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ABSTRACT: It  is  non-trivial  to  perform  density  functional  theory
(DFT)  screening  for  experimental  validation  that  can  accelerate
qualitative materials discovery to give priority to the top candidates.
Cluster  catalysts,  owing  to  their  adequate  active  sites,  quantum
effect,  high  ratio  of  volume/surface,  excellent  activity  and
selectivity,  have  garnered  widespread  attention  in  various
complicated  multi-step  catalytic  reactions.  However,  the  design
concept, structure formation principle, electrocatalysis process and
potential reaction mechanism are rarely unveiled. This perspective
will  summarize  the  DFT  calculation-assisted  screening  concept
with  emphasis  on  theoretical  calculation  descriptor,  geometric
structures,  electronic  properties,  adsorption  behaviors,  and
reaction  mechanism  to  monitor  the  cluster  catalysis.  Thereafter,
experimental  design  of  advanced  clusters  will  be  presented,
including  synthetic  strategies  and  various  characterization
techniques for intrinsic active sites identification. Subsequently, an
overview  of  the  structure-property  correlation  to  drive  diverse
electrochemical  reactions  will  be  exemplified  and  discussed,
encompassing  cathode  reaction  of  oxygen  reduction  reaction
(ORR),  anode oxidation  of  H2,  alcohols  and acids,  water  splitting,
nitrogen  reduction  reaction  (NRR),  carbon  dioxide  reduction  reaction  (CO2RR).  Finally,  a  fundamental  insight  into  the
existing  challenges  and  perspectives  were  proposed  for  rational  screening  and  structural  regulation  of  the  advanced
clusters for the electrochemical reactions in clean energy conversion devices.
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 1    Introduction

Exploring  advanced  high-performing  catalysts  with  lower

environmental  impact  are  desired  for  sustainable  electrochemical
energy  conversion  devices,  such  as  fuel  cells,  metal-air  batteries,
water  electrolysis,  activation  and  conversion  of  small  molecules
(such  as  N2/CO2 to  fuel  conversion)  etc.,  has  become a  promising
solution  to  address  the  energy  and  environmental  crisis  [1−3].  In
these  devices,  the catalyst  is  the engine that  determines  the overall
reaction efficiency to lower the energy barriers. It was demonstrated
that  noble-metal-based  catalysts  are  considered  as  the  holy  grail
among  other  earth-abundant  catalyst  in  many  electrocatalytic
reactions  [4−17].  Nonetheless,  the  exorbitant  price,  low  stability,
and natural scarcity severely restrict their scaling application. Thus,
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minimizing  the  usage  of  noble  metals  or  exploiting  non-noble
metal-based  alternative  catalysts  using  green  and  sustainable
strategy is of paramount significance [18−26].

Atomically  dispersed  metal  catalysts  have  aroused  worldwide
attention due to the quantum size effect,  electronic structure effect
(e.g.  band  structures,  band  gap  and  density  of  states),  strong
metal–support interaction, high atom utilization, and coordination
unsaturated center  [27−35].  It  is  well  known that  the size  effect  in
the  range  of  nanoparticles,  clusters,  and  even  to  single  atoms  is
tightly  associated  with  the  electrochemical  activity,  which  would
affect  the  geometric  structure,  adjacent  coordination environment,
and intrinsic electronic property, such as the exposed index planes,
the actual active sites, and the binding force of intermediate species.
Single-atom  catalysts  (SACs)  possess  a  broad  prospect  to  achieve
high activity  toward various  reactions  [36−50].  But  the  SACs may
raise  a  risk  that  the  isolated  active  sites  cannot  drive  the  entire
catalytic process individually to achieve the desired reaction. Hence,
SACs are not the panacea for those reactions requiring continuous
active sites. Besides, due to the large size of the nanoparticles (NPs),
the reactant substrates will be absorbed onto different sites, such as
edge  sites,  corner  sites,  and  planes  of  the  geometric  structures,
thereby reducing the catalytic selectivity.

For some intricate catalytic process involving multiple substrates,
multiple intermediates and multi-electron transfer, the clusters have
become  an  emerging  research  hotspot  due  to  the  presence  of
neighboring metal bonds that can trigger synergistic effects [51−56].
Clusters  with  different  symmetry  can  modify  the  d  band  center
structure  of  metal  atoms  and  modulate  electronic  properties
originated  from  the  metal  orbital  hybridization  effect  [57−64].
Clusters  can  provide  adjacent  atomic  sites  that  may  decrease  the
reaction  barrier  and  improve  the  catalytic  activity.  The  above  of
which  merits  might  endow  them  with  many  novel  physical  and
chemical  properties,  new  catalytic  pathway  different  from  once
popular  SACs  and  NPs  catalysts  in  various  electrochemical
reactions  [65−68].  The  metal  atoms  tend  to  aggregate  to  NPs  or
decompose  to  SACs  during  the  synthesis  process.  Therefore,  it
would  be  challenging  to  design  multi-atom  cluster  catalysts  with
desired  structures.  Recently,  strategies  such  as  precursor
preselection,  coordination  stabilization,  electrochemical  strategies,
spatial  confinement-pyrolysis,  electrospinning,  atomic  layer
deposition,  ball-milling,  and  mass-selected  soft  landing,  etc.  have
been reported to synthesize cluster catalysts.

However,  experimentally  synthesizing,  characterizing,  and
predicting the properties of advanced clusters, are a very expensive,
labor-intensive,  and time-consuming task.  Theoretical  study based
on the density functional theory (DFT) are a promising avenue for
reducing  the  research  period  and  experimental  cost  of  cluster
catalysts  [69].  DFT  calculations  can  estimate  d-band  centers,
adsorption  energies,  activation  energy  barriers,  reaction  pathways,
which  are  vital  parameters  to  explore  the  electrocatalytic
performance and reaction mechanism. The thermodynamic energy
descriptors of catalyst that correlate with activity and selectivity can
be predicted by DFT approach,  for  instance,  the  descriptor  of  CO
adsorption  energy  can  predict  the  activity  of  hydrocarbon
generation  for  the  carbon  dioxide  reduction  reaction  (CO2RR)
system  [70].  Noteworthy,  apart  from  adsorption  energy  of  the
intermediates,  single  descriptor  cannot  fully  determine  the
electrocatalytic kinetics, which requires analyses of the other critical
parameters  such  as  coordination  configurations,  active  centers
identifying,  surface  stability,  thermodynamics  reaction  energy

barriers,  transition  states,  and  catalytic  reaction  mechanism.  In
addition,  the electrocatalytic  process  of  clusters  is  complicated due
to the diversity of reaction pathways and intermediates. The design
principle  of  clusters  must  give  priority  to  the  reaction  pathways
regulating.  For  the  formic  acid  oxidation  system,  it  involves  the
dehydrogenation  and  dehydration  process.  The  CO*  generated
from the dehydration is toxic to the active center. Strong adsorption
between  CO*  and  metal  center  can  make  the  exposed  active  site
covered  by  CO*,  which  will  inhibit  the  adsorption  of  other  small
molecules,  leading to low catalytic activity.  Clusters with capability
of  both  oxygen  reduction  reaction  (ORR)  and  OER  activities  are
satisfactory for water splitting, fuel cells and metal-air batteries, etc.
For catalyzing the OER, clusters can reduce the reaction barriers for
*OOH,  *OH,  and  *O  through  synergistic  effects  to  enhance  the
catalytic activity of the active sites.

Cluster  catalysis  guided  by  theoretical  calculation  is  still  in  its
infancy, it is critical to disclose the underlying reaction mechanisms
on  various  active  centers.  This  review  aims  to  systematical
summarize  the  recent  research  progress  on  the  theory-guided
design  and  experimental  discovery  of  clusters  towards  various
electrocatalytic  reactions,  as  illustrated  in Fig.  1.  First,  we  give  a
precise definition of clusters structure in detail from the theoretical
and experimental  perspectives.  Further,  the theoretical  principle to
rational  screen  and  design  clusters  catalysts  are  presented  and  the
corresponding synthesis strategies under the guidance of theoretical
calculation  are  summarized.  Thereafter,  the  recent  progress  and
reaction  mechanism  of  clusters  for  various  energy-related
electrocatalytic  reaction  will  be  discussed,  including  cathode
reaction of  ORR, anode oxidation of  H2,  alcohols  and acids,  water
splitting,  nitrogen  reduction  reaction  (NRR),  CO2RR.  Finally,
conclusions  and  prospects  for  the  pre-screening,  controllable
synthesis,  characterizations,  applications  and  catalytic  mechanism
exploration  of  clusters  will  be  provided.  We  anticipate  to  give
theoretical  and  experimental  guidelines  for  scientists  to  in-depth
understanding the structure-property correlation of atomic clusters.

 2    Theory-guided clusters design
The  traditional  trial  and  error  experimental  study  of  clusters  is
facing the dilemma of low efficiency and lack of evidence. With the
rapid development of computer science, theoretical calculations are
increasingly  important  due  to  the  savings  in  time  and  higher
accuracy.  Experimental  workflow  requires  scientific  experience  to
select  candidates  for  clusters  synthesis,  DFT  workflow  uses
structural  optimization  to  search  a  balance  between  structure  and
activity  for  near-optimal  activity  [71].  Ideal  adsorption models  are
searched on catalyst surfaces, which is indicative of catalyst activity.
This yields a feedback loop during DFT screening and experimental
verification. Based on DFT screening results to guide experimental
discovery,  a  great  deal  of  experimental  phenomena  can  be
elucidated at atomic scale. Theoretical calculations have become an
indispensable  tool  in  determining  catalytic  mechanism  as  well  as
relationship between cluster structure and catalytic activity.

The  development  of  high-performance  electrocatalysts
fundamentally relies on establishing robust composition–structure–
activity  correlations and gaining mechanistic  insights  into catalytic
processes.  DFT  has  evolved  into  a  crucial  computational
methodology  for  elucidating  the  relationship  between
electrochemical  activities  and  the  intrinsic  physicochemical
properties  of  catalytic  materials.  Based  on  quantum-mechanical
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theory, DFT approaches reliably determine the ground state energy
of  atoms  in  particular  configurations,  thereby  supporting  the
prediction  of  catalytic  activity  and  the  understanding  of  reaction
mechanisms  through  an  in-depth  analysis  of  electronic  structures.
The  correlation  between  DFT  guided  experimental  synthesis  of
clusters is mainly reflected in the structural origins derived from the
reconfiguration  of  d-band  structure  manipulation,  spin  state
engineering, and tuned charge reconstruction.

Firstly, in terms of experimental synthesis, researchers can adjust
the  d-band  center  and  d–p  hybridization  width  of  clusters  by
changing  the  local  atomic  coordination  environment,  thereby
optimizing  the  adsorption  energy  of  key  intermediates.  The
position of  the center  of  the d-band directly  affects  the adsorption
strength  of  the  reaction  intermediates,  and  an  upward  shift  will
enhance  the  adsorption  energy  [72].  The  d-band  model  proposed
by Norskov and Hammer has been extensively utilized to correlate
the  electronic  structure  of  electrocatalysts  with  the  adsorption
characteristics  of  rate-determining  intermediates  [73, 74].  For
atomic  clusters,  the  d-band  structure  can  be  characterized  by
descriptors including the d-band center, width, and the position of
the  upper  edge  relative  to  the  Fermi  level.  Since  the  electron
occupancy in bonding and anti-bonding states is governed by the d-
band center position, modulation of this parameter enables precise
control  over  intermediate  adsorption  strength  [75].  The
incorporation of anther metal atoms introduce additional empty d-
orbitals  or  unpaired  d-electrons,  which  facilitate  enhanced  orbital
hybridization with adsorbates through optimized π/σ donation and

π* back-donation  pathways.  This  strengthens  the  metal-adsorbate
interaction,  promoting  both  intermediate  activation  and  optimal
binding  energy.  Pan et  al.  synthesized  Pt-based high-entropy alloy
clusters  supported  on  super-hydrophilic  CeO2/porous  carbon  (Pt-
HEA-cluster/CeO2/C)  for  HER.  Synergistic  Pt–O–Ce  interfacial
and Pt–M metallic bonds modulate the Pt d-band center, achieving
near-thermo-neutral  hydrogen  adsorption  while  concurrently
optimizing  charge-transfer  kinetics  and  adsorption  energy  via
controlled d-orbital occupancy [76].

Secondly,  spin  represents  an  intrinsic  property  of  electrons  that
has  established  itself  as  a  cutting-edge  research  theme  across
materials  science  and  energy  related  field  [77].  In  contrast  to
precious metal catalysts, which predominantly exhibit a closed-shell
electron configuration, 3d metal complexes, particularly those based
on  iron,  demonstrate  a  comparatively  low  crystal  field  splitting
energy [78].  This  characteristic  grants  them a tendency to develop
open-shell  structures  and  additionally  promotes  the  creation  of
complex  potential  energy  surfaces  through  spin  transitions.
Consequently,  such  complexes  have  the  capability  to  display
reactivity  patterns  that  significantly  differ  from  those  of
conventional  closed-shell  catalysts,  indicating  the  potential  for
ground breaking advancements in the field of catalysis [79]. Various
spin  states  influence  the  electronic  structure,  intermediate  binding
capacity,  and  activation  energy  of  the  electrocatalyst,  consequently
affecting  the  catalytic  performance.  First-principles  simulations  by
Liu  et  al.  demonstrate  that  an  Fe3 cluster  supported  on  θ-Al2O3

(010)  serves  as  an  effective  heterogeneous  catalyst  for  ammonia

 

Figure 1    Overview of topics covered in the review on the DFT guidance of designing atomic cluster catalysts towards various electrocatalytic reactions.
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synthesis  [80].  Due  to  the  significant  spin  polarization  of  the  Fe3

cluster,  the  adsorbed  N2 is  effectively  activated,  resulting  in  a  high
turnover frequency of NH3. The orbital overlap among metal atoms
allows  single  cluster  catalysts  to  exhibit  a  specific  electronic
structure  that  enhances  the  interaction  with  N2,  particularly  in
terms of donating electrons to the N2-π* orbitals. Moreover, Jiang et
al.  put  forward  an  anchored  Fe4 cluster  on  GaS  as  ammonia
synthesis catalyst. N2 is fully activated through a side-on adsorption
configuration at the hollow site of Fe4/GaS, where both degenerate
N2-π* orbitals are effectively hybridized with the frontier orbitals of
the  Fe4 cluster,  as  demonstrated  by  fragment  orbital  analysis.
Furthermore,  spin  density  on  activated  N*

2 reaches  0.40  μB  at  the
hollow  site,  markedly  surpassing  values  at  the  top  (0.01  μB)  and
bridge  (0.08  μB)  sites.  Because  free  N2 is  nonpolar,  this  spin
accumulation further destabilizes the N–N bond [81].

Thirdly,  optimized  charge  transfer  between  the  electrocatalyst
and key reaction intermediates has been demonstrated to improve
catalytic activity. Theoretical calculations have shown that there are
significant  interactions  between  the  intermediates  during  critical
reactions and the polarized active sites present on the surface of an
electrocatalyst.  The  spatially  uneven  charge  distribution  of  atomic
clusters  is  predominantly  reflected  in  the  oxidation  state.  This
originates  from  two  coupled  mechanisms:  (1)  electron  transfer
driven by intrinsic electronegativity differences of the central metal
atoms, which modifies oxidation states; and (2) interfacial structural
defects  that  perturb  the  local  coordination  environment,
coordination number, bond length, and bond angle, relative to ideal
lattice  parameters,  compelling  directional  reorganization  of  the
electron  density.  These  combined  effects  ultimately  produce  a
spatially nonuniform charge density profile [82]. For example, Tang
et  al.  reported  a  Te-N-Pt  system  (Pt13/Te-N-GMC)  as  an  efficient
ORR  catalyst.  The  low  electronegativity  of  Te  facilitates  electron
delocalization,  which  is  stabilized  by  the  unsaturated  coordination
of  the  Pt  particle  center.  DFT  calculations  demonstrate  that,  in
contrast to carbon supports that are either single-heteroatom-doped
or undoped, Te-N co-doping enables electron reverse transfer from
the Te-N-GMC support to Pt. This charge redistribution enhances
electron density  at  Pt  sites  and alleviates  Pt  oxidation under  high-
voltage conditions, finally boosting its ORR activity [83].

