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Carbon dioxide (CO,) conversion has attracted much interest recently owing to its importance in both
scientific research and practical applications, but still faces a bottleneck in selectivity control and
mechanism understanding owing to diversified active sites. Single-atom catalysts (SACs) featuring
isolated and well-defined active centers are proved to not only exhibit unparalleled performances in
various processes of CO, conversion but also provide excellent research paradigms by circumventing
the heterogeneity of active sites. Herein, we will not only critically review recent progress on the
application of SACs in chemical CO, conversion based on previous comprehension of general

thermodynamics and kinetics, but also try to offer a multi-level understanding of SACs from a molecular
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other active centers. Meanwhile, crucial scientific issues of research methods will be also identified and

DOI: 10.1039/d3sc06863c highlighted, followed by a future outlook that is expected to present potential aspects of further
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1. Introduction

The utilization of fossil fuels has greatly changed people's way
of life and propelled the progress of human civilization. Now,
however, it has become a double-edged sword damaging the
climate and environment by the notorious greenhouse effect
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due to the substantial carbon dioxide (CO,) emission." The
cumulative CO, emissions have caused global mean tempera-
ture changes for more than a century (Fig. 1a), implying an
imperative need to impose restrictions on carbon emissions.
Therefore, a growing consensus has been established that
realizing ‘carbon peak’ and ‘carbon neutrality’ is of great
significance in seeking a balance between efficiency and quality,
further contributing to the desired sustainable development.>?
Besides applying renewable clean energy sources, such as solar,
wind, wave, etc., as substitutes for conventional fossil resources,
carbon capture, utilization and storage (CCUS) is expected to
provide supplementary solutions to meet the challenges of
mitigating climate change by recycling the released CO, from
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the atmosphere.*” Indeed, artificial transformation of CO,,
a nontoxic, widespread and renewable carbon source, into
various value-added products might contribute to cleaner
industrial production,®**® although there is still controversy
regarding the economic efficiency of its scale development'"*?
(Fig. 1b), in which the high cost and low efficiency of practical
processes are considered to be key barriers. In fact, not only the
high energy input to break the C=0 bonds (803 kJ mol ) but
also the complicated reaction networks pose huge obstacles for
the practical exploitation of CO, conversion for chemical
synthesis. Feasible catalytic processes and advanced devices are
thus in great demand, for which the fabrication of effective
catalysts is one of the core issues.

Currently, catalysts play a vital role in most chemical
syntheses by steering the reaction pathways towards lower
activation energy barriers for the formation of specific inter-
mediate species, thereby extensively increasing the rate of
desired reactions. Homogeneous catalysts containing metal
sites with well-defined coordination environments have been
extensively used in CO, conversion for the synthesis of various
organic compounds,”***® exhibiting a high turnover number
(TON) and turnover frequency (TOF) due to the full contact
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between active centers and substrates in one phase. However,
the difficulty of catalyst separation and inferior durability under
harsh conditions still limit their practical application in large-
scale industrial production. Heterogeneous catalysts, in
contrast, are more easily separated and recycled,"”” but only
a small fraction of surficial metal sites can efficiently participate
in the catalytic cycles, since the chemical interactions always
occur on specific interfaces.”® Metal species with an uneven
nature in traditional heterogeneous catalysts might even serve
as troublemakers causing undesired side reactions or inter-
fering in certain elementary steps, leading to deterioration of
catalytic performance. Furthermore, the intrinsic complexity of
CO, transformation regarding the multiple-branch reaction
pathways and corresponding challenges in selectivity control
lead to ambiguous structure-activity relationships and laby-
rinthine mechanism understanding owing to the diversity of
active sites. And this makes the rational design of effective
catalysts a difficult task because of the absence of systematic
theories.

To overcome these problems and merge the merits of
homogeneous and heterogeneous catalysts, a series of catalysts
featuring atomically dispersed metal atoms on the interface as
sustained active sites, i.e., single-atom catalysts (SACs), have
been proposed in recent decades'®*>° (Fig. 2), and were first
introduced by Zhang and his co-workers in 2011.”* And already
before that, a few studies on catalysts with highly dispersed
metal species have been conducted, disclosing that atoms in the
isolated ionic or free state rather than ensembles might
contribute to their major activity in various systems.**?** With
continuous advances in high-resolution characterization tech-
niques and computational chemistry, more unique properties
of SACs have been unveiled and are expected to inject new vigor
into a broader frame of catalytic science.***”

Recently, fruitful academic achievements involving SAC
materials have been springing up toward expanding application
fields,**** attracting worldwide interest for in-depth studies. In
the meantime, the practical application of catalytic CO,
conversion is also expected to benefit from the SAC
materials,*** demonstrating not only the boosted catalytic
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(@) Simulated global mean surface temperature increase as a function of the cumulative total global CO, emissions as predicted by

different models. Data are acquired from ref. 2 with permission from Springer Nature, copyright 2016. (b) Estimated CO, utilization potential and
breakeven cost of different sub-pathways in low and high scenarios. Data are acquired from ref. 12 with permission from Springer Nature,

copyright 2019.

activity propelled by complete exposure of metal sites with
nearly 100% atom utilization, but also controllable selectivity
stemming from the distinct geometric and electronic proper-
ties. Compared with the conventional heterogeneous metal
catalysts based on nanoparticles (NPs) and nanoclusters (NCs),
the viable regulation of chemical microenvironments on the
atomic scale via modulating the coordination states, spatial

o Low metal atom utilization
Vv High durability
Vv Easy separation

Heterogeneous

SNO”U3IDOWOH

Vv High specific activity
Vv Well-defined structure
o Difficult separation

Fig. 2 Single-atom catalysts (SACs) incorporate the advantageous
features of homogeneous and heterogeneous catalysts.

© 2024 The Author(s). Published by the Royal Society of Chemistry

distances as well as the synergy between metal sites and
supports might lead to a great difference in electronic states,
orbital hybridization and energy bands. Additionally, the
incorporation of other types of active sites can make SACs
adaptable for extensive applications without tarnishing the
advantages of single atomic sites. These factors further promote
the activation of CO, and stabilization of intermediate species
with a corresponding match in energy and structure, offering an
outstanding performance in multiple CO, conversion reac-
tions.*” More importantly, SACs with well-defined active sites,
not only allow an exclusive selectivity, but also provide excellent
paradigms for acquiring in-depth and comprehensive insights
into catalysis. The studies on transformation of simple mole-
cules such as CO, exemplify the modeling approach to gain
deep insight into the intrinsic thermodynamics and kinetics of
typical chemical reactions assisted by a combination of exper-
imental and theoretical aspects, which might also inspire in-
depth research studies of other more complex -catalytic
systems and rational design of more advanced catalytic mate-
rials from an atomic-scale perspective.

In this review, we will first introduce the general under-
standing of typical chemical CO, transformation. Then, we will
concentrate on the recent progress on the application of SACs in
chemical CO, conversion based on various reaction routes and
products and attempt to provide a comprehensive under-
standing of catalyst design, process optimization and reaction
mechanisms (Fig. 3). Thanks to their well-defined geometric
and electronic structures, we could further offer a molecular
understanding of SACs in CO, conversion with specific exam-
ples. The crucial scientific issues regarding SAC research and
application will be also concluded and highlighted to gain in-

Chem. Sci., 2024, 15, 4631-4708 | 4633
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Fig. 3 An overview of SAC application in chemical CO, conversion displayed in this review.

depth insight. To inspire future research studies in such cata-
lytic systems, we will also elucidate critical study methods and
technological processes involving SACs for CO, conversion. An
outlook for future research will be demonstrated eventually
based on the analysis of the current research direction, expected
to present a potential prospect for further development of SAC
application in CO, conversion.

2. General understanding of CO,
transformation

Before starting the discussion on the application of SACs in CO,
transformation, the general understanding in terms of ther-
modynamics and kinetics should be briefly introduced in

4634 | Chem. Sci, 2024, 15, 4631-4708

advance. The typical CO, transformation reactions involved not
only the common reduction with hydrogen (H,) and water
(H,0), but also other complicated synthesis processes with
various heteroatomic and organic compounds, in which CO,
could also be partially or completely reduced following distinct
reaction routes. Therefore, understanding the reduction reac-
tions will be the focus in the following discussion especially
regarding thermodynamics, as other processes will also be
discussed in brief.

2.1 Thermodynamics

Generally, the thermochemical reduction processes of CO,
involve the co-transformation of CO, and H, molecules.
Accordingly, we calculated the free Gibbs energy change and

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Thermodynamic analysis of main thermochemical reduction routes to various products. (a) Free Gibbs energy change. (b) Enthalpy
change. Data are based on HSC chemistry 6.0 software.

processes to ensure feasible efficiency, leading to inevitable side
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enthalpy change dependent on temperature in typical hydro-
genation routes toward various products (Fig. 4). The increasing
free Gibbs energy change with increasing temperature for most
routes apart from the CO,-to-CO reaction implies that lower
temperature could be a more suitable condition for the
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synthesis of target products, which is also proved by the
exothermic nature of most reactions. However, sufficiently Other materials

higher operating temperature is always necessary in practical

Fig. 6 Typical photocatalytic systems for CO, reduction.
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transformed into various reduction products. There have been
also reports on high-temperature electrolysis of CO, in solid-
electrolyte cells for higher energy efficiency,® in which CO
and O*>~ are generated from CO, molecules, and then 0% is
transmitted to the anode surface through the electrolyte, losing
electrons and forming O,. For a more comprehensive under-
standing, the equilibrium reduction potentials of different
electrochemical routes are demonstrated in Fig. 5, since the free
Gibbs energy change could be well correlated with redox
potentials according to the equation AG = —nFE. Obviously, the
redox potentials of most half reactions of electrochemical
reduction processes are close to that of the hydrogen evolution
reaction (HER, 2H' + 2e~ — H,), making the HER a parallel
reaction competing with CO, reduction by consuming the
reactive electrons. Therefore, one of the core issues that the
design of catalysts should take into account is to circumvent the
influence of the thermodynamically inclined HER.

The photochemical reduction processes, much more
complicatedly, are limited by not only the thermodynamic
barriers lying on the CO, reaction pathways but also the energy
transition for the light-to-electron procedures. Generally, the
photoreduction of CO, encompasses three pivotal procedures,
which are consecutive light adsorption, charge separation and
migration, and catalytic transformation***** (Fig. 6). For the
facile formation and separation of photoexcited electron-hole
pairs, semiconductor materials are commonly used as
substrates due to their appropriate energy bandwidth. With the
input of light in the specific wavelength range, electrons are

View Article Online

Review

excited from the valence band (VB) to the conduction band (CB),
leaving the corresponding number of holes. Then, the electrons
might participate in the reduction reactions, while the holes are
responsible for the oxidation reactions. Quite similar to the
cases in electrochemical processes, as the HER in the water
photolysis process needs only two-electron transfer, CO,
reduction always needs more electrons and involves more
complex pathways in the whole reaction. This suggests that it
should be more urgent to accelerate the photo-induced electron
separation and migration rather than focusing on the CO,
reduction kinetics. The challenges in both optoelectronic and
catalytic processes still make the efficiency the Achilles’ heel in
limited practical application of the photocatalytic systems for
CO, to valuable products.*>** Hence, so-called cocatalysts,
certain kinds of modifiers and active components, have been
introduced into the photocatalytic systems, playing a crucial
role in enhancing charge separation and transfer and manip-
ulating the activity and selectivity of CO, reduction towards
specific products.*"**

The co-transformation of CO, with other molecules from
simple C; hydrocarbon methane (CO, + CH; — 2CO + 2H,, AG
=170 kJ mol ™!, AH = 243 kJ mol ™, 298 K) to various heter-
oatomic compounds and multiple-atom organics renders the
systematic analysis of thermodynamics an impossible task due
to the diversified conditions and products. In these cases,
reaction kinetics is always much more important for its role in
determining the specific activity and selectivity toward certain
products.

H HH Free
) H
C, C. \,é’ Space
¢ o oo 0 ’
iy
e H
\' HO\?/
s e X | 0 o 5
— A A o
9
"V"o ' o 0 \&(,.
Diffuse > HO (II: HO. o Diffuse =
Y Ll 15
. &
. H
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" N
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o a ‘\" '&C\
Free Adsorption Electron transfer Deep protonation :
Space Activation Initial protonation C-C coupling

Fig. 7 Schematic illustration of specific important kinetic procedures in typical CO, reduction processes. In particular, we only list a part of the
kinetic steps in this figure, and there could be other possible steps in various CO, transformation processes.
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2.2 Kinetics

Prior to the chemical reactions, mass transfer, i.e., the diffusion
of CO, molecules and other reactants onto the reaction inter-
face and the release of products from the active sites play
a critical role in the kinetics of whole CO, transformation
process. This is largely determined by the chemical interaction
that can only function effectively in a limited range of distance,
although potential long-range influences still exist. Reaction
equilibrium and the regeneration of active centers would also
partially depend on a sufficient diffusion rate rather than only
the effect of chemical forces. In fact, diffusion processes in most
heterogeneous catalytic systems cannot be ignored, and
researchers endeavor to design catalysts with higher dispersion
and smaller size and develop advanced reactors with enhanced
capability of mass transfer to alleviate the negative influence of
insufficient diffusivity. In this way, in-depth research into the
intrinsic reaction kinetics of CO, transformation has a great
significance. Herein, we will focus on the CO, reaction kinetics
of reduction reactions in a hydrogen atmosphere or under
aqueous conditions because of the universality of research
studies and the great attention to them (Fig. 7). The other
reactions involving CO, transformation kinetics would be dis-
cussed in conjunction with the introduction of specific
catalysts.

