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lyst surface/interface structures
for electrochemical CO2 reduction

Xin Tan,†a Haojie Zhu,†a Chang He,a Zewen Zhuang, c Kaian Sun,c Chao Zhang*b

and Chen Chen *a

Electrochemical CO2 reduction reaction (CO2RR) provides a promising route to converting CO2 into value-

added chemicals and to neutralizing the greenhouse gas emission. For the industrial application of CO2RR,

high-performance electrocatalysts featuring high activities and selectivities are essential. It has been

demonstrated that customizing the catalyst surface/interface structures allows for high-precision control over

the microenvironment for catalysis as well as the adsorption/desorption behaviors of key reaction

intermediates in CO2RR, thereby elevating the activity, selectivity and stability of the electrocatalysts. In this

paper, we review the progress in customizing the surface/interface structures for CO2RR electrocatalysts

(including atomic-site catalysts, metal catalysts, and metal/oxide catalysts). From the perspectives of

coordination engineering, atomic interface design, surface modification, and hetero-interface construction,

we delineate the resulting specific alterations in surface/interface structures, and their effect on the CO2RR

process. At the end of this review, we present a brief discussion and outlook on the current challenges and

future directions for achieving high-efficiency CO2RR via surface/interface engineering.
1. Introduction

In recent years, the global annual CO2 emission due to fossil
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accumulates in the Earth's atmosphere, resulting in pressing
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Fig. 1 Overview of the surface/interface engineering for CO2RR
catalysts.
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to statistics from the Energy & Climate Intelligence Unit, more
than 130 countries and regions have proclaimed the goal of
“zero carbon” or “carbon neutrality”, and thus effective
measures have to be taken to lower the atmospheric CO2

concentration.4,5 To this end, CO2 conversion and utilization
has been proposed as a potential solution to carbon neutrality.
In particular, CO2 could be electrochemically reduced into fuels
and commodity chemicals; when integrated with renewable
electricity (such as solar and wind power), this electrochemical
route is expected to close the carbon cycle.6 However, CO2 is
notorious for its chemical inertness, the activation of CO2

molecules generally has to overcome a high energy barrier, and
the practical implementation of electrochemical CO2 reduction
reaction (CO2RR) faces a number of challenging issues, such as
high overpotentials, competing side reactions (most notably,
hydrogen evolution reaction, HER), and diverse reduction
products.7–9 As a result, one of the major topics in CO2RR is to
design and construct catalytic materials with optimized activi-
ties and selectivities.

The customization of catalyst surface/interface refers to the
approach that resorts to design and modulate the structures
and properties of catalyst surface/interface, so as to optimize
the catalytic performance.10–12 In the past few decades, with the
emergence of advanced methodologies in both experimental
characterization and theoretical simulation, the research focus
of catalysis has shied from observing and documenting the
macroscopic catalytic phenomena to monitoring and deci-
phering catalytic processes on the atomic/molecular level.2,13–15

The idea of structure/mechanism-oriented catalyst design has
thus emerged, which offers immense opportunities for devel-
oping high-performance CO2RR catalysts. Some catalytic
systems with specic structures and functions can now be
constructed via rational design; with the surface/interface
reaction processes ideally customized, catalysts with superior
activities, selectivities and stabilities can be obtained eventu-
ally. Such customization strategies include manipulating the
crystallographic structures of the catalysts so as to expose
specic atomic sites,16,17 altering the coordination congura-
tions so as to optimize the electronic structures of active centers
(in particular, the coordination number and conguration of
metal active centers),18,19 modifying the surfaces/interfaces so as
to regulate the microenvironment,13,20 and constructing hetero-
interfaces so as to promote the adsorption and activation of
substrate molecules and intermediate species.21,22 In addition,
only by looking deep into the surface/interface structures of
catalysts can we establish the structure–performance relation-
ship for CO2RR catalysis, which is of fundamental importance
for developing more advanced electrocatalysts.2,23

In this review, we start with an overview of the advanced
methodologies for probing the structures of catalyst surfaces/
interfaces (including synchrotron-radiation-based X-ray
absorption spectroscopy, atomic-resolution electron micros-
copy, and infrared spectroscopy), which could offer more in-
depth insights into catalytic structures at the atomic level.
Subsequently, we present a systematic overview on the recent
progress in customizing the surfaces/interfaces of CO2RR elec-
trocatalysts, including atomic-site catalysts (e.g., single-atomic-
© 2024 The Author(s). Published by the Royal Society of Chemistry
site catalysts, diatomic-site catalysts), metal catalysts, and
metal/oxide catalysts. From the perspectives of coordination
engineering, atomic interface design, surface modication, and
hetero-interface construction, we delineate the resulting
specic alterations in surface/interface structures, and their
effect on the CO2RR process, including (but not limited to)
microenvironment modulation, enrichment of substrate mole-
cules, adsorption/desorption of intermediate species. At the end
of this review, we give a discussion on the challenges currently
faced in the eld of surface/interface engineering of CO2RR
electrocatalysts, and present an outlook on the possible future
directions in this eld (Fig. 1).
2. Advanced methodologies for
probing the structures of catalyst
surfaces/interfaces

In the realm of surface/interface engineering, a profound
exploration for advanced structural characterization method-
ologies is imperative. By employing advanced techniques, one
can gain a more comprehensive and in-depth understanding of
the microscopic structural features of catalyst surfaces and
interfaces. In this section, we will discuss advanced character-
ization techniques and corresponding in situ and operando
techniques under CO2RR test conditions, aiming to unveil the
unique structural characteristics of catalyst surfaces/interfaces
and to lay the groundwork for achieving efficient CO2RR.
2.1 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) has become one of the
most popular methodologies for probing information regarding
Chem. Sci., 2024, 15, 4292–4312 | 4293
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the structures of catalyst surfaces/interfaces.24 This character-
ization technique has achieved notable success in probing the
surface/interface site structure of single-atomic catalysts. For
instance, one can determine the local coordination congura-
tion of synthesized catalysts, such as the FeN4 structure or
FeN4O structure, through tting the spectra.25,26 It is important
to note that distinguishing ligand atoms (such as C, N and O)
using XAS is quite challenging, and oen requires comple-
mentary techniques such as X-ray emission spectroscopy (XES)
for a more comprehensive assessment.25 At the solid–liquid
interface in electrocatalysis, the dynamically evolving catalyst
surface, where reactants, intermediates, and product species
coexist, is oen referred to as having disordered features rather
than ordered crystalline properties.27 In this regard, operando
XAS is one of the characterization techniques capable of
revealing the real dynamic conguration of the structures of
catalyst surface/interface. Timoshenko et al. utilized time-
resolved operando XAS to investigate the impact of the dura-
tion of pulse oxidation potential and reduction potential (Dta
and Dtc) on the surface oxidation state of copper catalysts
(Fig. 2(a)).28 The results indicate that both surface defects and
oxidation states can enhance ethanol production. On the basis
of these results, a coordinated optimization of Dta and Dtc was
employed to balance the oxidation state and morphology,
leading to the identication of a region that signicantly
promotes ethanol generation (Fig. 2(b)).
2.2 Atomic-resolution electron microscopy

Advancements in materials science and catalysis research
demand an in-depth understanding of catalyst surfaces and
interfaces at the atomic level. Electron microscopies have
evolved signicantly, enabling scientists to probe catalyst
surfaces with unparalleled precision, uncovering details crucial
for optimizing catalytic performance. The work of Chung et al.
serves as a groundbreaking example; they pioneered the use of
aberration-corrected high-angle annular dark-eld scanning
transmission electron microscopy (AC-HAADF-STEM)
combined with electron energy loss spectroscopy (EELS) to
directly observe the conguration of Fe–N4 for the rst time.29

This study provides crucial guidance for subsequent structural
analyses of M–N–C catalysts at the atomic level and their
exploration in various catalytic applications. Additionally, our
research group identied “true” dual-atomic sites through in
situ rotation manipulation using AC-HAADF-STEM (Fig. 2(c)).30

Operando electrochemical liquid-cell scanning transmission
electron microscopy (EC-STEM) enables imaging with high
spatial resolution at the nanometer scale within a liquid envi-
ronment under electrochemical reaction conditions. This
technique has been employed to track the changes in the
surface/interface structure of nanocatalysts under CO2RR
conditions. Employing this approach, Yang et al. used 7–18 nm
copper nanoparticles as model catalysts to comprehensively
reveal the evolution of copper nanocatalysts during the reaction
process (Fig. 2(d–h)).23 On the basis of EC-STEM results, the
team further developed a four-dimensional scanning trans-
mission electron microscopy (4D-STEM) structural
4294 | Chem. Sci., 2024, 15, 4292–4312
characterization technique to unveil the evolution processes of
copper catalysts.
2.3 Other methodologies

Raman and infrared spectroscopies could serve as powerful
tools for monitoring surface-adsorbed molecules and interme-
diate species involved in electron/proton transfer and bond
formation under CO2RR conditions.31,32 Moreover, they also
demonstrate great potential in probing the structures of catalyst
surfaces/interfaces. For instance, in situ diffuse reectance
infrared Fourier transform spectroscopy (DRIFTS) of CO
adsorption has been conducted to determine the distribution
state of Rh in CuRh alloy, where Rh single atoms and Rh clus-
ters exhibited distinctly different CO adsorption peak shapes.33

To investigate the structural evolution of the Bi2O3 catalyst
during the CO2RR, Broekmann et al. utilized Raman spectros-
copy to identify Bimetal, Bi2O3, and Bi2O2CO3 phases and
proposed two pathways for formate production based on
experimental results: the “sub-carbonate” pathway at low over-
potentials and the Bimetal–O pathway at high overpotentials
(Fig. 2(i and j)).34 Additionally, the team employed X-ray
diffraction computed tomography (XRD-CT) to analyze the
spatial distribution of the chemical composition aer the
reaction with a relatively high spatial resolution (40 mm), con-
rming that the distribution of Bi2O2CO3 and Bimetal phases is
rather homogeneous as a function of the catalyst layer depth
(Fig. 2(k)).35

