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Abstract The water-gas shift (WGS) reaction plays a
pivotal role in various industrial processes, particularly in
hydrogen production and carbon monoxide removal. As
global energy demands rise and environmental concerns
intensify, the development of efficient and sustainable
catalysts for the low-temperature WGS (LT-WGS)
reaction has gained significant attention. This review
focuses on recent advancements in water-gas-shift catalyst
design for low-temperature conditions and emerging
renewable energy-driven catalytic processes, such as
photocatalysis, electrocatalysis, and plasma catalysis for
the WGS reaction, which are less commonly explored in
existing reviews. We systematically analyze mechanisms
studies of LT-WGS, rational catalyst design strategies, and
recent frontier advances in the development of highly
efficient catalysts. Furthermore, this review provides
actionable insights for refining catalyst architectures,
enhancing operational efficiency, elucidating reaction
pathways, and pioneering hybrid technologies, all
contributing to further advancements in this field.
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1 Introduction

The overreliance on conventional fossil fuels, such as oil,
natural gas, and coal, has accelerated environmental
degradation and climate instability [1]. As global
economic growth intensifies, the escalating demand for
these finite resources starkly contrasts with their rapidly
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diminishing reserves, necessitating an urgent transition to
sustainable alternatives. Hydrogen, a recognized clean
energy source, produces only water vapor when
combusted and does not emit carbon dioxide, greenhouse
gases, or harmful pollutants, making it an attractive
substitute for traditional fossil fuels [2]. Furthermore,
hydrogen is abundant, renewable, and possesses high
energy density, making it a promising candidate for
diverse applications in industries, transportation, and
construction [3].

Hydrogen exists in water, hydrocarbons, biomass, and
fossil fuels. Currently, the predominant methods for
hydrogen production include fossil fuel-based hydrogen
production, biomass gasification, water electrolysis, and
other emerging technologies [4]. Fossil fuel-based
hydrogen production, primarily through steam reforming
of hydrocarbons, accounts for over 92% of global
hydrogen production [5]. Despite its dominance, this
process generates significant amounts of CO, which can
poison catalysts, hindering the efficiency of hydrogen
production and limiting its applications, particularly in
fuel cells [6]. Biomass gasification is a renewable
technology with energy-saving potential, but it suffers
from low hydrogen production rates, high energy
consumption, and the potential generation of tar, which
complicates its industrial use [7]. While theoretically
promising for high-purity hydrogen, conventional
electrolysis remains constrained by excessive electrical
energy inputs and prohibitive operational costs [8].

The most prevalent method of hydrogen production
remains the steam reforming of hydrocarbons, but the CO
generated during this process poses significant
challenges. The water-gas shift (WGS) reaction is a
critical technology for mitigating this issue. By
converting CO and water into CO, and hydrogen, the
WGS reaction not only removes harmful CO but also
improves the purity of the hydrogen produced, enabling
its use in sensitive applications like fuel cells and
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ammonia synthesis [6,9—-11]. This makes WGS an
indispensable process in hydrogen production systems
that require high-purity hydrogen.

In addition to its role in traditional hydrogen
production, the WGS reaction is crucial in emerging in
situ hydrogen production technologies, such as alcohol
reforming [12]. Organic liquid fuels, including methanol,
ethanol, dimethyl ether, and glycerol, are commonly
reformed to produce hydrogen [13—15]. However, these
processes inevitably generate CO, making the in situ
removal of CO a key challenge. The WGS reaction’s
capacity to simultaneously purify hydrogen streams and
reduce CO levels on-site is indispensable for enhancing
both the efficiency and practical viability of these
systems, especially in sensitive applications like hydrogen
fuel cells [16].

Given the increasing demand for cleaner and more
efficient hydrogen production, the development of LT-
WGS catalysts has become a central area of research.
These catalysts play a vital role in improving the
efficiency of hydrogen production by enabling CO
removal at lower temperatures, which is particularly
important for emerging technologies.

Here, we emphasize our unique focus on catalyst
design and reaction mechanisms for LT-WGS reactions
and the integration of renewable energy sources for
driving these reactions. This approach distinguishes our
review from previous reviews that predominantly address
conventional catalytic systems and reaction mechanisms,
thereby providing a novel perspective on the latest

advancements in the field [17-22]. Specially, this article
provides an overview of the progress made in the
development of LT-WGS catalysts, with a focus on
different types of supports, catalyst interface structures,
active sites, reactant adsorption, and reaction
mechanisms. The article explores catalysts ranging from
reducible and non-reducible supports to novel materials
such as transition metal carbon/nitride, carbon-based, and
reverse interface structure metal supports. Furthermore, it
highlights  alternative =~ WGS  methods, including
electrocatalytic, photocatalytic, and plasma-driven
processes. These innovative approaches offer solutions to
the limitations of traditional thermal catalysis, presenting
more sustainable and efficient pathways for the future of
WGS reactions (Fig. 1).

2 The thermodynamics, kinetics, and
mechanism for the WGS reaction

WGS is a chemical reaction process in which CO is
combined with water vapor to form CO, and H,. The
reaction equation is expressed as follows: CO (g) + H,O
(g) — CO, (g) + H, (g) (AH’ = —41.09 kJ-mol™!). The
WGS reaction was first proposed by the Italian scientist
Felice Fontana in 1780 [26]. In 1888, Mond and Langer
were granted the first patent, applying it as a method to
enrich hydrogen for fuel cell applications [27]. In 1915,
the WGS reaction was first applied on an industrial scale
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Fig.1 (a) Distribution of current hydrogen sources. Reprinted with permission from Ref. [23], copyright 2018, Elsevier.
(b) Hydrogen production pathways and hydrogen applications. Reprinted with permission from Ref. [24], copyright 2024, Elsevier.
(c) Simplified process flow diagram for hydrogen production from natural gas steam reforming (HT-WGS: high-temperature WGS).

Reprinted with permission from Ref. [25], copyright 2021, Elsevier.
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in the Haber-Bosch ammonia synthesis process developed
in Germany [28]. The industrial application of the WGS
reaction has a history of over 90 years, with widespread
applications in hydrogen production industries using coal,
oil, and natural gas as raw materials, as well as in the
ammonia synthesis industry. In the catalytic processes of
syngas-to-methanol and syngas-to-hydrocarbons, LT-
WGS are commonly used to remove large amounts of CO
in methanol reforming for hydrogen production [29].
Furthermore, in daily life, it is also applied in areas such
as automobile exhaust treatment and reducing CO content
in domestic gas.