The first stage of reaction kinetics is the initial adsorption
and activation of CO, molecules, commonly involving the
transfer of electrons between different reactants or the reactant
and reactive interface. CO, is a typical linear nonpolar molecule
comprising two ¢ bonds and two delocalized 7 bonds between
one carbon and two oxygen atoms. The chemical bonds between
carbon and oxygen fall in between a conventional double bond
and triple bond, showing higher bonding energy and relative
chemical sluggishness. The electron cloud in delocalized bonds
is mainly bound to two oxygen atoms and the higher electro-
negativity of oxygen leads to lower reactivity of electron pairs in
such bonding orbitals. In contrast, the lone electron pairs in the
oxygen atom are believed to be able to be involved in the
chemical transformation, making the CO, molecule an electron
donor. On the other hand, the carbon atom in the CO, molecule
has electron deficiency and could be an electron acceptor.
Therefore, the typical activation routes of a CO, molecule
include (i) input of electrons from catalysts to the carbon atom
in the CO, molecule, (ii) the carbon atom in the CO, molecule
takes away electrons from other electron-rich reactants, (iii) the
CO, molecule donates lone electron pairs to catalysts and (iv)
the CO, molecule donates lone electron pairs to certain
electron-deficient reactants. Currently, most of the reduction
processes follow the first two routes especially in the case of
metal catalysis systems, while the latter two routes are more
likely responsible for the initial activation of CO, in some oxide
catalysis and coordination chemistry systems for certain
organic syntheses. To enhance the adsorption and activation,
researchers have devoted their efforts to delicate design of
catalysts, mainly through modifying the energy bands and
electronic orbitals to match the features of the CO, molecule for
most thermochemical and electrochemical systems, and also

© 2024 The Author(s). Published by the Royal Society of Chemistry
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through enhanced light-to-electron processes for photochem-
ical systems.

After the initial activation, the transformation routes of CO,
might go through certain protonation and C-C coupling
processes and experience stepwise evolution of various inter-
mediates and transition states, forming a labyrinthine reaction
network. This brings one of the greatest challenges in the
control of product selectivity, for which catalysts have to subtly
steer the reaction pathway toward specific targets. Only elimi-
nating the side reaction pathway can ensure the efficiency of the
target reaction, just like trimming the hedge and removing the
weeds from crops. The different intermediate routes are highly
dependent on the electronic properties of reactive interfaces
that are closely related to the chemical interaction between
guest molecules and substrates, as the stability or the Gibbs free
energy of transition states could be influenced by the interac-
tion, thereby determining the activation energy barriers from
the initial to the secondary stages. In some cases, the spatial
location of active sites and specific geometric properties could
also have an effect on the stabilization of intermediates espe-
cially for those needing the synergy of different active compo-
nents in multiple-step synthesis or with distinctive steric
structures. Decided by the nature of active sites, including but
not limited to *COOH, HCOO* and *COHO (* represents the
adsorption site) moieties could be the key intermediates in
a typical reduction reaction toward C, products. They further go
through protonation and electron transfer and are transformed
into products with a higher H/C ratio. The kinetics of proton-
ation steps in the thermochemical hydrogenation reaction and
other multiple-molecule reactions (such as that with methane)
might be also dependent on the supply of active H species
stemming from activation and dissociation of H, and other H-
rich molecules. A balance between the activation of different
reactants therefore should also play a vital role in the reaction
kinetics.

The situations are even more complex for the synthesis of C,,
products, as there might be more than one Kkinetically
controlled step, including the bonding between diversified
active intermediates. Uneven reactive interfaces and non-
uniform active centers in conventional heterogeneous cata-
lysts further aggravate these issues and interfere not only in in-
depth research studies on the intrinsic mechanisms of catalytic
processes but also in the rational design of catalysts for selective
synthesis of specific products with higher efficiency. Fortu-
nately, SACs have provided opportunities for disentangling the
labyrinthine system.

3 Single-atom catalysis in typical CO,
conversion routes
3.1 CO, conversion toward C; products

3.1.1 Thermochemical reduction. It has already been
established that a frontier academic research hotspot focuses
on CO, chemistry by applying CO, reduction with hydrogen to
produce a variety of valuable chemicals with the input of

thermal energy. Although the economy of large-scale

Chem. Sci., 2024, 15, 4631-4708 | 4637
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vibrational modes. (b) DRIFT spectra of CO at all five weight loadings of Rh/TiO, catalysts. (c) Site fraction (%) of isolated (Rhiso) and nanoparticle-based
Rh sites (Rhyp). Rate of TOF change (d(TOF)/dt) for both reaction pathways as a function of wt% Rh measured at 473 K and a feed ratio of (d) 0.25 CO5:
Ho and (e) 10 CO5 : H,.”? (f) Arrhenius plots of Rhy/ZrO, and INa—Rh;/ZrO; in the H,-D, exchange reaction. (g) Catalytic performance of Rhy/ZrO, and
1INa—Rhy/ZrO; in CO hydrogenation. (h) A schematic illustration of the regulation of Rh;—ZrO, cooperativity by Na ions for selectivity tuning.® (i)
Schematic of boosting CO, conversion to CO over Pd;—FeO, via a SA driven carburization process.® Reproduced from ref. 79, 85 and 86 with
permission from American Chemical Society, Wiley and Elsevier, copyright 2015, 2022, 2022.

deployment is still arguable due to the current insufficient photolysis of water),”> thermochemical routes are of great
efficiency of energy transformation and lack of a low-cost, interest because of not only the more mature and solid indus-
massive, clean hydrogen supply (e.g., from electrolysis and trial fundaments, but also their potential capability to directly
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synthesize different types of products especially involving
complex C-C couplings.” There have been fruitful results for the
production of valuable chemicals, e.g.,, carbon monoxide
(CO),*>*® organic oxygenates,””** and hydrocarbons® " with the
carbon number in a wide range of C;-C;4. through processes of
thermochemical CO, hydrogenation, several of which have even
been advancing to the industrial stage,”»”*”> suggesting
a promising prospect of commercial application.” On the other
hand, thermochemical CO, hydrogenation might also provide
a feasible approach for the storage of hydrogen energy, in favor
of the extended utilization of renewable resources.®

While conventional metal catalysts have realized plenty of
catalytic processes at the expense of a harsh operating
temperature and/or pressure as well as the high cost of precious
metals, the utilization of SACs might become a powerful
weapon to cope with the severe challenges in terms of energy
cost and atom efficiency, and be expected to contribute to the
higher selectivity of specific products due to their unique
chemical properties. Herein, the thermochemical hydrogena-
tion of CO, into valuable products including CO, CH,, typical
organic oxygenates, formic acid (HCOOH)/formate, methanol
(MeOH) and ethanol (EtOH) by SACs will be discussed in the
following section and critical scientific problems will be also
summarized based on recent progress.

3.1.1.1 Carbon monoxide and methane. CO, an important
platform chemical resource in industry for the production of
a variety of valuable organic compounds, can be obtained via
the well-known reverse water gas shift reaction (RWGS) from
CO, and H,. As a typical endothermic reaction (Fig. 4), RWGS
would benefit from a relatively high operating temperature
(usually above 673 K). Side reactions, especially methanation,
however, might be also enhanced under such operating condi-
tions, leading to a lowered CO yield and limited practical
application. The competitive adsorption and activation of H,
and CO, molecules might play a vital role in the eventual
selectivity of methane and CO, which could be adjusted by using
the distinct properties of SACs.

Kwak et al. studied the activity of palladium and ruthenium-
based SACs in CO, hydrogenation, taking support and particle
size effects, respectively, into consideration.”””® As for Pd-based
catalysts, the temperature programmed surface reaction (TPSR)
and scanning transmission electron microscopy (STEM) exper-
iments were used to show the disparate reactivity patterns of Pd
on different supports (Al,0; and carbon nanotubes) in an
atomic dispersion and the morphology of traditional 3D clus-
ters, respectively, under CO, hydrogenation. The morphology of
Ru, on the other hand, was controlled by varying the loading on
the same Al,O; support, as also investigated by the STEM
technique. In both studies, the shift of product distribution
from CH, to CO was found in both systems when SA sites were
dominant, although the feature of supports also played a critical
role. Matsubu et al. applied diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) with CO as the probe mole-
cule to quantify the fraction of isolated Rh sites (Rh;s,) and Rh
sites (Rhyp) on the surface of Rh NPs for a series of TiO, sup-
ported rhodium SACs.” Strong correlations were observed
between the turnover frequency (TOF) of RWGS and the fraction
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of Rhjy,, and also between the TOF of methanation and the
fraction of Rhyp sites (Fig. 8a-e). The changing activity in a long-
term operation could also be rationalized by a reaction
condition-induced disintegration of Rhyp into Rh;g,. This work
provided a preliminary understanding of distinct catalytic
behaviors between isolated atoms and nanoparticles for
competing parallel reaction pathways. A similar dynamic
change of SAC local structures in response to various redox
conditions was also revealed by Tang et al. with more details
through a combination of theoretical and experimental
studies.® Operando studies showed that the single Rh atoms on
TiO, could adapt their structures to the reaction atmosphere,
and the first-principles modeling showed that the substitu-
tional structure for the Rh atom over Rh;@TiO,_,, was not
catalytically active due to the strong adsorption energy of
hydrogen on Rh that prevented CO, adsorption, indicating that
the active site for Rh SAC on TiO, in the case of the RWGS
reaction was the supported Rh;/TiO,_, site rather than the
substitutional sites. This type of structural evolution could also
be extended to various metals on supports for other redox
reactions,®® for which deeper insights have been gained with
the advances in operando characterization techniques and
modeling calculation. Li et al., on the other hand, reported an
alkali-promoted rhodium SAC for CO, hydrogenation.** The
introduction of alkali ions (e.g., Na) enables efficient switching
of the reaction products from nearly 100% CH, to above 99%
CO in a wide temperature range (513-713 K) with high activity
and long-term stability at 573 K (Fig. 8f-h). The complete
inhibition of deep hydrogenation of the CO intermediate
products to CH, could be attributed to the significantly higher
apparent activation energy and facilitated CO desorption over
the Na-doped SAC by performing control experiments of H,-D,
exchange and CO hydrogenation reactions. Moreover, the
intermediate change from formate to carboxy using alkali ions
was the key to favorable CO formation, as unveiled by in situ
spectroscopy and theoretical calculations. The improved
stability also benefited from the addition of alkali ions due to
the reinforced electronic interaction between isolated Rh sites
and ZrO, supports. Notably, noble metal SAs could not only
serve as active sites for the dissociation of CO, to CO, but could
also surprisingly promote the dynamic evolution of the support,
which in turn enhances the catalytic performance under
specific reaction conditions. Du et al. observed such a dynamic
evolution driven by Pd SAs over a Pd;-FeO, catalyst during the
RWGS reaction®® (Fig. 8i). The introduction of Pd atoms
significantly changed the reduction and carburization behav-
iors of the FeO, support via inducing the formation of oxygen
vacancies. The atomically dispersed Pd species enabled
continuous H, dissociation with a lower formation energy of
oxygen vacancies, thereby endowing the FeO, support with
a deeper reduction state, facilitating further carburization with
the CO product. In contrast, Pd NPs tended to exhibit a strong
metal-support interaction (SMSI) with the FeO, support as
shown by the remarkable overlayers on the metal surface. Such
a SMSI inhibited deep reduction and further carburization,
resulting in an inferior activity compared with that of Pd,-FeO,,
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since iron carbide was believed to be a critical component for
lowering the activation energy of CO, conversion to CO.

In addition, SACs based on non-noble metals have been also
applied for tuning the activity and selectivity in RWGS. Millet
et al. prepared a series of Ni SACs with MgO as the support by
a solid solution approach.®”” Low-coordinated Ni sites on the
surface of MgO predominated among the Ni species in the
SACs, as predicted by hybrid-functional calculations. The iso-
lated Ni atoms were active for the RWGS but were incapable of
propelling deep hydrogenation, while Ni clusters might lead to
the formation of CH, in contrast. The substitution of Mg atoms
by Ni atoms on the surface of oxide was found to not only reduce
the strength of CO binding at low-coordinated sites but also
promote H, dissociation, so that the CO formation rates could
show a positive correlation with the concentration of Ni on the
surface. Liang et al. fabricated a cobalt-based SAC comprising
isolated Co sites bonded to SBA-15 by the atomic layer deposi-
tion (ALD) technique, utilizing which 99% CO selectivity and
near-equilibrium conversion of CO, were maintained for a 500-
hour RWGS reaction at 873 K.*® Co sites remained in a cationic
state which was stabilized by strong Co-O-Si bonds, contrib-
uting to the H-assisted dissociation of CO, that was distinct
from the commonly reported mechanisms. Moreover, it was
found that the CO products were generated along with the
shifting of Co sites between the tetrahedral field and the octa-
hedral field, by which the whole catalytic cycle was driven. A
similar result was reported in a recent study by Li et al.* The
cobalt-based SAC synthesized by anchoring 4% Co atoms onto
the nitrogen-doped carbon supports (Co-N-C) achieved nearly
100% CO selectivity and 52.4% CO, conversion at 773 K, while
the 20%-Co-loading catalyst with mostly Co NPs favored the
formation of CH,. The H-assisted dissociation of CO, was also
proposed to be responsible for the excellent performance over
the Co SAC via the COOH* intermediate, whereas direct disso-
ciation took place on Co NPs. However, it might be quite
different in a case where other types of active sites were intro-
duced. In a study by Dostagir et al., the Co SA sites co-existed
with oxygen vacancy sites over a ZrO,-supported Co SAC, cata-
lyzing CO, hydrogenation to produce CO with more than 95%
selectivity.” Operando DRIFTS analysis showed that formate
was the key intermediate, whose stabilization was achieved by
the generation of oxygen vacancies derived from the synergy
between Co and Zr. The subsequent decomposition of formate
led to the formation of CO instead of methanol and methane by
deep hydrogenation, since the adsorption of CO on active sites
was less favorable than that of CO,. Furthermore, Jiang et al.
reported a molybdenum-based SAC for CO, hydrogenation to
CO with a selectivity of almost 100%.°* Single Mo atoms with
a MoN; moiety supported by nitrogen-doped carbon enabled
remarkable CO, adsorption and facile CO desorption on the
basis of the calculated transition state energy. And the forma-
tion of CO was considered through a direct dissociation path
rather than a H-assisted path as mentioned above.

