Open Access Article. Published on 28 kovo 2026. Downloaded on 2026-06-11 18:53:00.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

ROYAL SOCIETY

: oy
Chemical
P OF CHEMISTRY

Science

View Article Online
View Journal | View Issue

REVIEW

Atomic-level engineering of single-atom catalysts
for selective C—C coupling in CO, hydrogenation to
ethanol

{ ") Check for updates ‘

Cite this: Chem. Sci., 2026, 17, 8432

Wenyu Zheng,® Yiming Liu,° Xiaohai Zhang, ¢ Shengjie Bai, {2 *2¢ Aobing Li,¢
Kelun Jiang,® Feng Wang, {22 Ya Liu, 2 *2 Yubin Chen (2?2 and Shaohua Shen(?

The selective hydrogenation of CO, to ethanol represents a pivotal route for sustainable carbon utilization
and renewable fuel production, yet its efficiency is fundamentally constrained by the C-C coupling step,
which plays the pivotal, rate- and selectivity-determining role in this reaction. Single-atom catalysts
(SACs) have emerged as transformative platforms for addressing this challenge, offering atomic-level
control over active site geometry, electronic structure, and intermediate stabilization. This review
comprehensively examines the design principles and mechanistic insights underlying SACs for selective
CO,-to-ethanol conversion, with emphasis on atomic-scale engineering strategies that enhance C-C
coupling while suppressing competing pathways. We discuss how tailored coordination environments,
metal-support interactions, and defect engineering (e.g., oxygen vacancies) modulate the adsorption
energetics of key intermediates (*CO, *CH,, and *CH,O) and transition states to favor ethanol formation.
Advanced characterization and computational studies indicate that ternary interfacial structures, which
consist of isolated metal sites, defect sites, and support cations, function as minimal functional units to
optimize pathway selectivity. Furthermore, we highlight emerging strategies for enhancing SAC stability

under practical conditions and address scalability challenges through advanced synthesis techniques like
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principles and their direct impact on C-C coupling selectivity, provides a roadmap for developing high-
performance SACs that achieve unprecedented ethanol selectivity and activity, paving the way toward
industrial-scale CO, valorization.
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biomass fermentation, both of which are constrained by feed-
stock competition, land use pressures, and elevated carbon

1. Introduction

The conversion of carbon dioxide (CO,) into value-added
chemicals represents a central pillar of strategies aimed at
closing the anthropogenic carbon cycle and achieving net-zero
emissions.'™ Among various CO, conversion routes, the cata-
lytic hydrogenation to ethanol represents a particularly
compelling approach, offering simultaneous carbon valoriza-
tion and synthesis of a high-energy-density liquid fuel
compatible with existing infrastructure.*® Traditional ethanol
production predominantly relies on fossil-derived feedstocks or
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footprints.” CO, hydrogenation to ethanol thus represents
a promising route to integrate renewable H, with anthropogenic
carbon sources, offering potential pathways toward a closed
carbon cycle and reduced reliance on fossil resources.””****

The mechanistic complexity of CO, hydrogenation to
ethanol fundamentally distinguishes it from C; product
synthesis pathways.® Methanol formation proceeds through
sequential hydrogenation of the carbon-oxygen double bond,
a thermodynamically favourable process with relatively modest
kinetic barriers.””* In contrast, ethanol synthesis necessitates
C-C bond formation, typically via coupling of adsorbed *CO
and *CH, intermediates (*CO + *CH, — *CH,CO), which
imposes stringent requirements on catalyst active sites.'® This
critical step demands precise orchestration of intermediate
adsorption geometries, electronic charge redistribution, and
competitive reaction pathway suppression.””*®* The C;-to-C,
transition therefore constitutes the central challenge in CO,
valorization, with elucidation of C-C coupling mechanisms and
selectivity control principles holding profound implications for
rational catalyst design.**

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d6sc01691j&domain=pdf&date_stamp=2026-05-01
http://orcid.org/0000-0002-2023-6841
http://orcid.org/0000-0002-4726-9096
http://orcid.org/0000-0001-5106-8708
http://orcid.org/0000-0002-9912-7655
http://orcid.org/0009-0008-3272-718X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc01691j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC017017

Open Access Article. Published on 28 kovo 2026. Downloaded on 2026-06-11 18:53:00.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Single-atom catalysts (SACs) have emerged as a trans-
formative class of heterogeneous catalysts, exhibiting maxi-
mized atomic utilization and unique active site electronic
structures that can be precisely tailored through support
selection, coordination environment, and metal-support inter-
actions.”?® Atomically dispersed metal centres offer well-
defined coordination geometries that enable atomic-level
control of intermediate binding energies and elementary step
energetics, thereby modulating the competitive reaction path-
ways that dictate selectivity toward ethanol and other higher
alcohols.** Recent work has demonstrated that SACs can effec-
tively facilitate CO, activation, promote *CO formation, and
enhance C-C coupling efficiency while suppressing competing
pathways such as CO over-hydrogenation and methane forma-
tion.”” Moreover, advanced SAC designs such as cooperative
dual single-atom systems and tailored metal heteroatoms sup-
ported on defect-rich or electronically modulated supports have
shown improved ethanol selectivity and catalytic efficiency,
underscoring the importance of active site synergy and elec-
tronic regulation in optimizing C, product formation. For
example, cooperative Ni/Cu SACs have been reported to facili-
tate *CO coupling and subsequent hydrogenation to ethanol,
illustrating how intentional pairing of active centres can
modulate reaction pathways at the atomic scale.**** In addition
to active site engineering, recent reviews and mechanistic
studies have emphasized the critical influence of promoters,
support properties (e.g., oxygen vacancies and acid-base func-
tionality), and reaction conditions in balancing elementary
reaction steps such as CO, activation, hydrogenation, and C-C
coupling.®®?* These coordination and support properties
profoundly impact the formation rates of key intermediates and
the overall selectivity landscape.
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This review synthesizes recent advances in atomic-level
engineering of SACs for selective CO, hydrogenation to
ethanol (Fig. 1). We first dissect the thermodynamic and kinetic
features of competing reaction pathways (CO-, formate-, and
methoxy-mediated routes) and clarify how SACs rewire pathway
selectivity (Section 2). Subsequently, we elaborate on the core
principles of SAC atomic-level engineering, which encompass
electronic structure modulation, geometric optimization of
active sites, and stabilization strategies to mitigate deactivation
(Section 3), integrating insights from operando characterization
and density functional theory (DFT) calculations. Emerging
frontiers, including advanced synthesis techniques, integration
with renewable H, infrastructure, and reactor engineering for
industrial scalability, are then discussed (Section 4). Finally, we
outline critical challenges and future directions for advancing
SAC technologies toward practical implementation (Section 5).
This review aims to bridge fundamental catalysis science with
applied materials engineering, providing a holistic framework
for designing high-performance SACs that unlock the full
potential of CO, hydrogenation to ethanol as a sustainable
carbon valorization technology.

2. Thermodynamics and mechanistic
insights into CO,-to-ethanol
conversion over SACs

Selective CO, hydrogenation to ethanol is governed by
competing reaction pathways in which C-C coupling is both
kinetically demanding and thermodynamically disfavoured;
SACs enable atomic-scale control of adsorption, charge transfer
and site geometry to reconstruct path probabilities toward C,
formation.
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Fig. 1 Schematic illustration of the bottlenecks, strategies, and applications of atomic-level engineering for selective C-C coupling in CO,

hydrogenation toward ethanol synthesis.
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2.1 Competing reaction pathways and the strategic role of
SACs

The selective hydrogenation of CO, to ethanol is inherently
constrained by a complex network of competing reaction
pathways, where the thermodynamically disfavoured and
kinetically demanding C-C coupling step must outcompete
dominant C; termination routes (methanation and methanol
synthesis) and side reactions (reverse water-gas shift, RWGS).
As validated by combined DFT calculations and operando
characterization techniques (e.g., in situ diffuse reflectance
infrared Fourier transform spectroscopy, DRIFTS), three prin-
cipal mechanistic pathways govern product distribution: the
CO-mediated route, formate-mediated route, and methoxy-
mediated route (Fig. 2).>>*° A unifying feature across all path-
ways is the requirement for *CH, intermediates (x = 1-3) to
undergo coupling with carbon-containing species (*CO,
*HCOO, and *CH,O) to initiate C, formation, making the
stabilization of these key intermediates and modulation of their
coupling kinetics the central design criterion for selective
catalysis. Table 1 delineates the distinct mechanistic features,
key intermediates, and rate-determining steps inherent to the
CO-, formate-, and methoxy-mediated pathways. This system-
atic comparison is instrumental for deciphering the origins of
pathway selectivity and establishing structure-activity relation-
ships essential for targeted catalyst engineering.

