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Click-locking strategy enables automated
synthesis of single-atom catalysts with
industrial compatibility
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Developing scalable methods to synthesize single-atom catalysts (SACs)

while maintaining high stability and activity remains a substantial challenge.
Here, inspired by click chemistry, we propose a click-locking strategy

that utilizes clicking auxiliaries to enable the synthesis of SACs. These
clicking auxiliaries function as molecular ‘click-locking seat belts’, ensuring
precise atomic anchoring, optimizing electronic structures and enhancing
stability, while minimizing raw material loss. By integrating a robotic
platform, we achieve high-throughput synthesis, generating extensive
libraries of clicking-SACs and enabling rapid performance evaluation.

This approach greatly accelerates the discovery of high-performance
catalysts for electrocatalytic, photocatalytic and thermocatalytic
processes. Furthermore, we demonstrate the kilogram-scale production

of clicking-SACs, achieving exceptional catalytic activity and long-term
stability. Extensive upscaling and stability tests validate the broad
applicability and reliability of clicking-SACs, underscoring their potential as
atransformative strategy in industrial catalysis.

Catalysts are essential for fostering global economic advancement?,
supporting over 90% of industrial chemical processes®° and facilitating
innovations in energy and environmental technologies®. As challenges
such as climate change and resource depletion intensify, developing
next-generation catalysts is crucial for achieving sustainable chemi-
cal transformations’'°. Extensive efforts have been made to shrink
metal nanoparticles to the atomicscale, with the aim of maximizing the
exposed surface area of metal catalysts while minimizing the consump-
tion of raw material" . This has led to the emergence of single-atom

catalysts (SACs), in which individual metal atoms are uniformly dis-
persed onsupports, ensuring full metal utilization with optimal atom
economy'®?°, However, the transition to industrial-scale applications of
SACsencounters several notable challenges. One key issue isidentify-
ing optimal metal-support combinations tailored to specific catalytic
processes” 2, Amore pressing concern involves developing scalable,
cost-efficient and time-effective synthesis methods that maximize
production efficiency, minimize metal waste and maintain the uni-
formdispersion essential for high catalytic activity and durability** 5.
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Traditional SAC synthesis methods primarily fallinto direct synthesis
approaches®~? (for example, coprecipitation®**) and impregnation
techniques®~>°. While impregnation methods are commonly used due
to their simplicity, they often result in substantial losses of metal pre-
cursors and are prone to agglomeration under thermal or chemical
stress, posing substantial challenges to achieving high atom economy,
catalyticactivity and scalability”*°. Direct synthesis approaches, on the
other hand, struggle to embed single atoms uniformly, oftenleading to
compromised dispersion and diminished catalytic performance®***,
These limitations underscore the urgent need for effective synthesis
strategies capable of addressing these bottlenecks and paving the way
for the industrialization of SACs.

Toovercomethis challenge, we developed a strategy using clicking
auxiliaries as ‘click-locking seat belts’ to anchor metal atoms, prevent
agglomeration and minimize precursor loss. This approach enables
precise atomic control while reducing metalion loss. The versatility and
efficiency of this approach were validated throughintegration with a
robotic platform for high-throughput synthesis and testing, enabling
therapid preparation and screening of clicking-single-atom catalysts
(C-SACs). Selected catalysts exhibited outstanding performance in
various electrocatalytic and photocatalytic reactions, including the
hydrogen evolution reaction (HER), oxygen evolution reaction (OER),
carbon dioxide reduction reaction (CO,RR), NO reduction reaction
(NORR) and urea oxidation reaction (UOR). Even more promisingly, the
scalability of the C-SAC concept was demonstrated using a scaled-up
reactor. These catalysts underwent evaluation across critical reactions,
suchas CO oxidation, NO, removal and CO, hydrogenation, showcasing
exceptional activity, selectivity and long-term durability.

Definition of clicking-single-atom catalysts

Inspired by the principles of click chemistry*~*¢, we present a strat-
egy for the precise assembly of single atoms and support materials,
analogous to constructing SACs from well-defined building blocks
(Supplementary Fig.1). This method transforms supportsinto ‘clicking
blocks’ through surface modifications that create high-affinity sites for
single metal atoms, ensuring stable anchoring (Supplementary Fig. 2).
Conventional SAC synthesis often relies on weak metal-supportinter-
actions, leading to limited durability (Fig. 1a). By contrast, our approach
employs clicking auxiliaries to secure single atoms onto supports with
enhanced stability. This design enables high-throughput synthesis
(Fig. 1b) and supports scale-up production (Fig. 1c). The synthesis is
driven by forces such as electrostatic attraction, further amplified by
clicking auxiliaries. We establish criteria for C-SAC synthesis, includ-
ing rapid fabrication, scalability, stability and reliance on accessible
materials (details are provided in Supplementary Note 1).

Clicking auxiliaries for atomic anchoring

Clicking auxiliaries play a critical role in the synthesis of C-SACs by
providing a driving force that ensures the stable and site-specific
anchoring of single atoms onto the support. Here we demonstrate
Coulomb attractions (electron-cationinteraction) as arepresentative
click-driving force, showcasing its role in facilitating stable anchor-
ing. Clicking auxiliariesimpart negative charges to neutral supports,
facilitating the anchoring and loading of metalions (M™), asillustrated
inFig.2a. Theelectronicstructure of the clicked supportis fine-tuned
to form compatible bonding orbitals that align with the metal orbit-
als, ensuring strong metal-support interactions. By contrast, the
unclicked supports resultinaweak bonding state between the metal
and the support.

In this study, we propose using electron-donating agents
(Supplementary Fig. 3)—such as VC (vitamin C; C4HgO,)—as clicking
auxiliaries to effectively anchor metal ions. Taking VC as an example,
with CeO,as the support, we detail the VC conversion mechanism and
electron transfer process (Fig.2b). Starting fromisolated VC and pris-
tine CeO, (reference state, energy = 0 eV), VCinitially physisorbs onto

CeO, via hydrogen bonding (-0.23 eV). Chemisorption then occurs
through hydrogen transfer to form surface hydroxyl groups (-1.45 eV;
0.63 electronstransferred). The VCis oxidized to dehydroascorbicacid
(DHA; C(H,0,) with another hydrogen transfer process, stabilizing the
system further to —2.94 eV, with a total of 0.84 electrons transferred
to CeO,. Subsequently, DHA desorbs under mild conditions, further
reducingthe energy to-3.25 eV, thus generating a stable electron-rich
CeO, surface. Proton nuclear magnetic resonance ("H NMR) spec-
troscopy confirmed VC-to-DHA conversion by comparing initial and
post-reaction VC solutions with CeO, (Fig. 2¢). The disappearance
of VC proton signals (H,, 4.90 ppm) and emergence of DHA signals
(H,, 4.60 ppm)* confirmed the completed conversion process of VC*.
To confirm the removal of VC and DHA after electron transfer, we con-
ducted "HNMR spectroscopic analysis on both the final washing filtrate
and the subsequentrinse solution. Asshownin Fig. 2c, only water peaks
were detected, with nosignals from residual organics, indicating total
removal of VC and DHA from the surface of CeO,. Elemental analysis of
carbon content (Supplementary Fig. 4) further supports this conclu-
sion, demonstrating that our washing protocol effectively eliminates
residual clicking auxiliaries post-electron transfer.