2.1 Thermodynamic of the WGS reaction

The WGS reaction is exothermic and reversible, thus low
temperatures promote the equilibrium shift to the right,
resulting in a higher CO conversion rate [19]. However,
these thermodynamic advantages come at the cost of
slower reaction kinetics at low temperatures, necessitating
elevated temperatures to enhance the reaction rate [30].
To optimize both the thermodynamics and kinetics of the
reaction and to achieve high catalytic conversion
efficiency, WGS is commonly implemented in the
industry using a multi-stage method, involving a
combination of high-temperature and low-temperature
reactions. The first stage is the HT-WGS reaction, with a
reaction temperature range of 623—723 K and an outlet
CO concentration of 3%—5%. The second stage is the LT-
WGS, operating at a temperature range of 463-523 K,
with an outlet CO concentration of approximately 0.3%,
approaching the equilibrium conversion rate (Fig. 1(c))
[25].

From a thermodynamic perspective, according to the
Gibbs free energy equation, AG = AH — TAS, the reaction
is an exothermic reaction, meaning that the system’s free
energy decreases, and the reaction occurs spontaneously,
with the aim of achieving a lower energy state. As shown
in Eq. (1) [31], in the WGS reaction, the equilibrium
constant (K, is a function of temperature:

5693.5
In(K,) = +1.077In(T) + 5.44 X 10—
49170
125X 10777~ ==~ 13.148, (1)
PCO PH';
K = ;' 2
g PCOPHZO ( )

Pco,,Pco,Pu,,Pu,0 are the types of gases designed in
the WGS reaction respectively here [32].

At a given temperature and pressure, the value of the
equilibrium constant determines whether the reaction
favors the products more than the reactants. If K, is
greater than 1, the reaction proceeds in the forward
direction. Conversely, if K, is less than 1, the reaction
goes in the reverse direction; and if K, equals 1, the
system is at equilibrium with equal concentrations of

products and reactants. As shown in Fig. 2, increasing the
molar ratio of steam to CO enhances the equilibrium
conversion of CO, especially at temperatures above 423 K
[33]. In addition, the thermodynamics of the WGS
reaction can also be defined by Gibbs free energy, as
shown in Eq. (3). The Gibbs free energy of the reaction
increases with rising temperature and becomes positive
around 1100 K, which suggests that higher temperatures
make the reaction thermodynamically unfavorable [22].

AG = —RT(Ink). 3)

2.2 Kinetics and mechanism of the WGS reaction

Numerous researchers have incorporated kinetic models
in the study of the WGS reaction process, yet
controversies regarding WGS kinetics have persisted over
the years [34,35]. Understanding the reaction kinetics is
crucial not only for catalyst design but also for gaining
deeper insights into the reaction mechanism. The
Langmuir-Hinshelwood model, a mechanistic framework
widely employed for surface-catalyzed transformations,
adapts to varying assumptions regarding reaction
pathways and rate-determining steps, enabling precise fits
to experimental data. Similarly, the power-law model, an
empirical yet versatile approach, remains highly valued in
industrial applications due to its simplicity, reliability,
and ease of implementation [36]. These two models are
commonly employed to investigate the mechanism of the
WGS reaction. Germani et al. [37] investigated WGS
kinetics on a thin Pt catalyst layer (0.1 MPa, 473-673 K)
under negligible internal diffusion. Their model revealed
a nearly zero reaction order for CO, strong inhibition by
hydrogen partial pressure, and secondary effects from
CO, partial pressure, with an activation energy of 76.8 £
2 kI'mol™'. A dual-site mechanism was proposed, where
Pt adsorbs CO and CeO, adsorbs H,O. The rate-limiting
step involves the decomposition of a carboxyl-hydroxyl
intermediate at the Pt site, forming CO, and H,.

Despite extensive efforts to clarify the WGS reaction
mechanism for catalyst design, consensus on active sites
and intermediates remains elusive [38—40]. Currently,
two primary mechanisms are recognized: the redox
mechanism and the associative mechanism. With the
emergence of new catalytic materials and advances in
characterization techniques, researchers have developed a
new understanding of the WGS reaction mechanism
based on these two mechanisms.

The redox mechanism, first proposed by Khan et al.
[41] involves two steps: (1) CO is oxidized by surface
oxygen to form CO, and (2) the catalyst support is
oxidized by H,O, generating H,. In detail, CO and H,O
are adsorbed onto the catalyst active sites, with H,O
dissociating into O* and H* in steps. CO then reacts with
the adjacent O* to form CO,, and the remaining H*
combines to produce hydrogen. The reaction mechanism
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Fig. 2 (a) CO equilibrium conversion of a typical reformer flow during methane steam reforming at different steam to dry gas (S/G)
ratios. Reprinted with permission from Ref. [33], copyright 2009, Wiley. (b) Distribution of WGS equilibrium constants. WGS
(c) CO conversion and (d) three-dimensional distribution of thermal reactions. Reprinted with permission from Ref. [22], copyright

2019, Elsevier.

can be summarized in six steps, as shown in Egs. (4)—9).
This mechanism has been further refined and developed
in subsequent research. This mechanism primarily applies
to HT-WGS catalysts like Fe-Cr oxides and some LT-
WGS catalysts supported on reducible carriers (Fig. 3(a)).
Boreskov [42] confirmed this mechanism for iron oxide-
based catalysts, showing that their reduction and
oxidation rates matched the WGS reaction rate. Huang
et al. [43] calculated the Fe;O, (111) surface and
identified the redox pathway as the most favorable, with
COO* desorption as the rate-limiting step. Kalamaras
et al. [44] further demonstrated using isotope experiments
that Pt/TiO, catalysts follow the redox mechanism, where
CO adsorbs on Pt, diffuses to the metal-support interface,
and reacts with active oxygen to form CO,.

CO+* & CO* 4)
H,0 + * & H,0* )
H,O* + * &> OH* + H* (6)
OH*+* & O* 4+ H* @)

CO*+0* & CO* +* ®)

H*+H* & Hy*+* ©)
where * represents the catalytic active sites on the surface
and X* represents the surface adsorbed species.