The CO-mediated pathway stands as the most extensively
validated and kinetically favourable route for ethanol
synthesis.>*** This pathway initiates with CO, activation to
*COOH, whose dissociation yields *CO—the pivotal C1 inter-
mediate. Subsequent hydrogenation of *CO generates *CH,
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species, whose coupling with *CO or *CH,O yields C, precur-
sors (*CH,CO) that proceed to ethanol via sequential hydroge-
nation. Computational studies on 9-FesC, (510) surfaces
quantify this kinetic advantage: the activation barrier for *CH,O
+ *CH, coupling (=0.52 eV) is substantially lower than that of
C; termination pathways (>0.7 eV) or alternative C, formation
routes.** Operando DRIFTS investigations on Cs-CuFeZn cata-
lysts further confirm the pathway's relevance, identifying
adsorbed acetaldehyde and ethoxy intermediates as direct
products of *CO insertion into *C,H, species, formed via
RWGS-derived CO hydrogenation, while ruling out methanol as
a C, precursor through methanol steam reforming control
experiments.*

The formate-mediated pathway proceeds via stepwise
hydrogenation of CO, to *HCOO, *H,COO, and *CH;O inter-
mediates, with C-C coupling achieved through *CH; (generated
by C-O bond scission) reacting with *CO to form *CH;CO.
However, this route suffers from intrinsic thermodynamic bias
toward C; products, as the high stability of *CH;0 intermedi-
ates promotes methanol formation over C-C coupling.**>°
Limited exceptions have been reported in cobalt-based systems
(CoAlO, and Coy 5,Nij 45A10,) and Cu/Cs/ZnO catalysts, where
operando FTIR spectroscopy and DFT-KMC simulations confirm
*CH, insertion into *HCOO to form acetate (*CH3COO) or
*OHCCHO intermediates.*”*® Notably, Cs promotion in Cu/Cs/
ZnO facilitates *HCOO dissociation to *CHO, a critical
precursor for C-C coupling, yet the pathway's overall selectivity
remains inferior to the CO-mediated route in conventional
catalytic systems.*

The methoxy-mediated pathway, although less prevalent,
offers a mechanistically distinct route for CO, hydrogenation to
ethanol, beginning with the formation of methoxy (*CH;O)
intermediates. Studies on Pt/Co;0, and Cu@Na-Beta catalysts
show that methoxy groups can be protonated, often with water
assistance, or directly split to produce methyl (*CHj3) species,
which then couple with *CO or activated CO, to yield ethanol.*
DFT calculations by Chen et al. revealed that electron-rich Pd
dimers substantially lower the energy barrier for *CH3O
coupling to —0.3 eV, while single-atom Pd sites present
a significantly higher barrier.** This highlights the critical role
of the local electronic structure and cooperative dual-atom
effects. Furthermore, Yang et al found that surface CH,
species (x = 1-3) not only participate in C-C coupling but also
regulate catalytic activity and selectivity by influencing surface
hydrogen dynamics.*> Complementary work by Deng's group,

Table 1 Comparative analysis of CO, hydrogenation pathways toward ethanol over SACs

Pathway Key intermediates C-C coupling mode

Rate-determining step (RDS) Limitations

CO-mediated *CO, *CH,, and *CH,CO

Formate-mediated = *HCOO, *CH30, *CHj3, and
*CH,CO
Methoxy-mediated *CH;0, *CHjz, and *CO

precursors

8434 | Chem. Sci, 2026, 17, 8432-8452

*CO + *CH,, — *CH,CO

*CHj; + *CO — *CH;CO

*CHj; + *CO — ethanol

*CO hydrogenation or *CH,~
CO coupling

C-O bond cleavage of *CH;0
or *CHj; formation

Requires balanced *CO and
*CH, stabilization

Strong tendency toward
methanol formation; poor
C-C coupling selectivity
*CH;30 dissociation or Limited generality

coupling step

© 2026 The Author(s). Published by the Royal Society of Chemistry
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integrating spectroscopy and theory, clarified how axial oxygen
coordination at tin centres directs the transformation of
*OCHO intermediates to formic acid, emphasizing the impor-
tance of the coordination environment in the reaction
pathway.*

A core mechanistic insight is that efficient C-C coupling
requires concurrent stabilization of *CO and *CH, intermedi-
ates in geometries conducive to bond formation. SACs excel in
this regard by leveraging coordination-induced charge coupling
between isolated metal centres and support defects (e.g., oxygen
vacancies).**** This interaction modulates the d-band centre of
metal sites and tunes the energy difference between transition
states and adsorbed intermediates, directly optimizing inter-
mediate stability at the potential energy surface level. Such
atomic-level control suppresses competing pathways (e.g., CO
over-hydrogenation and methanation) while promoting C,
formation, an advantage unattainable with conventional
nanoparticulate catalysts.>"*1¢47

2.2 Thermodynamic landscape and catalyst design
strategies for pathway selectivity

From a macroscopic thermodynamic perspective, the overall
free energy landscape of the CO, hydrogenation system typically
shows a trend towards more hydrogenated, hydrogen-saturated
products (such as methane), making methanation thermody-
namically advantageous. Although methanol synthesis can be
achieved through appropriate catalysts and reaction conditions
in terms of kinetics, it is generally in an unstable state and is
limited by reaction conditions.*® Therefore, the selective
generation of ethanol requires intentionally deviating from the
thermodynamically spontaneous and kinetically favored C;
pathway. This objective is achievable only via precision catalyst
engineering that balances intermediate stabilization and C-C
coupling promotion. This deviation is achievable through

View Article Online
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structural reconfiguration and electronic state modulation to
stabilize C; intermediates while simultaneously facilitating
their C-C coupling (Fig. 3a).

Conventional nanoparticulate catalytic systems attempt to
enhance C-C coupling probability through elevated metal
loadings.** However, such approaches fail to regulate the
surface residence time of individual intermediates, leaving the

49,50

system prone to excessive hydrogen coverage, which thermo-
dynamically favors C; products.®® In stark contrast, SAC archi-
tectures exhibit atomic-scale electronic localization, enabling
precise control over the adsorption energetics of *CO, *CH,,
and *CH,O intermediates within extended M-O-M' coordina-
tion environments (Fig. 3b). This tunability maintains inter-
mediates in an optimal adsorption regime: strong enough to
prevent premature desorption but weak enough to avoid irre-
versible binding or displacement by competitive H,
adsorption.***

The exceptional ethanol selectivity of SACs originates from
the effective suppression of methanation and methanolization
pathways.***¢ The transformation of CO, to ethanol via SACs
can thus be conceptualized as a competitive pathway proba-
bility reconstruction process driven by electronic structure
engineering. This reconstruction aligns with the core require-
ment of selective C, synthesis, which is overcoming the intrinsic
thermodynamic and kinetic biases toward C,; products.>**= It
also establishes the foundational logic for subsequent atomic-
level engineering strategies (Section 3), where electronic and
geometric modulation of SAC active sites is tailored to further
optimize this pathway selectivity.*>**

3. Atomic-level engineering of SACs:
design principles and recent advances

The rational design of single-atom catalysts for selective CO,-to-

precision catalyst engineering that leverages geometric ethanol conversion requires fundamental understanding of
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Fig. 3 Thermodynamic effects of reaction conditions and the catalytic cycle for CO, hydrogenation to ethanol. (a) Effects of temperature and
pressure on the thermodynamics of various products in CO, hydrogenation; reproduced with permission.®> Copyright 2022, American Chemical
Society. (b) Illustration of the catalytic cycle of ethanol formation from CO, hydrogenation on the Rh;/CeTiO, catalyst. The insets show the
structure of the Rh;/CeTiO, catalyst; reproduced with permission.** Copyright 2022, John Wiley and Sons.
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Table 2 Representative performances of SACs for CO, hydrogenation to ethanol
pH,/pCO, Temperature Pressure TOF Selectivity STY
No.  Catalyst (barbar™)  (°C) (MPa) (h™) (%) (geton Eeat "h™")  Stability/time (h)  Ref.
1 Ir;/In, 05 5:1 200 6 481.2 99.7 0.046 5 h (Time) 65
2 Rh;/CeTiOy 3:1 250 3 493.1 99.1 0.265 5 cycles 44
3 Rh/CN 3:1 250 3 — 91.3 — 5 h (Time) 66
4 Rh/CNP 3:1 250 3 420.7 81.8 — 5 h (Time) 66
5 Rh-N;P, 3:1 250 3 420 81.8 3.6 5 h (Time) 66
6 Pd/Fe;0, 4:1 300 0.1 — 97.5 19.0 — 67
7 Pd,/CeO, 3:1 240 3 211.7 99.2 45.6 — 68
8 Pt/Co030, 3:1 200 8 — 82.5 0.013 — 69
9 Cu-N, SAC 3:1 150 3.2 — 95.5 — 3 h (Time) 70
10 Pd,Ce@Si;¢ 3:1 250 3 — 98.7 11.6 60 h 41
11 Zr,-bpdc- 3:1 100 2 — 99 4.05 3 cycles 71
CuCs

12 Au,/TiO, 3:1 200 — 99 0.954 6 cycles 72
13 Cu 190 0.1 — 84 1.0 x 1077 — 73
14 Cu/ZrO, 3:1 180 3 2.89 100 — — 74
15 Cu/ZnO 3:1 170 3 — 99.1 — — 75

how atomic-level structural features govern catalytic perfor-
mance.”"**** This section systematically examines three inter-
connected design pillars: (1) electronic structure modulation
through coordination environment engineering to control
intermediate binding energies and transition state stabiliza-
tion, (2) geometric optimization of active site configurations to
facilitate C-C coupling while suppressing competing pathways,
and (3) stability enhancement strategies addressing deactiva-
tion mechanisms including sintering, carbon deposition, and
metal-support interactions. By integrating insights from
advanced characterization techniques and computational
modelling, we establish structure-performance relationships
that guide the development of robust and selective SAC systems
for practical CO, utilization (Table 2).