The combination of experimental and theoretical
approaches offers a novel avenue to investigating the structures
of catalyst surfaces/interfaces. Klinkova et al. utilized ex situ
high-resolution scanning electron microscopy (SEM) and elec-
trochemical surface analysis through underpotential deposition
(UPD) to explore the structural behavior of well-dened gold
and palladium core cages and branched nanoparticles during
CO2RR processes.36 On the basis of experimental trends and the
integration of density functional theory (DFT) and nite
element method (FEM) calculations, the team proposed
a mechanistic description of their structural dynamics
(Fig. 2(l)). Specically, the team unveiled the interaction of
electrochemical effects (atomic migration facilitated by
adsorption reaction intermediates) and electronic effects (elec-
tron migration). Both of these effects were identied as driving
forces for structural transformations in the materials. The
theoretical foundation established in this work serves as
a predictive method for assessing the electrochemical surface/
interface structural behaviors of novel materials. In summary,
these pioneering methodologies offer robust support for future
catalyst design and optimization, enabling us to precisely
control the structures of catalyst surfaces/interfaces and
promote the development of CO2RR.37,38
3. Surface/interface engineering for
atomic-site catalysts

The advancements in both preparation methods and charac-
terization techniques have sparked signicant interest in
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) The results obtained from the analysis of XAS data for copper catalyst during pulsed CO2RR with Eanode = 0.6 V, showing the average
concentration of the oxide species present during the cathodic pulse. (b) Evolution of the copper catalyst structure and composition during
a cathodic pulse extracted from XAS and XRD data. Reproduced with permission from ref. 28. Copyright 2022, Springer Nature. (c) In situ rotation
in AC-HAADF-STEM characterization to differentiate the “true” and “false” dual-atomic sites. Reproducedwith permission from ref. 30. Copyright
2023, American Chemical Society. (d) Schematic of operando EC-STEM and 4D-STEM. Morphological evolution of 7 nm NPs at 0 V vs. RHE at
0 (e), 8 (f), 16 (g) and 24 s (h). Reproduced with permission from ref. 23. Copyright 2023, Springer Nature. (i) Potential-dependent changes of the
Raman peak at 313 cm−1 and 162 cm−1 used as the fingerprint for the presence of Bi2O3 and Bi2O2CO3, respectively. (j) Potential-dependent
integrated intensities of the Raman peaks shown in (i). Reproduced with permission from ref. 34. Copyright 2021, American Chemical Society. (k)
XRD-CT scans of the catalyst layer after CO2RR (1 h) at −1 V vs. RHE. Reproduced with permission from ref. 35. Copyright 2022, American
Chemical Society. (l) Illustration of the factors driving atomic migration in electrocatalysts. Reproduced with permission from ref. 36. Copyright
2021, Springer Nature.
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atomic-site catalysts. For one thing, atomic-site catalysts theo-
retically offer the highest atomic utilization efficiency, aligning
with the principles of green chemistry. For another thing, they
not only possess distinctive structural features and high activity
© 2024 The Author(s). Published by the Royal Society of Chemistry
similar to homogeneous catalysts but also exhibit ease of
separation from reaction system. By precisely manipulating the
coordination environment of atomic sites, researchers can alter
the adsorption/desorption processes of key intermediates in the
Chem. Sci., 2024, 15, 4292–4312 | 4295
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CO2RR process, thus modulating the activity and selectivity of
the catalyst.6 Moreover, the electrocatalytic process of CO2RR
involves the participation of multiple molecules such as water
and carbon dioxide, making the design of synergistic catalytic
systems or reaction microenvironments crucial in addition to
directly modulating the intrinsic activity of ASCs.39,40 This
section summarizes the rational design strategies for ASCs
interfaces focused on coordination engineering, non-
coordinating atom doping, and construction of diatomic
interface sites.
3.1 Coordination engineering

The two most direct inuencing factors of the coordination
environment are the identity of the coordinating atoms and the
coordination number. Therefore, this section primarily
emphasizes two coordination engineering strategies: coordi-
nating atom engineering and coordination number
engineering.

3.1.1 Coordinating atom engineering. Modulating the
atoms in the rst coordination shell around themetal active site
enables the direct alteration of the oxidation state and elec-
tronic structure of the metal centers, thereby exerting a signi-
cant inuence on the catalytic performance of the catalyst. Fe
SAC with FeN4 sites has been reported for its great potential to
replace conventional precious-metal-based catalysts in CO2RR,
as it could give a lower overpotential for the CO2-to-CO
conversion.41 However, suffering from serious competing
hydrogen evolution reaction (HER), Fe–N–C catalysts could
effectively produce CO only in a narrow potential range, the
ultimate cause behind which is the inadequate adsorption/
desorption energy of key intermediates. To solve this problem,
Zhao et al. built novel Fe1N2O2 sites on N-doped carbon derived
from nitrogen source assisted pyrolysis of an oxygen-abundant
MOF precursor. By replacing two coordinating N atoms with
two O atoms, the team successfully optimized the kinetic acti-
vation processes of the CO2RR at the Fe1 sites. Theoretical
calculations revealed that, compared with N, the coordinating O
atoms could signicantly lower the free energy change for the
steps of both *COOH formation and CO desorption, and as
such, the Fe1N2O2/NC catalyst exhibited a broad potential range
from −0.4 to −0.8 V while maintaining a high selectivity of 95%
for CO.39

Another notable example for coordinating atom engineering
is the Ga1 site in CO2RR. Ga nanomaterials are capable of
thermally reducing CO2 to generate solid carbon, whereas Ga
metal and Ga2O3 exhibit poor CO2RR performance.42 Zhang
et al. reported the development of a Ga-N3S-PC catalyst by
downsizing the active center of the main group element gallium
to the atomic level. By incorporating S atoms in the rst coor-
dination shell and P atoms in the external coordination shell,
the electronic environment of Ga1 sites is signicantly altered,
resulting in an increase in the Gibbs free energy barriers for
HER and a decrease in those for CO2RR. Consequently, the Ga-
N3S-PC catalyst demonstrates a FECO of approximately 92% at
−0.3 V vs. RHE. Theoretical simulations revealed the presence
of an adaptive dynamic transition of Ga, during which the
4296 | Chem. Sci., 2024, 15, 4292–4312
continual reconguration of Ga–S and Ga–P bonds can opti-
mize the adsorption energy of the *COOH intermediate and
regenerate the active sites in a timely manner, leading to
signicantly enhanced CO2RR selectivity and stability
compared with Ga–N4 (Fig. 3(a)).43 Therefore, manipulating the
coordinating atoms (even in the external coordination shell) can
lead to better mimicking of molecular catalysts. Similarly, in
addition to the two-electron reduction product CO, by altering
the adsorption mode and strength of intermediates, Zn and Co
atomic sites have the potential to produce a more diverse array
of products in CO2RR, including methanol and methane.40,44

3.1.2 Coordination number engineering. In addition to the
coordinating atoms, the coordination number of metal centers
stands out as a crucial factor affecting their electronic struc-
tures. The incorporation of axial coordination, leading to the
formation of a penta-coordinated structure, plays a pivotal role
in regulating spin states and electronic properties, such as the
d-band centers of the metal sites.45 In this context, Chen et al.
successfully synthesized a Fe1N4–O1 site with axial O coordi-
nation using a rapid pyrolysis and controllable activation
strategy.26 XAS and AC-HAADF-STEM conrmed this unique
coordination structure. The study demonstrated that the axial O
coordination could contribute to the enhancement of electronic
localization at the active sites, thereby increasing the energy
barrier for HER and promoting CO desorption. By introducing
the axial O coordination, the catalyst exhibited nearly 100% CO
selectivity over a wide voltage range (Fig. 3(b)). Similarly, Pan
et al. reported that a Co–N5 structure displays enhanced CO2RR
performance, which is attributed to the lower *COOH formation
energy barrier for Co–N5 compared with Co–N4.19

In addition to CO selectivity, coordination number engi-
neering could also enhance current density and catalyst dura-
bility. Huang et al. developed a single-atom nanozyme (Ni–N5–

C) with a square-pyramidal Ni–N5 site.46 Because of the axial N
coordination, the energy levels of the dz2 and dxz/yz orbitals of
the Ni–N5 site were increased and decreased, respectively,
compared with that for the Ni–N4 site. This results in a decrease
in the *CO2-to-*COOH activation barrier and enhanced CO
desorption, thereby boosting the kinetic activation process and
catalytic performance. In catalytic tests for CO2 reduction, the
Ni–N5–C catalyst demonstrated an impressive FECO of 99.6%,
with a turnover frequency of 69.7 s−1, under an ultra-high
current density of 1.23 A cm−2. Furthermore, the catalyst dis-
played a remarkable stability over a 100 hour period, surpassing
numerous other reported single-atom catalysts. Moreover, for
main group elements, the axial coordination has proved to be
a crucial factor in imparting catalytic activity. Deng et al.
developed a series of well-dened Sn single-atom catalysts as
model systems to investigate their electrochemical reactivity for
CO2RR.18 Through a combination of DFT calculations and in
situ characterization experiments, the team demonstrated that
the key site for CO2 reduction into formic acid involves an axial
O coordination in the O–Sn–N4 structure. This site facilitates
the CO2-to-HCOOH conversion by promoting the formation of
surface-bound bidentate tin carbonate species (Fig. 3(c)). Alto
sum up, axial coordination engineering provides a versatile
approach to regulating the coordination environment of single-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Schematic diagram of the catalytic CO2RR process on fluxional GaN3S-PC catalyst. Reproduced with permission from ref. 43.
Copyright 2023, Wiley-VCH. (b) FECO and FEH2

of Fe-CON400-400, FePor-400 and CON400 at different potentials. Reproduced with permission
from ref. 26. Copyright 2021, The Royal Society of Chemistry. (c) Calculated DG for CO2RR over O–Sn–N4 and Sn–N4 sites. Reproduced with
permission from ref. 18. Copyright 2023, American Chemical Society. (d) CalculatedDG for CO2RR to CO on theMn–N4, Mn–N4(O), Mn–N4(2O),
and Mn–N4(3O) surfaces. Reproduced with permission from ref. 53. Copyright 2023, Wiley-VCH. (e) Schematic diagram of the reaction
mechanism of CO2RR on the MoSA–SeSA catalyst. Reproduced with permission from ref. 55. Copyright 2022, Wiley-VCH.
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atom sites, offering insights that are poised to deepen our
understanding of the catalytic pathways and mechanisms
involved in CO2RR.

