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ABSTRACT: Dynamic structural evolution of a catalyst often occurs during the CO2
hydrogenation reaction, and such controllable evolutions can be utilized to optimize catalyst
structure and improve catalytic performance. In this Perspective, we highlight evolution
processes caused by the coexistence of both oxidizing and reducing atmospheres in this
reaction, including alloying/dealloying from metal diffusion, oxide/metal interface formation
driven by strong metal−support interactions, oxide/oxide interface formation driven by strong
oxide−support interactions, redispersion of metal and oxide, and chemical phase trans-
formations. These dynamic structural evolutions are determined by the redox potential of the
reaction atmosphere and the confinement effect of the microenvironment. Controlling specific
dynamic evolution can achieve modulated catalytic performance including improved activity,
altered selectivity, and enhanced stability, which provides insight for rational design of catalysts
in C1 conversion. To conclude, personal perspectives are provided on constructing active sites
with high activity and stability for the target products by using a reaction-induced in situ
synthesis method.
KEYWORDS: Dynamic evolution, (de)alloying, oxide/metal interface, oxide/oxide interface, redispersion, phase transformation,
CO2 hydrogenation

1. INTRODUCTION
In heterogeneous catalysis, solid catalysts often experience
dynamic structural evolution due to their interactions with gas or
liquid phase reaction molecules. These processes can be
understood as restructuring of surface atoms or bulk structures
of the catalyst in the reaction microenvironment.1−3 This
structural evolution is often a prerequisite for catalyst activation,
transforming the as-synthesized material into its active state.
However, an uncontrollable change may also drive the catalyst
away from this optimized state, leading to deactivation.
Therefore, a central challenge lies in understanding and
controlling these dynamics to stabilize the active (often
metastable) state while mitigating pathways toward irreversible
deactivation. Nowadays, the analysis and understanding of
active sites at an atomic or molecular level have become facile via
surface/interface characterization techniques, which can aid in
optimizing and designing catalyst structures. Furthermore,
reaction-induced in situ or operando structural evolutions of
the catalyst show a straightforward and effective way to tune
catalytic performance, including enhancing catalytic activity,
altering selectivity, and improving catalyst stability.4−6

There are various structural changes of catalysts under
reaction conditions, including oxidation/reduction,7,8 disper-
sion/sintering,9,10 encapsulation/de-encapsulation,11 segrega-
tion/diffusion,12 dissolution/precipitation,13 and nitridation/
carburization,14,15 which influence particle size, morphology,

composition, and surface/interface or bulk structure of the
catalyst. A new equilibrium state is eventually reached, which
exhibits a new catalytic performance. These changes are
influenced by many factors such as reaction temperature,
pressure, external field, atmosphere composition, and inter-
action with the neighboring microenvironment. It is thus
important to elucidate the influencing factors of the structural
dynamic evolution during the reaction, which can help
specifically inhibit unfavorable structural evolution and thus
enhance performance.
Conversion of CO2 into high-value products by using green

hydrogen not only helps to reduce greenhouse gas emissions but
also optimizes the energy structure by decreasing excessive
dependence on fossil fuels and increasing storage of renewable
energy.16 The reaction products mainly include CO, methanol,
CH4, and C2+. Among them, methanol and CO constitute the
two main value chains for converting CO2 into useful products
by various reactions, such as methanol to olefins and Fischer−
Tropsch synthesis. The investigation of structural evolution in
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CO2 hydrogenation is of significance for CO2 conversion, which
can provide insights into other important reactions, such as the
water−gas shift reaction, methanol reforming reaction, syngas
conversion, and dry reforming of methane. However, probing
such structural dynamics under the CO2 hydrogenation
conditions remains highly challenging. On one hand, the CO2
hydrogenation reaction contains both oxidizing atmospheres
(e.g., CO2 and H2O) and reducing atmospheres (e.g., H2, CO,
and CH4). The coexistence of these complex atmospheres often
leads to various alterations in the catalyst structure under the
reaction conditions. On the other hand, the actual active
structure may be observed only through in situ or operando
techniques.
In this Perspective, we provide a comprehensive under-

standing of structural dynamic evolution during CO2 hydro-
genation reactions and consider how to utilize controllable
structural evolution to modulate the catalytic performance of
CO2 hydrogenation. We specifically discuss metal alloying/
dealloying from reaction-induced metal diffusion, oxide/metal
interface formation due to strong metal−support interaction
(SMSI), oxide/oxide interface formation due to strong oxide−
support interaction (SOSI), redispersion of metal and oxide, and
reaction-driven chemical phase transformations. The increase in
the amount of interface active sites, coordinatively unsaturated
metal sites, or oxygen vacancies and the formation of new active
phases are discussed, which enhance CO2 conversion, alter
selectivity, and improve the stability of the catalyst. Finally, the
Perspective looks ahead to future research for designing and
guiding in situ generation of highly active and stable structures
using dynamic structural evolution combined with multiscale
simulations and theoretical calculations.

2. REACTION-INDUCED STRUCTURAL EVOLUTION OF
THE CATALYST

Both oxidizing gases (CO2 and H2O) and reducing gases (H2,
CO, etc.) are present during CO2 hydrogenation. The catalyst
structure is determined by its intrinsic properties and multiple
atmospheres and is prone to reach a stable state in such
atmospheres. Structural evolutions such as sintering, aggrega-
tion, encapsulation, or reduction/oxidation are often linked to
catalyst deactivation. However, as illustrated later in this
Perspective, their effects are not universally detrimental. The
same type of structural change (e.g., oxidation) can be either
deactivating or activating, depending critically on the initial

catalyst state, the extent of transformation, and the targeted
reaction pathway. Therefore, the central objective is to precisely
understand and control them to steer the catalyst toward and
maintain its optimal active state. The redox potential and
confinement effect of microenvironment during the reaction are
key factors in surface reconstruction and chemical phase
transformation. It is crucial to achieve controlled structural
evolution through the redox process and confinement, thereby
optimizing catalytic performance.
2.1. Alloying/Dealloying