3.1 Electronic structure modulation and coordination
environment engineering

The transformative potential of SACs derives from their capacity
to achieve directional regulation of reaction potential energy
surfaces at the intermediate level by controlling the local elec-
tronic structure of isolated metal centres.” The binding energy
is determined by the electronic structure of the active centre,
which is controlled by its local coordination environment.”
Extensive theoretical and spectroscopic investigations have
demonstrated that the relative energy barriers governing
different intermediates (*CO, *CH,, *CH,O, and *CH;CO) are
not uniformly distributed across active metal surfaces but
rather exhibit pronounced dependence on the coordination
environment of the single metal centre and the degree of charge
polarization at surrounding defect sites such as S vacancies (S,),
O vacancies (O,), and N vacancies (N,).”*”°

Hu et al. demonstrated that sulfur vacancy-rich MoS, serves
as an efficient catalyst for CO, hydrogenation to methanol by
tailoring the local electronic structure through defect engi-
neering (Fig. 4a).*° S, provide unsaturated sites that enhance
CO, activation and stabilize intermediates, promoting electron

8436 | Chem. Sci, 2026, 17, 8432-8452

transfer and lowering reaction barriers (Fig. 4b). Their
combined experimental and computational analysis highlights
how atomic-level coordination modulation can markedly
improve catalyst activity and selectivity in CO, conversion. A
critical mechanistic insight emerging from recent studies
indicates that the key structural unit capable of generating bias
toward C, product pathways in CO, hydrogenation is a ternary
interface composed of an “isolated metal-defect site (such as
O,)-carrier cation” assembly, rather than the isolated metal
atom itself.®> This ternary interfacial configuration fundamen-
tally distinguishes SACs from conventional nanoparticulate
catalysts, as it enables atomic-level control over electronic
charge redistribution and intermediate stabilization.**** On
reducible oxide supports such as In,O;, CeO,, and TiO,, iso-
lated metal sites and adjacent oxygen vacancies synergistically
form highly polarized local coordination environments that
facilitate CO, activation. O, in the support play a crucial role in
the catalytic performance of CO, hydrogenation.*® Electrons are
injected into the lowest unoccupied molecular orbital of CO,,
thereby achieving a bent adsorption configuration character-
istic of activated CO, excited states.?”*®

The critical role of metal-adsorbent interactions has been
unequivocally demonstrated in Pt single-atom systems. In the
Pt;/FeO, catalytic architecture, joint XAS/XPS and DFT analyses
confirm that Pt; exists in a partially positive valence state on
iron oxide surfaces, resulting from local charge redistribution
driven by electron back-donation from Fe>* to Pt.* This local
electronic structure modification significantly affects the
adsorption mode and activation energy of *CO intermediates,
indicating that electron transfer can be optimized through
carrier defect engineering.®® Comprehensive analyses reveal
that in Fe30,4(001) single-atom systems (Fig. 4d), CO adsorption
energies at different metal single-atom sites exhibit a compa-
rable trend relationship with the proximity of d-electron states
to the Fermi level (Er), with d-band centre deviation directly
regulated by local coordination environments (Fig. 4c).*"** The

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.4 Structural characterization, catalytic performance, and electronic structure correlations of catalysts for CO, hydrogenation to ethanol. (a)
DFT-calculated structures of the adsorption of oxygen at the edge (top) and in-plane (bottom) S, over S, -rich MoS,, (b) schematic diagram of in-
plane sulfur vacancies driving the selective hydrogenation of CO,; reproduced with permission.2® Copyright 2021, Springer Nature. (c) The CO
adsorption energy of metal monatomic species on the FezO4(001) surface and its relationship with the d-band centre; reproduced with
permission.® Copyright 2022, American Chemical Society. (d) The Fez04(001) surface.; reproduced with permission.®? Copyright 2013, Springer
Nature. (e) Highly selective hydrogenation of CO, to ethanol via a designed bifunctional Ir;—In,O3 SAC and (f) the ethanol selectivity over Ir;—
In,O3: the effect of temperature in 3.0 mL of H,O, initial pressure 6.0 MPa (H,/CO, = 5:1), catalyst 20 mg; reproduced with permission.®

Copyright 2020, American Chemical Society.

Ir;-In,0; system exemplifies this design principle with excep-
tional clarity (Fig. 4€).® The Ir-O,~In*" interface formed when Ir
atoms are anchored proximal to oxygen vacancies reduces the
*CH3CO transition state energy by approximately 0.4-0.5 eV
relative to metallic Ir surfaces, achieving ethanol selectivity
exceeding 99% at 473 K and 60 bar (Fig. 4f). This performance
on Ir;-In,0; quantitatively demonstrates that reaction pathway
selectivity can be precisely engineered through local electronic
environment control to stabilize specific transition states.
Consequently, charge transfer behaviour emerges as a key
descriptor for modulating reaction pathways in SAC systems.
Iron-based carbide systems can be conceptualized as an exten-
sion of this local electronic structure regulation strategy toward
selective pathway control. The %-FesC, (510) surface achieves
CO insertion within an energy range of approximately 0.4-0.6 eV
to form C-C coupling transition states—significantly lower than
the energy barriers corresponding to C; termination channels
(>0.7 eV), consistent with the “effective energy window” effect of
single-centre electronic structure regulation.***” This phenom-
enon has been independently verified in atmospheric-pressure
CO, hydrogenation for long-chain olefin synthesis, where iron
carbide introduction stabilizes CO insertion intermediates at
lower energy barriers, dramatically increasing the proportion of
C,-C,4 hydrocarbon products.”

These convergent research findings establish that SAC
superiority does not stem solely from metal dispersion but
rather from precise local electronic structure regulation enabled

© 2026 The Author(s). Published by the Royal Society of Chemistry

by the “isolated metal-defect site-carrier cation” ternary inter-
face. This enables C-C coupling-related transition states to gain
measurable kinetic advantages in free energy space compared
to C; termination pathways, thereby enhancing C, product
(ethanol) formation efficiency.®>°>** This mechanism has been
independently validated across Ir,-In,0s, Pt,/Fe;0,, and Fes;C,
(510) systems, establishing SAC as a fundamental catalytic
design route that “achieves reaction path selectivity recon-
struction through local electronic structure engineering”.”

3.2 Atomic-level control of C-C coupling via coordination
engineering

SACs can precisely control the adsorption configuration and
electronic structure of intermediates at the atomic scale,
thereby simultaneously promoting C-C coupling, demon-
strating exceptional potential for CO, hydrogenation to C,
products.”®*® The Ir;-In,0; system represents the paradigmatic
example of this design principle.® In this catalyst architecture,
isolated Ir single atoms are anchored proximal to oxygen
vacancies (O,) on In,O3, forming an Ir-O,~In*" ternary interface
that achieves dual-functional synergy: Lewis acidic-basic sites
on In,0; promote CO, activation, while Ir sites stabilize *CO
(carbonyl intermediate) adsorption and facilitate C-C coupling
reactions with methoxy groups (*OCHj;) on the In,0; surface.”