In addition to coordinating atom engineering and coordi-
nation number engineering, the dynamic structural evolution
of atomic-site catalysts under reaction conditions signicantly
inuences their catalytic performance.47 In particular, the
phenomena of reversible transformation between isolated
atoms, metal clusters, and metal nanoparticles are of great
importance for understanding the catalyst surface/interface
structures and the true active centers for CO2RR. For instance,
Hsu et al. utilized in situ electrochemical transmission electron
microscopy (EC-TEM) to image the dynamic changes of atomic-
site catalysts during CO2RR for the rst time.48 This structural
reconguration can generate low-coordinated Cu SACs, which
exhibit signicantly high selectivity and activity to CO produc-
tion. Similarly, NiN2 sites originated from nitrogen vacancy
induced coordinative reconstruction also demonstrate
enhanced CO2RR catalytic activity.49 Furthermore, Cu SACs with
CuN4 sites were found to efficiently convert CO2 to ethanol, with
a faradaic yield as high as 55%.50 Operando XAS experiments
indicate that under reaction conditions, the reconstruction of
CuN4 sites forms metallic Cu nanoparticles, which are the truly
catalytically active species. Interestingly, such reconstruction
behavior is reversible, rendering the material a stable catalyst.
With the advancement of characterization techniques, the
reconstruction phenomenon of Cu SACs has garnered wide-
spread attention in recent years. Other factors such as the
© 2024 The Author(s). Published by the Royal Society of Chemistry
applied potentials and the affinity between isolated Cu sites and
coordinating atoms are considered to be closely related to this
evolution process,51 offering the possibility of further under-
standing and optimizing the surface/interface structure of
atomic-site catalysts.

3.2 Non-coordinating atom doping

In addition to direct coordination interactions with active metal
atoms, the presence of non-coordinating atoms doped within
the catalyst support could also play a signicant role in regu-
lating the performance of atomic-site catalysts. On one hand,
non-coordinating dopant atoms can alter the electronic struc-
tures of active sites through long-range interactions, thereby
regulating the adsorption/desorption processes of intermedi-
ates and in turn modulating the catalytic performance.52,53 On
the other hand, doping of foreign atoms within the support is
crucial in altering the microenvironment of the catalyst
surface.25 In the case of CO2RR, where HER acts as a notable
competing reaction, the presence of interfacial water greatly
would impact the activity and selectivity of the catalyst. Thus,
non-coordinating atom doping provides an additional means of
tuning the atomic sites, particularly at the catalyst surface
microenvironment, including the interfacial water.

3.2.1 Electronic structure optimization. As an electron
donor when incorporated into carbon supports, P atoms can
alter the electronic structures of atomic sites through its 3p
lone-pair electrons, thus regulating their electrochemical
activities. In this regard, Sun et al. employed a “host–guest”
Chem. Sci., 2024, 15, 4292–4312 | 4297
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strategy and electrostatic adsorption to introduce single P
atoms and single Fe atoms into the nitrogen-doped carbon
materials.52 XPS reveals that the synthesized Fe-SAC/NPC
retains the Fe–N4 coordination mode, indicating that P atoms
existed in the form of P–C bonds in the support, rather than
bonding with Fe. Additionally, DFT calculations demonstrate
that P atoms in the outer coordination shells, particularly in the
third coordination shell, could enhance the electron density at
the Fe1 sites, thus facilitating the formation of the key inter-
mediate *COOH and lowering the overpotential for CO2RR. The
doping of P atoms into the support enabled the Fe-SAC/NPC
catalyst to achieve a 97% CO selectivity at an overpotential of
320 mV, with a Tafel slope as low as 59 mV dec−1.

Following a similar approach, Wang et al. investigated the
relationship between the catalytic activity and the local struc-
tures of Mn–N–C catalysts through DFT calculations.53 The
results revealed that the introduction of different amounts of
oxygen atoms in the second coordination shell can effectively
improve the CO desorption from the Mn–N4 surface to varying
degrees (Fig. 3(d)). On the basis of this nding, they successfully
introduced epoxy groups near the Mn–N4 sites through a versa-
tile nanoemulsion assembly approach. The resulting catalyst
exhibited an enhanced electrocatalytic performance, achieving
a high FECO of 94.5% at a low overpotential of 0.44 V in aqueous
environments. Further calculations indicated that the adjacent
epoxy groups to the Mn–N4 sites could lower the d-band center
of the Mn site, thus weakening the binding strength with CO.
This decrease in the energy barrier for CO desorption signi-
cantly promoted the CO2RR kinetics. It is worth mentioning
that through the doping of non-coordinating oxygen atoms, this
catalyst also demonstrated high performance in aprotic Li–CO2

batteries, exhibiting an improved reversibility and a long cycling
life.

3.2.2 Microenvironment optimization. The presence of
pyridinic and pyrrolic nitrogen atoms in the Fe–N–C catalysts
signicantly hampers its selectivity for CO because of their
strong affinity to proton. Therefore, it is necessary to tune the
electried interfaces of catalysts by regulating these non-
coordinating atoms. Liu et al. employed a 5% H2 inert gas
atmosphere during high-temperature pyrolysis to convert the
undesired pyridinic and pyrrolic N atoms in the Fe–N–C catalyst
into graphitic N.25 In situ attenuated total reection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS) and
DFT computations demonstrate that the graphitic N could not
only suppress HER by eliminating “protophilic sites”, but also
interact with FeN4 to achieve synergistic adsorption of H2O and
CO2, thereby facilitating the conversion of CO2 into the *COOH
intermediate. Through the manipulation of non-coordinating N
dopants in the Fe–N–C catalyst, this study reports an FECO

above 90% across a wide potential range from−0.3 to−0.8 V vs.
RHE.

In addition to directly manipulating the non-coordinating
atoms in the support, doping the support with a second
element is another approach to regulating the interfacial water
of single-atomic-site catalysts. Inspired by the Mo-dependent
formate dehydrogenase found in nature, researchers infer that
Mo single-atomic sites hold great potential in the eld of
4298 | Chem. Sci., 2024, 15, 4292–4312
CO2RR.54 Theoretical simulations have also conrmed the
strong interaction between Mo atoms and *COOH. However,
owing to the strong adsorption of CO on Mo single-atomic sites,
these sites are oen easily poisoned during CO2RR. Addition-
ally, the thermodynamically neutral nature of the hydrogen
evolution reaction intermediate (H*) on Mo single-atomic sites
suggests a strong competition from the HER as a side reaction.
To address these two issues, Sun et al. co-deposited atomically
dispersed Se atoms in the MoNC catalyst.55 On one hand, Se
atoms (electron conguration, 4s2 4p4) have more valence
electrons than C (2s2 2p2) and N atoms (2s2 2p3), allowing for
more effective regulation of the d-electronic structure of Mo
atoms. On the other hand, the additional valence electrons help
repel water molecules from approaching the catalyst surface,
hindering the HER progress (Fig. 3(e)). As a result, the obtained
catalyst exhibited a FECO over 90% in the potential range from
−0.4 to −1.0 V.
3.3 Construction of diatomic interface sites

As mentioned earlier, both coordination engineering and non-
coordinating atom doping provide the atomic-site catalysts
with rich adjustability. However, owing to the limitations of
spatial constraints and electronic quantum states of single-
atomic sites, the structures of these single-metal species stabi-
lized on solid supports may not be suitable for catalyzing
complex molecular transformations. Diatomic catalysts (DACs)
almost perfectly inherit the advantages of single-atomic cata-
lysts, also featuring near 100% utilization of their active atoms
and the adjustable coordination environment of the metal
centers. The design of diatomic interface sites is crucial for
enhancing the rates, conversions, and selectivities of chemical
reactions.56 Additionally, the interatomic electronic interac-
tions, co-adsorption, and synergistic catalytic effects of
diatomic sites can surpass the limitations of intrinsic activity
for single-atomic sites, thus showcasing the remarkable
potential in the eld of CO2RR.

On the basis of these considerations, Jiao et al. constructed
a Cu atom-pair catalyst (Cu-APC) from Pd10Te3 alloy nano-
wires.14 The Pd10Te3 nanowire itself exhibits only minimal HER
activity. In contrast, the synthesized Cu-APC demonstrates over
92% faradaic efficiency for CO production, with the competing
HER almost completely suppressed. AC-HAADF STEM, XAS, and
theoretical calculations collectively conrmed that the key
catalytic sites are the Cu1

0–Cu1
x+ units (Fig. 4(a)), which play

a crucial role in CO2 reduction through a “diatomic-activating-
bimolecular” mechanism. Cu1

x+ acts as a Lewis acid, adsorbing
water molecules, while Cu1

0 acts as a Lewis base, adsorbing CO2

molecules. The synergistic proton-coupled electron transfer
between them greatly promotes the activation of CO2. This work
provides a novel and effective approach to constructing func-
tional interfaces at the atomic level, and serves as an exemplary
model for building diatomic catalytic interfaces for CO2RR.
Although positively charged Cu sites have been shown to
signicantly enhance the electrochemical CO2RR to C2 prod-
ucts, it is rather challenging to stabilize positively charged
copper atoms under high cathodic potentials. To stabilize Cud+
© 2024 The Author(s). Published by the Royal Society of Chemistry
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sites, Zhang et al. designed and synthesized a Pdd−Cu3N cata-
lyst, which contains charge-separated Pdd−–Cud+ atomic pairs.57

Compared with Cu3N, the Pdd−Cu3N catalyst demonstrated
a 14-fold increase in faradaic efficiency for C2 products, reach-
ing up to 78.2%. In situ characterizations and DFT calculations
demonstrate that this diatomic site has an exceptional CO
binding capability, and the synergistic effect between Pd and Cu
plays a signicant role in promoting the CO dimerization step
for the production of C2 products (Fig. 4(b)). This work presents
a new strategy for the design and synthesis of diatomic inter-
faces and atomic modulation of relatively unstable Cud+ sites in
CO2RR.

