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Phase-interface-anchored cadmium
single-atom catalysts for efficient
methanol steam reforming

Shunan Zhang1, Haozhi Zhou1, Zilong Shao2, BaohuanWei3, ZhenHu3, Hao Liang1,
Ruonan Zhang1, Xiaofang Liu2, Hu Luo2, Lin Xia2, Yuhan Sun 1,3 &
Hui Wang 1,2

Employing interface engineering to design innovative single-atom catalysts
(SACs) for effective methanol steam reforming (MSR) presents an attractive
yet formidable challenge. Here, we report phase-interface confined Cd/P25
SACs, where Cd atoms are stably anchored at the phase interface between
anatase (101) and rutile (110) facets. The Cd-O-Ti phase interface sites formed
exhibit asymmetric geometric and electronic properties that enable 100%
methanol conversion, a low CO concentration (~0.1mol%) in the effluent gas,
and sustained stability exceeding 150 h. The H2 production rate at these
interface sites is approximately 15-fold and 8-fold higher than that of anatase
and rutile surface sites, respectively. Enhancing the phase interface density
through atmosphere pretreatment can further increase theH2 production rate
by an additional 11%. Furthermore, these powder SACs can be 3D printed into
kilogram-scale monolithic catalysts, advancing practical in-situ hydrogen
generation applications.

Methanol steam reforming (MSR), a pivotal and cost-effective tech-
nology for on-site hydrogen generation, when integratedwith polymer
electrolyte membrane fuel cells (PEMFCs), hasmarkedly advanced the
trajectory of hydrogen energy systems towards decentralization,
miniaturization, and portability, particularly in the transportation
sector1. Conventional Cu-based and noble metal-based nanoparticle
catalysts are often plagued by limited stability and high CO
selectivity2–5, leading to shortened operational lifespans and Pt elec-
trode poisoning in integrated PEMFCs. This challenge arises from the
ambiguity surrounding the surface atomic active sites within nano-
particle catalysts, which hampers the precise tuning ofmicrostructural
and local electronic properties.

Single-atom catalysts (SACs), with their distinct ability to finely
modulate atomic-scale structures and local electronic properties
beyond the reach of nanoparticle catalysts, have been the focus of
intensive research aimed at the targeted enhancement of catalytic
performance across a spectrum of reactions6,7. The presence of

abundant defects within the support is essential for the formation of
stable SACs, with the local coordination environment of these defects
playing a decisive role in shaping the properties and reactivity of the
single atoms8,9. Employing interface engineering in support materials
is an effective approach to regulating the defect properties. This is
because interfaces, such as twin boundaries, phase interfaces, and
heterojunctions, which are defect-rich regions, typically exhibit
enhanced polar electronic domains and unique coordination geome-
tries, resulting in a substantial increase in catalytic activity10–15. How-
ever,modulating and utilizing interface-specific structures to precisely
confine and anchor single atoms has not been previously reported and
remains a formidable challenge, primarily attributed to complex
interfacial structures and the energy mismatch associated with tradi-
tional metals. The influence of the interface microenvironment on the
properties of single atoms and their reactivity is not yet fully under-
stood, presenting a critical gap in the development of highly effi-
cient SACs.

Received: 26 December 2024

Accepted: 5 August 2025

Check for updates

1Institute of Carbon Neutrality, ShanghaiTech University, Shanghai, PR China. 2CAS Key Laboratory of Low-Carbon Conversion Science and Engineering,
Shanghai Advanced Research Institute, Chinese Academy of Sciences, Shanghai, PR China. 3Shanghai Institute of Clean Technology, Shanghai, PR China.

e-mail: wanghh@sari.ac.cn

Nature Communications |         (2025) 16:7739 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-2940-213X
http://orcid.org/0000-0002-2940-213X
http://orcid.org/0000-0002-2940-213X
http://orcid.org/0000-0002-2940-213X
http://orcid.org/0000-0002-2940-213X
http://orcid.org/0000-0002-6536-5188
http://orcid.org/0000-0002-6536-5188
http://orcid.org/0000-0002-6536-5188
http://orcid.org/0000-0002-6536-5188
http://orcid.org/0000-0002-6536-5188
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63060-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63060-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63060-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-63060-7&domain=pdf
mailto:wanghh@sari.ac.cn
www.nature.com/naturecommunications


Reducible TiO2, widely recognized as an ideal and specific sup-
port, has garnered substantial research attention, with a particular
focus on P25 and its phase interfaces16–19. Cutting-edge studies have
identified that the interfaces between anatase and rutile could act as
conduits for significantly enhancing electron transfer, leading to
robust activation and dissociation of H2O in photocatalysis20–23.
Building on this insight, seeking and anchoring single atoms as active
sites for CH3OH dissociation at these phase interfaces to create
cooperative catalytic sites may constitute an effective strategy for
designing highly efficient MSR catalysts.

Herein, we successfully fabricate the phase-interface-confinedCd/
P25 SACs. The stable anchoring of Cd atoms at the anatase (101)-rutile
(110) phase interface is facilitated by their energetic compatibility and
the presence of abundant interfacial Ti defects. Various characteriza-
tions reveal that these unique Cd–O–Ti phase interface cooperative
sites confer high activity and stability in the MSR reaction. The H2

production rate at these phase interface sites is approximately 15-fold
and 8-fold higher than that of anatase and rutile surface sites,
respectively. By tuning the phase interface density, we achieve an
enhanced H2 production rate of 292.9mmol gcat

−1 h−1. Additionally, the
reaction energy barrier for the formate decomposition pathway is
significantly lowered at these phase interface sites, leading to CO
selectivity (Cmol%) below 0.5%. Notably, such SACs can be 3D printed
into monolithic catalysts at the kilogram scale, markedly advancing
their technological viability and practical application prospects.

Results
Catalytic performance of TiO2-supported catalysts in MSR
To initially explore the effects of P25 properties on activemetals in the
MSR reaction, we systematically incorporated 5wt% of Cu, Pd, Pt, and
Cd onto Degussa P25 using a vacuum rotary impregnation technique.
The Cd-incorporated P25 catalyst (5Cd/P25) exhibited exceptional
performance under reaction conditions (290 °C, 0.1MPa; steam-to-
carbon (S/C) ratio = 3/1; N2 carrier gas flow= 30mLmin−1; liquid feed
rate = 3mLg−1 h−1): achieving complete methanol conversion (100%)
while maintaining ultralow CO concentration (0.13mol%) in the efflu-
ent gas andCO selectivity below0.5% (Fig. 1a). This performance stood
in stark contrast to the traditional MSR-active metals Cu, Pd, and Pt,
which, when supported on P25, failed to achieve full conversion and
exhibited a CO selectivity greater than 2%. Moreover, when Cd was
deposited on alternative supports such as SiO2, ZnO, CeO2, and ZrO2,
the CH3OH conversion was lower than 10%. These findings underscore
the distinctive catalytic properties conferred by the interaction
betweenCd and the P25 support.We further evaluated the influenceof
the crystalline phase of TiO2 on the performance of Cd-supported
catalysts. Upon examining 5Cd/A (anatase) and 5Cd/R (rutile), and
their mixture (composed of 80% 5Cd/R and 20% 5Cd/A), we observed
CH3OH conversions of 21.0%, 39.0%, and 18.1% at 290 °C, respectively
(Fig. 1b and Supplementary Fig. 1). These corresponded to CO selec-
tivity of 3.6%, 2.2%, and 3.7%, respectively. In stark contrast, the H2