It  is  of  great  significance  to  develop  an  overview  of  the  general
framework and common descriptions  for  DFT guiding the  design
of  cluster  catalysts,  in  order  to  facilitate  communication  between
computational  and experimental  scholars.  Combining DFT theory
with experimental techniques is a common strategy to improve the
accuracy and depth of research. This helps to reduce the time and
cost of trial and error in experiments.

The  DFT  method  can  be  used  to  calculate  the  properties  and
electronic  structure  of  clusters,  such  as  parameters  of  band
structure,  electronic  density  of  states,  adsorption  energy  and
reaction barriers in catalytic processes [84]. Computational scholars
believe  that  the  general  framework  for  DFT  guidance  typically
follows  a  compute-design-validate  process.  Firstly,  through  high-
throughput  DFT  calculations,  multiple  possible  cluster  structure
models  are  established.  Select  the  stable  structure  with  the  lowest
energy  by  performing  geometric  optimization  and  energy
calculations.  Next,  calculate  the  binding  energy  and  formation
energy  of  the  clusters  to  determine  the  feasibility  of  the
experimental  structure.  For  the  selected  stable  clusters,  determine
the  active  center,  calculate  its  electronic  structure  and  key
performance  descriptors,  simulate  catalytic  reaction pathways,  and

analyze  the  origin  of  the  activity.  Once  again,  experimental
verification  will  be  conducted  to  test  the  catalytic  activity  and
selectivity by the experimenters after using the calculated results to
guide the synthesis of clusters. In this way, a preliminary structure-
descriptor-performance relationship is establish. Descriptors are the
key  bridge  connecting  cluster  structure  and  performance.  Mainly
including: (1) geometric structure descriptors, such as bond length
and  bond  angle  distribution;  (2)  electronic  structure  descriptors,
such  as  transition  metal  d-band  centers  and  charge  distributions;
(3)  the  descriptors  of  stability  between clusters  and supports,  such
as binding energy and cohesive energy; (4) electrocatalytic reaction
performance  descriptors,  such  as  adsorption  free  energy,  reaction
energy barrier/transition state energy [85].

The  size  of  atomic  clusters  (from  dimers  to  trimers  and  some
tens  of  atoms)  is  generally  less  than  about  2  nm,  its  catalytic
behaviors  in  terms  of  selectivity  and  activity  will  be  obviously
altered  stemming  from  the  quantum  effects,  electronic  effects,
geometric  effects,  synergistic  effects  between  adjacent  atoms,  and
coordination  microenvironment  effect  [86−88].  When  the  size  of
bulk metal NP (> 2 nm) is decreased, its electronic structure will be
changed  from  continuous  valence  bands  to  a  relatively  discrete
HOMO–LUMO  states  with  a  narrow  band  gap  [89].  When  the
particle  size  is  further  decreased  to  the  clusters  region,  the
HOMO–LUMO  electronic  state  is  significantly  discretized
(Fig.  2(a)).  The  observed  difference  is  mainly  attributed  to  the
synergistic  effects  of  additional  atoms.  The  origin  of  synergistic
effects of cluster catalysts usually including d-band filling, spin state,
charge  difference  and  electronegativity  [90−92].  Clusters  may
exhibit  various  configurations,  including  homo-atom  and  hetero-
atom dimers, bridged dimers, trimers and so on (Fig. 2(b)). When
the adsorbate is landed onto the active centers, the additional active
site  could  change  the  binding  pathway,  effectively  activate  the
adsorbate,  optimize  reaction  energies,  and  tune  the  activity  of
clusters (Figs. 2(c) and 2(d)) [93]. In addition, clusters with different
sizes and structures exhibit different specific surface area, which can
exposed more surface active sites for the adsorption and activation
of  multiple  substrates  or  intermediates,  and  catalyze  complex
reactions with diverse products.

Due  to  the  unique  size  effect,  distinctive  electronic  properties,
synergistic  effects,  and  excellent  catalytic  performance  of  clusters,
we have conducted a systematic summary of the key design points
and  common  problems  regarding  the  cluster  catalysts  towards
several typical electro-catalysis processes in the following section in
order  to  gain  a  deeper  understanding  of  the  structure-activity
relationship of as-developed clusters.

 2.1    Clusters for 2e− ORR to produce H2O2

H2O2 is  a  widely  used  green  oxidant  in  chemical  synthesis,
wastewater  treatment,  fiber  and  paper  production,  disinfection,
medicine, and environmental remediation [94]. The use of 2e− ORR
for  H2O2 electrochemical  synthesis  is  a  sustainable  alternative
technology for industrial energy intensive anthraquinone oxidation
process,  in  which  only  OOH*  intermediate  species  occurs.  In
alkaline  and  acidic  conditions,  the  reactions  of  2e− ORR  to
synthesize H2O2 are described as follows [95]

O2*+H2O+ e− → OOH*+OH− (in alkali)

O2*+H+ + e− → OOH* (in acid)
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Therein,  H2O2 is  unstable  in  alkaline  media,  thus  the  direct
production  of  H2O2 in  acidic  conditions  is  more  desirable,  the
elementary  reactions  of  the  2e− ORR  in  acidic  environment  are
given as follows

O2 + *→ O2*

O2*+H+ + e− → OOH*

OOH*+H+ + e− → H2O2

The limiting potential  (UL)  versus  ΔGOOH*  shows a  volcano plot
for  the  2e− ORR.  On  the  left  of  the  volcano,  the  intermediate  of
*OOH binds too strong, leading to the 4e− ORR, which means low
selectivity but high activity towards the 2e− ORR. On the right of the
volcano,  the  *OOH  intermediate  binds  too  weak,  representing  a
high selectivity yet low activity towards the 2e− ORR. The high 2e−

ORR activity and selectivity are located near the top of the volcano.
Even  H2O2 is  synthesized  by  the  2e− route,  owning  to  its  high

activity  of  radicals,  side  reactions  of  the  peroxide  reduction  may
result in the formation of H2O (H2O2 + 2H+ + 2e− → 2H2O in acid)
and the H2O2 decomposition (2H2O2 → 2H2O + O2). Thus, suitable
catalysts  that  can  enhance  the  activity  and  selectivity  and  prevent
the H2O2 reduction and decomposition are required to be screened
via  experimental  and  computational  investigations.  For  the  2e−

ORR to produce H2O2, noble metal alloys of Pt-Hg, Pd-Hg, and Au-
Pd [96−98],  SACs such as  non-precious  metals  of  Fe,  Co,  Ni,  Mn
[99−102]  and  precious  metals  of  Os,  Ir,  Rh,  Ru,  Pt,  and  Pd
[103, 104] as well as metal-free heteroatom, for example, B, N, O, F,
P,  S-doped  carbon  have  been  studied  [105].  Metal-based  SACs,
clusters  and  NPs  have  been  generally  reported  to  be  superior
electrocatalysts  for  various  reactions  [106−108],  yet  clusters  have
rarely been developed for 2e− ORR to produce H2O2.

Theoretical  studies  indicate  that  Ag  clusters  can  donate  more
electrons,  which  is  conducive  to  the  protonation  of  adsorbed  O2,

resulting in a high H2O2 selectivity. Liu et al. demonstrated a stable
Ag  clusters  anchored  on  N-doped  hollow  carbon  spheres  (NC-
Ag/NHCS),  which  can  catalyze  2e− ORR  with  a  high  H2O2

selectivity  of  89%–91%  in  0.1  M  HClO4 electrolyte  [109].  The
calculated  free  energy  diagrams  of  ORR  for  2e−/4e− route  on  NC-
Ag/NHCS  demonstrate  that  Ag13 cluster  possess  a  lower  energy
barrier  for  the  2e− process  rather  than  the  unfavorable  4e− one,
corresponding to OOH* → H2O2 (Fig.  3(a)).  The energy barrier  of
OOH*  on  Ag13 cluster  is  lower  than  the  substrate  one,  which
demonstrates  a  high  selectivity  of  H2O2 resulting  from  the  Ag
nanoclusters doping (Fig. 3(b)). For the synthesis of NC-Ag/NHCS,
they  used  resorcinol  formaldehyde  polymer  (RFP)  and  SiO2

templates  to  prepare  N-doped  hollow  carbon  spheres  (NHCS),
AgNO3 was  absorbed  on  NHCS  by  wet  impregnation,  then  NC-
Ag/NHCS was obtained after the calcination in NH3/Ar. HAADF-
STEM image depicts that Ag clusters were densely dispersed on the
hollow  carbon  shell  (Figs.  3(c)−3(f)).  XANES  spectroscopy  was
analyzed  to  conform  the  atomic  structure  of  NC-Ag/NHCS,  two
dominant peaks can be respectively assigned to the Ag-N and Ag-
Ag (Figs. 3(g) and 3(h)). From the ORR polarization curves showed
in Fig.  3(i),  it  can  be  found  that  the  ring  current  density  of  NC-
Ag/NHCS is larger than that of NHCS, demonstrating an enhanced
activity to produce H2O2. The selectivity of H2O2 and the number of
electron  transfers  (n)  are  calculated  and  plotted  as  a  function  of
different  potentials,  which  displays  a  high  H2O2 selectivity  of
89%–91%  for  NC-Ag/NHCS  between  0.2  to  0.7  V.  And,  the
corresponding  calculated  value  of  n  is  close  to  2,  indicating  a  2e−

route for ORR (Fig. 3(j)).
Liu  and  co-workers  reported  a  low-coordinated  Mo  clusters

supported  by  nitrogen-doped  carbon  for  H2O2 electrosynthesis
[110].  The  H2O2 selectivity  was  higher  than  77%  with  a  negligible
activity attenuation in an alkaline condition over 10,000 cycles. DFT
results revealed that the high H2O2 selectivity was due to the ability
of Mo clusters can give electrons to activate O2 and enhancing the
binding  of  *OOH  on  Mo  sites.  The  free  energy  profiles  of  ORR

 

Figure 2    (a)  Representative  geometric  and  electronic  differences  of  materials  with  diverse  sizes.  (b)  Possible  multi-atom cluster  catalysts.  (c)  Illustration  of  optimized
reaction energies, and (d) binding and activation of multi-atom cluster catalysts when compared with single-atom catalysts. Reproduced with permission from Ref. [93], ©
Royal Society of Chemistry 2022.
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pathways  on Mo4 cluster  displayed  a  free  energy  barrier  (0.17  eV)
for the 2e− ORR (*OOH → H2O2), which was lower than that of 4e−

ORR pathway (0.56 eV) (Fig. 4(a)). On the Mo4 cluster sites, the key
intermediate of *OOH was much easier to generate compared with
the  N-G  (Fig.  4(b)),  which  suggested  a  high  H2O2 selectivity  of c-
Mo/NCPs.  The  catalysts  of c-Mo/NCPs  were  prepared  using  a
combination process of self-assembly, wet impregnation, and high-
temperature  calcination  (Fig.  4(c)). c-Mo/NCPs  presented
apolyhedrons  morphology  and  no  crystalline  nanoparticles  were
observed in the TEM image (Figs. 4(d) and 4(e)). Mo clusters were
well dispersed on the NCPs surface conformed by HAADF-STEM
image  (Fig.  4(f)).  The  Mo  3d  XPS  spectrum  suggested  that  Mo
clusters  are  in  the  form  of  oxidized  states,  and  Mo–N  bond  was
found at the the binding energy of 229.0 and 232.8 eV (Fig. 4(g)). In
the  FT-EXAFS  curve,  the  two  peaks  at  ~  1.5  and  ~  2.8  Å  were
attributed  to  the  Mo–N  and  Mo–Mo  (Fig.  4(h)).  On  the  ORR
polarization  curves  (Figs.  4(i) and 4(j)), c-Mo/NCPs  displayed  a
larger ring current (Iring) with a positive shift of onset potential and
77%–85% H2O2 selectivity, indicating an enhanced activity for H2O2

electrosynthesis.  Chen et  al.  used a  solution-impregnation method

to synthesize  partially  oxidized amorphous  Pdδ+ clusters  (Pd3
δ+ and

Pd4
δ+)  onto  oxidized  carbon  nanotubes  (Pdδ+-OCNT),  achieving

nearly 100% selectivity toward H2O2 in acidic electrolytes [111]. The
free  energy  diagram  and  activity  volcano  plot  (Figs.  5(a)−5(c))
suggest  that  the  activity  of  Pd3 and  Pd4 with  oxygen-containing
functional  group  is  further  enhanced  by  two  nearby  epoxy  group,
enabling  the  Pdδ+-OCNT  at  the  peak  of  the  volcano  with  a
overpotential  of  0  V.  The  Pd  clusters  were  obtained  with  no
crystalline lattice in the HRTEM and with a size distribution of 0.61
± 0.07 nm in the STEM image (Figs. 5(d) and 5(e)). The CV curves
of  hydrogen  adsorption/desorption  peak  of  Pdδ+-OCNT,
confirming the successful doping of Pd onto the OCNT (Fig. 5(f)).

Transition  metal-based  catalysts  have  shown  promising
application in H2O2 synthesis due to their high H2O2 selectivity and
low  price.  Among  them,  Co-based  catalysts  are  beneficial  in
inhibiting the free radical attack and de-metallization of active sites,
which  enables  them  excellent  catalytic  activity  and  stability.
Cyclodextrin  possesses  abundant  active  sites,  which  can  improve
the electrocatalytic performance. DFT reveals that the cyclodextrin-
mediated  Co(OH)2 structure  can  optimize  the  subsequent

 

Figure 3    (a) Calculated free energy diagrams for 4e−/2e− ORR pathways on Ag13 cluster. (b) Calculated free energy diagrams for 2e− ORR pathway on Ag13 cluster and N-
G. (c) Schematic diagram of the synthesis process. (d) SEM image. (e) TEM image. (f) HAADF-STEM image. (g) Ag K-edge XANES profiles. (h) Ag K-edge FT-EXAFS
profiles.  ORR performance in 0.1 M HClO4.  (i)  Polarization curves,  in which j denotes the current density.  (j)  The calculated H2O2 selectivity and n. Reproduced with
permission from Ref. [109], © Tsinghua University Press 2022.
 