The strategy of constructing diatomic interfaces has also
been employed in catalyst design on N-doped C materials. The
electronic effects between adjacent heteroatomic sites promote
the formation and/or adsorption of specic intermediates,
exhibiting CO2RR activities superior to isolated monatomic
counterparts.58,59 For instance, Ren et al. reported the NiFe/NC
catalyst with diatomic NiFe sites, which achieved a FECO

above 90% within the range from −0.5 to −0.9 V vs. RHE, and
the selectivity was barely changed aer 30 h electrolysis
(Fig. 4(c)), demonstrating an excellent durability.60 Yi et al.
synthesized CoCu/NC heterogeneous diatomic catalysts, where
the CO selectivity remained above 95% across a broad range of
current densities from 100 mA cm−2 to 500 mA cm−2
Fig. 4 (a) Schematic diagram of the Cu atom pair anchored on Pd10Te3
Springer Nature. (b) Schematic diagram of the catalytic CO2RR process t
from ref. 57. Copyright 2023, American Chemical Society. (c) Stability test
Copyright 2019, Wiley-VCH. (d) FECO of CoCu-DASC, Co-SAC and Cu-S
VCH. (e) Fourier transforms (FT) of k3-weighted Ni K edge EXAFS experi
permission from ref. 20. Copyright 2022, Springer Nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
(Fig. 4(d)).61 Previous effort was focused mainly on constructing
heteronuclear diatomic sites on N-doped C supports. However,
the synthesis of homonuclear diatomic sites using simple
pyrolysis methods remains challenging. Hao et al. synthesized
Ni2NC catalysts through the co-pyrolysis of Ni–citric acid
complexes adsorbed on carbon supports and dicyandiamide.20

AC-HAADF-STEM and XAS spectroscopy conrmed the atomic
dispersion of Ni atom pairs (Fig. 4(e)). In addition, in situ
environmental scanning transmission electron microscopy
(ESTEM) revealed that the formation of Ni2 diatomic sites were
mediated by Ostwald ripening. The hydroxyl-induced Ni
diatomic site (Ni2N6OH) under reaction conditions served as an
electron-rich active centres, signicantly lowering the energy
barrier for *COOH intermediate formation and *CO desorption.
The authors further successfully synthesized a few other
homonuclear diatomic sites such as Mn2NC, Pd2NC, and Zn2NC
using this synthesis method, demonstrating the universality of
this strategy for the preparation of homonuclear diatomic sites.

What's more, different from single-atom catalysts, diatomic
catalysts have demonstrated superior performance and advan-
tages in C–C coupling due to the synergistic effect between
adjacent metal sites.62 For instance, Yang et al. reported a MOF
with low-coordinated Cu diatomic sites, exhibiting exceptional
current density of 0.9 A cm−2 and a high faradaic efficiency of
71% for C2 products.63 In situ characterization and theoretical
nanowires. Reproduced with permission from ref. 14. Copyright 2019,
o C2 products on Pdd−–Cud+ atom pairs. Reproduced with permission
for the Ni/Fe–N–C catalyst. Reproduced with permission from ref. 60.
AC. Reproduced with permission from ref. 61. Copyright 2022, Wiley-
mental data for Ni2NC, Ni1NC, NiPc, NiO and Ni foil. Reproduced with
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calculations revealed that the key to C–C coupling at the
diatomic sites is the stable adsorption of two *CO intermediates
on the adjacent Cu sites. Furthermore, to enhance the selec-
tivity towards specic C2 products, Zhao et al. rationally
designed a novel heterometallic Sn/Cu dual-site catalyst.64 The
active centers of this catalyst are dened as SnN2O2 and CuN4

sites bridged by N atoms. Mechanistic studies indicated that
due to the higher oxygen affinity of the SnN2O2 sites, the het-
erometallic Sn/Cu dual sites are more favorable for asym-
metric C–C coupling between *CO and *OCH2, leading to the
predominant production of ethanol. Ultimately, this catalyst
achieved a current density of 68 mA cm−2 at a low potential of
−0.57 V (vs. RHE), with an FEethanol of 56%, and maintained
considerable stability. In summary, the development of
diatomic catalysts provides a potential pathway for efficient C–C
coupling in CO2RR. These studies provide reliable support for
understanding the interfacial information of diatomic catalysts.
4. Surface/interface engineering for
metal catalysts

Due to the complex surface structure and relatively concen-
trated active sites, metal catalysts exhibit signicant selectivity
towards various products of CO2RR. And the controllable
synthesis of nanocrystals provides great convenience for the
modelization of metal catalysts, facilitating the exploration and
optimization of their surface structures. Aer years of research,
many metal catalysts demonstrate high catalytic activity,
enabling efficient conversion of CO2 to value-added products at
relatively low overpotentials, which is crucial for energy effi-
ciency. For example, Pd-, Ag-, and Au-based catalysts are effec-
tive in catalyzing the conversion from CO2 to CO; Bi- and Sn-
based catalysts can help selectively reduce CO2 to HCOOH; Cu
is widely used for the high-selectivity conversion of CO2 into
various multi-carbon products.65–70 However, the electrocatalytic
CO2RR system is rather complex, with many reaction pathways
involving different intermediates. Because of the formation of
similar surface adsorption bonds, the binding energies of
different intermediates are correlated to each other,
a phenomenon known as the scaling relationship.71 Simple
metal catalysts usually have a uniform surface structure,
making it difficult to achieve specic adsorption of particular
intermediates, resulting in low intrinsic catalytic activities.
Therefore, it is necessary to engineer the surfaces/interfaces of
metal catalysts to decouple the binding of different intermedi-
ates, thereby improving the selectivity and activity for CO2RR.
Fig. 5 (a) Schematic diagram of the surface strain fields of the Pd
icosahedron and octahedron. Reproduced with permission from ref.
17. Copyright 2017, Wiley-VCH. (b) Partial current density and FE for
CO2RR to propylene on polycrystalline copper and CuNCs. Repro-
duced with permission from ref. 16. Copyright 2023, Springer Nature.
(c) The contact angles, FECO and FEHCOOH of organic molecular
modified Cu surfaces. Reproduced with permission from ref. 73.
Copyright 2019, American Chemical Society.
4.1 Facet engineering and molecular modication

The different facets of nanocrystal catalysts have distinct elec-
tronic structures, leading to varying adsorption strengths for
different CO2RR intermediates, which signicantly impacts
catalytic performance. Therefore, the most straightforward
method to regulate metal catalysts is to maximize the propor-
tion of dominant crystal facets in the nanostructure, thus
achieving more effective adsorption of specic intermediates.
Numerous studies have conrmed the effectiveness of this
4300 | Chem. Sci., 2024, 15, 4292–4312
strategy. Compared with octahedral facets exposing (111) crystal
planes and truncated ditetragonal prisms exposing (310) crystal
planes, rhombohedral facets exposing (110) crystal planes in
gold nanocrystals exhibit higher CO2RR activity and selectivity,
especially at low overpotentials.66 Liu et al. synthesized trian-
gular Ag nanoplates, and demonstrated that the Ag(100) facet
signicantly lowers the required DG for the formation of
COOH*.67 Triangular Ag nanoplates, with more exposed Ag(100)
crystal planes compared with similarly sized Ag nanoparticles
and bulk Ag, show an enhanced current density, signicantly
improved faradaic efficiency (96.8%) for CO and energy effi-
ciency (61.7%), as well as a considerable stability. For the same
crystal facet, the performance of electrocatalysts can also be
inuenced by the differences in electronic structure resulting
from surface strain. Huang et al. demonstrated that tensile
strain on the surface of Pd icosahedra (Fig. 5(a)) shis the d-
band center upward, enhancing the adsorption of crucial
intermediate COOH* and thereby achieving higher CO2RR
activity to CO than Pd octahedra do.17 Facet control is also
important in CO2RR to multi-carbon products. With the domi-
nant exposed Cu(100) and Cu(111) crystal facets, metal copper
nanocrystals derived from cuprous chloride precursors can
effectively adsorb key *C1 and *C2 intermediates, demon-
strating a considerable yield for propylene (Fig. 5(b)).16

Organic small molecules/polymers have great potential in
further regulating the surface structure of metal catalysts. On
one hand, molecular modication can improve the adsorption
of intermediates on the catalyst surface. Li et al. deposited
a series of differently substituted N-arylpyridinium salts on
a porous polytetrauoroethylene gas diffusion layer, forming an
© 2024 The Author(s). Published by the Royal Society of Chemistry
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organic–metal interface with a sputtered Cu layer.72 This
strategy effectively enhanced the stability of ‘atop-bound’ CO,
which is the key intermediate in CO2RR to ethylene. In liquid-
electrolyte ow cell tests, this system exhibited a 72% ethylene
faradaic efficiency and a partial current density of 230 mA cm−2.
On the other hand, organic molecule/polymer modication can
regulate the microenvironment (including local pH, interfacial
water et al.) near the catalyst interface, thus optimizing the
mass transport and local concentrations of carbon dioxide and
water. Buckley et al. investigated the effects of a range of poly-
mers and molecular modiers on the selectivity of Cu catalysts
for CO2RR.73 They found that protic polymers could provide
abundant protons for Cu, enhancing the HER activity. Among
aprotic polymers, cationic hydrophobic polymers were found to
improve the selectivity for CO, while hydrophilic polymers
promoted the formation of formic acid (Fig. 5(c)). Similarly,
imidazolium-based ionomers were shown to regulate the
competing HER on Ag surfaces, thereby controlling the effi-
ciency of CO2RR.74 Surface-bound dihex-
adecyldimethylammonium bromide greatly increased the
faradaic efficiency for CO (from 25% to 97%) by promoting the
mass transport of carbon dioxide and water near the Ag foil
surface.75

