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ABSTRACT: As a crucial component of the carbon cycle, the reverse water-gas shift (RWGS) reaction enables the conversion of
CO- and H: into CO, serving as a critical feedstock for the production of high-value added chemicals and fuels. However, the
practical application of this reaction is severely limited by three primary challenges: the poor CO. conversion at the relatively low
and moderate temperatures, the occurrence of undesirable side reactions such as methanation, and the high energy
consumption at elevated temperatures. Consequently, the development of catalytic systems with high activity and high CO
selectivity as well as excellent structure stability is of great importance. Platinum (Pt)-based catalysts have emerged as highly
promising candidates for the RWGS reaction owing to their excellent H> dissociation capability, effective activation and
hydrogenation capability of CO2, and moderate adsorption strength toward reaction intermediates. In this review, recent
advances in Pt-based catalysts for the RWGS reaction are systematically summarized. The innovative structural design of Pt-
based catalysts is discussed in detail, followed by an in-depth analysis of the structure-performance relationship and the potential
RWGS reaction mechanism via advanced characterization techniques and density functional theory (DFT) calculations.
Furthermore, the remaining key scientific challenges and future development directions are highlighted, providing valuable
insights for the rational design of highly efficient Pt-based catalysts for the RWGS reaction.

KEYWORDS: CO2 hydrogenation, reverse water-gas shift (RWGS) reaction, Pt-based catalyst, structure modulation, mechanism
studies

) chemistry and energy systems[22,23].
1 Introduction

Since the Industrial Revolution, the reliance on fossil fuels
have driven a relentless surge in carbon dioxide (CO:)

The RWGS reaction was discovered by Carl Bosch and
Wilhelm Wild in 1914 during the high-temperature water-
gas shift (WGS) process for hydrogen production[24]. Since

emissions, exacerbating environmental crises such as global
warming, rising sea levels, and increasingly frequent extreme
weather events[1-5]. Addressing this challenge, reducing
carbon emissions has emerged as a critical priority for
sustainable global development[6,7]. Simultaneously, CO:
presents itself as a vast and untapped carbon resource. From
the perspectives of long-term sustainability and
environmental friendliness, harnessing renewable carbon
sources and ensuring efficient energy supply stand as pivotal
strategies to minimize CO: emissions[8-11]. Recently, the
thermocatalytic CO: hydrogenation to high-value added
chemicals is a transformative approach, which provide a new
avenue to for energy and chemical industry
transformation[12-15]. Among the diverse pathways for CO2
conversion, the reverse water-gas shift (RWGS) reaction
occupies a central role in the carbon cycle[16]. This process
catalytically transforms CO2 and hydrogen into CO[17], which
serves as a foundational feedstock for downstream synthesis
of high-value added chemicals, including alcohols, light
hydrocarbons, and liquid fuels[18-21]. It enables the
conversion of a global pollutant into a valuable resource,
which can be served as a cornerstone of future green

then, it has been extensively studied as an effective method
for CO2 conversion and utilization. As shown in Equation (1),
the RWGS reaction is essentially the reverse process of the
WGS reaction, and its standard reaction enthalpy indicates
an endothermic process at 298 K. From a thermodynamic
perspective, increasing the temperature significantly raises
the equilibrium constant and shifts the equilibrium toward
CO production. However, the equilibrium conversion rate at
low to moderate temperatures (e.g., below 500 C) remains
limited[25]. Additionally, because the total number of gas
molecules remains nearly constant before and after the
reaction, pressure has a relatively weak effect on the
equilibrium position (Figure 1a)[26]. Nevertheless, the
partial pressure of hydrogen and the H,/CO; ratio indirectly
influence the equilibrium CO yield by altering the chemical
potentials of reactants and products. Therefore, high
temperature and a high H/CO, ratio favor the RWGS
reaction[27]. However, these conditions may also accelerate
metal sintering and support phase transitions, potentially
leading to catalyst deactivation[28]. Furthermore, many
studies have shown that at low to moderate temperatures,
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the strongly exothermic CO: methanation reaction (2) and
methanol synthesis reaction (3) cause CO to be further
hydrogenated into by-products such as CHs and CH3OH,
thereby reducing the selectivity for CO[12,13,29,30]. From a
kinetic perspective, the actual reaction rate and product
distribution of RWGS are not determined solely by
equilibrium but also depend on processes such as H:
activation, CO: activation, transformation of surface
intermediates, and CO desorption[31,32]. Additionally, gas
hourly space velocity (GHSV) is a factor that influences
system equilibrium and CO/CH4 selectivity. While it does not
alter the thermodynamic equilibrium position of the RWGS
reaction, it affects the extent to which the system approaches
equilibrium. The representative reversible power-law (PL)
rate expression for the RWGS reaction is shown in Equation
(4), where Keq represents the thermodynamic equilibrium
constant, and the rate term describes the kinetic dependence
of the reaction rate on the partial pressures of the reactants.
Under limited residence time, a relatively high GHSV
generally reduces the single-pass conversion of CO.. However,
it can kinetically enhance CO selectivity by shortening the
subsequent residence and conversion time of the formed CO,
thereby suppressing side reactions such as CO deep
hydrogenation and methanation. Conversely, a low GHSV
favors approaching equilibrium conversion but may
simultaneously promote side reactions[26,33].

H,(g)+C0,(g)—C0(g)+H,0(g) AHg%K=+41.1k]-mol'1 M

4H,(g)+C0,(g)~CH,(g)+2H,0(g)  AH%,,, =-165.0 kj-mol*
()
3H,(g)+C0,(g)—~CH;0H(g)+H,0(g)  AHS,, =-49.5 kj-mol!
3)
(04 £ 1 - -
rRWGS:kpcozp}-[zpz’:() 1'K_mpc102p1-112p50] (4)

The RWGS reaction typically proceeds through three
distinct pathways: intermediate association mechanism with
adsorbed intermediate species such as formate (*HCOO) or
carboxylate (*COOH), and redox mechanism with direct
redox on the surface of catalysts[27,34-38]. As illustrated in
Figure 1b, in terms of the redox mechanism, CO; adsorbed on
the catalyst surface is directly dissociated into CO, leaving
adsorbed oxygen species (Oads) on the catalyst surface.
Subsequently, Hz acts solely as a reducing agent to convert
Oags into Hz0. The rate-determining step is either the
dissociation of CO; or the formation and desorption of
water[39]. In the case of intermediate association
mechanism, CO; is hydrogenated to form *COOH, which is
generally considered the most direct precursor for CO
production. The decomposition of *COOH involves breaking
the C-O(H) bond, yielding *CO and hydroxyl species. While
*CO species desorbs directly as CO, the hydroxyl species
undergo further hydrogenation to form H0, which then
desorbs from the surface of catalysts to complete the entire
catalytic cycle. Conversely, the *HCOO species is relatively
stable. Their conversion to CO typically requires
dehydrogenation or structural rearrangement, regenerating
*COOH or *CO: intermediates that subsequently decompose
into *CO[40,41]. The reaction activity and CO selectivity
along this pathway are governed by the adsorption

capacities of COz and Hi the stability of the *COOH
intermediate, and the desorption ability of CO[27,42]. Given
the intricate thermodynamic properties and complex kinetic
mechanisms of the RWGS reaction, catalyst design must
carefully balance catalytic activity, CO selectivity, and
structural stability during H2 activation, CO2 activation, and
intermediate conversion[43,44]. Currently, catalytic systems
employed for RWGS include non-precious metal catalysts
(e.g. Ni, Cu, Fe, and Co)[45-54] and precious metal catalysts
(e.g. Pt, Pd, Au, and Ru)[55-62]. Non-precious metals offer
advantages of low cost and abundant availability but often
suffer from insufficient low-temperature activity, low CO
selectivity, and susceptibility to carbon deposition or
sintering at high temperatures[37]. In comparison, Pt-based
catalysts stand out in RWGS reactions due to their
exceptional Hz activation and electron transfer
capabilities[63,64]. These catalysts also exhibit remarkable
resistance to stable carbon deposition, alongside robust anti-
sintering and anti-poisoning characteristics when exposed to
high-temperature environments containing water vapor and
CO: [65,66]. More importantly, the catalytic behavior of Pt is
highly sensitive to its local structure, thereby possessing
unique research value in the RWGS reaction[67,68].

Although Pt-based catalysts exhibit excellent catalytic
properties in the RWGS reaction, Pt is a scarce and expensive
metal resource, posing significant challenges for practical
applications from the perspective of atomic economy[69].
Therefore, it is critical to improve the utilization efficiency of
Pt atoms while maintaining or enhancing their activity and
selectivity as well as robust stability. Meanwhile, it is also
very important to maintain high catalytic performance and
excellent stability under the ultra-high weight hourly space
velocity condition so as to meet the requirements for large-
scale industrial applications. In order to resolve the
aforementioned problems and challenges, great efforts have
been devoted to precisely regulate the geometric
structures[70], electronic structures[71], particle sizes[72],
coordination structures[73], interfacial structures[5], and
metal-support interactions of Pt-based catalysts to
simultaneously enhance the catalytic performance,
selectivity, and stability[74]. Moreover, with the rapid
development of  in-situ/operando characterization
techniques and theoretical calculations, the intrinsic active
sites and the catalytic mechanisms of Pt-based catalysts have
been deeply investigated during the RWGS reaction, which
facilitate the rational design of the next-generation high-
performance catalysts[75-77]. In recent years, many reviews
about CO; hydrogenation to different products (e.g., CHs, CO,
CHsOH, CH3CH:0OH, High-carbon alkenes, alkanes, and
alcohols, etc.) have been extensively reported[77-79]. Most
of works primarily summarize the subject from the
perspectives of generalized reaction networks, target
product distributions, or common principles across various
catalyst systems[80,81]. However, within the scope of such
reviews, Pt-based catalysts are typically only briefly
mentioned as one among many metal systems[82]. Their
unique structural advantages, the characteristics of their
true active sites, and the associated mechanistic implications
in the RWGS reaction have not been thoroughly or
systematically examined. Notably, existing reviews rarely
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provide a unified discussion on the relationships among
metal-support interfaces, particle size effects, single-atom
coordination environments, bimetallic synergistic effects,
and processes such as CO: activation, H: dissociation,
conversion of Kkey intermediates, as well as activity,
selectivity, and stability, all from the perspective of local
structure regulation in Pt-based catalysts. Therefore, a more
targeted review focusing on the structural design and
mechanistic research of Pt-based catalysts in the RWGS
reaction is necessary.-

Based on this, the goal of this review is a relative
comprehensive summary of recent research progress in
structural regulation, identification of intrinsic active sites,
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and mechanistic insights of Pt-based catalysts. We
significantly emphasize the innovative structural design of
catalysts based on different synthetic strategies. Moreover,
new research methodology is discussed in detail by the
combination  of the advanced in-situ/operando
characterization techniques and theoretical studies. The
intrinsic active sites and their potential structure-activity
relationships are thoroughly elucidated at the atomic and
molecular levels. Finally, based on these findings, the main
challenges and future development trends are summarized,
providing a new avenue for the rational design of Pt-based
RWGS catalysts that are highly efficient, economically viable,
and sustainable.
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Figure 1. (a) Influence of temperature on the thermodynamic equilibrium of the RWGS reaction at 1 bar and Hz/CO2 molar ratio of 3/1. Reprinted with

permission from [26]. Copyright 2017, American Chemical Society. (b) Scheme for CO; hydrogenation mechanism. Reprinted with permission from [37].

Copyright 2013, WILEY-VCH Verlag.

2 Design strategy of Pt-based catalysts
Achieving high activity and structural stability is crucial
for activating linear CO; molecules, which have high
dissociation energy, and for timely desorption of adsorbed
*CO species to prevent sintering-induced deactivation of
active metals at elevated temperatures. Because the d-band
center of Pt lies close to the Fermi level, Pt exhibits strong
adsorption activity, leading to excessive CO adsorption on
typical crystal planes such as Pt(111) and Pt(100). At low to
medium temperatures (300-500 °C), the coverage of *CO
increases rapidly, causing blockage of the metal surface by
CO and competitive inhibition of *H and *CO adsorption and
subsequent activation. Moreover, the Pt surface lacks
migratable surface oxygen species and variable valence
centers, resulting in a high intrinsic energy barrier for CO;
activation[83]. Consequently, the rate-determining steps
often involve key transformations such as CO; - HOCO* or
HOCO* - CO* + OH*. Given these mechanistic limitations,
precise control of Pt sites has become an essential strategy to
enhance the performance of Pt-based catalysts[84].
Numerous studies have demonstrated that constructing Pt-

oxide interfaces or tuning the d-band center and geometric
structure of Pt via a secondary metal can weaken Pt-CO
bonding and optimize the adsorption strength of reaction
intermediates[72]. Additionally, controlling particle size and
morphology to selectively expose specific crystal planes and
interface sites can better balance the inhibition of CO
poisoning, enhancement of CO; activation, and optimization
of intermediate desorption. To intuitively demonstrate the
effects of various structural design strategies on the reaction
performance of Pt-based RWGS catalysts, Table 1
summarizes the reaction conditions, CO, conversion, and
product selectivity reported in representative studies
conducted at 0.1 MPa. It should be noted that due to
inconsistencies in the H/CO: ratio, reaction temperature,
and space velocity across different studies, the purpose of
Table 1 is not to provide a strict intrinsic activity ranking of
the catalysts. Instead, it aims to summarize the overall
optimization trends achieved by different structural designs
in balancing CO; conversion and CO selectivity. In this
section, we summarize the regulatory strategies for Pt-based
catalysts based on previous research.