Surface atoms of metal catalysts can migrate under thermal
effects and gas molecule adsorption/desorption effects, leading
to surface reconstruction during the reaction. For example,
bimetallic catalysts may exhibit structural changes such as
alloying or dealloying. Ni atoms in the cores of Ni@Au
nanoparticles supported on SiO2 can gradually segregate to the
surface and then form NiAu alloy under CO2 hydrogenation
reaction conditions.17 The catalyst reforms a Ni@Au core−shell
structure after stopping and cooling the reaction, as shown in
Figure 1A. Theoretical calculations and in situ Fourier-transform
infrared spectroscopy (FT-IR) results indicate that in situ-
generated CO interacts with Ni to form the NiAu surface,
generating positive feedback and enhancing the CO selectivity
to over 95%. The formation of these alloy nanoparticles is crucial
in constructing an active interfacial alloy and plays a significant
role in the production of reaction intermediates or products.
InOx can migrate from SiO2 support to PdCu nanoparticles in
H2 at 300 °C, accompanied by surface segregation of Pd and
formation of PdIn alloy.18 Then in situ-formed InOx/PdIn and
InOx/Cu dual interfaces in CO2 hydrogenation improve the
production rate and selectivity of methanol (5.4 gMeOH·gmetal

−1·
h−1). In2O3 will also be partially reduced to InOx and migrate to
the surface of Pd.19 The formed InPdx alloy particles are partially
wrapped by the InOx layer, enhancing methanol yield.
Dealloying is another important dynamic phenomenon for

bimetallic catalysts in CO2 hydrogenation. The structure of
PtMn/SiO2 catalysts can be modified using reverse water−gas
shift (RWGS) reaction atmospheres,21 where some Mn atoms
are removed from the surface during the treatment, resulting in a
Pt-rich surface structure. A Pt-rich surface on PtCo nano-
particles during CO2 hydrogenation can be observed using
ambient pressure X-ray photoelectron spectroscopy (AP-XPS)
with different incident photon energies.22 Additionally, two-

Figure 1. (A) High-angle annular dark-field (HAADF) images of the AuNi/SiO2 catalyst (a) before and (b) after reaction, (c) atomically resolved
HAADF image of one Ni@Au core−shell NP after the reaction, and (d) energy dispersion spectroscopy element mappings. Reproduced with
permission from ref 17. (B)Near ambient pressure scanning tunnelingmicroscopy (NAP-STM) images of 2DGaOx onGa-Cu obtained in a CO2 +H2
(1:3) reaction atmosphere: (a) 10−2 mbar at 300 K (0.5 V, 0.3 nA), (b) 1 mbar at 300 K (0.4 V, 1 nA), and (c) 1 mbar at 373 K (0.3 V, 1 nA), and (d)
structural evolution of the Cu(111) surface at different atmospheres. Adapted with permission from ref 20.
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dimensional (2D) GaOx domains with approximately a few
atomic layers form on GaCu alloy surface in CO2 hydrogenation
(Figure 1B),20 which exhibit distinct morphology and properties
from bulk Ga2O3. These results demonstrate a method for
optimizing bimetallic catalyst structure and enhancing the
catalytic activity in CO2 hydrogenation.
Gas-phase chemical potential is the dominant thermodynamic

driving force for alloying/dealloying. High reduction potential
(high H2/CO partial pressure) promotes the reduction of highly

reducible metal oxides (such as In and Ni oxides) and their
integration into alloys. High oxidation potential (high CO2/
H2O partial pressure) oxidizes metal components (such as Mn
andGa), leading to dealloying. The oxygen affinity of metals also
plays a significant role in alloying/dealloying.23 Metals with
different oxygen affinities will selectively migrate (such as Mn
and Pt) in a CO2 hydrogenation atmosphere. Mobility of surface
species influences alloying/dealloying processes. Metals with
high mobility (such as Au, Cu, and Pd) are more prone to

Figure 2. (A) Structure characterization and schematic illustration of the formation of a self-limited Cu@ZnOx structure under CO2/H2. Reproduced
with permission from ref 31. (B) Schematic illustration of CO2-induced activation of MgO to construct SMSI on the Au/MgO catalyst. Reproduced
with permission from ref 32. (C) High-resolution HAADF−scanning transmission electron microscopy (STEM) images/fast Fourier transform
patterns with simulated results and the energy dispersive spectrometry elemental mapping of the ZrO2/Cu-0.1 catalyst. Reproduced with permission
from ref 33.
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surface segregation for alloying/dealloying. Meanwhile, strongly
adsorbed species (such as CO) can significantly change the
surface migration barrier of metal atoms and induce their
alloying.
Generally, the alloying/dealloying process is reversible and

controllable when the reaction atmosphere changes during the
oxidation/reduction cycle. For example, switching the feed gas
can achieve a controllable alloying/dealloying process by a H2-
rich atmosphere (alloying) or a CO2-rich atmosphere (deal-
loying). Moreover, metal alloying/dealloying processes are also
accompanied by the formation of oxide/metal and oxide/oxide
interfaces during CO2 hydrogenation, which will be discussed in
detail in Sections 2.2 and 2.3 below. These processes provide
various active sites for CO, CH4, and methanol production,
making it possible to tune the product selectivity in CO2
hydrogenation.
2.2. Oxide/Metal Interface Formation

The strong metal−support interaction (SMSI) is one of the
typical phenomena in the structural evolution of supported
metal catalysts, which creates oxide/metal interface sites. There
are many recent reports summarizing the types, mechanisms,
and applications of SMSI.24−28 This interaction mainly involves
the migration of reducible oxide supports (such as CeO2, TiO2,
and Nb2O5) onto the metal surface after high-temperature H2
treatment and the formation of an encapsulating structure. The
intrinsic properties of metal and support influence the SMSI
processes. The electronic properties of metals can affect metal−
support affinity. For example, electron-rich metals may have
stronger interactions with electron-deficient suboxide supports.
The crystal structure, defect concentration, and crystal facets of
the support greatly affect the migration ability of surface species.
The gas-phase chemical potential is a crucial factor in inducing
SMSI. A high reduction potential facilitates the generation of
SMSI, while a high oxidation potential eliminates SMSI. The
driving force for the migration of low-valence oxide layers is
mainly the reduction of surface energy. The formation of
encapsulation structures often alters the adsorption/desorption
processes of reaction molecules. This phenomenon allows for
effective regulation of the selectivity of target products while
maintaining the stability of the catalyst.
Our previous research found that CO2/H2 reaction

atmosphere could induce SMSI between Ru and MoO3.
29

MoO3−x defect layer formed by the reduction of MoO3 migrates
onto the Ru surface, producing an encapsulated Ru@MoO3−x
structure. This structural evolution changes the selectivity from
CH4 formed on surface Ru sites to CO produced by defective
MoO3−x overlayers. A similar result is reported on Ru/anatase-
TiO2 catalyst.