Recent breakthrough studies have demonstrated that the
Ir;-P,/In,0; catalyst achieves an impressive ethanol yield of
3.33 mmol ¢ ' h™" and a turnover frequency of 914 h™" under
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Fig. 5 Catalytic roles of SACs and related catalysts in CO, hydrogenation: pathway regulation, C—-C coupling promotion, and spectroscopic
characterization. (a) Schematic illustration of Ir single atoms precisely anchored on P islands of In,Oz nanosheets, highlighting enhanced CO,
adsorption, C-C coupling, and H, dissociation for highly selective ethanol production; reproduced with permission.?* Copyright 2025, John
Wiley and Sons. (b) Schematic diagram for the CO, hydrogenation reaction on different types of copper species; reproduced with permission.”
Copyright 2022, Springer Nature. (c) CO, hydrogenation over the inverse Zr—Cu catalyst; reproduced with permission.®* Copyright 2024,
Elsevier. (d) The fraction of reaction pathways and their contributions to methanol selectivity over Cu/Zr-SiO, samples with various ZrO, content
in catalysts; reproduced with permission.®® Copyright 2023, John Wiley and Sons. (e) In situ DRIFTS of CO, hydrogenation with the Ir;—In,O3
catalyst after exposure to CO, at 200 °C; reproduced with permission.®®> Copyright 2020, American Chemical Society.

moderate conditions, nearly 8 times higher than that of the
unmodified Ir,/In,O; catalyst, with the TOF reaching 2108 h™*
at industrially relevant pressure (Fig. 5a).>* The specific coor-
dination of the Ir centre with P islands not only alters the
electronic structure to optimize CO, adsorption and C-C
coupling ability, but P atoms also exhibit excellent H, dissoci-
ation ability compared to the Ir single atomic site. These data
unequivocally confirm that the Ir-O,~In*" three-site structure
renders the free energy of the *CH3;CO transition state
substantially lower than that on metallic Ir particle surfaces,
thereby suppressing over-hydrogenation (C; pathway) and
stabilizing coupling intermediates.

Copper-based single-atom catalysts exhibit tunable C-C
coupling behaviour during CO, hydrogenation processes and
are regarded as important candidates for promoting C-C bond
formation.””*® As shown in Fig. 5b, compared with clusters/
large-particle Cu, by introducing doped atoms with weak M-C
interactions (such as introducing Zn, Ag or other metals/atoms
with weaker valence states near the Cu lattice or sites), the
adsorption strength of *CO can be weakened, promoting the
migration and relaxation of adsorbed *CO on the surface/
positions, thereby reducing the effective energy barrier for C-
C coupling and increasing the yield of C, (such as ethanol).”

Furthermore, studies on the metal-support interface or the
Cu-Zr monomer system derived from MOFs have shown that
isolated Cu sites and their adjacent Zr-O coordination units can
reconfigure the electronic density distribution at the atomic
level, significantly enhancing the activation of CO, and stabi-
lizing key intermediates (such as *CO, *HCOO, and *CHO),

8438 | Chem. Sci,, 2026, 17, 8432-8452

making the gradual hydrogenation path through intermediates
such as CHO more favourable in terms of kinetics (Fig. 5¢). At
the same time, it also provides favourable charge and geometric
foundations for the subsequent *CO-*CH, coupling.®* The
relevant DFT potential energy profiles indicate that, on certain
Zr;-Cu or Cu/ZrO, unit site models (Fig. 5d), the energy barrier
required to form C-C precursors (such as *CHO and *CH,O0) is
significantly lower than the energy barrier for direct CO,
dissociation to *CO. This suggests that “moderately stable CO,
adsorption + enhanced stability of intermediates” is conducive
to favouring the generation of C, products rather than favouring
the thermodynamically more stable C; pathway. Although these
studies did not specifically analyze the C-C coupling process of
C, products, their theoretical analyses of *CO adsorption,
decomposition pathways, and intermediate stability laid the
foundation for designing copper-based solid acid catalytic
systems for ethanol production. From the above DFT analyses,
coupling reactions (C-C bond formation) in CO, hydrogenation
to C, products proceed through isomerization coupling
between partially hydrogenated carbon intermediates (such as
*CH,O or *CH,) and adsorbed *CO (or *CHO). Therefore, to
lower C-C formation barriers, on the one hand, CO adsorption
strength must be maintained within appropriate ranges, and on
the other hand, partially hydrogenated carbon intermediates
must be stabilized to facilitate their entry into coupling transi-
tion states.”®

At the experimental level, operando spectroscopy and isotope
tracing techniques provide compelling evidence for these
theoretical frameworks. In the Ir;-In,O; system, operando

© 2026 The Author(s). Published by the Royal Society of Chemistry
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DRIFTS detected coexisting spectral bands of carbonyl (*CO)
and methoxy (*OCH;), with spectral intensities positively
correlated with ethanol formation rates (Fig. 5e). This unam-
biguously demonstrates that CO and partially hydrogenated
oxygen-containing intermediates coexist on catalyst surfaces
and jointly participate in C-C coupling reactions, validating the
mechanistic paradigm established through computational
studies.®

3.3 Stability challenges and mitigation strategies

While SACs demonstrate unique advantages in achieving high
selectivity and atomic utilization, their long-term stability under
thermal catalytic gas-phase/liquid-phase reaction conditions
remains a primary challenge impeding industrial applica-
tions.' Relevant studies have identified three principal phys-
ical and chemical processes driving SAC deactivation: (1) site
sintering characterized by single-atom aggregation into metal
clusters/nanoparticles, (2) carbon deposition/reconstruction
involving SAC site coverage by carbonaceous deposits, thereby
reducing reaction rates, and (3) chemical interactions with
supports manifesting as structural reconfiguration caused by
strong metal-support interactions resulting in anchoring site
loss.®10171% These deactivation pathways diminish SAC activity
and alter intermediate adsorption configurations, thereby
shifting product distribution and selectivity. The construction
of single-atom sites represents a promising strategy to enhance
the catalytic efficiency of CO, conversion, yet maintaining their
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structural integrity under operating conditions
sophisticated design strategies.

3.3.1 Site sintering and metal aggregation. The Ir;-In,0;
catalytic system provides specific case studies regarding SAC
site sintering phenomena.®® While exhibiting up to 99.7%
ethanol selectivity and relatively high initial conversion rates
(TOF = 481 h™') in initial states, Ir;-In,0; exhibits severe
deactivation when Ir loading increases or during long-term
cycling. In particular, when the Ir mass fraction increases
from 0.2 wt% to 1.0 wt%, ethanol selectivity drops from 85.3%
to 5.7%, with TOF declining nearly to 0 h~'. HAADF-STEM and
EXAFS characterization results support these conclusions:

requires

excessive Ir leads to local reduction and promotes Ir atom
aggregation into Ir, clusters, ultimately forming 1-2 nm nano-
particles. Simultaneously, In,O; undergoes over-reduction,
resulting in increased Ir° and metallic bonding, thereby
reducing CO and intermediate adsorption properties and C-C
coupling capabilities. Therefore, maintaining monodisperse
SAC states and avoiding excessive support reduction are key to
maintaining high C, selectivity.

Another study on Rh-modified CeO,(111) surfaces further
confirms SAC structural instability and aggregation under
reducing atmospheres in Fig. 6a (a key sintering trigger).'**
Using DFT calculations and P-T phase diagrams, researchers
investigated stable Rh-modified CeO,(111) structures, including
RhO, clusters (x = 1-3), supported Rh single atoms (Rh,/

Ce 5006), Rh clusters (Rh;/Cey3006), Rh-doped surfaces
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(Rh;Ce47096); reproduced with permission.’®* Copyright 2025, Springer Nature. (b) The Raman spectrum obtained after a 4-hour long-term
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(Rh;Ce,7046), and Rh-doped surfaces with oxygen vacancies
(Rh;Ce,;7045). The results show that Rh doping is thermody-
namically preferred, with oxygen vacancies forming adjacent to
Rh dopants under typical conditions; increasing the reducing
atmosphere temperature and pressure stabilizes Rh clusters
over single atoms, inducing sintering consistent with Ir aggre-
gation in Ir;-In,03. The single-atom Rh-doped CeO,(111) (with
O,) and CeO,(111)-supported Rh clusters were selected for
further study, offering insights into SAC sintering-related
structural evolution.

Strong metal-support interactions (SMSIs) are essential for
optimizing the performance of supported metal catalysts by
tuning the metal-oxide interface structures, yet excessive SMSI
can paradoxically lead to encapsulation phenomena that reduce
active site accessibility.”® The balance between sufficient
anchoring strength to prevent sintering and appropriate elec-
tronic modulation represents a critical design consideration.