Table 1. Summary of Reaction Condition with CO; Conversion and Selectivity on Pt-based Catalysts under 0.1 MPa.
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Selectivity (%)
catalyst Hz: COzratio  Temperature (C)  GHSV (mLgcat'h)  Conversion (%) co CHa
Pt/Ce02-AA-350[85] 3:1 200-450 72,000 46 >98 <2
Pt/Ce02-IMP-350[85] 3:1 200-450 72,000 42 83 17
5Pt/Ce02-IMP-350[85] 3:1 200-450 72,000 35 32 68
Ptex/Rutile[86] 4:1 800 600,000 75 100
Pten/Rutile[86] 4:1 800 600,000 58 100
Pt0.5W/Si0,[87] 4:1 400 100,000 23.5 100
MeCpPt/Ce0,[88] 1:1 320 114,000 8.3 99 1
Ptsa/TiO24[89] 3:1 330 80,000 20.4 99.6 0.6
0.02 wt% Pt/Fe304[90] 3:1 500 720,000 35 99.7 0.3
K80-Pt/KLTL zeolite[91] 1:1 500 30,000 27.4 ~95 <5
Pteuster/PN-Ce02[92] 3:1 350 12,000 30.1 98.5 1.5
Pt-K/mullite[93] 1:1 550 30,000 30.9 99.2 0.8
PtCr@Si02[94] 3:1 450 60,000 17 100
PtCr-Crine@Si02[94] 3:1 450 60,000 36 100
Pt-Cs/Ti02[95] 4:1 400 30,000 21 100
0.5Pt5Ce/Al;03[96] 3:1 600 200,000 55 96.1 3.9
Pt-MoOy/y-MozN[97] 3:1 300 300,000 18 100
Pt-aCe0.@Si02[98] 1:1 500 120,000 53.2 95 5
Pt-mixCe0.@Si02[98] 1:1 500 120,000 50.8 88 12
Pt-cCe02[98] 1:1 500 120,000 51 44 56
Ptre/Ce02[99] 3:1 350 12,000 29.2 >99 0.5
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Ptsac/Ce02[99] 3:1 350
Ptyps/Ce02[99] 3:1 350
PtNi/SBA-15[100] 2:1 400
Fe-Pt/Ce0,[101] 3:1 380
PtFe/Si0[102] 3:1 450
Pt/TiO2[84] 2:1 350
Pt/Si0[84] 2:1 350
Pt-1VO,@HPSNs[103] 1:1 500

12,000 22.5 >99

12,000 16.1 >99

49,000 24 99.49 0.51

200,000 31.5 100

60,000 44 >99.5

119.7 10.23 98.39 1.61
24.7 8.99 99.99

144,000 28 100

2.1 Modulation of metal-support interaction

In Pt-based catalysts, the intrinsic reaction rate of the
RWGS reaction exhibits an almost linear correlation with the
activity normalized by the perimeter length per unit of the
Pt-support interface[104,105]. In contrast, it shows a weak
correlation with the total Pt surface area or the number of
metal active sites, indicating that the true active sites are
concentrated at the Pt-oxide interface rather than on the
bulk metal surface. Furthermore, due to differences in Fermi
energy levels between the metal and the support in the
supported catalyst, the interface facilitates electron
rearrangement between the two materials to reduce the
overall free energy. This drives electron redistribution across
several atomic layers at the interface[106], accompanied by
the formation of numerous oxygen vacancies (0,) on the
surface and interface. Key steps, including CO,—*COOH and
*COOH—CO + OH* exhibit high sensitivity to interfacial
charge distribution and O, density[107], while *CO coverage
and Pt-CO bonding strength govern the competition between
CO desorption and methanation side reactions[74].
Accordingly, this section focuses on strong metal-support
interaction (SMSI), electronic metal-support interaction
(EMSI), and composite support interfaces, discussing how
restructuring the structure and electronic state of Pt-
reducible oxide interfaces regulates CO; activation pathways,
suppresses over hydrogenation, and enhances high-
temperature structural stability.

2.1.1 Strong Metal-Support Interaction
SMSI was first proposed by Tauster et al. in 1978 during

their study of supported platinum group metal catalysts[108].

They observed that catalysts reduced at a low temperature
of 473 K exhibited a high chemical adsorption capacity for
probe molecules such as H; and CO. However, when the
catalysts were reduced at a higher temperature of 773 K,
their adsorption capacity for these probe molecules sharply
decreased or even approached zero. Interestingly, the
adsorption capacity was restored after the catalyst was
oxidized at 673 K following reduction at 773 K. Based on

these findings, Tauster et al. concluded that a strong
chemical interaction occurs between metal particles and the
support during reduction at 773 K, which they defined as
SMSI. This phenomenon is fundamentally related to the work
functions and surface energies of both the platinum and the
support, which depend on the size of the platinum
nanoparticles and the exposed crystal planes of the support.
Numerous studies have shown that under certain conditions,
surface species from the support migrate onto the metal
particles, forming a non-stoichiometric oxide coating on the
metal surface. This migration is a key factor contributing to
SMSI[109-111]. The oxide overlayer effectively reduces the
surface energy of the metal, partially covers the metal active
sites, and precisely modulates the adsorption strength of
reaction intermediates[57,112]. In 2000, Diebold et al. used
Scanning Tunneling Microscopy (STM) and Low-Energy
Helium Ion Scattering (LEIS) spectroscopy to observe the
atomic structure of platinum encapsulated by TiO; on the
TiO2(110) surface[113]. Their experimental results
confirmed that the TiO2.x encapsulation layer consists of a
double-layer Ti110 structure. Similarly, Zhang et al. reached
the same conclusion in their study of Pt/TiO; catalysts using
in-situ Transmission Electron Microscopy (TEM) and
Electron Energy-Loss Spectroscopy (EELS)[114]. They found
that after reduction at 773 K, a roughly double-layered
titanium-oxygen overlayer encapsulated the 8 nm Pt
nanoparticles (Figure 2a-b).

While the overlayer induced by SMSI enhances catalytic
selectivity and stability, an excessively dense or thick
support overlayer can physically block the metal active sites
and hinder the diffusion of reactants to the interfacial active
sites, thereby reducing the catalytic rate. In recent years,
numerous studies have demonstrated that modifying the
surface properties of oxide supports allows precise control
over the thickness and compactness of the coating layer. This
adjustment not only enhances the high-temperature stability
of the interfacial structure but also selectively blocks certain
over-hydrogenation sites. Zhang et al. proposed a novel
strategy to regulate the interface sites of Pt-CeO2 via ultrafast
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laser induction, which constructs a permeable, encapsulated
SMSI interface structure[115]. The core mechanism involves
the utilization of a localized nanoconfined electric field
generated by the laser at the metal-support interface,
promoting the formation of surface defects on CeO2 and
inducing the generation of metastable CeOx species. Driven
by the interfacial electric field and surface energy, these CeOx
species migrate and spread over the surface of Pt
nanoparticles, forming an ultrathin and porous CeOx
overlayer (Figure 2c-d). This enables the Pt/CeO: catalyst to
maintain a stable SMSI structure while still participating
effectively in the reaction. In addition to oxide layers, Chen et
al. demonstrated that the Pt/Fe304 catalyst can regulate the
metal-support interface through the dynamic phase
transition of ferrite under reaction conditions[90]. The key
point is that Fe3s04 undergoes co-evolution of reduction and

Fresh Pt. /R &

ﬁ;’:‘

W rY)
35 &, 14
R,

carbonization in the reaction atmosphere, generating a
highly active FeOxC,/FeCx interface phase. During this
process, Pt significantly lowers the energy barriers for the
reduction and carburization of Fes0s4 accelerates the
cleavage of Fe-O bonds, and facilitates the introduction of
surface carbon species, thereby inducing the dynamic phase
transition from Fe30s to FeOx and then to FeCy. As the
reaction proceeds, the generated FeC; species migrate
toward the Pt surface and gradually spread under
thermodynamic driving forces, forming a structure that
partially to nearly completely encapsulates the Pt

nanoparticles (Figure 2e-f). This partial coverage shields
some adsorptive sites on the Pt surface, reducing CO
adsorption capacity, while the structure remains dynamically
stable throughout the reaction.

(]
1
1
]
]
|l

Intensity (a.u.)

1 1 1 1 1 1 1 1

78 76 74 72 70
Binding energy (eV)

78 76 T4 T2 70
Binding energy (eV)

Figure 2. (a-b) Formation of a TiOx overlayer on the surface of Pt NPs in the Pt/TiO: catalyst. Reprinted with permission from [114]. Copyright 2016,

American Chemical Society. CeOx overlayers induced by ultrafast laser irradiation: (c) 20 min, (d) 40 min. Reprinted with permission from [115].

Copyright 2021, Springer Nature. (e-f) TEM images and the corresponding SAED patterns of the Pt/Fe304 catalyst after reaction. Reprinted with

permission from [90]. Copyright 2021, American Chemical Society. (g) HR-TEM image of Pt0.5W. The sample was prereduced at 400 °C. Reprinted with
permission from [87]. Copyright 2024, American Chemical Society. In-situ Pt 4f XPS spectra: (h) fresh Pt/R catalysts, (i) Pt/R25 catalysts. Reprinted

with permission from [86]. Copyright 2025, Wiley-VCH GmbH.
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2.1.2 Electronic Metal-Support Interaction

Studies have shown that charge transfer occurs between
the metal and the support concurrently with the generation
of SMSI, specifically the EMSI. Beyond being perceived as a
static transfer of electrons between the metal and the
support, EMSI should be understood as a process of
electronic state redistribution driven by the re-equilibration
of the Fermi level at the interface, the involvement of defect
states, and orbital hybridization[116-119]. From the
perspective of band alignment, when Pt contacts reducible
oxides, the conduction band edge, defect states, or localized
f/d states of the support couple with the Pt 5d states to
achieve Fermi level equilibrium at the interface. This
interfacial coupling alters the occupation and density of
states (DOS) distribution of the Pt 5d states, manifesting as
an upward shift, downward shift, or broadening of the Pt d-
band center relative to the Fermi level[120]. As the position
of the Pt d-band center is closely related to adsorption
strength, support-induced modulation of the electronic
structure ultimately influences the adsorption and activation
behaviors of CO; *CO, and H-related intermediates[121],
thereby dictating the competition between CO formation and
deep hydrogenation in the RWGS reaction[122]. Thus, the
essence of EMSI is not electron transfer itself, but rather the
regulation of Pt adsorption chemistry by the support
through interfacial energy-level matching and DOS reshaping.

For the TiO; support, EMSI is primarily associated with the
Ti 3d defect states induced by Ti3*/0,. The TiOz. surface
formed after high-temperature reduction typically acts as an
electron donor, transferring electrons to Pt during the
interfacial Fermi level re-equilibration process. This electron
transfer increases the electron density of Pt at the interface.
However, when strong Pt-O-Ti bonding forms at the interface
or when a TiOz, overlayer further develops, some Pt sites
may exhibit Pt** characteristics due to enhanced local oxygen
coordination. Accordingly, EMSI in the TiO2 system
essentially represents a competition between the electron-
donating effect of defects and the electron-withdrawing
effect of interfacial oxygen coordination. The outcome
depends on the degree of reduction, O, concentration, and
the mode of interfacial reconstruction. This competition
enables reversible tuning of the Pt d-band center, which in
turn influences the CO adsorption strength and the stability
of the SMSI overlayer. Chen et al. loaded Pt nanoparticles
onto the surface of TiO; and investigated the charge transfer
behavior of the -catalyst[123]. Characterization through
conductivity measurements and X-ray photoelectron
spectroscopy (XPS) revealed that the titania support was
reduced during high-temperature treatment, allowing
electrons to readily migrate through the thin surface TiO;
layer to the Pt nanoparticle surfaces, where they became
trapped, thus forming negatively charged Pt nanoparticles.
Schierbaum et al. studied the Pt/Ti0z(110) model catalyst
using characterization techniques including XPS, ultraviolet
photoelectron spectroscopy (UPS), and ion scattering
spectroscopy (ISS)[124]. They found that the quantity of Ti3*
ions decreased significantly on the reduced TiO2(110)
surface, indicating electron transfer from Ti3* ions to Pt

atoms. However, Hu et al[86] discovered that high-
temperature reduction treatment induces structural
reconstruction on the Pt/rutile surface, generating a large
number of O, on the TiO2 surface. Combined with XPS
characterization, it was found that Pt NPs exhibited a
positive valence state at the TiO; interface and showed
strong adsorption toward the TiOzx overlayers. In contrast,
0, weakened the electron transfer from Pt nanoparticles to
the rutile support, increasing the electron density of Pt. This
facilitated the formation of Pt® species while simultaneously
reducing the adsorption capacity of Pt toward the oxide
overlayers (Figure 2h-i). This weakens the stabilization and
spreading of the TiO2.«x overlayer on the Pt surface from the
perspective of interfacial interaction energy, inhibits the
formation of the TiOz.« overlayer, and suppresses SMSI,
thereby enhancing the stability of Pt/rutile under high-
temperature RWGS reaction conditions.