30 The formation of the encapsulated structure of
Ru@TiOx changes the surface reaction intermediate from
formate to carboxy species during CO2 hydrogenation, which
alters the selectivity from CH4 to CO.
The essence of SMSI is the migration of oxides to the metal

surface under atmospheric treatment. It shows a promising way
to construct highly active catalysts. Researchers have recently
loaded oxides onto metal surfaces, i.e., oxide/metal inverse
catalysts, to form more active oxide/metal interfacial sites,
significantly enhancing catalytic performance. We found that
ZnO can undergo surface evaporation and gas-phase migration
in H2, which can be captured by Cu nanoparticles to form
surface CuZn alloys.31 CO2/H2 atmosphere can induce the
oxidation segregation and surface enrichment of Zn species in
the CuZn alloy, subsequently generating ZnOx on the CuZn

alloy surface, as shown in Figure 2A. The ZnOx encapsulation
layer formed in a 0.5% CO2/H2 atmosphere is self-limiting,
preventing excessive deposition and aggregation of ZnOx. The
formation of the ZnOx encapsulation layer significantly
enhances the methanol yield of the Cu/Al2O3 catalyst in CO2
hydrogenation.
Utilizing CO2 hydrogenation reaction intermediates to

promote SMSI formation is one of the methods for constructing
encapsulated active structures. Recently, an adsorbate (HCOx)-
mediated SMSI (A-SMSI) mechanism was proposed, where the
encapsulation layer is permeable to reactants and not easily
oxidized.34 A-SMSI depends on a CO2-rich (20CO2:2H2)
atmosphere, which, however, disappears gradually in pure H2.
CO2 hydrogenation reaction atmospheres with a CO2/H2 ratio
from 1:1 to 4:1 usually render the A-SMSI encapsulation layer
unstable. The initial oxygen vacancy concentration of oxide
supports can regulate the formation conditions of A-SMSI.35

After increasing the initial oxygen vacancy concentration of
TiO2, the formed A-SMSI state remains stable under the
reaction conditions (1CO2:1H2).
Typically, the reduction of metal oxide supports by H2 is the

key to constructing SMSI. However, Wang et al. utilized Le
Chatelier’s principle to achieve SMSI on Au nanoparticles
supported on nonreducible oxides (MgO) by CO2 (Figure
2B),32 expanding the understanding and application scope of
SMSI. Acidic CO2 initially reacts with the basic support to form
carbonates, such as MgCO3, which migrates and encapsulates
Au and then decomposes at suitable temperatures to form more
MgO/Au interfaces. Since the melting point of carbonates is
generally lower than that of the corresponding oxides, utilizing
this property to activate oxides like MgO, ZnO, and CaO is a
strategy worth considering for constructing SMSI. In addition,
SMSI is also found on the BaCO3-supported Ni catalyst.36

BaCO3 is prone to decompose by Ni nanoparticles in H2 but
regenerate in CO2/H2 atmosphere. This sustainable decom-
position-regeneration process leads to CO2 enrichment at the
Ni-BaCO3 site, which enhances CO2 adsorption and activation
to promote the CO2 methanation reaction.
The formation of SMSI brings about abundant oxide/metal

interfacial sites, thereby enhancing the CO2 conversion or
changing the selectivity. Nowadays, more andmore oxide/metal
inverse catalysts have been designed and used for CO2
hydrogenation to methanol, including ZnOx/Cu,

37−39 ZrOx/
Cu,33,40−42 ZnZrOx/Cu,43,44 CeOx/Cu,45 ZrOx/Ni,46 and
FeOx/Rh-Fe.

47 The partially reduced amorphous ZrO2 (1−2
nm) can anchor onto the metal Cu surface in nanoislands on
inverse ZrO2/Cu catalyst (Figure 2C), exhibiting high CO2
activation ability.33 The methanol formation rate is three times
that of traditional Cu/ZrO2 catalysts. Meanwhile, interfacial
ZrOx stabilizes the Cu nanoparticles and improves the catalyst
stability. Additionally, CeAlOx/Ni catalysts used for CO2
methanation48 and TiO2/Cu catalysts employed in the RWGS
reactions were also reported.49

2.3. Oxide/Oxide Interface Formation

Oxide catalysts play important roles in many catalytic reactions,
such as alkane deoxygenation,50,51 syngas conversion,52,53

hydrogenation reaction,54,55 oxygen evolution reaction,56,57

and hydrogen evolution reaction.58,59 Bond and Wachs et al.
discovered that the dispersion degree and catalytic performance
of oxides are closely related to the supports.60,61 For example,
vanadium oxide tends to form highly dispersed monolayers or
clusters on TiO2, while it more readily forms three-dimensional
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V2O5 crystallites on SiO2.
61 This structural difference and the

resulting significant changes in catalytic performance were
attributed to the strong interaction between the surface oxide
and the support. Then strong oxide-support interaction (SOSI)
has attracted much attention and plays a significant role in oxide
catalysis. Recently, we reported the local interfacial confinement
effect between Co oxide and ZnO support in Co3O4/ZnO
prepared by an impregnation method.62 A metastable CoOx
state is maintained in the CO2 hydrogenation reaction and
produces 93% CO selectivity. In contrast, the reduction of
Co3O4 to Co0 is significantly promoted in a physically mixed
Co3O4 and ZnO powder (Co3O4-ZnO), which thus shows high
selectivity toward CH4 (92%). It reveals a distinct SOSI mode,
i.e., local interfacial confinement and remote spillover effects at
the oxide−oxide interfaces determined by the distance of oxides,
which allow the modulation of product selectivity in CO2
hydrogenation. In addition, the interfacial oxygen species
(Mn-O-Ce) formed by SOSI can efficiently activate propane.63

