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ABSTRACT: Since  the  introduction  of  single-atom  catalysts  (SACs),  they  have
attracted considerable attention. Their high atomic efficiency and simple coordination
environment  make SACs a promising alternative to  commercial  catalysts.  However,
they face limitations, often showing relatively low efficiency in producing multi-carbon
products.  In  contrast,  multi-atomic  catalysts  (MACs),  with  their  higher  exposure  of
active sites, may outperform SACs owing to the synergistic effects between adjacent
metallic centers. Therefore, it is essential to review the opportunities and challenges
of MACs in the carbon neutrality field, offering potential guidance for future research.
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1    Introduction
As  global  climate  change  and  its  devastating  impacts  become
increasingly  evident,  the  world  has  united  around  the  ambitious
goal  of  achieving  carbon  neutrality.  This  monumental  challenge
requires  a  fundamental  transformation  in  energy  production,
consumption,  and  storage,  with  a  primary  focus  on  reducing
greenhouse  gas  emissions,  particularly  carbon  dioxide  (CO2)1−9.
Among the numerous technologies set to drive this transition, multi-
atomic  catalysts  (MACs),  especially  single-atom  catalysts  (SACs),
stand  out  as  potential  game-changers  owing  to  their  exceptional
catalytic  properties  and  their  ability  to  revolutionize  various
chemical processes.

China’s  commitment  to  peaking  CO2 emissions  by  2030  and
achieving  carbon  neutrality  by  2060  underscores  the  immense
urgency  and  scale  of  the  challenge10−17.  This  national  agenda
requires  a  coordinated  effort  in  research  and  development,  with
MACs playing a crucial role in the pursuit of clean and sustainable
energy solutions18−25.

To  achieve  this  goal,  numerous  researchers  have  explored
various approaches, employing SACs, cluster catalysts, nanoparticle
catalysts, and more to enhance catalytic activity26−32. In addition to

these  catalysts,  MACs  offer  various  advantages.  These  systems
feature  isolated  active  metal  centers  composed  of  a  few  atoms,
where  individual  metal  atoms  are  stabilized  on  a  supporting
material33−38.  SACs  have  attracted  considerable  attention  for  their
unique  structural  and  electronic  properties,  which  lead  to
exceptional catalytic activity and selectivity39−45. These catalysts can
be  categorized  by  their  elemental  composition,  including  those
derived from d-block (transition metals), ds-block (e.g., Zn, Cd, and
Hg),  p-block  (e.g.,  Al,  Ga,  and  In),  and  even  f-block  (rare  earth
metals) elements46−51.

MACs offer several advantages over traditional catalysts, making
them ideal  candidates  for  carbon neutrality  applications52−57.  First,
their  high  atomic  utilization  efficiency  ensures  that  every  metal
atom  actively  participates  in  the  catalytic  process,  minimizing
material  waste  and  reducing  costs58−62.  Second,  MACs  often
demonstrate  superior  catalytic  activity  and  selectivity,  enabling
more  efficient  and  targeted  chemical  synthesis63−70.  Third,  their
tunable electronic structures allow for precise control over catalytic
performance,  optimizing  reactions  for  specific  applications71−79.
Finally, MACs exhibit excellent stability and durability under harsh
reaction conditions, ensuring long-term reliability and operation.

Achieving carbon neutrality can be advanced by converting CO2
into  high-value  products  such  as  methane,  ethylene,  and
ethanol80−87.  This  conversion  can  be  achieved  through  thermal,
photocatalytic,  and  electrocatalytic  processes,  all  of  which  will  be
discussed  in  this  review.  Among  these  methods,  electrochemical
CO2 reduction  reaction  (CO2RR)  stands  out  as  a  promising
approach  for  transforming  CO2 into  valuable  chemicals  and  fuels,
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thus closing the carbon cycle and helping to mitigate the effects of
climate change88−92. The process begins with the adsorption of CO2
molecules on the catalyst surface, followed by electron transfer and
subsequent chemical transformations, resulting in products such as
carbon  monoxide  (CO),  methane  (CH4),  formic  acid  (HCOOH),
methanol (CH3OH), ethylene (C2H4), and others88−93. MACs play a
crucial  role  in  CO2RR  by  offering  well-defined  active  sites  with
optimized electronic structures that facilitate CO2 activation and the
subsequent  reduction  steps.  The  unique  electronic  properties  of
MACs enhance their effectiveness in driving these reactions.  Their
charge states and hybridization states can be tailored to strengthen
the interaction between CO2 and the catalyst, thereby lowering the
activation  barrier  and  promoting  the  formation  of  desired
products94−99.

The products of CO2RR mediated by MACs are diverse and offer
considerable potential for various applications. For example, CO is
an  important  feedstock  for  Fischer–Tropsch  synthesis  of
hydrocarbons and the production of methanol and dimethyl ether.
While  CH4 is  a  potent  greenhouse  gas,  it  can  serve  as  a  clean-
burning fuel or be converted into other chemicals100−103. HCOOH,
CH3OH,  and  C2H5OH  are  valuable  platform  chemicals  for
synthesizing  polymers,  solvents,  and  pharmaceuticals104−107.  The
production of C2H4 and other higher hydrocarbons paves the way

for the direct synthesis of liquid fuels and olefins, which are crucial
for  the  chemical  industry.  To  offer  valuable  insights  for  future
research,  this  review  will  cover  the  characterization,  applications,
and  mechanisms  involved,  as  well  as  discuss  upcoming
opportunities and challenges. 

2    Characterization  of  multi-atomic
catalysts
The techniques for characterizing these catalysts are similar to those
used for SACs, though there are some differences. This section will
discuss both conventional and specific characterization methods for
MACs, offering guidance for future research. 

2.1    Conventional techniques
In this section, the conventional techniques covering morphological
and structural aspects will be discussed, such as high-angle annular
dark  field  scanning  transmission  electron  microscopy  (HAADF-
STEM), X-ray photoelectron/absorption spectroscopy, and others.