Synthesis of CH, from thermochemical CO, hydrogenation,
namely the CO, methanation (Sabatier) reaction, is another
important pathway for CO, chemical conversion. In contrast to
RWGS, methanation is a highly exothermic process, suggesting
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an advantageous operating range at lower temperature
regarding thermodynamics (Fig. 4). In terms of kinetics,
nevertheless, higher temperature is always needed to ensure
significant reaction efficiency. In general, the methanation
reaction can either go through a direct hydrogenation step in
the absence of the CO intermediate, or undergo an indirect step
with CO as ‘bridge’ species. Within a certain temperature,
RWGS is believed to be a parallel reaction to the methanation
reaction over a variety of catalytic systems just as mentioned
above. Therefore, it might be a good angle to inhibit RWGS or
enhance the deep hydrogenation of CO for higher yield of CH,
from thermochemical CO, hydrogenation.’®***> Indeed, the
ostensibly different selectivities over various metal catalysts
might be rationalized by the inherent kinetic differences, such
as the activation and ad/de-sorption energy in each reaction
pathway. With both theoretical and experimental insights,
Chen et al. correlated the selectivity of CO, hydrogenation with
the distinct activation energy between the dissociation barrier
and the desorption of metal carbonyls over supported metal
catalysts.”® They concluded that decreasing the coordination
number of metal sites to SA structures could contribute to the
suppressed carbonyl dissociation with facile CO desorption,
leading to increased CO formation, since the C-O bond scission
of the main intermediates was considered as the rate-limiting
step in CO, hydrogenation (Fig. 9). Correspondingly, the
design of methanation catalysts could also be inspired by this
descriptor regarding activation energy.

As reported by Kwak et al., the tendency of methanation in
CO, hydrogenation was enhanced with the increase in metal
loading, in which the atomically dispersed metal centers were
not the dominant species, suggesting that the SAC might not be
suitable for methanation, although specific conditions would
make some differences.””””® A similar view was held by Guo
et al.,** as proposed in a study on low-temperature CO,
methanation over a CeO,-supported Ru SAC, nanoclusters
(NCs), and NPs. The NCs with a size of 1.2 nm showed superior
activity in comparison with the SAC and NPs, as well as 98-
100% CH, selectivity at 463 K. In situ measurements demon-
strated that CH, was formed dominantly via the CO route with
metal carbonyls as the key intermediates, and Ce**-OH sites
and Ru sites located at the metal-support interfaces were active
for CO, dissociation and carbonyl hydrogenation, respectively.
The strongest metal-support interaction and hydrogen spillover
were present over the SAC and Ru NPs, respectively, leading to
the corresponding suppression of metal carbonyl activation and
the H,O removal on the support surfaces. In contrast, there was
a balance between the two effects over NCs, which might be the
key parameter to optimize their catalytic performance.

Recently, on the other hand, research studies have
confirmed that the preferential synthesis of CH, over SACs is
also feasible in certain specific catalytic systems, breaking
through the conventional understanding to some extent. In the
work by Li et al.,, Rh SAs supported on ZrO, without alkali
promotor modification offered nearly 100% CH, selectivity in
CO, hydrogenation.®® The formation of CH, was through
a HCOO* intermediate route, and facilitated by the uninhibited
hydrogen activation with the help of Rh sites in the low valence

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Correlation between the C-O bond scission and the
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vation energies E, for CO dissociation and desorption free energies of
CO. (right) Difference in activation energies between HCO — HC + O
and HCO — H + CO on PR1-Ir{/TiO; (Iry/TiO,) and stepped Ir (Irs), Pt
(Pts), and Au (Aus) surfaces.®® Reproduced from ref. 93 with permission
from American Chemical Society, copyright 2017.

state. This performance would be changed into a higher CO
selectivity once alkali ions were introduced, since the Rh atomic
sites were rendered into an electron deficient state with less H,
activation capability and weakened CO adsorption. By regu-
lating the electronic state of single metal atoms via tuning the
interaction between metals and supports, the catalytic proper-
ties of SACs might be significantly changed and the corre-
sponding performance would be quite different. Fan et al. used
porous hexagonal boron nitride (pBN) to immobilize Ru in the
atomic dispersion and obtained an enhanced catalytic activity
of 1.86 mmol CO, per g . per s and CH, selectivity up to 93.5%
for CO, methanation at 623 K and 1.0 MPa.** A vacuum filtration
process allowed the Ru precursor to transform quickly into
atomic Ru restricted onto the defects via B, N coordination. The
Ru sites in a valence state reduced by interaction with B and N
on the surface of supports remarkably lowered the maximum
energy barrier from 1.56 to 1.07 eV of the consecutive
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hydrogenation process, contributing to the improved CH,
production rate at an atomic scale (Fig. 10). Thus, it should be
possible to extend the practical application of SACs into
methanation for higher metal atom utilization efficiency, in
case that further efforts are devoted for this research aspect.

Organic oxygenates such as formic acid (formate), methanol,
ethanol and higher alcohols are a group of valuable compounds
that are possible to be produced from CO, hydrogena-
tion.>”***>% The controlled formation of organic oxygenates
always needs an accurately regulated hydrogenation process to
avoid either the generation of CO due to insufficient capability
toward adsorption and hydrogenation of intermediates or the
generation of CH, due to excessive hydrogenation. Complicated
procedures involving adsorption, reaction and desorption of
various reactants, intermediates and products make it a chal-
lenging task to develop catalysts with high efficiency for direc-
tional catalytic hydrogenation of CO, into organic oxygenates,
in which SACs with specific structures could take advantage
relying on their distinct advantages in not only high atom
utilization but also their unique chemical properties.

3.1.1.2 Formic acid and formate. Formic acid is regarded as
an important hydrogen storage medium, the synthesis of which
might be of great significance in the promoted application of
renewable and clean energy.®*®® Fruitful results have been
achieved for CO, hydrogenation to formic acid or formate via
homogeneous metal complexes in basic media,” while the
development of heterogeneous catalysts is more and more
appealing due to the practicality in mass production. At this
moment, SACs are expected to offer a unique opportunity for
the transition from homogeneous to heterogeneous systems.**
Shao et al. designed a porous organic polymer with amino-
pyridine functionalities to fabricate a stable Ir SAC for liquid-
phase hydrogenation of CO, to formate with an extremely
high turnover number of up to 25 135, comparable with that of
homogeneous systems (Fig. 11).'** The chemical structure of the
Ir SA active site was identified to resemble that of a homoge-
neous mononuclear Ir pincer complex catalyst. Hence, the
catalytic mechanism was supposed to be quite similar to that
over a homogeneous Ir catalyst with this Ir-based SAC, i.e., (i) Ir
SA sites encountered the CO, reactant, (ii) the electron transfer
from the metal hydride to CO, imposed a bend of 135° of the O-
C-O unit and an elongation from 1.18 to 1.23 A of the corre-
sponding C-O bond, with an exothermic binding energy of
0.14 eV, (iii) then this intermediate was readily transferred to
HCOO- by the rotation of its C-O bond to allow binding at the Ir
site, with an exothermic energy as high as 0.70 eV and a barrier
of only 0.07 eV, (iv) the amide-H near the other dangling O-end
of the HCOO- intermediate assisted the preliminary formation
of HCOOH- by bonding to the O atom, which was induced by
the formation of a six-member ring involving an Ir atom in the
AP-POP framework, and (v) this initial HCOOH- promoted
further H, activation and dissociation on the site with the
simultaneous transfer of H from the formic acid to the amide
group (with a 1.00 eV barrier) to generate the final HCOOH
product. The energy profile of the catalytic mechanism
demonstrated the effectiveness of the Ir SAC and a quite similar
catalytic mechanism that occurred during homogeneous
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(a) Schematic illustration for fabricating Ru/pBN-xF assisted by vacuum filtration drying. (b) Reaction free-energy diagram for CO,

hydrogenation at 623 K.°* Reproduced from ref. 94 with permission from American Chemical Society, copyright 2019.

catalysis, and thereby a concept of quasi-homogeneous catalysis
was assigned to this system for the inherent associations
between the homo- and hetero-catalytic processes. This result
further suggested the great potential of SACs in CO, conversion
to formate. Indeed, quite a few attempts have been made for the
fabrication of heterogeneous catalysts by mimicking the
previous homogeneous systems via introducing metal-organic
complexes into a rigid framework, such as CTFs, MOFs and
other organic polymers, in which electron-donating functional
groups comprising N, O, and P moieties were commonly used as
building blocks to enhance the electron density at metal
SAs.*>%7 As a result, such SACs always delivered high TONs/
TOFs, whereas the demand for enhancing the stability of
metal SAs to overcome inferior recyclability is still urgent. For
this, substantial efforts have been made on the structural
engineering of the exquisitely designed catalysts. Moreover,
there have been a few studies exploring the possibility of
preparing materials without organic ligands. For instance, Mori
et al. developed a stable and well-defined Ru SAC on the surface
of a layered double hydroxide (LDH) for efficient selective
hydrogenation of CO, to formic acid under mild reaction
conditions (2.0 MPa, 373 K).'*® An active electron-rich Ru center

4642 | Chem. Sci, 2024, 15, 4631-4708

was established by using triads of basic hydroxyl ligands at
a particular location, with the electron-donating feature. A
strong electronic metal-support interaction (EMSI) present
between the Ru atoms and basic supports was evaluated by XPS
spectroscopy and could be well correlated with the catalytic
activity. By adjusting the type of metal ions and corresponding
ratio in LDH, the CO, adsorption capacity in the vicinity of the
Ru center could be also tuned. The catalytic performance would
be also improved with higher CO, concentration on the surface.
Wang et al. designed a solid micellar Ru SAC for efficient and
stable water-free CO, hydrogenation to formate under mild
reaction conditions,'” directly obtaining concentrated formate
solutions up to 4 mol L™ " in tertiary amines. The Ru SAC sites
were stabilized by using the hexadecyl trimethyl ammonium
(CTA") surfactant in the pores of the MCM-41 support, forming
a solid micelle structure during preparation. By DFT modelling,
the reaction was found to proceed via heterolytic hydrogen
splitting, forming metal hydride species and subsequent
hydride transfer over low-coordinated Ru(i).

In addition to the investigations into the design of various
active SACs based on the vital metal-support interaction, the
interaction between active metal species has also been taken

© 2024 The Author(s). Published by the Royal Society of Chemistry
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into account especially in the case where metal loading is high
enough to reduce the distance between separated sites to some
extent. Indeed, the synergistic effect of active metal sites has
been reported and proposed to play a critical role in CO,
hydrogenation. Ren and co-workers reported their progress on
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the utilization of Pd SACs for CO, hydrogenation to
formate.”>"™ One of their studies used a highly active dual
single-Pd-atom catalyst with a microporous layered 2,6-
pyridinedicarbonitrile-derived covalent triazine framework (2,6-
DCP-CTF) as the support, efficiently converting CO, to formate

1) HalrCls
2) NaBH4

IrfAP-POP

I:Ir active site
HCOOH

ili: HCO; formation

1.14 1.18

C

Reaction Coordination

v: H,capture

Fig. 11 (a) Schematic illustration of the synthesis of the Ir/AP-POP SAC. (b) The proposed reaction mechanism for CO, hydrogenation over the
oppositely H bonded Ir SA active sites.*** Reproduced from ref. 101 with permission from Elsevier, copyright 2019.
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under ambient conditions with a turnover frequency (TOF) as  a nitrogen-rich environment exhibited a much lower barrier for
high as 13.46 h™'.1"° The microporous structures could enrich this reaction than the Pd SA, and a rich nitrogen environment
the concentration of reactants, while the dual Pd atoms within could further improve the intrinsic activity of Pd. A ternary

:
b)
§ (a)1.4 — 14 (
g (2577 Methane B Methane 2,000 { 0.2% PtYMoS,
3 1.2 { £ Methanol B Methanol | 4,
£ : .22l Formic acid Il Formic acid
3 0] 10 (o 210°Cc— [ o 1.000 4
® 5 D
E © £ g —
3 e E 08 g T -
g E 8 - w @ =
S g S 06 3 G 2,000 { 7.5% PtMoS,
=1 8 B 5 Ll
g5 a £
s 0.4
X 1,000 -
< .9 0.2 1 I
3 B .
— 3
= 0.0 - 0 - =
B < 9 110 130 150 170 190 210
g é Temperature (°C)
< o\
¥ oF
n O
3 d
i (c) (
N ju.
g% B Methanol
S 8 - 0 0.2% PtMoS, 100 - -{:] Formic acid 7 o
g e 0 7.5% PUMOoS, |
o 2 1 %
= 6 - 801 |
% : 723 +2.1 kJ mol”’ £ |
= — £ - moi - 1
£ = ™ = 2 60 - :
—_ .= (o] 4 S 1
s o E g ‘
€3 £ o 7
o & % 40 - 7
S 2 2 - 7
gF 124.7 + 4.8 kJ mol™ 5
ﬁ 20 4 ..:
8 0 1 1
< o |
s L] L] T ] ] L] T T
8 20 21 22 23 24 25 26 27 28 o O
© 1 S
- 1,000/T (K™")
o\ gg\‘o
= 0‘.1’ A

(e) (f)

H*+COOH* 0.74eV 1.39eV

C(OH)2*
1.01 eV 1.34 eV

H*+COOH*

Fig. 12 (a) Comparison of products obtained by using atomically dispersed Pt/MoS, with different Pt loadings and Pt nanoparticles/MoS;. (b)
Comparison of TOFs with 0.2% Pt/MoS, and 7.5% Pt/MoS; as the catalyst at different temperatures. (c) The Arrhenius plots of 0.2% Pt/MoS, and
7.5% Pt/MoS,. (d) Comparison of selectivity of products obtained by using 0.2% Pt/MoS, and 7.5% Pt/MoS, as catalysts at different ratios of CO, to
H, after 3 h. Steps for the addition of a H atom to COOH* over (e) Pt;/MoS,; and (f) Pt,;;/MoS,, respectively.*? Reproduced from ref. 112 with
permission from Springer Nature, copyright 2018.

4644 | Chem. Sci,, 2024, 15, 4631-4708 © 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06863c

Open Access Article. Published on 09 February 2024. Downloaded on 11/17/2025 10:40:34 PM.