We provide comprehensive experimental validation supporting
the formation and stability of an electron-rich state on CeO, surfaces
following VC removal. Raman spectroscopy (Supplementary Fig. 5)
clearly demonstrates that introducing VC substantially reduces the
intensity and causes a redshift of the CeO, F,, vibrational mode
(-465 cm™). These spectral changes correspond to increased Ce?*
species, indicative of an electron-rich state**~2, Furthermore, the X-ray
photoelectronspectroscopy (XPS) analysis (Fig. 2e) shows asubstantial
increase in Ce* content, rising from 18.1% (pristine Ce0,) to 29.5% after
VC adsorption®***, Remarkably, even after extensive washing, the Ce*
content remains elevated at 27.3%, highlighting the irreversibility of
electron transfer from VC to the CeO, surface®. Additionally, O 1s XPS
spectra reveal a persistent negative shift in oxygen-binding energy
following washing (Fig. 2f), confirming sustained electron enrichment
around oxygen atoms®. As shown in Supplementary Fig. 6a, UV-vis-
ible diffuse reflectance spectroscopy reveals that both CeO,-VC and
Ce0,-VC-2 exhibit pronounced tail absorption in the visible region,
whichis typically associated with structural disorder, oxygen vacan-
ciesorelectron-rich surfaces®*". However, complementary analyses—
including X-ray diffraction (XRD) (Supplementary Fig. 6b), Rietveld
refinement (Supplementary Fig. 7) and electron paramagnetic reso-
nance (EPR) spectroscopy (Supplementary Fig. 6¢)—rule out structural
disorder, changes in lattice parameters and the formation of oxygen
vacancies for CeO,. These findings confirm that the observed tail
absorption primarily arises from sustained electron enrichment due
to electron transfer from VC. Collectively, these results demonstrate
the stability of the electron-rich CeO, surface even after removal of
the VC or DHA®®,

Ab initio molecular dynamics (AIMD) simulations offer an intui-
tive depiction of the energy landscape evolution during the synthesis
of C-SACs enabled by clicking auxiliaries. In the Cu,/CeO, system,
direct adsorption of Cu** onto the unmodified CeO, surface faces a
high energy barrier (1.60 eV; Supplementary Fig. 8a). By contrast, the
presence of clicking auxiliaries substantially lowers the overall energy
barriers throughout the process. Specifically, VC chemisorbs onto the
CeO, surface with a barrier of 0.63 eV (Supplementary Fig. 8b), dur-
ing which it donates electrons to CeO, and is oxidized to DHA, which
is subsequently removed by washing, and residual surface protons
are then removed with a barrier of 0.82 eV (Supplementary Fig. 8c),
forming stable, negatively charged anchoring sites. Cu** ions subse-
quently migrate and anchor electrostatically at these sites with a low
barrier of 0.45 eV (Supplementary Fig. 8d). Stability tests confirm the
formation of strong metal-support interactions that remain intact
at 800 K (Supplementary Fig. 8e). The generality of this anchoring
strategy was demonstrated with Fe*" and Pt*" ions, which anchored
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Fig. 1| Conceptualillustration of clicking-single-atom catalysts. lllustration

of the scientific principles underlying the concept of clicking-single-atom
catalysts. a, The precise and strong anchoring of single atoms via atom-click
synthesis, inspired by click chemistry, differs from traditional SAC synthesis
methods relying on weaker metal-supportinteractions. b, The high-throughput

capability of the robot-driven synthesis process, enabling efficient exploration
of compositional and structural spaces. ¢, The scalability of this method and its
potential applications inindustrial catalysis, particularly for energy and chemical
transformations. VOCs, volatile organic compounds.

onto electron-rich CeO, surfaces with relatively low energy barri-
ers (0.90 eV and 1.18 eV, respectively; Supplementary Fig. 9). Fur-
thermore, the approach generalizes effectively to TiO, supports
(Supplementary Fig.10).

High-throughput C-SAC synthesis

Totransition from proof-of-concept of C-SACs to practicalimplementa-
tion, the development and scalability of C-SACs necessitate integration
of high-throughput synthesis capabilities. These metrics are critical for
achievingindustrial viability, enabling reproducibility and accelerating
the optimization of catalyst preparation and testing workflows'®¢%',
The modular design of the C-SAC synthesis method renders it ideally
suited for robot-driven platforms, providing substantial advantagesin
efficiency and consistency. The modular nature of the C-SAC synthesis
is demonstrated by producing two catalyst categories—powder-based
and electrode-supported—each requiring distinct protocols.

For the synthesis platforms designed for powder-based samples,
asillustratedinFig.3a, aliquid-handling robot (Supplementary Fig.11a)
selected materials from curated libraries. These libraries included sup-
ports (for example, CeO, and Ti0,), clicking auxiliaries (for example,
VC) and metal salt solutions (for example, copper nitrate), enabling
precise and efficient preparation of the synthesis components. The
platformefficiently integrates these componentsinto modular work-
flows under programmatic control. Supplementary Fig. 11billustrates
the functional zones of the platform, while Supplementary Fig. 11c-e
displays custom-designed, three-dimensional (3D)-printed sample

holders for enhanced handling. Additionally, Supplementary Fig. 11f-h
shows photographs of the candidate libraries for support, clicking
auxiliaries and metal precursors, emphasizing the practical imple-
mentation of this approach.