production rate for 5Cd/P25 soared to 97.7mmol gcat
−1 h−1, out-

performing the rates for 5Cd/A, 5Cd/R, and their mixture by factors of
4.9, 2.6, and 5.6, respectively. Additionally, adjusting the mixture ratio
still failed to achieve reaction performance comparable to that of 5Cd/
P25 (Supplementary Fig. 2), underscoring the unique catalytic prop-
erties of this catalyst. Notably, Cd-containing catalysts do not require
H2 reduction prior to the reaction, a step traditionally necessitated by
Cu-based or noble metal catalysts (Supplementary Fig. 3). This elim-
inates the need for pre-reduction, simplifying the reforming apparatus
and reducing operational costs. Moreover, it enhances the catalysts’
compatibility with the dynamic start-stop cycles of PEMFCs, thereby
facilitating more efficient energy management.

Our study revealed an initial increase followed by a decrease in
both CH3OH conversion and H2 production rate as the Cd content
varied from 1 to 10wt% on P25, with optimal performance at the 5wt%

loading (Supplementary Fig. 4). The Cd-based catalysts exhibited
enhanced operational stability (Supplementary Fig. 5), with 5Cd/P25
demonstrating exceptional durability by maintaining a stable H2 pro-
duction rate (>97.0mmol gcat

−1 h−1) and CO selectivity below 0.5%
throughout a rigorous 150 h continuous test (Fig. 1c). The 5Cd/P25
catalyst displayed the lowest apparent activation energy, measured at
107.3 ± 0.6 kJmol−1, significantly outperforming its counterparts: 5Cd/
A with an apparent activation energy of 146.6 ± 0.5 kJmol−1, and 5Cd/R
at 121.9 ± 0.6 kJmol−1 (Fig. 1d and Supplementary Fig. 6). This lower
energy barrier was a key factor contributing to the superior catalytic
performance of the 5Cd/P25 in the MSR process. Our optimization
endeavors with the 5Cd/P25 catalyst yielded a H2 production rate of
158.4mmol gcat

−1 h−1, with complete CH3OH conversion of 100% and a
minimal CO selectivity of 0.4%, realized by elevating the S/C ratio to 1/1
(Supplementary Fig. 7). However, an excess S/C ratio beyond 1/1 led to
a decline in CH3OHconversion and the emergenceofCH4, likelydue to
competitive adsorption of reactants on the catalyst surface. At the
optimal S/C ratio of 1/1, reducing the feed rate from 3 to 0.5mLg−1 h−1

enabled complete CH3OH conversion (100%) even at a reduced tem-
perature of 250 °C (Supplementary Fig. 8). The maximum H2 produc-
tion rate achieved was 267.9mmol gcat

−1 h−1 at a rate of 6mLg−1 h−1,
which was 14.7-fold and 7.7-fold higher than the rates of 5Cd/A and
5Cd/R, respectively, under identical conditions (Supplementary Fig. 9).
The hydrogen-production activity of the system meets the state-of-
the-art requirements for PEMFC vehicle applications (see “Methods”
section).

Uncovering the geometric and electronic properties of
active sites
To elucidate the disparities in catalytic performance influenced by the
crystalline phase, we conducted an in-depth comparative analysis of
the micro-geometric and electronic properties. The inductively cou-
pledplasmaoptical emission spectrometry (ICP-OES) analysis revealed
similar actual Cd loadings in the 5Cd/A (4.6wt%), 5Cd/R (4.8wt%), and
5Cd/P25 (4.9 wt%) catalysts. X-ray diffraction (XRD) patterns revealed
the absence of diffraction peaks for Cd species in both 5Cd/P25 and
5Cd/A, indicative of their well-dispersed state (Fig. 1e). Conversely, the
presence of CdTiO3 species on 5Cd/R was corroborated by XRD and
Raman spectroscopy (Supplementary Fig. 10). Calculations showed a
significantly lower lattice mismatch of 2.4% between CdO and R, in
contrast to the 24.1% mismatch with A (Supplementary Table 1). This
smaller mismatch likely facilitated the formation of CdTiO3 on R. X-ray
photoelectron spectroscopy (XPS) and Auger electron spectroscopy
(AES) confirmed the oxidation states of Cd species as +2, with no
metallic Cd detected (Fig. 1f and Supplementary Fig. 11). X-ray
absorption near-edge spectroscopy (XANES) provided corroborating
evidence that the white line features of all examined samples closely
resembled those of the CdO reference (Fig. 1g). Extended X-ray
absorption fine structure (EXAFS) analysis revealed the presence of
only Cd–Oscattering paths at approximately 2.24Å in all samples, with
coordination numbers of 6.2, 5.4, and 5.8 for 5Cd/A, 5Cd/R, and 5Cd/
P25, respectively (Fig. 1h and Supplementary Table 2). These findings
suggest that Cd exists as isolated atoms in the three catalysts, exhi-
biting a coordination geometry similar to that of the surface Ti atoms,
characterized by octahedral or square pyramidal structural motifs. To
further reveal the atom configuration, we employed transmission
electronmicroscopy (TEM) analysis. The average particle sizes of A, R,
and P25 were 21.5, 44.0, and 29.5 nm, respectively, with no evidence of
Cd species particles (Supplementary Fig. 12). Energy-dispersive X-ray
spectroscopy (EDS)mapping images showed the high dispersion ofCd
species on the surface of A and R (Fig. 1i, j), whilemost Cd species were
predominantly situated at the interface between P25 particles (Fig. 1k).
High-angle annular dark field scanning transmission electron micro-
scopy (HAADF-STEM) further revealed atomically dispersed Cd atoms
(bright contrast spots) onA (101) andR (110) facets of 5Cd/Aand 5Cd/R
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(Supplementary Figs. 13 and 14). Notably, in the 5Cd/P25 catalyst, Cd
single atoms were primarily anchored at the anatase (101)/rutile (110)
phase interface, as evidenced by the distinct bright contrast band
observed along the interfacial boundary in Fig. 1k and Supplementary
Fig. 15. Moreover, bright contrast spots were observed along the Ti
atomic rows, implying that in all three samples, Cd may be situated at
surface Ti defects and bonded with lattice oxygen to form SACs
characterized by a Cd–O–Ti configuration. Based on the above results,
models of Cd1/A (101), Cd1/R (110), and Cd1/A (101)-R (110) were con-
structed using density functional theory (DFT) calculations,

corresponding to the 5Cd/R, and 5Cd/P25 catalysts, respectively
(Supplementary Fig. 16). The coordination structure of the interface
Cd–O–Ti site exhibited asymmetry, which was markedly distinct from
the symmetric structure of the surface site. Therefore, it could be
inferred that the variation in performance was attributable to subtle
differences in the coordination environment of the single atoms,
which underscored the distinctive coordination of the Cd atom at the
P25 phase interface.