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

(cc)

Review

synergetic effect was shown to be responsible for the
outstanding performance, as confirmed by modelling calcula-
tions. They also developed a synergistic structure with Pd SAs
and NPs on 2,6-DCP-CTF as an efficient active site for CO,
hydrogenation to formate.""* The Pd SAs were believed to be in
charge of CO, activation, while the Pd NPs were more likely to
contribute to hydrogen dissociation based on theoretical
calculations. Therefore, compared with the catalysts mainly
comprising Pd SAs or NPs, this hybrid catalyst presented
a better balance between the two key steps in CO, hydrogena-
tion, leading to the improved catalytic activity. By further opti-
mizing the ratio of Pd SAs to Pd NPs, a formate formation rate of
3.66 mol molpg > h™' could be obtained under ambient
conditions (303 K, 0.1 MPa). Li et al. explored the activity of CO,
hydrogenation dependent on the interaction between two
neighboring Pt monomers over a Pt/MoS, SAC."** As indicated,
the majority of Pt monomers were in the isolated state over the
0.2% loading SAC, while the neighboring Pt monomers pre-
dominated in the Pt species over SAC with a high Pt loading up
to 7.5% in contrast. As for the catalytic performance, the SAC
with neighboring Pt monomers demonstrated a significantly
lower reaction barrier for CO, hydrogenation, and a stepwise
reaction path via a formic acid intermediate rather than C(OH):
was demonstrated, leading to relatively high selectivity of for-
mic acid. In contrast, the SAC with isolated Pt monomers
favored a path with the absence of formic acid formation and
higher activation energy (Fig. 12). These results clearly indicated
the importance of the synergetic effect derived from the inter-
action between active metal sites.

3.1.1.3 Methanol. As one of the simplest liquid energy
storage compounds and versatile C; building blocks, methanol
has been appealing in both chemical and energy sectors over
the past few decades, whose production from CO, hydrogena-
tion has been considered to be a solution for excessive CO,
emission and contribute to ‘carbon neutrality’.’”***¢ The
initial studies on the methanol synthesis from CO, were origi-
nated from the conversion of syngas consisting of CO, CO, and
H,, which is mainly acquired through coal gasification, natural
gas reforming and biomass transformation. The commercial
production of methanol from CO, is generally realized with the
utilization of copper-based catalysts, particularly those based
on copper, zinc oxide and alumina (Cu/ZnO/Al,Oj)."*7'*®
However, the efficiency of CO, conversion is still severely
limited by thermodynamics (Fig. 4) under the specific operation
conditions (503-573 K and 50-75 bar) applied with the standard
Cu/ZnO/Al,O;. Thus, great efforts have been devoted for the
modification of conventional Cu-based catalysts, as well as
designing new catalysts containing entirely distinct composi-
tions such as noble metals and reducible metal oxides.?”*1%121
Meanwhile, homogeneous hydrogenation of CO, into methanol
undergoes a renaissance due to its high activity at low temper-
ature," which suggests the promising potential of SACs similar
to that of homogeneous catalysts.

Recent studies have unveiled that SAs could play a critical
role in Cu-based catalysts as either active components or
promoters. Zhao et al. reported a Cu-based catalyst Cu/ZrO,
with isolated active copper sites for methanol synthesis from

© 2024 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

CO, hydrogenation.”® A strong dependence of CO, hydroge-
nation activity and selectivity on the nature of surface copper
species was revealed. The undercoordinated cationic Cu;-O3
species, accumulating on the catalyst surface, were considered
to form stable active sites and be in charge of high selectivity to
MeOH (100%) during the catalysis process at 453 K. The
pathway with HCOO* as the key intermediate was believed to be
the most viable route for CO, hydrogenation on the isolated
Cu;-O; active sites, as the generation of HCOO* was achieved
through the reaction between activated CO, and dissociative
hydrogen formed over Cu SAs with the help of nearby oxygen
atoms. In contrast, small copper NCs and NPs favored CO
formation via RWGS, while larger particles exhibited little
activity at low temperature (Fig. 13). Wu et al. used a Cu-based
SAC (Cu/ZnO) to study the effect of introduced water content
on the methanol synthesis from CO, hydrogenation.** They
found that introduced water could act as a bridge between H
atoms and CO, or intermediates, facilitating the transformation
of COOH* and CH,O*. The enhanced activity induced the
generation of more water to react with CO via the water-gas
shift reaction, resulting in an increase in methanol selectivity.
With the introduction of optimal-content of water, a methanol
selectivity of 99.1% could be obtained, while the CO, conversion
exhibited a volcano-type curve with a peak value of 4.9%. Yang
et al. developed a Cu-based catalyst with atomically dispersed
Zn on a ZrO, support via a double-nozzle flame spray pyrolysis
(DFSP) method.® Dynamic structural evolution of Zn species
analyzed by operando XAS showed that atomic Zn sites were
formed under specific reaction conditions via the strong inter-
action between the highly dispersed ZnO clusters and ZrO,
support. The operando experiments as well as modeling calcu-
lations revealed that this unique Zn species promoted the
selective formation of methoxy and subsequently methanol
instead of decomposition to CO due to the stabilized formate
intermediate and decreased hydrogen activation energy. As
aresult, a superior performance could be achieved over this SAC
in comparison with that over the generally accepted active Cu-
ZnO interface, while large and independent ZnO nanoparticles
exhibited the poorest performance due to the absence of
promotion of both hydrogen activation and intermediate
stabilization. Furthermore, Wu et al. performed a systematic
theoretical study on the mechanistic nature and -catalytic
pathways of Zn SAs and NCs on the surface of Zn/Cu alloy
catalysts, in which surface oxidation was proved to make a great
difference.” The Zn SAs were more active than the Zn NCs
initially with more difficulty in subsequent surface oxidation
under specific reaction conditions. After catalyst surface
oxidation during CO, decomposition, more active species were
switched to oxidized Zn NCs from Zn SAs. Further analyses
show that this effect of surface oxidation could be attributed to
not only the occupation of the strongest binding sites at the
center of Zn NCs by O atoms, but also the higher positive charge
and work function on the oxidized surface. The former made
oxygenate intermediates adsorb on the Zn/Cu interface with
moderate binding for further hydrogenation, while the latter
directly promoted the hydrogenation of
intermediates.

oxygenate
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Apart from Cu-based catalysts, SACs based on noble metals
for CO, hydrogenation to methanol have also attracted
considerable attention due to their superior hydrogen activa-
tion capability at relatively lower temperature. Chen et al. re-
ported a Pt-based SAC comprising an ensemble of Pt SAs
coordinated with oxygen atoms in MIL-101 (Pt;@MIL), with
a turnover frequency (TOF) of 117 h™! and a methanol selec-
tivity of 90.3% in DMF at 3.2 MPa and 423 K for selective CO,
hydrogenation to methanol, which were much higher than that
of Pt,@MIL with nanocrystals as the major Pt species.””® In
contrast to Pt,@MIL with COOH* as the intermediate in CO,
hydrogenation, Pt; @MIL favored the pathway via HCOO* as the
key intermediate, leading to a lower activation energy for the
enhanced catalytic activity and corresponding higher selectivity
toward methanol by suppressing the formation of CO. This
research altered the reaction path with the help of a SAC to
achieve enhanced performance, whereas some other studies
reached similar goals by promoting the kinetics of the key
reaction step during CO, hydrogenation. Dostagir et al. used an
In,0; catalyst promoted by single Rh atoms to obtain a high
methanol productivity of 1.0 gyeon h™ ' geae ' with intrinsic
high selectivity over pure In,0;."*° Rh species were atomically

4646 | Chem. Sci, 2024, 15, 4631-4708

dispersed in the In,O; matrix and were stabilized by charge
transfer from neighboring In atoms under specific reaction
conditions. Rh SAs promoted the dissociation of H, and
consequent partial reduction of In,03, leading to the formation
of more oxygen vacancies on the catalyst surface, as the oxygen
vacancies in In,O; were considered to be the key active sites for
the adsorption and activation of CO,. The generation of formate
species, a key intermediate in In,O;-catalyzed CO, hydrogena-
tion, was also propelled by Rh SAs, as verified by DFT calcula-
tions regarding the activation barrier.

3.1.1.4 Summary. Despite suffering from relatively rigorous
operation  conditions, thermochemical hydrogenation
processes still benefit from sophisticated equipment, high
scalability and versatility. SACs with nearly 100% atomic utili-
zation efficiency not only provide a promising prospect for
wider application of noble metals in the effective conversion of
CO,, but also steer the reaction pathway towards exclusive
synthesis of valuable products. The distinct electronic and
geometric properties derived from specific coordination and
interaction with neighboring atoms offer highly active inter-
faces for activation of CO, and stabilization of specific inter-
mediates, thereby propelling the formation of C; products.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 14 A brief summary of SAC applications and key scientific prob-
lems in thermochemical CO, hydrogenation.

Furthermore, the studies on the production of C,, products
have also achieved inspiring results with the application of
SACs, in which the specific features of SAs in combination with
vacancy sites generated from defect engineering are incorpo-
rated for realizing C-C coupling in the systems. All these results
indicate the potential of SACs in CO, thermochemical hydro-
genation (Fig. 14).

3.1.2 Electrochemical catalytic reduction. Although the
thermochemical route has provided certain opportunities for
efficient CO, conversion, the economy of commercial applica-
tion of the hydrogenation process is highly dependent on the
cost of renewable hydrogen resources.’” The feed hydrogen is
supposed to be produced from water splitting, which could be
driven by electrical energy from renewable sources, e.g., wind
and solar.” This would be also a promising solution for the
storage of intermittent and fluctuating renewable energy. Thus,
direct electrochemical reduction of CO, would demonstrate
advantages compared to the thermal hydrogenation process,
since it could not only merge electrochemical water splitting
and the subsequent hydrogenation into one single process, but
also enable the production of specific products in a more flex-
ible way due to its common moderate operation conditions. In
order to make it a profitable process for CO, electrochemical
reduction, many aspects should be taken into account
including intelligent electrode design, electrolyte tuning,
equipment optimization and so on,"”*** in which the design
and massive production of highly active catalysts are some of
the core subjects in both scientific and industrial fields and still
challenging so far. With the rapid development of CO, elec-
trochemical reduction research in recent years, various metal-
based catalysts have been applied, thanks to their intrinsic
high electro-conductivity facilitating electron transfer."** For
further improving the specific activity of metal-based catalysts,
SACs have been introduced into some systems due to their
nearly 100% utilization of metals and distinct catalytic
properties.*”**13113¢ Herein, we will review the recent progress
on the application of SACs in CO, electrochemical reduction for
the synthesis of CO, CH,;, HCOOH and CH;OH. The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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sophisticated design and preparation of SACs and their corre-
sponding influence on the catalytic performance will be the
focus for gaining deep insights.

3.1.2.1 Carbon monoxide. With the rapid development of
electro-catalysis research over recent years, electrochemical CO,
reduction has been considered a feasible alternative approach
for the production of various chemicals, especially CO which is
synthesized traditionally by RWGS via a thermal reduction
process under harsh conditions.” As a reaction with a slightly
negative equilibrium reduction potential of circa. —0.10 V versus
the reversible hydrogen electrode (RHE) and involving two-
electron transfer (Fig. 5), the production of CO might be one
of the most fundamental and practical processes in electro-
chemical CO, reduction because of its possibly higher selec-
tivity and larger current densities. Over a long period,
substantial effort has been devoted to exploring efficient cata-
lysts for reduction of CO, to CO. Noble metals like Au, Ag and Pd
have been identified as useful catalysts with a high current
efficiency and selectivity, but their high cost limits their prac-
tical application.”®” To further improve the efficiency of CO,
reduction to CO and lower the cost to make it a more profitable
process, ingenious catalyst design strategies have been devel-
oped. The application of SACs is one at the center of attention to
overcome the existing complex problems regarding activity and
selectivity compared to conventional bulk metal-based cata-
lysts,®® and this even provides non-noble metals with perfor-
mance exceeding that of noble metals.**3%'%°

Given that nickel (Ni) is a relatively low-cost metal commonly
used in reduction reactions,"*'** and inspired by the previous
research studies that unveiled the potential of Ni-based
molecular catalysts in CO, transformation,****** plenty of
studies have been devoted for the application of Ni-based SACs
in electrochemical CO, reduction. Yang and his co-workers
(Fig. 15) fabricated a Ni-based SAC containing isolated, high-
density, low-valent Ni anchored on a N-doped graphene
matrix for CO, reduction.**® Through the combination of oper-
ando X-ray absorption spectroscopy (XAS) and X-ray photoelec-
tron spectroscopy (XPS) techniques, Ni(1) was identified as the
active center, for which the structure evolution during the CO,
reduction was further illustrated. The active sites had an effect
by the delocalization of the unpaired electron in the Ni 3d,>_,.
orbital, and a CO,°~ species was formed via spontaneous charge
transfer from Ni(1) to the carbon 2p orbital in CO,. In this way,
the energy barrier for electrochemical CO, reduction was
remarkably reduced, leading to a specific current of 350 A gco¢
and turnover frequency of 14 800 h™" at a mild overpotential of
0.61 V with 97% faradaic efficiency (FE) for CO formation.
Generally, the preparation methods of SACs have a great effect
on the fine structure of active sites, which further determines
the catalytic performance. Since the carbon-based supports are
always essential for maintaining sufficient electron transfer
capability, the kernel task for the fabrication of SACs is
embedding the metal SAs into the carbon matrix, for which
substantial efforts have been made. One of the recently
proposed strategies is using metal organic framework (MOF)
materials as precursors.'*>**® The metal atoms with high density
can be fixed into the MOF crystals preliminarily by the strong
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(a) Normalized operando Ni K-edge XANES spectra for A-Ni-NG at various biases (versus RHE) in 0.5 M KHCOs aqueous solution at room

temperature and 1 atm of Ar or CO,. The inset shows the enlarged Ni K-edge XANES spectra. (b) Fourier transform magnitudes of EXAFS spectra
(without phase correction) of A-Ni-NG under open-circuit voltage bias in Ar (OCV-Ar) and CO, (OCV-CO,), and at —0.7 V (versus RHE), in which
an expanded Ni—N bond was detected. (c) Change in the XPS O 1s intensity induced by CO, adsorption for A-Ni-NG. (d) Valence band spectra of
A-Ni-NG before (black line) and after (red line) CO, gas exposure, and after desorption of CO, by thermal treatment at 773 K for 20 min in
a vacuum (dark blue line). The blue line shows the variation in the valence band spectra of A-Ni-NG induced by CO, adsorption. (e) Structural
evolution of the active site in electrochemical CO, reduction.**® Reproduced from ref. 140 with permission from Springer Nature, copyright 2018.