The associative mechanism, introduced by Armstrong
and Hildtich in 1920 based on Cu-based -catalysts,
suggests that CO and H,O adsorb on the catalyst surface
and form intermediates (e.g., formate HCOO, carboxyl
COOH, and bicarbonate OCOOH), which then dissociate
into CO, and H, (Fig. 3(b)). The related reaction process
can be described by Egs. (10)—(15), where the OH*
species generated by the dissociation of CO and H,O
combine to form more complex intermediate species,
which then dissociate to produce the final products.
Davydov et al. [45] later confirmed the presence of
formate species using infrared spectroscopy. Sato et al.
[46] further observed that under ambient conditions with
water, formates rapidly decompose into CO, and H,.
Gokhale et al. [47] through theoretical calculations on the
Cu (111) surface, demonstrated that COOH plays a
central role in the WGS reaction, while formats serve as a
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Fig.3 Schematic diagram of reaction mechanism. (a) Redox mechanism. Reprinted with permission from Ref. [52], copyright
2016, American Chemical Society. (b) Associative mechanism. Reprinted with permission from Ref. [53], copyright 2014, American
Chemical Society. (c) Reforming mechanism. Reprinted with permission from Ref. [49], copyright 2021, Nature. (d) Water
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stable bystander formed via CO, hydrogenation. The
carboxyl pathway has consistently shown lower reaction
energy in numerous computational studies.

CO+* & CO* (10)

H,0 +* & H,0* (11)
H,0* + * &> OH* + H* (12)
CO* + OH* & HCOO** (13)
HCOO** + H,0 & H, + CO,* + OH* (14)
CO,* & CO, +* (15)

where * represents the catalytic active sites on the
surface, X* represents the surface adsorbed species, and
X** represents the surface adsorbate being adsorbed at
two active sites.

In recent years, significant advances in catalyst design
and mechanistic studies have reshaped the understanding
of the WGS reaction mechanism, particularly for LT-
WGS. Certain novel materials, such as precious metal
catalysts supported on carbon-based or nitride-based

carriers, have demonstrated excellent activity in LT-WGS
[48—50]. Zhang et al. [49] using isotope labeling
techniques, investigated the (Pt;-Pt,)/a-MoC catalyst and
identified both conventional and unconventional reaction
pathways. The conventional pathway involves OH
dissociated on a-MoC reacting with CO adsorbed on Pt.
The unconventional pathway, however, involves CO
dissociating into surface carbon species, which
subsequently undergo reforming with H,O to produce H,
(Fig. 3(c)). Furthermore, Tian et al. [51] introduced an
entirely new reaction mechanism on the Au/TiC, catalyst.
Unlike the traditional pathway where OH/O is generated
from H,O dissociation adsorbs onto the support before
desorbing, their findings revealed that H,O interacts with
the support through hydrogen bonding. In this process,
CO* adsorbed on Au directly extracts OH from H,0,
forming COOH* and H*. The TiC, support, with low
catalytic activity, merely facilitates the migration of
adsorbed H* and its release as H, (Fig.3(d)). These
findings demonstrate that the choice of support material
can alter the catalytic mechanism, offering new directions
for catalyst design and development.

In summary, HT-WGS and LT-WGS differ significan-
tly in thermodynamics, kinetics, and reaction pathways,
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which profoundly impact catalyst design strategies, hydro-
gen production efficiency, and product selectivity. Ther-
modynamically, the WGS reaction is exothermic, and at
elevated temperatures, the equilibrium shifts toward the
reverse WGS reaction due to Le Chatelier’s principle,
thereby reducing hydrogen yield [40,54,55]. Conversely,
lower temperatures favor the forward WGS reaction,
maximizing hydrogen production but often requiring
catalysts with enhanced low-temperature activity to
overcome kinetic limitations. Kinetically, higher
temperatures accelerate the reaction rate but also promote
side reactions such as methanation, coke deposition, and
reverse WGS, which lower hydrogen yield and cause
catalyst deactivation through sintering or poisoning.
Therefore, while HT-WGS offers faster reaction rates, it
faces challenges with these side reactions, requiring
catalysts with high selectivity and stability. In
comparison, LT-WGS, although slower, provides better
hydrogen selectivity, fewer side reactions, and improved
catalyst stability, making it more efficient for hydrogen
production with proper catalyst optimization.

3 Catalyst design for the LT-WGS reaction

An ideal catalyst facilitates the entire WGS reaction
cascade, enhancing reactant adsorption, intermediate
stabilization, product desorption, and active site regene-
ration while maintaining structural integrity under pro-
longed operation [56]. Since WGS is a reaction favorable
at low temperatures, designing a low-temperature, highly
efficient WGS catalyst can provide both high catalytic
activity and thermodynamic advantages, further enabling
large-scale hydrogen production through WGS. The
hydrogen production efficiency of LT-WGS catalysts
reported so far is quite low, and the traditional LT-WGS
catalyst CuO/ZnO/Al,O; is susceptible to thermal
sintering, and its conversion frequency is not high enough
[57]. Although noble metal-based shift catalysts exhibit
better low-temperature reaction activity, the high content
of H, in the feed gas can lead to the irreversible over-
reduction of the reducible support, leading to rapid
catalyst deactivation. In addition, with the growing
demand for fuel cells, such as those used in vehicles,
more stringent requirements are placed on the
performance and low-temperature activity of LT-WGS
catalysts. These catalysts not only need to reduce reactor
size and significantly increase operating space velocity
but must also maintain high activity and stability during
frequent start-stop operations.

3.1 Metal/reducible oxide catalysts for the LT-WGS
reaction

Reducible supports, also known as active supports, are

generally reducible transition metal oxides such as CeO,
[58], TiO, [59], MnO, [60], CoO, [61], Fe,O, [62], etc.
These supports undergo reversible redox transitions via
oxygen vacancy formation and annihilation during
catalytic cycles, serving as dynamic reservoirs for lattice
oxygen. Since the beginning of the 21st century, catalysts
supported by reducible supports with metals have
remained a focus in LT-WGS research. These catalysts
often have noble metals or certain transition metals as
active centers, showing remarkable performance
improvements in cyclic start-stop and long-term stability
tests. However, noble metals are expensive and difficult
to activate in water effectively. They are usually added in
small quantities to the catalyst to serve as CO adsorption
sites, while reducible supports typically act as H,O
decomposition sites. Thus, such catalysts typically consist
of three components: the metal for CO adsorption, the
support capable of decomposing H,O, and the
metal/support interface.