To identify the actual active sites and their configurations during
the reaction, an in-depth analysis of the spent catalysts was conducted.
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Post-reaction examination revealed subtle peaks indicative of CdTiO3

in the XRD patterns of the 5Cd/P25 catalyst (Supplementary Fig. 17).
This observation suggests that the formation of CdTiO3 may have
originated from the transformation of a limited number of isolated Cd
atoms present on the R phase of P25, as no such transformation was
detected in the 5Cd/A catalyst. The oxidation state of Cd in all spent
SACs remained around +2, as confirmed by XPS, XANES, and EXAFS
analyses, with no evidence of metallic Cd or CdO (Supplementary
Figs. 18 and 19). By contrast, the Cd–O coordination numbers for the
5 Cd/R exhibited a significant increase from 5.2 to 6.2 (Supplementary
Table 3), likely due to the partial transformation of Cd single atoms
into CdTiO3. This finding could account for the initial drop in CH3OH
conversion from ~40% to ~25% (Supplementary Fig. 5b). Similarly, a
decline in CH3OH conversion was noted, concurrently with the pro-
nounced emergence of CdTiO3, when the loading of Cd surpassed 5wt
% in the 5Cd/P25 catalyst (Supplementary Figs. 4 and 20). Moreover,
the synthesized CdTiO3 and CdTiO3/TiO2 demonstrated negligible
catalytic activity under identical reaction conditions, effectively ruling
out CdTiO3 as an active species (Supplementary Table 4).

The structure and reaction performance of the 5 Cd/P25 catalyst
were unaffected by H2 reduction at 290 °C (Supplementary
Figs. 3 and 21). However, when the reduction temperature was
increased to 400 °C, a sharp decrease in CH3OHconversion from 100%
to 33.6%was observed (Supplementary Fig. 22).HAADF-STEM revealed
the formation of sub-nanometer Cd clusters, corroborated by EXAFS
spectra showing prominent Cd–Cd coordination at ~2.8 Å, suggesting
that metallic Cd or clusters were detrimental to catalytic activity
(Supplementary Fig. 23). Additionally, the absence of CH3OH conver-
sion over puremetallic Cd and CdO supported the conclusion that Cd
single atoms were the exclusive active species (Supplementary
Table 4). Cd species supported on alternative oxides like ZrO2,
although achieving atomic dispersion, exhibited inferior catalytic
performance (Fig. 1a and Supplementary Fig. 24). This suggests that
the Cd–O–Ti configuration is a more effective active site, particularly

at phase interfaces. TheH2 production rate was normalized against the
specific surface area of TiO2 (Supplementary Table 5) to assess the
intrinsic catalytic activity. Despite this normalization, the 5Cd/P25
catalyst, with a smaller specific surface area, showed the highest H2

yield (2.2mmolm2 h−1). This indicates that the superior catalytic per-
formance is independent of the textural properties of TiO2 (Supple-
mentary Fig. 25). In situ electron paramagnetic resonance (EPR)
measurements disclosed that the 5Cd/P25 catalyst displayed the
weakest oxygen vacancy signal under reaction conditions (Fig. 2a).
Moreover, quasi-in situ XPS experiments showed that the oxygen
vacancy concentration remained relatively stable (10–12% area ratio)
with negligible impact on the oxidation state or electronic properties
of Cd species (Supplementary Fig. 26). Consequently, the results ruled
out the hypothesis that oxygen vacancies played a dominant role in
dictating the reaction activity, while highlighting that the exceptional
performance originated from the Cd–O–Ti interfacial sites.

The electronic properties of theCd–O–Ti sites on three SACswere
further investigated. The binding energy of the Cd 3d5/2 peak for 5Cd/
P25 was measured at 405.3 eV, which was intermediate between the
values for 5Cd/A (405.5 eV) and 5Cd/R (405.1 eV) (Fig. 1f). Intriguingly,
the white line energies followed a similar trend, with the estimated
oxidation states of Cd being +1.87, +1.75, and +1.63 for 5Cd/A, 5Cd/P25,
and 5Cd/R, respectively, derived from the 0.5 position of the normal-
ized near-edge intensity (Fig. 2b). The correlation between the oxida-
tion states and coordination numbers, similar to the Sabatier principle,
elucidated the unique electronic properties conferred by the Cd–O–Ti
interface sites. Electron energy loss spectroscopy (EELS) showed a shift
of the Ti L-edge to lower energies upon anchoring Cd single atoms at
the phase interface of P25, confirming electron transfer from Cd to Ti
atoms and the consequent formation of a strong interaction (Fig. 2c).
This findingwas corroborated byH2-TPR experiments, which recorded
a higher reduction temperature for the 5Cd/P25 catalyst, indicative of
the enhanced stability and interaction at the Cd–O–Ti interface sites
(Supplementary Fig. 27). Electrochemical cyclic voltammetry (CV)
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indirectly assessed the electron transfer capability, with the 5Cd/P25
catalyst exhibiting a lower oxidation peak voltage—corresponding to
the electron release process as depicted in Fig. 2d—compared to other
catalysts24. This finding suggests a more rapid electron transfer rate,
which is likely to enhance the adsorption and activation of reactants.
Furthermore, due to its asymmetric structure, the interface showed an
asymmetric charge density (polar electronic domain) in the charge
density differencedistribution analysis (Fig. 2e), and exhibited a higher
electron density of state (Supplementary Fig. 28). This enhanced
electron state density enabled the interfacial Cd atom to have the
lowest reactant adsorption energy (Fig. 2f). The stronger adsorption
and activation capabilities for reactants were verified through the
temperature-programed desorption (TPD) experiments of CH3OH
(Supplementary Fig. 29). In general, the distinctive and asymmetric
geometric and electronic properties of the Cd–O–Ti sites at the phase
interface are instrumental in elucidating the enhanced catalytic per-
formance observed in the 5Cd/P25 catalyst.