The coordinatively unsaturated manganese sites generated on
the catalyst surface can effectively adsorb and stabilize
propylene, significantly improving propylene selectivity com-
pared to MnO2.
Similar to SMSI, SOSI is a complex interface engineering

process that is thermodynamically driven (reducing interface
and surface energy), kinetically controlled (temperature and
mobility), triggered by external chemical potential (oxidation
potential), and enhanced by electronic coupling between the
oxide and support. The key to ensuring reversibility and stability
lies in preventing the support or oxide from being over-reduced.
There is an SOSI state to facilitate oxide/oxide interface
formation, which plays a significant role in catalytic reactions.
For example, CoOx-InOx interfacial sites can be formed in
physically mixed Co3O4-In2O3, Co3O4/In2O3 and Co-InOx
catalysts during CO2 hydrogenation, enhancing methanol
selectivity.64 Defects at the Fe2O3−Al2O3 interface were created
between highly dispersed FexOy particles and γ-Al2O3 support
due to SOSI.65 The defects result in more active oxygen species
at the interface to form HCOO*, CH3O*, and HCO3*
intermediates, which enhance CH3OH synthesis from the
CO2/H2 plasma reaction.
Oxide separation or recombination can form some special

interfacial structures to enhance the CO2 conversion. For
example, the reconstruction of ZnO significantly improves the
catalytic activity in Zn-based spinel or mixed oxides in CO2
hydrogenation. The surface reconstruction of ZnAl2O4 to form
amorphous ZnO overlayers (Figure 3A)66 and the formation of

ZnOx clusters on ZnO/ZrO2
67 promote H2 activation and

accelerate the methanol formation rate. The formation of oxide
solid solutions or spinel structures in composite oxides during
reactions is another important approach to enhance the oxygen
vacancy concentration and improve the CO2 adsorption and
activation. In addition, the formed InOx in reaction can
semireversibly enter the subsurface of monoclinic ZrO2 (m-
ZrO2), and the variation in InOx concentration due to
reconstruction under different reaction conditions may be a
key factor influencing the catalytic activity, as shown in Figure
3B.68 With an increasing reaction temperature, the surface
concentration of InOx decreases, leading to an enhancement of
CO selectivity and a significant reduction in methanol
selectivity.
Nowadays, it has become increasingly critical to design

catalyst structures in a targeted manner and enhance CO2
hydrogenation performance using SOSI. The chemical looping
CO2 conversion can be enhanced by utilizing SOSI between
Fe2O3 and ZrO2.

69 The electronic oxide-support interaction
between Fe2O3 and m-ZrO2 is stronger than that of tetrahedral
ZrO2 (t-ZrO2), which facilitates the formation of more oxygen
vacancies at the Fe2O3−ZrO2 interface to promote CO2
activation and H2 adsorption, enhancing CO2 conversion to
CO. CO2/H2 reaction atmosphere can facilitate the reduction of
In2O3 by supported Ru clusters to form In2O3−x aggregates and
RuOx−In2O3−x interfacial sites.

70 The product selectivity shifts
from CH4 to methanol generated by the formed RuOx−In2O3−x
interface.
2.4. Redispersion of Metal and Oxide

The degree of dispersion of the nanostructures on the support
influences the activity and stability of the catalyst. In most cases,
increasing the metal dispersion contributes to high catalytic
performance. The thermodynamic driving force for redispersion
is to reduce the total energy of the system. When the interfacial
energy of the metal/oxide−support is lower than the surface
energy of the support, the metal or oxide tends to wet on the
support surface to achieve redispersion. Meanwhile, the redox
flexibility of the metal or oxide, gas-phase chemical potential,
and mobility of the surface species determine the final
redispersion degree. An obvious characteristic of redispersion
is the reduction in the size of nanoparticles to form clusters or
even single atoms, which affects the geometric and electronic
structure of catalytic sites and, thereby, governs product
selectivity.

Figure 3. (A) Scheme of surface reconstruction of ZnAl2O4 to form amorphous ZnO and enhance the methanol yield. Reproduced with permission
from ref 66. (B) Selectivity modulation in CO2 hydrogenation by reversible InOx entering and exiting the ZrO2 subsurface. Reproduced with
permission from ref 68. Copyright 2022 American Chemical Society.
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Figure 4. (A) Structural evolution of the In2O3−TiO2 catalyst during the RWGS reaction: HAADF-STEM and energy-dispersive X-ray spectroscopy
mapping images of (a-b) fresh and (c-d) spent In2O3−TiO2, (e) in situX-ray diffraction (XRD) patterns of In2O3−TiO2 during the RWGS reaction, (f)
HS-LEIS spectra of fresh and spent In2O3−TiO2 samples, and (g) in situ XPS In 3d5/2 spectra acquired with different X-ray energies. Reproduced with
permission from ref 80. Copyright 2024 American Chemical Society. (B)Hydrogenmigration energy barriers over (a) TiO2 overlayer, (b) TiO2/MnO
interface, and (c) MnO surface, (d) energy profiles of the RWGS reaction on theMnO (100) surface with and without hydrogen species, and reaction
pathway schemes for (e) Ru/MnO and (f) the Ru/Ti/Mn ternary interface. Reproduced with permission from ref 82.
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CO2 can react with carbon-based supports to form carbonyl
and carboxylate groups,71 which can serve as anchoring sites for
metal atoms/clusters.72 A redispersion of the detached Cu
atoms/clusters was reported on a carbon-supported Cu catalyst
in CO2 hydrogenation.