3.3.2 Carbon deposition and surface reconstruction. In
CO, hydrogenation reaction systems, existing studies generally
posit that carbon deposition and surface restructuring consti-
tute core mechanisms leading to SAC deactivation.'*'%%1%°
Accumulated carbon formed at metal-support interfaces or
oxygen vacancy regions not only physically covers single-atom
active sites but also causes local electronic structure changes,
thereby disrupting reactant adsorption/desorption equilibrium
and blocking key pathways required for ethanol production.
Taking iron-based carbide systems as examples, calculations on
various y-FesC, surfaces under different carbon coverage
conditions reveal that as subsurface C occupancy increases,
activation energies for direct CO dissociation significantly
increase, markedly weakening the catalyst's CO activation
rate.""® The mechanistic basis lies in subsurface C extracting
electrons from surface Fe atoms, resulting in decreased Fe atom
charge density, thereby weakening their CO activation capa-
bility. This charge depletion effect reduces catalytically active
sites at metal-carbon interfaces, causes local interface recon-
struction, and ultimately leads to SAC deactivation under
carbon-rich conditions."*

In experimental systems for CO, hydrogenation to long-
chain olefins, long-term operation of iron-based carbide cata-
lysts reveals surface carbon deposition leading to performance
decline.”* Experimental data indicate that after long-term
stability tests, C,, alkene selectivity significantly decreases.
Meanwhile, carbon double peaks (disordered carbon D-band
~1350 cm ™ '; graphite G-band ~1600 cm ') in Raman spectra
confirm catalyst surface carbon deposition (Fig. 6b). Therefore,
reduced C,, product selectivity is intimately related to carbon
deposition on catalyst active sites, as carbon deposits directly
cover interface sites where CO insertion can occur, preventing
catalysts from retaining C-C coupling pathways and ultimately
resulting in significant reductions in C,, product formation
efficiency.

3.3.3 Stabilization strategies: physical confinement and
chemical anchoring. The aforementioned deactivation path-
ways can be mitigated through physical confinement and
chemical anchoring strategies. One widely validated approach
involves confining single atoms within “restricted structures”

8440 | Chem. Sci, 2026, 17, 8432-8452
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constructed using MOFs or zeolites as precursors, which can
inhibit single-atom migration and sintering at high tempera-
tures and in reducing atmospheres, thereby significantly
extending catalyst lifetimes. Recent research demonstrates that
encapsulating Cu nanoparticles/sites within Zr-MOF (UiO-66)
frameworks improves their thermal stability and selectivity,
enabling SACs to retain high dispersion at elevated tempera-
tures and reduce sintering rates (Fig. 6¢ and d).'* This study
fully demonstrates the unique advantages of rigid supports and
restricted structures in maintaining SAC active site dispersion.

Another strategic approach involves enhancing single-atom
active site stability through second metal or rare earth
element doping.”>"* Common methods include adding rare
earth metals such as La and Ce to supports to form stronger
metal-oxygen coordination and improved defect structures,
thereby improving CO, hydrogenation activity.'** Ni/La-doped
CeO, catalysts demonstrate unprecedented catalytic perfor-
mance in RWGS reactions (Fig. 6e), as La-doped oxides enhance
interaction energies between metal sites and supports, signifi-
cantly reducing metal atom migration energies and delaying
high-temperature sintering/reconstruction processes.'*® Espe-
cially in CO, hydrogenation catalysis, modifying oxide supports
with elements such as La and Ce significantly improves metal
particle dispersion and thermal stability, substantially reducing
activity loss rates under certain temperature and cycling
conditions.

Recent advances in layered double hydroxides (LDHs) as
supports for noble-metal SACs have demonstrated exceptional
metal-support interactions that enhance both activity and
stability."">™"” LDHs offer distinct advantages including ordered
and adjustable crystal structures, two-dimensional layered
architectures possessing large specific surface areas, facile
synthesis with cost-effectiveness, and strong co-catalytic metal-
support interactions between LDHs and noble-metal single
atoms.®"® Cui et al. developed Cu-Zn-Al LDH catalysts for
CO,-to-methanol conversion, achieving high stability and
selectivity (Fig. 6f).'” The LDH structure provides physical
confinement and strong chemical anchoring, preventing Cu site
aggregation and enhancing metal dispersion. These optimized
metal-support interactions contribute to superior catalytic
performance and durability, highlighting the effectiveness of
stabilization strategies in CO, hydrogenation.

3.4 Advanced characterization and mechanistic
understanding

Advanced characterization techniques such as operando X-ray
methods, FTIR analysis, and DFT calculations have been
utilized to elucidate catalytic mechanisms, revealing how
structural properties and composition influence C-C coupling
and optimize the conversion of CO, to ethanol.'” X-ray
absorption spectroscopy (XAS) combined with extended X-ray
absorption fine structure (EXAFS) provides atomic-level struc-
tural information regarding coordination numbers, bond
distances, and local geometric arrangements around single-
atom centres (Fig. 7a).">*"*

© 2026 The Author(s). Published by the Royal Society of Chemistry
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reproduced with permission.?? Copyright 2025, American Chemical Society.

Although existing conventional characterization techniques
have strong capabilities in detecting reaction intermediates and
local coordination environments, they also have certain
inherent limitations. In particular, their time resolution is often
insufficient to directly capture ultrafast transient species and
short-lived intermediates, which often play a crucial role in the
C-C coupling step for preparing ethanol.’® At the same time,
the spectral signal overlap and average measurement of some
characterization techniques can also mask the identification of
low-concentration or dynamically changing active species under
actual reaction conditions." Therefore, the direct observation
of the key steps in CO, hydrogenation for ethanol production
remains challenging. Usually, this requires methods with
higher time resolution for auxiliary research, such as time-
resolved spectroscopy and advanced computational simula-
tions, to achieve a more comprehensive understanding of the
mechanism.

High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) enables direct visualization of
atomically dispersed metal centres, confirming single-atom
dispersion and detecting incipient aggregation phenomena
(Fig. 7b)."****> In situ DRIFTS reveals real-time intermediate
evolution during catalytic processes, identifying key surface
species and their transformation pathways under working
conditions.”***"*” The significance of particle sizes in deter-
mining catalytic properties is well-established, with the transi-
tion of metal active sites from nanoparticles to sub-nanometre
clusters and then to single atoms introducing differences in
metal atom aggregation and coordination structures in sup-
ported catalysts.”®**® These structural variations profoundly
impact electronic properties, intermediate binding energies,
and ultimately catalytic performance.”® DFT calculations
complement experimental investigations by providing atomistic
insights into electronic structures, reaction pathways, and
energy landscapes. Microkinetic modelling based on DFT-
derived activation barriers enables quantitative prediction of
product selectivities and identification of rate-determining
steps.’*»*** Computational studies using density functional
calculations and microkinetic simulations have found that

© 2026 The Author(s). Published by the Royal Society of Chemistry

introducing metal single atoms in In,O; can significantly
change the reaction pathway and the stability of intermediates,
providing valuable guidance for future catalyst screening and
optimization.”®

3.5 Emerging frontiers: machine learning and high-
throughput screening

Machine learning is emerging as a powerful tool for predicting
SAC stability and optimizing reaction pathways, opening new
avenues for accelerated catalyst discovery and rational design
(Fig. 8).12%13313% Machine learning algorithms trained on large
databases of computational and experimental data can identify
complex structure-activity relationships that would be chal-
lenging to discern through traditional approaches.® These
models can predict optimal coordination environments, metal-
support combinations, and operating conditions for target
selectivities, dramatically reducing the experimental search
space.®***¢  High-throughput = computational screening
combined with machine learning enables systematic

Mac ) ng >%J:w\,\.u1n‘ insight V\
eoce0e [ AND
T™ M' M O C N H y 6
¥ TS P AN
Mo,CO,-Hf AIE:%’-‘TM |[—wm+“‘
Mo,CO,-Zr 29 Gromarey 21 eV
—e o
Mowco,-Scl - 2% o AL T ]
AT\ ST E,
TR
MoTaCO,-Hf W o
- bty
Experiment *
267 x 1M x 11107 = 3146 4 candidate

7o
/""K\

A1E

Fig. 8 Machine learning accelerated screening advanced single-atom
anchored Mxene electrocatalyst; reproduced with permission.**
Copyright 2025, American Chemical Society.
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exploration of vast catalyst composition spaces, identifying
promising candidates for subsequent experimental valida-
tion.®”"®  This integrated computational-experimental
approach accelerates the catalyst discovery cycle, enabling rapid
translation of fundamental mechanistic insights into practical
catalytic systems.

SACs can significantly reduce reaction energy barriers and
enhance product selectivity in complex C-C coupling reactions
such as CO, hydrogenation to ethanol.**** However, to ensure
long-term stable operation of SACs in industrial applications, it
is essential not only to comprehensively understand SAC failure
environments and mechanisms but also to optimize material
design through single-atom anchoring and interface engi-
neering strategies, thereby achieving large-scale commercial
application of SAC technologies.'”'** Recent advances in single-
atom heterogeneous catalysts demonstrate promising oppor-
tunities in CO, hydrogenation, with atomically dispersed
metals on supports showing superior performance compared to
traditional nanoparticulate catalysts.>®*476:12514¢

4. Emerging strategies and future
directions

The translation of SAC breakthroughs from laboratory demon-
strations to industrial-scale CO,-to-ethanol conversion neces-
sitates addressing critical challenges in synthesis scalability,
renewable energy integration, and process engineering.*** This
section examines three interconnected frontiers that will
determine the commercial viability of SAC technologies: (1)
advanced synthesis techniques enabling precise atomic-level
control while maintaining manufacturability, (2) strategic
coupling with renewable H, production infrastructure, and (3)
industrial scalability through optimized reactor design and
process intensification. Collectively, these emerging strategies
provide a roadmap for transitioning SAC-catalysed CO, hydro-
genation from proof-of-concept studies to practical carbon
utilization technologies.