In this demonstration, CeO,-(111) and CeO,-(110) supports were
functionalized with VC (Supplementary Fig. 11i,j), followed by anchor-
ing of Cu?* onto the modified surfaces. As illustrated in Fig. 3b, VC
chemisorbs onto CeO, and is oxidized to DHA, which is subsequently
removed by the washing process. This process leaves behind sta-
ble, negatively charged sites ideal for anchoring metal ions, such as
Cu*". Both theoretical calculations and experimental results confirm
that the electron-enriched CeO, surface enables stable single-atom
anchoring (Supplementary Note 2, Supplementary Fig. 12 and
Supplementary Table 1). We selected CeO, as the support primar-
ily because its exposed (111) surface presents substantial challenges
for anchoring Cu*, due to symmetry mismatch and limited orbital
overlap—resulting in large energy gaps between interacting orbit-
als (Supplementary Fig. 13). As such, synthesizing SACs on this inert
surface remains challenging (Supplementary Note 3). This highlights
the advantage of the clicking-auxiliary strategy in addressing these
inherent limitations (Supplementary Figs.14-22).

Comprehensive characterizations were conducted to validate the
successful synthesis of the designed C-SACs and to demonstrate the
efficacy of the clicking-auxiliary strategy. Inductively coupled plasma
optical emission spectroscopy (ICP-OES) analysis confirmed efficient
Cuanchoring, with Cu,/CeO,-(111) exhibiting a Culoading of 4.31 wt%.
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Fig. 2| Theoretical and experimental investigation of clicking auxiliaries for
C-SACsynthesis. a, Schematic representation of the preparation strategy for
C-SACs using clicking auxiliaries, highlighting their role in stabilizing single-
atom anchoring through electron donation. b, Reaction pathway and energy
profile of the interaction between VC and CeO,. The electron transfer (6) is the
net charge transferred from VC to CeO,, referenced toisolated VC and pristine
Ce0,.¢,'HNMR spectra of pure VC (grey), sample A (post-reaction solution of VC-
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treated CeO,, brown), sample B (final washing filtrate, blue) and sample C (rinse
solution, red). d, Molecular structures of VC and DHA illustrating the specific H,
and H, proton positions corresponding to peaks observed in the 'H NMR spectra.
e f, XPS spectraofthe Ce 3d (e) and O 1s (f) regions for pristine CeO,, Ce0,-VC-2
(VC-treated for 2 min, without washing) and CeO,-VC (VC-treated for 2 min,
followed by thorough washing).
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using Cu,/Ce0,as amodel system. a, Robotic automated synthesis platform
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combining materials from curated libraries of supports, clicking auxiliaries and
metal precursors. b, Schematic representation of the synthesis mechanism using
Ce0,as the support, Cu?* as the metal precursor and VC as clicking auxiliary. The
process includes VC chemisorption onto CeO,, electron donation from VC to
CeO,, oxidation of VC to DHA and subsequent removal of residual VC and DHA
viawashing, creating stable negatively charged surface sites ideal for metalion
anchoring. ¢, XRD patterns of Cu,/CeO, C-SACs with different exposed facets. Y,
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the observed diffraction intensity measured experimentally; Y,,,., the calculated
diffraction intensity generated from the structural model based on the current
refinement parameters. d, k*>-weighted Cu K-edge FT-EXAFS spectra and the fit for
Cu,/Ce0, C-SACs, with Cufoil, CuO and Cu,O as references. FT, Fourier transform;
x(k), the normalized EXAFS oscillation; k, the magnitude of the photoelectron
wave vector (momentum transfer) relative to the absorption edge energy. e f,
Experimental XANES spectra compared with the calculated XANES data of
optimized DFT-modelled structure of Cu,/CeO, C-SACs with different exposed
crystal facets: Cu,/Ce0,-(110) (e) and Cu,/Ce0,-(111) (f). Insets: the corresponding
atomic-resolution HAADF-STEM images of Cu,/Ce0,-(110) and Cu,/Ce0,-(111).

By contrast, the absence of clicking auxiliaries resulted in a signifi-
cantreductionin Culoading of approximately 0.82 wt%in Cu,/CeO,-1
(Supplementary Table 1). Transmission electron microscopy (TEM)
imaging of Cu,/Ce0,-(111) (Supplementary Fig. 23 and Supplementary

Note 4) revealed well-dispersed Cu species with no detectable nano-
particle or cluster formation.

To elucidate the atomic dispersion of Cu, XRD patterns of Cu,/
Ce0,-(111) and Cu,/Ce0,-(110) exclusively displayed diffraction
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peaks corresponding to the cubic fluorite phase of CeO,, without
any secondary peaks attributable to Cu or CuO, species (Fig. 3c and
Supplementary Table 2). The X-ray absorption spectra provided com-
pelling evidence regarding the nature of the Cuspecies. The extended
X-ray absorption fine structure (EXAFS) spectra (Fig. 3d) confirmed
the presence of atomically dispersed Cu and showed no evidence of
Cu-Cuscattering pathsin any of the two Cu,/CeO, C-SAC samples. To
further validate the atomic coordination of the Cusites, first-principles
calculations were conducted to model the configurations and simulate
their corresponding X-ray absorption near-edge structure (XANES)
spectra. The proposed configurations of the C-SACs show perfect
agreement with the experimental Cu K-edge XANES spectrum of Cu,/
Ce0,-(110) (Fig. 3e) and Cu,/Ce0O,-(111) (Fig. 3f), respectively. The cor-
responding atomic-resolution high-angle annular dark-field scan-
ning transmission electron microscopy (HAADF-STEM) images of Cu,/
Ce0,-(110) (inset of Fig. 3e) and Cu,/CeO,-(111) (inset of Fig. 3f) further
confirmed the introduction of copper in a single-atom distribution.
To substantiate this observation, additional HAADF-STEM imaging
of Cu,/Ce0,-(111) was performed (Supplementary Fig. 24a-c), which
consistently showed the presence of isolated bright spots attributed
to single Cu atoms. To unequivocally confirm that these bright spots
corresponded to single Cu atoms, atomic-scale electron energy loss
spectroscopy and elemental mapping were conducted on Cu,/CeO,-
(111) (Supplementary Fig.24d). The electron energy loss spectroscopy
analysis identified a pronounced Cu K-edge signal at the precise loca-
tions of the bright spots, providing direct evidence for the single-atom
nature of the Cu species.

To exclude alternative Cu stabilization pathways, we first per-
formed control experiments by mixing VC with copper nitrate
in the absence of CeO,. EXAFS analysis of the resulting Cu-VC
complex revealed distinct Cu-Cu scattering features at ~2.1-2.5 A
(Supplementary Fig. 25), indicative of metallic bonding. This demon-
strates that VC alone cannot stabilize single Cu atoms. Furthermore,
torule out the formation of CeO,-supported M-N-C-type single-atom
configurations, we constructed theoretical models of metal-nitrogen
coordination on CeO, and simulated their XANES spectra. The calcu-
lated spectra showed substantial deviation from the experimental Cu
K-edge XANES of Cu,/CeO,-(111) (Supplementary Fig. 26), definitively
excludingthisstructure. Detailed discussions of Supplementary Figs.25
and 26 are provided in Supplementary Note 5.