Phase interface sites formation, modulation, and impact
To disclose the structural specificity underlying the anchoring of Cd
single atoms at the interface between A (101) and R (110), surface

defects of the supports were investigated using positron annihilation
lifetime spectra (PALS, Supplementary Fig. 30 and Supplementary
Table 6). The lifetime components τ1 and τ2 were assigned to positrons
captured by monovacancies and larger defect clusters,
respectively25,26. In contrast, the P25 support exhibited a shorter life-
time τ2 (364 ps), alongside the highest relative intensity (I2), which
might have been attributed to a high concentration of defect clusters.
DFT calculations revealed that the formation energy of Ti vacancy
defects at the phase interface was significantly lower than within the
bulk phase surface, indicating a higher likelihood of their formation at
these interfaces (Supplementary Fig. 31). We tentatively inferred that
the phase interface of A and R provided abundant defects, such as Ti
vacancy clusters, that anchored the Cd single atoms. HAADF-STEM
further elucidated the microstructure of the phase interface in pure
P25. Lattice discontinuities and irregularities were clearly identified at
the interface between the A (101) and R (110) facets, as shown by the
gray line in Fig. 3a, indicating the presence of interface defects.
Atomic-resolution characterization further revealed that subtle dis-
order in the interfacial atomic arrangement was confined to a narrow
region at the interface, as highlighted by the white circle in Fig. 3b.
These observations were likely due to surface atom rearrangements
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resulting from the lattice mismatch between the A (101) and R (110)
facets, leading to the formation of abundant Ti defects at the inco-
herent phase interface (asymmetric structure). Additionally, low-
temperature EPR using 2, 4, 6-trichlorophenol as a hole scavenger
detected a pronounced signal of electrons trapped in distorted Ti4+

tetrahedral sites at the P25 phase interface (g = 1.979) (Fig. 3c)27.
However, the interface signal vanished upon the introduction of Cd,
leaving only the signals from electrons trapped within the A lattice
(g⊥ = 1.982) and surface (g|| = 1.922). This observation suggests that the
presence of distorted interface Ti4+ tetrahedral sites enhances electron
transfer, thereby promoting the selective formation and stabilization
ofCd single atoms at thephase interface. DFT calculations showed that
the A (101) and R (110) facets could form a stable phase junction
(Fig. 3d). Thepresenceof adisordered interfaceanddefects resulted in
elevated surface energy (Supplementary Fig. 32). Consequently, Cd
atoms were more readily anchored at the interface due to their sub-
stantially lower binding energy of −6.34 eV (Fig. 3e). This value was
significantly more favorable compared to the binding energies
observed for Cd atoms on the individual A (101) facet at −4.62 eV and
the R (110) facet at −5.94 eV. These findings provided a plausible
explanation for the preferential anchoring of Cd atoms at the phase
interface in P25.

Notably, other active metals (e.g., Pt, Pd, Cu) deposited on P25 at
equivalent concentrations (5 wt%) exhibited nanoparticle aggregation
on its surface (Supplementary Fig. 33). However, single-atom forma-
tion of transition metals (e.g., Pt) on the P25 phase interface remained
unattainable even at 0.2wt% loading, concomitant with a marked
decline in catalytic performance (Supplementary Fig. 34). These find-
ings suggest that the formation of single atoms at the interface
necessitates a favorablematch between themetal’s properties and the
interfacial energy. The ionic radius of Cd differs more markedly from
that of Ti than those of Pd, Pt, and Cu. Moreover, the electronegativity
of Cd is most analogous to that of Ti (Supplementary Table 7). These
characteristics may endow Cd atoms with a significant difference in
average internal energy between the lattice and phase interface, ren-
dering them particularly prone to segregation and anchoring at Ti
defect sites within the interface, thereby minimizing the interfacial
energy. This attribute elucidates the challenge faced by othermetals in
achieving single-atom dispersion at the P25 interface. Additionally, Cd
single atoms at the phase interface were not observed when Cd was
supported on a uniform mixture of 80% anatase and 20% rutile (5Cd/
80A-20R), which exhibited reduced CH3OH conversion (27.1%) and CO
selectivity (3.7%) (Supplementary Fig. 35). This outcome implies that
the unique phase interface structure of P25, enriched with defects,
likely arises from an in situ phase transformation from anatase to
rutile, where rutile nucleates and epitaxially grows on the anatase
surface28. To validate this hypothesis, we systematically investigated
the phase transformation by calcining A under static-air conditions at
varying temperatures (Supplementary Fig. 36 and Supplementary
Table 8). At a calcination temperature of 700 °C, the A/R weight frac-
tion ratio of 80.2/19.8% and corresponding catalytic performance
closely mirrored those of 5Cd/P25. HAADF-STEM images revealed the
formation of Cd single atoms at the phase interface, which corrobo-
rated the formation of Ti defects through the in situ phase
transformation.

We further investigated the effect of phase interface density on
the catalytic performance. Employing a simplified geometric model
that treated A and R particles as stacked cubes of distinct sizes, we
calculated theoretical interface densities based on phase weight frac-
tions and crystallite sizes (Supplementary Fig. 37 and Supplementary
Table 8)18. Although calcining A in air-regulatedphaseweight fractions,
the resulting interfacial density was limited to 4.7m2 g−1 due to the
enlarged crystallite size, which was lower than that of 5Cd/P25
(7.9m2 g−1). Consequently, we implemented N2 pretreatment
(500–700 °C) on P25 to enhance interface density prior to Cd loading.

Increasing calcination temperature from 500 to 700 °C concurrently
elevated the rutile weight fraction and crystallite size. Both maximum
interface density and H2 production rate followed volcano trends,
peaking at 8.5m2 g−1 and 266.0mmol gcat

−1 h−1, respectively, at 600 °C
(Fig. 3f). Further interface engineering on P25 via H2 pretreatment
(500 °C, variable durations) adjusted phase ratios without sub-
stantially altering the crystallite size (Supplementary Table 8). Pro-
longed pretreatment was found to increase the interface density.
Notably, the phase interface region appeared brighter after a 4-h H2

pretreatment, and the number of bright interface bands significantly
increased in the HAADF-STEM images (Fig. 3g left and Supplementary
Fig. 38). Atomic-resolution analysis further revealed that the distinct
bright interface bands correspond to dispersed Cd single atoms
(Supplementary Fig. 38). Moreover, ICP-OES results showed that the
Cd loss rate of the spent catalysts substantially decreased with the
increase of the interface density (Fig. 3h). This trend suggests an
increased number of single atoms stably anchored at the interface,
thereby leading to a higher interface site density. A 4-h H2 pretreat-
ment yielded the highest interface density (10.1m2 g−1) and a remark-
able H2 production rate of 292.9mmol gcat

−1 h−1 (Fig. 3h), exceeding
conventional MSR catalysts (Supplementary Table 9). An 8-h pre-
treatment, however, resulted in the formation of small Cd particles
(1–2.5 nm) (Fig. 3g right), which led to increased Cd loss after the
reaction and compromised catalytic performance. This was likely
attributed to the disruption of the phase interface structure.

Reaction mechanism studies
Since the reaction mechanism determines the product selectivity, we
scrutinized various proposed reaction mechanisms for the novel cat-
alysts, includingmethanol decomposition-water gas shift (MD−WGS),
methyl formate hydrolysis, and formate decomposition (Supplemen-
tary Fig. 39). The MD reaction was initially investigated over the 5Cd/
P25 catalyst at 290 °C under amethanol partial pressure of 20 kPawith
a feed rate of 12mL g−1 h−1. CH3OH conversion was limited to 1.7%, with
CO2 constituting ~77% of the products, accompanied by CO (~10%) and
CH4 (~13%) (Supplementary Fig. 40). The formation of CO2 was pro-
posed tooriginate from reactions between transient intermediates and
hydroxyl groups (OH)on the catalyst support. Progressive depletionof
surface OH species and accumulation of adsorbed intermediates cor-
related with the observed decline in methanol conversion to <1.0%
over time. This finding indicates that, although thermodynamically
favorable at high temperatures, MD is kinetically disfavored. Further-
more, comparative evaluation of WGS activity under equivalent con-
ditions (290 °C, CO/H2O= 1/1, PH2O = 20 kPa) revealed limited catalytic
performance, with CO conversion decaying from 9.0% to 4.5% over
10 h and a correspondingly low H2 production rate of 1.6mmol g−1 h−1.
Strikingly, MSR under identical CH3OH and H2O partial pressures
(20 kPa each) demonstrated a two-order-of-magnitude enhancement
inH2 production rates (264.7mmol g−1 h−1). These findings suggest that
WGS contributes negligibly to H2 generation, confirming that the MD-
WGS pathway is unlikely to be viable for the Cd-based catalysts.