For CeO: supports, the key to EMSI lies in the reversible
transformation of Ce3*/Ce** and the involvement of localized
Ce 4f states. Since the Ce 4f energy level is close to the Fermi
level of Pt, localized electrons tend to redistribute near the
interface following the formation of 0,[125]. The relative
energy levels between Ce 4f states and Pt 5d states can
continuously fluctuate under specific temperature and local
lattice distortion conditions, triggering electron transfer
between Pt and CeO.. Consequently, interfacial Pt typically
exhibits electronic characteristics of coexisting Pt’/Pt*
rather than a single valence state. Unlike simply
strengthening the binding of Pt to adsorbates, CeO: tends to
implement a relatively mild and dynamic modulation of the
Pt d-band center through the synergy between Pt-O-Ce
bonding and Ov. This modulation weakens the Pt-CO bonding
strength while maintaining the capability for CO: activation.
The research group of Nuria Lépez analyzed the
fundamental principles and mechanisms regulating the EMSI
at the Pt/CeO: interface[126]. First-principles Born-
Oppenheimer molecular dynamics (BOMD) analysis revealed
that at finite temperatures, surface atoms of CeO: undergo
continuous thermal vibrations and local displacements, with
these phonon excitations dynamically modulating the
positions of Ce(4f) energy levels. When local lattice
distortions transiently lower the Ce(4f) energy levels below
the Fermi level of Pt, electrons can be injected from Pt into
Ce0;. Conversely, when the structure recovers or new
distortions occur, electrons may transfer back from CeO: to
Pt. This indicates that EMSI is a process of electronic state
redistribution jointly regulated by interfacial chemical bonds,
local lattice distortions, and the reducibility of the oxide.
Chen et al.[127] investigated the RWGS reaction over Pt/CeO>
catalysts under atmospheric pressure at 200-500 °C. Due to
the high electron density of the Pt d orbitals, charge transfer
occurs between Pt and Ce3*/Ce* pairs, forming electron-
coupled interfacial sites of Pt-Ce3*. Additionally, the
generated O, enhance the activation of CO.. Consequently,
the catalyst achieves a 25% CO2 conversion and 100% CO
selectivity at 500 °C.

For Fe304 supports, the EMSI characteristics are closely
related to the mixed valence states of Fe?*/Fe3* and the
carrier properties of Fe 3d orbitals. Compared to TiO; and
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Ce03, Fe3z04 functions more like a dynamic electron reservoir
dominated by Fe 3d states. Under reducing or reactive
atmospheres, Fe304 may undergo structural evolution
involving FeOyx and even FeCy phases, resulting in continuous
changes to the local coordination environment and DOS
distribution around Pt sites. Therefore, EMSI in Pt/Fe304
should not be viewed as a unidirectional electron injection
or extraction with a fixed direction but rather as a dynamic
modulation of the Pt d-band center driven by the adjustable
ratio of Fe-O-Pt to Fe-C-Pt interfaces. This behavior is
typically accompanied by interfacial reconstruction and
partial surface overlayer formation, which helps mitigate
excessively strong CO adsorption on Pt and enhances the
stability of the interfacial structure under high-temperature
RWGS conditions. In the dynamic phase transformation
system of ferrite carbon compounds studied by Chen et al,
the formation of FeCx coating phases correlates with a
downshift of the Pt d-band center. Pt acts as an electron
donor, facilitating continuous and directional electron
transfer to the Fe-based support via hydrogen spillover[90].
This process strengthens CO: adsorption and activation at
the electronic structure level while weakening CO adsorption
strength, ultimately achieving 100% CO selectivity (Table 1).

2.1.3 Composite Support Structure

Constructing a heterogeneous composite interface
composed of an inert framework and a defect-enriched
reducible phase is a core strategy for regulating the Pt-
support interface[128]. This approach transforms the single-
functional Pt-support surface into perimeter interfacial sites
capable of both H; activation and CO; activation. It also
employs defect sites as regulatory knobs to directionally
modulate EMSI and SMSI, as well as reaction pathways,
ultimately achieving synergistic optimization of activity,
selectivity, and stability in the RWGS reaction. Bi et al.[87]
introduced WO, as a secondary oxide component into a
Pt/Si0; system. Under reducing conditions, the WOy species
existed as low-polymerization polytungstate clusters that
partially encapsulated Pt, preventing a significant decrease
in activity caused by excessive overcoating. Consequently,
abundant WO,/Pt interfacial perimeter sites were formed.
WO, provided oxophilic sites and O, for CO; activation, while
Pt was responsible for H: dissociation (Figure 2g). Their
synergistic interaction increased the intrinsic reaction rate
by a factor of 8 times compared to Pt/SiO; and achieved
100% CO selectivity (Table 1). The electronic structure of the
interfacial Pt sites deviates from that of bulk metals,
significantly enhancing the adsorption and activation
capacity of the interface toward CO>[129]. Ma Ding et al
utilized the defects and interfacial chemistry of the MoO3/y-
Mo:N heterostructure to induce a significant EMSI[97]. MoO3
on the surface of y-Mo;N was in-situ reduced to oxygen-
vacancy-rich MoOx (2 < x < 3), while simultaneously
achieving atoms, thereby constructing a high-density Pt-

MoOy/y-Mo2N catalyst. This reduction occurs exclusively at
the MoO3z/y-Mo:N heterointerfaces, whereas pure MoO3 does
not form MoOyx under the same RWGS reaction conditions.
MoO, exists as thin layers and defects, facilitating stable
electron redistribution between MoOx and Pt. Subsequently,
isolated Pt atoms preferentially coordinate with oxygen
atoms in MoOx and aggregate to form stable Pt clusters
during the reaction process (Figure 3a-c). This enabled a CO:
conversion rate approaching thermodynamic equilibrium at
300 °C, with no significant deactivation observed over 300
hours (Table 1). Zhao et al. proposed a strategy for
stabilizing Pt single atoms based on three-dimensional
confinement[98]. This method utilizes the spatial
confinement and interfacial effects of amorphous SiO: to
restrict the crystallization and long-range ordered growth of
Ce0g, preparing loose amorphous CeO: clusters rich in O,.
Furthermore, it employs surface O, to trigger significant
electron transfer from Pt to CeO, stabilizing atomically
dispersed Pt. XPS characterization reveals that these defect-
enriched CeO: clusters act as electron acceptors and
anchoring sites, resulting in Pt existing predominantly in the
Pt?* and Pt** valence states at the Pt-CeOy interface, rather
than the Pt° state found in conventional Pt-CeOx systems
(Figure 3d-f). Benefiting from the interfacial regulation of
this composite support, the catalyst simultaneously exhibits
high CO; adsorption capacity, weak CO affinity, and excellent
long-term stability. Chen et al. demonstrated another type of
composite interface regulation via the physical mixing of
Pt/Al20z  with  anatase TiO: diluents[130]. The
communication effect between composite supports modifies
the active intermediates and reaction pathways. Through
close contact with Al203;, TiO: facilitates the migration of
adsorbed acetate species in air between the oxides, thereby
eliminating the blockage of formate formation sites on Al20s3
(Figure 3g-h).

In this category of strategies, O,, acting as defect states and
local charge regulation centers, both drive and enhance
charge redistribution between Pt and metal oxides by
modifying the electron transfer capability of the oxide phase
and the interfacial Pt-O-M bonding strength. This process
consequently forms a favorable EMSI that optimizes the Pt
charge state, CO adsorption strength, and CO: activation
pathway. Additionally, the composite support interface
influences the dispersion and coverage of oxide species on
the Pt surface through interfacial bonding, thereby
suppressing or regulating the SMSI. Due to the synergistic
interaction between the inert framework and the reducible
phase within the same system, Pt-based catalysts can
simultaneously offer efficient H, dissociation sites and
defect-enriched CO; activation sites on a single catalyst. This
synergy establishes a more optimal intrinsic balance among
catalytic activity, CO selectivity, and high-temperature
structural stability in the RWGS reaction.
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Figure 3. (a-b) Aberration-corrected HAADF-STEM images of fresh and used Pt-MoOx/y-MozN catalysts. (c) XPS spectra of fresh 0.5 Pt-MoOx/y-Mo2N
and quasi in-situ XPS spectra of 0.5 Pt-MoOx/y-Mo:N after the treatment of 5% Hz/Ar and 23% C02/69% Hz/Ar at 300 °C for 30 min. Reprinted with
permission from [97]. Copyright 2022, Springer Nature. (d) XPS spectra of Pt 4f region for the Pt-aCe02@SiO;, Pt-mixCeO0.@Si0; and Pt-cCeO; catalysts.
(e) Atomic-scale HAADF-STEM images of Pt-aCe0:@SiO:; and (f) the corresponding plane intensity profile. Reprinted with permission from [98].
Copyright 2025, Wiley-VCH GmbH. Variations of the RWGS rate with TOS at 250 °C on Pt/Al;03: A-TiOz = 1:10 after different pretreatments. Panel (g)
shows results with the pretreatment of 5% CO: in He for 3 h (black), and 20% H: in He for 3 h (blue) at 250 °C, to compare with results with no
pretreatment (red). Panel (h) shows results with a pretreatment of 20% H: in He for 12 h (purple) and air for 12 h (green) at 300 °C, to compare with
results with no pretreatment (red). Reprinted with permission from [130]. Copyright 2021, American Chemical Society.

2.2 Regulation of Pt particle size

In addition to regulating interfacial chemistry, the Pt
particle size also determines the number of available
interfacial perimeter sites per unit mass of Pt, as well as their
local geometric configurations[131]. Studies have shown that
when nanoparticle size falls below 4 nm, the proportion of
coordinatively unsaturated sites increases markedly[132].
This variation in coordinatively unsaturated sites affects the
bonding interactions between reactant molecules and the
catalyst, thereby influencing catalytic activity. Consequently,
it is generally accepted that the proportion of active reaction
sites increases as metal particle size decreases[133]. On the
other hand, the electronic structure of Pt nanoparticles also
changes with decreasing particle size. When the size of metal
nanoparticles is reduced beyond a certain threshold, their
energy bands split, modifying the electronic structure such
that the metal clusters exhibit a discrete-like band structure,

as illustrated in Figure 4a. Building on the interfacial
electronic structure, this section focuses on how the Pt
particle size and coordination environment of Pt particles
reshape the dominant active sites and regulate the selectivity
between CO and CHa.

The overall reaction rate and apparent activity exhibit a
clear dependence on particle size. Larger Pt nanoparticles
have a coordination environment closer to the intrinsic
metallic state, with significantly weaker interfacial electronic
effects. In contrast, smaller Pt nanoparticles exhibit a higher
contact ratio with the support, placing Pt in a stronger Pt-O-
M interaction environment and inducing more pronounced
support-mediated electronic effects [134] and driving more
readily it undergoes interfacial reconstruction by the
reaction atmosphere and temperature, thereby triggering
MSI to varying degrees[135-137]. Maurer et al. used
atomically dispersed Ptsac as a reference and compared it
with approximately 1 nm Pt nanoparticles (NPs) formed by
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reducing Ptsac in 2% H, at 400 °C for 30 minutes[138].
Operando high-energy-resolution fluorescence-detected X-
ray absorption near-edge structure (HERFD-XANES) analysis
revealed that, with increasing reaction temperature, Pt NPs
only the Pt° valence state without any change in electronic
structure. In contrast, during the heating process, the Ptsac
catalyst underwent Pt cluster formation, and its valence state
evolved continuously in the sequence of Pt** — Pt** — Pt%*-
CO — Pt"*-CO (Figure 4b). This demonstrates stronger
support-induced charge modulation and a more significant
EMSI.