First  and  foremost,  morphological  analysis  is  the  most  direct
method  for  distinguishing  a  MAC  system.  This  section  will  begin
with  a  discussion  of  HAADF-STEM  and  related  electron
microscopy techniques. In 2021, Lu’s group synthesized supported

 

Fig. 1.    The  characterizations  of  MACs  with  HAADF-STEM. a,  Representative  HAADF-STEM  image  of  Ni1Cu2/g-C3N4 captured  at  atomic  resolution. b,  Intensity
profile and atomic-resolution electron energy-loss spectrum elemental mapping of an individual linear trimer, as shown in the inset. Reproduced with permission from
Ref.9, © Gu, J. et al. 2021. c, TEM image and high-resolution HAADF-STEM image of CoFeCu-TAC, with a schematic structure of the active sites presented in the inset.
d, Intensity profiles of the three atoms labeled in (c). e, EELS of CoFeCu-TAC, showing 706 eV for Fe-L3,2, 777 eV for Co-L3,2, and 930 eV for Cu-L3,2, with a schematic
structure of the active sites shown in the inset. f, HAADF-STEM image and energy-dispersive X-ray spectroscopy elemental mapping of CoFeCu-TAC. Reproduced with
permission from Ref.98, © American Chemical Society 2024.
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atomically  dispersed  catalysts  featuring  Ni  and  Cu  atomic  centers
(1–3 atoms)9. As illustrated in Figs. 1a and 1b, the HAADF-STEM
results reveal numerous isolated sites comprising single-atom, dual-
atom,  and  tri-atom  states.  The  atomic-resolution  electron  energy
loss spectroscopy (EELS) elemental mapping of an individual linear
trimer  shown  in  the  inset  of Fig.  1b clarifies  the  elemental
composition of the atoms. The location and type of atomic centers
will  be  examined  using  atomic-resolution  microscopy  combined
with EELS, a typical analytical tool. Similarly, Yang et al. performed
HAADF-STEM  (Fig.  1c)  and  EELS  (Fig.  1d)  to  illustrate  a  more
complex active site composed of three elements: Fe, Co, and Cu98.
These  findings  are  further  supported  by  energy-dispersive  X-ray
spectroscopy  elemental  mapping  at  lower  resolution  (Figs.  1e and
1f),  which  confirms  that  the  elements  are  well  dispersed  on  the
substrate.

The  results  indicate  that  HAADF-STEM  and  other  high-
resolution microscopy techniques are effective for analyzing MACs.
However, the complexity and delicacy of in situ electron diffraction
experiments  present  considerable  challenges.  While  electron
diffraction  is  invaluable  for  understanding  crystal  structures  and
phase  transitions,  it  can  be  difficult  to  perform  under  operational
conditions  owing  to  the  stringent  environmental  control  required
and the risk of sample damage from electron beam exposure. These
constraints  often  make  direct in  situ electron  diffraction  studies
impractical for MACs, particularly given their potential applications
in dynamic environments or under operational conditions.

To  address  these  challenges  and  further  our  understanding  of
MAC  behavior  under  real  working  conditions,  there  is  a  shift
toward  alternative  microscopic  techniques  that  provide  both  high
sensitivity  and  compatibility  with in  situ measurements.  Among
these,  atomic  force  microscopy  (AFM)  and  scanning  tunneling
microscopy  (STM)  stand  out  as  promising  options.  AFM,  in
particular,  is  well-suited  for  studying  surface  morphology,
roughness,  and  the  interactions  of  MACs  with  their  environment
owing to its capability to image surfaces at the nanometer scale and
measure  local  forces  and  properties.  Conversely,  STM  provides
even  higher  resolution  by  probing  the  electronic  structure  of
materials  directly,  allowing  for  insights  into  the  conductivity  and
energy states of MACs under operation.

Moreover, the emergence of probe-based microscopy techniques
designed for specific applications, such as environmental AFM and
electrochemical  STM,  has  expanded  the  possibilities  for  in  situ
characterization.  These  specialized  methods  allow  researchers  to
preserve  the  integrity  of  MACs  while  simultaneously  monitoring
their structural and functional properties under diverse operational
conditions,  including  variations  in  temperature,  pressure,  and  the
presence of reactive species or solvents.

In  conclusion,  while  HAADF-STEM  and  other  high-resolution
microscopies are essential for detailed structural analysis of MACs,
the  challenges  posed  by in  situ electron  diffraction  highlight  the
need  for  alternative  methodologies.  AFM,  STM,  and  other  probe-
based  microscopies,  with  their  distinct  capabilities  and  versatility,
offer  viable  options  for  investigating  the  behavior  of  MACs under
working  conditions.  This  advancement  will  enhance  our
fundamental understanding and support the development of next-
generation materials.

In  addition  to  direct  observation,  spectroscopy  plays  a  crucial
role in defining geometric structures, including X-ray photoelectron
spectroscopy  (XPS)  and  X-ray  absorption  spectroscopy  (XAS).  As
shown  in Figs.  2a–2d,  Deng  and  coworkers  synthesized  a  dual-

atom catalyst with atomically dispersed Cu and Zn pair sites99. The
XAS  data  in  R  space  effectively  reveals  the  coordination
environment,  suggesting  the  presence  of  long-range  interactions
between the  metallic  centers.  This  conclusion  is  further  supported
by wavelet transform simulations, which identify a prominent peak
at approximately 2.3 Å in R space and around 10.5 Å−1 in k space.
This suggests that there may be interactions between the Cu and Zn
sites.  In  this  work,  Peng  et  al.  used  a  dual-site  coordination
engineering  strategy  to  develop  an  efficient  catalyst,  Fe  and  Ni,
supported  on  nitrogen-doped  carbon  (denoted  as  FeNi  SAs/NC)
for  metal-air  batteries100.  They  also  used  XAS  to  investigate
geometric  and  electronic  structures.  As  illustrated  in Fig.  2e,  the
white-line  peak  of  FeNi  SAs/NC  falls  between  that  of  Fe2O3 and
FeNi NPs/NC, indicating that it possesses higher valence states than
the Fe and Ni nanoparticles. The fine structure of FeNi SAs/NC was
analyzed  using  Fourier  transform  extended  X-ray  absorption  fine
structure  (FT-EXAFS, Fig.  2f)  spectra,  which  reveal  a  prominent
peak  at  approximately  2.4  Å.  This  scattering  path  was  further
examined  through  wavelet  transform  (WT, Fig.  2g),  where  a
reflection  in  k  space  at  approximately  7  Å−1 is  attributed  to  the
Fe–Ni coordination.

By  combining  fitting  and  theoretical  calculations,  Fan  et  al.
investigated  the  atomically  dispersed  Co2-N6 and  Fe-N4 co-
structures  on  nitrogen-doped  carbon,  referred  to  as  Co2/Fe-
N@NC102.  Through fitting the FT-EXAFS results (Figs.  2h and 2i)
for both Co and Fe K-edges, the structural details were determined.