In situ diffuse reflectance infrared Fourier transform spectro-
scopy (DRIFTS) was conducted to elucidate the reaction mechanism.
When exposed to CH3OH/H2O between 50 and 320 °C, only weak
methanol physisorbed peaks (υ (CO) at 1000–1100 cm−1, δ (CH) at
1300–1500 cm−1, and υ (CH) at 2800–3000 cm−1) were observed on A,
R, and P25, aside from H2O adsorption and *OH peaks (δ (H2O) at
1651 cm−1 and υ (OH) at 3710 cm−1) (Supplementary Fig. 41 and Sup-
plementary Table 10). These findings demonstrate that the function-
ality of supports is limited to facilitating H2O adsorption and
dissociation. In stark contrast, after loading Cd single atoms, distinct
methoxy (*CH3O, δ (CH) at 1431 cm−1) and bidentate formate (b-
*HCOO−, υs (OCO) at 1336 cm−1, υas (OCO) at 1554 cm−1) species
emerged5,29, which indicated that Cd single atomswere responsible for
CH3OH adsorption and dissociation (Fig. 4a–c). As the reaction
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temperature increased, the *CH3O and b-*HCOO− were rapidly con-
sumed, coinciding with the emergence of gaseous CO2 peaks at 2308
and 2375 cm−1, indicating that H2 generation resulted from formate
transformation. Notably, on 5Cd/P25, *CH3O and b-*HCOO− were
transformed more rapidly at a lower temperature (200 °C) compared
to 5Cd/A (260 °C) and 5Cd/R (320 °C) (Fig. 4d). This trend aligns with
the catalytic performance, implying that interfacial Cd single atomsare
more conducive to intermediates transformation. Additionally, no
characteristic peaks indicative of methyl formate (*HCOOCH3) were
detected in the 1700–1800 cm−1 range during the reaction and the Ar
sweeping stage30. Similarly, temperature-programmed surface reac-
tion (TPSR) analyses exclusively identified formate species, with no
indication of HCOOCH3 (Fig. 4e and Supplementary Fig. 42). These
findings rule out mechanism pathways involving methyl formate
hydrolysis via esterification of formic acid with methanol, followed by
its hydrolysis to yield CO2 and H2. Therefore, we propose that the
formate decomposition pathway dominates the reaction mechanism
on the SACs, where methanol initially decomposes into *CH3O, sub-
sequently dehydrogenates to *H2CO, and reacts with *OH groups from
dissociated H2O to form *HCOO−. This intermediate then further
dehydrogenates, yielding H2 and CO2.

The kinetic isotope effect (KIE) experiments were conducted on
the 5Cd/P25 catalyst to reveal the reaction kinetics. Switching the
feedstock from CH3OH/H2O to CH3OD/H2O resulted in essentially
unchanged H2 generation rates, yielding a KIE value (KH/KD) of 1.1
(Fig. 4f). In contrast, substitutingCH3OH/H2Owith CD3OD/H2O caused
a dramatic 4-fold decline in H2 production rates, corresponding to a
significantly elevated KIE of 3.7. These findings establish that C–H
bond cleavage exhibits substantially greater kinetic resistance than
O–H bond scission, potentially identifying the rate-determining step
(RDS) in the MSR reaction. To identify the specific RDS in elementary
reactions, we derived the reaction rate equation based on the estab-
lished formate mechanism. According to previous reports, assuming
that methoxy dehydrogenation (*CH3O→*CH2O + *H) was RDS, the
derived rate equation showed a first-order dependence on CH3OH
pressures (Supplementary Fig. 43). Considering competitive adsorp-
tion between CH3OH and H2O on active sites, the theoretical CH3OH
reaction order was predicted to be less than unity (<1). The experi-
mentally determined CH3OH reaction order of 0.72 demonstrated
excellent agreement with the kinetic model (Fig. 4g), providing con-
clusive evidence thatmethoxydehydrogenation constitutes theRDS in
this pathway.
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DFT calculations based on the established Cd1/A (101), Cd1/R
(110), and Cd1/A (101)-R (110) models provided complementary the-
oretical insights into the MSR reaction pathway. The computed
energy landscape revealed distinct adsorption energy profiles: *CHO
exhibited significantly lower adsorption energies on Cd1/A (101)
(−1.45 eV) and Cd1/R (110) (−1.18 eV) compared to the Cd1/A (101)-R
(110) model (4.1 eV) (Supplementary Fig. 44). This energy disparity
implies preferential CO generation pathways on Cd1/A (101) and Cd1/
R (110) surfaces. Conversely, critical intermediates such as *CH2O-
*OH, *CHOOH, and *CHOO displayed substantially reduced adsorp-
tion energies on the Cd1/A (101)-R (110) surface. These findings
demonstrate that the formate decomposition pathway is thermo-
dynamically more favorable on the Cd1/A (101)-R (110) catalyst,
attributable to its asymmetric coordination environment and
enhanced charge density at the interface Cd single-atom sites.

The transition states of the formate decomposition pathway
were further investigated (Fig. 4h and Supplementary Figs. 45–47).
Consistent with in situ DRIFTS observations, DFT calculations
revealed that both the adsorption and the stepwise dehydrogenation
of CH3OH occurred at the Cd active site. The activation energy bar-
riers for CH3OH dehydrogenation (TS1: 0.64 eV) were significantly
lower than those for *CH3O dehydrogenation (TS2: 0.87 eV) on the
Cd1/A (101)-R (110) surface. This clearly demonstrates that the C–H
bond cleavage encounters higher kinetic resistance than O–H bond
scission, aligning with the experimental KIE results. Following *CH3O
dehydrogenation to *CH2O, H2O adsorption and dissociation on
adjacent Ti atoms generated *H and *OH species (TS3: 0.37 eV).
Subsequent CH2O/OH recombination formed CH2OOH (TS4:
0.43 eV), which further dehydrogenated to produce CO2 and H2.
Although TS1 and TS2 barriers on Cd1/A (101)-R (110) were modestly
elevated relative to Cd1/A (101) (TS3/TS4: 1.07/0.60 eV) and Cd1/R
(110) (TS3/TS4: 0.57/0.53 eV), the dissociation of H2O (TS3) and
CH2OOH formation (TS4) exhibited significantly lower energy
barriers in the phase interface model. These results demonstrated
that the unique structural properties of the interfacial structure
enhanced the dissociation and activation of H2O, thereby facilitating
the subsequent formation of formate and H2. Consequently,
these observations rationalized the high activity and low CO selec-
tivity of the 5Cd/P25 catalyst. Additionally, the highest activation
energy barrier (TS2: 0.87 eV) confirmed *CH3O dehydrogenation as
the RDS on the Cd1/A (101)-R (110), consistent with previous kinetic
analysis.