bonding between metals and the moiety of ligands. Then
ligands should be partially removed in an appropriate way, so
that the low coordination SAs can be well exposed to the reac-
tant phase in a stable form. Another strategy is introducing
specific dopants (e.g., nitrogen) in the preparation process or
post-treatment to as-obtained carbon supports, since the lone
pair electrons in doping elements provide an enhanced capa-
bility for chemical bonding to the metal atoms.**”**° Since the
coordination of SAs on carbon supports with high loading
always needs excess dopants, the formation of miscellaneous
structures is always inevitable with non-uniform introduction of
dopants onto the catalysts, resulting in some adverse effects on
catalytic performance. Hence, Xi et al. synthesized carbon-
supported Ni SACs via a joule heating strategy, ensuring the
coordination of 80% of N dopants with metal atoms.”° It was
plausible that the exclusion of the ineffective N species led to
the superior performance of optimized Ni SACs in electro-
catalytic CO, reduction with a high FE above 92% for CO
formation in the potential range of —0.7 to —1.9 V versus RHE,
while the competing hydrogen evolution reaction (HER) was
suppressed. Such a preparation strategy could be also facilely
extended to the synthesis of various metal-based SACs. More-
over, not only do the metal atom sites have great influence on
the eventual catalytic performance of SACs catalyst, but the
features of the support could play an important role in many
systems for CO, electroreduction.’® He et al. constructed a Ni-
based SAC comprising a porous carbon membrane with

4648 | Chem. Sci, 2024, 15, 4631-4708

interconnected nanofibers and hierarchical pores, supporting
abundant Ni SAs for CO, reduction to CO.** This membrane
with high mechanical strength and well-dispersed Ni SAs
combined gas-diffusion and catalyst layers into one configura-
tion, which could establish a stable three-phase interface for
CO, electroreduction. Eventually, CO could be produced via
a *COOH intermediated route with a 308.4 mA cm > partial
current density and 88% FE over a 120-hour test. Moreover, the
defects of certain supports could also exhibit a significant effect
on the catalytic performance." In the work by Boppella et al.,*>
the synergy between Ni-N, and metal free defect sites over the
N-doped carbon support was revealed in CO, reduction. They
investigated and compared the kinetic and thermodynamic
behaviors of four possible active sites during CO, trans-
formation, which were Ni-N,-defects (defects as active centers),
Ni-N,-C (C near pyrrolic N as active centers), Ni-N,-Ni (Ni as
active centers) and Ni-N,-N (pyrrolic N as active centers),
according to the free energy diagrams determined by DFT
calculations. As a result, Ni-N,-N sites coupled with metal-free
C near pyrrolic N sites were supposed to provide not only a lower
energy barrier for the formation of COOH* intermediate species
leading to promoted CO, activation, but also an optimum CO*
binding energy facilitating CO desorption, resulting in a higher
intrinsic catalytic activity (CO FE of 94% at —0.6 V and CO
partial current density of 59.6 mA cm > at —1 V). To gain
a comprehensive understanding of reaction mechanisms
regarding the structure of active sites and possible reaction

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 16 (a) Schematic representation of free energies at 298 K and pH 7 for —0.8 V applied potential. This summarizes all reaction intermediates
(0—-4) and transition state (TS) free energies involved in the reduction of CO, on a nickel single site at —0.8 V constant applied potential. (b)
Calculated partial current densities for CO evolution during CO, reduction on Ni—N,C,, Ni-NzC; and Ni—N4 along with experimental data for
comparison (equivalent number of nickel atoms). (c) Large partial current densities for CO evolution during CO; reduction on Ni—=N,C5, Ni—=NsC;
and Ni—Ny. (d) Tafel slopes calculated from the |-V curves for CO evolution on Ni-N,C,, Ni-NzC; and Ni-N4 during CO, reduction, showing
good agreement with the Tafel slope from the experiment. (e) Calculated partial H, current densities as a function of applied potential during CO,
reduction on Ni—N,C,, Ni—-N3C; and Ni—N4 along with experimental data for comparison (equivalent number of nickel atoms), at pH 7 and 298
K.%3 Reproduced from ref. 153 with permission from Springer Nature, copyright 2020.

kinetics over Ni-based SACs, advanced computational chemistry ~canonical potential kinetics (GCP-K) formulation, which could
tools have been also used besides the great efforts made in describe the electron transfer with proton or hydrogen transfer
experimental research. Hossain et al. used a new grand as a continuous process.” Since the commonly accepted
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reaction route of electrochemical CO, reduction to CO involves
four consecutive steps: (a) linear CO, binding to the catalyst
surface (*), forming bent *CO,  via electron transfer; (b)
hydrogen transfer from water which converts adsorbed *CO, ™
into the adsorbed *COOH intermediate; (c) a second hydrogen
transfer from water which converts the adsorbed *COOH
intermediate into bound *COj; and (d) bound *CO desorption
from the catalyst surface as gaseous CO, leaving the surface
empty (*) for another reaction cycle, the possible sites over Ni-
SACs including Ni-N,C,, Ni-N;C;, and Ni-N, were evaluated
based on these procedures (Fig. 16). Distinct kinetics was
exhibited over each kind of site, and the best overall perfor-
mance was predicted to be present on Ni-N, with a CO FE of
nearly 100% and current density of 40 mA cm ™~ at a potential of
—1.05 V, while the other sites showed slightly inferior perfor-
mance. Meanwhile, the XPS N, C 1s and Ni 2p binding energy
(BE) shift and the CO vibrational frequencies for various sites
were also predicted for helping in the identification of the active
sites, and all these predicted values showed surprising agree-
ment with the experimental results. This work further suggests
that it should be a good modeling material for SAC to associate
the theoretical analysis and experimental research. More
recently, Li et al. studied the effect of acidic microenvironments
on a Ni-N-C SAC for CO, electrolysis in a membrane electrode
assembly (MEA) electrolyzer."** To overcome the frequent severe
carbon loss in common alkaline and neutral electrolytes, the
authors developed an acidic membrane electrode assembly
electrolyzer with a tailored local concentration ratio of H" and
K'. They found that the addition of both H' and K" favored the
adsorption of CO, and desorption of CO species energetically,
despite simultaneously enhancing the adsorption of H*
(competitive adsorption with CO,). As a result, they achieved an
energy efficiency of 45% for CO production at pH 0.5 with CO,
loss reduced by 86% at 300 mA cm ™2, as compared to that under
alkaline conditions. Notably, they also realized a CO,-CO-C,,
process with 99% FE of C,, products (46% FE of ethene) via
a two-step CO, electrolysis process by the tandem combination
of such an acidic MEA electrolyzer and an alkaline MEA
electrolyzer.

In addition to Ni-based SACs, SACs comprising iron species
have been also used in electrochemical CO, reduction. For
example, Gu et al. reported an iron-based SAC that produced CO
from CO, reduction at an overpotential as low as 80 mV, and the
partial current density could reach 94 mA cm™>
potential of 340 mV.** Discrete Fe®* ions, coordinated to
pyrrolic N atoms of the N-doped carbon support, were identified
as active sites by the operando XAS technique. During the elec-
trocatalysis process, the active centers could maintain a +3
oxidation state through a possible electronic coupling to the
conductive carbon support, driving faster CO, adsorption and
weaker CO absorption in comparison with conventional Fe>*
species. In this way, a comparable performance to that of noble
metal catalysts was obtained. In order to further improve the
activity of the Fe SAC, phosphorous SAs were introduced into N-
doped carbon supported Fe SAs (Fe-SAC/NPC) for CO, electro-
reduction to CO in an aqueous solution, as reported by Sun
et al.*>® Experimental analysis combined with DFT calculations

at an over-
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suggested that P SAs mainly in the form of P-C bonds were
located in high coordination shells, particularly the third
coordination shell of the Fe center, leading to enhanced elec-
tronic localization of Fe. Thus, the Fe center could contribute
more electrons to bond with the key *COOH intermediate,
enabling the facile formation and stabilization of this inter-
mediate on Fe with a decreased energy barrier. As a result, this
SAC exhibited a CO FE of nearly 97% at an overpotential of
320 mV, comparable to state-of-the-art gold catalysts. Taking
mass transfer into consideration, Zhang et al. prepared a hier-
archical carbon foam confining Fe-based SAC with the assis-
tance of a SiO, template.®® The Fe SAs coordinated with four
nitrogen atoms (FeN,;) confined in a carbon matrix at the
atomic-scale served as the active sites for electrocatalytic CO,
reduction to CO with an optimized CO FE of up to 94.9% at
a moderate potential of —0.5 V vs. RHE. With the utilization of
the special carbon support, the pore-enriched effect at the
macro-scale favored the diffusion of substrate molecules, while
the graphene nanosheets at the nano-scale enhanced charge
transfer. °*’Fe Mossbauer spectroscopy, involving the resonant
and recoil-free emission and absorption of y-rays by atomic
nuclei, is useful to probe tiny changes in the energy levels of the
atoms. Li et al. exploited this technique for operando moni-
toring of the dynamic behaviors of Fe SA moieties under specific
reaction conditions (Fig. 17)."”” By means of operando XAS and
a quantum-chemical study, the in situ-generated four pyrrolic
nitrogen atom-coordinated low-spin (LS) Fe(i) (LS Fe'N,),
featuring monovalent Fe(I, d”) with an unpaired electron in the
d,> orbital of a pseudo-D,y, ligand field, had been identified as
the reactive center for the conversion of CO, to CO. The optimal
binding strength of CO, to the LS Fe'N, site, with strong orbital
interactions between the singly occupied d,- orbital of the Fe()
site and the singly occupied 7t* orbital of the [COOH] fragment,
was considered as the key factor for the excellent performance.

Copper-based catalysts have been widely used in electro-
chemical reduction of CO, to valuable chemicals, especially
involving the C-C coupling process.’***** When the size of Cu
species is downsized to the atomic scale, distinct catalytic
performances have been found, which makes the selective
production of CO possible.'®>*¢” In a pioneering research study
by Li and his co-workers,'*® a catalyst featuring two adjacent
copper atoms, namely the ‘atom pair’, was reported to carry out
the critical bimolecular step in CO, reduction. With stable
Cu)_Cu,™ pair structures, this catalyst could readily adsorb H,O
and CO, over neighboring Cu,*" and Cu{ sites, respectively. This
adsorption configuration was verified by a combination of
experiments and modeling calculations. It significantly reduced
the activation energy of CO,, so that the performance could be
promoted with a FE¢o of above 92% at relatively low potentials.
Another strategy was proposed by Chen et al. via introducing
other active component dispersed Cu clusters (Cu,) into a Cu SA
co-coordinated with a N and S anchored carbon matrix (Cu-
S:N;) to develop a tandem catalyst (Cu-S;N3/Cu,) for CO,
reduction to CO.* In a typical reaction process, the Cu-S;N;
atomic interface offered an optimized binding energy for the
key intermediate *COOH, while the adjacent Cu, accelerated
the protonation of *CO,™ by enhancing the water dissociation

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 17 (a) Operando *’Fe Méssbauer spectra of ’Fe-enriched Fe-NC-S recorded at OCV, —0.9 V (vs. RHE), and after the CRR. The orange,
green, blue, and purple doublets could be assigned to LS Fe* in Fe'N,, MS Fe?* in Fe''N,, HS Fe?* in N=Fe''N,, and LS Fe2" in Fe'N,, respectively.
(b) Current—time response of °”Fe-enriched Fe-NC-S for the CRR. (c) Content of different Fe moieties and reactive intermediates obtained from
operando >’Fe Méssbauer measurements. (d) Schematic Kohn—Sham molecular orbital (MO) energy-level correlation diagram between CO, and
the active Fe site of D1 for the CO, activation step. (e) Selected contour plots of MOs for the *COOH intermediate with the D1 model. (f) Proposed
reaction pathway of the CRR over D1. The acronym CRR refers to the CO, reduction reaction conducted in CO,-saturated 0.5 M KHCO3
solution.®” Reproduced from ref. 157 with permission from American Chemical Society, copyright 2021.

and *H transfer to the Cu-S;Nj sites. In this way, the tandem
catalyst exhibited much higher FEco (above 90%) compared
with the catalysts with a single component (50-70%).