As the Pt particle size decreases, the dominant active sites
shift from those favoring metal surface reactions to those
that activate the lattice oxygen of the oxide support and
participate in the interfacial reaction pathway. Xie et al.
prepared Pt/CeO; catalysts with three different particle sizes
(5 nm, 2 nm, and atomically dispersed Pt) via surface pre-
reduction and conventional impregnation methods[99].
Catalytic tests indicate that CO selectivity decreases
significantly as Pt particle size increases. In-situ FTIR of CO
desorption shows that larger Pt species exhibit stronger CO
adsorption, facilitating the further reaction of surface *CO
with H to form CHa. Conversely, atomically dispersed Pt
creates a distinct local chemical environment due to its
interaction with the support, resulting in weaker CO
adsorption and thereby attenuating the sequential
hydrogenation pathway of CO to CH4 (Figure 4c-e). Leo et al.
clearly distinguished and compared the structures and
reaction behaviors of Pt single atoms, oxidized Pt clusters,
and metallic Pt clusters within the same system[139]. Based
on CO probe infrared spectroscopy (CO-IR) analysis, Pt single
atoms exhibit only a single, clearly assignable CO adsorption
configuration. In contrast, oxidized and metallic Pt clusters
display superimposed responses from multiple adsorption
sites, indicating stronger CO adsorption properties (Figure
5a-c).The size effect does not exhibit a direct linear
correlation with catalytic activity, but rather depends on the
degree of coordinative unsaturation and the chemical
environment induced by particle size[140-143]. By
comparing fully exposed Pt clusters (Ptrec/Ce02), single-
atom Pt (Ptsac/Ce02), and Pt nanoparticles (Ptyps/Ce02), Xie
et al. [85] found that variations in Pt particle size
significantly reconstruct the local coordination structure at
the Pt-CeO: interface. In Ptrgc/CeO2, Pt exists in a low-
coordination Pt** state and is tightly coupled with O,
enriched on the CeO: surface (Figure 4f). This structure
reduces the electron density of Pt clusters, thereby
weakening the Pt-CO bonding strength. In contrast, single-
atom Pt is confined by excessively strong Pt-O coordination
and exists in the Pt* state, making it difficult to balance
activity and selectivity simultaneously. Meanwhile, Pt
nanoparticles promote methanation due to their strong H:
dissociation ability and high CO adsorption capacity.

2.3 Single-atom platinum catalysts

From the perspective of the size effect, Pt single atoms are
fully interfacialized geometrically[144-146]. The site-specific
electronic structure, reactant adsorption configuration, and
conversion capabilities of key intermediates are no longer
governed by Pt-Pt coordination but are instead highly

dependent on chemical bonding and electronic coupling with
the support[147-152]. Generally, the local configurations of
single-atom Pt can be summarized into types such as Pt-Ny,
Pt-Oy, and Pt-Sy. However, in current research on Pt-based
catalysts for the RWGS reaction, Pt-Ox sites on oxide supports
remain the most prevalent and have been the subject of the
most comprehensive mechanistic investigations. Therefore,
this section focuses on discussing how the Pt-Ox
coordination environment influences the CO: adsorption
mode, the energy barriers of key elementary steps, and
product selectivity.

Distinct from simply considering single-atom Pt as highly
dispersed Pt species, the catalytic behavior of Pt-Oy sites is
fundamentally governed by their coordination saturation,
site accessibility, and the synergistic effects with O, or
interfacial defects. For Pt-Oy sites with highly saturated and
geometrically confined coordination environments, although
this configuration favors the stabilization of single-atom Pt,
the accessibility of Pt sites is compromised, limiting their
ability to dissociate H,. Additionally, due to insufficient
vacancy accessibility at the Pt centers, CO; tends to adsorb
only weakly, thereby inhibiting the initial activation of CO:
and the formation of key intermediates.

In contrast, moderately decoordinated Pt-Ox sites coupled
with defect sites generally exhibit a more open local
geometric configuration and a more balanced electronic
state distribution. This enables Pt to maintain a certain
degree of metallicity or Pt** character and form synergistic
units with adjacent O, or interfacial oxygen species. Under
these conditions, Pt sites are more favorable for H, activation,
while neighboring defect sites or interfacial oxygen facilitate
the adsorption and polarization of linear CO, molecules,
promoting their transformation into a bent configuration
and thereby lowering the formation energy barrier of
oxygen-containing intermediates. Furthermore, the local
electronic states of Pt are modulated by oxygen coordination
and defect coupling, weakening the Pt-CO interaction
compared to metallic Pt nanoparticles. This effect shortens
the residence time of *CO on Pt sites and suppresses further
hydrogenation to CHs. Using Pt1/TiOz as a model, Chen et al.
proposed a strategy to achieve high catalytic activity and
structural stability through the reversible regulation of Pt
particle size and chemical environment[153]. X-ray
absorption spectroscopy (XAS) reveals that in the fresh
Pt1/TiO: catalyst, Pt is highly dispersed as single atoms and
forms a highly saturated Pt-O coordination environment
with the surface oxygen of TiO2, which significantly restricts
catalytic activity. After reduction treatment, some Pt; species
migrate to form small, amorphous Pt, aggregates. This
process reduces the Pt-O coordination number, transforms
the local electronic environment of Pt into a more open
metallic state, and enhances the RWGS reaction activity by
nearly fivefold. Subsequently, these Pt, aggregates are
redispersed into Pt; after mild oxidation treatment. Unlike
the fresh samples, the Pt: after redispersion exhibits a
significantly reduced degree of coordination with surface
oxygen, presenting a more open coordination environment
and thus markedly enhancing RWGS reaction activity (Figure
4g-h). The Phillip Christopher group proposed a Pt single-
atom regulation strategy integrating site homogenization
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and environmental responsiveness[154]. Pt single atoms (0.5
wt%) were uniformly anchored at specific sites on 5 nm
anatase TiO:z nanocrystals. In-situ atomic-resolution
microscopy and spectroscopic characterization combined
with first- principles calculations demonstrated that Pt
single atoms dynamically regulate their local coordination
number and valence state under different environmental
conditions. Under oxidizing conditions, Pt forms a high-

coordination, oxygen-enriched Pt-O configuration. Under
mild reducing conditions, it transforms into a Pt-O-Ti
interfacial structure bonded to the surface sites of TiO2. In a
stronger reducing environment, it further evolves into nearly
neutral Pt%* species (Figure 5d), thereby decreasing the
activation energy from approximately 75 to 48 kJ/mol and
resulting in a 2-5-fold increase in catalytic activity.
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Figure 4. (a) Geometric and electronic structures of single atoms, clusters, and nanoparticles. Reprinted with permission from [155]. Copyright 2017,
Elsevier Ltd. (b) FT k3-weighted EXAFS data of different Pt/CeO; catalysts. Reprinted with permission from [138]. Copyright 2020, Springer Nature. In-
situ FTIR of CO desorption on (c) Pt/Ce02-AA-350, (d) Pt/Ce0:-IMP-350 and (e) 5Pt/Ce02-IMP-350 catalysts after pre-reduction at 350 °C in 20 %
Hz/N: for 1 h. Reprinted with permission from [85]. Copyright 2021, Elsevier B.V. (f) Quasi in-situ XPS spectra of Pt/CeO; catalysts for Pt 4f regions.
Reprinted with permission from [99]. Copyright 2025, Elsevier B.V. Pt Lz-edge XAS results on Pt1/TiOz: (g) the EXAFS, (h) the XANES. Reprinted with

permission from [153]. Copyright 2021, The Authors.

Owing to the unique configuration of single atoms, while
Pt: maintains high catalytic activity, structural stability
remains a major challenge. The anchoring interaction
between single-atom Pt and the support is difficult to sustain
under high-temperature reducing atmospheres, and Pt:
tends to migrate when induced by CO[156]. Meanwhile, the
weak dependence of the RWGS reaction on interfacial O
renders the Pt; structure metastable, resulting in its
thermodynamic and kinetic tendency to transform into Pt-Pt
aggregated states. Numerous studies have demonstrated that
Pt single-atom catalysts can significantly suppress migration

and sintering at high temperatures by strengthening MS]I,
thereby intrinsically enhancing catalyst structural
stability[157,158]. John Jones proposed the atom trapping
strategy for single-atom regulation[159]. Under high-
temperature air calcination conditions, the Pt nanoparticles
originally present on the CeO: surface undergo volatile
migration to form mobile PtO: species, which then form
strong Pt-0-Ce bonds with the surface oxygen of CeO, and
are firmly anchored, thus converting into highly dispersed
isolated Pt single atoms (Figure 5e-f). These Pt atoms are
forcibly confined as interfacial sites, and their stability
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derives from strong EMSI rather than Pt-Pt coordination. perception that highly loaded single-atom catalysts must rely
Lang et al. also achieved highly loaded and thermally stable on high-density defects. Kang et al. proposed an amine-
dispersion of Pt single atoms on the defect-free surface of = molecule-assisted in-situ anchoring strategy[89]. By
Fe20z by utilizing the strong covalent metal-support synergistically regulating the interaction between Pt species
interaction (CMSI) between Pt-O and the support[160] and interfacial O, of TiO2 Pt single atoms are embedded
(Figure 5g). These fully interfacialized and atomically into the O, to form a well-defined Pt’*-0,-Ti3* anchored
dispersed Pt species shift the stability-determining factor of  structure, thereby establishing SMSI to suppress Pt sintering
the catalyst from defect density control to chemical bond (Figure 5h-i).

strength control, thereby challenging the traditional
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Figure 5. Site-specific signatures of CO adsorbed to Ptiso, Ptmeta, and Ptox. (2) IR spectra of CO adsorbed at room temperature and saturation coverage on
a pre-reduced 0.05 wt % SEA catalyst during He flushing. (b) CO adsorbed to a reduced 1 wt % DI catalyst during a He and Oz flush at room
temperature and a TPO ramp. (c) CO adsorbed to an oxidized 1 wt % DI catalyst during the identical protocol as (b). Reprinted with permission from
[139]. Copyright 2017, American Chemical Society. (d) EXAFS of catalysts after each pretreatment and under CO oxidation reaction conditions.
Reprinted with permission from [154]. Copyright 2019, Springer Nature. HAADF AC-STEM images of Pt/CeO; treated at 800 °C in an air flow for 10 h:
(e) before treatment, (f) after three cycles of CO oxidation at 300 °C. Reprinted with permission from [159]. Copyright 2016, American Association for
the Advancement of Science. (g) Fourier transform radial distribution function of the Pt Lii-edge k3-weighted EXAFS spectra of Pt;/FeOy before and
after calcination in comparison with PtOz and Pt foil. Reprinted with permission from [160]. Copyright 2019, Springer Nature. (h) XANES spectra of the
Pt Lz-edge over the Ptsac/TiOz-x, Pt foil and PtO;. (h) Fourier-transformed EXAFS spectra of Ptsac/TiOz-x, Pt foil and PtO;. Reprinted with permission
from [89]. Copyright 2024, Science China Press.

balancing activity and selectivity, limited reaction pathways,

2.4 Bimetallic catalysts
y and uncontrollable structural evolution under high

Single Pt sites often face challenges such as the difficulty in
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temperatures or reaction atmospheres. In recent years, the
introduction of a second metal to construct Pt-M bimetallic
catalysts has been proven to be an effective regulation
strategy, whose core lies in the precise modulation of Pt local
structure, electronic state, and interfacial chemistry by the
second metal, thereby systematically reshaping the catalytic
reaction process itself[161-165]. Existing studies have
demonstrated that the catalytic behavior of Pt can be
regulated through multiple structural modes, including
forming Pt-M alloys or intermetallic compounds,
constructing adjacent heteronuclear diatomic sites, and
introducing alkali metal promoters with well-defined
chemical functions at the metal-support interface, thereby
reshaping the local electronic structure and proximal
coordination environment of Pt[166].