Figure 4    (a) Calculated free energy profiles for 4e−/2e− ORR pathways on Mo4 cluster. (b) Calculated free energy profiles for 2e− ORR process on Mo4 cluster and N-G. (c)
The preparation process. (d) SEM, (e) TEM, and (f) HAADF-STEM images of c-Mo/NCPs. (g) High-resolution XPS Mo 3d spectra. (h) Mo K-edge FT-EXAFS profiles.
(i) and (j) Electrocatalytic ORR performance of c-Mo/NCPs in 0.1 M KOH electrolyte. Reproduced with permission from Ref. [110], © Jin, M. M. et al. 2022.
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Figure 5    (a) Optimized model with nearby epoxy functional groups on the most stable O*/HO* covered Pd3 and Pd4 clusters. (b) Free energy diagram for 2e− ORR at
0.70 V. (c) Activity volcano plot. (d) and (e) HRTEM and STEM images of Pdδ+-OCNT. (f) H adsorption/desorption curves. Reproduced with permission from Ref. [111],
© Chang, Q. W. et al. 2020. (g) Free energy change along the reaction pathway. (h) The PDOS of Co-SCD-2, Co-SAC, and CoOOH. (i) The preparation of Co-SCD-2. (j)
Fourier  transforms  of  EXAFS  spectra.  (k)  LSV  polarization  curves  and  (l) i–t test  of  Co-SCD-2  for  production  of  H2O2 in  a  three-electrode  H-type  electrolytic  cell.
Reproduced with permission from Ref. [112], © Wiley-VCH GmbH 2023.
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adsorption  of  OOH*  intermediates  and  enhances  the  activation
energy barrier for dissociation, leading to the high catalytic activity
and selectivity for the 2e− ORR [112]. Co-SCD-2 has the lowest free
energy  of  0.04  eV  for  OOH*  among  the  other  Co-based  catalysts
(Fig. 5(g)). The d-band center of Co-SCD-2 shows an obvious left-
shift compared to Co-SAC and CoOOH, which weakens the energy
of *OOH intermediate and is beneficial for the production of H2O2

(Fig. 5(h)). Wang et al. reported a cyclodextrin-supported Co(OH)2

cluster  catalysts  by  using  heptakis-(6-mercapto-6-deoxy)-β-
cyclodextrin (SCD) and Co2(CO)8 (Fig. 5(i)). The EXAFS spectrum
of  Co-SCD-2  displays  two  shells  can  be  ascribed  to  Co–O  and
Co–Co scattering  paths  (Fig.  5(j)).  The  catalyst  exhibited  excellent
H2O2 selectivity  and  stability,  as  well  as  high  H2O2 yield  rate  with
5.58 mol·gcatalyst

−1·h−1 in the H-type cell (Figs. 5(k) and 5(l)).
H2O2 electrochemical  synthesis  is  a  green  and  sustainable

technology. For the clusters design, introducing atomic vacancies or
defects  to  construct  active  sites  can  promote  local  electron
delocalization  and  enhance  conductivity.  Constructing  synergistic
effects  between  different  atomic  sites  can  optimize  charge
redistribution,  and  accurately  adjust  the  d-band  center  and
optimize electronic structure through DFT prediction [113].

 2.2    Clusters for 4e− ORR cathode reaction
The  proton  exchange  membrane  fuel  cell  (PEMFC)  or  direct
methanol  fuel  cells  (DMFCs)  with  properties  of  high  energy
density,  low  cost  and  zero-emission  of  exhaust  gas,  can  provide
clean energy by transforming chemical energy into electric energy,
which  exhibits  attractive  market  prospect  [114].  However,  the
PEMFC or DMFCs is restricted by its sluggish kinetics of cathodic
oxygen  reduction  reaction  (ORR).  The  ORR  process  is  the  rate-
determining  step  and  has  different  reaction  mechanisms  in  acid
and basic conditions [115].

In acid condition, 4e− transfer pathway

O2 +4H+ +4e− → 2H2O (1)

In acid condition, two step 2e− transfer pathway

O2 +2H+ +2e− → H2O2 (2)

H2O2 +2H− +2e− → 2H2O (3)

In basic condition, 4e− transfer pathway

O2 +H2O+4e− → 4OH− (4)

In basic condition, two step 2e− transfer pathway

O2 +H2O+2e− → HO−
2 +OH− (5)

HO−
2 +H2O+2e− → 3OH− (6)

It is worth noting that there are only two processes irrespective of
the acidity or alkalinity of the electrolyte. One is the 4e− process to
directly  generateH2O  in  acid  or  OH− in  basic.  The  other  transfer
pathway  is  the  two  step  2e− process,  it  undergoes  the  first  2e−

process to generate H2O2 or HO2
−,  and then further undergoes the

second 2e− process to produce H2O or OH−. The direct 4e− transfer
pathway  is  required,  which  can  acquire  maximum  power
conversion efficiency.

The  4e− ORR  possess  the  associative  and  the  dissociative
mechanism. The elementary reactions of the associative mechanism
in acid medium follow the steps below

O2 + *→ O2* (7)

O2*+H+ + e− → OOH* (8)

OOH*→ O*+ *OH (9)

O*+H+ + e− → OH* (10)

OH*+H+ + e− → H2O (11)

Besides,  the  elementary reactions of  the  dissociative  mechanism
in acid medium are listed as follows

O2 + *→ O2* (12)

O2*+ *→ 2O* (13)

O*+H+ + e− → OH* (14)

OH*+H+ + e− → H2O (15)

In the associative mechanism, the intermediates are OOH*, O*,
and OH*,  here  the  O–O bond in  OOH* will  be  broken (Eq.  (9)),
while in the dissociative mechanism, the intermediates are OH* and
O*, here the O–O bond in O2 will  be broken (Eq.  (13)).  Based on
the  above  equations.,  we  can  discover  that  ORR  elementary
reactions  mainly  involve  two  process  [116].  One  process  involves
the  broken  of  O–O  bond,  such  as  the  dissociation  of  O2*  and
OOH*.  The  other  one  involves  several  protonation  steps,  for
example, the protonation of O2* (Eq. (8)), O* (Eqs. (10) and (14)),
and  OH*  (Eqs.  (11) and (15)).  It  should  be  noted  that  too  strong
bonding  of  active  sites  and  intermediates  will  make  the  activation
energy barrier in the protonation processes higher, while too weak
bonding  will  make  it  difficult  to  dissociate  O–O  bond.  Therefore,
too strong or too weak bonding of the active sites and intermediates
are  not  conducive  to  the  improvement  of  catalytic  activity.  The
above relations  can be described with the volcano curve,  in  which
ORR  thermodynamic  and  kinetic  as  a  function  of  adsorption
energy.  Whether  the  OOH*  are  dissociated  into  *O  and  OH*
determines  the  reaction  pathway.  The  weak  adsorption  of  OOH*
leads  to  a  high  H2O2 selectivity  but  a  low  activity,  and  the  strong
binding of OOH* leads to the dissociation to *O and OH* resulting
in the  4e− ORR.  Therefore,  OOH* → H2O2 is  the  rate-determining
step  (RDS)  for  the  4e− pathway,  and  O2 →  OOH*  is  the  most
sluggish  reaction  step  for  the  2e− ORR  pathway.  The  cathode
reaction  of  ORR  in  the  fuel  cells  remains  a  bottleneck  due  to  its
sluggish  kinetics  process  and  large  overpotentials.  Developing
alternatives  to  substitute  precious  metal  and  reducing  platinum
loading  are  urgent  need  for  the  commercialization  because  of  the
scarcity of platinum [117].

Sing-atom  Fe-N4 structure  has  aroused  interest  in  replacing
expensive  platinum-based  catalysts  toward  ORR.  However,  the
rigid  atomically  dispersed  Fe-N4 configuration  showed  limited
activity  and  serious  degradation  due  to  the  unsatisfactory
adsorption  energies  to  oxygen-containing  intermediates  in  acidic
electrolyte.  Fe-N4 SACs  modified  by  clusters,  such  as  Pd  clusters
[118] or Fe clusters [119], can synergistically maximize the activity
and stability of Fe-N4 SACs for ORR. Wang et al. demonstrated that
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adjacent atomic clusters can enhance the ORR activity and stability
of  single-atom  Fe-N4.  The  modulation  effects  of  the  adjacent  Co4

ACs structure have been demonstrated to improve the ORR activity
for  Fe-N4 site  through  DFT  calculations.  Co4/Fe1@NC  and
Fe4/Fe1@NC  showed  a  longer  stretching  of  O–O  bond  (ca.
1.30 Å) relative to the Fe-N4 (1.29 Å) (Fig.  6(a)),  implying that  O2

can  be  more  easily  broken  in  Co4/Fe1@NC  and  Fe4/Fe1@NC.
Figure 6(b) shows the free energy diagrams of OOH*, O* and OH*
intermediates and adsorption configurations at U = 1.23 V, the rate-
determining step with uphill free energy was the third step from O*
to OH*, thus the ORR kinetics and activity was determined by the
formation of OH*. Co4/Fe1@NC had the lowest free energy change,
indicating a more favorable structure to weaken the binding of O*
on  the  Fe-N4 site.  The  charge  density  difference  of  Co4/Fe1@NC
demonstrating  the  electron  withdrawing  effect  from  the  Fe-N4

active center to the adjacent Co4 (Fig. 6(c)).  The integration of Fe-
N4 and  Co4 atomic  clusters  on  the  N-doped  carbon  support

(Co4/Fe1@NC) was  obtained  by  a “pre-constrained” strategy  using
Co4 molecular  clusters  and  Fe(acac)3 implanted  into  N-doped
carbon  precursors  derived  from  ZIF-8.  Based  on  the  HAADF-
STEM  image,  the  brighter  Co/Fe  species  in  the  dodecahedral
morphologies of Co4/Fe1@NC can be observed (Figs. 6(d) and 6(e)).
The catalyst exhibits a highest ORR catalytic activity with an onset
potential  of  0.980 V vs.  RHE and a half-wave potential  of  0.835 V
vs.  RHE  in  acidic  electrolyte  surpassing  the  value  of  Pt/C  (E1/2 =
0.814 V vs. RHE ) (Fig. 6(f)) [120].

Modulating the electron redistribution of single metal active sites
through  multinuclear  atomic  clusters  can  optimize  the
adsorption/desorption  process  of  the  intermediates  and  decrease
the  energy  barrier,  which  is  an  effective  way  to  enhance  the  ORR
activity  [121−127].  The introduction of  adjacent  single  atoms sites
was proved to be a  potential  way to synergistically  boost  the ORR
activity. The atom-cluster interaction can boost the performance of
M-N-C  catalysts  for  ORR.  However,  how  to  design  atom-cluster

 

Figure 6    (a) O2 adsorption models of Co4/Fe1@NC, Fe4/Fe1@NC and Fe1@NC. (b) Gibbs free energy diagram for ORR on Co4/Fe1@NC, Fe4/Fe1@NC, and Fe1@NC. (c)
Charge  density  of  Co4/Fe1@NC  and  Fe1@NC.  (d)  Aberration-corrected  STEM  image  of  representative  Co4/Fe1@NC  substrates.  (e)  Atomic-resolution  HAADF-STEM
image of Co4/Fe1@NC revealing the atomically dispersed Co4 ACs and Fe SACs, which are highlighted by yellow dashed circles. In the corresponding models, orange ball
represents  Fe  atom,  green  ball  represents  Co  atom.  (f)  ORR  polarization  curves  of  NC,  Co4@NC,  Fe1@NC,  Co4/Fe1@NC,  and  Pt/C  in  O2-saturated  0.5  M  H2SO4.
Reproduced with permission from Ref. [120], © Wiley-VCH GmbH 2023.
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catalysts  and  revealing  their  structure–property  relations  are  of
great significance and remain a challenge. Luo and coworkers [128]
demonstrated  that  the  adjacent  Cu-N4 single  atoms  can  improve
the ORR activity through the introduction of atomic cluster (AC) of
Fe5-N-C,  in  which  the  Fe  center  was  coordinated  with  four
pyridinic N atoms. DFT studies suggested that Cu-N4 SAs can serve
as  a  regulator  to  promote  O2 adsorption  and  O–O  bond  cleavage
on  Fe  AC,  and  optimize  the  release  of  OH*  intermediates,  which
can accelerate  the  entire  ORR kinetics.  The  diagram of  Gibbs  free
energy (ΔG) for the intermediates (Fig. 7(a)), displayed that the rate
determining  step  is  OH* → H2O with  the  lowest  energy  barrier  of
1.06 eV on the Fe5-Cu-N-C compared to other configurations at the
potential  of U =  1.23  V,  demonstrating  that  the  Cu-N4 sites  can

facilitate  the  release  of  OH* and  accelerate  ORR  process.  The
differential  charge density  distribution (Fig.  7(b))  revealed that  the
introduction  of  Cu  SAs  can  significantly  induce  electronic
rearrangement of the Fe AC active sites. The EXAFS fitting results
(Figs. 7(c) and 7(d)) indicate that the Fe and Cu atoms exist in the
form of Fe-N4, Fe4 ACs and Cu-N4 in Fe5-Cu-N-mC structure. The
Fe5-Cu-N-mC catalyst exhibited the highest ORR performance with
a  half-wave  potential  of  0.92  eV  vs.  RHE  compared  with  other
catalysts,  and remained 98.4% of its initial current density in alkali
(Figs. 7(e) and 7(f)).

The exploration of the effect of clusters on single-atom sites and
the universal synthesis strategy is highly significant but challenging.
Peng et al. reported that ORR activity can be effectively modified by

 

Figure 7    (a)  Gibbs  free  energy  diagrams  of  the  models  of  Fe5 clusters  and  the  Fe5 clusters  with  neighboring  secondary  metals  introduced.  (b)  Top/side  views  of  the
differential  charge  density  of  Fe5-N-mC  and  Fe5-Cu-N-mC  after  *OH  adsorption.  (c)  EXAFS  fitting  results  at  R  space.  (d)  EXAFS  fitting  results  at R space.  (e)  ORR
polarization curves of electrocatalysts measured in 0.1 M KOH solution at 1600 rpm. (f) I–t curves at 0.7 V at a rotation speed of 1600 rpm in O2-saturated 0.1 M KOH
for Fe5-Cu-N-mC and Pt/C. Reproduced with permission from Ref. [128], © Wiley-VCH GmbH 2023.
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tuning  the  electron  structure  and  optimizing  the  bond  lengths  of
single-atoms via clusters induced electron redistribution. The single-
atoms  decorated  with  metal  clusters  on  a  nitrogen-doped  carbon
support (M-ACSA@NC, M = Fe, Co, Ni) was achieved by a coating-
pyrolysis-acid  etching  strategy.  Fe-ACSA@NC  exhibited  a  half-
wave  potential  of  0.90  V vs.  RHE in  alkaline  media  and  delivered
remarkable  power  densities  in  metal-air  batteries.  Theoretical
analysis  further  reinforces  the  significant  roles  of  cluster-induced
charge transfer and redistribution between the atomic M-N-C sites
and  the  carbon  support,  which  configuration  can  facilitate  the
intermediates desorption for the ORR process [129].

The ORR activity  of  M-N-C in  acidic  electrolyte  remains  lower
than  that  of  Pt-based  catalysts,  and  the  instability  of  M-N-C  in
PEMFC mainly originates from the demetalation of M-Nx sites and
the  oxidation  of  carbon  substrates.  Increasing  the  activity  and
durability  of  the  M-N-C  active  sites  is  essential  but  remains  a
challenge. The synergy of single-atom active sites and metal clusters
are mostly applied in alkaline electrolyte due to the easily solubility
of metal clusters in acids. However, if these clusters chemically bind
to  the  carbon  substrate  and  adjacent  metal  clusters  have  stronger
electronic  interactions  with  SACs,  they  will  be  acid  stable  in
PEMFCs  that  operating  under  acid  conditions.  Shui  et  al.  [130]
reported  a  N-coordinated  Fe  clusters  coupled  with  satellite  Fe-N4

active  sites  on  2D  porous  carbon  (FeSA/FeAC-2DNPC)  for  ORR  in
acidic  fuel  cells.  They  found  that  the  Fe  clusters  can  optimize  the
adsorption  strength  of  intermediates  on  satellite  Fe-N4 by
introducing  an  OH  ligand  and  shorten  the  amplitude  of  Fe–N
bonds  for  ORR,  which  can  reduce  the  ORR  energy  barrier.  DFT
calculations  were  utilized  to  study  the  role  of  Fe  cluster  in
modulating  the  Fe-N4 activity.  The  hybrid  active  site  was  built  on
graphene  with  Fe4-N6 cluster  and  an  adjacent  Fe-N4-OH  site,  the
distance of Fe SAC and Fe AC is 4.97 Å (Fig. 8(a)). They assumed a
4e− ORR  process  on  the  Fe-N4 site  of  Fe-N4-OH/Fe4-N6 that
proceeds  through  O2*,  OOH*,  O*,  and  OH*  (*  denotes  the
adsorption  site, Fig.  8(b)).  The  free  energy  diagrams  calculated  at
1.23 V were displayed in Fig. 8(c). The rate determine step on Fe-N4

was the OH* formation (O* + H+ + e− = OH*), in which the energy

barrier was 0.53 eV. When the Fe cluster was grafted, Fe-N4/Fe4-N6

showed a strong adsorption to OH ligand, the OH can optimize the
binding  strength  of  the  Fe-N4 and  intermediates  that  greatly
lowering the energy barrier to 0.35 eV.

