion
vacancies (including O, S, Se, and P), which serve as anchoring sites for metal
atoms  through  spatial  confinement  or  charge  attraction,  thereby  enhancing
metal-metal  and  metal-support  interactions  in  SACs to  boost  their  catalytic
activity; (iii) Crystal facet dependence and strain-induced strong interactions,
which  induce  synergistic  enhancement  of  catalytic  behavior.  These  insights
demonstrate that  incorporating  metal  compound  supports  can  simultane-
ously improve the catalytic activity, product selectivity, and durability of single
metal atoms. Shen et al. prepared a CuSx-supported Pt SAC for the 2e– ORR
via ion exchange.128 The strong interaction between CuSx and Pt (through Pt-
S bonds) helps modulate the electronic structure of Pt atoms while inhibiting
side  reactions,  thereby  optimizing  overall  catalytic  performance.  Yang  et  al.
loaded  Pt  atoms  onto  titanium  carbide  (TiC)  and  titanium  nitride  (TiN)
supports using the impregnation method, resulting in Pt/TiC and Pt/TiN cata-
lysts.56 Experimental results indicated that the Pt/TiC catalyst exhibited higher
activity  and  selectivity  for  H2O2 in  the  2e– ORR  compared  to  Pt/TiN.  This
difference is attributed to TiN’s tendency to promote the cleavage of the O-O
bond  in  oxygen  molecules,  reducing  selectivity  for  H2O2.  The  TiC  support
stabilizes  Pt  single  atoms and prevents  their  clustering.  The  TiC-Pt interac-
tions  modify  the  electronic  structure  of  Pt,  which  tunes  O2 adsorption  and
thereby  enhances  catalytic  activity.  Additionally,  compared  to  TiN,  TiC
demonstrated  better  stability  during  electrochemical  reactions,  which  may
stem  from  TiC's  greater  resistance  to  oxidation  under  reaction  conditions,
helping maintain the catalyst's long-term performance. Currently, research on
non-noble metal compound-based SACs for the 2e– ORR is limited, present-
ing vast opportunities for future exploration.

Currently, strategies for optimizing SAC supports for the ORR include intro-
ducing  defects,95,129,130 doping  with  heteroatoms,69,85,124,131,132 and  surface
modification  with  functional  groups.125,133,134 For  instance,  in  carbon-based
supports,70 both defect introduction and heteroatom doping can create addi-
tional  anchoring  sites  that  stabilize  individual  metal  atoms.  Furthermore,
modifications to the coordination environment can significantly alter the elec-
tronic  structure  of  the  active  metals,  enhancing  the  adsorption  strength  of
oxygen-containing intermediates and thereby improving catalytic activity and
product  selectivity.  Additionally,  surface modification and localized tuning of
the support can further enhance catalytic performance.

Defect engineering is recognized as an effective method for enhancing the
catalytic  activity  of  SACs.  In  carbon-based  supports,  defects  such  as  edge
sites and in-plane topological defects can create additional electronic states
near the Fermi level. This leads to charge localization that modulates the local
electronic environment of the metal atoms, activating their inherent catalytic
activity.95,129 Additionally, these defects can serve as anchoring sites for stabi-
lizing metal atoms. As a result,  defect engineering is frequently employed to
improve  the  performance  of  carbon-based  catalysts.  For  instance,  Yu  et  al.
synthesized porous carbon with holes and edge defects, achieving over 90%
selectivity  for  H2O2,  as  shown  in Figures  8A-D.130 DFT  calculations  further
confirmed  that  defect  tuning  strategies  effectively  enhance  overall  catalytic
activity.  Although  this  approach  has  been  widely  applied  to  carbon-based
catalysts,  its  use  in  regulating  carbon-based  supports  for  SACs  in  the  2e–

ORR field remains relatively uncommon. If successfully implemented in SAC
supports,  this  strategy  has  the  potential  to  significantly  improve  catalytic
performance.