Commonly used metal components include Au [63], Pt
[64], Ir [65], and Ru [66], which exhibit optimal CO
adsorption and activation capabilities while suppressing
methane formation. During the catalytic reaction process,
reducible transition metal oxides such as CeO,, TiO,,
Fe,0,, etc., generate oxygen vacancies on their surfaces
under reducing conditions, enabling H,O adsorption and
decomposition. The metal/support interface is essential.
Metal particles can enhance the reducibility and oxygen
exchange capacity of the support surface, and certain
catalysts directly facilitate oxygen vacancy formation at
the metal/support interface. In turn, the support can
modulate the geometric and electronic configurations of
the metal, and their synergy significantly enhances WGS
reactivity. Pt/CeO,, as a catalyst with excellent WGS
reaction activity, has been studied for many years [67]. In
recent years, many researchers have adopted various
methods to improve it, achieving some results. Yuan et al.
[68] modified Pt/CeO, using support doping and
bimetallic alloying, introducing lanthanide ions and 3d
transition metals into CeO, and Pt, respectively
(Fig. 4(a)). They investigated the reaction pathways using
in situ diffuse reflectance infrared Fourier transform
spectroscopy (DRIFTS) and found that Pt°* is the active
site in Pt/CeO,. However, in the Pt/CeO,: Tb catalyst, the
formate pathway is dominant, while PtFe/CeO, is more
favorable for the carboxyl pathway, proving that alloying
metals to promote CO activation is more beneficial for
enhancing WGS reaction activity. However, in actual
reactions, its deactivation rate is particularly fast, and
CeO, is inevitably over-reduced by H,. Liu et al. [69]
designed and constructed an Au@TiO,_,/ZnO(H-300)
catalyst ~with electronic-metal-support interactions
(EMSI), and demonstrated by various in situ characteri-
zation methods that electron transfer occurs from the
TiO, . overlayer to Au (Fig. 4(b)), establishing dual
active sites at the interface: Au’  species enhance the
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Fig. 4 (a) Pt/CeO, modification strategy and in situ DRIFTS. Reprinted with permission from Ref. [68], copyright 2021, Elsevier.
(b) Schematic of Au@TiO, /ZnO reaction mechanism and in situ extended X-ray absorption fine structure. Reprinted with
permission from Ref. [69], copyright 2019, American Chemical Society.

chemical adsorption of CO, and O -Ti*" accelerates the
dissociation of H,O. The reaction mechanism adheres to a
redox pathway, resulting in excellent low-temperature
catalytic activity. In recent years, there has been
increasing research into non-precious metals/reducible
supports as alternatives to costly precious metals [70,71].
Yan and colleagues [72] synthesized a uniform block-
type Cu/Fe;O, catalyst, which, due to the interaction
between Cu and Fe, improved the dispersion of surface
CuO, enhanced the adsorption of CO and H,O, and
promoted WGS activity. They further developed a three-
component Cu-Fe;0,-Al,0; catalyst to overcome the
issue of poor durability. Ning et al. [73] dispersed Cu on
rod-shaped CeO, and demonstrated that the catalytic
activity increased linearly with the Cu content. During
this process, Cu forms highly dispersed monolayer or
bilayer structures. Controlling the Cu loading within an
optimal range facilitates the formation of active sites Cu*-
0,-Ce*".

3.2 Single-atom metal/oxide catalysts for the LT-WGS
reaction

Single-atom catalysis has emerged as a frontier in
heterogeneous catalysis, also receiving significant
attention in WGS reactions [74]. Single-atom metal/oxide
catalysts have been developed on traditional reducible
oxide supports by minimizing noble metal loading, with
examples including Ru,/FeO, [66], Ir,/FeO, [65],
Pt,/TiO, [75], Pd,/FeO, [76], Rh,/TiO, [77], Pt,/CeO,

[78], etc. For example, Sun et al. [66] synthesized
Ru,/FeO, single-atom catalysts using the co-precipitation
method and achieved efficient catalytic activity with an
exceptionally low loading of 0.18 wt %. According to the
hydrogen temperature-programmed reduction results, Ru
single atoms promote the reduction of adjacent FeO,,
generating abundant oxygen vacancies that facilitate the
dissociation of H,0. The Ru, species can weaken CO
adsorption, and collaboratively facilitate the formation of
formate or carboxyl intermediates. The dual-site synergy
promotes the reaction, demonstrating high performance in
the WGS reaction. Ru nanoparticles exhibit a stronger CO
adsorption and can promote the dissociation of product
H, to form highly reactive H*, leading to the formation of
methane as a by-product, which significantly reduces the
selectivity of the WGS reaction. Remarkably, the single-
atom strategy not only generates abundant oxygen
vacancies and modulates metal-support interactions to
boost WGS reaction activity, but also suppresses parasitic
reactions by precisely regulating reactants/products
adsorption. Shui et al. [78] prepared a series of Pt,/CeO,
catalysts with different metal-support interfaces using
atomic layer deposition (ALD) technology, and modified
the position and coordination structure of Pt single atoms
by adjusting the number of ALD cycles. Through
systematic experimental characterization and density
functional theory (DFT) simulations, it was confirmed
that catalysts with a higher Pt-O coordination number
exhibit stronger EMSI, which weakens CO adsorption,
promotes the transfer of CO* and the formation of
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transition states, resulting in excellent activity in LT-
WGS reactions. This method of precisely controlling the
EMSI of single-atom catalysts by manipulating single-
atom position and coordination environment offers great
inspiration for the design and construction of single-atom

catalysts.
In the investigation of the active site structure for LT-
WGS catalysts, researchers have recognized the

importance of additives in improving the catalytic
performance of supported nano-catalysts. In 2003, Fu et al.
[64] used an alkali-promoted strategy to treat a catalyst
containing both Au/Pt nanoparticles and single atoms
with NaCN, selectively dissolving the nanoparticles while
retaining the single-atom species. The unchanged WGS
activity and apparent activation energy indicated that
Au/Pt single atoms were the active sites. Subsequently,
Pt-based LT-WGS single-atom catalysts have been
synthesized on various functional and inert supports,
including alumina, zeolites, and carbons [79,80]. For
instance, Yang et al. [80] loaded Au onto KLTL-zeolite
and mesoporous MCM-41, where the addition of alkali
metals Na and K led to the formation of stable Au-
O(OH), species. This transformation made the previously
inactive catalyst highly active. Furthermore, the role of
Na additives was further explored in Pt-based single-atom
catalysts, where Na stabilized Pt single atoms through
oxygen bridge bonds, forming Pt(II)-O(OH), species
[81]. This structure maintained the catalyst’s activity and
stability at low temperatures. Regardless of whether the
oxide was “active” or “inert”, Na additives were found to
provide renewable OH species to the support, which
played a crucial role in the formation of active sites and
led to enhanced catalytic efficiency.