73 The redispersion of Ni nanoparticles
can decrease the size from 12.9 to 3.1 nm, which reduces the rate
of formate intermediate formation and promotes CO gen-
eration.74 The redispersion of Re clusters brought about the
formation of smaller clusters and single-atom Re in CO2
hydrogenation,75 increasing Reδ+ species and, correspondingly,
a decrease of the fraction of Re0 species. Nevertheless, a portion
of Re0 is still retained in the (sub)nanoclusters. These two sites
are responsible for activating CO2 and the formation of Re-H,
which is able to form active formate and undergo further
hydrogenation to methanol.
The products in CO2 hydrogenation, such as CO, H2O, and

methanol, will also influence the metal redispersion. CO can
induce Rh particles to form atomically dispersed Rh species on Y
zeolite, forming the main CH4 product.

76 The formation of the
metal−CO complex is usually considered the key intermediate
in the redispersion of the metal catalyst. Our recent work found
that H2O also facilitates the redispersion of Cu from
nanoparticles to single atoms.77 H2O induces the formation of
hydroxylated Cu species and surface OH groups, which help to
pull the mobile Cu species and enhance the Cu redispersion.
The formation of hydroxylated metal species and hydroxylated
support provides another route to disperse metal catalysts.
Additionally, methanol can also promote the redispersion of
metallic Cu. Methanol can trigger Cu−Cu bond cleavage and
facilitate the formation of (CHO)Cu1* intermediate.78 Silanol
nests trap the migratable Cu sites to form small nanoparticles
and achieve redispersion on dealuminated Beta zeolite.
Although these processes were observed in other hydrogenation
reactions, the method remains valuable for catalyst structure
optimization and design, given that these molecules can be
produced in CO2 hydrogenation.
Recently, the redispersion of oxide has attracted widespread

attention in the field of heterogeneous catalysis. This process is
also relevant with the oxide/oxide interface formation by SOSI.
For example, In2O3 can migrate and disperse on the surface of
ZrO2 by SOSI in CO2 hydrogenation, promoting electron
transfer and effectively increasing the methanol yield.79 Indeed,
SOSI helps oxide to disperse onto the support effectively. In
most cases, oxide nanolayers are formed after redispersion due
to SOSI. We have found the dispersion phenomenon on In2O3−
TiO2 catalyst prepared by physically mixing In2O3 and TiO2.

80

In2O3 is reduced to metallic In by H2 and then anchored by
hydroxyl groups on the TiO2 surface to form In−O−Ti bonds,
achieving monolayer dispersion in the CO2 hydrogenation
reaction, as shown in Figure 4A. The interface confinement
effect between the In2O3 nanolayer and TiO2 promotes the
partial reduction of the In2O3 thin layer and formation of rich
oxygen vacancies. Meanwhile, it simultaneously inhibits the
over-reduction of In2O3 to metallic In. The confined InOx
nanolayer is kept in a metastable state during the reaction,
thus improving both catalytic activity and stability. This
interface confinement effect can also be extended to multiple
In2O3−oxide interfaces, exhibiting good universality.80 Addi-
tionally, the partially reduced InOx species exhibit periodic
aggregation−redispersion behavior on m-ZrO2.

81 The authors
explain that the chemical potential driven by the H2 atmosphere
or electron beam leads to InOx aggregation, while the increased
strain between the growing InOx and the interfacial structures on

m-ZrO2 destabilizes the aggregation and facilitates its redis-
persion. This dynamic process helps maintain a highly active
phase dispersion, thereby improving the efficiency of methanol
production.
CoOx nanoparticles (in the largest dimension <2.5 nm)

supported on CeO2 can transform from a pyramidal three-
dimensional form to a monolayer structure when H2 flow is
switched to a CO2/H2 flow.

83 This process is reversible, and the
monatomic layer results in ∼30% CH4 selectivity. In addition,
CO2 hydrogenation reaction can selectively induce the
spontaneous dispersion of TiO2 onto the surface of MnO,
rather than migrating to Ru surface to form an encapsulating
structure, as shown in Figure 4B.82 The TiO2/MnO interface
acts as an efficient hydrogen transfer channel, increasing the
concentration of active H species on the MnO surface.
Therefore, it promotes the entire hydrogenation process and
significantly enhances the RWGS activity of the Ru/(TiOx)-
MnO catalyst.
ZnO on the Cu-Zn-Zr catalyst can undergo redistribution

under CO2 hydrogenation conditions, forming atomically
dispersed Zn species on ZrO2 surface.84 The dispersed Zn
species create a highly active interface with Cu, which reduces
the energy barrier for H2 activation and suppresses the
decomposition of intermediates into CO. These interfacial
sites significantly outperform the catalytic performance of
conventional Cu/ZnO interfaces and isolated ZnO sites,
effectively improving the methanol selectivity and yield. Zhang
et al. also found that ZnO clusters can further disperse on the
surface of t-ZrO2 in CO2 hydrogenation.

85 The abundant ZnO−
ZrO2 interfacial sites facilitate the generation of HCOO*
species, enhancing the yield and selectivity of methanol. The
formation of ZnO clusters on the surface of ZnZrOx can be
observed at 250−280 °C in H2 atmosphere.86 When the catalyst
is treated in a H2 flow at 400 °C and then switched to a CO2/H2
reaction atmosphere at 350 °C, the ZnOx size (1−10 nm)
gradually decreases and forms more ZnO/ZrO2 interfacial sites
for methanol production.
Redispersion of metal generates more metal/oxide interface

sites, which can enhance the CO2 conversion and promote the
selectivity of CO, CH4, and methanol. For the redispersion of
oxide, it forms more oxide/oxide interface sites, which favors
CO2 conversion and improves CO and methanol selectivity.
Redispersion of metal or oxide provides more sites for H2
activation and H spillover, as well as CO2 adsorption and
activation, thereby enhancing catalytic activity.
2.5. Chemical Phase Transformations

Phase transition is one of the important structural evolution
phenomena during CO2 hydrogenation. Chemical phase
transformations can be divided into two categories based on
whether their composition changes. One is the phase transition
with unchanged element composition. For example, the
hexagonal-phase h-In2O3 can first be reduced to low-valence
indium and then oxidized by CO2 into cubic-phase c-In2O3.