Furthermore,  heteroatom doping is  recognized as  an  effective  strategy  to
enhance the catalytic activity and product selectivity of SACs. On one hand, it
optimizes the charge distribution and spin states of the metal atoms through
long-range  delocalization  effects.135-138 On  the  other  hand,  carbon-based
supports doped with heteroatoms provide additional  active centers to facili-
tate  the  2e– ORR.139-141 This  occurs  because adjacent  heteroatoms alter  the
spin  density  and  charge  distribution  of  the  carbon  atoms.  Additionally,
heteroatom  doping  enhances  the  interfacial  contact  between  the  catalyst
surface and the electrolyte, which boosts the overall reaction rate by increas-
ing the catalyst's hydrophilicity and reducing charge transfer resistance.121,142

These advantages collectively contribute to the enhanced catalytic activity of
SACs. To date,  doping with elements such as F,124 S,85 P,131 O132 and B69 has
been confirmed as an effective method for enhancing the activity of SACs in
the 2e– ORR. For instance, Liu et al.  prepared a Co-N-PC catalyst by doping
the  carbon  support  with  phosphorus.131 This  P  doping  elongates  the  Co-N
bond  and  reduces  the  electron  density  of  Co,  optimizing  the  adsorption  of
*OOH.  Consequently,  this  catalyst  exhibited  excellent  catalytic  activity  and
product selectivity, demonstrated by a high onset potential of 0.81 V vs. RHE
and  H2O2 selectivity  exceeding  90%.  Similarly,  Yan  et  al.  dispersed  high-
density  antimony  (Sb)  atoms  onto  layered,  porous  N/S-doped  carbon
nanofibers  (Sb-NSCF),  as  illustrated  in Figures  8E-G.85 Theoretical calcula-
tions  revealed  that  the  localized  coordination  environment  created  by  S
doping effectively adjusted the electronic structure of the metal sites, achiev-
ing  optimal  adsorption  energy  for  the  *OOH  intermediate.  This  significantly
enhanced 2e– ORR performance, yielding high product selectivity (97.2%) and
a yield of 7.46 mol gcat

−1 h−1 in a flow cell under alkaline conditions.
In addition to defect engineering and heteroatom doping, surface modifica-

tion  of  supports  can  effectively  regulate  the  catalytic  performance  of  SACs.
For  instance,  modifications  with  surface  functional  groups  (such  as  O-
containing,125 N-containing,133 and S-containing groups134) significantly  influ-
ence the hydrophilicity of the catalyst, the adsorption of O2 molecules, and the
binding  energies  with  reaction  intermediates.  Notably,  the  same  functional
groups can produce different  effects  depending on the specific  single-atom
structure.  For  example,  Chen  et  al.  found  that  in  the  pyridine-type  Co-N4

single-atom structure, the introduction of C-O-C functional groups enhanced
selectivity for hydrogen peroxide, as shown in Figures 8H-J.125 Conversely, for
the  pyrrole-type  Co-N4 structure,  the  same  functional  group  resulted  in
decreased selectivity for hydrogen peroxide. This variation highlights the need
for  further  investigation  into  how  different  surface  functional  groups  affect
catalytic performance and the underlying mechanisms involved. 

SUMMARY AND PERSPECTIVES
In recent years, SACs have garnered significant attention in the field of the

2e– ORR  due  to  their  unique  structural  advantages—uniform  active  sites,
unsaturated coordination environments, and distinctive electronic structures.
The isolated active sites in SACs facilitate the adsorption of O2 via the end-on
mode, effectively preserving the O-O bond and preventing the occurrence of
the four-electron ORR (4e– ORR), thereby leading to high selectivity for H2O2.
Furthermore,  the highly tunable structure of SACs allows for the modulation
of metal-support interactions, which improves overall catalytic performance.

In this review, we outline the reaction mechanisms and potential pathways
for  the  2e– ORR  and  summarize  the  latest  research  advancements  that
combine the structural characteristics of SACs with findings from DFT calcu-
lations. We  then  focus  on  strategies  for  modulating  the  catalytic  perfor-
mance of  SACs,  including  altering  metal  atoms,  tuning  coordination  struc-
tures,  and  modifying  support  materials.  We  also  explore  the  advantages,
challenges,  and potential  applications of these modulation strategies across
various  dimensions,  including  research  perspectives,  mechanistic  analysis,
and case studies.