Metal catalysts, especially copper-based catalysts, oen
exhibit low selectivity and poor stability owing to severe surface
restructuring. In situ reduction of Cu(II)Pc precursors on
conductive carbon nanoparticles (CNP) can constrain the size of
Cu clusters, generating low-coordination copper sites. However,
within one hour, the faradaic efficiency of CO2RR to methane
rapidly decreases (from 46% to 25%) because of the continuous
leaching and aggregation of copper ions. To address this issue,
Fan et al. prepared ligand-modied CuPc/CNP composite cata-
lysts.76 Ethylenediaminetetraacetic acid (EDTA), with its strong
coordinating ability, captures and stabilizes free copper ions,
thereby preventing the leaching and growth of copper clusters,
and greatly enhancing the catalyst's stability. This strategy
demonstrates that surface modication with organic molecules
can also regulate the catalytic performance by controlling the
structure evolution of metal catalysts.
4.2 Metal–metal interface

In contrast to single-component metal catalysts, the catalytic
performance of bimetallic catalysts is highly dependent on the
atomic distribution. The interactions occurring at the interface
of the two metals are signicantly different from those of bulk
metals. The effect could alter the adsorption energy of inter-
mediates or suppress competing reactions, and thus con-
structing bimetallic catalysts provide an effective and promising
approach to modulating the selectivity and activity of CO2RR.71

Ab initio calculations have identied that the Sn/Bi bimetallic
interface would favor HCOOH formation. On the basis of this
result, Ren et al. constructed a rich Sn–Bi interface on three-
dimensional highly porous carbon fabrics (3D CF) through in
situ electrodeposition (ED) and evolution under CO2RR condi-
tions.68 Compared with pure Sn and Sn–Bi bulk alloy, this
bimetallic interface structure has proven to enhance the p-band
© 2024 The Author(s). Published by the Royal Society of Chemistry
center of Sn because of charge transfer from Sn to Bi (Fig. 6(a)).
This weakens the Sn–C hybridization of competing COOH*

adsorption, while strengthening the Sn–O hybridization of
HCOO* adsorption. The resulting Sn–Bi bimetallic catalyst
exhibits a faradaic efficiency >90% for formic acid over a wide
potential window (from−0.74 to−1.14 V vs. RHE), with a partial
current density up to 140 mA cm−2, and maintains its stability
for 160 h. Similarly, Wu et al. successfully synthesized a Sn–Bi-
based bimetallic aerogel with abundant interfaces and chan-
nels, which demonstrated excellent conversion rates for CO2RR
to formic acid.69

Copper is the only known metal capable of catalyzing the
generation of multi-carbon products from CO2RR with notable
efficiencies. However, copper catalysts are oen limited by poor
selectivity.77 Compared with pure copper, copper-based bime-
tallic materials can optimize the reaction kinetics through
charge transfer, spillover effects, and other mechanisms,
thereby improving the selectivity of CO2RR.11 Unlike Cu, the
overpotential for CO2 reduction over Pd systems is lower, and
CO or formic acid is typically the main product. However, by
controlling the metal ratio of PdCu aerogels, Lu et al. prepared
a Pd83Cu17 aerogel catalyst with a faradaic efficiency up to
80.0% for methanol production, with a current density of 31.8
mA cm−2. The excellent catalytic performance of this aerogel is
attributed mainly to the synergistic effects between Pd0 and CuI,
which facilitates the efficient adsorption and stabilization of the
cCO2

− radical anions at the interface.70

In addition to C1 products, some metal–metal interfaces are
believed to promote the generation of multi-carbon products
through a tandem catalysis mechanism. Morales-Guio et al.
employed physical vapor deposition to deposit gold nano-
particles on the surface of polycrystalline copper foil, and ob-
tained an Au/Cu bimetallic catalyst.78 Catalytic testing and
characterization results indicate that the gold nanoparticles
could increase the local concentration of CO at the Au/Cu
interface, leading to CO spillover from the Au surface to the
Cu surface. This effectively increases the probability of C–C
coupling on the Cu surface. The catalyst exhibits signicantly
enhanced efficiency in converting carbon dioxide to >2e−

reduction products, surpassing that of individual gold or copper
by more than two orders of magnitude. Employing high-
resolution transmission electron microscopy characterization,
Zhu et al. revealed the reconstruction/phase transition of
bimetallic electrocatalysts during the tandem CO2RR.79 The
oxidation/reduction of Cu during electrocatalysis drives the
transition from phase-separated bimetallic AuCu to alloy-
supported core–shell nano-clusters (Fig. 6(b)). In situ infrared
spectroscopy experiments in combination with theoretical
simulations further conrm that the accumulation of *CO at
the metal–metal interface is a key factor in the continuous
production of C2+ alcohols.

In contrast to Au–Cu bimetallic catalysts, the primary
product of CO2RR at the Ag–Cu interface is ethylene. The key
structure responsible for the enhancement in the faradaic effi-
ciency for C2H4 is also the Ag–Cu interface. The Cu/Ag mass
ratio has a signicant impact on the catalytic performance.
Compared with Cu nanoparticles of a similar size and shape,
Chem. Sci., 2024, 15, 4292–4312 | 4301
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Fig. 6 (a) Partial density of states (PDOS) of Sn 5p orbitals of interface Sn, alloy Sn and pure Sn. Reproduced with permission from ref. 68.
Copyright 2022, Springer Nature. (b) Schematic diagram of the proposed structural reconstruction and phase transformation of Au–Cu catalyst
during CO2RR. Reproduced with permission from ref. 79. Copyright 2022, Elsevier. (c) Schematic diagram of a plausible CO2RR mechanism on
Ag65–Cu35 JNS-100 catalyst. Reproduced with permission from ref. 81. Copyright 2022, Wiley-VCH.
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the synthesized Ag1–Cu1.1 nanodimers demonstrated a 3.4-fold
increase in the FE for ethylene and an overall 2-fold enhance-
ment in CO2RR activity.80 For Ag–Cu catalysts, the improvement
in performance is attributed to electron transfer at the metal–
metal interface and CO spillover (Fig. 6(c)).81 In order to further
investigate the dynamic catalytic sites of Ag–Cu catalysts during
CO2RR and achieve a rational design of AgCu catalysts, Chen
et al. synthesized mixed and phase-separated AgCu nano-
particles on a carbon paper electrode.82 Through time-
sequential electron microscopy and elemental mapping, the
migration behavior of Cu in AgCu under CO2RR conditions was
observed for the rst time, ultimately leading to the identica-
tion of thermodynamically stable Ag-rich and Cu-rich grains,
namely Ag0.88Cu0.12 and Ag0.05Cu0.95. Additionally, operando
high-energy-resolution X-ray absorption spectroscopy
conrmed that the metallic state of Cu in AgCu serves as the
catalytically active site during the CO2RR process. The above-
mentioned research is crucial for a more in-depth under-
standing of the structure–activity relationship of bimetallic
catalysts, and it is benecial for guiding the design of more
efficient Ag/Cu catalysts.
4.3 Alloying and heteroatom doping

Alloying provides a novel approach to disrupting the scaling
relationship. Interactions with heteroatoms can induce
geometric and/or electronic effects to alter surface adsorption
properties and reactivity.11 For example, the high-index (211)
face of face-centered cubic (fcc) Au exhibits superior current
density for the electrochemical CO2RR to CO, approximately 20
times higher than the low-index (100) face of fcc Au. However,
owing to the thermodynamically unfavorable properties, further
4302 | Chem. Sci., 2024, 15, 4292–4312
optimization of interface architecture, composition, and defects
is still required to achieve stable and superior catalytic perfor-
mance. Recently, Zhou et al. synthesized hexagonal close-
packed (2H-type)/fcc-heterophase AuCu alloy nanostructures
using a simple wet-chemical method.83 In situ differential elec-
trochemical mass spectroscopy (DEMS) and attenuated total
reection Fourier-transform infrared spectroscopy (ATR-FTIR)
demonstrate that the unique structural features of the synthe-
sized 2H/fcc Au99Cu1, with appropriate copper alloying on high-
index surfaces, play a crucial role in enhancing CO2RR perfor-
mance. For metallic species that are difficult for alloying,
a controllable electrodeposition approach is typically used to
construct alloy catalysts. For example, alloying metals with high
oxygen affinity into Cu can enhance the binding of O. This
strategy can increase the adsorption energy of *CHxO and
improve methane production. The La5Cu95 synthesized using
this method exhibited high performance in a ow cell, with
a faradaic efficiency for methane of 64.5% and a partial current
density of 193.5 mA cm−2.84 Similarly, using a co-
electrodeposition method with suppressed galvanic replace-
ment, Qi et al. prepared an AgCu alloy catalyst with exceptional
selectivity for 2-propanol.85 Dispersed Ag atoms in Cu could
weaken the surface binding of intermediates in the middle
position of the alkyl chain and strengthen the C–O bonds.
Furthermore, it is worth noting that GaCu alloy not only
exhibits superior catalytic activity for CO2RR,86 but also greatly
enhances the stability of the catalyst because Ga could suppress
Cu oxidation at open-circuit potential and impart signicant
electronic interactions with Cu.87