4.1 Advanced synthesis techniques for precise atomic-level
control

Beyond monometallic single-atom and sub-nanocluster archi-
tectures, ALD also enables the precise fabrication of well-
defined bimetallic dimeric structures: Zhang et al. successfully
synthesized high-quality Pt-Ru bimetallic dimers with a one-to-
one bonding configuration via a tailored ALD process, which
delivered over 50 times higher HER activity alongside excellent
stability relative to commercial Pt/C catalysts, as verified by X-
ray absorption spectroscopy characterization. Meanwhile,
related in situ characterization studies (HAADF-STEM and
XANES/EXAFS) further confirmed that the single-atom/sub-
nanocluster catalysts prepared by ALD could achieve a large
number of single-atom sites in a low coordination state, fully
demonstrating the unique advantages of ALD in achieving high-
quality single-atom dispersion, constructing well-defined
bimetallic nanostructures, and regulating electronic and coor-
dination environments. The precise construction of SAC active
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sites at the atomic scale and their dynamic restructuring under
operating conditions constitute the pivotal challenge in
advancing SACs from laboratory curiosities to industrial work-
horses.* Atomic layer deposition (ALD) has gained increasing
attention as a technique for deposition of noble metals and
metal oxides due to its ability to prepare uniform and conformal
thin films, as well as to deposit of uniformly distributed parti-
cles ranging from single atoms to sub-nanometre clusters to
nanoparticles in high-aspect-ratio structures and porous
materials.’**"** ALD can achieve precise deposition of precur-
sors at the nanometre and even atomic scales due to its “self-
limiting” layer-by-layer growth mechanism, as illustrated in
Fig. 9a."* Additionally, this technology can precisely construct
metal active sites spanning the entire spectrum from discrete
single atoms through sub-nanometre clusters to nanoparticles
on the same platform by regulating the number of deposition
cycles'145,146

SACs prepared by ALD have demonstrated remarkable
performances in selective hydrogenation reactions.**® Taking
the Pt single-atom/sub-nanocluster catalyst prepared by ALD on
graphene as an exemplary system, compared with traditional Pt/
C catalysts, this single-atom catalyst exhibits significantly
enhanced structural uniformity and up to 10-fold improvement
in catalytic activity. Beyond monometallic single-atom and sub-
nanocluster architectures, ALD also enables the precise fabri-
cation of well-defined bimetallic dimeric structures: Zhang et al.
successfully synthesized high-quality Pt-Ru bimetallic dimers
with a one-to-one bonding configuration via a tailored ALD
process, which delivered over 50 times higher HER activity
alongside excellent stability relative to commercial Pt/C cata-
lysts, as verified by X-ray absorption spectroscopy character-
ization (Fig. 9b).'*” Meanwhile, related in situ characterization
studies (HAADF-STEM and XANES/EXAFS) further confirmed
that the single-atom/sub-nanocluster catalysts prepared by ALD
could achieve a large number of single-atom sites in a low
coordination state, fully demonstrating the unique advantages
of ALD in achieving high-quality single-atom dispersion and
regulating electronic and coordination environments.**”**®

Therefore, ALD not only enables “production of single
atoms” but also allows for precise control over site density and
spatial distribution.'*® This technology can precisely regulate
metal loading to the wt% or even ppm level by adjusting ALD
cycle numbers, precursor dosage, and substrate surface func-
tional group density and controlling the selective growth of
isolated atoms and clusters, thereby preparing SACs with
exceptional performance.

Contemporary ALD methodologies have evolved into various
sophisticated variants to meet the preparation requirements for
high-performance SACs. Diluted ALD (DALD), systematically
reduces metal loading from traditional ALD high-load regimes
(1 atom per nm?) to ultra-low levels of 0.01-0.04 atoms per nm>
within a single DALD cycle by adjusting the precursor molar
fraction, achieving precise sub-monolayer control of metal
deposition amount. This method not only minimizes precious
metal usage at the atomic scale but also maintains the unique
catalytic activity and selectivity of SACs through formation of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 ALD and diluted ALD mechanisms for SAC synthesis. (a) Schematic representation of the ALD technique using a binary (AB) precursor
system; reproduced with permission.*** Copyright 2021, American Chemical Society. (b) Pt—Ru dual-metal dimers synthesized by ALD; repro-
duced with permission.**” Copyright 2019, Springer Nature. (c and d) Synthesis, particle size distribution and atomic-resolution HAADF-STEM

characterization of the Ga,O3-coated Ag@Pd/SiO, core—shell bimetalli
and Sons.

strong metal-support interactions, providing inspiration for
industrial application of single-atom catalysts.'*

However, the practical application of the synthesis strategy
based on ALD for the production of industrial-scale catalysts
still faces significant challenges. The inherently slow cycling
characteristics of ALD significantly limit the production volume
and efficiency, while the demand for special precursors,
controlled environments, and complex instruments further
increases the production cost.*® Therefore, although ALD can
achieve precise atomic control of SACs on a laboratory scale, its
direct application in the sensitive industrial sectors is still
limited. Future research should focus on converting ALD and
other atomic-level control technologies into more scalable and
economically feasible synthesis routes.

Meanwhile, the precise construction of SACs at the atomic
scale does not inherently guarantee excellent catalytic perfor-
mance. The “working state” structure generated by dynamic
restructuring under operating conditions represents the active
centre that directly participates in and determines catalytic
performance. Recent years have witnessed extensive operando

© 2026 The Author(s). Published by the Royal Society of Chemistry

c catalyst; reproduced with permission.**> Copyright 2021, John Wiley

characterization studies of SACs revealing that many single-
atomic sites undergo reversible or irreversible reconstructions
under electrochemical or gas-phase high-temperature reaction
conditions.* This manifests primarily as dynamic aggregation
of single atoms into dimers or sub-nanoclusters under reaction
conditions, as well as formation of coordination complexes with
reactants (such as CO, CO,, and carbonyl compounds), thereby
inducing local geometric and valence state changes that
significantly affect catalytic performance.

Comprehensive operando spectroscopy in an electrochemical
CO, reduction system revealed that N-Cu coordinated single-
atomic sites undergo local Cu-N bond breaking to form “low-
coordinated dynamic active configurations” under working
potentials. This configuration causes CO selectivity to increase
sharply within the potential range of —0.7 V to —0.8 V (faradaic
efficiency-CO increases to 65-70%), exhibiting higher activity
than static coordination structures. This comprehensively
reveals the phenomenon that single-atomic sites can “sponta-
neously reconfigure into low-coordinated forms or aggregates”
under real reaction conditions, establishing that SAC synthesis
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strategies must account for dynamic restructuring under
working conditions.

Recent advances have demonstrated that manufacturing
single-atom alloys (SAAs) through an “islanding effect” strategy
achieves 100% CO selectivity and over 55 times higher reverse
water—gas shift rate than alloys with cluster sites, with SAA
catalysts exhibiting 3-4 times higher RWGS rates than SAAs
synthesized via dilution methods (Fig. 9¢c).*** Based on the above
research progress, we recognize that ALD, as a mature tech-
nology for achieving precise single-atom loading at the atomic
scale, can produce SACs with high uniformity and low loading
of highly active sites. However, to successfully apply ALD-
synthesized SACs to CO, hydrogenation reactions, combining
ALD synthesis with consideration of dynamic restructuring
during reaction processes constitutes the key approach for
forming highly selective and durable CO, — C, catalytic
systems. Therefore, utilizing ALD technology to manufacture
“controllably and reversibly restructured” SAC sites represents
a critical research direction for improving catalytic efficiency
and lifetime.

4.2 Integration with renewable H, production infrastructure

To achieve industrialization of CO, hydrogenation, access to
reliable and sustainable H, sources constitutes a fundamental
prerequisite (Fig. 10a).®* Proton exchange membrane water
electrolyzers (PEMWESs) exhibit significant advantages
including high H, production purity, rapid response speed, and
capability to directly produce H, under elevated pressure to
reduce downstream compression requirements.>'** PEM
electrolyzers have higher power densities, output H, pressures
and faster response times than alkaline systems, generally
making them better suited to coupling with renewable energy

(a) CH, +2H,0 + Heat <4mmmCO, hydrogenation

11 1

Renewable [power . .
Water electrolysis mm) H, generation

Energy supply

>17%

Photothermal device
2 (9m?)