The modulation of electron distribution of SACs by introduction
of atomic clusters as multinuclear sites is an effective way to boost
the ORR activity. However, the SACs and atomic clusters with the
same metal active centers are mostly focused, and rare works about
the  atomic  clusters  and  SACs  with  different  metal  centers  are
reported,  which  may  be  due  to  the  difficulty  in  the  synthesis.Han
and  co-workers  reported  the  construction  of  isolated  Mn-N4 sites
coexist  with  FeMn  clusters  anchored  on  defect-rich  N-doped
carbon  support  (FeMnac/Mn-N4C)  [131].  They  performed  DFT
calculations  to  disclose  the  synergistic  effects  of  Mn  SACs  and
FeMn clusters on the ORR activity by studying the binding energies
and the energy barriers of intermediates for FeMnac/Mn-N4C. Three
models  of  Mn-N5C,  Fe-N5C  and  FeMnac/Mn-N4C  anchored  on
graphene  were  constructed  in Fig.  9(a).  The  authors  depicted  the
ORR  process  for  FeMnac/Mn-N4C  under  alkaline  conditions  in
Fig.  9(b).  From Fig.  9(c),  it  can  be  seen  that  the  electron  transfer
pathways  for  the  three  models  all  displayed  a  spontaneous
exothermal process because the ORR process appeared a consistent
downhill free energy at U = 0 V. When increased the potential to U
= 1.23 V,  the Mn-N5C and Fe-N5C occurred endothermic process
due  to  the  second ORR step  (OOH* + e− +  H+ →  OH* + H2O) is
uphill,  demonstrating  the  broken  of  O–O  bond  and  the  OH*
formation  was  sluggish.  Theoretical  calculations  indicated  that  the
FeMnac/Mn-N4C was in favour of the O2 adsorption and O–O bond
broken and further promote the ORR kinetic process. FeMnac/Mn-
N4C was  prepared  by  a  strategy  of  post-adsorption and secondary
pyrolysis  using  Mn-doped  Cd-p-phenylenediamine  complexes
(CdMn-PPD)  as  precursor  (Fig.  9(d)).  The  optimal  FeMnac/Mn-
N4C  catalyst  exhibited  an  excellent  ORR  activity  with  a  half-wave
potential of 0.79 V vs. RHE in 0.5 M H2SO4 and 0.90 V vs. RHE in
0.1  M  KOH,  respectively  (Figs.  9(e) and 9(f)).The  above  works
indicate  that  the  strong  coupling  effect  of  SACs  and  clusters  is  a
potential strategy to improve the ORR activity and stability.

 

Figure 8    (a) Model structure of Fe-N4/Fe4-N6 used for theoretical calculation with a spontaneously formed OH ligand. (b) Schematic ORR process on the Fe-N4 site of Fe-
N4-OH/Fe4-N6.  (c) Free energy diagrams at 1.23 V for ORR over three types of active sites of Fe-N4,  Fe-N4/Fe4-N6,  and Fe-N4-OH/Fe4-N6.  Reproduced with permission
from Ref. [130], © Wan, X. et al. 2022.
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 2.3    Clusters for anode oxidation of alcohols, formic acids,
and hydrogen
Polymer  electrolyte  membrane  fuel  cells  (PEMFCs)  utilizing
alcohols  and  hydrogen  as  fuel  source  for  anode  oxidation  have
attracted  great  interest  due  to  their  less  expensive,  environmental
friendliness,  low  operating  temperature,  low  toxicity,  portability,
and  high  energy  density.  In  comparison  with  hydrogen,  some
alcohols  (methanol,  ethanol,  and  polyalcohol  or  called  polyhydric
alcohol)  are  liquid  at  ambient  temperature,  which  are  easy  to  be
transported  and  stored.  However,  the  challenges  remained  in

alcohol  oxidation  in  PEMFCs,  for  example,  it  is  difficult  to
completely  oxidize  alcohol  due  to  the  presence  of  C–C bond,  and
more  and  more  adsorbed  intermediates,  such  as  CO,  will  appear
during the anode oxidation process [132].

The  commercially  available  catalysts  for  direct  alcohol  fuel  cells
(DAFCs) are platinum-based materials, but the main issues are the
limited reserves, high cost sluggish alcohol oxidation kinetics, poor
activity  and  stability,  and  poisoning  susceptibility  of  Pt  caused  by
strong adsorption of CO intermediates during the alcohol oxidation
process, which can occupy the Pt active site, prevent the active site

 

Figure 9    (a)  Optimized  atomic  structures  of  Mn-N5C,  Fe-N5C,  and  FeMnac/Mn-N4C.  (b)  Proposed  ORR  elemental  steps  for  the  FeMnac/Mn-N4C.  (c)  Free  energy
diagrams for Mn-N5C, Fe-N5C, and FeMnac/Mn-N4C at 0 and 1.23 V. (d) Schematic illustration for the preparation of FeMnac/Mn-N4C. (e) and (f) Electrochemical ORR
performance O2-saturated 0.5 M H2SO4 and 0.1 M KOH at 1600 rpm. Reproduced with permission from Ref. [131], © Wiley-VCH GmbH 2022.
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from continuing to participate in the reaction, decrease the activity
and stability of the overall electrode kinetics and be unfavorable for
application  prospects  of  DAFCs.  Composite  of  Pt  with  other
oxygenophilic metals to form Pt-M catalysts have been considered
to be a promising strategy, which can not only reduce the amount
of  noble  Pt,  but  also  prevent  poisoning  effect  of  intermediates
because  the  introduction  of  M  can  generate  surface  oxygenated
species (M–OHads),  M–OHads can react with the CO intermediates,
resulting in CO removal, and thus accelerating the reaction kinetics.
For  example,  oxyphilic  Ru  species  can  generate  adsorbed  OH
groups (Ru–OHads),  Ru–OHads can greatly  accelerate the continued
oxidation  of  toxic  intermediates  on  Pt  atoms  (Pt–COads)  at  lower
potential, thereby accelerating the release of occupied active sites on
the Pt surface to continue the alcohol oxidation process [133].

 2.3.1    Clusters for alcohols oxidation reaction

DAFC,  which  employs  methanol,  ethanol,  and  polyhydric  alcohol
(such  as  ethylene  glycol  and  glycerol)  as  fuels,  has  become  an
advanced energy conversion device to solve the energy crisis [134].
Methanol and ethanol are the widely used liquid fuels. The energy
in  direct  methanol  fuel  cells  (DMFCs)  is  obtained  from  the
methanol oxidation reaction (MOR): CH3OH + H2O → CO2 + 6H+

+ 6e− in acidic medium and CH3OH + 6OH− → CO2 + 5H2O + 6e−

in basic medium. In the ethanol oxidation reaction (EOR) pathway,
the  dominant  product  is  acetic  acid  and  the  number  of  electron
transfers is 4e− instead of 12e− in the imperfect oxidation [135, 136]

CH3CH2OH+2OH− → CH3CHO+2H2O+2e−

CH3CH2OH+4OH− → CH3COOH+ 3H2O+4e−

CH3CH2OH+ 12OH− → 2CO2 +9H2O+ 12e−

The  pyridinic  N  in  g-C3N4 can  capture  Pt  clusters  by  strong
metal–support interactions to avoid the agglomeration of Pt. Chen
et al.  reported a molecular trapping strategy to stabilize Pt  clusters
on  graphitic  carbon  nitride  (g-C3N4)  modified  carbon  nanotubes
(CNT)  for  MOR  (Fig.  10(a)).  The  integration  of  g-C3N4 on  CNT
played  a  critical  role  in  optimizing  the  electronic  structure  and
catalytic behavior of Pt catalysts, which can provide sufficient triple-
phase  boundaries  and  ensure  fast  reaction  kinetics  toward  MOR.
The  CNT  can  provide  fast  electronic  conductive  and  diffusive
channels. The Gibbs free energies of the pathways during the MOR
(Fig.  10(b))  on  both  Pt-g-C3N4 and  Pt-CNT  demonstrated  that  g-
C3N4 could  enhance  the  adsorption  strength  of  intermediates  and
reduce the energy barriers. The incorporation of CNT can facilitate
the accumulation of –OH and reduce the activation energies of the
dehydrogenation  of  CH3OH,  thus  the  absorbed  poisoning
intermediates  were  effectively  eliminated.  The  potential  regions
between  0.8  and  1.0  V  are  associated  with  the  COad stripping
process  in  0.5  M  H2SO4,  and  the  Pt-g-C3N4-CNT  showed  a  large
ECSA values (Fig. 10(c)). Additionally, the Pt-g-C3N4-CNT showed
the highest current densities in comparison to Pt-AC and Pt-CNT
catalysts,  indicating  high  activities  toward  MOR  in  0.5  M  H2SO4

and 1 M methanol (Fig. 10(d)) [137].
Carbon  dot  (CD)  can  regulate  the  d-band  center  of  Pt  via

resonance  energy  transfer,  which  promoted  electron  transfer
between  the  Pt  and  CD  with  remarkable  electrocatalytic  activity.
Niu et al. reported a PtRu cluster modified with fluorescent CD for
MOR  in  acidic  media  [138].  When  CH3OH  is  adsorbed  on  the
electrocatalyst,  the  continuous  dehydrogenation  of  CH3OH
(CH2OH*  →  CH2O*  →  CHO*)  will  be  initiated,  and  the  hydroxyl

 

Figure 10    (a) Schematic diagram of the methanol electrocatalytic processes on the Pt-g-C3N4-CNT catalyst. (b) Free energy diagram of methanol oxidation reaction on
Pt/CNT and Pt-g-C3N4. Cyclic voltammograms of Pt-g-C3N4-CNT in comparison with Pt-CNT, Pt-AC, and Pt-g-C3N4 in (c) 0.5 M H2SO4 solution and (d) 0.5 M H2SO4

with 1 M methanol solution at a scan rate of 20 mV·s−1. Reproduced with permission from Ref. [137], © American Chemical Society 2019.
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methyl  intermediates  (CHxO*)  and  H*  (surface  adsorption  of
protons) will be formed. The effective dehydrogenation reaction on
the  PtRu-CDs  (0.21  and −0.40  eV)  proving  that  PtRu  clusters  are
more  conducive  to  forming  CHO*.  The  oxidation  of  COOH*  to
CO2 is  the  rate-determining  step  for  the  PtRu-CDs  with  a  low
energy  of  0.35  eV.  DFT  calculations  revealed  that  the  process  of

CO* oxidation to CO2 was CO* → COOH* → CO2, with a reduced
free  energy  barrier  of  0.59  eV  to  remove  the  adsorbed  CO*
(Fig.  11(a)).  The  excellent  dehydrogenation  and  CO*  oxidation
ability  for  the  PtRu-CDs  indicated  good  MOR  activity.  HRTEM
image  showed  two  lattice  fringes,  proving  the  interaction  between
CDs  and  Pt  (Fig.  11(b)).  The  metal  clusters  were  uniformly

 

Figure 11    (a) Free-energy profiles recorded for MOR on PtRu/C, Pt/C, and PtRu-CDs (0 V vs. RHE). (b) HRTEM image and (c) HAADF-STEM image of PtRu-CDs-
150. (d) Schematic diagram of synthesis of PtRu-CDs. Reproduced with permission from Ref. [138], © Wiley-VCH GmbH 2023. (e) An electrochemical batch reactor
system and (f) electrocatalytic GOR over Pt/3D-GLC. (g) CV curves for the electrocatalytic GOR over Pt/3D-GLC and Pt/C in N2-purged 2 M glycerol + 0.5 M H2SO4

solution. The inset displays an electrochemical half-cell system having a three-electrode configuration. Reproduced with permission from Ref. [142], © Elsevier B.V. 2019.
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anchored  on  CDs  by  HAADF-STEM  image  (Fig.  11(c)),  and
Fig. 11(d) displayed the synthetic method of PtRu-CDs.

In  addition  to  methanol  and  ethanol,  DAFCs  can  also  use
polyalcohols as fuels to drive the alcohols oxidation reaction (AOR).
Polyalcohols,  such  as  ethylene  glycol  and  glycerol,  have  attracted
extensive  attention  due  to  its  higher  energy  density,  non-volatility
and lower  cost.  However,  most  of  catalysts  are  kinetically  sluggish
for  the  AORs  that  comprising  multi-electron  transfer  pathways,
methanol needs 6e− to be transferred to achieve complete oxidation,
not  to  mention  polyalcohol.  Due  to  the  large  amount  of  electron
transfer  and  strong  C–C  bond  breakage,  the  kinetics  of  polyol
oxidation  is  more  sluggish  compared  with  the  electrocatalysis
process  described  above.  The  glycerol  oxidation  reaction  (GOR)
can be used as an example. Glycerol as a industrial raw material and
a value-added byproduct in the synthesis of fatty acids and biodiesel
is widely used in the area of food and pharmaceuticals. The glycerol
production  exceeds  demand,  thereby  glycerol  derivatives  such  as
glyceraldehyde,  dihydroxyacetone,  glycolic  acid,  and  glyceric  acid
by  electrocatalytic  oxidation  becoming  available.  In  DAFCs,  the
GOR  can  generate  valuable  chemicals,  hydrogen  and  electrical
energy [139, 140].

Single-atomic  site  decorated  with  clusters  could  synergistically
boost the electrocatalytic activities. Yu et al. employed intermetallic
PtCo  integrated  with  Co  single  atom  (PtCo/Co-N-C)  for  the
aerobic  oxidation  of  glycerol  in  direct  ethanol  fuel  cell.  The
PtCo/Co-N-C catalyst exhibited a consistent open-circuit voltage of
0.6  V  vs.  RHE,  demonstrating  its  promising  practical  application
[141].  Kim et  al.  reported  the  Pt  clusters  loaded on 3D graphene-
like  carbon  (3D-GLC)  by  zeolite  template  and  Pt  impregnation
methods  (Pt/3D-GLC)  (Figs.  11(e) and 11(f)),  demonstrating
superior electrocatalytic activity for electrochemical GOR than that
of commercial Pt/C [142]. The forward peak current density (If) of
Pt/3D-GLC was 1.6-fold higher than that of Pt/C catalyst. The ratio
of the If in the positive sweep and the reverse peak current density
in the negative sweep (Ir) for Pt/3D-GLC displayed a larger value of
If/Ir than  that  for  Pt/C  (Fig.  11(g)),  demonstrating  that  the
accumulation  toxicity  of  carbonaceous  intermediates  is  relatively
low on the surface of Pt/3D-GLC during the GOR process.

 2.3.2    Clusters for formic acids oxidation reaction

H2 has  been  commonly  used  as  fuel  for  PEMFCs,  but  facing  the
challenges  of  generation,  storage,  and  handling,  which  limited  its
development  and  motivated  researchers  to  explore  liquid  fuels  for
PEMFCs  due  to  the  fact  that  liquid  fuels  can  greatly  reduce  the
storage  risks  and  transportation  costs,  and  have  proven  the
enormous  potential  in  portable  devices.  Compared  with  alcohols,
formic  acid  not  only  possesses  the  merits  of  nontoxic,  low
flammability, fast reaction kinetics and slow crossover rate, but also
is  a  strong  electrolyte  that  can  facilitate  proton  conduction.
Additionally,  direct  formic  acid  fuel  cells  (DFAFCs)  (Fig.  12(a))
possess  a  much  higher  value  of  theoretical  open  circuit  potential
(1.48 V), compared with that of H2-PEMFCs (1.23 V) and DMFCs
(1.21 V) (Eqs. (16)–(19)) [143].