In order to fundamentally understand the atomic structure
of active sites and thereby achieve more precise control over
alloy catalysts, Wang et al. synthesized a series of PdAu catalysts
© 2024 The Author(s). Published by the Royal Society of Chemistry
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with varying Pd content (Fig. 7(a)).88 The study reveals a non-
linear relationship between the catalytic activity for CO2

reduction to CO and the Pd content, which is due to the
different adsorption energies of CO and carboxyl on Pd sites in
different size ensembles. Pd dimers, in particular, exhibited the
optimal catalytic performance as they could activate CO2 with
lower energy barriers and avoid strong binding with CO inter-
mediates. Consequently, single-atom alloy (SAA) catalysts have
been developed to optimize the catalytic performance for
CO2RR by controlling the catalyst's electronic structure to
regulate the adsorption of intermediates.89 For instance, Cao
et al. reported that the BiCu-SAA could effectively catalyze
CO2RR to multi-carbon (C2+) products due to enhanced CO2

adsorption, *CO2 protonation and C–C coupling (Fig. 7(b)).90

Selective production of formate via CO2RR using Cu catalysts is
oen challenging because it is rather difficult to suppress the
C–C coupling process. CO2 molecules become adsorbed and
activated on the catalyst surface, forming HCOO* or COOH*

intermediates. The former is a key intermediate for formate
production, whereas the latter (and its subsequent CO/CO*
derivatives) leads to C1 and C2+ products other than formate.
Therefore, for the selective conversion of CO2 to formate over
Cu-based catalysts, it is essential to maximize the generation of
HCOO* intermediates rather than COOH*. In this regard,
Zheng et al. reported a Pb1Cu single-atom alloy catalyst that can
convert CO2 into formate with a faradaic efficiency of∼96% and
Fig. 7 (a) Schematic diagram of the preparation process for the Pd@Au
from ref. 88. Copyright 2019, American Chemical Society. (b) Schema
BiCu(111)-SAA and Cu(111)-Nano. Reproduced with permission from re
different current densities and the corresponding j–V curve of Pb1Cu cata
Nature. (d) Partial density of states (PDOS) of Cu3d and C2p orbitals in
permission from ref. 92. Copyright 2018, Springer Nature.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a partial current density of over 1 A cm−2 (Fig. 7(c)).91 The Pb1Cu
electrocatalyst converts CO2 to formate at the modulated Cu
sites rather than on isolated Pb. Both in situ spectroscopic
evidence and theoretical calculations indicate that the atomi-
cally dispersed Pb lowers the energy barrier for the rst
protonation step of the CO2RR to HCOO*, thus achieving effi-
cient formate production.

Compared with metallic dopants, non-metal dopants, such
as B, S, and halogens, are expected to exhibit greater modula-
tion capabilities on the electronic structures of metal catalysts
on account of their higher electronegativity.92–95 In copper
catalysts, surface Cud+ sites are considered active for CO2RR.
Previously, Cud+ has been introduced by employing oxygen-
containing species, derived from copper oxide catalysts.
However, under CO2RR conditions, especially at high cathodic
potentials required for the formation of C2 products, Cud+

species can be easily reduced to Cu0, resulting in poor stability
of the copper catalysts. Theoretical calculations indicate that
boron is more prone to diffuse into the subsurface of Cu(111)
crystal planes, whereas oxygen tends to remain on the surface.
This suggests that boron doping has the potential to enhance
the stability of Cud+ species at high potentials and thus improve
the stability of copper catalysts. Additionally, compared with
pure copper, the d-band center of copper atoms near boron is
shied away from the Fermi level, indicating a greater positive
charge on the neighboring copper atoms. This results in
nanoparticles with different dose of Pd. Reproduced with permission
tic diagram of the proposed reaction mechanism of CO2RR on the
f. 90. Copyright 2023, Wiley-VCH. (c) FEs of all CO2RR products at
lyst. Reproduced with permission from ref. 91. Copyright 2021, Springer
boron-doped copper and pure copper catalysts. Reproduced with

Chem. Sci., 2024, 15, 4292–4312 | 4303
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stronger binding energy of CO on boron-doped copper surfaces
(Fig. 7(d)). On the basis of these considerations, Zhou et al.
synthesized boron-doped copper catalysts, which exhibited
approximately 80% C2 faradaic efficiency and retained the
stability for over 40 hours.92 Furthermore, halogen atoms have
even higher electronegativities and can enhance CO adsorption
by increasing surface Cud+ sites. Ma et al. synthesized a series of
halogen-doped Cu catalysts, among which uorine-modied Cu
demonstrated the highest catalytic activity, with a current
density of up to 1.6 A cm−2 and 80% C2+ (mainly ethylene and
ethanol) faradaic efficiency.93 This is attributed to the ability of
halogen-modied Cu surfaces to activate water molecules and
facilitate *CHO intermediate formation; on the basis of these
ndings, the team proposed a novel hydrogen-assisted C–C
coupling mechanism.
5. Surface/interface engineering for
metal/oxide catalysts

The unique oxidation state structure, abundant surface acidic
sites, and variable valence capability of oxides provide a broad
platform for tailoring the surface/interface structures of cata-
lysts, thereby offering immense new opportunities to enhance
catalytic performance. For instance, by tailoring the meta/oxide
(M/O) interface, one can obtain stable adsorption sites for key
reaction intermediates, thereby facilitating the activation of
CO2 and the selective generation of specic products.21,96 Recent
studies have also indicated that some oxidation states of active
sites, which are difficult to stabilize during CO2RR, can be
effectively stabilized through the design of M/O interface.97,98 In
this section, considering the diversity in design approaches, we
categorize metal/oxide catalyst interfaces into two major
groups: namely, homonuclear M/O interfaces and conventional
M/O interfaces, and discuss them separately.
5.1 Homonuclear M/O interfaces

In the design of homonuclear M/O interfaces, particular atten-
tion needs to be focused on the unique active interface sites
formed between the metal active centers and their corre-
sponding oxidized-state sites. This synergistic interaction could
potentially promote the activation of CO2 and enhance the
selectivity. Constructing homonuclear M/O interfaces can be
achieved by two means: one involves the preparation of a metal
(such as Cu,99 Co,100 etc.) and the subsequent implementation of
an in situ oxidation method to convert the surface metal atoms
into their corresponding metal oxides. The other means is to
rst synthesize compounds with a certain oxidation state (such
as metal oxides,101,102 metal phosphates,103 etc.), and then obtain
homonuclear M/O interfacial sites through an in situ electro-
chemical reconstruction process.

Xie et al. conducted a series of investigations on atomic layer
catalysts related to Co for the conversion of CO2 into formate.100

They prepared two types of catalysts, each consisting of four
atomic layers (pure cobalt metal and a domain where cobalt
metal coexists with cobalt oxide), aiming to elucidate the impact
of their inherent oxides on electrocatalytic activity. The team
4304 | Chem. Sci., 2024, 15, 4292–4312
found that the surface Co atoms in the atomic-thin layers
exhibited a higher intrinsic activity and selectivity for formate
compared with the surface Co atoms in bulk samples. Addi-
tionally, the intrinsic activity of partially oxidized atomic layers
was further enhanced. This research underscores the critical
role of atomic-scale structures and the presence of oxides on
metal catalysts in intrinsic activity and selectivity. Copper, as
one of the most intriguing catalysts on account of its unique
capability in producing hydrocarbons, has been widely studied
for its M/O interface. Chou et al. conducted in situ SEIRAS to
investigate the interaction of different oxidation states of Cu
surface with surface intermediates.99 They observed that electro-
deposited copper electrodes exhibited a higher Cu+ content,
with surface CO intermediates predominantly existing in the
conguration of top adsorption (COatop). During further
reduction processes, COatop led to the generation of C1 hydro-
carbon products, such as methane. At the oxidized state surface
of Cu0 bridge-bonded CO (CObridge) are readily formed, sup-
pressing the formation of hydrocarbon products. In contrast,
Cu electrodes treated with cyclic voltammetry (CV) exhibited
a coexisting M/O interface of Cu(I) and Cu(0). During CO2RR,
this interface resulted in the formation of both COatop and
CObridge, thus enhancing the selectivity for C2 products (Fig. 8(a
and b)).

Oxide-derived catalysts (OD-catalysts) represent an impor-
tant category of catalysts for CO2RR and serve as a crucial means
to obtain homonuclear M/O interfaces. Kanan et al. systemati-
cally investigated a range of OD-catalysts, such as OD-Cu, OD-
Au, and OD-Sn, for CO2RR, revealing enhanced electro-
chemical activity and selectivity.101,102,104,105 As the research pro-
gressed, scientists developed other electrochemical
reconstruction-derived catalysts to obtain homonuclear M/O
interfaces, including metal phosphate derivatives, metal sili-
cate derivatives, and more, aiming for more stable electro-
chemical active M/O interfaces and superior
performances.103,106,107 As mentioned earlier, the synergistic
effect between Cu0 and Cu+ promotes the generation of C2