3D printing of 5Cd/P25 for process optimization
Monolithic catalysts, renowned for their efficacy in enhancing heat and
mass transfer and in reducing reaction pressures, were fabricated via
direct-write 3D printing of 5Cd/P25 powder into structures with con-
trolled pore dimensions (Fig. 5a). This method enabled kilogram-scale
production while preserving structural integrity and mechanical
robustness (Supplementary Fig. 48). Catalysts with reactor-optimized
dimensions (Φ10 × 5mm, Supplementary Fig. 49) showed peak per-
formance at 0.5mm pore size, achieving 100% CO2 conversion over
100h while suppressing CO concentration (0.07mol%) and selectivity
(0.3%) versus powder catalysts (Fig. 5b, Supplementary Fig. 50).

Post-reaction characterization confirmed the structural stability of
the catalyst, with no signs of degradation or particle agglomeration
(Supplementary Fig. 51). Computational Fluid Dynamics (CFD) simula-
tions revealed that the monolithic catalyst featuring 0.5mm pores
possessedmore compact linear channels, enhancingmass transfer while
minimizing pressure drop to 0.0075Pa (Fig. 5c and Supplementary
Fig. 52). Additionally, smaller pores ensured a more uniform tempera-
ture profile and superior heat transfer. Consequently, these monolithic
catalysts are poised to optimize industrial process performance.

Discussion
In summary, we have successfully anchored Cd single atoms at the
phase interface of P25, a process driven by the compatibility of Cd
atomproperties and interface energy and the presence of abundant Ti
defects. The resultant unique Cd–O–Ti interface sites, featuring
asymmetric coordination geometry and elevated charge density,
enable enhanced adsorption of reactants/intermediates. These struc-
tural attributes further reduce the energy barrier for both water dis-
sociation and its activation within the formate decomposition
pathway, thereby achieving complete methanol conversion with sup-
pressed CO selectivity. The interface site density can be flexibly
modulated to further boost catalytic activity. Moreover, the catalyst
powders can be upscaled to monolithic forms via 3D printing, thereby
improving mass and heat transfer characteristics. This research pro-
vides insights into the design of novel SACs and the development of
practical MSR catalysts.

Methods
Chemicals
All chemicals were of analytical grade and were used as purchased
without further purification. Cadmium nitrate tetrahydrate
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(Cd(NO3)2⋅4H2O), cupric nitrate trihydrate (Cu(NO3)2⋅3H2O), chlor-
oplatinic acid hexahydrate (H3PtOCl6), palladium nitrate
(Pd(NO3)2⋅2H2O) were purchased from Sinopharm Chemical Reagent
Co. Degussa P25was purchased fromEvonik industries. Anatase, rutile,
SiO2, ZrO2, ZnO, CeO2, Al2O3, and 2, 4, 6-trichlorophenol were pur-
chased from Aladdin Chemical Reagent Company. Bentonite was
purchased from Shanghai Haohong Biopharmaceutical Technology
Co. Hypromellose and polyvinyl alcohol 1799 were purchased from
Shanghai Titan Scientific Co. Deionized water was used throughout
this study.

Synthesis of supported Cd-based catalysts
All supported catalysts were synthesized via vacuum rotary impreg-
nation. For instance, 5Cd/P25 was prepared by dispersing 1 g of
Degussa P25 in 80mL of deionized water, followed by the addition of
0.02mmolmL−1 Cd(NO3)2⋅4H2O (the loadings are equivalent to the
metal-to-support mass ratio). The mixture was stirred for 1 h and then
dried at 60 °C for 1 h using a vacuum rotary evaporator. The product
was subsequently calcined at 500 °C for 3 h in static air. A similar
method was employed for the synthesis of other supported Cd-based
catalysts.

Synthesis of the 5Cd/80A-20R catalyst
A similar method was employed for the synthesis of the 5Cd/80A-20R
catalyst, which involved combining 0.8 g of anatase and 0.2 g of rutile
in 80mL of deionized water, with the subsequent addition of
0.02mmolmL−1 Cd(NO3)2⋅4H2O, followed by stirring, drying, and cal-
cination under identical conditions.

Synthesis of CdTiO3

Cd(NO3)2·4H2O (0.617 g) and P25 powder (0.160 g) were homo-
genously mixed through a rotary evaporation process at 65 °C. The
mixturewas thendried at80 °C for 12 h andground thoroughlywith an
agate mortar. The resulting samples were calcined at 650 °C for 8 h
under static air, then immersed in 200mL of 1mol L−1 HNO3 aqueous
solution and stirred magnetically for 3 h. Solid-liquid separation was
achieved through six cycles of centrifugation (4447 × g, 10min each)
with deionized water washing. The purified precipitate was dried at
80 °C for 12 h to obtain phase-pure CdTiO3 powder.

Synthesis of CdTiO3/TiO2

1 g of rutilewas dispersed in 80mL of deionizedwater, followed by the
addition of 0.08mmolmL−1 Cd(NO3)2⋅4H2O. The mixture was stirred
for 12 h and then dried at 60 °C for 1 h using a vacuum rotary eva-
porator. The product was subsequently calcined at 700 °C for 3 h in
static air.

Modulating phase interface and site densities through gaseous
pretreatments
For air pretreatment, anatase was calcined in static air at temperatures
of 600, 700, and 800 °C for 2 h each. For the N2 pretreatment, P25 was
calcined in a N2 flow (100mLmin−1) at temperatures of 500, 600, and
700 °C for 2 h each. Following this, the Cd precursor was deposited
onto the pretreated P25 via vacuum rotary impregnation. For the H2

pretreatment, P25 was reduced in a H2 flow (100mLmin−1) at 500 °C
for durations of 2, 4, and 8 h. The Cd precursor was then similarly
impregnated onto the P25. All pretreated samples were subsequently
calcined at 500 °C for 3 h in static air.

3D printing
Initially, a homogeneous powder mixture was prepared by blending
90wt% of our in-house synthesized 5Cd/P25, 5 wt% Bentonite, 3.5wt%
Hypromellos, and 1.5 wt% Poly (Vinyl Alcohol) (PVA) 1799 to a total of
100 g in an agate mortar. This powder mixture was then loaded into a
250mL ball mill jar, to which a measured amount of deionized water

and a small quantity of glycerin were added. Subsequently, the jar was
placed into a planetary ball mill and stirred under settings of
580 rpmmin−1, with bidirectional milling for a duration of 15 h. The
milling process culminated in a uniformly mixed printing slurry with
appropriate rheological properties.

The rheological characterization of the 3D-printable 5Cd/
P25 slurry, conducted using a HAAKE MARS 40 rheometer, revealed
rapid viscosity recovery at both low and high shear rates, meeting the
requirements for additive manufacturing processes.