Inaddition to the above-mentioned Cu,/Ce0,-(111), we successfully
synthesized multiple C-SAC samples (Supplementary Table 3). Given
thelarge number of samples, performing comprehensive characteriza-
tion on all of them was both time-intensive and resource-demanding.
Instead, asubset of the synthesized samples was selected for detailed
analysis. XPS spectra (Supplementary Fig. 27) confirmed the pres-
ence of active metal species, indicating their successful anchor-
ing. XRD patterns of Cu-based C-SACs (Supplementary Fig. 28) and
TiO,-based C-SACs (Supplementary Fig. 29) showed only peaks
corresponding to the supports, without signals indicative of Cu
or noble metal clusters. Atomic-resolution HAADF-STEM imaging
(CeO,-based C-SACsinSupplementary Fig. 24e-g; TiO,-based C-SACs
in Supplementary Fig. 30) confirmed the presence of isolated single
atoms. Additionally, EXAFS spectra of the selected samples exhibited
prominent peaks around 1.5-2.0 A, attributed to M-O bond lengths,
with no evidence of metal-metal coordinationbetween2.1Aand 2.5 A
(Supplementary Fig. 31). These findings conclusively confirmed the
absence of metal nanoparticles or clusters, demonstrating the suc-
cessful formation of C-SACs®* %,

Catalytic performance evaluation with
high-throughput automation

After producing a substantial quantity of catalysts, we carried out a
comprehensive evaluation of their catalytic performance. Todemon-
strate this workflow, we first synthesized a batch of electrode-based

C-SACsoptimized for electrocatalytic testing. Our initial step involves
developing arobotic arm specifically designed for the activation and
functionalization of C-SAC electrodes with the aid of a clicking auxiliary
(SupplementaryFig.32). The process involves magnetron sputtering of
Ce0, onto conductive substrates, such as nickel foam or carbon paper,
followed by roboticimmersion of the CeO,-coated electrodes (CeO,@
NF)inasolution containing the clicking auxiliary of VC to form CeO,-VC
(CeO,-VC@NF).Subsequently, the liquid-handling robot deposits metal
precursors onto the functionalized surface (Supplementary Fig. 33). As
showninFig. 4a, this streamlined platform enables high-throughput,
automated catalyst synthesis, allowing programmatically con-
trolled exploration of the catalyst space with exceptional efficiency
and reproducibility.

Furthermore, arobotic-driven system was established for evaluat-
ing electrochemical performance (Supplementary Fig. 34). The plat-
form exhibited excellent batch-to-batch consistency and operational
stability, asdetailedinSupplementary Note 6, Supplementary Fig.35and
Supplementary Table 4. Using this system, over 100 C-SAC-based elec-
trodes were screened (Supplementary Tables 5-7), resultingin theiden-
tification of several high-performance electrocatalysts. For instance,
the Pt,/Ce0,-VC@NF catalyst achieved a current density of 100 mA cm™
at an overpotential of 48.4 mV for HER (Fig. 4b), outperforming the
majority of previously reported catalysts (Supplementary Table 8). Sim-
ilarly, Fe,/CeQ,-VC@NF required only 306.7 mV toachieve 100 mA cm™
for OER (Fig. 4c and Supplementary Table 9), while Ni,/CeO,-VC@
NF surpassed state-of-the-art UOR benchmarks (Fig. 4d and
Supplementary Table 10). The Tafel slopes clearly illustrate the
catalytic kinetics, with Pt,/CeO,-VC@NF (Supplementary Fig. 36a),
Fe,/CeO,-VC@NF (Supplementary Fig. 36b) and Ni,/CeO,-VC@NF
(Supplementary Fig. 36¢) demonstrating efficient HER, OER and UOR
activities, respectively. Selecting UOR as arepresentative case, we per-
formed computational analyses to elucidate the catalytic mechanism
(see Supplementary Fig. 37 and Supplementary Note 7 for details).

In addition to electrocatalytic activity, the C-SACs also exhibit
good photocatalytic performance. When using TiO, as the support,
Cu,/TiO, C-SACs achieved high activities in both photocatalytic CO,
reduction (Supplementary Fig. 38), achieving 893 pmol g’ COover5h
and NO reduction (Supplementary Fig. 39), achieving 251 umol g NH,
over 5 h. Additionally, for the photocatalytic hydrogen evolution reac-
tion, the Pt,/TiO, C-SACs demonstrated exceptional activity, achieving
77.5mmol g over 5 h (Supplementary Fig. 40). These encouraging
results underscore the transformative potential of our automated
C-SAC platform.

Scale-up synthesis and thermal catalysis
evaluation

Having established a robotic-driven platform that accelerates C-SAC
discovery, we next sought to scale up C-SAC synthesis and validate its
industrial feasibility. As shown in Fig. 5a, before large-scale produc-
tion, we proposed a workflow combining theoretical computation and
high-throughput screening toidentify promising single-metal centres for
targeted thermal catalytic reactions. In this demonstration, we focused
on pollutant mitigation from the combustion of coal and oil emissions
(CO,NO, andresidual NH;) (Supplementary Figs. 41-43 and Supplemen-
tary Note 8). Through this approach, we identified Cu,/CeO, C-SACs as
highly promising candidates. In thermal catalytic CO oxidation tests,
Cu,/Ce0,-(111) and Cu,/Ce0,-(110) achieved 50% conversion at just 125 °C,
substantially outperforming non-clicked counterparts (Fig. 5Sb). Density
functional theory (DFT) calculations revealed that single Cuatomsactas
activesites, enhancing CO adsorption and intermediate formation while
reducing reaction energy barriers (Supplementary Fig. 44; details are
provided in Supplementary Note 9). For NH;-selective catalytic reduc-
tion (SCR), the Cu,/Ce0,-(111) maintained NO conversion above 95% and
N, selectivity above 95% across 150-240 °C (Fig. 5c). NH;-temperature
programmed desorption (NH,-TPD) and O,-TPD data revealed
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that Cu,/Ce0,-(111) substantially enhanced NH; and O, adsorption
(SupplementaryFig.45). Theoretical studies showed enhanced kinetics
forNH, dissociationand H removal, reducing the barriers from 0.95 eV to
0.58 eVand1.01eVto0.70 eV, respectively (Supplementary Figs.46-55;
details are provided in Supplementary Note 10).