products. However, obtaining stable Cu+ species during the
CO2RR process has been a daunting challenge. To address this
issue, Yuan et al. synthesized CuO/CuSiO3 composite catalysts,
where Cu2+ species were in situ reduced to Cu0 and Cu+ during
the electrochemical process.106 By adjusting the loading amount
of Cu, the authors achieved continuous tunability of the Cu0/
Cu+ ratio. During the CO2RR process, Cu0 facilitated CO2 acti-
vation by lowering the thermodynamic activation energy
barrier, whereas Cu+ enhanced the adsorption of the interme-
diate *CO. The synergistic interaction at this M/O interface
enhanced the dynamics of C–C coupling. Notably, the catalyst
with 20% Cu/CuSiO3 exhibited a remarkable 51.8% selectivity
for C2H4. Recent studies have indicated that asymmetric
coupling between *CO and *CHO or *COH has lower energy
barriers than direct *CO–*CO coupling.108–110 The key challenge
lies in designing interface sites to achieve asymmetric coupling.
Apart from the extensively studied Cu+ species, Cu2+ species
with a higher oxidation state exhibit structural features that
facilitate the binding of CO or H2O.111,112 This enhanced CO
adsorption is expected to promote further protonation of *CO to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 (a) Time dependence of the CObridge- and COatop-associated peak intensities at−0.9 V. (b) Schematic Illustration of the CO2RR on the Cu
surface. Reproduced with permission from ref. 99. Copyright 2020, American Chemical Society. (c) In situ SEIRAS spectra of the Cu3(PO4)2 in
0.1 M KHCO3 electrolyte in real-time condition. (d) Schematic diagram of different intermediates on the Cu0/Cu+ and Cu0/Cu2+ interfaces.
Reproduced with permission from ref. 103. Copyright 2023, Springer Nature. (e) Gibbs free energy diagram for CO2RR to HCOOH on Bi,
Bi2O2CO3, Bi cluster site of Bi3/Bi2O2CO3, and interfacial Bi site of Bi3/Bi2O2CO3. (f) The total current and the concentration of formic acid at
different cell voltages in the solid-electrolyte cell. Reproduced with permission from ref. 114. Copyright 2023, Wiley-VCH.
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*CHO (or *COH). Thus, the rational design of Cu0/Cu2+ inter-
face sites holds promise for facilitating the CO–CHO coupling
process. However, obtaining stable Cu2+ during the CO2RR is
rather difficult. To address this issue, Zhang et al. utilized the
Materials Project Database and DFT calculations, and screened
83 compounds containing Cu2+ species, eventually identifying
Cu2+ phosphorus oxysalts (CuPO) as the most promising
candidate for stable Cu0/Cu2+ interface under electroreduction
conditions.103 Subsequently, the team experimentally synthe-
sized the CuPO catalyst, which exhibited a faradaic efficiency of
90.9% for C2+ products with a C2+ partial current density of over
300 mA cm−2 in a ow cell. In situ SEIRAS further demonstrated
that Cu2+ sites favored the formation of *CHO, which could be
readily coupled with *CO on the Cu0 surface to form *OCCHO
intermediates, thereby achieving efficient CO2-to-C2+ conver-
sion (Fig. 8(c and d)).
© 2024 The Author(s). Published by the Royal Society of Chemistry
The design of homonuclear M/O interface has been widely
applied to other metal active sites as well. For instance, bismuth
compounds (such as Bi2O3, Bi-MOF) oen undergo a dynamic
restructuring process from Bi3+ to Bi2O2CO3 during the
CO2RR.34,113 This process becomes more pronounced in
alkaline-electrolyte ow cells, and the inherent capability of
oxidative state retention provides a foundation for designing
the Bi/Bi3+ interface.35 In their theoretical investigations, Lin
et al. found that the activation of CO2 and the formation of
HCOO* proceed slowly on the surface of metallic Bi, despite the
favorable energy landscape for the subsequent reduction to
*HCOOH and its subsequent desorption. In the case of
Bi2O2CO3, strong Coulomb interactions between CO2 and
positively charged surface Bi atoms facilitate the activation of
CO2 and the subsequent formation of HCOO*, but the subse-
quent protonation of HCOO* and the desorption of *HCOOH
Chem. Sci., 2024, 15, 4292–4312 | 4305
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become challenging. In light of this, the team designed and
prepared a stable Bi0 cluster and Bi2O2CO3 nanosheets as the
active phase by using Bi2S3 as a precursor in an alkaline ow
cell.114 Experimental and theoretical results indicate that this
Bi0/Bi3+ interface exhibits optimized CO2 activation and subse-
quent intermediate protonation capabilities, demonstrating
excellent selectivity for formate (Fig. 8(e)). It achieves a 93%
selectivity for formic acid at a high current density of 2 A cm−2,
and the electrochemical stability can bemaintained for over 100
hours. Furthermore, employing solid-state electrolyte devices,
the team successfully achieved continuous production of
3.5 mol L−1 pure formic acid (Fig. 8(f)). These results indicate
that establishing homonuclear M/O interfaces to achieve
synergistic interactions between metals and their oxidized
species is a highly promising strategy for the design of advanced
CO2RR catalysts.
5.2 Conventional M/O interfaces

In contrast to homonuclear M/O interfaces, the design of
conventional metal/oxide catalysts typically involves the
composite of active metals with electrochemically relatively
inert metal oxides to regulate the properties of the M/O inter-
faces. This approach has achieved signicant success in ther-
mocatalytic CO2 hydrogenation.115,116 In recent years, with the
continuous development of electrocatalytic CO2RR technology,
researchers have come to realize that constructing suitable M/O
interface can effectively stabilize reactive species or regulate
processes such as the adsorption and desorption of reaction
intermediates.21,117 This, in turn, directly inuences the activity
and selectivity of CO2RR.

Ceria has been widely employed in constructing active M/O
interface for CO2RR by virtue of its unique physicochemical
properties, including outstanding stability, and tunable oxida-
tion states. Liu et al. synthesized a CeO2–SnO2 heterostructure
catalyst using a facile electrospinning method, and achieved
amaximum formate partial current density of 500 mA cm−2 and
a faradaic efficiency of 87.1% during CO2RR.118 Through in situ
SEIRAS and XPS analysis, the team proposed a dynamic CeO2-
mediated Sn0/Snd+ redox cycling mechanism (Fig. 9(a)). The
oxygen vacancies generated on the CeO2 surface facilitate water
decomposition to produce *OH and *H species. The former
oxidizes Sn0 to active Snd+, promoting the conversion of CO2 to
a crucial intermediate, *OCHO, with the assistance of the *H.
The strategy of utilizing CeO2 to stabilize the oxidation state of
active centers has also been applied to stabilize Cu2+ species by
Qiao's research group.98 The majority of Cu-based catalysts
would undergo electrochemical reduction from Cu2+ to Cu0 or
Cu+, oen accompanied by phase restructuring and the
formation of new active centers. The team employed CeO2 as
a sacricial component to protect the Cu2+ active species
(Fig. 9(b)). Through in situ Raman spectroscopy experiments,
they observed a signicant increase in Ce3+ concentration in
Cu–CeOx aer CO2RR, demonstrating that electrons would
preferentially reduce Ce4+ to Ce3+ in Cu–Ce-Ox. Simultaneously,
the newly generated Ce3+/Ce4+ pairs act as a conductive network,
enhancing the overall conductivity of the solid solution,
4306 | Chem. Sci., 2024, 15, 4292–4312
accelerating electron transfer, and thereby inhibiting the elec-
tron accumulation at Cu2+ sites and preventing their self-
reduction. As a result, the stabilized Cu2+ enhances CO
adsorption and further hydrogenation to produce CH4 rather
than dimerization to form C2 products. Additionally, M/O
between metals such as Au, Bi, Cu, and ceria has shown
signicant potential in promoting the adsorption and activa-
tion of CO2, as well as stabilizing crucial reaction intermedi-
ates.96,117,119 For instance, Yin et al. demonstrated substantial
improvements in CO2 adsorption and activation capabilities by
constructing a Cu/CeO2 interface compared with commercial
Cu without the M/O interfaces. Through precise adjustment of
the Cu content, the team also effectively controlled the ratio of
low-frequency binding of *COLFB to high-frequency binding of
*COHFB at the M/O interface. This manipulation resulted in
distinct reaction pathways for C1 and C2+ products (Fig. 9(c)).119

Silica is an exceptionally stable oxide capable of effectively
adsorbing and capturing CO2.120 In addition, it exhibits a strong
affinity with copper. Its unique catalytic interface with copper
has achieved signicant success in thermocatalytic hydroge-
nation reactions.121,122 Therefore, the modication of copper
with silica to construct an active M/O interface offers a novel
approach to the design of catalysts for CO2RR. Zhao et al.
utilized inorganic SiO2 aerosols as hydrophobic additives to
modulate the catalytic environment of Cu2O cubes for
CO2RR.123 The results indicate that compared with Cu2O, Cu2O/
SiO2 enhances the selectivity of multi-carbon products (faradaic
efficiency for C2+ increases from 52.4% to 75.6%) and
suppresses hydrogen generation (faradaic efficiency for H2

decreases from 30.0% to 9.6%). Through a combination of in
situ spectroscopic analysis, electrocatalytic experiments, and
molecular dynamics (MD) simulations, the team comparatively
studied the interactions between Cu2O/SiO2 catalysts and
reaction intermediates, revealing that the weakened buffering
effect, enhanced mass transport of CO2, increased CO2 capture
by SiO2 aerosols are the primary factors contributing to the
improved catalytic performance (Fig. 9(d)). Using DFT calcula-
tions, Sinton et al. introduced an oxide modulation strategy,
wherein silica is incorporated onto the copper surface to create
active Cu–SiOx interface sites.124 This M/O interface signicantly
lowers the formation energy of OCOH* and OCCOH*, that is,
the crucial intermediates in the ethylene generation pathway.
Subsequently, the team synthesized the Cu–SiOx catalyst using
a one-pot co-precipitation method. The results indicated that
the MEA electrolyzer based on the Cu–SiOx catalyst exhibited an
impressive 65% ethylene faradaic efficiency at a high partial
current density of 215 mA cm−2. Furthermore, the catalyst
demonstrated outstanding stability with continuous operation
for over 50 hours. The strong metal–support affinity was also
harnessed to stabilize electrocatalysts for the CO2RR. One of our
recent works indicated that the deactivation and reconstruction
issues of copper-based catalysts under cathodic potentials could
be effectively addressed through the construction of an atomic
Cu–O–Si interface.97 In situ XAS characterization revealed that
the synthesized amorphous CuSiOx catalyst exhibited excep-
tionally high electrochemical stability in CO2RR (Fig. 9(e)).
Active Cu species showed no signs of reduction or aggregation,
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Proposed reaction mechanism of CO2 to HCOOH on the Sn–CeO2 surface. Reproduced with permission from ref. 118. Copyright
2023, American Chemical Society. (b) Scheme of the self-sacrifice mechanism to protect Cu2+. Reproduced with permission from ref. 98.
Copyright 2022, American Chemical Society. (c) Proposed CO2RR mechanism at the Cu and CeO2 interface. Reproduced with permission from
ref. 119. Copyright 2022, American Chemical Society. (d) Schematic depiction of different catalytic microenvironments of Cu2O and Cu2O/SiO2.
Reproduced with permission from ref. 123. Copyright 2023, American Chemical Society. (e) In situ EXAFS data of CuSiOx during CO2RR reaction
at−1.4 V vs. RHE. Reproducedwith permission from ref. 97. Copyright 2023, American Chemical Society. (f) The relationship between DG of *CO
to *OCCO and the Faraday efficiency of C2+ products for Cu and Cu/oxide catalysts. (g) The optimized configurations for *OCCOon Cu and Cu-
ZrO2 heterostructure. Reproduced with permission from ref. 22. Copyright 2022, Elsevier.
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demonstrating an outstanding resistance against reconstruc-
tion that far surpassed that of commercial CuO catalysts. DFT
calculations and AIMD simulations further suggested that the
interaction with silica enhanced the strength of the Cu–O
bonds. Furthermore, Cu–O–Si interface sites were more
conducive to the protonation pathway from *CO to *COH,
resulting in methane production rather than hydrogen evolu-
tion or C–C coupling.