The second metal can directionally modulate the d-band
center of Pt and the adsorption strength of key intermediates,
weakening the excessive Pt-CO bonding under reaction
conditions by altering the proximal atomic environment of Pt.
This process alleviates CO poisoning and increases the CO
desorption rate. Additionally, the metal’s reversible redox
behavior can participate in the cleavage of C-O and O-H
bonds, further modifying the reaction pathway and
significantly enhancing the CO; conversion rate. Kattel et al.
introduced Co into Pt to fabricate nanoalloy catalysts
supported on various oxide supports, aiming to create a Pt-
Co subsurface structure while maintaining Pt-dominated
surface chemistry and amplifying the reaction characteristics
at the metal-oxide interface[167]. Combined with
thermodynamic stability predictions of Pt-terminated
structures using density functional theory (DFT), the results
demonstrate that Co primarily modulates Pt in the form of a
subsurface layer rather than replacing Pt as the primary
surface adsorption site. The PtCo-oxide interface formed in
this manner further governs the reaction process. Hansen et
al. prepared a series of SiOz-supported PtiFe, alloy
nanoparticles via the SOMC method[102]. As the Fe content
increased, the degree of Pt-Fe alloying was enhanced,
resulting in a CO formation rate nine times higher than that
of monometallic Pt@SiO;, while Fe@SiO; exhibited almost no
catalytic activity. XAS results revealed that the stability of the
Pt-Fe alloy and the rapid redox dynamics of surface Fe
transformed the formate reaction pathway of Pt@SiO; into a
more efficient redox catalytic pathway (Figure 6a-b). Liu et al.
constructed Pt3Ni intermetallic compounds supported on
mesoporous SBA-15 support[100]. In-situ XAS results
indicated that Ni tends to form a significant MSI with the
SiO2 support, leading to the dispersion of partial Ni into
stable Ni-silicate phases. Under conditions of mass
conservation, the remaining Ni metal components form Pt-
rich Pt3Ni alloys, which eliminate Ni-Ni interactions (Figure
6¢c-d). CO adsorption diffuse reflectance infrared Fourier
transform spectroscopy (CO-DRIFTS) results showed that
these specific Pt-Ni sites and Ni-silicate phases effectively
suppress the strong interaction between CO and Pt NPs as
well as Ni atoms, endowing the catalyst with high activity
and selectivity for CO generation in the RWGS reaction
(Figure 6e). Wang et al. employed atomically spatially
confined adjacent Pt-Fe hetero-dual sites as the core and
achieved directional reconstruction of Pt catalysts by

controllably anchoring Fe atoms at positions adjacent to Pt
atoms on the surface of commercial CeO2[101]. HAADF-STEM
characterization showed that Pt and Fe were atomically
dispersed on the CeO: surface while maintaining adjacency,
with no independent metal clusters observed. Compared
with Pt/CeOq, the introduction of Fe significantly modulated
the local electronic structure and proximal coordination
environment of Pt. As the Fe content decreased, the average
distance between Pt and Fe increased accordingly, and the
catalytic activity decreased simultaneously (Figure 6f). This
indicates that the promotional effect of this configuration
depends on the adjacent, rather than random, site
configuration.

2.5 Regulation of functional catalytic additives

In addition to the direct involvement of secondary metals
in reactions through alloy formation or adjacent
heteronuclear sites, promoter regulation primarily focuses
on reconstructing the interfacial chemical environment and
reaction field surrounding Pt[168]. Alkali metal promoters
generally do not serve as new active metal centers in the
RWGS reaction. Instead, they systematically regulate the
adsorption and activation behaviors, as well as the reaction
pathways of CO, and *CO, by modifying the acid-base
properties, charge distribution, and local electric field at the
Pt-support interface[64,169-172].

Yang et al. proposed a strategy for the synergistic
regulation of the structure, electronic properties, and
reaction pathways of Pt-based =zeolite catalysts by
introducing the alkali metal promoter potassium (K)[91].
With the addition of K, the dispersion degree of Pt increased
from 80.9% to 87.1%. The introduction of K gradually
disrupted the microporous structure of the zeolite and
covered the Pt sites on the Pt surface, thereby constructing
a stable Pt-K interface (Figure 6g-h). The presence of the
promoter K induced the formation of Pt-O(OH)-K interfacial
sites, which enhanced CO; adsorption and activation capacity
while simultaneously weakening the bonding strength of Pt-
CO species. Liang et al. also utilized the alkali metal promoter
K to construct Pt-KOx interfacial interactions rather than
relying on a particle size effect between Pt and the mullite
support[93]. The introduction of K resulted in an elevated
reduction temperature of Pt species and the appearance of a
Pt®* signal, clearly indicating the formation of a strong
interaction between K0 and Pt (Figure 6i). In addition to K,
Torres-Sempere employed the alkali metal promoter cesium
(Cs) to extensively regulate the surface acid-base properties
of the TiO; support[95]. Compared with the undoped system,
Cs did not compromise the high dispersion characteristics of
Pt or the specific surface area of the support. The core
mechanism involves the reconstruction of surface hydroxyl
groups and the electronic structure of TiO; by Cs. Analysis
using the Tauc plot method indicated that the band gap of
the catalyst after Cs doping changed by approximately 0.1 eV
compared with that of the undoped sample, reflecting that Cs
can neutralize hydroxyl sites on the TiO; surface and form
surface titanate species, thereby modulating the electronic
structure and insulating properties of the support. This
directly leads to a change in the reaction mechanism upon Cs
introduction: the O,-dominated redox mechanism over
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Pt/TiO; is transformed into a formyl/acyl-associated
pathway synergized by Cs-modified surface Lewis acid-base
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Figure 6. XANES under various conditions for (a) PtFe@SiO; (Fe-K edge), (b) PtFe@SiO, (Pt-L3 edge). Reprinted with permission from [102]. Copyright
2024, American Chemical Society. XAS data measured at the (c, d) Ni K-edge. (¢) DRIFTS band of CO atop adsorption on metallic sites of Ni, Pt, and PtNi
catalysts (after activation in H,/673 K) recorded at 298 K with helium flow. Reprinted with permission from [100]. Copyright 2018, American Chemical
Society. In-situ DRIFT spectra of the RWGS reaction over (f) Fe-Pt/CeO>. Reprinted with permission from [101]. Copyright 2023, American Chemical
Society. Aberration-corrected transmission electron microscope images of Kgo-Pt/L catalyst under the scale bar of (g) 100 nm and (h) 5 nm. Reprinted

with permission from [91]. Copyright 2017, Elsevier B.V. (i) H2-TPR profiles of Pt/mullite and K-Pt/mullite catalysts. Reprinted with permission from

[93]. Copyright 2016, Elsevier B.V. (j) FT-IR of CO; adsorbed on different catalysts under 10-15 mbar CO; pressure at room temperature. XAS spectra of

PtCr-Crine@Si0; at Pt Lz-edge and Cr K-edge under different conditions: (k) corresponding k*-weighted Fourier transforms of EXAFS spectra of Pt Ls-

edge, (1) corresponding first derivative spectra of Cr K-edge. Reprinted with permission from [94]. Copyright 2025, American Chemical Society.

From the perspective of catalytic design, the regulatory
roles of alkali metal promoters and transition metals in Pt-
based catalysts are inherently different yet highly
complementary[173]. Alkali metal promoters generally do
not form new metal reaction centers; instead, they function
by modulating the interfacial chemical environment
surrounding Pt, thereby weakening the Pt-CO interaction
and altering the reaction mechanism. In contrast, transition
metals directly participate in the formation of active sites
through alloying with Pt or by forming heteronuclear
diatomic sites, modulating the local electronic structure of Pt
and facilitating the catalytic reaction process. Zhou et al.
leveraged the regulatory advantages of both strategies and
established a dual-promotion mechanism that synergizes Pt-
Cr alloying with promoter-like interfacial Cr(III) species[94].
The introduction of Cr not only modulates the local
electronic structure and chemical environment of Pt but also
enables Cr(IlI) to act as Lewis acidic interfacial sites,
significantly enhancing CO; adsorption capacity (Figure 6j-1).
Furthermore, a formate-mediated associated reaction

pathway is initiated between the PtCr alloy and Cr(III)
species, proceeding in parallel with the redox pathway on
the alloy sites. A clear comparison between the two
pathways demonstrates that the rational design of Pt-based
catalysts has evolved from optimizing single active sites to a
multidimensional strategy focused on the synergistic
regulation of active centers and their reaction
microenvironments.

To regulate the local geometric configuration and
interfacial electronic structure of Pt-based catalysts, multiple
strategies have been employed, including metal-support
interface reconstruction, control of Pt particle size and
coordination environment, engineering of bimetallic active
sites, and incorporation of functional promoters. By
modifying the reaction energy barriers of key steps, such as
CO2 — HOCO* conversion, H; dissociation capacity, *CO
adsorption strength, and the relative conversion between
reaction pathways, these structural adjustments effectively
establish the intrinsic correlation between catalyst structure
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and RWGS reaction activity, CO/CH4 selectivity, and high-
temperature structural stability. This approach advances

traditional empirical optimization toward a reaction
mechanism-oriented synergistic design framework.
3 Identification of active sites and

mechanistic studies

In heterogeneous catalysis, catalytic performance depends
on the structural characteristics of genuine active sites and
their dynamic reaction pathways. Relying solely on static
characterization of products before and after the reaction
makes it difficult to accurately identify active centers and
their underlying mechanisms[174]. In-situ spectroscopy can
track the evolution of intermediates and changes in
electronic structure in real time[175]. When combined with
first-principles calculations, it enables quantitative analysis
of adsorption configurations, reaction energy barriers, and
electron transfer, thereby revealing the nature of active sites
and catalytic mechanisms[176-178].

For Pt-based catalysts, different working-state structures
not only alter the dispersion and valence state of Pt but also
determine the adsorption and activation modes of CO;, the

dissociation sites of H, and the stability of key intermediates.

These effects arise from the regulation of the local
coordination environment of Pt sites, metal-support
interfacial electronic coupling, and the proximity of defect
sites. Therefore, this section focuses not only on identifying
the true active sites but also on establishing the relationship
between the active site structure and the reaction pathways
illustrated in Figure 1b. Furthermore, it aims to elucidate
how this relationship influences the activity, CO selectivity,
and stability of RWGS.

3.1 In-situ characterization techniques

The advancement of in-situ and operando characterization
techniques has enabled the direct monitoring of changes in
Pt coordination environments, surface species, and
electronic states under realistic reaction conditions[179].
Techniques such as in-situ XANES/EXAFS, environmental
TEM (ETEM)and in-situ Raman can identify the Pt
coordination structure, surface chemical species, and the
mechanisms of synergistic effects between different active
sites at the molecular level[49,180]. Under RWGS reaction
conditions, Pt exists in a state where Pt’ and Pt%* coexist or
undergo dynamic interconversion, and its average
coordination number and local structure exhibit reversible
changes with atmospheric switching[181].

In-situ XANES/EXAFS is a key technique for identifying the
active structure of Pt catalysts. XANES sensitively reflects
changes in the average valence state and electron density of
Pt, while EXAFS quantitatively provides coordination
information on Pt-O, Pt-Pt, and Pt-M bonds. This enables
differentiation among single atoms, sub-nanometer clusters,

nanoparticles, and interfacial sites under reaction conditions.

For instance, in a single-atom system, Liang et al.[88]
developed a MeCpPt/Ce0:; single-atom catalyst coordinated
with methylcyclopentadienyl ligands (MeCp) through the
half-reaction of atomic layer deposition (ALD). In-situ XANES
and differential XANES spectra revealed a significant
decrease in the intensity of the Pt-O coordination peak and

the emergence of characteristic Pt-H signals under H,
pretreatment and CO2/H2 reaction conditions. This indicates
that the original structure, anchored as Pt?*-0-Ce, was
partially dissociated during the reduction process, forming
MeCpPt(H) working-state species characterized by low Pt-O
coordination and concomitant weak Pt-H interactions
(Figure 7a-c). In interfacial systems, Xu et al.[103] employed
in-situ XAFS spectroscopy to investigate the Pt-VOyx catalyst
and found that electron transfer occurs from Pt to VOx during
the RWGS reaction, accompanied by the formation of low-
coordination Pt structures. Additionally, VOx generates
reversible redox couples, demonstrating that the Pt-VOx
interface is directly involved in the reaction cycle.