In addition to XAS, XPS is an effective tool for testing electronic
structures.  Under  high-vacuum  conditions,  any  adsorbed  oxygen
species  can  be  removed  from  the  catalyst,  yielding  more  accurate
data about the valence and electrons in the outer orbitals.  Duan et
al.  synthesized  a  fully  exposed  single-atom Pt  layer  catalyst  on  2D
mesoporous TiO2 nanosheets, referred to as SAL Pt@mTiO2

97. This
few-atom catalyst features a Pt cluster approximately 7 nm in size.
As  shown  in Fig.  3a,  the  Pt  4f  orbitals  of  the  SAL-Pt@mTiO2
nanosheet  shifted  to  higher  binding  energy  compared  to  the  Pt
nanoparticles. This indicates that the Pt sites on the SAL-Pt@mTiO2
nanosheet  are  more  exposed  to  oxygen  and  may  be  more
influenced  by  the  substrate.  Owing  to  its  sensitivity  to  oxygen
species,  XPS  is  effective  for  clarifying  the  coordinated  oxygen
atoms.  Fan  and  coworkers  introduced  a  catalyst  featuring  a  dual-
metal  active site  comprised an oxygen-bridged indium–nickel  pair
(referred to as InNi DS/NC)106.  The XPS results shown in Figs. 3b
and 3c allow for the evaluation of the valence states of the dual sites
through the In 3d and Ni 2p orbital spectra. The oxidation state of
In is approximately + 3, while that of Ni is approximately + 2 (Fig. 3d).
The  binding  energies  of  the  In  3d5/2 and  In  3d3/2 peaks  for  InNi
DS/NC exhibit a slight positive shift. In contrast, the Ni 2p3/2 and Ni
2p1/2 peaks shift to lower energies compared to those of Ni SA/NC,
indicating an electronic interaction in the dual-atom sites. The XPS
test  before  and  after  durability  tests  are  also  performed  (Fig.  3e),
demonstrating  that  it  can  also  act  as  an  efficient  tool  for  stability
monitoring.

XPS is a powerful analytical technique that has been extensively
validated  for  its  reliability  in  investigating  the  intricate  electronic
structures of materials. However, despite its many advantages, XPS
has  certain  limitations  that  need  to  be  considered.  A  considerable
constraint  is  its  requirement  for  a  high-vacuum  environment
during operation. This stringent condition limits the applicability of
XPS  in  studying  materials  under  more  realistic  operating
conditions, such as in the presence of gases or liquids, or at elevated

Review

9200019 (3 of 17) Carbon Future 2024, 1, 9200019



temperatures,  which  are  often  encountered  in  operando or in  situ
experiments.  To  address  this  limitation,  considerable  efforts  are
being  made  to  develop  innovative  techniques  and  enhance  XPS
instrumentation.  For  example,  the  integration  of  differential
pumping systems and ultra-high-vacuum chambers has enabled the
creation of microenvironments that maintain low pressure for XPS
measurements  while  allowing  the  sample  to  be  exposed  to
controlled  gas  or  liquid  conditions.  Moreover,  the  exploration  of
ambient  pressure  XPS  (AP-XPS)  systems  is  a  promising  avenue,
facilitating XPS measurements directly in air or other gases, thereby
considerably  expanding  the  range  of  applicable  samples  and
conditions. Moreover, the treatment and preparation of samples for
XPS analysis, especially when dealing with liquid layers or complex

reaction  environments,  requires  innovative  methods  to  reduce
interference  and  ensure  accurate  data  acquisition.  This  involves
creating specialized sample holders, employing thin film deposition
techniques,  and implementing surface  cleaning protocols  designed
for specific experiments.

In conclusion, conventional characterization methods for MACs
are well-established and systematic, allowing for rapid identification
of these materials. However, these techniques often focus on either
large areas (such as XAS) or small areas (such as HAADF-STEM),
which  may  limit  their  ability  to  provide  sufficiently  accurate
information about the materials.  Therefore,  there is  a  need for the
development  of  more  advanced  techniques,  particularly  those
performed under in situ or operandoconditions. 

 

Fig. 2.    The characterizations  of  MACs with  XAS. a,  Cu K-edge  spectra  for  Cu foil,  CuPc,  and (Zn,  Cu)-NC (with  the  structure  shown in  the  inset). b,  Zn K-edge
spectra for Zn foil, ZnPc, and (Zn, Cu)-NC. c, d, WT-EXAFS spectra of k3-weighted data for (c) Cu K-edge of Cu foil, CuPc, and (Zn, Cu)-NC, and (d) Zn K-edge of Zn
foil, ZnPc, and (Zn, Cu)-NC. Reproduced with permission from Ref.99, © Wiley-VCH GmbH 2022. e, Fe K-edge XANES spectra. f, g, FT-EXAFS spectra (f) and WT-
EXAFS (g) of the Fe K-edge for FeNi SAs/NC, FeNi NPs/NC, Fe foil, and Fe2O3, arranged from top to bottom. Reproduced with permission from Ref.100, © Wiley-VCH
GmbH 2021. h, Experimental and FT-EXAFS fitting curves for Co2/Fe-N@CHC at the Co K-edge, with the corresponding schematic model shown in the inset (Co: pink,
N: blue, C: black). i, Experimental and FT-EXAFS fitting curves for Co2/Fe-N@CHC at the Fe K-edge, accompanied by the corresponding schematic model in the inset
(Fe: yellow, N: blue, C: black). Reproduced with permission from Ref.102, © Wang, Z. et al. 2021.
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2.2    Specific techniques
In  addition,  to  the  conventional  techniques  mentioned,  there  are
specific characterization methods for MACs that take into account
the unique quantum effects present among these metallic centers.

The  abovementioned  methodologies,  such  as  HAADF-STEM
and  XAS,  are  regarded  as  powerful  tools  that  work  together  to
reveal  the  ambient  conditions  and  electronic  configurations  of
multi-atom  cluster  catalysts,  suggesting  the  potential  for  complex
interactions. Additionally, a range of alternative techniques that can
elucidate these properties is also recognized. Notably, single-crystal
X-ray  diffraction  (SC-XRD)  is  a  non-invasive  and  widely  used
method  for  uncovering  the  intricate  structures  of  pristine,  single-
crystalline  materials.  The  collected  data  undergoes  thorough
analysis  and  refinement,  resulting  in  a  detailed  depiction  of
structural parameters, including unit cell dimensions, bond lengths,
and  angles,  among  others.  For  multi-atom  clusters  derived  from
carefully synthesized MOFs and organic ligands, SC-XRD provides
a  dependable  method  for  obtaining  structural  insights.  Electron
paramagnetic  resonance  (EPR),  with  its  remarkable  sensitivity  to
unpaired  electrons,  is  a  valuable  tool  for  determining  the  orbital
occupancy  of  transition  metals.  Additionally,  Mössbauer
spectroscopy  plays  a  crucial  role  in  distinguishing  valence  states,
coordination  environments,  and  electronic  properties,  with
increasing  efforts  focused  on  its  application  in  the  study  of  multi-
atom clusters.

Together, the characterization techniques described above form a
strong foundation for gaining deep insights into these materials. By
combining these experimental  results  with theoretical  frameworks,
a more nuanced investigation of the underlying mechanisms can be
achieved.  However,  it  is  essential  to  recognize  that  these
measurements  are  generally  performed ex  situ,  highlighting  the
need for future efforts to incorporate in situ methodologies that can
capture  the  dynamic  behavior  of  multi-atom  cluster  catalysts  in

their operational environments.
It  can  be  concluded  from  previous  research  that  the

characterization of MACs has reached a high level of sophistication.
However,  the lack of  portable and operando techniques remains a
considerable  limitation,  hindering  further  development  and
adoption  of  MACs.  This  issue  must  be  addressed  and  will  be
discussed in the mechanisms section. 