The slurry formulated for 3D printing was loaded into a 50mL
syringe equippedwith a0.26mmdiameter print nozzle. Utilizing aBio-
Architect®WS 3D bioprinter, the printing parameters were set as fol-
lows: layer height of 0.17mm, air pressure of 0.35MPa, and a print
speed of 10mms−1. The cylindrical model specifications were a dia-
meter of 9.2mm and a height of 5mm. By adjusting the printing gap,
monolithic 5Cd/P25 catalysts with distinct pore sizes of 0.5mm,
0.6mm, 0.8mm, and 1.0mm were printed. These catalysts with vary-
ing pore sizes were subjected to freeze-drying for 24 h, followed by
calcination in air at a heating rate of 5 °C min−1, and maintained at
450 °C for 3 h to remove theorganicbinders. Kilogram-scaleprinting is
achieved through continuous feeding.

Characterization
Metal loadings were detected by ICP-OES analysis on a Perkin-Elmer
Optima 8000 instrument. XRD patterns were collected on a Rigaku
Ultima IV X-ray powder diffractometer utilizing Cu Kα radiation
(λ = 1.54056Å) at 40kV and 40mA. Raman spectrawere recorded on a
Thermo Fisher Scientific DXR 2xi equipped with an electron-
multiplying charge-coupled device (EMCCD) detector and a 514 nm
Ar ion laser. XPS and AES analyses were conducted on a Thermo Fisher
Scientific ESCALAB 250Xi. Calibration of the C1s peak for all catalysts
was set at 284.8 eV. XANES and EXAFS spectroscopy were collected on
the beamline BL11B in SSRF. Samples were homogeneously coated
onto adhesive tape and measured at the Cd K-edge under ambient
conditions using a Si (111) double-crystal monochromator. Data ana-
lysis was performed using Athena software. TEM and HRTEM analyses
were conducted on a JEOL-JEM 2011 microscope operating at 200 kV.
HAADF-STEM, EDXmapping, and EELS imageswere acquired on a JEM-
ARM300F instrument. Scanning electron microscopy (SEM) images
were acquired on a Zeiss Supra 55 at a low accelerating voltage of 5 kV.
Nitrogen adsorption measurements were performed on a TriStar II
3020 analyzer. 100mg of the sample was degassed at 200 °C under
vacuum for 10 h, followed by nitrogen adsorption-desorption iso-
therms at 77 K. The specific surface area was determined using the
Brunauer–Emmett–Teller (BET) equation, while the total pore volume
and average pore size were assessed via the Barrett–Joyner–Halenda
(BJH) method.

H2-TPR analyses were conducted on a Micromeritics Autochem II
2920 instrument, integrated with a thermal conductivity detector (TCD)
and anMKSCirrus 2mass spectrometer. For eachmeasurement, 100mg
of the sample was initially purged with Ar at a flow rate of 30mLmin−1

and heated to 200 °C for 2 h to eliminate moisture, followed by cooling
to 50 °C. The gas stream was then switched to H2, and the temperature
was ramped to 800 °C at a rate of 10 °C min−1. CH3OH-TPD measure-
ments were executed using the same setup. After moisture removal and
cooling to 50 °C, CH3OH was absorbed onto the sample by Ar bubbling
for 1 h. Excess surface adsorptionwas removed by Ar purging for 30min
until a stable baseline was achieved. The desorption process was then
carried out from 50 to 500 °C. TPSR measurements followed a similar
protocol, with a mixture of CH3OH/H2O (1/1) introduced by Ar bubbling
as the temperature increased from 50 to 500 °C.

PALS was conducted using a high-resolution ORTEC fast-slow
coincidence system, achieving a time resolution of approximately
201 ps. The samples were positioned symmetrically around a 5mCi
22Na positron source, yielding a total count rate of 1 million counts.

Article https://doi.org/10.1038/s41467-025-63060-7

Nature Communications |         (2025) 16:7739 9

www.nature.com/naturecommunications


CV measurements were conducted using an Autolab Electro-
chemical Workstation (PGSTAT302N) configured in a standard three-
electrode setup. The fluorine-doped tin oxide (FTO) glass was cleaned
ultrasonically with amixture of acetone, ethanol, andwater (1:1:1 v/v/v)
for 30min. The sample served as theworking electrode, a platinum foil
acted as the counter electrode, and a saturated Ag/AgCl electrode
functioned as the reference electrode. For the preparation of the
working electrode, 10mg of the catalyst was mixed with 950μL of a
water/ethanol solution (1:1 v/v) and 50μL of Nafion solution. After
30min of sonication, 100μL of the homogeneous suspension was
applied to the cleaned FTO glass electrode with an active area of
2 cm× 1.5 cm and air-dried. The electrochemical cell was purged with
argon to exclude oxygen interference. A 50mL solution of 0.1MH2SO4

served as the electrolyte, and the CV scans were performed at a scan
rate of 20mV s−1.

In situ EPR spectra were acquired using a Bruker EMX Plus
instrument. The presence of oxygen vacancies was detectedwithin the
field range of 3300–3500G, corresponding to g-values from 1.94 to
2.04. Samples (0.1 g) were suspended in 100 g of a CH3OH/H2O (1/1)
mixture. N2 was flushed through the in situ cell to shield the samples
from atmospheric interference. EPR signals were captured at both
ambient and elevated temperatures (290 °C). For low-temperature
EPR, spectrawere recordedover thefield rangeof 3200–3550Gwith g-
values spanning from 1.90 to 2.02 at a temperature of −213 °C. Pow-
dered samples (0.2 g) were sonicated in 5mL of ultrapure water, to
which 5mL of a 0.8mM2,4,6-trichlorophenol solution was added. The
mixture was then deoxygenated by purging with N2 for 1 h. A defined
volume of this solution was cooled to −213 °C in the EPR in situ cell,
where it was subjected to irradiation from a 300W xenon lamp for
30min. Following this, the EPR spectrumwas recorded under constant
light exposure and compared with a standard reference
(g = 2.00285 ±0.00005) to ensure the uniformity and precision of the
g-tensor values.

Quasi-in situ XPS was performed on a Thermo Fisher Scientific
ESCALAB 250Xi. Initially, samples were placed into the reaction
chamber under a continuous flow of Ar (50mLmin−1) and heated
to 290 °C. Subsequently, the samples were transferred directly to the
analysis chamber under vacuum to prevent air exposure for XPS
analysis. Following analysis, the samples were returned to the
reaction chamber, where they were exposed to a mixture of CH3OH/
H2O, introduced via Ar bubbling for 2 h, prior to reanalysis in the
XPS chamber. This procedure was also applied to samples that were
subjected to a 4-h reaction, ensuring consistent methodology.

In situ DRIFTSmeasurements were performed on a Thermo FTIR
spectrometer (Nicolet IS50) with a mercury-cadmium-telluride
(MCT) detector. The in situ DRIFT spectra were recorded by col-
lecting 64 scans at a resolution of 4 cm−1. Prior to measurement,
the sample was purged with Ar at 250 °C for 1 h to collect the back-
ground spectrum, and then cooled to 50 °C. The catalysts were
exposed to CH3OH and a CH3OH/H2O (1/1) mixture at a flow rate of
30mLmin−1 under atmospheric pressure. Spectra were recorded as
the temperature and reaction time increased during the catalytic
process.