In turn, ETEM provides unique real space evidence for the
direct observation of catalyst structural reconstruction
under reactive atmospheres. ETEM/operando TEM enables
real-time monitoring of active species migration, particle
sintering, interface encapsulation, shell collapse, and the
interconversion among single atoms, clusters, and
nanoparticles under controlled atmospheres and elevated
temperatures. This approach reveals the structural
mechanisms underlying genuine active sites or activity
degradation. Yang et al[l82] employed in-situ HR-
TEM/ETEM to track the crystal face-dependent structural
reconstruction of TiOz in real time under realistic RWGS
reaction conditions. At 500 °C in a pure H, atmosphere, the
TiO; surface experienced oxygen loss, forming Tiz0s (312)
facets that hindered oxygen diffusion. Upon switching the
atmosphere to CO; the surface was re-oxidized through
oxygen incorporation, driving the structural transformation
from the TizOs lattice back to TiOz. During this
transformation, atomic displacement initially occurred on
the stepped (110) facets, while atomic row merging was
observed on the high-index (112) facets and the (101) facets
remained relatively stable. When exposed to the RWGS
reaction atmosphere, the TiO; surface exhibited distinct
crystal face-dependent dynamic structural changes.
Specifically, the (112) and (110) facets displayed
pronounced merging and splitting of atomic columns,
accompanied by intense surface reconstruction and oxygen
exchange. Conversely, the thermodynamically stable (101)
facets maintained structural integrity (Figure 7d-f). These
findings directly confirm that the active sites for the RWGS
reaction are concentrated on high-index and stepped crystal
facets, whereas the (101) facets are intrinsically inert toward
the reaction. In recent research, Bamonte et al[183]
conducted continuous monitoring of the structural evolution
of a Pt-OMS-2 (a-MnO3) catalyst under realistic reaction
atmospheres via ETEM. The results demonstrated that Pt
existed as isolated single atoms prior to the reaction through
isomorphous substitution of Mn sites. Under reaction
conditions, a 1x2 MnO; tunnel structure emerged at 250 °C,
indicating an in-situ phase transformation of the catalyst.
Upon heating to 300 °C, ETEM enabled real-time
visualization of the gradual formation of Mn304 at the tips of
the rod-like particles, revealing continuous structural
reconstruction of the support during the catalytic process.
Notably, no Pt aggregation was detected throughout the
reaction upon further heating to 350 °C, suggesting that
single-atom Pt maintains high structural stability within this
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dynamic reaction temperature window (Figure 7g-i).

In contrast to ETEM and in-situ XANES/EXAFS, in-situ
Raman spectroscopy overcomes their limitations in
monitoring support framework vibrations, O,, and surface
oxygen-containing species. It is particularly effective for
tracking phase transitions, the reconstruction of surface M-0
species, and structural variations related to O, and lattice
oxygen within reducible oxide-supported catalytic systems
under reaction conditions. Keturakis et al.[184] employed in-
situ Raman spectroscopy to elucidate the bulk phase
transformation and surface species reconstruction of the
CrO3/Fe;03 catalyst during the RWGS reaction. The results
revealed that the catalyst transformed from Fe;03 to
catalytically active Fe304 under varying Hz: CO2 molar ratios.
Meanwhile, surface Cré* species were irreversibly reduced to
Cr¥* during the catalytic process. Further in-situ Raman
redox cycling experiments demonstrated that the catalyst
retained Fe304 as the dominant phase after reaching the
RWGS steady state, with surface Cr3* remaining in the
reduced state (Figure 7g-k). These findings indicate that
chromium acts solely as a structural promoter and does not
participate in the redox cycle. Meanwhile, this technique
enables the tracking of active interfacial structure evolution
by monitoring M-0 bond vibrations. In the PtFe/CeO; system,
Xie et al.[99] employed in-situ Raman spectroscopy and
observed that H; reduction significantly enhanced the
intensity of the defect D band, indicating that high-
temperature reduction effectively generates abundant
surface O,. Additionally, a peak corresponding to the Pt-O-Ce
bridge bond appeared and intensified with increasing
reduction temperature, confirming that the reducing
atmosphere drives interfacial structural reconstruction. The
in-situ formation of Pt**-0-Ce3* active sites and O, synergistic
centers was identified as the key to the high low-
temperature RWGS activity (Figure 8f).

To further clarify the real-time changes of reactants at the
active sites, in-situ diffuse reflectance infrared Fourier
transform spectroscopy (in-situ DRIFTS) enables the
identification of reaction intermediates and
pathways[185,186]. In various Pt-based systems, in-situ
DRIFTS has clearly observed surface species such as CO*,
carboxylate (COOH*), and formate (HCOO*), and their
evolution with temperature, reactant partial pressure, and
time provides critical information for identifying active sites
and determining reaction mechanisms[187-189]. Xie et al.[99]
employed in-situ DRIFTS to achieve real-time tracking of the
evolution of surface-active species and the response of local
structures under realistic reaction conditions at 350 °C.
Characteristic vibrational peaks assigned to Ce**-OH, Ce3*-
OH, and Ce**-OH-like oxyhydroxide species were observed in
an H, atmosphere. These signals intensified continuously
over time, indicating that H, dissociated at Pt>*-0-Ce3* sites,
and the generated *H species continuously spilled over onto
the CeO: surface to form -OH groups. Subsequently, upon the
introduction of COz, the formation of bicarbonate
intermediates was monitored in real time, confirming that
dual active sites promote the conversion of CO: to HCOO*
species via the bicarbonate pathway (Figure 8g). In the
MeCpPt/CeO; single-atom system, in-situ DRIFTS results
indicated that CO; is primarily adsorbed on the CeO: surface,

while CO formation depends on the MeCpPt(H) sites[88].
Further monitoring of intermediate adsorption confirmed
that single-atom Pt sites serve as the main active sites in this
system. Lei et al.[98] observed both a weak and narrow band
corresponding to linear CO adsorption and a band assigned
to bidentate CO adsorption on the Pt-aCe0:@SiO catalyst
through in-situ CO-DRIFTS studies. This observation
indicates that the active sites are closely associated with the
high-valent Pt-O-Ce interfacial sites, which are modulated by
the SMSI (Figure 71-n).

The aforementioned diverse in-situ techniques can not
only resolve the dynamic reconstruction of the Pt structure
and valence state during the reaction process but also
provide direct evidence for the identification of distinct
active centers and interfacial structures[47]. By integrating
these observations with catalytic performance data and
mechanistic analysis, we can more precisely identify which
sites dominate CO, activation and enhance RWGS activity,
which sites improve CO selectivity by regulating CO
adsorption and inhibiting deep hydrogenation, and which
structural features contribute to stabilizing the active sites
during operation and maintaining long-term performance.

Among the various working-state structures revealed by
in-situ characterization, the key active sites in highly efficient
RWGS catalytic systems are often not isolated metal atoms
but rather composite sites located at the interfaces between
metals and supports or metal-oxide promoters[190]. On
reducible supports, a defining feature of Pt interfacial sites is
their strong coupling with O, and variable-valence cations. Pt
atoms are frequently anchored to surface O,, forming stable
Pt%*-0,-M"* structures. On one hand, O, donates electrons to
Pt, inducing a partial positive charge or charge redistribution
on Pt, thereby modulating its adsorption strength toward
reaction intermediates such as CO, H, and OH. On the other
hand, the M"*-Oy network itself acts as a crucial redox site for
CO: adsorption and activation. Additionally, O, exerts a
strong anchoring effect on interfacial sites. Consequently,
these structures synergistically enhance both RWGS activity
and CO selectivity by regulating the balance between CO:
activation capacity and CO adsorption strength, while
providing a favorable foundation for maintaining the active
state of interfacial sites. Combining steady-state kinetics
with in-situ infrared spectroscopy, Bi et al.[87] demonstrated
that COz is more readily activated at the WOx/Pt interface.
The intensity ratio of linearly bonded to bridge-bonded CO
adsorbed on the catalyst, formed from CO2 hydrogenation,
was significantly reduced, while the intensity of the gas-
phase CO peak was approximately 1.3 times higher than that
observed for Pt/SiO.. These findings indicate that the
interfacial peripheral sites formed by WO, overlayers not
only enhance the adsorption and activation of CO2 but also
weaken CO adsorption on Pt (Figure 8a-b). This clearly
demonstrates that the truly efficient active centers in RWGS
are often located at interfacial peripheral regions rather than
isolated metal sites. Similarly, using in-situ infrared
spectroscopy, Lei et al[98] further showed that CO:
preferentially adsorbs on defective CeO, surfaces as CO3?*
species, H: dissociates at single-atom Pt sites, and
subsequent conversion to CO and H20 occurs at the Pt-O-Ce
interfacial sites, with products rapidly desorbing from the Pt



Nano Research | Vol. XX, No. XX

Firstauthor et al.

sites (Figure 8c). This phenomenon is attributed to the
predominance of Pt’* species in the high-valence Pt-O-Ce
single-atom interfacial structure, which weakens CO
adsorption at the Pt sites. Simultaneously, the strong

anchoring effect of O, on the single-atom Pt maintains the
stability of the interfacial structure, enabling the catalyst to
operate stably for up to 16 hours. It is worth noting that
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although interfacial sites can simultaneously provide
electronic coupling and defect participation, optimizing both
CO: activation and H: dissociation simultaneously at a single
site remains challenging in some systems.

Compared to single active sites, dual active sites facilitate a
synergistic division of labor for CO: adsorption and
activation, as well as Hz dissociation, both in terms of spatial
distribution and functional properties. This synergy
enhances the reaction rate and CO selectivity[191-195].
Meanwhile, such site-partitioning behavior helps prevent the
excessive accumulation of reactants and intermediates on
individual metal sites, mitigates the tendency toward deep
hydrogenation, and to some extent reduces the risk of

deactivation caused by locally high coverage, thereby
promoting long-term stable operation. Li et al.[92] developed
a Pt cluster/PN-CeO: catalyst by introducing frustrated
Lewis pairs (FLPs) onto a CeO: support. In-situ DRIFTS
analysis of the dynamic evolution of surface species during
the reaction revealed that, under the RWGS reaction
atmosphere, the characteristic peak of Ce**-OH gradually
diminished, while the Ce*-OH peak emerged. This
observation confirmed that CO; is preferentially activated at
FLP sites induced by defects on the CeO> surface. Conversely,
under an H, atmosphere, combined results from in-situ
DRIFTS, H.-TPR, and XPS analyses demonstrated that Pt
clusters exhibit excellent hydrogen molecule dissociation
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ability and serve as the primary sites for H, activation.
Therefore, the dual active sites of Pt clusters and FLPs (Ce3*-
0-Ce3*) achieve a synergistic division of labor in the
adsorption and activation of CO2 and Ha. This synergy not
only eliminates competitive adsorption but also prevents Pt
deactivation caused by excessive CO coverage on Pt sites,
which is crucial for attaining high activity at low
temperatures (Figure 8d-e). By combining in-situ isotope-
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Figure 8. In-situ FTIR spectra of CO; hydrogenation on (a) Pt/SiOz and (b) Pt0.5W at 400 °C. Reprinted with permission from [87]. Copyright 2024,
American Chemical Society. (c) In-situ FTIR of Pt-aCe0.@SiO2 collected at different temperatures under reaction gas flow. In-situ DRIFTS spectra of
Ptciuster/PN-CeO2 and Pteuster/NRCeO2 under flowing (d) COz and (e) Hz. Reprinted with permission from [92]. Copyright 2023, Wiley-VCH GmbH. (f) In-
situ Raman spectra of Ptrec/CeO2. In-situ DRIFT spectra of (g) the -OH groups evolution during Hz adsorption, (h) Hz and D isotope labeling
experiments, and (i) the -OD groups evolution during CO; adsorption on the Ptrec/CeO2 catalyst. Reprinted with permission from [99]. Copyright 2025,

Elsevier B.V.

Another significant contribution of in-situ characterization
is its ability to distinguish multiple parallel reaction
pathways and clarify their corresponding structural origins.
By tailoring the interfacial composition or introducing
bimetallic components, and combining in-situ DRIFTS with
kinetic measurements, researchers have found that the
RWAGS reaction often proceeds simultaneously via different
pathways. As illustrated in Figure 1b, the distinct reaction
pathways of Pt-based catalysts in the RWGS reaction depend

on the synergistic regulation of oxygen, hydrogen, and
oxygen-containing intermediates at the interface. When the
Pt-oxide interface or alloy sites contain reversible redox
components, CO activation is more likely to proceed via the
generation, migration, and elimination of surface oxygen
species, favoring the redox pathway. In contrast, the *COOH
associative pathway is more readily favored at Pt-support
interfaces, O,-adjacent sites, or bifunctional sites with
efficient H; dissociation and hydrogen spillover capabilities.
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This is because Pt efficiently dissociates and activates Ha,
while defect sites or interfacial O sites can adsorb and
polarize CO2, converting it from a stable linear molecule to a
more reactive bent adsorbed state. When H spills over to the
interface, it combines with the activated CO: molecules,
facilitating the formation of *CO; + H — *HOCO (Figure 1b).
Additionally, when the interface structure promotes the
formation and accumulation of bidentate formate species,
sites on the interface or support surface that can stably
anchor the 0-C-O skeleton in a bidentate configuration
enable hydrogen to preferentially add to the oxygen-related
configuration of CO2, resulting in the formation of relatively
more stable formate species.

These different pathways correspond to varying stabilities
of key intermediates and rate-determining steps, which in
turn influence the activity and CO selectivity of the RWGS
reaction[196]. Liang et al.[93] confirmed through in-situ CO-
DRIFTS that only *CO adsorption peaks were detected on the
Pt/mullite catalyst, indicating that the reaction follows a
redox pathway. Upon K doping, formate intermediates form
at the Pt-KOy interface, which opens a new formate pathway
and simultaneously weakens CO adsorption (Figure 9a-c).