08.12 08.13 08.15 08.16

Fig. 10 Renewable H; production systems coupled with CO, hydro-
genation configurations. (a) Schematic of renewable energy-driven
water electrolysis for H, production and subsequent CO, hydroge-
nation; reproduced with permission.**® Copyright 2019, Springer
Nature. (b) Outdoor performance of the PV-EC water splitting system
for Hy supply in CO, hydrogenation; (c) solar-to-chemical conversion
(STC) efficiency of the integrated system under ambient sunlight
irradiation (inset: a photograph of the granulated 2D Ni;Agp 02,01
catalyst); reproduced with permission.’® Copyright 2024, The Amer-
ican Association for the Advancement of Science.
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sources directly."*>'*® These features position PEMWEs as the
preferred solution for on-demand H, supply. Therefore,
coupled systems consisting of PEM electrolyzers and down-
stream CO, hydrogenation reactors (driving SACs) are regarded
as effective pathways to achieve industrialization.*”

Current studies have reported that under a gas hourly space
velocity (GHSV) of 4255 h™" and at 150 °C, Ru-N-C single-atom
catalysts achieved 99% CO conversion rate and 95% CH,
selectivity, demonstrating excellent catalytic activity and
stability.”” Combining the characteristic that PEMWEs can
respond to power changes within seconds, it becomes theoret-
ically possible to construct a truly “on-demand H, supply with
dynamic selectivity regulation” reaction coupling system.
However, “PEMWE-SAC coupling” transcends mere device
integration, involving cross-scale interface dynamics regulation.
H, supply modes under real conditions (batch/load fluctua-
tions), gas purity, and transient potential distribution at
electrochemical interfaces all profoundly affect the electronic
state, coordination environment, and stability of SACs. There-
fore, PEMWE output behaviour should be regarded as the
“upstream boundary condition” of the SAC catalyst electronic
structure, rather than merely a H, supply component.

Recent breakthrough research provides compelling evidence
for this paradigm. By constructing an alloyed Pt-SAC and
directly applying it to PEM water electrolyzers for real-condition
testing, stable operation for 1000 hours at 1 A cm™ 2 and 80 °C
was achieved, with voltage increasing only from 1.820 V to
1.881V, corresponding to an average attenuation rate of merely
0.061 mV h™'.%%® Meanwhile, after 20 000 cyclic voltammetry
(CV) cycles, the electrochemical activity of the alloyed Pt-SAC
exhibited no attenuation, demonstrating exceptional anti-
reconfiguration capability under dynamic potential perturba-
tions. These data compellingly demonstrate that when SACs are
deeply coupled with PEMWEs, their structural stability is not
solely determined by material properties but is also regulated by
the dynamic electrochemical environment of the upstream
electrolyzer.

Another landmark breakthrough in large-scale coupled
systems further corroborates the feasibility of integrating
renewable H, production with CO, hydrogenation via SACs.
Notably, scalable artificial photosynthesis systems composed of
PV electrolysis and photothermal CO, hydrogenation are
traditionally limited by inefficient photothermal CO, hydroge-
nation under weak sunlight irradiation (Fig. 10b and c). To
address this, Li et al. reported the synthesis of Ag single-atom-
supported NiO nanosheets (2D Ni;Ag 0,0;) for photothermal
CO, hydrogenation, which achieved a CO production rate of
1065 mmol g ' h™' under 1-sun irradiation. This excellent
performance was attributed to the coupling effect of Ag-O-Ni
sites, which enhanced CO, hydrogenation and weakened CO
adsorption, leading to a CO yield of 1434 mmol g~" h™" at 300 ©
C. Furthermore, they integrated the 2D Ni;Agy ¢,O;-catalyzed
photothermal reverse water-gas shift reaction with commercial
PV electrolytic water splitting to construct a 103-m?> scale arti-
ficial photosynthesis system (CO, + H,O — CO + H, + O,),
which achieved a green syngas output of more than 22 m® per

© 2026 The Author(s). Published by the Royal Society of Chemistry
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day with an adjustable H,/CO ratio (0.4-3) and a photochemical
energy conversion efficiency exceeding 17% (Fig. 10b and c).*

From the reaction kinetics perspective of SACs, coupling
PEMWEs with high-purity H, helps stabilize key hydrogenation
intermediates, thereby strengthening the C-C coupling
pathway. For example, Ir;-In,O;3 exhibits ethanol selectivity
exceeding 99% under 60 bar and 473 K conditions. Its high
reactivity has been unambiguously demonstrated to depend on
bifunctional sites: CO, is activated on In,0;-O,, while H, is
activated at Ir single-atom sites. In such systems, using high-
purity H, provided by a PEMWE without CO, CH,, etc., can
effectively avoid poisoning and deactivation of active metal sites
due to impurity adsorption, thus ensuring continuous expres-
sion of efficient H, activation capability."**'* This further
indicates that coupling of PEMWEs and SACs can not only
improve carbon-hydrogen activation efficiency but also achieve
complementary and synergistic “clean hydrogen-precise acti-
vation” between energy input and interface reactions.

PEM water electrolysis technology is gaining prominence in
the quest for sustainable H, production due to its efficiency (60—
90%), scalability, and versatility, with capability to quickly
respond to power variations and therefore enabling integration
with renewable power sources such as solar and wind, whose
output can change significantly. The coupling of single-atom
catalysts with PEM electrolysis for on-demand integration
represents a low-carbon pathway with industrial significance.
However, to achieve coexistence of high selectivity, continuity,
and economic viability, this coupled system still requires
simultaneous research and design in two aspects: “dynamic
operation strategy of the electrolyzer” and “catalyst adaptability
to transient hydrogenation conditions”.***"'*

4.3 Industrial scalability through process intensification
and reactor engineering

SACs demonstrate remarkable industrial scalability potential in
CO, hydrogenation to ethanol processes. Compared with
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traditional Cu-Fe catalytic systems, SACs exhibit unique
competitiveness in aspects including C-C coupling pathway
regulation, ethanol selectivity enhancement, reaction energy
consumption reduction, and maximization of single-metal
utilization.” Based on the HAADF-STEM study of single-atom
Co/MoS, by Ding et al.,*** we found that SACs achieved metal
atom utilization approaching the theoretical maximum by
dispersing metal atoms as isolated sites onto supports. This
results in precious metal requirements per unit product that are
one order of magnitude lower compared to traditional nano/
cluster catalysts, significantly reducing catalyst preparation
costs from the source.

Simultaneously, the capability of SACs to regulate C-C
coupling energy barriers means that equivalent or even higher
ethanol yields can be achieved at lower temperatures and
pressures, significantly reducing reaction system energy
consumption and carbon emissions. For instance, Ir;-In,O3
achieves >99% ethanol selectivity at 473 K and 60 bar, while
traditional Cu-Fe catalysts typically require higher tempera-
tures and pressures, with product selectivity and stability
exhibiting substantial fluctuations. In contrast, SACs demon-
strate potential for high selectivity under milder conditions.”
More importantly, with gradual maturation of large-scale
preparation routes such as ALD and vapor-phase precursor
atomization, SACs have achieved stable batch production
output of 1 kg per day, laying a solid preparation process
foundation for industrial application.

For industrialization of CO, hydrogenation to ethanol
production, pilot-scale reactor designs are equally crucial. CO,
hydrogenation to ethanol is a thermochemical reaction
requiring precise temperature control and C-C coupling
promotion. Even if SACs exhibit exceptional performance, if
reactors cannot effectively manage heat release, SAC advantages
will be difficult to scale up to industrial levels. Therefore, pilot
tests and industrial demonstration projects often adopt engi-
neering design methods such as multi-stage adiabatic fixed
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Industrial scalability through process intensification and reactor engineering and for the CO, hydrogenation to ethanol system. (a) A non-

thermal plasma catalyst coupled catalytic system with feed gas, analysis and a power supply module reactor for CO, hydrogenation to ethanol;
reproduced with permission.*®s Copyright 2013, Royal Society of Chemistry. (b) The scheme for the production line that is based on the
precursor-atomization strategy; reproduced with permission.**® Copyright 2022, Springer Nature. (c) A schematic of the co-current recuperative
coupled reactor; reproduced with permission.*s” Copyright 2010, Elsevier.
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beds connected in series to control the extent of reactor heat
release and maintain optimal reaction temperature gradients.
Complementing the mild-condition advantages of SACs, non-
thermal plasma-assisted catalysis is another promising
approach for efficient CO, hydrogenation to ethanol under
ambient conditions, supported by the reactor design illustrated
in Fig. 11a.* Traditional processes require temperatures above
300 °C to activate CO,, which is unfavourable for ethanol
formation, so researchers used non-thermal plasma for
ambient CO, activation and a Cu(1)-MOF catalyst (Cu(1)-HKUST-
17.5), achieving 41.2% CO, conversion and 62.9% ethanol
selectivity. Control experiments confirmed that Cu(i) sites are
critical for C-C coupling, and a new synergistic mechanism
between non-thermal plasma and the catalyst's Cu(1)/Cu(u) sites
was proposed via DRIFTS analysis, verifying industrial feasi-
bility of this mild route. More importantly, with gradual matu-
ration of large-scale preparation routes such as ALD and vapor-
phase precursor atomization, SACs have achieved stable batch
production output of 1 kg per day, laying a solid preparation
process foundation for industrial application.