Collectively, these findings highlight the critical roles
of both advanced preparation technologies and additives
in engineering high-performance single-atom metal/oxide
catalysts for the LT-WGS. Despite the persistently lower
metal loading in single-atom catalysts (SACs) compared
to conventional systems, their space-time yields remain
competitive with traditional catalysts. Moving forward,
research efforts must prioritize strategies to strategically
augment noble metal loading, thereby unlocking their full
potential for enhanced catalytic efficiency.

3.3 Metal/carbide or nitride catalysts for the LT-WGS
reaction

In addition to traditional oxide supports, researchers are
continuously searching for other catalytic materials to
develop efficient LT-WGS catalysts. Some transition
metal carbides/nitrides (TMCs/TMNs) have been proven
to be effective systems. As early as 1973, WC exhibited
catalytic performance surpassing that of metal W in a
series of surface catalytic reactions, similar to the noble
metal Pt. In subsequent research, TMCs have shown
catalytic performance close to or even surpassing that of

noble metals, and have been widely applied in the WGS
reaction [82]. Patt’s group was the first to report the
efficient catalytic performance of f-Mo,C in the WGS
reaction [83]. At atmospheric pressure and temperatures
between 493 and 568 K, its activity was significantly
higher than that of the commercial Cu/ZnO/AlO,
catalyst, with almost no methanation side reactions and
extremely high selectivity. Moon et al. [84] found that the
low-valence Mo in S-Mo,C is oxidized to MoO; during
reactions with H,O, leading to deactivation during
thermal cycling. Later on, the Co- and Ni-doped
bimetallic carbides (Co,Mo,_C,, NixMol_ny) exhibit
higher activity (~7 pmol- gcat‘l-s‘{ at 473 K) than bare f-
Mo,C but have lower stability [85,86]. Subsequently,
researchers explored strategies to enhance their durability
and developed a series of metal/f-Mo,C supported
catalysts (Fig. 5(a)). Patt’s group was the first to report
the efficient catalytic performance of f-Mo,C in the WGS
reaction [83]. The 4% Pt/f-Mo,C catalyst achieved a high
activity of 227 umol- gcat‘l-s_1 at 513 K, nearly 10 times
that of the most active metal/oxide catalyst and 5 times
that of bare f-Mo,C under the same conditions.
Following a similar strategy, Pt, Au, and Pd/f-Mo,C
catalysts were synthesized, demonstrating high activity at
just 393 K (1.4-1.8 pmol-g, ''s™!), 4-8 times higher
than commercial Cu-based catalysts. In contrast, Ni, Cu,
and Ag/f-Mo,C were less active [87,88]. Accordingly,
the selection of ad-metal species critically governs
catalytic performance, with Pt- and Au-based catalysts
exhibiting smaller CO and larger H,O kinetic orders,
indicating CO adsorption as the rate-limiting step in the
LT-WGS reaction. Their superior activity is attributed to
their ability to maintain high CO surface coverage.

In addition to traditional TMCs, researchers in recent
years have also explored new TMCs/TMNs, which show
better catalytic promotion for the WGS reaction. Another
crystalline phase of molybdenum carbide, a-MoC, shows
even better LT-WGS activity and has garnered
widespread attention. Yao et al. [48] synthesized the
Au/o-MoC catalyst that achieve unprecedented LT-WGS
activity, exceeding previous benchmarks by an order of
magnitude 423 K. Through experiments such as
temperature programmed surface reaction (TPSR), it was
proven that the a-MoC surface contains low-temperature
H,O dissociation centers, capable of generating H,
and OH* species. The Au clusters significantly enhanced
the interfacial reaction rate between the adsorbed CO and
the hydroxyl groups on the support, which is generally
the rate-determining step in the WGS reaction. Building
upon this foundation, the research group engineered a
(Pt;-Pt,)/a-MoC  catalyst featuring cooperative Pt
nanocluster-single-atom configurations. This innovation
addressed dual challenges in Au/a-MoC systems: narrow
thermal operating windows and high-temperature deactiva-
tion while achieving an activity surge approaching an
order of magnitude enhancement [49]. Using isotope
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labeling techniques to investigate the reaction mecha-
nism, it was discovered that, in addition to the conven-
tional pathway involving the reaction of dissociatively
adsorbed OH on a-MoC with adsorbed CO on Pt (via
redox or associative mechanisms), the (Pt;-Pt,)/a-MoC
catalyst also features a new pathway where CO
dissociates into surface C species and reacts with H,O to
produce H, (Fig. 5(b)), providing new insights into the
WGS reaction mechanism.

Alongside MoC materials, fcc Mo,N is also used in
LT-WGS reaction studies. Its unique crystal and
electronic structure make Mo,N a valuable support in
various  catalytic  processes, warranting  further
investigation of its surface reactions. Zhang et al. [50]
anchored Pt on the y-Mo,N support and observed that the
MoO, species on the support surface with a large number
of oxygen vacancies greatly promoted the dissociation of

H,0 molecules, generating high stress with y-Mo,N,
which significantly improved both the reaction activity
and stability (Fig. 5(c)). TPSR studies revealed that when
CO is not adsorbed on the catalyst surface, neither H,0
nor OH species can dissociate to produce H,. Theoretical
calculations further ruled out the possibility of a redox
mechanism for the catalyst, suggesting that COOH could
be the reaction intermediate, following an associative
mechanism.

3.4 Unconventional metal-based catalysts for the LT-WGS
reaction

Carbon materials, as supports, have attracted great
interest due to their superior and unique optical,
electronic, and mechanical properties. In recent years,
various forms of carbon materials as functional catalyst
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supports have gained widespread attention from
researchers. Zugic et al. [90] reported the promoting
effect of Na on the WGS activity of Pt supported on
oxygen-free multi-walled carbon nanotubes (CNTs).
The author utilized aberration-corrected high-angle
annular dark field scanning transmission electron
microscopy to investigate the structure and morphology
of the catalyst surface, discovering that the addition of Na
can stabilize atomically dispersed Pt species. The
contribution of the oxidation platinum species (Pt-OH,) in
the Pt 4f signal is higher, and the active sites exist in the
form of Pt—Nax—Oy—(OH)Z. This enhanced the activity of
the Pt/C catalyst, which originally exhibited almost no
activity, to a level comparable to that of highly active
platinum catalysts supported on metal oxide carriers.
Dongil et al. [91] studied Ni/CeO,/CNT catalysts for LT-
WGS and investigated the effects of different commercial
carbon supports on the catalyst. They found that CNTs
improved the dispersion of CeO,, and under these
conditions, Ni-CeO, exhibited better interactions and
higher catalytic activity. Under working conditions, the
influence of CO, and H, was explored, and a slight
decrease in activity was observed, with methanation only
occurring above 573 K.