87

The surface of c-In2O3 is easier to form oxygen vacancies and
makes it more active in CO2 hydrogenation. Besides, a 3:1 ratio
of Ga2O3 to CeO2 can form GaxCeyOz solid solutions and more
Ga-O-Ce interface sites, which increase oxygen vacancies and
thereby enhance RWGS reaction activity.88 The formation of
ZnFe2O4 in ZnO−Fe2O3−K composite catalyst under reaction
conditions can improve C2−4 olefin selectivity and catalyst
stability.89 For this phase transition, it is typically driven by the
temperature, pressure, or chemical potential of the reaction
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environment (such as the partial pressure of oxygen) to achieve a
more stable thermodynamic state.
Another type is a phase transition with a changed element

composition, which is driven by a chemical reaction between the
catalyst and atmosphere. The most important process is
carburization in this phase transformation. An active ruthenium
oxycarbonate (RuOxCy) phase can be formed during CO2
hydrogenation for the selective conversion of CO2 to CH4 at
lower temperatures.90,91 The doping of carbon into ruthenium
oxide enables the stabilization of Ru cations in a low oxidation
state (Run+, 0 < n < 4) and shows an excellent long-term stability.
Further studies demonstrate that the CO2 partial pressure affects
the surface coverage of carbon intermediate species, thereby
influencing the stabilization of interstitial carbon species in
RuOxCy.
Transition metals such as Fe and Co can undergo

carburization during CO2 hydrogenation reaction due to the
presence of carbon-containing products, significantly enhancing
catalytic activity or altering product selectivity.92−96 Metallic Fe
can be transformed into Fe3C and then Fe5C2, and subsequently

form a large amount of Fe3O4 during CO2 hydrogenation, as
shown in Figure 5A.97 Finally, a stable Fe3O4@(Fe5C2 + Fe3O4)
core−shell structure is formed. The formation of Fe5C2
increases the selectivity for the C2+ products. Pd single atoms
can promote the carburization of FeOx support, resulting in the
highly active Fe5C2 phase.

98 The particle size of Pd affected the
carburization rate of FeOx.

99 A large size of Pd nanoparticles (>5
nm) induces the Pd3Fe formation and alters the reaction route
to produce HCOO−, which drives fast surface carburization of
Fe and thus enhances the CO formation rate. CO2 can enhance
the migration of K species to the Fe surface by participating in
the cyclic conversion process. The formation of Fe5C2−K2CO3
interface promotes the production of ethylene, propylene, and
other linear α-olefins.100 Additionally, the formation of Fe5C2
and the MnO-containing overlayers surrounding the Fe5C2
surface hinders methane but favors C2−C4 olefins and C5+
hydrocarbons formation.92

Co-Fe oxide catalysts can form χ-(CoxFe1−x)5C2 alloy
carbides in CO2 hydrogenation.

103,104 During the reaction, the
FexCoy alloy can be carburized to the pure χ-(CoxFe1−x)5C2

Figure 5. (A) Structural evolution of Fe species during CO2 hydrogenation: (a) scheme of the evolution process over time and (b) the computed phase
diagram of iron, iron carbides, and oxides. Reproduced with permission from ref 97. (B) Schematic illustrations of the phase transformations treated at
different atmospheres. Reproduced with permission from ref 101. Copyright 2020 American Chemical Society. (C) Scheme of RWGS reaction-
induced cubic α-MoC with surface unsaturated MoOxCy formation for high-rate CO production. Reproduced with permission from ref 102.
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phase, which achieves a high olefin space−time yield (1.8 g·
gcat−1·h−1). ZnFe2O4 spinel can gradually transform into a
mixture of ZnO and Fe7C3 in CO2 hydrogenation.

105 While Na-
containing ZnFe2O4 can transform into the Fe5C2 phase during
the reaction. Aromatic products with a selectivity of 75.6% can
be obtained when it is coupled with HZSM-5.106 For Na-
containing CoFe2O4 catalyst, it generates (CoxFe1−x)5C2 phase
under reaction, as shown in Figure 5B.101 Additionally, Mo
modification can inhibit over-carburization of CoFe alloy and
promote higher alcohol selectivity,107 which provides another
method to alter selectivity in CO2 hydrogenation.
The addition of a moderate amount of H2O and K promoter

jointly can promote the formation of surface CO2
δ− in CO2

hydrogenation.108 CO2
δ− subsequently was dissociated into C*

species and facilitates the carburization of CoO into Co2C. At
the same time, the presence of H2O also inhibits the
decomposition of Co2C into metallic Co. It promotes the
selectivity of C2+ hydrocarbons from CO2 hydrogenation on the
formed Co2C efficiently and stably. Ni carbide-like phase can be
formed due to the accumulation of carbon species, accompanied
by a shift in product selectivity from CH4 to CO in CO2
hydrogenation.109 CH4 is obtained again after removing carbon
species by O2 treatment, achieving controllable product
selectivity for CH4 and CO.
Recently, we also found that intercalated H could facilitate the

reduction of MoOx and subsequently carburization to MoCx in
CO2 hydrogenation.110 Two forms of metallic Mo can be
formed in CO2/H2 and H2 atmospheres, which were denoted as
Mo1 and Mo2, respectively. Only metallic Mo2 with a lower
surface O/Mo ratio favors carburization. The formation of
MoCx facilitates CO2 adsorption and activation, as well as H2
activation, significantly enhancing RWGS activity (7544.6
mmol·gcat−1·h−1). Ir/MoO3 catalyst can also be carburized to
form bulk α-MoC and surface MoOxCy in the RWGS reaction

(Figure 5C), which shows an ultrahigh CO formation rate
(17 500 mmol·gcat−1·h−1) at a high space velocity.102