3    Application in CO2 conversion
The  conversion  of  CO2 can  be  achieved  through  various  energy
fields, including electrical, photonic, and thermal methods, to break
C=O  bonds  and  generate  further  products.  The  products  of  CO2
conversion  can  be  categorized  into  two  types:  single-carbon  and
multi-carbon  products.  One  of  the  advantages  of  MACs  is  their
potential  to  achieve  high  selectivity  for  valuable  multi-carbon
products.  In  this  section,  we  will  summarize  the  efforts  related  to
both  types  of  production  and  propose  promising  strategies  for
catalyst design in these areas. 

3.1    Single-carbon product
Single-carbon  products  include  CO,  CH3OH,  CH4,  and  various
other  essential  chemicals  that  are  relatively  easy  to  synthesize  but
vital  for industrial  production.  Over the past  few years,  substantial
research  has  focused  on  the  conversion  of  these  single-carbon
products, achieving efficiencies comparable to industrial standards.
The primary elements used in CO2 conversion are Au, Ag, Cu, and
others, which can be classified into noble and non-noble categories.

Noble  metal  species  have  shown  strong  performance  in  the
hydrogen evolution reaction,  which  competes  with  CO2 reduction
and can hinder catalyst selectivity. However, these noble metals can
also  enhance  the  hydrogeneration  process  and  improve  reactant
adsorption.  Therefore,  achieving  a  balance  between  activity  and
selectivity is essential. Zhang et al. developed a diatomic Pd catalyst

 

Fig. 3.    The characterizations of MACs with XPS. a, The Pt 4f level XPS spectra of SALPt@mTiO2 nanosheets. Reproduced with permission from Ref.97, © Wiley-VCH
GmbH 2022. b, c, High-resolution XPS spectra of In 3d (b) and Ni 2p (c). d, High-resolution XPS spectra of In 3d before and after the reaction. e, High-resolution XPS
spectra of Ni 2p before and after the reaction. Reproduced with permission from Ref.106, © Wiley-VCH GmbH 2022.
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Fig. 4.    The  electrochemical  performance  of  MACs  towards  single-carbon  product. a,  Faradaic  efficiency  of  BPB-Pd1 and  BPB-Pd2. b,  Faradaic  efficiency  for  CO
production  of  BPB-Pd1 and  BPB-Pd2. c,  Geometric  CO  partial  current  density  of  BPB-Pd1  and  BPB-Pd2.  Reproduced  with  permission  from  Ref.108,  ©  Tsinghua
University Press 2024. d, Production rate of methane oxidation products over various cocatalyst-loaded ZnO species and their selectivity for HCHO at 150 °C. e, Effect of
reaction temperature on the production rate and selectivity of HCHO over 0.5Ru-ZnO. Reproduced with permission from Ref.109, © Xu, Y. et al. 2024. f, CO yield as a
function of time for different photocatalysts. Reproduced with permission from Ref.110, © Wiley-VCH GmbH 2023.

 

Fig. 5.    The  electrochemical  performance  of  MACs  towards  single-carbon  product.  Electrocatalytic  CO2 activity  was  assessed  using  a  flow  cell  with  a  1  M  KOH
electrolyte. a, Linear sweep voltammetry curves for Ni2NC, Ni1NC, Ni NPs, and NC under CO2 and Ar atmospheres. b, Faradaic efficiency of CO for Ni2NC, Ni1NC, Ni
NPs, and NC. c, Long-term stability of Ni2NC during electrocatalytic CO2 reduction at −0.37 V vs. RHE. Reproduced with permission from Ref.111, © Hao, Q. et al. 2022.
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(referred to as BPB-Pd2), which achieved a Faradaic efficiency (FE)
of  approximately  94.4%  for  CO  production,  owing  to  the
synergistic  effect  between  the  dual  Pd  sites  (Figs.  4a–4c)108.  It  is
important  to  note  that  MACs  can  also  be  formed  by  loading
isolated  sites  onto  metallic  compounds.  Tang’s  group  has  made
considerable  contributions  to  this  area.  For  example,  they
developed a Ru-decorated ZnO catalyst  that  achieved up to 90.4%
selectivity for formaldehyde at 150 °C (Figs. 4d and 4e)109.

To  date,  MACs,  particularly  dual-atom  catalysts,  are  typically
structured in a planar configuration, meaning that the two metallic
centers  are  arranged  in  a  2D plane.  This  presents  the  opportunity
for  3D  construction  as  an  attractive  strategy  for  further  MAC
design.  Yue  et  al.  proposed  a  catalyst  featuring  in-plane  Pd  and
interplanar Cu sites for the CO2 photocatalytic process, successfully
producing CH4 and CO (Fig. 4f)110. Additionally, femtosecond time-
resolved transient absorption (fs-TA) spectroscopy revealed that the
charge  decay  lifetime  of  the  in-plane  Pd  is  95.6  ps,  considerably
longer than that of  the interplanar Cu, which is  only 3.07 ps.  This
suggests that the in-plane Pd plays a key role in supplying electrons
to the reactants and the neighboring Cu sites during the reaction.

Non-noble  metal  elements  have  also  proven  to  be  effective  in
CO2RR. Among these, nickel stands out owing to its high selectivity
for  CO.  Researchers  are  curious  about  the  potential  changes  that
dual  Ni  sites  may  bring.  Zhang  et  al.  synthesized  MACs  featuring
dual  Ni  sites  supported  by  nitrogen-doped  carbon,  referred  to  as
Ni2NC,  alongside  a  single-atom  variant  named  Ni1NC111.  The

Ni2NC  catalyst  demonstrates  approximately  100%  selectivity  for
CO at a current density of up to 1200 mA∙cm−2 (Figs.  5a and 5b),
indicating  considerable  potential  for  industrial  applications.
Furthermore,  it  exhibits  impressive  stability,  maintaining
performance  for  over  30  h  at  high  current  density (Fig.  5c).  This
outperforms  Ni-based  SACs,  demonstrating  the  reliability  of
MACs.  Building  on  the  dual  Ni  sites,  chemists  have  introduced
heteroatoms into the system, leading to new types of MACs. Pan et
al.  incorporated  Co  and  Ni  dual  sites  in  CO2RR,  achieving  a
maximum  efficiency  of  97.7%  for  CO  production  (Figs.  6a and
6b)112.  Theoretical  calculations  indicate  that  the  Co–Ni  pair  sites
considerably  enhance  the  formation  of  *COOH  intermediates,
thereby accelerating the reaction compared to other catalyst types.