Anode: H2 → 2H+ +2e− E0 = 0 V (vs. SHE) (16)

CH3OH+H2O → 6H+ +CO2 +6e− E0 = 0.02 V (vs. SHE)
(17)

HCOOH → 2H+ +CO2 +2e− E0 =−0.25 V (vs. SHE) (18)

Cathode: O2 +4H+ → 2H2O E0 = 1.23 V (vs. SHE) (19)

The  main  challenges  in  DFAFCs  include  the  stability  issue  of
formic acid oxidation (FAO) activity decay on anode catalysts and
crossover  effects  of  electrocatalysts  poisoned  by  the  permeated
formic  acid  on  cathode  catalysts.  The  most  promising  FAO
electrocatalysts  should  lean  towards  the  direct  pathway  with  weak
binding to COads. HCOOH can also be considered as the promising
energy  carrier  for  DFAFCs  due  to  it  have  high  volumetric  H2

storage  capacity,  which  is  initially  decomposed  into  CO2 and  H2

under  the  function  of  the  anode  catalyst,  then  H2 is  sent  into  a
PEMFC system. The chemical energy in HCOOH can be indirectly
converted into electrical energy, forming the formic acid-based H2-
PEMFCs  (or  called  indirect  formic  acid  fuel  cells,  IFAFCs,
Fig. 12(b)) [144]. Whereas IFAFCs is confronted with major issues,
i.e.,  contaminants  of  CO  and  CO2 generated  from  HCOOH
decomposition will  result  in catalyst  poisoning effects,  leading to a
rapid decrease  in  catalytic  activity.  The FAO reaction occurred on
Pt  group  metals  is  considered  to  through  a  dual  pathway
mechanism, including direct paths and indirect paths. In the direct
pathway,  HCOOH  is  directly  oxidized  to  CO2 through  a
dehydrogenation process forming active intermediates of  COOH*.
In  the  indirect  pathway,  HCOOH is  decomposed  into  COads via  a
dehydration  process,  which  are  then  oxidized  to  CO2.  Due  to  the
strong  binding  between  COads and  Pt,  the  Pt  active  sites  will  be
blocked,  thereby  the  catalytic  activity  will  be  degraded  (Fig.  12(c))
[145].  Thus,  it  is  desirable  to  develop  efficient  catalysts  to  achieve
the  direct  pathway  to  suppress  the  dehydration  of  HCOOH  to
suppress  COads accumulation.  Developing  HCOOH  resistant
cathode  catalysts  is  a  promising  approach  to  address  detrimental
crossover effect. The strategies to design catalysts resistant to COads

poisoning  including:  (1)  regulating  the  electronic  structure  of  the
active  sites  to  suppress  the  production of  COads,  (2)  decreasing the
binding  strength  of  COads to  reduce  the  the  occupation  of  COads,
and (3) introducing promoters that can facilitate COads oxidation at
lower  potentials  to  improve  anti-poisoning  ability.  The  promoters
are  usually  oxophilic  species  or  elements,  such  as  phosphides,
oxides,  or  hydroxides  of  transition  metals,  which  have  strong
affinity  for  OHads,  and  the  OHads species  can  more  easily  remove
COads [146, 147].

Thermodynamic  analysis  demonstrates  that  with  the
temperature  decreasing,  the  Gibbs  free  energy  of  CO  adsorption
gets more negative.  It  means that CO adsorption is favored at low
temperature and increasing temperature can dramatically  improve
CO tolerance, thus alleviating poisoning effect but high temperature
will  accelerate  catalyst  degradation.  Therefore,  electrocatalysts  with
high  thermal  stability  that  can  bear  elevated  temperature  are
desired.  Yan  and  co-workers  synthesized  a  Pt-C3N4@CNT
dispersed  with  triangular  clusters  of  Pt  atoms,  serving  as  a  FAO
catalyst  for DFAFCs [148].  The Gibbs free energy profiles of  FAO
mechanism  of  HCOOH  on  Pt-C3N4@CNT  (Fig.  12(d))  indicated
that  HCOOH*  can  spontaneously  generates  CO*  +  H2O(l)  in  the
indirect  route,  then  continuing  to  form  CO*  +  OH*  with
endothermic  reaction  energies  of  0.61  eV,  finally  producing  CO2

with endothermic reaction energies of 1.24 eV, which the two steps
are thermodynamically unfavorable,  and the rate-determining step
is the process of CO2 formation. In the direct route, the process of
HCOOH* to form COOH* requiring a reaction energy of 0.11 eV.
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The  final  step  of  COOH*  conversion  to  CO2 is  an  endothermic
process,  requiring  a  reaction  energy  of  1.04  eV,  which  is  the  rate
determining  step.  The  direct  route  demands  less  energy  than  the
indirect  one,  therefore  the  direct  route  in  Pt-C3N4@CNT  offers  a
distinct  advantage,  and  the  FAO  on  the  Pt-C3N4@CNT  mainly
follows the direct route with preferred intermediate of COOH*. To
evaluate the poisoning resistance, CO was blown into the electrolyte
using  chronoamperometry  (CA)  method  (Fig.  12(e)).  The
reduction of  mass  activity  for  Pt-C3N4@CNT was  less  than that  of
Pt@CNT  when  CO  was  introduced,  proving  that  Pt-C3N4@CNT
was an excellent anti-poisoning catalyst for FAO.

 2.3.3    Clusters for hydrogen oxidation reaction

H2 fuel  cells  are  recognized  as  one  of  the  most  promising  eco-
friendly  power  supplies.  The  elementary  process  of  hydrogen
oxidation reaction (HOR) in alkaline including three reaction steps

(Eqs.  (20)–(22)).  In  the  Tafel–Volmer  and  Heyrovsky–Volmer
mechanisms, H2 is oxidized to H2O [149, 150].

Tafel: H2 +2*↔ 2H* (20)

Heyrovsky: H2 +OH− + *↔ H*+H2O+ e− (21)

Volmer: H*+OH− ↔ *+H2O+ e− (22)

Pt-based  anodic  catalysts  suffer  from  sluggish  HOR  kinetics  in
alkaline  medium,  which  decreases  the  performance  of  fuel  cells
compared  to  acidic  medium.  Therefore,  it  is  essential  to  develop
effective  electrocatalysts  while  reducing  costs  for  HOR  in  alkaline
medium [151]. The key strategy is to increase the complexity of Pt,
especially in terms of composition and morphology. Developing Pt

 

Figure 12    Schemes of (a) DFAFC and (b) IFAFC. Reproduced with permission from Ref. [144], © American Chemical Society 2016. (c) Reaction pathways of FAO on
the surface of  Pt.  (d) Gibbs free energy profiles  of  formic acid oxidation via indirect  and direct  routes on the Pt-C3N4@CNT site.  (e)  CO poisoning experiment of  Pt-
C3N4@CNT and Pt@CNT in 0.5 M H2SO4 + 0.5 M HCOOH. Reproduced with permission from Ref. [148], © Li, C. et al. 2023.
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with  less  expensive  foreign  metal  atoms,  such  as  Pt-Ru  alloy,  can
significantly boost HOR performance, in which Ru is recognized as
a  promoter  to  improve  the  HOR  performance  of  Pt  in  alkaline
media [152−155].  Ru is  much cheaper than Pt [156] and has high
anti-CO poisoning capability and O2 tolerance [157]. However, the
passivation caused by excessive adsorption of oxygen species poses
a  challenge  for  individual  Ru  species  in  maintaining  high  current
densities [158, 159].  Sun and co-workers developed a single atom-
cluster multiscale structure (Fig. 13(a)) with isolated Pt single atoms
coupled  with  Ru  clusters  supported  on  nitrogen-doped  carbon

nanosheets (Pt1-Ru/NC) enabled robust alkaline HOR performance
for  anion exchange membrane fuel  cells  (AEMFCs).  The intensity
of  Pt  is  significantly  heightened  compared  to  adjacent  Ru  atoms,
due  to  the  larger  atomic  mass  of  Pt  (Figs.  13(b) and 13(c)).
Compared with Ru/NC, the current density of Pt1-Ru/NC is greatly
increased,  and  Pt1/NC  exhibited  insufficient  HOR  kinetics,
demonstrating  that  atomically  dispersed  Pt  atoms  served  as  a
promoter  in  enhancing  HOR  activity.  Meanwhile,  when  the
potential exceeds 0.15 V vs. RHE, the HOR limiting current density
of  Ru/NC  decreases  sharply,  indicating  that  the  active  sites  of  Ru

 

Figure 13    (a) Scheme illustration of the preparation of Pt1-Ru/NC. (b) The zoom-in HAADF-STEM of Pt1-Ru/NC and inset in (b) is the FFT pattern. (c) The magnified
image in green box of (b).  (d) HOR polarization curves of different catalysts in H2-saturated 0.1 M KOH solution at  a rotating speed of 1600 rpm with a scan rate of
2 mV·s−1. (e) Schematic illustration of the enhanced alkaline HOR mechanism of Pt1-Ru/NC. (f) Free energy diagrams of the elementary step of HOR on pure Ru and Pt1-
Ru.  Reproduced with permission from Ref.  [160],  © Tsinghua University  Press  2024.  (g)  Synthesis  of  Ru@TiO2 electrocatalyst.  (h)  The HOR catalytic  performance of
Ru@TiO2 in 0.1 M HClO4 containing CO. Reproduced with permission from Ref. [161], © Zhou, Y. Y. et al. under exclusive licence to Springer Nature Limited 2020.
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are gradually passivated by oxygen-containing species, such as OH*
and  O*.  However,  the  limiting  current  density  of  Pt1-Ru/NC
remains  stable,  indicating  that  the  modification  of  atomically
dispersed Pt can effectively protect Ru clusters from the toxicity of
excessive  oxygen-containing  species  (Fig.  13(d)).  In  their  work,
theoretical  calculations  demonstrate  that  the  isolated  Pt  sites  can
participate in the adsorption of H* and OH*, weakening the Ru–H
bond  strength,  and  synergistically  accelerate  the  Volmer  step,
thereby  suppressing  the  over  occupation  of  oxygen-containing
species on Ru clusters (Fig. 13(e)). The energy barriers required for
the reaction of H* and OH* significantly decreases from Ru to Pt1-
Ru  in  the  free  energy  diagrams  (Fig.  13(f))  [160].  Wei  et  al.
synthesized  Ru  clusters  stabilized  in  the  urchin-like  TiO2

(Ru@TiO2),  which  displayed  a  higher  HOR  activity  in  acidic  and
alkaline  media,  and  exhibited  an  excellent  CO  tolerance  with
1000 ppm CO in 0.1  M HClO4 (Figs.  13(g) and 13(h))  [161].  The
blockage  of  CO  adsorption  was  ascribed  to  the  effective  electron
transfer from electron-rich TiO2 to Ru clusters.

Traditional Pt/C catalysts for alkaline HOR are plagued by ultra-
low catalytic  efficiency,  excessively  high  Pt  dosage,  poor  durability
caused by low CO resistance [162, 163].  The competition between
the  adsorption–desorption  of  reaction  intermediates  (such  as  *H
and *OH) and CO on the surface of electrocatalysts is the key factor
for  the  low  catalytic  activity  and  poor  CO  resistance  [164−166].
Xing et  al.  developed a  highly oxophilic  rare-earth lanthanide (e.g.
La,  Ce,  Pr,  Nd,  and  Lu)  single-atom  embedded  into  ultrasmall  Pt
clusters  (Ln1Pt  NCs)  electrocatalyst  for  alkaline  HOR  by  vapor
filling  and  hollow  carbon  sphere  (HCS)  limited  metal  species
reduction method.  Both Ln1 single-atom and ultra small  size of  Pt
NCs can improve atomic utilization efficiency.  Mechanism studies
revealed that oxophilic single-atom Ln1 can serve as Lewis acid site
to selective absorb OH− and modify the d-band center to adjust the
binding strength of *H and CO intermediates on Pt sites,  while Pt
NCs  can  selectively  absorb  *H  to  prevent  competitive  absorption-
desorption behavior. By prompting the removal of *H and *CO, the
electron transfer in HOR kinetics and CO oxidation are accelerated,
thereby the mass activity of the electrocatalyst is higher than that of

commercial  Pt/C  with  an  enhanced  CO  tolerance  [167].  For
nanocluster  catalysts  with  precise  atomic  landing,  the  adjacent
metal  sites  and  synergistic  catalytic  effects  break  the  limitation  of
single-site  catalysis  in  SACs,  ultimately  improving  the  catalytic
performance.

Controlling  the  preparation  of  atomically  precise  multi-nuclear
metal  precursors  while  achieving  highly  uniform  dispersion  and
stable  strong  interactions  of  nanoclusters  on  supports,  remains  a
challenge  [168, 169].  It  is  very  meaningful  to  prepare  a  unique
catalyst  with  ultra-small  size,  definitive  composition,  uniform
chemical  coordination  environment  and  homogeneous  structure.
Tian  and  co-workers  designed  a  Pt6 nanocluster  catalyst  stabilized
on oxidized carbon nanotubes (Pt6/OCNT)by a ligand engineering
strategy,  which  exhibited  an  excellent  stability,  good  CO tolerance
and  outstanding  acidic  HOR  activity.  DFT  calculations  indicated
thatPt6cluster can change the hydrogen adsorption energy,  thereby
reducing  the  theoretical  overpotential  of  HOR.  Their  work
provides  insights  into  exploration  the  impact  of  nanocluster
configuration  and  atomic  number  on  catalytic  activity  for  future
exploration [170].

 2.4    Clusters for water splitting
Water  splitting  by  electrocatalysis  has  been  acclaimed  as  a
renewable and clean energy conversion technology to generate high-
purity  H2 on  the  cathode  and  O2 on  the  anode  (Fig.  14(a))  [171].
However,  the  key  challenges  for  water  splitting  requires  highly
efficient  and  durable  catalysts  to  lower  the  energy  barrier  and  the
overpotential.  Compared  to  traditional  fossil  fuels,  H2 produced
from  electrochemical  HER  is  recognized  as  one  of  the  most
alternative fuels due to the advantage of high energy density and its
non-polluting  products  with  the  direct  use  of  H2O  as  a  raw
material.  SACs  have  emerged  as  one  of  promising  candidates  for
cathodic  HER  and  anodic  OER  electrocatalysts  to  replace  well-
known  bench  marking  Pt/C  and  RuO2/IrO2,  but  the  simplicity  of
the active centers limited their electronic properties manipulation to
further  boost  the  overall  energy efficiency of  water  splitting.  Thus,
the  synergistic  effects  of  clusters  with  multiple  active  centers

 

Figure 14    (a)  Schematic illustration of  water-splitting electrolyzer and related reaction kinetics.  Reproduced with permission from Ref.  [171],  © WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim 2019. (b) The progress of synergistic composite catalysts over the past years. Reproduced with permission from Ref. [172], © Luo, G. Y. et
al. 2024. (c) Schematic representation of the alkaline HER mechanism for IrMo. Reproduced with permission from Ref. [178], © American Chemical Society 2023.
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provides  a  new  opportunity  to  explore  efficient  HER/OER
electrocatalysts (Fig. 14(b)) [172, 173].