In addition to the conventional method of supporting
metals on oxide, metal carbide/nitride, and carbon-based
materials, researchers have designed catalysts with
reverse configurations to better understand the interfacial
effect. Diverging from conventional supported
configurations, these systems employ metallic matrices as
structural scaffolds for oxide nanoparticles, a paradigm
shift enabling targeted interface engineering. Yan et al.
[92] constructed a stable bulk-nanostructured interface to
prepare a CeO,-Cu reverse catalyst using an aerosol spray
method. Through an in situ structural transformation,
CeO, nanoparticles (2-3 nm) are dispersed on bulk Cu,
forming a sufficient CeO,-Cu interface. The enrichment
of this interface significantly enhances the activity and
stability of WGS. In traditional Cu/CeO, catalysts, Cu
species are prone to aggregation and sintering,
dynamically eroding the Cu-CeO, interface and triggering
rapid deactivation. Computational studies show that the
number of reverse CeO,-Cu interface sites is four times
that of the conventional Cu-CeO, catalyst. These sites
exhibit strong interactions, leading to a significant
improvement in the catalyst's redox properties. The LT-
WGS activity is five times higher than that of other Cu
catalysts, and the long-term stability tests also
demonstrate excellent performance.

To provide a concise yet comprehensive overview of
WGS catalyst performance, we have compiled Table 1,
which systematically compares the reaction conditions
and catalytic metrics of the various systems discussed in
this section. This table aims to offer a clear, comparative
insight into the performance of different -catalysts,
highlighting key trends and differences.

4 Innovative WGS reaction processes
driven by renewable energy

The WGS reaction is exothermic and is limited by
thermodynamic, kinetic, and chemical equilibrium
constraints. Conventional thermal catalysis struggles with
an irreconcilable trade-off, maximizing equilibrium
conversion necessitates low temperatures, while
accelerating kinetics demands elevated temperatures. To
overcome these limitations, researchers have developed
various alternative processes to facilitate the occurrence
of the WGS reaction. Building on innovations in LT-
WGS catalysts, novel reaction processes driven by
renewable energy sources, such as electrochemical and
photothermal approaches, have emerged as promising
alternatives. These new methods offer more efficient and
sustainable reaction conditions by harnessing renewable
energy to enhance reaction kinetics and open up new
reaction processes and fields, though they do not
necessarily achieve conversion rates higher than
traditional thermal catalysis.

Electrocatalytic water gas shift (EWGS) reaction. The
EWGS process provides a new direction for hydrogen
production under low-temperature conditions. The WGS
redox reaction is electrochemically decoupled into
separate cathodic hydrogen evolution and anodic CO
oxidation reactions (Fig. 6(a)). The hydrogen produced at
the cathode requires no complex separation and can
achieve a purity of 99.99%, presenting excellent
prospects for application. The specific reaction process is
shown in Egs. (16)—(18) [100], where CO is oxidized at
the anode, and the product CO, further reacts with
hydroxide ions to form CO; , which is converted into
K,CO;, thereby preventing pollution caused by CO,
emissions. Meanwhile, H,O reduction at the cathode
produces H,. The EWGS reaction typically occurs at
ambient temperature and pressure. Compared to
conventional water electrolysis, the EWGS reaction has a
smaller enthalpy change (CO(g) + H,0(1) — H,(g) +
CO,(g) AH! = 2.8 kJ-mol™"), and the initial anode
potential (0-0.6 V) is much lower than the theoretical
anode potential for water electrolysis (~1.2 V) [103].
Thermodynamically, any type of CO-containing waste
gas, such as coke oven gas and syngas, may be suitable
for producing high-purity H, through this method. In the
EWGS reaction, the slow anode CO oxidation is a key
factor limiting the overall reaction efficiency [100].

Anode : CO+40H™ — CO; +2H,0 +2e" (16)
Cathode : 2H,0 +2e” — H, +20H"™ 17
Total : CO+20H™ — H, +CO;” (18)

Designing and constructing suitable anode catalysts to
reduce the overpotential is beneficial for the occurrence
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Table 1 Overview of the activity and reaction mechanisms of different types of WGS catalysts

Catalyst Gas hourly ?ace vglocity/ Feed composition TIK Mass speciﬁs ratei/ Ref.
(mLh™g,, ) (molp, - gear. ™ -57")
Metal/reducible oxide
1% Pt/CeO,:Tb 84000 2% CO + 10% H,0 473 3.39 [68]
0.01% Pt,/FeO, 18000 2% CO + 10% H,0 573 1.16 [65]
0.5% Pt,-Na/TiO, 124200 11% CO +26% H,0 +26% H, + 7% CO, 573 3.70 [81]
Au/CeO, — 11% CO +26% H,0 +26% H, + 7% CO, 523 4.80 [64]
0.5% Au,/CeO, (La doped) 15000 (h™") 11% CO +26% H,0 + 26% H, + 7% CO, 473 5.10 [93]
Au@TiO, /ZnO(H300) 13200 6% CO +25% H,0 523 15.98 [69]
Single-atom metal/oxide
0.01% Ir/FeO, 18000 2% CO +10% H,0 573 1.21 [65]
0.21% Pt (SACs)/CeO, 168000 2% CO + 10% H,0 523 237 [94]
0.18 Ru/FeO, 18000 2% CO +10% H,O 573 3.81 [66]
0.37% Rh,/TiO, 18000 2% CO + 10% H,0 573 21.94 [77]
1.16 Aw/TiO, (UV) 124200 11% CO +26% H,0 + 26% H, + 7% CO, 473 13.90 [95]
PtCe-2 75000 2% CO + 8% H,0 523 13.31 [78]
0.07% Pt/Al,05-AD 15000 5% CO + 20% H,0 473 12.80 [96]
0.25% Au-K/KLTL 24840 11% CO +26% H,0 +26% H, + 7% CO, 423 0.82 [80]
TMC/TMN supports
1% Pt/Nb,CT MXene 10000 6.8% CO +21.9% H,0 +8.5% CO, +374% H, 573 8.20 [97]
2 wt % Au/a-MoC 90000 11% CO +26% H,0 + 26% H, + 7% CO, 473 207.69 [48]
2wt % (Pt,-Pt,)/a-MoC 743000 11% CO +26% H,0 +26% H, + 7% CO, 523 823.99 [49]
0.33% Ir,/a-MoC 18000 2% CO + 10% H,0 473 20.46 [98]
2% Pt/y-Mo,N 840000 5% CO +25% H,0 573 831.00 [50]
Others
Ce0,/Cu 42000 2% CO + 10% H,0 573 47.50 [92]
1% Pt,Na,/1000-2h-C,, 42000 2% CO + 10% H,0 523 7.29 [90]
Ce0, /CoO, /Co 168000 2% CO +10% H,0 523 720.00 [99]