Despite  the  significant  advancements  in  the  electrocatalytic  synthesis  of
H2O2 using  SACs  in  recent  years,  several  challenges  remain  in  enhancing
catalytic performance,  achieving  controllable  catalyst  preparation,  elucidat-
ing  catalytic  mechanisms,  and  theoretically  predicting  catalysts.  Future
research should focus on the following key areas (as shown in Figure 9): 
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Overcoming the trade-off between activity, selectivity, and stability
An ideal  2e– ORR catalyst should possess excellent catalytic activity,  high

product selectivity, and good stability. High H2O2 selectivity demands precise
pathway  control  to  avoid  O2

–/H2O  formation.  SACs’ isolated  sites  enable
linear adsorption of intermediates (*OOH, *O, *OH), aligning with the Sabatier
principle.  If  the  adsorption  energies  of  these  intermediates  are  too  similar,
competitive reaction pathways may be activated, leading to reduced product
selectivity.  This  implies  that  enhancing  the  adsorption  strength  for  *OOH
might  inadvertently  increase  the  adsorption  of  *O  and  *OH,  meaning  that
improvements  in  catalytic  activity  often  come  at  the  expense  of  product
selectivity.  Moreover,  the performance of  SACs is  significantly  influenced by
the  electronic  metal-support  interaction  (EMSI)  between  the  single  metal
atom and the support. When the EMSI is strong, the metal atom binds more
tightly to the support,  stabilizing the single-atom state. However,  this strong
binding  results  in  the  transfer  of  a  significant  amount  of  electrons  from the
metal atom to the coordinating atoms and the support, which in turn reduces
the  electron  density  of  the  metal  atom  and  greatly  decreases  its  catalytic
activity. Conversely, if the EMSI is weak, the metal atom binds less tightly to
the  support,  making  it  prone  to  aggregation  and  potentially  diminishing  its
catalytic  effectiveness.  These  limitations  make  it  challenging  for  SACs  to
simultaneously  achieve  optimal  catalytic  activity,  product  selectivity,  and
stability.  Therefore,  overcoming the trade-off  among these factors is  crucial
for developing high-performance SACs. One potential solution to these chal-
lenges is the construction of multi-metal atom catalysts. 

Enhancing the  understanding of  catalysis  through advanced characteri-
zation and theoretical methods

At  present,  our  understanding  of  the  fundamental  nature  of  single-atom
catalysis remains limited, primarily due to two factors: limitations of charac-
terization  techniques  and  inaccuracies  in  theoretical  calculations.  Existing
characterization techniques (TEM, EELS, AFM, XAS) are limited by low resolu-
tion and the inability to monitor dynamic reaction processes in real time.

To elucidate the catalytic mechanism, high-resolution techniques such as
aberration-corrected TEM (AC-TEM) and synchrotron XAS can resolve active
sites  and structural  details,  enabling  mechanistic  studies.  Furthermore,  high
time-resolution  characterization  techniques,  particularly  in-situ  or  operando
methods,  can  track  the  adsorption  and  desorption  processes  of  reactants
and  intermediates,  as  well  as  dynamic  changes  in  the  active  sites  during
reactions,  thereby  revealing  the  reaction  mechanisms.  This  approach  also
facilitates the investigation of the deactivation of active sites and the mecha-
nisms  underlying  catalyst  degradation,  providing  theoretical  guidance  for
extending the lifespan of catalysts. The application of these advanced meth-
ods  contributes  to  uncovering  the  behavior  of  catalysts  at  the  atomic  and
molecular  levels,  offering  a  solid  theoretical  foundation  for  designing  more
efficient catalysts.