Zinc, as an earth-abundant metal, has shown some prom-
ising properties as an active component in CO, electrochemical
reduction.'®® Recently, there have been also some achievements
in terms of Zn-based SACs for the production of CO from CO,
reduction.’®®*"* Li et al. fabricated a nitrogen-stabilized SAC
featuring low-valence zinc atoms (Zn’*-NC).'** Saturated four-
coordinate (Zn-N,) and unsaturated three-coordinate (Zn-N3)
sites coexisted, and the latter was in charge of Zn species at the
low-valence state, as speculated from XPS, XAS, electron para-
magnetic resonance (EPR), and DFT. Further calculations sug-
gested that the unsaturated Zn-Nj; could remarkably reduce the
energy barrier for the formation and stabilization of the key
COOH* intermediate thanks to the electron-rich environment
of Zn (Fig. 18), leading to a high FE¢ of up to 95% at a current
density of 1 A cm™? in a flow cell. Furthermore, the preparation
and corresponding properties of supports were also considered
as key factors that made a great difference in some Zn-based
SACs."7*'7> Hao et al.'”® succeeded in loading Zn SAs on the N-
doped carbon nano-onions (ZnN/CNO) for CO, electro-
reduction to CO. A FE of CO up to 97% at —0.47 V (vs. RHE)
could be obtained, beyond that of Zn SAs on a two-dimensional
planar and porous graphene substrate with larger surface area.
Systematical characterization studies and DFT calculations
indicated that the superior performance of the CNO support
could be attributed to the increased curvature, which could tune

© 2024 The Author(s). Published by the Royal Society of Chemistry

the surface charge and subsequent adsorption energies of key
intermediates, and thereby improve the selectivity for CO
generation. Coincidentally, Fang et al.'’* also unveiled the effect
of curvature on Zn SAs supported on curved N-doped carbon
nanofibers (Zn SAs/N-C) by a facile noncovalent self-assembly
approach. In this SAC, Zn atoms in Zn-N, sites were identi-
fied as the actual active sites, while adjacent pyridine-N could
synergistically decrease the free energy barrier for intermediate
*COOH formation. In particular, the curvature of the catalyst
made Zn 3d electrons in the Zn-N bonds return to the Zn atom,
leading to an increase in electron density of Zn and accelerating
CO, electroreduction to CO. In addition to commonly reported
Zn-based SACs with Zn-N, sites as the sole active component,
Zheng et al. develop a SAC with an isolated zinc site embedded
in nitrogen, sulfur co-doped hierarchically porous carbon (Zn-
NS-C) to realize CO, electrochemical reduction to CO.'”
Combined structural characterization and electrochemical
experiments as well as theoretical calculations revealed the
synergistic effects of auxiliary S and isolated Zn-N, sites. The
bicarbonate adsorption and dissociation were promoted by the
adjacent S atoms, resulting in an increased proton transfer rate
and boosted reaction kinetics of *CO, protonation to form
*COOH. In this way, this SAC provided enhanced activity of CO,
reduction with a high CO FE of 99% at an industrial-level
current density of 200 mA cm > and a corresponding turnover
frequency of 11419 h™". More recently, Hu et al. reported a so-
called ‘synergistic near- and long-range regulation’ strategy with
the help of a modified Zn SAC."* They embedded ZnNj sites in
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hollow carbon supports with co-decorated sulfur and phos-
phorus in the first coordination shell and surrounding carbon
matrix, respectively (ZnN,S,/P-HC). According to theoretical
calculations, the S atom present in the axial position signifi-
cantly distorted the planar coordination structure of the Zn SA
site, thereby increasing the charge density of the active center,
which could be further elevated by the redistribution of elec-
trons stemming from the introduction of P atoms in the second
coordination layer. Such a remarkable change in electronic
state provided varied interactions between Zn SA sites and
specific reaction intermediates, especially *COOH. An
enhanced adsorption strength of *COOH was observed due to
the increased overlap of Zn (3d) and *COOH (2p) orbitals, thus
promoting the formation of *COOH with a lower energy barrier,
then leading to the production of CO.

The application of SACs in CO, electroreduction can be
further extended to cobalt.’”>”® Pan et al. developed a robust
Co-based SAC with an atomically dispersed Co-Nj site anchored
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on polymer-derived hollow N-doped porous carbon spheres for
CO, electroreduction to CO.*”® The hollow structure of the SAC
was fabricated by a combination of pyrolysis and etching
procedures with SiO, as the template. Meanwhile, the metal
atoms were embedded by coordination with N. On the basis of
various experiments and modeling calculations, Co-Nj5 sites
were disclosed to be the main active center for CO, activation,
the formation of the key intermediate COOH* and the desorp-
tion of the CO product. As a result, a high FE of CO of above 90%
could be achieved over a wide potential range from —0.57 to
—0.88 V with remarkable stability. Lin et al. constructed a Co-
based catalyst based on covalent organic frameworks (COFs)
comprising cobalt porphyrins for the aqueous electrochemical
reduction of CO, to CO."”” XAS data revealed that the chemical
environment offered by the COF plays an important role in the
electronic structure of the catalytic cobalt centers, thereby
contributing to the high activity of catalysts and FE to CO. Han
et al. established a Co-based catalyst featuring atomically
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dispersed active centers for electrocatalytic CO, reduction,'”®
which was synthesized via an axial coordination assembly using
tetra(4-pyridyl) porphyrin cobalt(u) as building blocks, resulting
in an ultra-thin morphology. The well-defined structure enabled
the precise identification of the active sites for d-orbital energy
engineering. The promoted activity of this catalyst for electro-
catalytic CO, reduction originated from the elevated energy
level of d,- in Co 3d orbitals, leading to a remarkable FE of 96%
to CO at an overpotential of 500 mV. A similar strategy was also
reported by Shen et al,” in which an organic molecule
porphyrin was used as the ligand to coordinate the Co atoms,
and a performance dependent on the pH value was exhibited
when the SAC was used in electrocatalytic CO, reduction.
Apart from the metals mentioned above, other kinds of
transition metals have been also explored regarding the design
of SACs and their application in electrochemical CO, reduction
to CO. For instance, a cadmium (Cd)-based SAC was prepared by
a unique gas-migration, trapping, and emitting strategy for CO,
reduction to CO."™ A Cd loading amount as high as 30.3 wt%
could be achieved through the gas-migration and trapping
processes, while the emitting process could readily modulate it
from 30.3 to 1.4 wt%. At an optimum loading amount of
18.4 wt%, the maximum FE of 91.4% for CO was obtained at
—0.728 V, following the proton-decoupled electron-transfer
mechanism. The Cd-N, structure was revealed to be the main
active site for the reduction of the Gibbs free energy barrier in
the rate-determining hydrogenation step of the key interme-
diate *COOH. Manganese (Mn) as the third transition metal
after iron and titanium among all transition elements in natural
abundance, has also been applied in the construction of SACs
for electrochemical CO, reduction to CO.*"'** Through
a halogen and nitrogen dual-coordination strategy, a Mn-based
SAC was successfully fabricated with graphene as the support
for effective CO, reduction to CO.*®* The dual coordination
involving chlorine, bromine and iodine all achieved enhanced
performance by modifying the electronic structure of active Mn
sites, and thus the free energy barrier for the rate-determining
step of the formation of the intermediate was reduced. In
contrast, the enhanced effect on Fe and Co SACs with the same
dual coordination was not as significant as that on Mn, indi-
cating a strong correlation with the nature of metal. Wang et al.
also applied a Mn-based SAC supported on a carbon substrate
for CO, electrochemical reduction to CO.'"' The difference was
that oxygen instead of halogens was co-doped with N into the
SAC. Isolated Mn-N, moieties were considered to be the main
active sites for CO, reduction, while the epoxy groups in the
second coordination spheres adjusted the electronic structure
of the catalyst with reduced reaction energy barriers. The cata-
lytic performance was enhanced accordingly, achieving a high
CO FE of 94.5% with a CO current density of 13.7 mA cm ™2, as
well as a low overpotential of 0.44 V in an aqueous environment.
In addition, a silver-based SAC was also prepared by thermal
transformation of silver (Ag) NPs over a non-carbon substrate
MnO,, as Zhang et al. reported.'® With simultaneous MnO,
reconstruction from the MnO, (211) to (310) lattice plane, the Ag
NPs drove the formation of Ag SAs confined firmly on the
surface. Compared with the Ag NPs, the Ag SAC exhibited

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a much lower formation energy of the *COOH intermediate at
—0.7 V, as well as a higher electronic density close to the Fermi
level, leading to strong interactions between Ag SA sites and the
*COOH intermediate. This difference contributed to the excel-
lent performance of the Ag SAC with a CO FE of 95.7%, in
contrast to that of the Ag NPs of less than 60%. Moreover, SACs
based on rare earth metals such as yttrium (Y) and scandium
(Sc) have been synthesized successfully on a carbon support (Y;/
NC and Sc;/NC) and exhibited excellent catalytic activities for
carbon dioxide reduction.'® Compared with common SACs
featuring atomic transition metals supported on N-doped
carbon supports in a N-coordinated form (M-N,), the reported
Y,/NC and Sc;/NC contained metal atoms with a large radius,
which tended to be anchored to the large-sized carbon defects
through six coordination bonds of N and C. This coordination
further modulated the local electronic structure of Y/Sc sites,
and surprisingly endowed the generally inactive Y- and Sc-based
nanomaterials with considerable activity for room-temperature
electrochemical reaction, suggesting the distinctive effect of
SACs on catalytic performance.

On the basis of the well-known d band center theory, tran-
sition metals with a narrow d band have been widely used as
active components in various catalysis systems, whereas main
group metals had always been thought to be nearly inactive due
to a broadened single resonance derived from the interaction of
valence orbitals of adsorbates with the delocalized s/p-
bands.'®* However, there have been quite a few studies
concentrating on the catalytic application of main group metals
over recent years,'*® where SACs also distinguish themselves for
electrochemical CO, reduction. For instance, Wang et al. re-
ported an s-block magnesium-based SAC with atomically
dispersed magnesium atoms embedded in graphitized C3N,
(Mg-C3N,) for electroreduction of CO, to CO." Since the
formation of the *COOH intermediate is assumed to be the rate
determining step of the whole reaction process with transition
metals as active sites, the desorption of *CO is always ignored
although it has a higher energy barrier according to some
modeling calculations. Indeed, the strong hybridization
between localized d orbitals and CO would lead to limited CO
desorption and further reaction cycles. In this case, the Mg SAs
with a delocalized s orbital would provide a solution by weak-
ening the CO adsorption (Fig. 19a). As a result, Mg-C;N,
demonstrated a high TOF of 18 000 h™" at a a CO FE above 90%,
while the flow cell fabricated with Mg-C;N, offered a large
current density of —300 mA ¢cm™ 2. More recently, Wang et al.
developed an O doping strategy to localize electrons on p
orbitals of a calcium SAC with active sites in asymmetric coor-
dination (Ca-N3O, one O and three N coordinated atoms with
one Ca)."> The asymmetric coordination of Ca-N3;O improves
*COOH formation, thereby enhancing the CO, activation, in
addition to the intrinsic virtue of the ability of main group
metals to inhibit the competitive HER and CO poisoning
induced by strong adsorption of CO species, leading to an
excellent TOF of ~15000 per hour in an H-cell and a large
current density of —400 mA cm ™2 with a CO FE of no less than
90% in a flow cell. Moreover, Zhang et al. inventively fabricated
main group element gallium-based (Ga) SACs with a nitrogen,
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phosphorous and sulfur atomic coordination environment for
electrochemical CO, reduction.'® The Ga-N;S-PC structure in
this SAC that was constructed via a polymer pyrolysis strategy
surprisingly displayed specific fluxional properties in contrast
to a typical Ga-N,-C structure with a rigid skeleton. Theoretical
simulations further revealed the adaptive dynamic transition of
Ga derived from a flexible three-dimensional structure, opti-
mized the adsorption energy of the *COOH intermediate and
renewed the active sites on time, leading to a CO FE of ~92% at
—0.3 Vvs. RHE (Fig. 19b). Moreover, indium (In) that is from the
same group as gallium, has been also applied in SAC-catalyzed
electrochemical CO, reduction to CO by Guo et al*** They
synthesized an atomic In-anchored N-doped carbon catalyst
through pyrolysis of In-bearing MOFs, in which the In species in
oxidized state predominated and coordinated with N. This SAC
exhibited higher double-layer capacitance, larger CO, adsorp-
tion capacity, and lower interfacial charge transfer resistance
thanks to the highly dispersed active sites, resulting in a FE of
CO of up to 97.2% and total current density of 39.4 mA cm ™ as
well as a turnover frequency (TOF) of ~40 000 h™". The specific
In-N sites also contributed to CO selectivity by suppressing the
formation of formate owing to the changed energy barrier, as
revealed by theoretical calculations (Fig. 19c—f). Bismuth (Bi)
and antimony (Sb) from the same main group have been also
used to construct SACs for electrochemical CO, reduction to
CO."*" Zhang et al. prepared a Bi-N, dominated catalyst by
thermal decomposition of a Bi-based metal-organic framework
(Bi-MOF) and dicyandiamide (DCD)."® In situ environmental
transmission electron microscopy (ETEM) analysis offered an

4654 | Chem. Sci, 2024, 15, 4631-4708

opportunity to directly observe the reduction of a Bi-MOF into Bi
NPs and subsequent redispersion of NPs into atomic species
with the help of NH; released from DCD decomposition. The
obtained Bi SAC exhibited much higher FE of CO (97%) than
that over Bi NP or NC dominated catalysts (Fig. 19g), to which
the Bi-N, sites made great contributions by accelerating the
formation of the key intermediate COOH* with a lower free
energy barrier. Wang et al., on the other hand, developed an
atomically dispersed N, S co-coordinated bismuth SAC (Bi-SAs-
NS/C) via a cation and anion simultaneous diffusion strategy for
electrocatalytic CO, reduction.”” The bonded Bi cation and S
anion could be synchronously diffused into the N-doped carbon
layer as a Bi,S; compound. Bi and S were captured by the
abundant N-rich vacancies and carbons on the support,
respectively, at high temperature, leading to the formation of
co-coordinated Bi sites (Bi-N3S/C). The replacement of one
coordinated-N with less electronegative S in the Bi-N,C center
was proved to be highly effective in reducing the energy barrier
of intermediate formation in the rate-limiting step and
enhancing the reaction kinetics. Thus, a high FE of CO of over
88% in a wide potential range with a maximum value of 98.3%
at —0.8 Vvs. RHE and a current density of 10.24 mA cm ™2 could
be achieved. Recently, Sb has also been exploited for electro-
chemical CO, reduction to CO, in which the single atom Sb sites
exhibited superior performance compared with bulk Sb or
Sb,03, even surpassing other reported SACs." In addition,
SACs based on tin (Sn) were reported as well for efficient elec-
trochemical CO, reduction.®® Guo et al.’® prepared Sn SACs
comprising atomically dispersed SnN;O; active sites supported

© 2024 The Author(s). Published by the Royal Society of Chemistry
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on a N-rich carbon matrix (Sn-NOC). The atomic arrangement
of SnN;0; reduced the activation energy for *COO and *COOH
formation and significantly increased the energy barrier for
HCOO* formation. Sn-NOC gave CO as the exclusive product,
whereas HCOOH and H, were the predominant products for the
classic Sn-N, configuration (Fig. 19h).