of EWGS. Wei et al. [104] reported a PdCu alloy
nanoparticle catalyst (Pd;, ,Cu/CNTs) supported on CNTs
for anodic CO oxidation. By adjusting the Pd to Cu ratio,
the catalyst’s reaction activity was optimized. The
electrochemical potential for CO oxidation driven at a
current density of 100 mA-cm 2 significantly decreased
to 0.74 V vs. RHE, much lower than the potential on
Pd/CNTs. At 0.3 V, it achieved a high specific activity of
19.9 mA-mg,, !, more than 330 times higher than that of
pure Pd catalysts. DFT calculations reveal that in the
anode CO oxidation process, introducing Cu into Pd
weakens the adsorption of CO* and enhances the
adsorption of OH* from the solution, thereby optimizing
the CO oxidation pathway and significantly lowering the
overpotential. Wang et al. [105] utilized gas diffusion
electrodes to enhance the local CO concentration near the
anode catalyst, effectively addressing the issue of reduced
reaction performance caused by the concentration
gradient of dissolved CO in the EWGS reaction. The
authors precisely designed a series of 2.5Pt-xCu/Fe,O,
(x = 0, 2, 5) catalysts using a complex precipitation
method to form a unique Pt-O-Cu structure, which
effectively improved CO adsorption and OH activation.

2.5Pt-2Cu/Fe,O, exhibited an ultra-low onset potential,
optimal specific activity, and excellent mass activity (1.5
A-mgp ") in anode CO oxidation, more than 15 times
higher than commercial Pt/C. It also exhibited remarkable
anti-oxidation performance and demonstrated versatility
in accommodating feed gases with any CO concentration,
highlighting its broad application potential. Compared to
traditional thermal catalytic WGS reactions, EWGS can
enhance the reaction equilibrium constant through an
electric field, thereby producing high-purity hydrogen
gas, with advantages of low energy consumption and high
energy conversion efficiency. However, EWGS still
requires extra electrical energy input, which raises the
cost of industrialization. Moreover, the reaction system is
not yet fully developed and remains unstable, posing a
key challenge for future industrialization.

Light-driven WGS reaction. Solar energy is widely
recognized as the most abundant clean energy source in
the world and it is extensively applied in photovoltaic
conversion and solar thermal applications. The direct use
of solar energy to catalyze WGS can greatly reduce
energy consumption, enabling cleaner and more efficient
energy conversion. The photocatalytic process utilizes a
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large amount of light energy to initiate and promote
chemical reactions [106]. During the reaction, light
absorption by catalysts generates electron-hole pairs,
which serve as photo-generated charge carriers. These
carriers migrate to the catalyst surface, where they
interact with adsorbed molecules, facilitating redox
reactions such as CO oxidation and hydrogen evolution.
Tong et al. [107] designed the CeO,/Cu,sMn, O,
catalyst for the photo-thermal WGS reaction and
conducted control experiments to investigate the effect of
photo-generated carriers on the WGS reaction. The study
found that the actual equilibrium constant for the photo-
thermal catalyzed WGS reaction greatly exceeded the
theoretical equilibrium constant, and its apparent
activation energy was significantly reduced by 61%
compared to thermal catalysis. This demonstrates the
involvement of photo-generated carriers in the reaction
process, and injecting these carriers into active sites may
induce the transformation of reactant molecules into
radicals, thereby lowering the apparent activation energy.
Zhao et al. [101] reported a solar-driven WGS reaction on
CuO,/Al,0;, using different optical filters to control light
exposure during the experiment. They observed that
although UV light does not generate heat, it can promote
the photocatalytic process, thus validating the coupling
effect of photocatalysis and photothermal catalysis in the
CuO/Al,O; catalyst (Fig. 6(b)). The authors used
electron paramagnetic resonance technology and a
sacrificial agent to explore the reaction process: UV light

drives CO oxidation, creating interfacial oxygen
vacancies. With the combined effect of photo-generated
carriers and heat, H,O is reduced, and hydroxyl groups
are dissociated at the metal-semiconductor interface,
forming a hydrogen bond network that promotes solar-
driven H, production. Zhao et al. [108] first utilized the
local surface plasmon resonance (LSPR) effect in Cu
nanoparticle-based catalysts to significantly improve the
performance of the WGS reaction. They synthesized
copper-based catalysts derived from layered double
hydroxide nanosheets, with Cu nanoparticles highly
dispersed on an amorphous alumina support. The light-
induced LSPR effect of Cu generates hot electrons, which
are transferred to adsorbates like H,O, enhancing the
activation of the adsorbates, significantly lowering the
operating temperature of the WGS reaction, and
improving its activity under mild conditions.

The solar-driven WGS reaction utilizes renewable solar
energy, significantly reducing energy consumption and
offering an economical approach to hydrogen production.
However, its large-scale application faces several
challenges, including low energy conversion efficiency,
unclear reaction mechanisms, and poor stability.
Additionally, environmental factors such as diurnal and
seasonal irradiance fluctuations result in intermittent
energy availability, hindering its direct substitution for
conventional WGS processes. Future research should
focus on enhancing solar energy utilization efficiency,
elucidating the underlying reaction mechanisms,
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developing more stable and efficient photocatalysts, and
integrating energy storage systems to improve reliability
and scalability.