In addition, to nickel, copper has also been extensively studied in
CO2RR.  Jiao  and  co-workers  developed  asymmetric  dual-atom
catalysts for CO2 reduction featuring TeN2 and CuN3 sites (Fig. 6c)113.
Unlike  traditional  M–N–C  SACs  (e.g.,  M  =  Fe,  Co,  Ni,  Cu,  and
Zn), the Te center activates CO2, while the Cu center facilitates the
dissociation of H2O, thereby enhancing the CO2RR process through
a synergistic mechanism.

In  the  design  and  synthesis  of  SACs,  particularly  the  typical
M–N–C  catalysts,  one  of  the  most  important  approaches  is  the
spatial  configuration  facilitated  by  ZIF-8.  Following  the  heat
treatment  process,  residual  zinc  species  remain,  serving  as  anchor
sites  for  the  construction  of  dual-atom  sites.  Chen’s  group
introduced  a  yolk–shell  strategy  to  create  a  manganese  and  zinc

 

Fig. 6.    The electrochemical performance of MACs towards multi-carbon product. a, Linear sweep voltammetry curves in a CO2-saturated 0.1 M KHCO3 electrolyte,
recorded at a scan rate of 10 mV∙s−1. b, Faradaic efficiency of CO as a function of applied potentials (V vs. RHE). Reproduced with permission from Ref.112, © Science
Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences 2023. c, CO current density (jCO) for various samples at different applied potentials (V vs.
RHE), with error bars representing standard deviations. Reproduced with permission from Ref.113, © Jiao, J. et al. 2022. d, FECO of the indicated catalysts. Reproduced with
permission from Ref.114, © Wiley-VCH GmbH 2023.
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pair  site,  achieving  nearly  100%  selectivity  toward  CO  and
presenting a promising avenue for MAC design (Fig. 6d)114.

The results indicate that both noble and non-noble metal-based
MACs  can  demonstrate  high  catalytic  efficiency  for  single-carbon
products. If the high conversion properties of noble metal sites can
be combined with the high selectivity of non-noble sites, industrial-
level CO2 conversion could be achieved in the near future. 

3.2    Multi-carbon product
In addition to single-carbon products,  multi-carbon products such
as C2H5OH, CH3COOH, and C2H4 are  of  greater  value.  However,
many  copper-based  materials  display  high  overpotential  and  low
current  density  during  reduction,  leading  to  increased  energy
consumption  and  hindering  their  commercialization.  Therefore,
investigating  new  advanced  electrochemical  catalysts  for  the
production of C2 products is a topic of considerable scientific interest.

Building  on  their  experience  with  copper-based  materials,
researchers  initially  investigated  multi-atom copper  or  heteroatom
(Cu  +  M)  catalysts.  Chen’s  group  first  proposed  a  single  copper
atom supported by a nitrogen-doped carbon substrate (referred to
as  Cu-SA/NPS)  for  CO2RR115.  This  catalyst  demonstrates  a
maximum  selectivity  of  approximately  40%  toward  CH3COCH3
(Fig. 7a). Calculations indicate that the surrounding nitrogen atoms
are crucial  in the C–C coupling step,  offering valuable insights  for
the  future  design  of  MACs  (Fig.  7b).  Subsequently,  Shao  et  al.
presented an example of MACs featuring dimer Cu units supported
by boron-imidazolate  nanosheets  (designated as  BIF-102NSs,  BIF-
103NSs,  and  BIF-104NSs),  which  exhibited  promising  Faradaic
efficiency toward C2H4 production (Figs. 7c and 7d)116. Building on
this  approach,  Xu’s  group  incorporated  additional  sites  into  the
system using closely spaced copper atoms, achieving a FE of up to
91%  for  ethanol  production  (Fig.  7e)117.  Theoretical  calculations

and  operando  XAS  results  indicated  that  multicopper  sites  were
formed in  situ during the  reaction.  The critical  function of  single-
atom  Cu  lies  in  controlling  the  formation  of  active  sites  and
enhancing  catalytic  performance  after  activation.  The  findings
suggest  that  surface  hydroxyl  groups  play  a  crucial  role  in
modulating  the  interaction  between  copper  centers  and  carbon
substrates.  Sun  et  al.  introduced  an  atomic  printing  strategy  to
create  dual  copper  sites,  achieving  a  FE  of  up  to  71.7%  for  C2H4
production during CO2 reduction.  This  enhancement is  attributed
to  improved *CO adsorption and dimerization118.  This  prompts  a
reevaluation of previous work involving isolated Cu sites in multi-
carbon  production,  where  in  situ  changes  in  active  sites  may  also
occur.  Beyond  the  copper  system,  examples  of  multi-carbon
conversion remain limited,  highlighting  the  need for  greater  focus
on this important area of research.

In  addition  to  CO2 reduction,  converting  other  single-carbon
reactants  is  also an attractive  strategy for  achieving high selectivity
toward  multi-carbon  products.  The  research  indicates  that  the
conversion  of  CO2 to  CO  is  typically  the  initial  step  in  the  CO2
reduction  process,  and  this  step  is  well-established  and  relatively
straightforward  to  achieve.  Consequently,  it  is  logical  to  consider
combining  these  reactions  to  enhance  selectivity  for  multi-carbon
products.  Building  on  this  idea,  some  researchers  have  begun  to
explore this approach. Yang et al.  employed several copper atomic
sites  supported  by  CeO2 for  CO  electroreduction,  achieving  over
50%  FE  toward  acetate  across  a  broad  current  density  range  of
50–150  mA∙cm−2 (Figs.  8a–8c)119.  In  addition,  to  experimental
analysis,  theoretical  calculations  were  performed  to  gain  a  deeper
understanding  of  the  mechanism  for  forming  multi-carbon
products from CO. Kour et al. investigated a model of a conjoined-
twin  porphyrin-based  complex  in  the  ethanol  formation  process
(Figs. 8d and 8e)120. Each of the complexes contains two metal sites

 