Theoretical  calculations,  particularly  DFT,  are  essential  for  predicting  and
understanding  the  electronic  structure,  adsorption  energies,  and  energy
changes  in  catalytic  processes.  However,  DFT  calculations  are  constrained
by computational resources and often rely on simplified models that neglect
environmental factors, which may lead to inaccuracies in modeling complex
catalytic systems. Additionally, their computational efficiency is insufficient to
meet the demands of large-scale catalyst screening. To address these limi-
tations, researchers  are  exploring  new  methods  to  improve  both  the  accu-
racy  and  efficiency  of  theoretical  predictions.  By  employing  multi-scale
modeling  approaches  (e.g.,  QM/MD  coupling  and  phase-field  simulations),
researchers can comprehensively account for the complex coordination envi-
ronments of  catalysts,  thereby significantly  improving the accuracy of  theo-
retical  predictions.  Furthermore,  integrating  machine  learning  and  high-
throughput computing techniques optimizes catalyst design and bridges the
gap between theory and experiment,  offering new possibilities for  screening
and  predicting  high-performance  SACs.  For  example,  Professor  Teng  Li’s
group  has  demonstrated  that  combining  machine  learning  with  first-princi-
ples calculations allows for rapid performance predictions of SACs, achieving
speeds 130,000 times faster than traditional DFT methods.143 The adoption of
these  advanced  theoretical  tools,  along  with  the  development  of  improved
computational methods, will significantly reduce the time and effort required
by researchers, thereby providing clear guidance for subsequent experimen-
tal studies. 

Developing controllable synthesis strategies for SACs
The synthesis methods of SACs critically influence their properties, includ-

ing metal  loading,  spatial  distribution,  aggregation resistance,  and coordina-
tion structure. Additionally, the structure and coordination environment of the
support (such as defects, heteroatom doping, and surface functional groups)
play a significant role. By employing different synthesis strategies to regulate
these structural  features,  researchers  can  significantly  influence  the  elec-
tronic  structure  and catalytic  performance of  SACs.  Currently,  the  synthesis
methods  of  SACs  can  be  broadly  categorized  into  three  main  approaches:
bottom-up  strategies,  top-down  strategies,  and  quantum  dot  crosslinking/
self-assembly strategies.144 Specific methods for SACs include pyrolysis,145,146

wet-chemical  methods,147,148 atomic  layer  deposition,149,150 and  chemical
vapor deposition,151,152 among others. While each method has its advantages,
they  also  share  common  limitations,  such  as  difficulty  in  controlling  the
anchoring  position,  distribution,  and  coordination  structure  of  the  metal
atoms,  low  metal  loading,  complex  preparation  processes,  and  low  yields.
These  drawbacks  hinder  their  applicability  for  industrial-scale  production.
Therefore, developing controllable, simple, and high-yield synthesis methods
to obtain SACs with tunable structures and high metal loadings is a pressing
issue for future research. In recent years, various new methods such as gas
migration,153,154 ion  implantation,155 photochemical  synthesis,156,157 and elec-
trochemical deposition158,159 have been developed for synthesizing SACs. Gas
migration  involves  migrating  and  depositing  metal  precursors  in  the  gas
phase onto the surface of the support. This method allows for the deposition
of  metal  atoms  at  relatively  low  temperatures,  which  helps  preserve  the
isolated state of the metal atoms. Ion implantation, on the other hand, directly
injects  metal  ions  into  the  support  using  ion  implantation  technology.  This
approach  enables  precise  control  over  both  the  implantation  depth  and  the
distribution of atoms by adjusting parameters such as energy and dosage. Its
excellent batch consistency and reproducibility make it suitable for industrial
production. Photochemical synthesis utilizes electron-hole pairs generated by
light irradiation to reduce metal precursors, forming stable single-atom sites
on the support. By adjusting parameters such as light intensity, duration, and
wavelength,  researchers  can  precisely  control  the  reduction  process  of  the
metal  precursors.  Electrochemical  deposition  applies  an  electric  field  in  an
electrolyte  to  deposit  metal  ions  or  other  compounds  onto  the  surface  of  a
conductor. This method allows for fine control over the amount and distribu-
tion of the deposited metal by tuning parameters like current density, poten-
tial,  and  time.  Furthermore,  electrochemical  deposition  can  regulate  the
reduction  and  deposition  of  metal  precursors  at  the  molecular  level,  which
facilitates a high degree of dispersion of metal atoms.

In summary,  the  judicious  selection  and  optimization  of  synthesis  meth-
ods are of paramount importance for enhancing the catalytic performance of
single-atom  catalysts  in  the  context  of  2e– ORR.  As  research  continues  to
advance, it is anticipated that a variety of innovative synthesis strategies will
emerge,  offering  novel  solutions  to  the  current  challenges  in  synthesis,  and
further propelling the field forward.
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