Plasma-driven WGS reaction. Plasma is regarded as
the “fourth state of matter,” consisting of neutral
substances (atoms and molecules), excited chemicals, free
radicals, ions, and high-energy electrons. Plasma can
directly activate reactant molecules at the microscopic
level through electron collisions, enabling the activation
of thermodynamically stable molecules under ambient
conditions (Fig. 6(c)). Plasma catalysis can accelerate
reaction kinetics under mild conditions, making it widely
recognized as a promising alternative to traditional
thermal catalytic processes. However, the plasma-driven
WGS reaction system is highly complex, including but
not limited to plasma discharge, molecular dissociation,
ionization and reactions in the gas phase, the effect of the
catalyst on plasma discharge, material transport between
the gas and solid phases, surface reactions, as well as the
light and thermal effects generated by plasma [109]. In
simple terms, plasma induces the generation of a large
number of high-energy electrons in power plants,
activating gas molecules to produce various reactive
species such as ions, free radicals, and excited molecules.
All species are transported and interact in a multiphase
system, with species/molecules adsorbed onto surfaces
through adsorption and direct collisions [110]. There is
still a lack of investigation into the basic kinetic
information of plasma-driven WGS reactions. Notably,
the electron temperature in non-thermal plasma (NTP) far
exceeds that of heavy particles, leading to non-thermal
equilibrium characteristics, traditional thermodynamic
theories cannot be used to explore the process,
highlighting the need for advanced kinetic models.

Stere et al. [111] compared the use of NTP to drive the
WGS reaction under conditions with and without a
catalyst. Under catalyst-free conditions, the WGS reac-
tion was tested using a dielectric barrier discharge reactor,
and the CO conversion rate was approximately 10%.
In situ DRIFTS was used to study the reaction process,
revealing that NTP can activate H,O in the gas phase to
form hydroxyl species, which in turn drive the reaction.
Shen et al. [102] coupled the Cu/p-Al,O; catalyst with
NTP, achieving performance far exceeding that of
traditional catalysts at the same temperature of 413 K,
with a CO conversion rate of 72.1%, H, yield of 67.4%,
and energy consumption of only 8.74% MJ-mol.
Combining DFT calculations and plasma-coupled in situ
diffuse reflectance Fourier transform spectroscopy, it was
shown that the OH radicals generated by NTP react with
surface OH* species, thus influencing the redox
pathways. Additionally, the OH radicals also react with
CO* adsorbed on the catalyst to form COOH¥*, affecting
the carboxylation reaction pathway. This provides new
insights into the mechanism of plasma catalysis for the
WGS reaction. Xu et al. [112] investigated the catalytic

activity and synergistic mechanisms of metal-organic
frameworks (MOFs) under NTP conditions for the WGS
reaction: under NTP conditions, more unsaturated Cu
metal sites in HKUST-1 are available for CO binding,
while NTP promotes the dissociation of H,O, providing
OH radicals and preventing H,0O-induced decomposition
of HKUST-1, thus improving its stability. This strategy
was further applied to various Cu MOFs, demonstrating
its general applicability and providing strong evidence for
the future practical applications of NTP-driven WGS
reactions.

Although considerable progress has been made in
plasma-driven WGS reactions in recent years, the design
of plasma-related reactors is still limited to the experi-
mental stage, and the scaling-up of the reactors has not
been achieved, hindering its industrialization. Further-
more, key challenges, such as limited energy efficiency,
the operational complexity of generating stable plasmas at
industrial scales, and incomplete insights into reaction
mechanisms like plasma-catalyst interactions, continue to
hinder the practical deployment of plasma-driven WGS
systems. However, ongoing advancements in reactor
design, process optimization via machine learning, and
deeper mechanistic understanding through in operando
diagnostics are paving the way for scalable solutions.
These developments hold significant promise for achiev-
ing industrial-scale hydrogen production with improved
efficiency and cost-effectiveness in the near future.

5 Summary and outlook

The WGS reaction plays a critical role in industrial
hydrogen production, with projections indicating that by
2030, approximately 10% of global energy consumption
will be associated with this reaction. Significant progress
has been made in LT-WGS catalysis over the past few
decades, particularly in catalyst design and material
innovation. While low-temperature metal/oxide catalysts
show promise in improving reaction activity and stability,
their initial performance below 473 K remains limited,
posing a significant challenge in current research. In
contrast, metal/carbide catalysts exhibit excellent low-
temperature activity; however, their scalability and
industrial applicability have yet to be fully realized.
Additionally, emerging catalytic processes such as
photocatalysis, electrocatalysis, and plasma catalysis have
introduced novel pathways for the WGS reaction, though
these technologies still face major challenges related to
efficiency, mechanistic understanding, and operational
stability. Therefore, future research should focus on the
following areas:

(1) Innovative design of highly efficient low-
temperature  catalysts low-temperature metal/oxide
catalysts exhibit poor activity below 473 K due to
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insufficient active sites or limited redox properties. Future
research should focus on optimizing the catalyst surface
structure through strategies such as nano structuring,
interface engineering, or the incorporation of co-catalysts
to enhance performance at low temperatures.
Additionally, exploring novel support materials, such as
two-dimensional materials and alloy catalysts, may offer
new opportunities to improve low-temperature activity.
While metal/carbide (nitride) catalysts demonstrate
excellent low-temperature activity, challenges related to
large-scale synthesis and industrial application remain.
Future studies should focus on improving the scalability,
cost-effectiveness, and long-term stability of these
catalysts, while evaluating their industrial performance
under realistic reaction conditions, particularly in
complex atmospheres and at high temperatures.

(2) Efficiency and mechanistic studies of emerging
catalytic processes: although emerging catalytic processes
such as photocatalysis, electrocatalysis, and plasma
catalysis offer innovative approaches for LT-WGS
reactions, these technologies still face challenges
regarding low efficiency, unclear reaction mechanisms,
and poor stability. Future research should prioritize
elucidating the fundamental mechanisms behind these
processes, optimizing reaction conditions, and improving
the stability and efficiency of catalytic systems.
Additionally, the development of new photocatalytic and
electrocatalytic materials is critical to enhancing the
efficiency of these emerging processes.

(3) Interdisciplinary catalyst design and development:
with continuous advancements in nanotechnology,
material science, and computational chemistry, future
research will increasingly rely on interdisciplinary
approaches to catalyst design and development. By
combining theoretical calculations, experimental studies,
and advanced characterization techniques, a deeper
understanding of catalyst reaction mechanisms can be
gained, thereby accelerating the optimization process.
Moreover, integrating intelligent catalyst design and
artificial intelligence algorithms is expected to expedite
the discovery and optimization of catalysts.
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