We successfully scaled up C-SAC synthesis to 100-litre reactors
(Fig. 5d), achieving yields exceeding 10 kg of C-SACs (Fig. 5e). XANES
and EXAFS analyses confirmed that Curemained atomically dispersed
(Supplementary Figs. 56 and 57 and Supplementary Table 11; details
are provided in Supplementary Note 11). Long-term stability tests in
CO, hydrogenation demonstrated the robustness of the C-SACs under
operational conditions (Supplementary Fig. 58a). Specifically, Cu,/
CeO,-(111)-L catalysts were rigorously tested over a 350-hour thermal
catalytic CO, hydrogenation trial, showcasing their remarkable stabil-
ity throughout this period. The catalyst consistently maintained a CO,
conversionrate exceeding 20% and achieved a high methanol selectivity.
By contrast, the Cu-VC/CeO, and Cu,/Ce0,-2 catalysts showed inferior
performance. Cu/CeO,-H, showed even poorer activity (<10% conver-
sion and <5% methanol selectivity), underscoring the superiority of
the C-SAC strategy over conventional H,-treatment approaches. These
impressive outcomes highlight the ability of Cu,/CeO,-(111)-L to sustain
high methanol selectivity while resisting deactivation mechanisms,
suchassinteringand poisoning, even under prolonged operational con-
ditions, making them exceptionally promising for industrial-scale CO,
hydrogenation to methanol. Furthermore, Cu,/CeO,-(110)-L sustained
over 80% CO conversion during athorough 70-hour testing period for

the CO oxidation reaction (Fig. 5f). This aligns with previous studies
showing that H,O positively influences CO oxidation on CeO,-based
catalysts*>***”. Moreover, a reversible enhancement in CO conversion
wasalso observedinthe presence of H,O, further validating the robust-
ness of Cu,/Ce0,-(110)-L.Inaddition, the Cu,/Ce0,-(111)-L achieved over
95%NO conversion at 240 °C, maintaining this performance for nearly
80 hinthe NH;-SCRreaction (Fig. 5g).

Toillustrate the environmental and economic advantages of the
C-SAC synthesis method, we conducted comprehensive cradle-to-gate
lifecycle assessments and techno-economic analysis, using Cu,/
Ce0,-(111)-L asarepresentative case. The environmental footprint and
production cost of Cu,/Ce0,-(111) C-SACs were benchmarked against
commercial V-W-Ti catalysts commonly employed in NH;-SCR appli-
cations. Our analysis clearly demonstrates that Cu,/CeO,-(111) C-SACs
possess substantially reduced environmental impacts and lower asso-
ciated costs compared to traditional V-W-Ti catalysts, highlighting
the substantial advantages and practical feasibility of this synthesis
approach (Supplementary Fig. 59; detailed analysis available in Sup-
plementary Note 12). Finally, we evaluated C4 fraction hydrogena-
tion using real industrial feedstocks, and the catalytic performanceis
summarized in Supplementary Fig. 60, Supplementary Table 12 and
Supplementary Note 13.

Discussion
This workintroduces the concept of C-SACs—a distinct class of catalysts
synthesized via a click-chemistry-inspired approach. By leveraging

Nature Synthesis


http://www.nature.com/natsynth

Article https://doi.org/10.1038/s44160-026-01004-9

a b c
®
—~ 100 B—8—B_—0— i
® - 05 100 .
®6 0 ‘
| ® Geye = 80 -
‘ ro T —
N W 3 8 g
TiCa > c S 601
Calculation of anchor sites *k L _o5 g 2 k2
| T s 5 2 S 40
Stability analysis Ni * S S I}
= = x IRCEE I —8— Cu,/Ce0,(110) ;x 2 | —== Cu,/Ce0,-(110)
Oxygen activatiop[ VMg i n Ee é O —A— Cu,/CeO,-(11) = —4— Cu,/CeO,-(1M)
- e K g;* co L5 @ Cu,/Ce0,2 o1 Cu,/Ce0,-2
NH, adsorption Al M*‘(iu s —v¥— Cu-doped CeO, —v— Cu-doped CeO,
* * —— Ce0,-VC 20 | —— CeO,VC
L 20 . : . . . ‘ ‘ ‘ ‘ ‘
Selected metal -376 -372 -3.68 50 100 150 200 250 300 350 400 450 100 150 200
ICOHP for O-O dimer Temperature (°C) Temperature (°C)
d - e~
Weight: 10.72 kg
+Solvent +Ce0, +VC +Cu?
f 100
& . —
T 80 N
% I I
“E’ 60 ! '
S 5% H,0 in 5% H,0 off
o
o
O 40 Stability of C-SACs in CO oxidation
= Cu,/Ce0,-(110)-L (Cce ©@cu ®0
20 \ \ \ \ \ \ \
0 10 20 30 40 50 60 70
Time (h)
g9
100 A . J # L
S 80 -
@ 100 ppm SO, +10 % H,0 on
g
=
S 60 -
o
Cz) Stability of C-SACs in NH;-SCR
10 | = Cu/CeO,-(11)-L (ce @cu @0
T T T T T T T
0 10 20 30 40 50 60 70
Time (h)
Fig. 5| Catalytic performance evaluation of C-SACs. a, Theoretical screening conditions. d, Photograph of scaled-up C-SAC synthesis in a100-litre reactor.
of candidate C-SACs for optimal activity in NO, removal (viaNH;-SCR) and CO e, Photograph of arepresentative fixed-bed reactor. f, Stability evaluation of CO
oxidation. ICOHP, integrated crystal orbital Hamilton population. b, Catalytic oxidation activity over the Cu,/Ce0,-(110)-L catalyst, including a20-hour period
activity for CO oxidation over Cu,/Ce0,-(110), Cu,/CeO,-(111), Cu-doped CeO,, (50-70 h) with 5 vol.% H,0 introduced in the feed. g, Stability evaluation of NH,-
Cu,/Ce0,-2 and CeO,-VC. ¢, NO conversion performance over Cu,/Ce0,-(110), SCR performance over the Cu,/CeO,-(111)-L catalyst at 180 °C.