Apart from these SACs with only single atom active sites
mentioned above, there have been also a few reports on cata-
lysts involving dual atom sites or synergy between single atom
sites and other types of active sites. Since these catalysts are also
inspired by the theories of SACs, we include them in the
following discussion for more a comprehensive understanding.
For instance, Ni dual-atom sites and Pd dual-atom sites have
been constructed and reported for electrocatalytic CO, reduc-
tion to CO.™?% In the former case, Ni dual-atom sites were
revealed to be key to induce the adsorption of hydroxyl and the
formation of electron-rich active centers, providing a moderate
reaction kinetic barrier of *COOH formation and *CO desorp-
tion.*® As for the latter case, Pd dual-atom sites showed
advantages in CO production owing to the moderate adsorption
strength of CO* derived from the electron transfer between Pd
atoms.>* Hetero-diatomic catalysts such as Ni-Fe, Ni-Cu and
Ni-Zn have been also applied in electrocatalytic CO, reduction
to CO.2°*2% For Ni-Cu*** (Fig. 20g-k) and Ni-Zn>** (Fig. 20a—c),
heteronuclear coordination was considered to modify the d-
states of the metal atoms, narrowing the gap between the d-
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band center of the Ni orbitals and the Fermi energy level to
strengthen the electronic interaction at the reaction interface,
resulting in a lower free energy barrier and a reduced activation
energy for the formation of the key intermediate. The excellent
performance of Ni-Fe,*” on the other hand, was attributed to
the orbital coupling between the catalytic iron center and the
adjacent nickel atom, resulting in an alteration in the orbital
energy level, unique electronic states and a higher oxidation
state of iron (Fig. 20d-f). The binding strength to *CO was
weakened over Ni-Fe compared with Fe-SAC, playing a vital role
in the enhanced efficiency for CO production. Furthermore,
catalysts featuring the synergy between SAs and other active
species have been studied for the electrocatalytic CO, reduction
to CO. Wang et al. applied a novel solid-state atomic replace-
ment transformation strategy for constructing a catalyst con-
taining both PtZn nanocrystals and Ni SA sites.”** Through the
exchange between the Ni in the PtNi nanoalloy and the Zn in
ZIF-8-derived Zn, on nitrogen-doped carbon (Zn;-CN) at high
temperature, (PtZn),/Ni;-CN was obtained. This fabricated
catalyst showed a synergistic effect combining PtZn nano-
crystals and Ni SA sites on the CO, reduction reaction with
a lower energy barrier for CO, protonation and CO desorption.
The application of this unique strategy could be extended to
other metal alloys such as PtPd. Li et al. tuned the CO selectivity
of Cu by alloying a second metal Sb into Cu, forming an
antimony-copper single-atom alloy catalyst (Sb;Cu) with
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205 The atomic Sb-Cu interface

isolated Sb-Cu interfaces.
promoted CO, adsorption/activation and weakened the binding
strength of CO*, suppressing the facile C-C coupling reactions
over conventional Cu crystals, leading to enhanced CO selec-
tivity with a FE of over 95%.

3.1.2.2 Formic acid and formate. To synthesize formic acid
and formate via an electrochemical route is another appealing
subject in CO, reduction due to the versatility of formic acid or
formate in chemical production and energy industries. The
process of CO, conversion to HCOOH features two-electron
transfer, identical to that of CO, conversion to CO, with
a slight lower reduction potential of —0.12 V versus RHE (Fig. 5).
This indicates that the production of HCOOH might be another
fundamental process involving the most preliminary proce-
dures in CO, conversion. However, practical application of CO,
reduction is still limited by the sluggish kinetics and significant
side reactions such as the HER.™ Owing to the challenges in
both increasing the reaction rate and steering reaction selec-
tivity, it is urgent to develop catalysts with high efficiency and
reliability. In addition to modifying the conventional nano-
structure catalysts, SACs have been exemplified as an affordable
solution to the above problems. For instance, Shang et al
designed an In SAC with In®*-N, atomic interface active sites for
electroreduction of CO, to formate to overcome the low FE and
poor durability over common In-based catalysts.>*® Compared

4656 | Chem. Sci, 2024, 15, 4631-4708

with the reference sample with dominant NPs, the SAC exhibi-
ted a lower free energy barrier for the formation of the HCOO*
intermediate leading to higher activity, while the superior
selectivity of formate could be rationalized based on the more
positive difference between limiting potentials for CO, reduc-
tion and H, evolution. This strategy could further be extended
to other main group elements, such as Sb.**” The positively
charged Sb®"-N, (0 < & < 3) active sites could endow the Sb SAC
with a formate FE of 94.0% at —0.8 V versus RHE in a similar way
as In®-N, did, transcending the performance over the catalyst
with NPs. On the other hand, Xie and co-workers fabricated Mo
and Sn SACs with N-doped graphene as a support, both of which
demonstrated excellent performance for formate produc-
tion.”**** The reduction of CO, to formate could not only
benefit from the Mo SAs anchored on the N-doped graphene,
which provided the substrate with a higher current density at
relatively lower overpotential,**® but could also be favored by the
positively charged Sn SA sites, which promoted CO, activation
and protonation via stabilizing CO, * and HCOO™ *.** The N
doping in graphene also facilitated the reaction by expediting
the desorption of formate products via lowering the desorption
energy and increasing the length of the bond between the metal
and HCOO * intermediate.”” Notably, to gain an in-depth
understanding of CO, electrochemical reduction reactions,
Deng et al. developed a series of model Sn SACs with well-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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defined structures and employed a combination of operando
characterization techniques for monitoring the variation in
both SAC structures and surface key intermediate species.**
Particularly, °Sn Mossbauer spectra were collected for more
accurate analysis of chemical state evolution of the Sn moiety
due to the specialty of Mossbauer with regard to the Sn element.
Surprisingly, Sn(iv) was exclusively formed in the case where SAs
were immobilized on a functionalized carbon nanotube (CNT-
OH), while Sn(u) of different concentrations coexisted in other
reference samples. Assisted by DFT simulations, the authors
proposed a reasonable SA structure featuring Sn(iv)-N, moieties
axially coordinated with oxygen (O-Sn-N,) and correlated it
with CO, reduction performance. They further confirmed that
surface-bound bidentate Sn carbonate species were formed
from O-Sn-N, sites in an initial stage and changed the elec-
tronic distribution for favorable formation and protonation of
*OCHO species, thereby propelling the CO, conversion into
HCOOH (Fig. 21).

Moreover, given that the applications of Cu-based catalysts
are always limited by their poor selectivity towards specific
products, Zheng et al. found an opportunity to inhibit the side
reactions with the assistance of lead (Pb) SAs.>'* Although the
identification of true active sites was still ambiguous, it was
plausible that exclusive formate production was promoted by
the Cu sites of Pb;Cu via guiding the first protonation step
towards a HCOO* path instead of a COOH* path. Such
a promotion effect was also reported over a SnO,-based catalyst,
in which the abundant oxygen vacancies (O,) were triggered by
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Free energy diagram for the HER. (c) The charge density difference (CD
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the doping of Cu/Bi/Pt single atoms. These O, held the key to
stabilizing the oxidation state of Sn species and promoting the
adsorption of the *OCHO reaction intermediate, resulting in
a high formate FE of >80% and a cell energy efficiency of about
50-60% in a wide range of current densities up to 500 mA cm >
in a commercial flow cell.**?

3.1.2.3 Methane. CH, is also an important light hydro-
carbon resource, whose production from electrochemical CO,
reduction is attracting worldwide attention in both scientific
research and practical industry. Nevertheless, the process of
CO, reduction to CH, involves reaction paths of transferring as
much as eight electrons and eight protons, indicating a much
more complicated pathway with more possible parallel reac-
tions in comparison with that of CO and HCOOH formation.
Indeed, comprehensive understanding of the reaction pathways
toward CH, is still equivocal and highly dependent on the
different catalytic systems. Copper (Cu) is known for its good
performance in multi-electron transfer. SACs based on Cu have
been designed for CO, electrochemical reduction to CH,
correspondingly, whereas reasonable regulation of active sites
is indispensable for remarkable efficiency. By anchoring Cu SAs
on the unique platform graphdiyne, Shi et al achieved
a considerable CH, FE of 81% via CO, reduction.?*® The authors
believed that the platform graphdiyne not only stabilized Cu
SAs against aggregation, but also favored the formation of Cu-C
bonds, which was confirmed to play a vital role in the genera-
tion of the *OCHO intermediate rather than *COOH (Fig. 22).
This shift of intermediate significantly inhibited the formation

I d states of Cu
| p states of C,

p states of C,

*OCHO d states of Cu
p states of O,
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*COOH | d states of Cu
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(a) The binding energy of CO, and H,O on Cu SAs/GDY. Insers show the calculation models of adsorbed CO, and H,O, respectively. (b)

D) before and after the bonding of the Cu atom and GDY. (d) Projected

density of states (PDOS) of the interface Cu—-C atoms in Cu SAs/GDY, and the intermediates *OCHO and *COOH.2** Reproduced from ref. 213

with permission from Wiley, copyright 2022.
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of CO and other side products by efficiently modulating the
reaction pathway, leading to the preferential production of CH,.
Further tailoring the structure of normal graphdiyne with
specific electron-withdrawing/-donating groups, on the other
hand, offered another good opportunity for the regulation of Cu
SA sites.”™ It was found that subtly introduced functional
groups -F (fluorine) had a great effect on decreasing the pK, of
the adsorbed water molecule, then forming a more acidic local
environment that promoted the protonation of CO, reduction
intermediates for CH, production. In contrast, other groups
such as -H and -OMe (methoxy) exhibited inferior perfor-
mance. This difference arose from the discrepancy of the Cu
valence in various chemical environments, while a more posi-
tive charge state stemming from the electron-withdrawing effect
provided an excellent CH; FE of 72% from CO, reduction.
Furthermore, for the cases in the absence of carbon supports,
other strategies have also been proposed to modify the Cu SA
sites.”**?*¢ Loading Cu SAs onto the metal oxide substrates with
abundant Lewis acid sites was considered as an effective
strategy to improve the activity of CO, reduction to CH,.**® It was
speculated that strong Lewis acid sites in the form of a metal
center with positive charge could facilitate the activation of CO,
into *COOH and HCOO* intermediates with a lower energy
barrier, while the selectivity was determined by using the
formation energy in different pathways. This rationalized the
superior performance of the Cu/Al,O; SAC with substantial
strong Lewis acid sites compared to that of the Cu/Cr,0; SAC
with weak acid sites. The effect of O, was also highlighted in
a Cu/CeO, SAC for CO, reduction to CH,4,>" in which Cu SAs in
the most stable structure with a low coordination number of 5
were well dispersed on CeO, nanorods. With the assistance of
O,, the adsorption and activation of carbon dioxide molecules
were both enhanced. An inhibited C-C coupling was also ach-
ieved, thanks to the isolated state of active Cu SA sites, leading
to enhanced formation of CH,.

Metals other than Cu have been also studied for CO, elec-
trochemical reduction to CH,. For instance, Han et al. devel-
oped a SAC with Zn SAs dispersed on microporous N-doped
carbon.?”” Zn-N, was identified as the dominant active sites
which preferred to bond to the O atoms of intermediates rather
than C atoms. As a result, *OCHO was formed during the
reduction process, suppressing the generation of CO and
enhancing the production of CH, accordingly. Ren et al. con-
structed a series of SACs with Fe SAs coordinated with boron (B)
and C for promoting multi-electron reduction to CH,.*** By
extensive theoretical calculations, the authors found that the
introduction of B changed the adsorption strength of reaction
intermediates by forming various FeB,C, structures, among
which FeB,C exhibited the best performance. The adsorption
energy of the O atom played a crucial role in the regulated
pathway with the weakened binding strength of *OCHO and
enhanced binding strength of *HCOOH on the surface, which
reduced the energy barrier of *OCHO to *HCOOH and accel-
erated the reaction kinetics. This change in adsorption energy
of the O atom was confirmed to be associated with the more
negative d-band center and the optimal Fe atomic magnetic
moment of FeB,C.
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In addition, theoretical calculations further suggested some
distinctive SACs that might take advantages in CO, reduction to
CH,.”* By using DFT calculations, Back et al.>*® investigated the
catalytic properties of TiC, TiN, and the corresponding single-
atom catalysts for CO, electrochemical reduction. Among
various SACs with single transition-metal atoms inserted into
the surface defect sites of TiC, iridium-doped TiC (Ir@d-TiC)
was found to exhibit a remarkably low overpotential of
—0.09 V, which is the lowest value among that of any catalyst
reported in the literature used to selectively produce CH,
(—0.3-—1.0 V). This superior performance originated from
a lacked sigma-type bonding interaction between *CO and Ir SA
as compared to the cases of bare TiC or Ir(111), resulting in
weakened *CO binding and the corresponding easier reduction
in the limiting potential.