Chen et al.[130] tracked the dynamic evolution of surface
intermediates during the RWGS process by means of in-situ
DRIFTS to elucidate the pathway differences of distinct
interfacial sites. For the Pt/Al,03 system, various surface
carbon-containing species were clearly observed via in-situ
DRIFTS. Upon cutting off the CO: supply, the signals of
weakly adsorbed bicarbonates and carbonates disappeared
rapidly. Under an H, atmosphere, monodentate formate
decayed much faster than bridged ones, indicating that the
Pt-Al203 interfacial sites mainly follow the formate pathway.
In contrast, when in-situ DRIFTS measurements were
performed under the same conditions on a physically mixed
system of Pt/Al203 and anatase TiO, *CO accumulated over
time, while all formate-related peaks disappeared completely,
and a broad peak attributable to TiOz-bound acetate species
emerged (Figure 9d-f). This demonstrated that acetate
migration covered the formate formation sites at the Pt-Al203
interface, switching the reaction pathway to the more
favorable carboxyl route. This confirms that the carboxyl
pathway primarily occurs at the metal-support interface,
whereas the formate pathway is highly dependent on the
proximal synergy between these interfacial sites and Pt.
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Figure 9. DRIFT spectra collected at 300 °C when the gas was switched from feed gas to He, followed by switching the gas flow to H; over (a) reduced
Pt/mullite and (b-c) reduced K-Pt/mullite. Reprinted with permission from [93]. Copyright 2016, Elsevier B.V. In-situ DRIFT spectra of the Pt/Al;03
single sample: (d) during 2 h of the RWGS reaction, (e) under a H, atmosphere at 250 °C. (f) The Pt/Al;03: A-TiO2 = 1:10 mixed sample exhibits the
same spectra as those in (d). Reprinted with permission from [130]. Copyright 2021, American Chemical Society.

Building on this foundation, the reconstruction of active
site functionality through the introduction of a second metal
has added a new dimension to the tunability of reaction
pathways. Its role is not only to construct additional
synergistic sites but also to reshape CO; activation and the
conversion modes of surface intermediates by altering the
local electronic structure, interfacial composition, and redox
properties around Pt, thereby triggering the switching of
reaction pathways or the parallel coupling of different
pathways. Using in-situ DRIFTS, Hansen et al.[102] observed
only weak formate signals at single Pt metal sites under an

H, atmosphere, indicating that CO. activation primarily
depends on the hydrogen-mediated formate pathway. In
contrast, for the bimetallic PtFe@SiO; catalyst, in-situ
DRIFTS and in-situ XAS spectra revealed that Fe sites
undergo a reversible redox dynamic between Fe® and Fe™
under reaction conditions, enabling the direct formation of
CO from CO; even in the absence of H;. On the other hand, Pt
is mainly responsible for the efficient dissociation of H». This
series of in-situ observations directly demonstrates that Fe,
acting as a promoter, triggers a switch in the reaction
pathway from the hydrogen-mediated mechanism to the
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redox mechanism by altering the functional division of labor
among active sites surrounding Pt (Figure 10a-b).
Additionally, the dynamic alloying cycle of FeOx-PtFe inhibits
particle agglomeration and maintains the structure of active
sites, thereby enabling both high activity and excellent
stability under low-temperature conditions. In the PtCr-
Crin@SiO; catalyst system, Zhou et al.[94] confirmed the
stable existence of PtCr alloys using in-situ XAS. Combined
with in-situ DRIFTS to probe the response of Pt sites to COq,
it was found that Pt@SiO2 and SiO; exhibited almost no CO2
adsorption, whereas CO adsorption peaks appeared on
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the ability to directly activate and dissociate CO, following
an alloy-site-dominated redox pathway. In contrast,
significantly enhanced CO: adsorption signals and
characteristic peaks of formate intermediates were observed
at the Pt-Cr(III) interfacial sites, demonstrating that these
interfacial sites initiate an additional formate-mediated
pathway with synergistic hydrogen supply from Pt (Figure
10c-f). These two types of sites operate in parallel, enhancing
CO2 activation efficiency while maintaining structural
stability after 50 hours of continuous operation.
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Figure 10. In-situ DRIFTS for (a) Pt@SiO2 and (b) PtFe@SiO; under CO2/Ar, Hz/Ar, and COz/Ar. Reprinted with permission from [102]. Copyright 2024,
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In recent years, in-situ and operando characterization
techniques have made significant progress in elucidating MSI,
single-atom catalysts, interfacial catalysis, and energy
conversion processes. However, their capabilities remain
limited in resolving the origins of electronic structures,
variations in energy barriers, and detailed analyses of
synergistic effects. Therefore, it is essential to combine these
techniques with DFT calculations to perform quantitative
analyses of the structures of distinct active sites and reaction
pathways, with the goal of deepening the understanding of
Pt-based RWGS reaction mechanisms at the atomic scale.

3.2 Theoretical studies

Compared to experimental approaches, theoretical
calculations can elucidate the energy changes and structural
evolution of each elementary reaction step at the atomic and

electronic scales. This capability provides a quantitative
basis for understanding why different active sites exhibit
varying activity and CO selectivity[197]. Therefore,
theoretical studies are used not only to determine the
reaction pathways and rate-determining steps (RDS)[198]
but, more importantly, to explain how the structure of the Pt
active site directly correlates with macroscopic performance
by regulating the initial CO, activation capacity, the stability
of key intermediates, and the ease of CO desorption.

A central focus of theoretical calculations is the intrinsic
differences in reaction pathways across distinct active
sites[199]. Pt active sites primarily manifest as ideal crystal
facets, step or defect sites, and Pt-support interfacial
structures[200,201]. Theoretical studies typically involve
constructing structural models with varying configurations
to systematically compare CO, adsorption, the stability of
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key intermediates, and the associated reaction energy
barriers. For isolated Pt(111) sites, low-coordination active
sites, such as edge-bridge sites on Pt NPs favor intermediate
adsorption but exhibit excessively weak bonding to CO2. This
weak interaction causes CO: to desorb before hydrogenation
to form *COOH or *HCOO intermediates, making it difficult
for Pt NPs alone to catalyze the conversion of CO; to CO[84].
Therefore, stable CO2 adsorption has become a prerequisite
for enhancing overall conversion efficiency. Extensive
theoretical studies have demonstrated that the CO:
activation ability is primarily determined by the
coordination environment of metal active centers, with
metal-support interfacial sites serving as the core factor
regulating the coordination environment and electronic
structure. In the atomically dispersed state of Pt, the low
coordination number and partial positive charge of Pt can
enhance the linear adsorption and polarization of CO,
facilitate the formation of intermediates, and reduce the
initial activation energy. In the Pt;/TiO; system, Chen et
al.[153] observed that Pt;/TiO2 with highly oxygen-
coordinated Pt exhibited almost no Pt-CO adsorption peaks,
whereas its catalytic performance increased several-fold
after reduction. Combined with theoretical calculations, it
was found that under a reducing atmosphere, the local
coordination of Pt atoms transformed from a fully oxidized
state to a partially reduced state, forming accessible Pt** and
Pt species located near the surface region. At this point, the
coupling between the d-orbitals of Pt and the antibonding
orbitals of CO2 was enhanced, significantly reducing the
initial activation energy barrier of the *CO2 — *COOH step.

Modulated by the metal-support interfacial structure, the
unique geometric and electronic characteristics of interfacial
sites significantly influence the adsorption and activation
behaviors of reactant molecules[202]. Xie et al[99]
constructed geometric models of Pt clusters on the CeO:
surface and near O, defects. Energy analysis revealed that the
0, sites provided by CeO; can substantially modulate the
electron density of the metal, rendering Pt partially
positively charged and forming a stable Pt-O-Ce bridge
structure at the interface. Energy profile calculations
demonstrated that the heterolytic cleavage of H; at the Pt**-
0-Ce3* sites exhibits the lowest energy barrier, whereas a
higher potential energy is required on the surface of pure Pt
clusters. In contrast, CO; molecules adsorb in a bent
configuration at the O, sites, forming formate intermediates
(Figure 11a-b). The Ma Ding group constructed a Pts-MoOy
model via DFT calculations[97]. At the interface between Pt
clusters and 0,, CO; forms a stable adsorption configuration
in which the carbon atom coordinates with Pt and the
oxygen atom coordinates with O,-rich Mo™ sites. This
configuration significantly enhances the polarization and
bending of the CO; molecule, thereby reducing the energy
barrier of subsequent reaction steps. In contrast, CO;
adsorption is weak on MoO, without Pt or on the Pts-MoO3
surface without O, (Figure 11c-e). These results indicate that
simply increasing Pt exposure is insufficient to ensure high
RWGS activity. The crucial factor is enhancing the initial CO;
activation capacity via low-coordination structures or
interface-induced electronic regulation.

In addition, the binding strength of *CO determines CO

selectivity[203-205]. In Pt-based RWGS catalytic systems, the
type and distribution of active sites directly govern the
intermediate configurations formed during the CO2
hydrogenation process, thereby influencing CO selectivity.
The COOH pathway exhibits a lower energy barrier for C-O
bond scission and is both thermodynamically and kinetically
more favorable than the pathway leading to HCOO formation.
At the Pt/oxide interface, oxide sites provide additional acid-
base functionality and electronic modulation effects, which
significantly stabilize the COOH intermediate and reduce the
energy barrier for C-O bond scission. These interfacial sites
interact with oxygen defects on the support, enabling the
stabilization of bent CO:; adsorption configurations and
facilitating their combination with active hydrogen to form
*COOH. This configuration features a low energy barrier for
C-O bond cleavage, favoring the rapid formation and
desorption of CO. For instance, at the Tiz0¢/PtCo interface,
the calculated energy barriers for COOH formation and
dissociation are both lower than those on pure Pt, allowing
the RWGS pathway to proceed at lower temperatures while
maintaining high CO selectivity[167].

Having established the decisive role of CO binding energy
and intermediate configurations in CO selectivity, it is
essential to further investigate the electronic and structural
modulation effects exerted by support properties in this
process. Using Pt/TiO; and Pt/SiO: as examples, Kinetic
Monte Carlo (KMC) simulations, by integrating surface
reaction energy barriers and adsorption kinetic parameters,
revealed that at the Pt/TiO; interface, the significant synergy
between Pt edge and corner sites and O, markedly reduces
the activation energy of the *CO, — *COOH step in the
carboxyl pathway, facilitates H. dissociation and hydrogen
atom migration, and promotes *CO desorption (Figure 11f-g).
In contrast, on Pt/SiO;, the absence of metal-support
electronic coupling results in difficult CO2 activation and a
higher propensity for C-O bond scission, leading to the
preferential formation of CH4[84]. A similar phenomenon has
also been observed in Pt-Co model systems. DFT potential
energy surface calculations indicate that on Tiz0s/PtCo(111),
*CO; adsorbs stably in a bent configuration at the Pt-Ti
interface and is hydrogenated to the COOH intermediate. The
free energy required for CO desorption at 300 °C is
significantly lower than that for the CO hydrogenation step.
In contrast, on Zr30s/PtCo(111), although the *COOH
pathway is retained, the enhanced interfacial O-Zr*
interaction leads to a marked increase in the binding
energies of C, O-bidentate and O-monodentate intermediates
(Figure 11h-i). Consequently, the CO binding energy rises to -
2.00 eV, resulting in hindered CO desorption[167]. These two
studies collectively demonstrate that CO formation and
desorption depend not only on the nature of metal active
sites but are also significantly modulated by the electronic
structure of the support and interfacial synergistic effects.
Supports with strong electron-donating capacity or the
ability to form O, facilitate the stabilization of COOH
intermediates and promote CO desorption, thereby
enhancing the selectivity of the RWGS reaction.

The identification of reaction pathways and key RDS
constitutes a crucial theme in theoretical studies. In
heterogeneous catalytic reactions, the overall reaction rate
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and final selectivity are governed by the slowest elementary
step. The redox pathway regulates the reaction rate through
two primary steps: the re-oxidation step, in which surface
0/OH species are hydrogenated to form H:0, and the C-O
bond cleavage step in CO2. These steps are closely associated
with different types of Pt active sites. At Pt-support
interfacial sites, O and OH species bind strongly at the
interface, resulting in high-coverage blocking adsorbates.
Further hydrogenation of strongly adsorbed OH to weakly
adsorbed H:0 requires breaking the Pt-O/M-O bonds and

model has the lowest energy barrier[206]. Microkinetic
simulations revealed that CO, activation and CO formation
are relatively accelerated at the Pt-O,-Ti interface, whereas
the elementary step involving the recombination of highly
covered H and OH to form H:0 exhibits the greatest kinetic
resistance and thus controls the overall reaction rate.