Evaluation of catalytic performance
A continuous flow fixed-bed reactor (8mm inner diameter) was used
to evaluate catalytic performance. Typically, 0.2 g of catalyst (40–60
mesh) was packed between quartz wool plugs. After the reactor was
increased to the set point, CH3OH and H2O were premixed in a
specific molar ratio and pumped into the vaporizer operating at
180 °C with 1% N2/Ar (30mLmin−1) as both carrier gas and internal
standard. Gaseous products were analyzed online using a Shimadzu
GC-2014 C gas chromatograph equipped with a thermal conductivity
detector (TCD) and a TDX-01 column for the analysis of H2, N2, CH4,
CO, and CO2.

Methanol conversion and product selectivity were calculated as
follows:

Methanol conversion ð%Þ

=
n CO, outletð Þ+n CO2, outlet

� �
+n CH4, outlet

� �

n CH3OH, inlet
� �� n CH3OH, outlet

� � × 100%
ð1Þ

CO selectivity ð%Þ

=
n CO, outletð Þ

n CO, outletð Þ+n CO2, outlet
� �

+n CH4, outlet
� � × 100%

ð2Þ

CO concentration ð%Þ

=
n CO, outletð Þ

n H2, outlet
� �

+n CO, outletð Þ+n CO2, outlet
� �

+n CH4, outlet
� � × 100%

ð3Þ

CO2 selectivity ð%Þ

=
n CO2, outlet
� �

n CO, outletð Þ+n CO2, outlet
� �

+n CH4, outlet
� � × 100%

ð4Þ

CH4 selectivity ð%Þ

=
n CO2, outlet
� �

n CO, outletð Þ+n CO2, outlet
� �

+n CH4, outlet
� � × 100%

ð5Þ

H2 production rate =
nðH2, outletÞ

m× t
ð6Þ

where the n is the molar amount, m is the weight of catalysts, and t is
the reaction time.

Computational details
The Vienna Ab initio Simulation Package (VASP) was used based on
density functional theory (DFT)31. Using the electron exchange and
correlation energy was treated within the generalized gradient
approximation in the Perdew-Burke-Ernzerhof functional (GGA-PBE)32.
The calculations were done with a plane-wave basis set defined by a
kinetic energy cutoff of 400 eV. The energies were converged to 10−5

eV in the self-consistent field, and a conjugate-gradient algorithm was
used to relax the atomic position until the forces acting on each atom
were less than 0.02 eVÅ−1. The DFT-D3 method developed by Grimme
was applied in all calculations to describe the long-range dispersion
interactions33.

The GGA +U approach was used to treat the 3d orbital electrons
of Ti with the effective Hubbard on-site Coulomb interaction para-
meter (U′ =U − J)34. The value of U′ was set to 4, according to the
proposed value from previous works35,36. Bader charge analysis and
charge density difference analyses were performed using VESTA to
analyze the electron properties. The transition-state (TS) structures
were searched using the climbing image nudged elastic band (CI-NEB)
algorithm,with four images along the reactionpathway. All theminima
and TS were confirmed through vibrational frequency calculations.

The anatase (101) slab models with 1 × 4 unit cells and rutile (110)
models with 3 × 2 unit cells were cut from the optimized structures of
bulk anatase (a = b = 3.870Å and c = 9.563 Å) and bulk rutile (a = b =
4.695 Å and c = 3.071 Å). A vacuum layer of 15 Å was employed to
prevent interactions between slabs. The lower-half layers of the slab
were kept frozen, and the upper-half layers were allowed to relax. The
k-point sampling was obtained from the Monkhorst-Pack schemewith
a (2 × 3 × 1) mesh for optimization and electronic structure calcula-
tions. The heterostructures were constructed with rutile (110) and
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anatase (101). One of the surface Ti atoms in the unit cell was sub-
stituted by a Cd atom, which served as the model for the catalysts.

The single-atom binding energy (EB) is defined as the energy to
introduce one Cd atom:

EB = EtotðCd=TiO2Þ � EtotðTix�1O2Þ � EatomðCdÞ ð7Þ

The vacancy formation energy (Ef) is defined as the defect formation
energy of TiO2 from the elimination of Ti atoms:

Ef = EtotðTix�1O2Þ � EtotðTiO2Þ � ð�μTiÞ ð8Þ

Computational fluid dynamics (CFD) simulation
To investigate the flow diffusion phenomena, pressure drop, and heat
transfer effects of monolithic catalysts with varying porosities, CFD
simulations were performed using the software OpenFOAM®−12
(OpenFOAM-12 owned, developed, and released by the OpenFOAM
Foundation openfoam.org). A simplified geometric model of the
monolithic catalyst was constructed using the software ZWSOFT®,
closely resembling the actual dimensions and structure, with indivi-
dual pillar diameters of 0.26mm and spacings of 0.5mm, 0.6mm,
0.8mm, and 1.0mm for the 3D Cd/TiO2 monolithic catalysts, corre-
sponding to surface areas of 2149.7mm2, 1853.7mm2, 1489.8mm2, and
1255.9mm2, respectively. CH3OH/H2Owasused as the flowingmedium
to simulate the flow (0.110m s−1, 0.085m s−1, 0.082m s−1, and
0.073m s−1) and temperaturefields. The actual operation of structured
catalysts is highly complex, involving the coupling of various physical
and chemical processes, such as turbulence, heat transfer, mass
transfer, and chemical reactions. Therefore, the actual process was
simplified under the assumption that no chemical reactions occur as
the gas flows through the structured catalyst, the gas at the entrance is
in a steady flow state, and fully expands shortly after the entrance; the
reactor wall temperature is kept constant. Under these assumptions,
the flow and temperature fields of the structured catalyst were meti-
culously simulated, with intensive grid refinement at the catalyst site
and repeated iterative processes after providing initial boundary
conditions.

Estimation of Cd usage for a commercial PEMFC vehicle
The 2023 Toyota Mirai is reported to consume 1.4 kg of H2 for every
100 miles and has a range of 300–400 miles (US Department of
Energy. Compare Fuel Cell Vehicles http://www.fueleconomy.gov/feg/
fcv_sbs.shtml). We estimate the amount of Cd/P25 catalyst required as
follows: traveling at 100 miles per hour, the Mirai’s hydrogen con-
sumption rate is 1.4 kg per hour. With a hydrogen production rate of
268mmol gcat

−1 h−1 for the Cd/P25 catalyst, approximately 2.6 kg of this
catalyst would be needed to meet the Mirai’s hourly demand. This is
only a theoretical estimate, and practical applications still need to
solve engineering process problems and further optimize to meet the
application.

Data availability
The authors declare that the data supporting the findings of this study
are available within the paper and its supplementary information files.
The DFT calculation data generated in this study have been deposited
in Figshare (data https://doi.org/10.6084/m9.figshare.27905838)37.
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