As previously stated, thermal coupling of water electrolyzers
and CO, hydrogenation systems offers opportunities to increase
exergy efficiency, where thermal energy required to split water
into H, and O, during electrolysis can be compensated by heat
generated during CO, hydrogenation reactions. This integrated
approach not only improves overall system efficiency but also
addresses the highly exothermic nature of the Sabatier reaction,
which generates substantial heat that must be removed to
maintain relatively low temperatures and prevent catalyst sin-
tering. Therefore, industrial pilot tests should prioritize inte-
grating large-scale, low-cost SAC production routes (Fig. 11b)

View Article Online

Review

(Fig. 11c)."**'*” This integration aims to convert high laboratory-
scale selectivity into stable production capacity for continuous
manufacturing, ultimately achieving an optimal balance among
economic feasibility, system lifetime, and safety. The signifi-
cance of integrated systems extends beyond individual compo-
nent optimization to encompass cascaded electrochemical and
biochemical processes that utilize ambient conditions while
achieving enhanced productivity of multi-carbon chemicals,
representing a paradigm shift toward holistic process design for
CO, utilization technologies.

5. Conclusion and outlook

This comprehensive review has examined the atomic-level
engineering principles governing single-atom catalyst design
for selective CO, hydrogenation to ethanol, establishing
fundamental structure-activity relationships that bridge the
gap between mechanistic understanding and practical catalyst
development (Fig. 12). Single-atom catalysts have emerged as
transformative platforms for addressing the intrinsic chal-
lenges of C-C bond formation in CO, conversion, enabling
unprecedented control over reaction selectivity through precise
modulation of electronic structures and coordination environ-
ments at the atomic scale.

The mechanistic analyses presented herein establish that
selective ethanol formation fundamentally requires overcoming
competing thermodynamic and kinetic pathways that favour C,
products. The ternary interfacial architecture comprising “iso-
lated metal-defect site-carrier cation” assemblies represents the
minimal functional unit capable of biasing reaction pathways
toward C, products, as exemplified by breakthrough systems
such as Ir;-P,/In,0; achieving >99% ethanol selectivity with

Future Directions for SACs in CO,-to-Ethanol Conversion

with heat transfer-enhanced modular reactor designs
Multifunctional Active Site
Engineering
v’ Synergistic multi-site architectures v
v Dual/multiple single-atom sites
configurations v
v" Computational calculation and v

machine learning

In situ characterization and
Dynamic Catalyst Design

Dynamic nature of SAC active
Coordination and transient species

Time-resolved spectroscopy and
computational modeling

Mechanistic Understanding
of C-C Coupling

v" Role of support oxygen vacancies
and reaction media

v Unconventional intermediates
(e.g., ketene)

v" Isotopic labeling and computational
analyses

Ultimate Goal:
Practical, Scalable, Carbon-Neutral
Ethanol Production

Integration with Renewable Energy Systems

v Coupling with renewable H,
v Dynamic operation and thermal management
v Techno-economic modeling

Industrial Reactor Design and Process
Intensification

v Continuous processes and separation strategies

v' Heat/mass transfer and catalyst regeneration

v Novel reactors (microreactors, membrane reactors, and
structured catalysts)

Fig. 12 Schematic illustration of future directions for development of CO, hydrogenation to ethanol over SACs.
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turnover frequencies exceeding 2000 h™' under industrially
relevant conditions. The atomic-level design of catalysts
through systematic examination of CO, hydrogenation reaction
pathways has provided valuable insights into rational catalyst
engineering. These achievements validate the paradigm that
electronic structure engineering at single-atom active sites can
achieve “reaction path selectivity reconstruction”, rendering C-
C coupling kinetically superior to methanation and over—
hydrogenation pathways.

Despite remarkable progress in laboratory-scale demonstra-
tions, several critical challenges must be addressed to enable
industrial deployment of SAC-catalysed CO,-to-ethanol conver-
sion technologies. First, catalyst stability under realistic oper-
ating conditions remains a primary bottleneck. While advanced
characterization techniques have elucidated deactivation
mechanisms including site sintering, carbon deposition, and
support interactions, translating these mechanistic insights
into robust stabilization strategies requires further investiga-
tion. Recent advances in synthesis strategies for SACs have
highlighted the importance of understanding dynamic
restructuring phenomena under working conditions, suggest-
ing that “controllably reversible” active site configurations may
represent an optimal design target rather than static structural
stability.

Second, the scalability of SAC synthesis methodologies
demands continued innovation. While atomic layer deposition
and related techniques have demonstrated precise control over
single-atom dispersion, achieving economically viable produc-
tion scales (multi-kilogram quantities) with maintained atomic
uniformity presents formidable engineering challenges. The
issue of product selectivity in CO, hydrogenation emphasizes
the need for synthesis strategies that can be translated from
laboratory to industrial scales while preserving the unique
electronic and geometric properties of single-atom sites. Future
research should prioritize development of continuous synthesis
processes and quality control methodologies suitable for
industrial implementation.

Looking forward, several promising research directions
warrant intensive investigation:

(1) Multifunctional active site engineering: the next genera-
tion of SAC systems should incorporate synergistic multi-site
architectures that decouple individual reaction steps (CO,
activation, H, dissociation, and C-C coupling) onto distinct but
cooperative active centres. Dual or multiple single-atom
configurations, potentially combining different transition
metals with tailored coordination environments, may enable
simultaneous optimization of conflicting catalytic require-
ments. Computational screening guided by machine learning
algorithms can accelerate identification of optimal metal
combinations and support materials, dramatically expanding
the accessible design space beyond empirical exploration.

(2) Operando understanding and dynamic catalyst design:
future studies must embrace the dynamic nature of SAC active
sites under working conditions. Rather than viewing structural
evolution as undesired deactivation, researchers should explore
how reversible coordination changes, transient intermediate
species, and adaptive surface configurations can be harnessed

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to enhance catalytic performance. Advanced time-resolved
spectroscopic and microscopic techniques coupled with
computational modelling will be essential for capturing these
dynamic phenomena and translating them into rational design
principles.

(3) Integration with renewable energy systems: the coupling
of SAC-catalysed CO, hydrogenation with renewable H,
production infrastructure represents a critical pathway toward
carbon-neutral fuel synthesis. Beyond technical integration,
future research should address system-level optimization
including dynamic operation strategies that accommodate
renewable energy intermittency, thermal management across
coupled electrochemical-thermochemical processes, and
techno-economic modelling that quantifies pathway viability
under realistic market conditions. The rapid response charac-
teristics of PEM electrolyzers aligned with the exceptional
selectivity of SACs under mild conditions suggest synergistic
opportunities that remain largely unexplored.

(4) Mechanistic understanding of C-C coupling: despite
significant progress, fundamental aspects of C-C bond forma-
tion mechanisms require deeper investigation. The precise role
of support oxygen vacancies, the influence of reaction media
(gas-phase versus liquid-phase conditions), and the potential
involvement of unconventional intermediates (such as ketene
or surface-bound acyl species) deserve systematic study.
Isotopic labelling experiments combined with computational
mechanistic analyses can resolve ambiguities regarding
coupling pathways and identify rate-determining steps that
represent the most promising targets for catalyst optimization.

(5) Industrial reactor design and process intensification:
transitioning from batch laboratory reactors to continuous
industrial processes necessitates addressing heat and mass
transfer limitations, product separation strategies, and long-
term catalyst regeneration protocols. Novel reactor configura-
tions including microreactors, membrane reactors, and struc-
tured catalysts may offer advantages in thermal management
and selectivity control. Process intensification strategies that
integrate reaction and separation functions could dramatically
improve overall system efficiency and economic viability.

In conclusion, single-atom catalysts have fundamentally
transformed the landscape of selective CO, hydrogenation,
demonstrating that atomic-level precision in catalyst design can
overcome long-standing selectivity challenges. The convergence
of advanced synthesis methodologies, sophisticated character-
ization techniques, computational modelling, and system
engineering approaches positions the field at the threshold of
practical carbon utilization technologies. Realizing the full
potential of SAC-catalysed CO,-to-ethanol conversion will
require sustained interdisciplinary collaboration, spanning
fundamental catalysis science, materials engineering, renew-
able energy integration, and process design. As the global
imperative for carbon neutrality intensifies, the insights and
strategies outlined in this review provide a comprehensive
framework for advancing CO, utilization from laboratory
demonstrations to industrial-scale implementation, contrib-
uting meaningfully to the ongoing transition toward sustain-
able energy systems.
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