Association mechanism typically involves either the
adsorption and activation of CO; at the Pt/support interface
to form COOH intermediates or the cleavage of COOH to
generate CO and OH species. Consequently, the rate of this

forming an H-O-H molecule (Figure 1b), which leads to a
higher activation energy. Feng et al. employed first-principles
potential energy surface calculations and found that the
direct CO: dissociation pathway on a Pt-O,-Ti interfacial
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In contrast, metallic Pt step and terrace sites lack lattice
oxygen that can participate in the redox cycle. All O species
exist as adsorbed O* or OH*. Cleavage of the CO-O bond in
CO;2 on metallic Pt requires simultaneous rearrangement of
the bonding between C, O and the metal surface, which
significantly increases the transition-state energy and
renders this step rate-determining in the microkinetic
analysis. Qi et al. combined DFT with microkinetic
modeling[208]. On Pt(111), they indicate that metallic Pt
sites exhibit strong C-binding ability and moderate O-
binding ability. A subsequent degree-of-rate-control analysis
quantified the sensitivity of all intermediates and transition
states, showing that the transition state for CO-O bond
cleavage in the COz — CO + O* step has the highest degree of
rate control, whereas the contributions of other species are
negligible. Thus, the metallic Pt(111) sites responsible for
CO-0 bond cleavage are identified as the key active sites for
the high-temperature RWGS reaction.

At contiguous metallic sites with high H, activation
capability but weak CO2 adsorption, the CO: transition state
intermediate cannot be effectively stabilized, making the
energy barrier for the *CO, — *COOH step the kinetic
bottleneck of the RWGS reaction[209,210]. Li et al
constructed a bifunctional interface model incorporating Pt
clusters and FLP sites, and systematically analyzed the
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reaction pathways and variations in key energy barriers
using DFT calculations[92]. The results revealed that the
RWGS process follows a typical *COOH intermediate
pathway in this dual-active-site system. Pt clusters primarily
facilitate the heterolytic cleavage of H, molecules to form
adsorbed hydrogen (H*). One of the H* atoms migrates to the
FLP sites via spillover and reacts with CO, adsorbed on the
FLP sites to generate the *COOH intermediate. Subsequent
hydrogenation promotes the decomposition of *COOH into
*CO and surface hydroxyl groups (OH*), followed by the
smooth desorption of CO. The free energy profile
demonstrated that the pathway *CO, - *COOH — *CO + *OH
is the most favorable on the Pt cluster/PN-CeO. surface.
Further analysis of key energy barriers confirmed that the
initial activation of CO: exhibits the largest free energy
change and thus serves as the RDS of the overall reaction
(Figure 12a). In the sub-nanometric Ptrec/CeO2 cluster model,
the RWGS process was similarly found to follow a typical
*COOH intermediate pathway. Pt cluster sites enable efficient
H-H bond cleavage and hydrogen supply, while O, and Ce3*
sites facilitate CO; polarization and the formation of carboxyl
intermediates. The energy barriers for CO, adsorption and
activation steps are significantly higher than those for
subsequent hydrogenation or CO desorption steps, thus
serving as the RDS of the reaction[99].
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Figure 12. (a) The adsorption behaviors of CO; and CO on the Ce0(110) surface with various active sites. The red and yellow balls represent the O and
Ce atoms of CeO,, respectively. Reprinted with permission from [92]. Copyright 2023, Wiley-VCH GmbH. (b) The dynamic mobilization of the
MeCpPt(H)CO complex on the CeO; surface at 300 °C from AIMD simulation. (c) The dynamic state of a single Pt atom fixed on the CeO; surface at
300 °C from the AIMD simulation. (d) DFT-calculated energy profile (eV) for the RWGS reaction through operando mobile catalysis (Ce: ivory, O: red, H:
white, C: gray, Pt: light gray). Reprinted with permission from [88]. Copyright 2024, Wiley-VCH GmbH. (e) Energy profiles of the three reaction routes

(redox, carboxyl, and formate) on Pt4-MoO,, depicted in gray, red, and cyan, respectively. Reprinted with permission from [97]. Copyright 2022,

Springer Nature.

At Pt sites exhibiting strong interfacial interactions with
support defects or metal oxides, the electronic structure of
single-atom Pt sites is modulated by support O, or support
metal ions[211]. This modulation significantly enhances the
capacity for bent CO2 adsorption and polarization, lowers the
energy barrier for the initial hydrogenation step forming

*COOH[212], and consequently shifts the RDS to the cleavage
of *COOH into CO and *OH[213,214]. In the MeCpPt/CeO:
system, ab initio molecular dynamics (AIMD) simulations
revealed that compared to stationary Pt atoms, the
MeCpPt(H)CO complex can migrate rapidly on the CeO:
surface. This high mobility substantially increases the spatial



Nano Research | Vol. XX, No. XX

Firstauthor et al.

contact probability between Pt active centers and carbonate
intermediates on the CeO; surface, facilitating the rapid
hydrogenation and conversion of surface carbonates into
*COOH. Subsequently, *COOH cleaves into *CO and *OH at the
Pt-0, synergistic sites (Figure 12b-d). At the Pt-0, interface,
the energy barrier for the *COOH — CO + *OH step is higher
than those for the *CO, — *COOH step and the subsequent
*OH hydrogenation step, thus identifying it as the key
RDS[88]. In the Pt-Mo0O,/y-Mo:N system, a comparison of the
free energy profiles revealed that the highest energy barrier
of the carboxyl pathway is significantly lower than those of
the redox and formate pathways, confirming that the
reaction proceeds via a carboxyl-mediated associative
mechanism (Figure 12e). Combined with experimental
results, it is inferred that the *COOH — *CO + *OH step in this
pathway serves as the key RDS[97].

Integrating in-situ characterization with theoretical
calculations, the efficient catalysis of the RWGS reaction
stems from the synergistic effects of specific Pt-support
interfaces or bifunctional active sites. In-situ techniques have
revealed the spatial and functional division of labor of these
sites in CO; activation and H, dissociation, while theoretical
calculations have quantified the reaction energy barriers and
identified the location of the key RDS.

Thus, the structural design of Pt-based catalysts not only
alters the dispersion and valence state of Pt but also governs
the CO: activation capacity, the ease of *COOH/*HCOO
intermediate conversion, and CO desorption behavior by
modulating the local coordination environment, interfacial
electronic coupling, and defect neighborhoods[215]. These
factors collectively influence the activity and CO selectivity of
the RWGS reaction. In systems exhibiting strong anchoring
effects or stable interfacial configurations, these
characteristics further contribute to maintaining the
working-state structure and ensuring long-term operational
stability.

4 Conclusion and outlook

In recent years, due to the high cost and scarcity of Pt,
enhancing the atomic utilization efficiency of Pt and
precisely regulating the intrinsic structures of active sites
have proven to be effective strategies for enhancing the
activity, selectivity, and stability of the RWGS reaction. This
review summarizes recent advances in the structural design
and mechanistic understanding of Pt-based catalysts for the
RWGS reaction. The studies discussed collectively
demonstrate that high RWGS activity and CO selectivity do
not arise from isolated metallic Pt sites alone, but from a
range of structurally well-defined active centers, including
Pt-reducible oxide interfaces, defect-anchored single atoms,
sub-nanometric Pt clusters, and functionally divided
bimetallic ensembles. Across these systems, a consistent
picture emerges in which the local coordination
environment, oxidation state, and dynamic reconstruction of
Pt under reaction conditions jointly govern CO activation,
intermediate stabilization, and CO desorption.

In terms of Pt-based RWGS catalysts with high activity,
high CO selectivity, and excellent stability, metal-support and
metal-promoter interfaces serve as intrinsic active sites.
Combined in-situ spectroscopic and Kkinetic studies reveal

that the most active centers are the metal-support interfacial
sites. These sites couple metallic or partially oxidized Pt with
oxygen vacancies and variable-valence cations. Such
interfacial ensembles enhance CO, bending adsorption and
polarization, stabilize carboxyl (COOH) intermediates, and
weaken CO binding compared to metallic Pt surfaces.
Promoters and secondary metals improve RWGS
performance through well-defined electronic and structural
effects rather than simple additive behavior. Alkali and
alkaline-earth cations modulate the basicity and O,
concentration of oxide supports, resulting in stronger CO;
adsorption but weaker CO binding at Pt adjacent sites.
Transition metals reconstruct Pt active sites at the atomic
level by redistributing redox and hydrogen-activation
functions across different local environments.

The combination of in-situ methods with theoretical tools
such as DFT and microkinetic simulations reveals the
dynamic nature of Pt active centers and clarifies the
dominant reaction pathways at different site types. At O,-rich
Pt-0,-M" interfaces, redox pathways can become dominant,
with the OH + H — H0 step typically controlling the overall
reaction rate. In contrast, on metallic Pt terraces and steps
that lack lattice O, CO-0 bond cleavage generally exhibits the
highest degree of rate control. For the associative mechanism,
both theoretical and kinetic analyses consistently indicate
that the CO2 — *COOH and *COOH — CO + OH steps are
usually rate-determining. These findings demonstrate that
both the identity and population of active sites are dynamic,
and that reaction pathways and RDS with the distribution of
interfacial and metallic sites.

Despite these advances, Pt-based RWGS catalytic systems
still face several critical challenges: The atomic structure of
the true active sites under realistic RWGS conditions remains
a subject of debate. Existing in-situ techniques can monitor
trends in Pt valence states and average coordination, but
they still face challenges in providing direct, time-resolved
images of specific Pt®*-0,-M™ motifs and their rapid
reconstruction under conditions of high temperature, high
space velocity, and elevated CO partial pressure. The
synergistic effects among defects, variable-valence cations,
and Pt%* species at composite sites near the interface have
been shown to be crucial for strong CO; activation and weak
CO adsorption. However, the specific roles of different active
site types in regulating reaction pathways and rate-limiting
steps remain not fully understood. Additionally, Pt single
atoms tend to migrate and agglomerate under high-
temperature RWGS conditions due to CO-induced mobility,
posing challenges to achieving long-term structural stability
while maintaining high CO selectivity. Although Pt-based
systems exhibit excellent activity at high temperatures,
maintaining high CO, conversion and CO selectivity at low
temperatures and high space velocities remains difficult due
to thermodynamic limitations, competing methanation
reactions, and mass-transfer constraints.

Future research should focus on several unresolved issues
specific to Pt-based catalysts for the RWGS reaction. First, it
is necessary to further clarify the dynamic structure-
performance relationship of Pt active sites under real
reaction conditions. It is essential to further develop and
integrate complementary operando techniques capable of
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simultaneously probing the oxidation state of Pt, its
coordination geometry, local environment, and surface
intermediates under realistic RWGS conditions. These
approaches should enable direct observation of active-site
reconstruction during reaction initiation, steady-state
operation, and deactivation. Furthermore, it is essential to
establish a quantitative correlation between interfacial
species such as Pt%*-0,-M™* and CO; activation, CO selectivity,
and the rate-determining step. Such a combined strategy is
anticipated to provide clearer evidence regarding the nature
and dynamic evolution of interfacial active sites and to
elucidate how they respond to variations in temperature, gas
composition, and GHSV.

Secondly, achieving the long-term stability of single-atom
and sub-nanometer Pt species under high-temperature
RWGS conditions remains a critical prerequisite for
enhancing Pt atom utilization efficiency. To achieve a balance
between high Pt atomic utilization and structural stability,
future synthesis strategies should focus on anchoring Pt
atoms and clusters at well-defined defect sites, O,, and
heteroatom dopants within reducible oxides or composite
supports. Techniques such as vacancy engineering, strong
CMS], structural confinement by the support, and controlled
encapsulation can effectively suppress Pt migration while
preserving accessible interfacial sites. Moreover, combining
single Pt atoms with adjacent oxide redox centers and
metallic nanodomains may produce hybrid single-atom plus
interface structures that sustain high CO selectivity under
elevated temperatures and high GHSV.

Finally, to overcome the bottleneck of simultaneously
enhancing activity, CO selectivity, and stability under low-
temperature and high GHSV conditions, the design of Pt-
based RWGS catalysts should place greater emphasis on
interfacial synergy and reaction network regulation. Building
on the understanding of functional site division in bimetallic
catalysts and composite interfaces, future catalyst
development should intentionally construct bimetallic or
multi-component interfaces where H; activation and CO;
activation occur at distinct yet electronically coupled sites.
Pt-rich sites can be engineered for rapid H; dissociation and
moderate CO binding, while promoter-rich sites are
optimized for strong CO. adsorption, *COOH stabilization,
and efficient C-O bond cleavage. Concurrently, defect-rich
composite supports featuring hierarchical porosity and an
optimal hydrophobic/hydrophilic balance can reduce water
accumulation, enhance mass and heat transfer, and sustain
high catalytic activity and CO selectivity under low-
temperature, high-GHSV conditions.
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