In addition to metals or metal oxides, in situ carburization has
also been observed on nitride catalysts.15,111,112 We found that
the surface structure of molybdenum nitride (MoNx) catalysts in
RWGS highly depends on the partial pressure of products,
specifically CO and H2O.15 H2O dominates oxidation of the
MoNx surface to the MoOx layer at the early stages of the
reaction when partial pressure of the product is low. As the
reaction proceeds and the product partial pressure increases, the
CO in the products dominates the surface carburization to form
surface MoCx. The formed MoCx promotes the reaction and
generates CO with a higher partial pressure, which in turn
further stimulates the surface carburization of MoNx, as shown
in Figures 6A and B. This process reveals a positive feedback
mechanism between the catalytic activity and structural
evolution of the catalyst during the reaction. The carburization
of Mo2N to form α-MoC was also observed by Zhang et al.113

Both surface and bulk carbon atoms of α-MoC participate in the
dynamic carbon flow circulating with gas phase reactants during
the RWGS reaction. It highlights the importance of maintaining
the stability of metastable α-MoC through such carbon
circulation.
The Fe2N@C catalyst forms iron carbonyl and then converts

into iron carbide during CO2 hydrogenation.
111 As a result, the

selectivity of the C2+ products is significantly improved. In situ
diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) shows that carburization occurs only when CO2
and H2 coexist, as illustrated in Figures 6C and D. The phase
transition process involves hydrogen dissociation and capture by
nitrogen to form NHx, while CO2 is activated at the Fe site to
form *COOH. Then, NHx and *COOH undergo dehydration
to form a Fe-NCO intermediate, which is further hydrogenated
to produce OC-Fe-NH3 species. After ammonia is removed, the

Figure 6. (A) In situ XPS C 1s spectra of Mo2N. (B) Scheme of the positive feedback process between RWGS activity and carbonization. Panels A and
B reproduced with permission from ref 15. (C) In situ DRIFTS of Fe2N@C in CO2 hydrogenation. (D) Schematic illustration of the in situ
carbonization process from Fe2N to FexCy. Panels C and D reproduced with permission from ref 111.
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iron carbonyl (Fe-CO) intermediate is obtained and further
transformed into an iron carbide.
Chemical phase transformation of the catalyst plays an

important role in improving CO2 conversion and tuning product
selectivity. Especially for carburization, the carbides (such as
MoCx and FeCx) have an outstanding CO2 activation ability
because of their oxygen affinity. Benefiting from the high carbon
chemical potential under high CO2 conversion, metal or nitride
can be carburized by the formed product or intermediate (such
as CO and HCOO−). MoCx catalysts exhibit outstanding
RWGS activity. FeCx-based catalysts show promising potential
in CO2 hydrogenation to high-value chemicals, especially light
olefins.

3. INFLUENCE OF STRUCTURAL EVOLUTION ON
CATALYTIC ACTIVITY, SELECTIVITY, AND
STABILITY

Figure 7 summarizes the dynamic structural evolutions and
possible product distributions. Among the evolutions, metal

alloying/dealloying, metal or oxide redispersion, the formation
of oxide/metal and oxide/oxide interfaces, and chemical phase
transformation are favorable for the RWGS reaction, resulting in
high CO selectivity. RWGS reaction occurs through two main
reaction pathways, i.e., the formate route and redox route.102,114

Due to the altered phase, particle size, morphology, or electronic
properties, these newly formed active structures can promote
the removal of oxygen through direct dissociation (e.g., MoCx
formation) or decomposition of formate intermediates, thereby
facilitating CO generation. In addition, dealloying, redispersion,
and the formation of oxide/metal and oxide/oxide interfaces are
beneficial for methanol production. CO2 hydrogenation to
methanol mainly occurs through the formate and carboxylate
pathways.115,116 Therefore, the formation of an active structure
that can facilitate formate and carboxylate intermediates and
further hydrogenation will improve the methanol selectivity.
Given this consideration, ZnOx/Cu and InOx-based oxide/
metal interfaces are widely investigated for methanol production
fromCO2 hydrogenation. As for the formation of CH4, it mainly
comes from the alloying, metal redispersion, and oxide/metal
interface formation. A metallic active species is beneficial for
CH4 production. Moreover, chemical phase transformation in
some cases facilitates the improvement of C2+ product
(especially light olefins) selectivity, which results from more

active structures with C−C coupling ability, such as ZnFeO4
spinel, Co2C, and Fe5C2.
Stability is another important indicator for evaluating the

catalytic performance. Structural evolution during the reaction
process is often accompanied by changes in the catalyst stability.
Two possible processes affect the stability. On the one hand, the
catalyst causes a transient or metastable reconstruction. These
short-lived, nonequilibrium structures may be crucial for activity
but are prone to further evolution over longer time scales (e.g.,
specific surface adsorbate layers or subsurface oxygen species
that may lead to slow restructuring or deactivation). In this case,
it is highly expected that the active metastable structure can be
stabilized using catalyst design through the interface confine-
ment effect. On the other hand, the catalyst goes through an
adaptive or self-stabilizing evolution. Transformations that drive
the system toward a thermodynamically stable or kinetically
trapped active state under steady-state reaction conditions due
to the intrinsic interface confinement effect and environment
atmosphere confinement (e.g., formation of a stable metal
carbide phase or an equilibrated metal−support interface). In
this case, operando or in situ characterizations combined with ex
situ results on time scales must be critically assessed against
catalyst lifetime to differentiate between these categories.
Furthermore, the reversibility affects the stability of dynamically
formed structures, which mainly depends on the reaction
microenvironment, especially gas compositions. The kinetic
trapping of structural evolution through operando or in situ
characterizations and further stabilization for the active structure
will help the dynamic behavior of catalysts go from phenomenon
description to the mechanism and control level. Overall, by
utilizing the interface confinement effect and the ambient
atmosphere to stabilize the active structures during the reaction,
it can achieve a controllable tuning of catalytic performance.