 2.4.1    Hydrogen evolution reaction (HER)

The HER generally  proceeds  either  the  Volmer–Heyrovsky  or  the
Volmer–Tafel  mechanism.  In  other  words,  it  firstly  proceeds  via
Volmer  reaction,  subsequently  Heyrovsky  or  Tafel  reaction,  as
illustrated in  the  following equations.  Both the  mechanisms above
include  two  processes:  intermediate  hydrogen  adsorption  and
desorption of H2, and the difference between them is the step of H2

desorption [174−177].
In acidic electrolyte:
The intermediate hydrogen adsorption for Volmer reaction

H3O+ + *+ e− → H*+H2O (23)

The desorption of H2 for Heyrovsky reaction

H*+H3O+ + e− → H2 +H2O (24)

The desorption of H2 for Tafel reaction

H*+H*→ H2 (25)

In alkaline electrolyte:
The intermediate hydrogen adsorption for Volmer reaction

H2O+ *+ e− → H*+OH− (26)

The desorption of H2 for Heyrovsky reaction

H*+H2O+ e− → H2 +OH− (27)

The desorption of H2 for Tafel reaction

H*+H*→ H2 (28)

Yang  and  co-workers  synthesized  a  cucurbit[6]uril-derived
porous  carbon  host  via  a  template-free  route  and  loaded  it  with
IrMo clusters for efficient alkaline HER [178]. Because the Mo site
binds  H2O more  strongly  than  Ir,  water  spontaneously  anchors  at
Mo centers within the Ir(111)-Mo surface. Compared with Ir(111),
the d-band center  of  Ir(111)-Mo shifts  to  a  higher energy that  lies
closer to the Fermi level, enhancing the H2O adsorption. Finally, the
Volmer  step  is  facilitated  and  the  catalytic  activity  is  boosted.  The
proposed mechanism is illustrated in Fig. 14(c).

Metal–support  interaction  plays  a  vital  effect  in  triggering  the
hydrogen  spillover  to  boost  HER.  It  requires  metals  with  rich
electronic  state  to  promote  proton  adsorption/spillover.  However,
the  rich  electronic  state  is  not  compatible  with  the  electron-
donating  OER  in  proton-poor  alkaline  conditions.  Dai  and  co-
workers supported Ir clusters on NiPS3layers (Ir/NiPS3) to study the
Ir electronic states in alkaline hydrogen spillover [179]. As expected,
the  Ir/NiPS3 heterostructure  shows  Pt-beyond  activity  with  a  low
overpotential  of  23  mV  at  10  mA·cm−2 and  a  small  Tafel  slope  of
32 mV·dec−1 in 1M KOH electrolyte. The Janus electron-rich at the
tip  and  electron-poor  states  at  the  interface  of  Ir  clusters  facilitate
the  spillover  process.  Generally,  the  HER  in  alkaline  electrolyte
involves a slow Volmer step (H2O + * + e− → H* + OH−), where the
adsorption  of  protons  and  the  generation  of  Had should  be
prerequisites  for  hydrogen  spillover.  In  order  to  facilitate  proton
adsorption,  metals  in  electron-rich  states  are  needed  to  form
electrostatic  interactions.  Due  to  the  physical  tip  enhancement
effect,  electrons  will  accumulate  in  the  top  region  of  the  metal
(Fig. 15(a)). Therefore, Janus electronic states will be formed at the

interface  (e−-deficient)  and  top  (e−-rich)  of  the  supported  metal  Ir
clusters, enhancing the spillover effect of alkaline HER.

Lian  et  al.  encapsulated  single-atom platinum (PtSA)  and  cluster
platinum (PtC) within a nitrogen-doped porous carbon matrix (PtSA-
PtC/NDPCM) to achieve high effective performance across a broad
range  of  pH,  particularly  in  neutral  and  alkaline  solution
(Fig.  15(b))  [180].  Through  DFT  and operando Raman
characterization, it has been established that the coexistence of PtSA

and PtC offers numerous sites for hydrogen adsorption. This results
in  a  localized  acidic  microenvironment,  initiating  a  unique  H3O+-
induced water reduction in both alkaline and neutral environments,
leading  to  a  remarkably  low |ΔGH*|  for  hydrogen  adsorption.  The
PtSA-PtC/NDPCM  demonstrated  exceptional  catalytic  performance,
achieving  an  ultra  low  overpotential  of  14  mV  vs.  RHE  at −10
mA·cm−2 in a 1.0 M potassium phosphate buffer solution (pH = 7),
and 20 mV vs. RHE at the same current density in alkaline solution
(1 M KOH).

Lu and co-workers incorporated Pt atomic clusters (Pt ACs) into
Co/N  co-doped  carbon  (CoNC)  substrate  as  highly  efficient
electrocatalyst (Pt-ACs/CoNC) for HER in 0.5 M H2SO4 [181]. The
isolated Co atoms in CoNC serve as the anchoring sites to stabilize
Pt ACs (Fig.  15(c)).  The charge redistribution in the active moiety
Pt-O-Pt  of  Pt  ACs  contributes  to  the  enhancement  of  hydrogen
evolution  activity.  In  the  Pt-O-Pt  unit,  the  oxidation  state  of  Pt  is
lower than that of the Pt atoms present in SACs. This phenomenon
is  due  to  the  lesser  extent  of  charge  delocalization  from  Pt  to  the
neighboring  oxygen  atoms  in  the  Pt-ACs/CoNC  configuration.
These  Pt  atoms  are  recognized  as  the  primary  active  sites  for
hydrogen  evolution,  while  the  oxygen  linkers  further  aid  in  the
transfer of adsorbed H* and the desorption of H2 molecule. The as-
designed  Pt-ACs/CoNC  demonstrates  superior  catalytic
performance  for  HER,  needing  only  24  mV  vs.  RHE  of
overpotential  to  reach  the  current  density  of  10  mA·cm−2.
Additionally,  at  an  overpotential  of  50  mV  vs.  RHE,  the  mass
activity  of  Pt-ACs/CoNC  is  28.6  A·mg−1,  outperforming  the
commercial  20  wt.%  Pt/C  catalyst  under  the  same  experimental
conditions.

Wang and co-workers improve the kinetics of alkaline hydrogen
evolution  by  fine-tuning  the  microenvironment  of  Pt  species  and
the  heterointerfaces  between  metal  oxide  [182].  Isolated  PtRu
bimetallic clusters were deposited onto the MO2−x (M = Sn and Ce)
particles  on  carbon  nanotubes  (PtRu/CNT@MO2−x)  through  a
electrochemical  reduction  process.  The  enhanced  HER  activity  of
platinum  clusters  compared  to  platinum  single  atoms  on
CNT@MO2−x (M  =  Sn,  Ce)  can  be  attributed  to  the  differing
dissociation  energy  barriers  that  arise  from  the  configuration  of
H2O  adsorption.  Concurrently,  the  optimization  of  the  support,
regulation  of  platinum  species,  and  modification  with  ruthenium
facilitated an accelerated Volmer reaction and improved kinetics for
H* desorption, effectively balancing the adsorption and dissociation
processes  of  hydrogen  and  water  (Figs.  15(d) and 15(e)).  Finally,
PtRu/CNT@CeO2−x exhibits outstanding HER activity with an acid-
like  Tafel  slope  of  approximately  38  mV·dec−1 in  1  M  KOH
solution.  It  demonstrates  an  overpotential  of  merely  75  mV  vs.
RHE at the current density of 100 mA·cm−2.  The remarkable mass
activity of 12.3 mA·μg−1

 Pt+Ru are 56 times greater than that observed
for commercial 20 wt.% Pt/C at the overpotential of 70 mV.

The  catalytic  activity  of  HER  mainly  depends  on  the  inherent
electronic  properties,  surface  structure  and  active  sites  of  catalysts.
Well-designed  clusters  with  controlling  morphology  and  fine-
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tuning  microenvironment  can  provide  more  active  sites  and
increase electrocatalytic reaction rates. Inducing compressive/tensile
strain through atomic substitution strategy, the electronic structure
can  be  altered,  thereby  influencing  the  electron  overlap  of  the  d
orbitals  and  inducing  charge  redistribution  to  enhance  reaction
activity.  This  not  only  promotes  the  electron  transfer  of  d–d
orbitals,  but  also  triggers  a  transition  in  the  spin  state  of  d-orbital
electrons.

 2.4.2    Oxygen evolution reaction (OER)

Exploring  high-performance  OER  electrocatalysts  has  become
imperative  for  various  energy-related  electrolysis  systems,  such  as
water  splitting  and  rechargeable  batteries.  OER  is  key  reaction  for
the  electricity-driven  water  splitting  to  hydrogen  production.
However, the OER is more kinetically sluggish than HER, because
OER  is  a  multi-step  4e− transferprocess  (Eqs.  (29) and (30))
associated with O–H bond cleavage and O–O bond formation, and
involving  multiple  intermediates  (OOH*,  OH*,  and  O*)  [183],
which is the main bottleneck in improving water splitting efficiency,
severely restricting large-scale hydrogen production.

Overall reaction in acidic electrolyte:

2H2O → O2 +4H+ +4e− (29)

Overall reaction in alkaline or neutral electrolyte:

4OH−→ O2+2H2O+4e− (30)

The  detailed  OER  mechanism  (Fig.  16(a))  can  be  described  as
follows [184−187]

In acidic electrolyte

*+H2O → *OH+H+ + e− (31)

*+H2O → *O+H+ + e− (32)

*O+H2O → *OOH+H+ + e− (33)

*OOH → *O2 +H+ + e− (34)

*O2 → *+O2 (35)

In alkaline electrolyte

*+OH− → *OH+ e− (36)

*OH+OH− → H2O+ *O+ e− (37)

*O+OH− → *OOH+ e− (38)

 

Figure 15    (a) Physicochemical perspective on the Janus electronic state in a metal-support architecture. Reproduced with permission from Ref. [171], © WILEY-VCH
Verlag GmbH & Co. KGaA, Weinheim 2019. (b) Illustrative diagram of the mechanism in the HER processes of Pt SA-PtC/NDPCM. Reproduced with permission from
Ref. [180], © Wiley-VCH GmbH 2023. (c) The top and side view of the atomic structure of Pt-ACs/CoNC. Reproduced with permission from Ref. [181], © Zhao, Y. F. et
al. 2022. (d) PDOS of the Pt atoms in Pt1/SnO2−x, Pt10/SnO2−x, and Pt5Ru5/SnO2−x, with aligned Fermi level. (e) Proposed alkaline HER pathways on Pt single-atom catalysts
(up) and Pt cluster catalysts (down). Reproduced with permission from Ref. [182], © American Chemical Society 2024.
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*OOH+OH− → *O2 + e− +H2O (39)

*O2 → *+O2 (*= catalytically active sites) (40)

Understanding  the  OER  mechanism  is  crucial  for  developing
efficient catalysts in order to accelerate reaction kinetics. Adsorbent
evolution  mechanism  (AEM)  and  lattice  oxygen  mediated
mechanism  (LOM)  are  widely  accepted  as  two  OER  mechanisms
[188, 189].  There  is  a  linear  scaling  relationship  between  the  free
energies  of  different  intermediates,  and  the  thermodynamic  and
kinetic trends of ORR can be described by the binding energies of
intermediates.  Moreover,  the  binding  energy  is  related  to  the  d-
band  center,  which  links  the  electronic  structure  with  catalytic
activity.  Thermodynamics  and  kinetic  volcano  curves  are  the
foundation for understanding the ORR mechanism.

The high cost  and restricted availability of  precious metal  alloys
greatly  limit  their  widespread  application.  Moreover,  transition
metal  compounds  with  poor  conductivity  are  detrimental  to
electrochemical  reactions.  Although single-atom catalysis  has  great
potential for applications due to the high utilization and activity of
each atom, SAC is confronted with issues of its simple structure and
lack of synergistic effects of catalytic sites in more complicated multi-
elementary  reactions,  due  to  the  different  adsorption  energies  of
various intermediates. Due to the high surface free energy of metals
in single atoms, they are prone to aggregation. In order to maintain
a  uniform  single  atomic  structure,  the  metal  loading  is  strictly
limited.

Integrating  SACs  with  clusters  into  a  unified  catalyst  is  an
effective  strategy  to  resolve  the  aforementioned  disadvantages
through synergistic  effects.  The advantages of  the synergistic  effect
of SACs coupled clusters are mainly reflected in the following two
aspects. Firstly, the coupling of atomic clusters adjacent to the SACs
can break the local charge symmetry of M-N4, further regulating the
electronic configuration, optimizing the binding strength of oxygen
intermediates  and  lowering  reaction  energy  barriers.  Secondly,
clusters  exhibit  pinning  effects  on  SACs,  inhibiting  their
demetallation  and  enhancing  the  stability  of  M–N  bonds.  Small
clusters  with  different  coordination  structures  have  shorter
interaction  distances,  resulting  in  stronger  electronic  interactions
and promoting modulation of electronic structures [190, 191]. As a
modifier, the addition of clusters with more exposed active sites can
facilitate  the  redistribution  of  electronic  structure,  improve  the
adsorption/desorption  process  of  reaction  intermediates,  and
accelerate reaction kinetics [192]. However, the physical essence of
synergy from the aspects of orbital hybridization, spin couplingand
its regulatory mechanism on the reaction pathway are worthy of in-
depth  study.  Through  PDOS  analysis,  Zhang  et  al.  demonstrated
that  the  incorporation  of  In  clusters  can  induce  asymmetrical
charge  redistribution  of  FeN4 sites  via  p–d  orbital  hybridization
interaction  between  In  5p  and  Fe  3d  orbital  to  optimize
adsorption/desorption  behaviors  of  key  intermediates,  thereby
achieving superior bifunctional electrocatalytic activity for the ORR
and OER. In addition, the asymmetric electron distribution of Fe 3d
orbitals indicates the existence of highly active unpaired electrons in
the  Fe  center,  thereby  reducing  the  reaction  energy  barrier  and
accelerating the reaction kinetics [193].

DFT calculations reveal the synergistic interaction between SACs
and  clusters  in  regulating  the  adsorption/desorption  of  ORR
intermediates.  It  was  demonstrated  that  FeAC could  influence  the
electronic  properties  of  Fe-N4 sites,  optimizing  the  formation
energy  of  OH*,thus  facilitating  the  ORR  process.  Sun  et  al.

demonstrated  that  FeSA/FeAC-NC  shows  typical  ferromagnetic
properties  at  300  K,  and  the  saturation  magnetic  susceptibility  of
the FeSA/FeAC-NC is 0.17 emu·g−1, in which FeAC can regulate the spin
properties of FeN4. The FeSA/FeAC-NC exhibits pronounced electron
density  near  the  Fermi  level,  indicating  the  existence  of  free
electrons  due  to  the  introduction  of  Fe  clusters.  The  rate-
determining step on the Fe-N4 for ORR is the formation of OH*, in
which  the  energy  barrier  is  0.44  eV.  When  the  Fe  cluster  was
introduced, the adsorption energy of OH* was enhanced due to the
electronic  interaction  of  FeAC with  Fe-N4,  effectively  lowering  the
energy barrier to 0.31 eV and improving the ORR reaction kinetics
[194].  Ni  et  al.  demonstrated  that  Fe-N4SACs/Fe  atomic  clusters
coupling  active  sites  play  a  dominant  role  in  O–O bond  cleavage.
Based on the PDOS analysis, the d-band center for CMNCA-FeSA+AC

is  closer  to  the  Fermi  level,  indicating  the  optimized  orbital
hybridization  behavior  around Fe  sites  [195].  Hu et  al.  found that
for  asymmetrically  coupled  FeAC-FeSA-NiSA trinuclear  centers,  NiSA

sites  can  induce  strong  electronic  coupling,  facilitate  charge
redistribution,  elevate  the  d-band  center,  and  lower  the  reaction
barriers for intermediates, which can rapidly enhance the release of
*OH  towards  ORR  and  the  effective  conversion  of  *O  to  *OOH
towards OER [196].