FEC2H4

Fig. 7.    The electrochemical performance of MACs towards multi-carbon product. a, Faradaic efficiency of CO2 reduction products on Cu-SA/NPC. Reproduced with
permission from Ref.115, © Zhao, K. et al. 2024. b, Optimized structures of all reaction intermediates involved in the CO2 reduction pathways on the Cu-pyrrolic-N4 site. c,
Coordination environments of  BIF-102NSs and BIF-104NSs,  along with an illustration of  the preferential  reaction pathways for different model systems. d,  of
electrocatalysts at various applied potentials (V vs. RHE) in CO2-saturated electrolyte. Reproduced with permission from Ref.116, © Wiley-VCH GmbH 2021. e, Proposed
reaction mechanism based on operando measurements. Reproduced with permission from Ref.117, © Xu, H. et al. 2020.
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coordinated with four nitrogen atoms. The metal centers examined
in  this  study  include  Cu2,  Co2,  Ni2,  and  CoNi  sites.  Among these,
Co2 and  CoNi  sites  exhibit  promising  energy  barriers  for  the
targeted product, with low potentials of −0.59 and −0.61 V vs. RHE,
respectively. The rate-determining step in the CO reduction process
is  the  CO-CO  dimerization  step,  a  finding  supported  by  another
research. Charles B. Musgrave III and colleagues studied a range of
dual-atom  catalysts  comprising  3d,  4d,  5d,  and  main  group  metal
elements  to  systematically  understand  the  properties  of  metallic
centers during key steps in CO reduction121.  As illustrated in Figs.
8f–8i, the CO dimerization process on Co, Rh, Au, and Ga occurs
spontaneously,  with energy barriers  below zero.  Along with the H
binding  energy  and  two  CO  binding  energies,  they  identified
several  elements  with  promising  potential  that  demonstrate  high
efficiency  in  CO  reduction  to  ethylene,  which  will  be  further
investigated experimentally in the future.

However, this is not the ultimate goal;  researchers are exploring
whether  non-metal  species  can  achieve  efficient  multi-carbon
production.  Hao  et  al.  performed  a  theoretical  analysis  using  a
model of tricoordinated B atoms supported by C3N4 for their study
(Figs.  9a–9c)122.  Through  sophisticated  electron “accept-donation”

analysis, they demonstrated that the unique tricoordinated B atoms
in  B4@g-C3N4 exhibited  a  mild  binding  affinity  toward  CO,
surpassing  both  metallic  sites  and  bicoordinated  B  counterparts
(Fig.  9d).  This  favorable  interaction  considerably  reduces  the  free
energy  barrier  for  the  direct  dimerization  of  CO  to  just  0.18  eV.
Moreover,  the  limiting  voltage  needed  for  the  complete  reduction
of  CO  to  CH3CH2OH  is  remarkably  low  at −0.19  V  (Fig.  9e),
outperforming recently reported metal-based catalysts such as Cu4-
C5N2H2 and Cu2Zn2-C5N2H2.  These  findings  not  only  support  the
concept of a metal-free electrocatalyst for CO reduction to ethanol
but  also  pave  the  way  for  future  research  in  this  area.  By
establishing  a  theoretical  foundation,  they  make  a  considerable
contribution  to  the  pursuit  of  sustainable  carbon  neutrality  goals,
presenting  a  promising  alternative  to  traditional  metal-based
catalysts.

In  conclusion,  extensive  research  has  been  performed  on  both
single-carbon and multi-carbon products. However, achieving high
durability—extending  to  thousands  of  hours—for  multi-carbon
products catalyzed by non-copper multi-atom catalysts at industrial
rates  remains  a  formidable  challenge  and  a  major  barrier  in  this
field.  Therefore,  considerable  efforts  should  be  focused  on  this

 

Fig. 8.    The electrochemical performance of MACs towards multi-carbon product from CO reduction. a, Linear sweep voltammetry curves for the indicated samples.
b,  Faradaic  efficiencies  of  products  on  Cu-CeO2,  with  error  bars  representing  the  standard  deviation  from  three  independent  experiments. c,  FEs  of  acetate  for  CO
reduction over various samples. Reproduced with permission from Ref.119, © American Chemical Society 2023. d, The electronic structure of the molecule. e, Transition
metal (TM) compound, TM2L (TM = Co, Ni, and Cu). Reproduced with permission from Ref.120, © Wiley-VCH GmbH 2021. f, H binding energies at 298.15 K (in eV)
for the 20 screened elements. g, 2 CO binding energies at 298.15 K (in eV) for the same elements. h, CO dimerization energies at 298.15 K (in eV) for the 20 screened
elements. i, Comparison of CO binding energies versus CO dimerization energies. Reproduced with permission from Ref.121, © Elsevier Ltd. 2023.
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endeavor, incorporating both experimental and theoretical aspects,
to facilitate breakthroughs in this critical area of research. 

4    Mechanism  on  MACs  in  carbon
conversion
Having  explored  the  taxonomy,  synthesis  routes,  and  detailed
characterization  profiles  of  MACs,  we  now  focus  on  their  critical
role in the pursuit of carbon neutrality. Unlike single-atom, cluster,
and  nanoparticle-based  catalysts,  MACs  stand  out  for  their  near-
perfect  100% atomic efficiency combined with a  strong synergistic
interaction  between  distinct  atomic  sites.  This  dual  advantage
supports  their  exceptional  potential  for  achieving  high  conversion
rates  at  a  lower  cost,  an  important  consideration  for  sustainable
chemical processes.

The  abundance  of  active  sites  in  MACs  highlights  their
effectiveness  in  catalyzing  complex  reactions  involving  organic
molecules  or  larger  substrates,  where  multiple  interactions  and
transformations  are  essential.  These  sites,  located  within  the
architecture  of  MACs,  enable  efficient  access  to  reactants  and
promote  interactions,  thereby  enhancing  overall  catalytic
performance.  Recognizing  the  crucial  role  of  MACs  in  advancing
carbon-neutral  technologies,  the  scientific  community  has  actively
sought  to  understand  their  underlying  mechanisms.  This  pursuit
has  led  to  the  development  of  numerous  hypotheses,  which  have
been  rigorously  examined  through  a  multifaceted  approach  that
includes  both  experimental  validation  and  theoretical  modeling.
The  following  section  will  carefully  summarize  these  insights,
highlighting two key aspects. 

4.1    Synergistic effect in MACs
The synergistic effect in MACs is fundamental to their remarkable
catalytic performance. This effect stems from the complex interplay
between diverse atomic sites, each providing distinct functionalities
to  the  catalytic  process.  These  sites,  which  often  include  a

combination  of  metals,  organic  ligands,  and  potential  defect
structures,  engage  in  cooperative  interactions  that  exceed  the  sum
of their individual contributions. Consequently, MACs can leverage
complementary  reaction  pathways,  improving  both  reaction  rates
and selectivity.