Cu,/CeO,-(111), Cu-doped Ce0,, Cu,/Ce0,-2 and CeO,-VC under NH,-SCR

Nature Synthesis


http://www.nature.com/natsynth

Article

https://doi.org/10.1038/s44160-026-01004-9

clicking auxiliaries to stably anchor single atoms onto supports while
fine-tuning their electronic structures, we address critical barriers
that haveimpeded the transition of single-atom catalysis from labora-
toryresearchtoindustrialapplication. In particular, we demonstrate a
high-throughput synthesis platform for rapid screening and successful
kilogram-scale production in industrial reactors. This methodology
enablesthe creation of acomprehensive C-SAC library, including cata-
lysts previously considered unfeasible on industrially inert supports.
The resulting C-SACs exhibit outstanding performance in electro-
catalysis, photocatalysis and thermal catalysis, coupled with excep-
tional stability and resistance to poisoning under realistic operational
conditions. These findings highlight the durability (through stable
anchoring), atom economy, universality and scalability of C-SACs in
demanding production environments and underscore their trans-
formative potential in modern catalysis. Moreover, the modular,
robot-driven high-throughput workflow enables data-rich, artificial
intelligence-assisted C-SAC discovery, paving the way for closed-loop
optimization and autonomous C-SAC design.

Methods

High-throughput synthesis of powder-based C-SACs

We established a robotic system for synthesizing of C-SAC pow-
ders, integrating a liquid-handling robot (Opentrons Flex;
Supplementary Fig. 11a,b) with a robotic arm and a furnace. A
custom-designed six-tube rack (Supplementary Fig. 11c), fabricated
via 3D printing, accommodates centrifuge tubes containing various
support materials and clicking auxiliaries. For example, CeO, slurries
(Supplementary Fig. 11f) serve as support materials, while VC solutions
(Supplementary Fig.11h) function as clicking auxiliaries. A15-channel
rack (Supplementary Fig. 11d), also 3D-printed, houses centrifuge tubes
for storing diverse metal precursor solutions (Supplementary Fig.11g).
Additionally, a specially designed 15-tube rack compatible with an
oscillatory mixing module facilitates the automated and uniform
mixing of supports, auxiliaries and precursors. The Opentrons Flex
liquid-handling robot is equipped with P1000S GEN3 and P1000M
GEN3 pipette modules, enabling precise single-channel and multichan-
nel liquid handling. Its integrated Heater-Shaker module provides
thorough mixing under controlled temperature conditions, while the
Temperature module ensures stable storage of temperature-sensitive
reactants. Automation scripts are generated via the Hardware Exec-
utor and seamlessly uploaded through a desktop application or
Jupyter notebook.

The synthesis of Cu,/CeO, C-SACs, including Cu,/CeO,-(111) and
Cu,/Ce0,-(110), is presented as a representative demonstration of
the preparation process. First, 0.4 g CeO, with (111) facet-exposed
powder®® or CeO,-(110) facet-exposed powder®, prepared following
previously established methods, was dispersed in 40 ml of deion-
ized water to form a CeO, suspension. Separately, 240 mg of VC was
dissolved in 40 ml deionized water to yield a 34 mM solution. Both
suspensions were stored in 50-ml tubes on a temperature-controlled
rack. The liquid-handling robotic system transferred ~3 ml of the
CeO, suspension into a reaction tube on the Heater-Shaker mod-
ule (Supplementary Fig. 11i), ensuring uniform dispersion through
gentle mixing. After agitation at 800 rpm, 0.6 ml VC solution was
added (Supplementary Fig. 11j), and the mixture was shaken at 600-
800 rpm. The resulting suspensions, designated CeO,-(111)-VC and
Ce0,-(110)-VC, were sequentially washed with high-purity ethanol,
Na,CO;solutionand distilled water toremove residual VCand DHA, and
redispersed indistilled water. Next, 0.5 ml of 50 mM Cu(NO;), solution
was added, followed by thorough shaking. The resulting mixture was
centrifuged or filtered to isolate the solid product, which was subse-
quently transferred to a furnace using a six-axis robotic arm (CR5A;
Supplementary Fig. 32a). Calcination was conducted at 300 °Cfor2 h
under an inert atmosphere, yielding the final Cu,/Ce0O,-(111) and Cu,/
Ce0,-(110) samples, collectively referred to as CeO, C-SACs.

High-throughput synthesis of electrode-based C-SACs

We developed an integrated workflow for electrode-based C-SAC
synthesis. Using Fe,/CeO,-VC@NF as a demonstration electrode, we
first sputtered an -30-nm CeO, layer onto nickel foam substrates that
had been sequentially cleaned in hydrochloric acid, acetone, deion-
ized water and ethanol. We then used a laser-cutting robot (Xtool
M1) to trim the CeO,@NF composites into 1 cm x 1.3 cm pieces.
For batch processing, we fabricated a specialized metallic holder
(Supplementary Fig. 32b,c), which can simultaneously secure more
than100 electrodes. Aroboticarmequipped withagripper transferred
these electrodes into 0.1 M KOH for a soak, followed by cyclic voltam-
metry scans to activate the electrodes. After activation, the CeO,@
NF samples were immersed in 0.1 M VC solution, producing clicked
CeO,@NF (CeO,-VC@NF). We placed these prepared electrodes on
a custom 3D-printed stage (Supplementary Fig. 32d,e). The robotic
arm then transported the stage to the liquid-handling robot, which
dispensed and precisely controlled the volume of metal precursor
solutions onto the CeO,-VC@NF, thereby producing Fe,/CeO,-VC@
NF. After the solvent had fully evaporated the electrodes were ready
for electrochemical testing.

High-throughput electrochemical testing of electrode-based
C-SACs

We implemented high-throughput electrochemical testing of
electrode-based C-SACs using a robotic arm (xArm; Supplementary
Fig. 34). The electrochemical measurements were conducted in a
three-electrode configuration, tailored to distinct reaction conditions.
For HER and OER, we utilized 160 ml of 1.0 M KOH as the electrolyte,
while for UOR, we prepared a modified solution by adding 0.3333 M
ureato 1.0 MKOH. The experimental setup employed aHg/HgO (1.0 M
KOH) electrode asthereference, agraphite rod as the counter electrode,
and the as-synthesized C-SAC@NF as the working electrode. Linear
sweep voltammograms were acquired within predetermined poten-
tial windows using a scan rate of 5 mV s™. The potential ranges for OER
and UOR spanned 0.2 to 0.7 V versus Hg/HgO, while for HER, the range
extendedfrom-0.7to-1.4 Vversus Hg/HgO. We automated the sequen-
tial exchange of electrodes using the robotic arm, which accurately iden-
tified, positioned and retrieved prelabelled samples. This process was
seamlessly integrated into the testing workflow, substantially reducing
human intervention. For control catalysts, as-prepared Pt-C and RuO,
powders were fabricated into electrodes with noble-metal loadings
matched to those of the corresponding C-SACs.