Bao et  al.  reported a heterogeneous catalyst  integrating Ir  single
atoms and Co clusters onto a N-doped carbon substrate (ConIr1/N-
C)  [197],  which  exhibited  a  remarkable  OER  activity  compared
with  single-site  catalyst  of  Con-(Con/N-C).  Ir  single  atoms  and  Co
clusters  are  anchored  onto  the  nitrogen-doped  carbon  support
through an electrochemical deposition method. The heterogeneous
Ir  single  atom and Co cluster  accelerate  OER dynamics  through a
remote  geometric  effect  that  adjusted  the  configuration  of  the
intermediates.  Projected  density  of  state  (PDOS)  calculation  was
performed to analyze  the electronic  structure  of  Co in ConIr1/N-C
and Con/N-C. The Co d-band center of  ConIr1/N-C was measured
at −2.22 eV, while in Con/N-C, it was at −2.22 eV. This elevation of
the  d-band  center  in  ConIr1/N-C  improves  the  binding  affinity  of
Co with intermediates during reaction, which then would promote
the  efficiency  of  the  OER  process  (Figs.  16(b)−16(d)).  As  a  result,
the ConIr1/N-C revealed superior catalytic activity, requiring a small
overpotential about 262 mV vs. RHE at 10 mA·cm−2 and achieving
a TOF of 1.68 s−1 at an overpotential of 300 mV in 1.0 M KOH.

Che et al. prepared a composite with Fe clusters and Fe SAs on N-
doped  carbon  nanotubes  (Fe3C-NCNTs)  through  chemical  vapor
deposition  [198]  as  shown in Fig.  16(e).  In  contrast  to  the  sample
without Fe nanoclusters, those with Fe clusters demonstrate strong
electron  redistribution,  as  evidenced  by  by  off-axis  electron
holography.  This  suggests  that  the  synergistic  atom-cluster
interaction has  been modulated.  The presence  of  Fe  clusters  alters
the  electron  distribution  around  Fe  SACs,  accelerates  OH*
desorption,  and thus enhances the electrocatalytic  activity  of  OER,
as demonstrated by DFT. The OER activity is dramatically boosted
in contrast with the sample without Fe clusters.

Compared  to  cathodic  HER,  anodic  OER  catalyst  has  slower
reaction  kinetics,  lower  durability  under  high  pressure,  and  faces
issues of over oxidation and dissolution in oxidative environments.
The  atomic  clusters  coupling  active  sites  can  induce  strong
electronic  spin  coupling,  facilitate  the  asymmetric  charge
redistribution via highly active unpaired electrons,  optimize the d-
band center via p–d orbital  hybridization,  and further regulate the
adsorption/desorption  for  intermediates  due  to  the  synergistic
interaction between SACs and clusters.
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 2.5    Clusters for NRR to produce NH3

Ammonia plays a crucial role in modern agriculture as it is essential
for  the  synthesis  of  fertilizers.  Apart  from  its  applications  in
agriculture,  ammonia  also  lays  the  foundation  in  the
pharmaceutical  industry.  It  serves  as  a  key  precursor  for  the
preparation of a great variety of pharmaceutical products, including
analgesics,  antibiotics,  and  ant  malarial  medications  [199].
However,  the  Haber–Bosch  process  is  the  mainstay  of  industrial
ammonia production. Harsh industrial  circumstances,  high energy
inputs,  and  significant  CO2 emissions  call  for  the  development  of
innovative strategies for nitrogen fixation under moderate settings.
One avenue to addressing this issue is developing catalysts that can
facilitate nitrogen fixation at lower temperatures and pressures. The
electrocatalytic  nitrogen reduction appears  as  an attractive strategy
for  the  production  of  ammonia  in  a  sustainable  and
environmentally  friendly  manner  under  ambient  conditions.
Nevertheless,  this electrochemical  method is  still  far from practical
application  owing  to  the  extremely  strong  inert  nonpolar  N≡N
triple  bond,  the  kinetically  sluggish  NRR  process  and  the  low
Faradaic efficiency (FE) due to the competing HER. Thereupon, it
is imperative to explore effective and robust catalysts to decrease the
Gibbs  free  energy  barrier  (ΔG),  so  as  to  boost  the  overall
performance  of  NRR  while  suppressing  the  HER.  Since  the
appearance  of  multi-atom  cluster  catalysts,  researchers  have
dedicated  to  screen  and  discover  suitable  materials  for  NRR  from
the  theoretical  aspect.  Recent  published  works  have  also
demonstrated the viability  of  multi-atom cluster  catalysts  for  NRR
from the perspective of experimental research.

The controllable synthesis of multi-atom clusters can be realized
by  anchoring  metal  precursors  to  a  defective  substrate.  Lu  et  al.

reported  the  preparation  of  Au4Pt2(SR)8 bimetal  clusters  on  the
vacancy site of a graphene (denoted as Au4Pt2/G) (Fig. 17(a)) [200].
2-phenylethanethiol  was  selected  as  both  the  ligand  and  reducing
regent in the preparation of ultrafine bimetallic Au-Pt clusters. The
heteroatom  dopant  serves  an  essential  role  in  the  activation  of  N2

through  the  back  donation  of  electrons  transferred  from  the
embedded bimetallic cluster to the N2 antibonding π*-orbitals.  The
Au4Pt2(SR)8 catalyst  exhibited  a  maximum  NH3 yield  about
7.9  μg·mg−1·h−1 at −0.1  V  vs.  RHE  with  a  faradic  efficiency  about
9.7%  (Figs.  17(b) and 17(c)).  As  a  contrast,  the  Au4Pt2/G
demonstrated a superior NH3 yield about 23.6 μg·mg−1·h−1 at −0.1 V
vs.  RHE,  which is  three  times  greater  than that  of  the  Au4Pt2(SR)8

catalyst. The catalytic properties of these multi-atom clusters could
also be modulated through the substitute of heteroatom dopant like
Pd.  As  expected,  Au4Pd2/G  showed  a  maximum  NH3 yield  about
27 mg−1·h−1 with a faradaic efficiency about 12% at −0.2 V vs. RHE.

Liang  et  al.  confined  Fe-Cu  clusters  in  the  surface  cavities  of
graphitic carbon nitride (denoted as CNT@C3N4-Fe&Cu) and used
it as a NRR electrocatalyst [201]. CNT@C3N4-Fe&Cu was prepared
by  a “Lyophilization-annealing” process  with  multi-walled  carbon
nanotubes  selected  as  the  substrate.  Dicyandiamide  was
polymerized into ultra-thin C3N4 sheets, which was rich in N atoms
on the edge to bind with Fe and Cu clusters. The concept of “sub-
nano  reactors” was  thus  proposed  as  this  unique
microenvironment  can  reinforce  the  interaction  between  the
reaction  intermediates  and  the  active  sites  in  this  catalyst.  Further
DFT  calculations  indicated  that  the  formation  of  Fe-Cu
coordination  could  help  adjust  the  N2 absorption,  enhance  the
electron transport,  and provide additional  redox couples  for  NRR.
The potential-determining step for CNT@C3N4-Fe&Cu is the initial
hydrogenation  step  (0.58  eV),  much  smaller  than  that  of  the  N2

 

Figure 16    (a) The OER mechanism for acid (blue line) and alkaline (red line) conditions. The black line indicates that the OER involves the formation of a peroxide (M-
OOH) intermediate (black line) while another route for direct reaction of two adjacent oxo (M–O) intermediates (green) to produce oxygen. Reproduced with permission
from Ref. [184], © Royal Society of Chemistry 2023. (b) Schematic structure of Con/N-C and ConIr1/N-C from top and side views. (c) PDOS of Co 3d for Con/N-C and
ConIr1/N-C.(d)  Gibbs  free  energy  of  Con/N-C  and  ConIr1/N-C  toward  OER.  Reproduced  with  permission  from  Ref.  [197],  ©  American  Chemical  Society  2023.  (e)
Schematic illustration of the interactions between Fe nanocluster and NCNTs interface. Reproduced with permission from Ref. [198], © Wiley-VCH GmbH 2023.
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adsorption  step  (0.86  eV)  for  CNT@  C3N4-Cu  the  5th
hydrogenation  step  (0.71  eV)  for  CNT@C3N4-Fe  (Figs.  17(d) and
17(e)).  The  incorporation  of  Cu  might  potentially  serve  as  an
electron  reservoir,  supplying  electrons  to  the  Fe  atom.  This
synergistic effect from Cu and Fe atoms in such sub-nano reactors
contributes greatly to the enhanced NRR activity.  As expected, the
prepared  CNT@C3N4-Fe&Cu  delivers  a  high  NH3 yield  about
9.86  mg·mg−1·h−1 and  a  faradaic  efficiency  nearly  34%.  The  NH3

yield nearly doubles and the faradaic efficiency increases 54% when
compared with the corresponding single-metal counterparts.

The  NRR  process  for  producing  NH3 has  energy-saving  and
environmental benefits, but the reaction is complex because of three-
phases and proton/electron transfer. It is imperative to impede the
preferential  HER and enhance the selectivity  of  NRR by exploring
effective  and  robust  clusters.  Future  studies  should  consider  the
interactions  between  clusters  and  supports  to  reveal  the  NRR
mechanism,  kinetics,  thermodynamics,  and  clusters  design.
Experimenters  can  achieve in-situ reconstruction  of  surface  atoms
by  constructing  highly  active  heterointerfaces,  thereby  promoting
interface charge transfer between clusters and support.

 2.6    Clusters  for  CO2RR  to  produce  value-added  multi-
carbon products
The  electrochemical  CO2 reduction  has  emerged  as  a  promising
approach in  addressing both the  challenges  of  climate  change and
the  ever-increasing  energy  needs  [202−206].  By  reducing  carbon
dioxide  into  value-added  products  with  the  usage  of  renewable
electric  energy,  this  technique  can  help  reduce  greenhouse  gas
emissions  while  also  providing  a  sustainable  source  of  energy.  It
provides  a  promising  solution  for  mitigating  the  environmental
impact  of  carbon  dioxide  emissions  while  simultaneously  meeting
our  energy  demands.  Developing  highly  active  catalysts  is  crucial

since  these  catalysts  play  an  important  role  in  lowering  the
thermodynamic  energy  barrier  and  accelerating  the  reaction
dynamics at the same time showing high selectivity in yielding the
desired products in CO2RR. Although lots of researches on single-
atom or dual atom catalysts has demonstrated its merits in reducing
CO2 to  CO,  they  are  often  ineffective  in  converting  CO2 to  more
complicated compounds. Therefore, the introducing of extra atoms
to  create  multi-atom  cluster  catalysts  may  have  the  potential  to
either  improve  CO2RR  activity  or  give  more  sites  for  catalytic
reaction to support complicated processes and efficiently yield C2H4,
CH4, CO, HCOOH, etc.

Due to  its  moderate  binding  strength  with  a  variety  of  reaction
intermediates,  copper-based  catalysts  are  attractive  since  they  can
produce  different  kinds  of  carbon-based  fuels.  The  copper-based
clusters may offer several active sites for intricate reaction pathways
while  also  gaining  the  merits  of  high  selectivity  and  activity  from
SACs.  Wang  et  al.  observed  the  reversible  and  dynamic
transformation  of  copper(II)  phthalocyanine  to  form  metallic
copper clusters (~ 2 nm) under the working conditions with the aid
of in-situ and operando X-ray absorption spectroscopy (Fig.  18(a))
[207]. These copper clusters are identified as the active sites for the
conversion  of  carbon  dioxide  to  methane.  A  similar  reversible
transformation  was  also  observed  by  Karapinar  et  al.  using
operando XAS  for  the  electroreduction  of  CO2 to  ethanol  on  the
single-site copper [208].

Further,  Xu  et  al.  systematically  investigated  a  series  of  carbon-
supported atomically dispersed Cu site catalysts fabricated from an
amalgamated  Cu-Li  approach  for  CO2RR  [209]. Operando X-ray
results indicated a reversible restructuration from single atom Cu to
Cun clusters  (n =  3  and  4)  under  CO2RR  potentials  (Fig.  18(b)).
DFT calculation suggested that Cu clusters formed from Cu single
atoms  are  the  active  sites  in  the  selective  reduction  of  carbon

 

Figure 17    (a) Calculated frontier orbitals for Au4Pt2(SR)8. (b) Ammonia production rate and (c) Faradaic efficiency at various potentials. Reprinted with permission from
Ref.  [200],  ©  Yao,  C.  H.  et  al.  2020.  (d)  Free  energy  diagrams  of  Fe2Cu  clusters  for  NRR.  (e)  Faradaic  efficiencies  of  the  investigated  samples  at  various  potentials.
Reproduced with permission. Reproduced with permission from Ref. [201], © Wang, X. W. et al. 2020.

Nano Research | Vol. 19, No. 7 Jing et al.

94908519 (23 of 34) Nano Research, 2026, 19, 94908519

https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519


dioxide  to  ethanol.  The  hydroxyl  group  on  the  surface  of  the
electrocatalyst  is  essential  in  controlling  the  contact  between  the
catalytic  active  center  and  the  substrates,  which  then  influences
the  catalytic  pathway.  The  as-prepared  catalysts  showed  a  quiet
low  onset  potential  (−0.4  V  vs.  RHE)  and  an  extreme  high  FE
(~ 91% at −0.7 V vs. RHE) during the reduction of carbon dioxide
to ethanol.

Recently,  for  the  conversion  of  carbon  dioxide  to  symmetrical
C2+ products like ethylene, Lan et al. employed crystalline trinuclear
copper clusters as the electrocatalyst [210]. To be specific, a kind of
trinuclear  copper  clusters  Cu3-X  (X  =  Cl,  Br,  NO3)  which  contain
different  types  of  counter  anions  were  synthesized.  These  three
catalysts share the same coordination environment and appropriate
spatial  distance.  When  utilizing  Cu3-X  as  the  catalysts  for  CO2RR,
the  selective  control  of  the  transformation  of  carbon  dioxide  to
ethylene can be simply realized by substituting the counter  anions
in  the  structure  of  these  clusters.  The  DFT  calculations  illustrated
that two adjacent catalytically active Cu centers played an important
part in the C–C coupling of the reaction intermediates CH*O and

subsequently  promoted  the  forming  C2H4.  Simply  changing  the
types  of  counter  anions  (Cl−,  Br−,  or  NO3

−),  the  greatest  faradaic
efficiency  be  changed  from  31.90%  to  55.01%  of  Cu3-X  for  the
conversion  of  CO2 to  C2H4 (Figs.  18(c) and 18(d)).  Among  them,
Cu3-Br  exhibits  the  greatest  C2H4 production  activity  with  notable
stability. It showed an excellent FE of C2H4 about 55.01% at −0.7V
vs. RHE with the current density about 129.58 mA·cm−2.

CO2RR,  as  a  crucial  energy  conversion  technology,  has  great
potential  to  produce  various  valuable  chemicals,  providing  a
pathway  for  achieving  carbon  peak  and  carbon  neutrality  goals.
However, activating inert CO2 faces major challenges as it requires a
electrocatalysts  with  high  selectivity  and  catalytic  activity  to
overcome huge overpotential. Moreover, different products require
different pathways and equilibrium potentials, as competitive HER
processes are also prone to occur at high reduction potentials. Due
to  its  moderate  binding  strength  with  various  reaction
intermediates,  copper-based  multi-atom  cluster  may  be  the  most
promising  catalyst  for  improving  CO2RR  activity  and  selectively
producing C1 and C2 products in the future.