Wei  and  coworkers  used  both  theoretical  and  experimental
methods  to  examine  the  Ni  and  Sn  pair  sites123.  As  indicated  by
ΔGads,  the  NiSn  pair  sites  present  the  lowest  energy  barrier  for
*OCHO  formation,  which  facilitates  CO2 adsorption.  With
*COOH  adsorption  on  Ni  in  NiSn-APC,  the  catalytic  process
proceeds  through  the  lowest  energy  barrier  of  0.53  eV  (Figs.  10a
and  b).  These  findings  are  supported  by in  situ attenuated  total
reflection-infrared  (ATR-IR)  spectroscopy,  where  a  band  centered
at 1275 cm−1 corresponding to *CO2

− on Ni is observed (Figs. 10c
and 10d).  In  this  system,  the  positively  charged  Sn  sites  help
regulate  the  electronic  structure  of  Ni,  enhancing CO2 adsorption.
Zhang  and  coworkers  used  operando  XAS  to  investigate  the
reaction  intermediates108.  XANES  results  (Figs.  10e–10h)  reveal  a
slight  decrease  in  the  oxidation  state  at  the  pre-edge  of  dual  Ni
samples, attributed to charge transfer between the metal center and
the  reactant.  Ab  initio  molecular  dynamics  simulations  were  also
used  to  explore  the  reaction  kinetics  in  an  aqueous  environment,
showing  that  OHad-induced  charge  augmentation  at  Ni  sites
enhances  CO2 activation,  leading  to  lower  *COOH  formation
energies (Figs. 10i and 10j). Zhang and coworkers further explored
the synergistic effect in heteronuclear dual-atom catalysts of Ni and
Co111.  Theoretical  results  indicate  that  the  interaction  between the
two  metal  centers  modulates  the  electronic  structure,  enhancing
CO  adsorption  while  simultaneously  weakening  hydrogen
adsorption. Similarly, Pei et al. studied a comparable phenomenon
in  Zn–Mn  dual-atom  sites114,  revealing  a  distinct  electronic
structure that promotes the formation of the *COOH intermediate.

A more accurate technique, such as fs-TA spectroscopy, may be
required to capture the transient intermediates during the reaction
more effectively.  This  method is  commonly used in photocatalysis

 

Fig. 9.    The  electrochemical  performance  of  non  metal  MACs  towards  multi-carbon  product. a–c,  The  structure  of  the  tricoordinated  B  atom  in  B4@g-C3N4,  the
bonding interactions with CO, and a simplified diagram of the orbital model. d, Kinetic energy barrier diagram for C–C coupling via *CO + *CO on B4@g-C3N4. e, ΔG
for CO reduction to CH3CH2OH on B4@g-C3N4 at 0 V and −0.19 V. Reproduced with permission from Ref.122, © Royal Society of Chemistry 2023.
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to detect  short-lived intermediate  species.  Xiang’s  group used it  to
investigate the mechanism of CO2 reduction at the dual sites of Pd
and Cu (referred to as Pd1-Cu1/b-CN, Fig. 11)110. The fs-TA results
revealed five dynamic decay processes at 528, 713, 745, 733, and 753
nm,  which  were  fitted  using  a  biexponential  function  (Fig.  11a).
This  is  primarily  attributed  to  intrinsic  charge  transfer  (0.0798  ps,
Fig. 11b), indicating that photoinduced electrons are predominantly
trapped at  the Pd center.  The extremely fast  decay time of  3.07 ps
(Figs. 11c–11e) demonstrates the excellent charge transfer capability
of the Cu sites, which primarily function as charge transfer conduits
in the MACs system (Fig. 11f). In conclusion, the synergistic effect
in  the  MACs  considerably  enhances  catalytic  efficiency,  as
demonstrated  by  both  theoretical  and  experimental  approaches,
offering valuable insights for future MAC design. 

4.2    Tandem catalytic processes on MACs
The unique structural and compositional features of MACs enable
them  to  serve  as  multifunctional  platforms  for  tandem  catalytic
processes.  In  these  systems,  multiple  catalytic  events  occur  in
sequence in a single catalyst,  eliminating the need for intermediate

separation  or  additional  catalysts.  This  streamlined  approach
simplifies  workflows,  reduces energy consumption,  and minimizes
waste. MACs’ ability to host diverse active sites, each optimized for
specific  reaction  steps,  enhances  their  effectiveness  in  carrying  out
complex tandem reactions, thus contributing to the development of
more  efficient  and  sustainable  synthetic  pathways  toward  carbon
neutrality.

The  tandem  effect  differs  from  the  synergistic  effect  because
different rate-determining steps are typically carried out on various
atoms  in  MACs.  These  different  atoms  collectively  enhance
efficiency  during  the  multi-electron  transfer  process.  Jiao  et  al.
investigated  the  synergistic  effect  through  theoretical  calculations
and operando attenuated total reflection surface-enhanced infrared
absorption spectroscopy (ATR-SEIRAS)113. Adsorbed CO, used as a
probe  molecule  for  CO2RR,  exhibits  a  characteristic  peak  in  the
1840–1989 cm−1 range (Fig. 12a). As the overpotential increases, the
CO  adsorption  peak  shifts  to  higher  wavenumbers  owing  to  the
vibrational  Stark  effect.  A  similar  phenomenon  is  observed  at  the
isolated Te and Cu sites (Figs. 12b–12d). However, CO adsorption
on DACs is primarily attributed to the Te SACs, suggesting that CO

 

Fig. 10.    The synergic effect of MACs. a, b, Free energy diagrams for CO2RR illustrating the production of formate (a) and CO (b) on Ni-SAC, Sn-SAC, NiSn-APC*Ni,
and NiSn-APC*Sn. c, In situ ATR-IR spectroscopy results for CO2RR over NiSn-APC. d,  A reaction pathway for CO2RR on NiSn-APC. Reproduced with permission
from  Ref.123,  ©  Wiley-VCH  GmbH  2020. e,  XANES  spectra  Ni  K  edge  for  Ni2NC  at  various  applied  potentials  (V  vs.  RHE),  with  BE  and  ABE  representing  bulk
electrolysis and after bulk electrolysis, respectively. f, The first derivative of the XANES spectra. g, The Fourier transform of k3-weighted Ni K-edge EXAFS experimental
and  fitted  data  for  Ni2NC. h,  Fitting  of  XANES  spectra  (solid  lines)  with  the  illustrated  structures.  The  gray,  turquoise,  red,  white,  and  purple  spheres  correspond  to
carbon,  nitrogen,  oxygen,  hydrogen,  and  nickel  atoms,  respectively. i,  The  correlation  between  Bader  charges  (Δq)  and  Gibbs  free  energy/Helmholtz  free  energy  for
*COOH formation at various sites. j, Kinetic barriers for different adsorbates on Ni2N6, Ni2N6OH, NiN4, and NiN4OH sites. Reproduced with permission from Ref.111, ©
Hao, Q. et al. 2022.
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molecules  preferentially  adsorb  on  Te.  Additionally,  a  broad  peak
ranging  from  3450  to  3480  cm−1 indicates  that  water  molecules
tend to adsorb on the Cu sites (Figs.  12e and 12f).  Thus,  it  can be
concluded  that  the  Te  center  activates  CO2,  while  the  Cu  center
facilitates  H2O  dissociation,  generating  the  necessary  protons  and
enhancing  efficiency  through  a  tandem  mechanism.  Hou’s  group
performed  calculations  and  operando  IR  studies  based  on  the
MACs of In and Ni atomic sites (Fig. 12g)107. The Gibbs free energy
calculations indicate  that  the formation of  *COOH occurs  first  on
Ni,  followed  by  subsequent  steps  on  In.  The  heteroatom  system
accelerates both steps, resulting in high efficiency in CO production
(Figs. 12h and 12i).