Large-scale synthesis of C-SAC-L

Thelarge-scale synthesis was carried out manually following the same
synthetic route as the high-throughput synthesis of powder-based
C-SACs, with proportional scaling-up, while accounting for concen-
tration adjustments required by the increased container volume.
All reactions were conducted in containers larger than 100 | under
continuous stirring. Using this approach, Cu,/Ce0O,-(111)-L and Cu,/
Ce0,-(110)-L were synthesized, and the same procedure was applied
to Ni,/CeO,-L, Mn,/CeO,-L and Ni,/TiO,-L by changing the metal
precursors accordingly.

Synthesis of additional reference samples

Cu,/Ce0,-1and Cu,/Ce0,-(111) were synthesized using similar proce-
dureswith identical CeO,and Cu®* precursor concentrations. The key
difference is that Cu,/CeO,-1 was prepared without the VC addition
step. Cu,/Ce0,-2 was synthesized using a fivefold higher Cu* precur-
sor concentration to achieve a Cu content comparable to that of Cu,/
Ce0,-(111), enabling a fair comparison of catalytic performance.

To synthesize Cu-VC/Ce0,, 100 mg copper(ll) nitrate trihydrate
(Cu(NO,),-3H,0) and 100 mg VC were dissolved in 200 ml distilled
water and vigorously stirred at room temperature for 6 h, resultingina
pale green Cu-VC solution. Subsequently,400 mg CeO, was dispersed
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into the Cu-VC solution, thoroughly washed with sodium carbonate
solution and deionized water and collected by centrifugation. The
solidwas dried under vacuum at 80 °C for 24 hand calcined at 300 °C
inan Aratmosphere for 2 hto yield Cu-VC/CeO.,.

To synthesize Cu-VC and Cu-VC-C, copper(ll) nitrate trihydrate
(Cu(NO;),-3H,0, 100 mg) was dissolved in 200 ml of distilled water,
after which ascorbicacid (1 g) was added. The mixture was vigorously
stirred at room temperature for 6 h, producing a pale green solution.
Following drying viarotary evaporation, the resulting solid was labelled
Cu-VC. This solid was then calcined at 300 °C under an argon atmos-
phere for 2 h, yielding the final product, designated as Cu-VC-C.

For the synthesis of Cu-doped CeO,, 160 ml of deionized water
was added into a 200-ml beaker, followed by the addition of glucose
(0.02 mol) and magnetic stirring for 30 min. Eventually, acrylamide
(0.03 mol), cerium nitrate hexahydrate (0.01 mol) and copper nitrate
trihydrate (0.001 mol) were sequentially added to the glucose solution,
with continuous stirring for 2 h. After thorough stirring, 12 ml of ammo-
niasolution was added dropwise to the obtained solution to adjust the
pH value to a minimum of 10. During this addition, the colour of the
solution intensified. The stirring continued at room temperature for
5htoyieldahomogeneous gel. The as-obtained gel was transferred to
a200-mlhydrothermalreactor and thenplacedinanovenat180 °C for
72 h.Subsequently, the solid product was obtained by filtration or cen-
trifugation and subjected to alternate washing with water and ethanol
for aminimum of six times. The washed precipitate was then dried in
avacuumovenat 70 °C for 24 h. Afterwards, the product was calcined
under anN, atmosphere at 600 °Cfor 6 hinatube furnace, with aheat-
ing rate of 5°C min™, and the product was calcined further ina muffle
furnace at 400 °C for 4 h to obtain flower-shaped Cu-doped CeO,.

For the synthesis of Cu/Ce0O,-H,, CeO, powder was treated in a
tubular furnace under high-purity H, flow (100 ml min™) at 300 °C
for 2 h, then cooled to room temperature under H, to obtain CeO,-H,.
Ce0O,-H, (400 mg) was redispersed in deionized water (100 ml) with
stirring and Cu(NO;),-3H,0 (100 mg) was added. After 6 h of stirring,
the solid was collected by centrifugation or filtration and calcined at
300 °Cfor2hunderaninertatmospheretoyield Cu/CeO,-H,.

Catalyst characterization

The crystal phase, morphology and microstructure of the samples were
analysed using X-ray diffraction with a Rigaku Dmax-2400 instrument
operated at 40 kV and 40 mA using Cu-Ka radiation. 'H NMR spectra
were collected at 298 K on a Bruker AVANCE IIIHD 400 MHz spectrom-
eter, with tetramethylsilane serving as the internal reference. The
surface characteristics of the SACs were studied using HAADF-STEM,
allowing for sub-angstrom-scale resolution. The HAADF-STEM images
were acquired using an FEI Titan Cubed Themis G2 300 spherical AC
STEM at the Electron Microscopy Laboratory of Peking University.
The carbon content was quantified with a LECO CS-230 carbon/sulfur
analyser. Samples were completely combusted in an O, stream, con-
verting carbon to CO and CO,; the resulting gases were measured by
infrared absorption spectroscopy. Insitu Raman measurements were
performed in a custom-built cell on a WITec Alpha300 R microscope
equipped with a532-nmlaser. Electron paramagnetic resonance spec-
tra were obtained on a Bruker EMXplus-6/1 spectrometer operating
at 9.4 GHz and 6.34 mW to quantify oxygen vacancies. UV-visible
diffuse reflectance spectra were measured on a Shimadzu UV-3600i
Plus spectrophotometer equipped with an integrating sphere. Cu
contents were determined by inductively coupled plasma optical emis-
sion spectroscopy (Agilent 7700). NH,-TPD and O,-TPD experiments
were performed on automatic chemical adsorption analysers, namely
the ChemBET Pulsar TPR/TPD (Quantachrome Instruments) and the
AUTOCHEM 112920. XAFS spectrawere collected at the IW1B beamline
of the Beijing Synchrotron Radiation Facility, beamline BLI4W1of the
Shanghai Synchrotron Radiation Facility and the XAFCA beamline
of the Singapore Synchrotron Light Source. The acquired data were

analysed using the Athena and Artemis modules from the IFEFFIT
software package.