 

Figure 18    (a) First-shell Cu–Cu coordination numbers of CuPc electrocatalyst at various potentials. Reproduced with permission from Ref. [207], © Weng, Z. et al. 2018.
(b) The suggested reaction mechanism proposed by operando measurements. Reproduced with permission from Ref. [209], © Xu, H. P. et al. under exclusive licence to
Springer Nature Limited 2020. (c) Faradaic efficiency (C2H4, CO, CH4 and H2) for Cu3-Br at various potentials (0.6 to 1.1 V). (d) The contrast of faradaic efficiency of Cu3-
X (X = Cl, Br, NO3) for CO2RR at various potentials (0.6 to 1.1 V). Reproduced with permission from Ref. [210], © Wiley-VCH GmbH 2021.
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 3    Summary and perspective
DFT calculation-assisted screening atomic clusters can establish the
relationship  between  the  intrinsic  properties  and  activities  of
catalysts at the atomic scale,  which can avoid blind trial  and error.
Whereas,  it  is  still  unclear  whether single  cluster  can have a  better
performance  than  SACs  or  nanoparticles  materials.  The
combination  of  experimental  characterizations  and  theoretical
modeling  offers  complementary  means  for  obtaining  a  more
complete and in-depth understanding of the reaction mechanisms.

In  this  review,  we  focused  primarily  on  the  recent  research
progress on the theory-guided design and experimental discovery of
clusters  towards  various  electrocatalytic  reactions,  including
cathode reaction of ORR, anode oxidation of H2, alcohols and acids,
water  splitting,  NRR,  and  CO2RR.  we  first  demonstrated  the
definition  of  clusters  structure  in  detail  from  the  theoretical  and
experimental perspectives. Then, we also emphasized the theoretical
principle  to  rational  screen  and  design  cluster  catalysts  and
presented the corresponding synthesis strategies under the guidance
of theoretical calculation. Next,  the reaction mechanism of current
state  of  clusters  for  various  energy-related  electrocatalytic  reaction
were  systematically  exemplified  and  discussed.  Finally,  we
highlighted  rational  designing  of  atomic  clusters,  and
corresponding structure-property  correlation guided by theoretical
calculations.

Atomic  clusters  exhibit  the  synergistic  effects  between  adjacent
atoms,  abundant  coordination  microenvironment,  and  more
exposed surface active sites, which has the potential to promote the
adsorption  and  activation  of  multiple  substrates  or  intermediates,
and  catalyze  complex  reactions  with  diverse  products.  However,
despite  the  advantages  of  unique  geometric  and  electronic
structures,  enhanced  catalytic  activity,  and  unusual  reaction  route,
the future holds numerous challenges that require our attention and
resolution:

(1) Machine learning should be effectively employed
Although  DFT  can  provide  high-precision  predictions,  it  is  not

suitable  for  large-scale  screening  due  to  the  huge  computational
workload. Its traditional descriptors (such as d-band center, charge,
HOMO–LUMO  gap,  etc.)  often  fail  to  capture  the  intricate
electronic  interactions  in  multi-element  systems.  In  addition,  the
trial-and-error  experimental  synthesis  or  pure  DFT computational
investigations  of  clusters  is  infeasible  due  to  time  and  cost
constraints.  Clean  and  renewable  energy  conversion  techniques
require the discovery and design of extensive and efficient candidate
electrocatalysts,  therefore,  high-throughput  fully  automatic
theoretical  screening  method,  machine  learning  (ML)  algorithms,
have  emerged  as  a  popular  domain  in  artificial  intelligence  (AI),
demonstrating  its  efficacy  in  guiding  DFT  calculations  to  design
heterogeneous  catalyst,  optimize  structure,  determine  the
correlations between physical properties and the adsorption energy
of  intermediates,  as  well  as  predict  the  relationships  between
intermediate adsorption strengths and catalytic activity.

Utilizing ML algorithms, we can extract the correlation between
structure and performance from vast amounts of experimental data
and  establish  predictive  models  to  guide  the  design  of  novel
clusters.  In  the  future,  a  big  data  platform  focusing  on  cluster
composition–structure–performance  should  be  build  to  achieve  a
closed-loop  from  theoretical  design  to  experimental  verification,
thereby  significantly  shortening  the  research  cycle.  Therefore,  the
synergistic  integration  of  ML  and  emerging  cluster  catalysis  has
opened up a new research horizon. ML has proven to be extremely

valuable  in  analyzing  these  complex  electronic  interactions  and
enhancing the screening efficiency of vast component databases.

Integrating  DFT  database  with  ML  techniques  can  rapidly
explore  thousands  of  potential  catalysts  components  through
genetic  algorithms  to  identify  the  optimal  model  parameters.  ML
can  achieve  accurate  pattern  recognition,  classification,  and
prediction,  minimize  computational  costs,  and  extract  valuable
insights from complex datasets. For example, Jiwon Roh et al. [211]
proposed  an  ML  framework,  which  was  validated  through
experimental  tests  focused  on  the  dry  reforming  of  methane,  that
not  only  reduces  computational  budgets  but  also  overcomes  the
challenges associated with the absence of interpret ability in black-
box  models,  confirming  its  potential  to  significantly  accelerate  the
rational design of catalysts.

Although there is  limited research on machine learning-assisted
cluster  screening  in  the  field  of  electrocatalysis,  we  believe  that
machine  learning,  as  a  faster  and  more  precise  tool,  will  greatly
expand the application scope of clusters.

(2)  AI-driven  construction  of  atomic  cluster  datasets  should  be
developed
Similar  to  SACs,  atomic  clusters  are  promising  candidates  for  the
computational  screening  of  efficient  electrocatalysts  due  to  their
well-defined,  atomically  dispersed  active  sites.Recent  theoretical
studies on triatomic clusters (e.g.,  Fe3,  Co3, Ni3) have demonstrated
the  feasibility  of  identifying  high-performance  electrocatalysts
through  large-scale  simulations  and  modeling [212, 213].  ML
algorithms can analyze large datasets, identify catalyst compositions
and  predict  catalytic  activity,  which  can  help  accelerate  the
discovery  of  novel  atomic  clusters  with  higher  selectivity  and
activity,  as  well  as  understand  complex  reaction  mechanisms.  By
integrating  ML  algorithms  with  expansive  experimental  or
theoretical  datasets,  AI  rapidly  identifies  optimal  cluster
configurations  for  specific  catalytic  applications.  The  workflow for
constructing  AI  models  involves  generating  diverse  datasets  of
atomic  clusters,  characterized  by  properties  include  composition,
support  type,  size,  and  shape.  These  datasets  are  then  analyzed  to
extract  features  that  capture  electronic,  geometric,  and  support-
related properties.

AI  models  can  subsequently  uncover  patterns  and  correlations
between  cluster  structures  and  reactivity,  enabling  the  design  of
atomic clusters tailored to desired properties. Nevertheless, there are
challenges  in  developing  accurate  and  reliable  machine-learning
models. Catalytic systems are complex and diverse, and accounting
for  this  complexity  in  models  is  not  straightforward.  Moreover,
interpreting  the  results  guided  by  AI  can  be  difficult.  Further
experimental  validation  is  often  required  to  confirm the  predicted
properties  of  the  atomic  clusters.  Despite  these  hurdles,  the
application of machine learning-based and AI-guided design holds
significant  promise  for  advancing  the  field  of  atomic  cluster
catalysis.

A large number of components can be calculated to predict their
catalytic properties by AI-driven clusters design. The synergy of ML
with  the  emerging  field  of  AI  can  open  up  new  frontiers  in  the
design of clusters. These strategies can decipher intricate electronic
interactions,  and  improve  the  efficiency  on  screening  huge
electronic structure libraries to modulate their activity [214]. In the
future,  efforts  should  be  made  to  build  cluster  big  data  platforms
related to composition-structure-performance, in order to achieve a
closed-loop  cycle  from  theoretical  design  to  experimental
verification and significantly shorten the research and development
cycle.
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(3) Advanced computational simulation approaches that are closer
to real reaction environments should be considered
Experimentally,  electrocatalytic reactions operate within a complex
reaction environment that is surrounded by electrolyte, while DFT
calculations  are  generally  conducted  in  vacuum.  This  results  in  a
divergence  between  experimental  findings  and  computational
predictions.  Furthermore,  various  electrolyte  components,
including  electrode  potential,  surface  coverage,  pH  and  solvent
effects, play a crucial role in determining catalytic efficiency [215]. It
is  quite  difficult  to  accurately  incorporate  all  these  influences  into
DFT  calculations.  Substantial  research  has  therefore  focused  on
developing  computational  protocols  that  better  reflect  realistic
operating  conditions,  including  charged  surfaces  and  solvent
interactions.  Advanced  computational  simulation  approaches  that
are closer to real reaction environments, such as ab initio molecular
dynamics (AIMD), explicit solvent models, should be considered to
decipher catalytic mechanisms and design rational catalyst [216].

Investigating  the  electronic  characteristics  of  molecular  systems
requires  solving  the  electronic  Schrödinger  equation,  which
furnishes  the  energies  and  forces  needed  to  describe  reaction
dynamics based on explicit electronic structure. This computational
methodology  is  known  as  AIMD  [217].  AIMD  represents  a
significant  advancement  by  combining  quantum  mechanical
calculations  with  classical  molecular  dynamics.  Unlike  traditional
force field-based methods that rely on pre-parameterized potentials,
AIMD computes electronic structure on-the-fly during simulations,
allowing  for  accurate  modeling  of  chemical  bond  breaking  and
formation  [218].  AIMD  is  particularly  valuable  for  studying
catalytic  processes,  electrochemical  reactions,  and  systems  where
electronic effects dominate the behavior.

Solvation effects can be adequately addressed using either explicit
or  implicit  solvation  models  [219].  Implicit  solvation  serves  as  a
highly effective, coarse-grained method in atomic-scale simulations
to  represent  the  influence  of  a  surrounding  liquid  electrolyte  as  a
continuous polarizable medium. The explicit solvent models offer a
viable approach to simulate the polarization of electronic density at
the  electrode  surface  under  applied  bias,  while  simultaneously
capturing the capacitive charging of the entire electric double layer-
capabilities  that  extend  beyond  the  inherent  constraints  of
conventional DFT supercells.

(4)  Rigorous  experimental  verification  and  precise  synthesis  of
theoretical models are essential
We  should  conduct  extensive  experimental  testing  to  validate  the
efficacy  of  the  proposed  theoretical  model  simulated  from  the
cluster datasets, which is crucial for the scalability and applicability
of the envisioned cluster structure. Future research should focus on
employing  automation  and  machine  learning  to  rapidly  optimize
the  synthesis  parameters  for  high-throughput  synthesis  of  cluster
catalysts. In-situ synthesis of clusters under reaction conditions may
generate  more  active  and  stable  active  sites  through  catalyst
reconstruction.  Environmentally  friendly,  sustainable,  and  scalable
synthetic  routes,  earth-abundant  and  non-toxic  precursors  should
be developed for industrial applications.

(5)  A  workflow  of  computational  guidance-experimental
verification-rational design should be formed
There  are  still  some problems  in  the  study  of  real  electrochemical
processes  through  theoretical  calculations,  such  as  the  lack  of
simulation  of  the  external  real  environment  of  materials,  the
inadequacy  of  existing  DFT  methods,  and  the  difficulty  of
describing the properties  of  complex material  systems with simple

material intrinsic properties. All of these problems urgently need to
be  solved.  Developers  should  investigate  a  approach  of
“computational  guidance-experimental  verification-rational  design”
to  effectively  shorten  the  development  cycle  of  new  materials,
reduce  the  research  and  development  costs  of  subsequent
experimental  synthesis,  and  explore  the  correlation  between
structure and properties, providing reliable theoretical guidance for
subsequent  experimental  work.  In  addition,  there  is  still  a
considerable  gap  between  high-precision  calculation  methods  and
experiments.  Therefore,  theoretical  researchers  need  to  develop
more  effective  calculation  methods  and  algorithms,  and  closely
combine experiments to improve the reliability of models.

(6) In-situ characterizations for mechanisms should be explored
Theoretical  calculations  play  anessentialrole  in  understanding
reaction  mechanisms,  but  there  are  still  significant  discrepancy
between  theoretical  models  and  actual  catalyst  structures.  DFT
calculations  rely  on experimental  conclusions  and characterization
results.  Simple  DFT calculation is  difficult  to  clarify  the  rationality
of  the  reaction  process.  Moreover,  due  to  the  immediacy  of  the
reaction and the complexity of the environment, detecting the true
active  sites  and  capturing  reaction  intermediates  remain  highly
challenging.  Therefore,  advanced in-situ and operando
characterization  techniques  for  comprehensively  understanding
catalytic  mechanisms  and  deciphering  the  structure-performance
relationships  should  be  conducted  to  identify  true  active  centers,
observe structural evolution processes and valence state changes, as
well  as  deeply  underly  dynamic  behaviour  under  truly  operating
conditions.

In-situ characterization technology can monitor and analyze the
synthesis  and  catalytic  reaction  process  of  clusters  in  real  time,
gaining  a  deeper  understanding  of  the  initial  and  final  states  of
reactants,  as  well  as  reaction  pathways  and  intermediate  products
[220].  This  is  crucial  for  a  deeper  understanding  of  the  synthesis
mechanism, structural characteristics,  and catalytic performance of
clusters. For example, in-situ TEM enables real-time observation of
surface  atomic  reconstruction,  diffusion  behavior,  and  sensitive
detection of structural changes as well under operating the tracking
transformations  of  the  microstructure  and  the  formation  and
desorption  of  adsorbed  key  reaction  intermediates  formed  on  the
catalyst surface [221]. In-situ infrared spectroscopy enables dynamic
monitoring  of  catalytic  reactions  and  provides  molecular-level
information  on  reactants  and  intermediates,  as  well  as  surface
bonding configurations [222].

Taking  OER as  an  example,  to  elucidate  OER mechanism,  it  is
essential  to  collaboratively  conduct in-situ characterization
techniques.  The 18O  isotope  labeling  with  differential  electro-
chemical mass spectrometry (DEMS) was studied by Song et al. to
quantitatively analyze the contributions of the AEM and the LOM
by tracking  the  evolution  of 16O2, 18O16O and 18O2. Operando X-ray
absorption spectroscopy (XAS) allows for tracking the valence state,
bond lengths and coordination environments changes of clusters in
real  time.  They believe that  the detection of  signals  of  superoxide-
like  species  or  metal-oxygen  groups  can  serve  as  fingerprints  of
LOM, while  the formation of –OH and –OOH substances  can be
used to elucidate the reaction pathways of AEM [223].

(7)  The  synergistic  effect  of  coupling  active  sites  should  be
considered
Traditional  heterogeneous catalysts  composed of  metal  particles of
different sizes typically have multiple active sites, and their catalytic
activity  and  selectivity  vary.  On  gold  nanoparticles,  only  a  small
number  of  metal  atoms  can  serve  as  catalytic  active  species,

Jing et al. Nano Research | Vol. 19, No. 7

Nano Research, 2026, 19, 94908519 94908519 (26 of 34)

https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519
https://www.sciopen.com/article/10.26599/NR.2026.94908519


resulting  in  relatively  low  metal  utilization  efficiency  and
insufficient  selectivity.  The  lack  of  specific  active  sites  may  lead  to
the  generation  of  multiple  by-products.  The  synergistic  effect  of
coupling  active  sites  should  be  considered,  for  example,  coupling
single atoms and clusters,  single atoms and nanoparticles.  The use
of  integration  strategies  can  determine  feasible  combinations  and
optimal  atomic  arrangements  of  metal  atoms  in  coupled  systems.
The  synergistic  effect  usually  promotes  activity,  but  its  stability  is
limited  in  practical  environments  due  to  the  coupling  catalyst  is
prone to deactivation over time, thus the trade-off between activity
and stability  needs  to  be  considered.  Future  research should  focus
on developing robust supports, optimizing the interaction between
metal atoms and supports in clusters, as well as reducing the cost of
experimental  synthesis  and  theoretical  calculations.  We  anticipate
the study of in conjunction with DFT-guided engineering of atomic
clusters  can  provide  the  guidelines  and  clean  up  blind  areas  for
various clean energy conversion technologies.
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