By  analyzing  these  two  fundamental  mechanisms,  we  gain  a
deeper  understanding  of  the  transformative  potential  of  MACs  in
catalysis  and  their  essential  role  in  the  global  pursuit  of  carbon
neutrality.  The  results  indicate  that  while  the  mechanism  is
recognized  as  important,  it  has  not  been  sufficiently  studied,
primarily  owing  to  limitations  in  operando  techniques.  This
underscores the need for more accurate and rapid characterization
methods  to  directly  capture  the  rapidly  disappearing  active
intermediates.  Combining  these  approaches  with  EPR  could
enhance our exploration of the radical properties of MACs, further
elucidating their mechanisms. 

5    Challenges
In  the  field  of  chemical  engineering  and  catalysis,  MACs  face
numerous  challenges  in  the  context  of  CO2RR  despite  their
remarkable  potential.  The  strong  stability  of  the  carbon–oxygen
double bond (C=O) in CO2 requires that researchers develop highly
active  and  selectively  tailored  catalysts.  This  endeavor  is  crucial
because it  determines the efficiency and feasibility  of  transforming
CO2, a greenhouse gas, into valuable chemical feedstocks.

The complexity of the reduction process, which often results in a
mixture  of  chemical  species,  presents  considerable  challenges  in
product  segregation  and  purification124−128.  This  complex  product
distribution  requires  the  development  of  advanced  separation
technologies  to  effectively  isolate  and  purify  the  desired  products,
thereby  improving  overall  process  economics  and
sustainability129−132.

Furthermore,  the  longevity  and  stability  of  MACs  under
prolonged  exposure  to  electrochemical  conditions  present
considerable  challenges  that  require  substantial  attention  and
innovative  solutions.  These  conditions,  often  marked  by  high
temperatures,  corrosive  electrolytes,  and  continuous  potential
fluctuations,  can  result  in  structural  degradation,  compositional
changes,  or  even  complete  catalyst  deactivation,  thereby  reducing
their  effectiveness133−137.  Ensuring  the  durability  of  MACs  under

 

Fig. 11.    The synergic effect of MACs and charge carrier kinetics analysis. a, fs-TA spectra of Pd1-Cu1/b-CN at various probe delays under 365 nm excitation. b–d, TA
kinetic traces probed at (b) 528 nm, (c) 733 and 753 nm, and (d) 713 and 745 nm for Pd1-Cu1/b-CN. e, time-resolved transient PL decay. f, Schematic of dynamic charge
transfer  on  Pd1-Cu1/b-CN  during  photocatalysis,  illustrating  cascade  functions  across  interplanar  and  in-plane  dual  single  atoms  in  layer-stacked  bulk-like  g-C3N4.
Reproduced with permission from Ref.110, © Wiley-VCH GmbH 2023.
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operational  settings  is  crucial  for  maintaining  consistent  catalytic
performance over  extended periods.  This  requires  not  only  robust
design strategies capable of withstanding the harsh electrochemical
environment  but  also  a  comprehensive  understanding  of  the
underlying degradation mechanisms. Researchers must explore the
complex interplay between catalyst structure, surface chemistry, and
the  surrounding  reaction  medium  to  develop  strategies  for
mitigating  adverse  effects  and  extending  catalyst  lifespan.
Additionally,  scaling  up  the  production  of  MACs  to  meet
industrial  demands  presents  another  considerable  challenge.  The
synthesis  protocols  typically  involve  complex,  multistep  processes
that are difficult to reproduce consistently at large scales, impacting
both  yield  and  quality.  Cost-effectiveness  in  manufacturing  is  also
critical  for  industrial  adoption,  requiring  optimization  efforts  to
minimize  raw  material  consumption,  energy  use,  and  waste
generation.

To  address  these  challenges,  researchers  are  adopting  a
multifaceted  approach,  using  the  latest  advancements  in  materials
science and catalysis. Firstly, there is a concerted effort aimed at the
precise synthesis of MACs, focusing on the rational design of metal-
support  interfaces  to  optimize  interactions  and  enhance  catalytic
activity  and  selectivity.  This  includes  exploring  novel  support
materials and fine-tuning metal loading and dispersion.

Secondly,  the  integration  of  promoters  or  additives  into  SAC
systems  is  being  actively  explored  as  a  means  to  further  enhance

catalytic  performance.  These  additives  can  function  as  electron
modifiers (adjusting the electronic structure of the active sites) or as
structural promoters (improving the stability and accessibility of the
catalytic sites).

Additionally,  developing  advanced  reactor  systems  designed  for
efficient  product  separation  and  recycling  is  crucial.  Such
systems  aim to  minimize  product  loss  during  separation,  enhance
energy  efficiency,  and  facilitate  the  recycling  of  unreacted
reactants  and  intermediates,  thereby  improving  overall  process
sustainability.

Lastly,  the  synergy  between  computational  modeling  and
machine  learning techniques  is  transforming the  field.  These  tools
facilitate the prediction and optimization of MACs’ properties and
performance in CO2RR, considerably accelerating the discovery and
development  of  novel  catalysts.  By  simulating  and  predicting
catalytic  behavior  at  the  atomic  scale,  researchers  can  identify
promising  candidates  and  direct  experimental  efforts  toward
targeted improvements.

In  conclusion,  addressing  the  challenges  faced  by  MACs  in
CO2RR  applications  requires  a  comprehensive  approach
that  includes  advancements  in  synthesis,  characterization,
reactor  design,  and  computational  modeling.  This  concerted
effort  promises  to  unlock  the  full  potential  of  MACs,  paving  the
way  for  the  large-scale  use  of  CO2 as  a  sustainable  chemical
feedstock.

 

UL(CO2) UL(H2)

Fig. 12.    The tandem catalytic process of MACs. a–d, Spectral profiles of TeN2-CuN3 (a), TeN3 (b), CuN4 (c), and CN (d) catalysts in CO2-saturated KHCO3 solution.
e, f,  Plots  showing  potential  versus  wavenumbers  for  CO  adsorption  (e)  and  water  stretching  modes  (f)  in  ATR-SEIRAS  spectra.  Reproduced  with  permission  from
Ref.113, © Jiao, J. et al. 2023. g, In situ ATR-SEIRAS spectra of InNi DS/NC. h, Calculated free energy diagrams for electrocatalytic CO2 to CO. i, the ,  and
UL(CO), UL(FA) values of In and Ni sites in different catalysts. Reproduced with permission from Ref.106, © Wiley-VCH GmbH 2022.
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