Computational methods
DFT-VASP methods. Spin-polarized DFT calculations in this work were
carried out using the Vienna ab initio simulation package (VASP)"°7”2,
The Perdew-Burke-Ernzerhof (PBE) functional under the general-
ized gradient approximation was employed to evaluate the electron
exchange-correlation energy’®. Meanwhile, the projector augmented
wave method was used to capture interactions between atomic nuclei
and outer electrons’™, with a plane-wave kinetic energy cutoff of 500 eV.
To account for long-range dispersion interactions, Grimme’s DFT-D2
method” was adopted, thereby ensuring reliable treatment of adsorb-
ate-surface interactions’. Tomore accurately describe the 4felectron
shell of Ce, a Hubbard U value of 4.5 eV (U= U —J,/ = 0) was applied
to correct the Ce 4f orbitals’””°. Additionally, a Hubbard U value of
6 eV was employed to correct the Cu 3d electrons®®®!, Brillouin-zone
sampling was performed using the Gaussian smearing method witha
smearing width of 0.05 eV. Geometric optimizations utilized a conju-
gate gradientalgorithm, converged whenresidual forces oneachatom
wereless than 0.03 eV/A (for each direction), and the total energy was
converged to 107 eV. Only the I point was used for sampling the first
Brillouin zone. The LOBSTER program was employed to compute the
crystal orbital Hamilton population for bonding-state analysis®.
Foragivenreaction (A~>B), the reaction free energy AG (including
contributions fromthe DFT total energy, zero-point energy, vibrational
enthalpy (thermal corrections) and vibrational entropy) is defined as:

AG = Gy — G, 6]

where G, and Gy denote the Gibbs free energies of the initial state
(A) and final state (B), respectively. Supercells were prepared by cleav-
ing optimized CeO, along the (111) and (110) planes. For both the (111)
and (110) surfaces, periodic slab models were constructed contain-
ing 48 Ce and 96 O atoms, and an 18-A vacuum layer was introduced
along the z direction to eliminate spurious periodic interactions. A
pseudo-hydrogen passivation strategy® was adopted to saturate the
dangling bonds arising from exposed Ce/O atoms at the bottom of
the slabs. During optimization of the pseudo-hydrogen positions, Ce
and O atomsin the bottom region were fixed at their bulk coordinates.

The CI-NEB method®* was again used to locate transition states
for elementary surface reactions, verified by a single imaginary fre-
quency. The activation energy £, was calculated as the energy dif-
ference between the transition state and the intermediate state. For
geometry optimization of these transition states, the atomic structure
was relaxed until the forces on each atom were below 0.05 eV/A.

Dmol® methods. To gain deeper insight into the interaction mecha-
nisms between clicking auxiliaries and the catalyst support surface, we
performed additional calculations using a cluster model and numerical
basis sets. Specifically, we employed the same PBE functional” and a
double-numerical basis set asimplemented in the DMol® package®**¢.
We applied a global orbital cutoff radius of 5.6 A, with adsorption
geometries fully optimized until total energy convergence of 10~ Ha
and atomic force convergence of 0.005 Ha/A were achieved. Gaussian
smearing was employed with a width of 6= 0.005 Ha. As calculations
were based on a cluster model, k-space sampling and vacuum layers
were not required. Dispersion corrections were accounted for using
the Tkatchenko-Scheffler DFT-D method®’.

For modelling the interaction of VC with CeO,, we constructed a
Ce,0,, cluster model, where edge sites were terminated by hydroxyl
groups. VC adsorption was modelled by placing a single VC molecule
onto the CeO, cluster and performing full geometry optimization.

Cu*" adsorption and anchoring were studied by positioning an
isolated Cu®*ion (initial spin = 1.0) initially far from the CeO, cluster to
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establish areference state. This reference strategy minimizes potential
inaccuracies arising from the finite basis set size and was similarly
applied in VC adsorption calculations. Comparative analyses were
performed for Cu* adsorption on electron-enriched CeO,and pristine
CeO,clusters. Relative energies for each configuration were calculated
against the corresponding reference states to determine reaction ener-
gies for each adsorption step.

To quantify the strength ofinteraction betweenamolecule and the
metal oxide surface, we define the adsorption energy (E,4,) as follows:

Eads = EM + Esurface - EM/surface (2)

where E,4, denotes the adsorption energy, Eyysurmace iS the total energy
of the adsorbed molecule-surface system, and E,, and Eg,.. are the
total energies of the isolated molecule and the clean metal oxide
surface, respectively.

AIMD methods. We performed AIMD simulations using VASP to
explore the adsorption dynamics of the clicking-auxiliary VC molecule
on the CeO, or TiO, surface and its role in anchoring metal ions. To
achieve abalance between computational efficiency and accuracy, we
adapted the computational framework described inthe DFT methods,
modifying parameters specifically for AIMD. We expanded the wave-
functions using a plane-wave basis set with a400-eV cutoff energy and
applied Gaussiansmearing with awidth of 0.2 eV to enhance numerical
stability, and spin polarization was implemented.

We constructed the CeO, surface model by cleaving two atomic
layers from the (111) facet and introducing a 14-A vacuum layer to avoid
periodicinteractions. To simulate the solution-phase environment, we
placed 35 water molecules combined withaVC molecule, twoNa,(CO,),,a
Cu(NO;), molecule,aFe(NO,);oraPt(NO), molecule withinthe vacuum
region, respectively.Inthe TiO,system, we constructed the TiO, surface
model by cleaving two atomiclayers fromthe (101) facet and introducing
a16-A vacuum layer. To simulate the solution-phase environment, we
placed 40 water molecules combined withaVC molecule, two Na,(CO5),,
a Cu(NO;), molecule or a Fe(NO,), within the vacuum region, respec-
tively. We optimized the structure by setting energy and force conver-
gence criteria to 10 eV and 0.05 eV/A, respectively, ensuring a highly
accurateinitial configuration. Due to the model’s size, we sampled only
the-pointin the Brillouin zone to maintain computational efficiency.

After optimizing the structure, we gradually heated the system
from O K to 298 K over 1.49 ps using velocity scaling and equilibrated
itat 298 K for an additional 2 ps with a 1-fs time step to ensure ther-
mal stability. We simulated the dynamic adsorption and Cu anchor-
ing processes by performing constrained AIMD simulations with the
slow-growth method. We defined the collective variable as a combi-
nation of distances between the Cu atom and the O atoms in both VC
and CeO, and incrementally increased it by 0.005 A per molecular
dynamics step. We recorded the energy at each step and smoothed the
trajectory using the Savitzky-Golay method to highlight key trendsin
the energy profile.

Data availability

Relevant data supporting the key findings of this study are available
within the article and Supplementary Information. Source data are
provided with this paper.
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