The design of active M/O interface for CO2RR catalysts has
also been extended to other oxides, such as BaO, Al2O3, ZrO2,
etc.21,22,125 Sargent et al. expanded the modication of Cu cata-
lysts with different alkaline earth metal oxides (Ba, Sr, Ca).21

They found that BaO signicantly improved the faradaic
© 2024 The Author(s). Published by the Royal Society of Chemistry
efficiency for C2+ alcohols. Mechanistic studies indicated that
the increased alcohol selectivity originated from the M/O
interface between Cu and alkaline earth metal oxides. The
introduction of M/O would favor the formation of C2 interme-
diates containing hydroxyl groups (*HCCHOH) rather than
hydrocarbon intermediates (*HCC). The study by Wu et al. has
demonstrated that coupling oxides with Cu to construct Cu/
oxide heterogeneous interface could break the constraints of
the original scaling relationship between intermediate adsorp-
tion on Cu catalysts.22 This effectively regulated the product
distribution in the CO2RR process (Fig. 9(f)). Specically,
introducing oxides exhibiting strong CO2*/CO* adsorption on
the Cu surface facilitated the activation of CO2 molecules
Chem. Sci., 2024, 15, 4292–4312 | 4307
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through Lewis acid–base interactions. Furthermore, the con-
structed M/O interface could lower the reaction barrier for the
C–C coupling step, thereby promoting the generation of multi-
carbon products. Notably, the ZrO2 modied Cu electrode
exhibited an 85% selectivity for multi-carbon products
(Fig. 9(g)). Generally, the ne construction of a metal/oxide
interface holds great promise for enhancing the stability of
catalytic active centers, stabilizing crucial reaction intermedi-
ates, and optimizing the catalytic microenvironment, which is
important for improving the CO2RR performance.
6. Summary and outlook

Surface/interface engineering has demonstrated its feasibility
in developing high-performance electrocatalysts for CO2RR. In
this review, we have summarized the advanced techniques for
high-precision characterizations of the catalyst surfaces/
interfaces, and systematically discussed the progress in devel-
oping various CO2RR electrocatalysts. As the understanding on
atomic-level catalytic structures further deepens, new strategies
for customizing catalyst surfaces/interfaces have emerged aim-
ing to optimize the CO2RR process, such as constructing
diatomic-site catalysts for synergistic catalysis, and employing
small molecules to precisely manipulate the congurations of
surface-adsorbed intermediates. However, surface/interface
engineering is facing challenges such as limited manipulation
at the atomic scale, insufficient precision in characterization
techniques (especially in monitoring the dynamic evolution of
surface/interface structures during electrochemical processes to
identify real catalytic active sites), and limitations in theoretical
models, which calls for more effort to be devoted in this eld.
6.1 Atomic-level ne manipulation on the catalyst surfaces/
interfaces

As the methodologies in material synthesis and characteriza-
tion grow more powerful, a major research direction in elec-
trocatalytic CO2RR is to pursue atomic-level ne manipulation
on the catalyst surfaces/interfaces. The most notable example
is, arguably, the single-atomic-site catalysts, which feature
relatively simple and well-dened structures, and therefore are
of great signicance for deciphering the complex catalytic
processes. However, the CO2RR process involves the activation
of multiple molecular species, and a single active site may not
be ideal for activating multiple molecules and mediating the
coupling between different intermediates.14 Therefore, it is
desirable to develop more sophisticated synthesis methodolo-
gies and to construct multi-atomic-site catalysts, over which
CO2 and H2O molecules could be synergistically activated and
potentially afford complex multi-carbon reduction products.
For instance, Chen et al. achieved CO2 activation by construct-
ing Cu1

0–Cu1
x+ interfaces, where Cu1

x+ served as a Lewis acid,
adsorbing water molecules, while Cu1

0 acted as a Lewis base,
adsorbing CO2 molecules. This synergistic proton-coupled
electron transfer, also known as the “diatomic-activating-
bimolecular” mechanism, greatly enhanced CO2 activation.14

Liao et al. rationally designed a novel MOF with unprecedented
4308 | Chem. Sci., 2024, 15, 4292–4312
heterometallic Sn–Cu dual-site sites. Due to the high oxygen
affinity of the SnN2O2 site, the Sn–Cu dual sites are more
conducive to the asymmetric C–C coupling between *CO and
*OCH2, leading to the predominant production of ethanol.64 In
addition, the atomic-level ne manipulation on catalyst
surfaces/interfaces could be extended to other catalytic systems,
such as metal catalysts and metal/oxide catalysts. This would
surely enrich the library of catalysts available for mediating the
CO2RR process with higher efficiency and controllability.
6.2 High-precision characterization techniques for clarifying
the structure–performance relationship

In the CO2RR process, the catalyst surface/interface, the reac-
tion intermediates, and the microenvironment are all dynamic,
and these dynamic components are strongly interacting, which
adds to the complexity of the reaction systems and to the
difficulty for identifying the structure–performance relation-
ship. In this regard, in situ or operando characterization tech-
niques could be of great help. For instance, operando XAS has
enabled the probing of the surface/interface status and coor-
dination structures under real operational conditions, which
helps to unveil the active role of metal centers during catalysis.27

Our recent study, employing in situ XAS, provides evidence that
Cu2+ species within CuO exhibit limited electrochemical
stability, prone to rapid reduction to Cu0. Introducing silica to
form Cu–O–Si interfaces effectively reinforces the strength of
Cu–O bonds, thereby markedly enhancing the stability of Cu2+

species.97 EC-STEM and 4D-STEM have enabled the visualiza-
tion of surface/interface structures during real reaction
processes, and thus directly provide the images of catalyst
evolution during CO2RR.23 Chen et al. provided the rst imaging
evidence of Cu cluster formation in Cu single-atom catalysts
during the CO2RR process using EC-TEM. This also conrms
the nding that small clusters can freely migrate on graphene-
like support, attributed to the breaking of C–N and Cu–N
bonds.48 In situ/operando infrared spectroscopy and surface-
enhanced Raman spectroscopy could monitor the dynamics of
reaction intermediates and the microenvironment near the
catalytic interface.31,32 Shao et al. employed in situ infrared
spectroscopy to unveil the mechanism behind the enhanced
CO2 reduction activity on OD-Cu. In situ SEIRAS results indicate
that the pre-oxidation process can signicantly enhance overall
CO2RR activity by (a) enhancing CO2 activation, (b) increasing
CO uptake, and (c) promoting C–C coupling.126 In the future,
these techniques need to go for higher temporal/spatial reso-
lutions so as to pursue superior accuracy and precision. For
example, X-ray free-electron laser (XFEL) could be employed as
the beam source to conduct XAS and IR measurements, which
could afford useful information with higher quality within
shorter test times than do synchrotron-radiation beam sources.2

In addition, the combination of multiple in situ/operando
techniques could also help to improve the accuracy and effi-
ciency of characterization by simultaneously gathering infor-
mation from the catalyst surface/interface, the reaction
intermediates and the microenvironment. For example, the
combination of operando infrared spectroscopy with time-of-
© 2024 The Author(s). Published by the Royal Society of Chemistry
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ight mass spectrometry may offer more precise intermediate
information for CO2RR.127 Needless to say, such integration of
multiple techniques depends on the well-coordinated collabo-
ration between the soware and hardware sectors, such as
information recording, signal processing, and specically
designed reactors.
6.3 Advanced theoretical modelling and simulation on
CO2RR process at the surface/interface

Thus far, with the aid of theoretical computation, scientists
have gained some in-depth understanding on the basic steps of
electrochemical CO2RR process and the reaction pathways,
from which some consensuses have be derived. For example, it
has been recognized that Cu0/Cu+ interface sites could be
conducive to C–C coupling, and Cu2+ sites would favor *CO
binding and further protonation to give methane.98,106 Despite
the remarkable success achieved thus far in theoretical
computation, when the local concentrations of relevant species
at the catalyst surface and the adsorption/desorption of
different intermediates are taken into consideration, the
accuracy/precision and the efficiency of theoretical simulation
are still far from ideal. Moreover, the catalyst surface/interface
generally features a dynamic and non-equilibrated state,
rather than the (over)simplied stationary state that is oen
presumed in computation. Therefore, advanced theoretical
models covering multiple time/space scales are needed for
simulating the CO2RR process with higher precision. In this
regard, advanced descriptions based on atomistic simulations
(such as autonomous workows and machine learning) could
help to tackle these challenges and to establish a clearer image
of the electried interfaces. Autonomous workows facilitate
detailed mechanistic studies by automatically assessing surface
states and reaction energies. Machine learning offers opportu-
nities to transform workows and atomic-level understanding
of electried interfaces, such as generating pertinent geome-
tries for high-throughput computing and autonomous work-
ows, automating decision-making in workows (e.g., selecting
relevant intermediates and transition states), and replacing
costly DFT computations with faster energy evaluations.128
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