4. SUMMARY AND OUTLOOK
In summary, the dynamic evolution of catalyst structures under
reaction conditions involves surface/interface reconstruction
and chemical phase transformations. The chemical potential of
the gas phase dictates the thermodynamic direction (oxidation,
reduction, and others). Surface atoms of the catalyst go through
oxidation by molecules like CO2 and H2O, reduction by
molecules like CO andH2, carburization byHCOO− andCO, or
the formation of a complex with reaction molecules (such as M-
OH, M-CO, M-CO2 or M-CHOx) through the effects of the
reaction microenvironment. Such reactions drive atomic
diffusion, migration, and reconstruction on the catalyst, removal
from the catalyst, or addition or exchange from reaction
atmospheres to the catalyst. A more stable structure is prone to
form during the reaction via a self-optimization strategy.
Multiple reaction processes determine the final active structure.
For example, the formation of carbide relies on the oxidation/
reduction and subsequent carburization process.
Importantly, the dynamic evolutions bring about more active

structures for CO2 conversion, such as oxide/metal and oxide/
oxide interfaces, coordinatively unsaturated sites or vacancies,
solid solutions or spinels, and carbide. The new structures show
changes in several aspects to enhance catalytic performance
(increased CO2 conversion, altered product selectivity, and
promoted catalyst stability) in CO2 hydrogenation, including
promoted adsorption and dissociation ability of CO2 or H2,
altered adsorption strength of the reaction intermediate,
optimized electronic structures for efficient charge transfer,
and the opening of alternative reaction pathways with lower

Figure 7. Dynamic structural evolutions and potential selectivity
improvement in CO2 hydrogenation.
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activation energy barriers, thereby simultaneously boosting
catalytic activity and product selectivity.
Two interaction modes, SMSI and SOSI, are the keys to

forming oxide/metal and oxide/oxide interface structures,
significantly optimizing the catalyst structure and promoting
activity. Due to the high activity of oxide/metal interface
structures, constructing oxide/metal reverse catalysts to obtain
more interface active sites needs to receive increasing attention.
The reconstruction of alloying or dealloying for bimetallic
catalysts and the formation of solid solutions or spinels for oxide
complexes that form more active catalytic sites are also highly
anticipated to be developed. Additionally, the positive feedback
mechanism where carburization by reaction products enhances
catalytic activity in CO2 hydrogenation is another phenomenon
worthy of focus, particularly for transition metals like Fe, Co, Ni,
and Mo, which show outstanding catalytic activity and altered
product selectivity after carburization.
Despite numerous advances in dynamic structural evolution,

most of which are beneficial for CO2 conversion, there are some
cases where this is not the case. For example, over-encapsulation
due to SMSImay lead to loss of accessible active sites, decreasing
catalytic activity. The formation of the oxide/metal or oxide/
oxide interface may also bring about mass-transport limitations.
The catalyst may undergo long-term degradation due to cyclic
processes (redox reactions, oxidation/carburization), leading to
fatigue, crack formation, and phase separation. Therefore, a
critical balance between strength and limitations is crucial to
avoid unfavorable structural evolution for CO2 conversion.
For future research on the dynamic evolution of catalyst

structures under CO2 hydrogenation conditions, several aspects
deserve attention:

(1) Deepening the understanding of surface reconstruc-
tion mechanisms. By utilizing rapidly developing in situ
characterization techniques such as in situ environmental
transmission electron microscopy and X-ray absorption
spectroscopy, the mechanisms of surface atom migration
and reconstruction need to be further investigated under
realistic reaction conditions. Identifying the key factors
governing structural evolution will help reveal real-time
dynamic processes and enable precise control over surface
restructuring.

(2) Developing multitechnology correlation methods.
While operando and in situ characterization have trans-
formed our understanding of catalyst kinetics, their
inherent limitations must be recognized to guide future
methodological developments. Key challenges include (i)
probe-induced effects, such as localized structural and
compositional changes induced by electron beams or
intense X-rays; (ii) the pressure and environmental gaps
between ideal measurement conditions and actual reactor
environments; and (iii) the ongoing trade-offs between
temporal, spatial, and spectral resolutions. Therefore,
multitechnology correlation methods remain crucial.
Crucially, detailed ex situ analysis of spent catalysts can
provide supplementary information on their final
structural state. By correlating insights from in situ
experiments with high-resolution postreaction character-
ization results, we can validate kinetic models and bridge
gaps in our understanding of mechanisms. Future
progress hinges on two aspects: first, advancing in situ
methods to conditions closer to reality, and second,

intelligently integrating all available observation windows
into a coherent picture of the catalyst lifecycle.

(3) Designing efficient and stable reverse catalysts. It is
promising to design and optimize oxide/metal reverse
catalysts with more oxide/metal interface active sites,
explore a broader range of oxide and metal combinations
based on the selectivity of different metals or oxides
toward specific products, and tune the interface structures
and properties with improved CO2 hydrogenation activity
and stability, as well as the yield of high-value-added
products.

(4) Developingin situredispersion catalysts. Oxide catalysts
usually show relatively weak activity in CO2 hydro-
genation. The construction of highly active interfaces with
more coordinatively unsaturated sites is crucial via the
dispersion and migration of oxides during the reaction.
The combination of redispersed oxide and metal is also of
considerable interest to enhance CO2 hydrogenation
activity.

(5) Exploring reaction-induced chemical phase trans-
formation phenomena. It is important to investigate
the factors affecting catalyst phase transitions, especially
the dynamics and equilibrium of chemical phase trans-
formation under different reaction conditions, achieve
controllable regulation of catalyst phase transformation,
and develop catalysts with adaptive and highly stable
properties. Additionally, it is significant to couple the
properties of both oxides and carbides in CO2 hydro-
genation by adjusting the carburization degree of oxide,
which enables sequential reactions from CO2 to
intermediates (e.g., CO) and then to other high-value-
added products (e.g., higher alcohols, olefins, etc.).

(6) Multiscale simulation and theoretical calculations.
Multiscale simulations and theoretical calculations can
be used to gain deep insights into the appropriate
structural evolution and dynamic mechanisms of catalysts
during reactions. Doing so would provide theoretical
guidance for the design and optimization of highly
efficient and stable catalysts, further improving the
performance of catalysts in CO2 hydrogenation.
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