3.1.2.4 Methanol. Due to the wide applications of methanol
in both chemical and energy industries, direct synthesis of
methanol from electrochemical CO, reduction has raised
considerable concern, although it is still a great challenge to
achieve such a process encompassing six-electron and six-
proton transfer. Given that Cu is still the only metal that
exhibits appreciable efficiency in CO, reduction involving
multiple electron transfer currently,"****° pioneering studies on
SACs for methanol production have been focused on retrofitting
Cu-based catalysts. Yang et al. developed an effective strategy for
massive production of SACs with Cu SAs decorated through-
hole carbon nanofibers, denoted as Cu SAs/TCNFs, for utiliza-
tion as a cathode for CO, reduction.”* Benefitting from the
specific structure of the carbon membrane and highly dispersed
Cu-N, sites, more active Cu SAs could effectively participate in
the reaction. As such, the reduction process was promoted
dynamically, resulting in a high current density of up to —93 mA
cm 2. As for the selectivity, DFT calculations indicated that Cu-
N, sites possessed a relatively higher binding energy for the *CO
intermediate, so that further reduction into methanol could
become feasible rather than forming a gaseous CO product. As
a result, nearly pure methanol in the liquid phase with 44% FE
could be achieved over this Cu SAC. Inspired by the observation
of the clearly different selectivities of methanol produced from
CO, reduction in aqueous and non-aqueous solutions, Kong
et al. designed a cuprous cyanamide (Cu,NCN) crystal featuring
isolated Cu(i) ions strongly conjugated with NCN>~ (Fig. 23).2?
They compared the dissociation enthalpy of O-C and Cu-O over
typical Cu/Cu,O sites and Cu,NCN sites, respectively. It was
found that AH¢,-o > AHc o in the former sites which propelled
the formation of CH, without a C-O bond, whereas AH¢,_o <
AHc o in the latter case, offering a chance to retain the C-O
bond for methanol formation. They rationalized this conclusion
by using a modern hard-soft acid-base (HSAB) theory, where
weakened bonding was always formed between softer acidic
sites (delocalized sites) and hard bases such as *O and *OR (R =
H or alkyl). By introducing suitable delocalized electron states
into isolated ionic Cu species, their soft acidic nature might be
enhanced with reduced Cu-O bond strength. Based on this
strategy, the formation of methane was suppressed and 70% FE
towards methanol was reached with a methanol partial current
density of —92.3 mA cm ™ ? and a production rate of 0.160 pumol

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 23 (a) Typical Cu catalytic sites (for example, Cu or Cu,0O) display a relatively strong Cu—-O bond (that is, the bond dissociation enthalpy,

AHcu_o > 450 kJ mol™!) compared with the O—C bond (AHo_c in OCHz is <380 kJ mol™), thus leading to cleavage of the O—C bond to release
*CHsz and then form CH,. (b) AHcy-o can be tuned to a lower value than AHo_c at a softer acid site (for example, Cu,NCN), enhancing the CO,-
to-CH3OH selectivity. (c) Schematic illustration of the delocalized d-electron cloud induced by NCN2~ in Cu,NCN.222 Reproduced from ref. 222

with permission from Wiley, copyright 2022.

s7! em™ in MEA-based cells. Furthermore, based on the

investigations into the binding energy of *CO, Wu et al. devel-
oped a non-copper SAC with cobalt phthalocyanine immobi-
lized on carbon nanotubes (CoPc/CNT), which could catalyze
the CO, reduction to methanol via a so-called domino process
via CO as the intermediate.”*® They found that Co-N, possessed
a similar binding energy to that of Cu, compared with too strong
binding over Fe-N, and too weak binding over Ni-N,. Intui-
tively, Co-N, with a moderate binding energy mimicking Cu
was expected to achieve a deep reduction just like that in the
case of Cu. Indeed, individual CoPc dispersed by CNTs exhibi-
ted an appreciable methanol FE of up to 40%.

3.1.2.5 Summary. The direct electric energy input endows
CO, reduction with feasible operation under mild conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry

The application of SACs in CO, electrochemical reduction not
only pushes forward the practical utilization of noble metals,
but also renders non-noble metals a suitable choice for prefer-
ential synthesis of specific products. Through modifying the
chemical microenvironment of SACs via regulating parameters
such as coordination (with heteroatoms like N, S, and O) and
spatial distance (with other SA sites), appreciable performance
regarding production of C; chemicals is demonstrated. Notably,
the common well-defined active sites of SACs make theoretical
calculations always take advantage in the investigation of the
structure and mechanisms, as the theoretical calculations
would in turn contribute to the reasonable prediction and good
design of advanced SACs.***
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3.1.3 Photochemical reduction. Given that thermal and
electric energy are typical secondary energy sources, whose
acquisition is always accompanied by perceptible loss during
the processes of transformation and transfer inevitably, directly
utilizing primary energy other than fossil resources in practical
industry has been of great interest for a long time. Sunlight is
just one of such generous primary energy sources. Inspired by
the natural photosynthesis process that transforms CO, into
carbohydrates with the energy supplied by sunlight, researchers
have been pursuing bionic approaches to manufacture various
chemicals from CO, through photochemical routes like the
green plants are doing, endowing industrial production with
renewable and clean features.” For making such “green
plants” emerge and grow on land, great efforts have been
devoted for studies on fundamental theories, design of novel
materials and establishment of effective processes, in which the
exploration of advanced photocatalysts is one of the focus
points to break through the bottleneck of efficiency and
economy.**" In recent years, owing to the unique geometric
and electronic structures of single atoms and inspired by the
significant progress in thermo- and electro-catalysis, SACs have
also been used in photoreduction of CO, for altering the energy
bands of semiconductor materials, promoting the separation of
photoexcited electron-hole pairs, propelling charge transfer
and consumption, as well as modulating the adsorption and
activation of CO, and the corresponding intermediates during
the reaction processes.*>?**?*® Herein, significant progress on
the application of SACs in photochemical CO, reduction will be
demonstrated, encompassing the design of catalysts, optimi-
zation of processes and insights into mechanisms.?*®
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C; products such as CO, HCOOH, CH;0H and CH, are
versatile platform chemicals in industry, whose production
from photochemical CO, reduction is expected to confront the
current excessive emission issues. Given the fairly long history
of studies on conventional non-carbon-based semiconductors,
researchers have achieved fruitful results on enhancing the
selective synthesis of C; products by establishing SACs on the
basis of previous studies. For instance, by adsorbing isolated Bi
ions onto the surface of TiO, 2D nanosheets, electron transfer
from Bi ions to the TiO, substrate was presented by analyzing
the density of states and corresponding charge density differ-
ence.”® Such a transfer induced a built-in electric field from the
surface of TiO, to the interior, and propelled the separation of
electrons from photoexcited charge carriers and subsequent
migration towards the surficial reaction region, thereby facili-
tating the reduction of CO, to CH, with an evolution rate of 4.1
pumol g ' h™', 5.6 times larger than that for blank TiO,.
Embedding Cu SAs into anatase TiO,, on the other hand, took
effect in a distinct way, which results in CH, production with
a 66-fold enhancement with respect to that of pristine TiO,.>*
The introduction of Cu SAs first induced the formation of O, by
fortifying the surface reducibility of TiO, with an exposed mid-
gap O state above the Fermi level in Cu;/TiO,. The combination
of Cu SAs and vacancies contributed to the stabilization of
intermediates on the TiO, surface. In contrast to Cu,/TiO, with
neighboring Cu atoms rather than the isolated state, in which
electron localization was disturbed, Cu,/TiO, with electron
localization to the active Cu centers possessed strong Lewis
basicity. This could further promote the electron transfer to the
oxygen p state of CO,, breaking the symmetry of CO, into two p
states of each terminal oxygen atom and bending the C-O-C
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Fig. 24 Photocatalytic CO, reduction at Cuy/TiO, with an oxygen vacancy. (a) CO, reduction mechanism at Cu;/TiO,_, and (b) DFT energetics
of CO, reduction at Cu,/TiO,_, and TiO,_,. During the reduction process, the photoexcited electron is assumed to be transferred from the
conduction band minimum of TiO, (—0.25 V versus RHE).2** Reproduced from ref. 231 with permission from Royal Society of Chemistry,

copyright 2022.
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bond angle, favoring the chemisorption of CO, molecules
(Fig. 24). The effect of the Cu valence state might also play an
important role in the performance of Cu/TiO, SACs and has
drawn attention in some other reports. Jiang et al. thought that
Cu® served as the active sites for CO, reduction to CO over the
Cu/TiO, SAC, which could be formed through reduction of cu®**
by photogenerated CB electrons of TiO, under solar irradia-
tion.?® However, Cu® active sites suffered from gradual oxida-
tion into Cu?" by the generated O,, providing the Cu/TiO, SAC
with slowly decreasing activity, since Cu?" was difficult to be
reduced under the reaction conditions thermodynamically. In
this case, the activity could be restored by opening the reactor
for exposure to air or oxygen leading to complete oxidation to
Cu**. Then, the reactor should be resealed for the reduction of
Cu®" to Cu’ and the next reaction cycle. A similar dynamic
evolution of Cu species over a Cu SAC with atomically dispersed
Cu on mesoporous TiO, was also observed by an in situ XAS
technique.?® The difference was that the Cu’/Cu” mixture was
proposed to be more efficient for CH, production based on
a synergy with the meso-structure and enhanced charge carrier
transfer. Further introducing other types of active components
into the Cu/TiO, SAC provided opportunities for boosted CO,
reduction. By using such a strategy, Yu et al. constructed an
excellent photocatalyst where Cu SAs and Au-Cu alloy NPs
coexisted on TiO,, achieving a record-high formation rate of
3578.9 umol g~ ' h™" for CH, and appreciable production of
C,H,.»** It was found that there was a synergistic effect between
Cu SAs and Au-Cu alloy NPs. Such an effect could enhance the
adsorption and activation of CO, and H,O and lower the overall
activation energy barrier, particularly that of the rate-deter-
mining steps for CH, and C,H, formation.

Apart from TiO,, SACs based on other non-carbon-based
substrates have been also extensively reported. One of them
was based on a combination of Ni SAs and defect-rich
zirconia.*®® The Ni SAs were considered to have an effect on
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the kinetics of CO, conversion to CO by lowering the energy
barrier in a *COOH intermediated pathway. Besides, the H,
desorption as a competitive reaction consuming photo-
generated electrons was also suppressed to a certain extent
with the assistance of Ni SAs. Ding et al. compared the perfor-
mances of a photocatalyst with Ag SAs supported on manganese
oxide (Ag-HMO) and its counterpart with Ag NPs (Ag/HMO) for
photocatalytic CO, reduction.”®® As a result, the Ag SAC exhibi-
ted a higher activity of CH, production of up to 0.61 mol mol,
which was 1.53 times as high as that of Ag NPs. This difference
was rationalized by the promoted electron transfer from Ag to
HMO, adsorption of visible light and the activation of CO, over
the SAC. A similar contrast was presented over the Pt-V,05 SAC
derived from vanadium-based polyoxometalates and Pt NPs
supported on V,05.”*” Separated groups containing Pt-V and V
in the precursor were converted into mono-dispersed Pt centers
and surrounding vanadium oxide, respectively. The Pt SA sites
were in the positive oxidation state, and tetra-coordination
geometry assisted by four surface oxygen atoms of V,Os
favored the formation of the *COOH intermediate via a proton-
coupled electron transfer process, followed by hydrogenation
into *CO. The Pt SA site further stabilized *CO for its deep
hydrogenation into CH,. The distinctive properties of Pt-O and
tremendously enhanced atom utilization contributed to excel-
lent activity that was 25 times higher than that of Pt-NP-V,0s. In
some cases, significant dependence of activity on the distinct
vacancies was shown on SACs with the same metal SAs. This
correlation was unveiled over a CdS supported Au SAC by
selectively creating Cd or S vacancies before anchoring Au
atoms (Fig. 25).*® As for S vacancy dominated CdS, electrons
tended to be localized at Au SA sites based on DFT calculations.
In contrast, electrons were more likely to accumulate at the
vacancy sites over CdS with abundant Cd vacancies. This
difference in electron spatial arrangement made the adsorption
type of CO, change from physical adsorption to chemical

High
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Chemical
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«:S$0:C 0:0
Q:vacancy
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Fig. 25 Schematic illustration of single Au atoms in CdS to promote CO, photoreduction.?*® Reproduced from ref. 238 with permission from

Springer Nature, copyright 2021.
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681464 -
Nb Inter-layer

Doping types of Nb

(a) Optimized structure and plots of 3D differential charge densities, (b) band structures, and (c) optical absorption spectra of g-C3Ng4, Pd/

g-CsNy, and Pt g~1-C3N,.22 (d) Possible schematic representation of the photocatalytic mechanism over the RuUSA-mCzN4 surface under visible
light irradiation.?*® The WT-EXAFS plots of Nb-foil (e), CNNb0.06 (f), and Nb,Os (g), respectively; free energy (h) of various possible modes of
single-atom Nb using DFT calculations.?** Reproduced from ref. 240, 243, 250 and 252 with permission from American Chemical Society, Wiley

and Elsevier, copyright 2016, 2020, 2023.

adsorption. In contrast to catalysts without Au or with NCs, the
strong hybridization of Au 5d and S 2p orbitals for the SA sites
endowed CdS with superior efficiency of photo-electron transfer
on the surface and a corresponding lower energy barrier for the
formation of key intermediates during CO, reduction. More
recently, a silicon-based Co SAC was reported for the production

4662 | Chem. Sci., 2024, 15, 4631-4708

of syngas with a highly tunable H/C ratio.”*® A solid-state epitaxy
method was used for the construction of such a SAC with Co SAs
well dispersed on crystalline silicon, through a multistep
variable-temperature annealing including the preliminary
incorporation of Co atoms in the Si lattice and the following
decomposition of the CoSi, domain. With the addition of

© 2024 The Author(s). Published by the Royal Society of Chemistry
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a particular photosensitizer and sacrificial agent, CO and H,
yields of 4.7 mol g, ' and 4.4 mol go) ' were achieved
through visible-light-driven CO, reduction, in which the H/C
ratio could be tuned from 0.8 to 2 by modulating the Co
loading amount.

Owing to their distinctive electronic energy band structures
and fairly controllable physical properties such as porous
structure and electrical and thermal conductivity, carbon-based
semiconductors including various pure or heteroatomic carbon
materials have been also widely studied and applied in photo-
catalysis.’»***?*' More importantly, carbon materials are
considered as a renewable resource that is promising for
sustainable utilization. Thus, there have been quite a few
reports on SACs with carbon-based semiconductors as
substrates. Graphitic carbon nitride (g-C3N,), as one of the most
advanced carbon-based materials with excellent photochemical
properties,>* has exhibited superior performance in CO,
reduction in collaboration with various metal SAs.”***>*® Gener-
ally, SACs based on noble metals such as Pd, Pt, Au, and Ru
played a crucial role in two aspects: the first is functioning as
active sites for CO, adsorption and activation as well as the
stabilization of various intermediates; the second is manipu-
lating the band structure of g-C;N, for enhanced visible-light
absorption (Fig. 26a-d).>**>*> The former feature also offered
chances for the modulation of the product selectivity by
controlling the kinetic pathways involving the formation and
transformation of key intermediates with varied free energy
barriers, e.g., the dominant product was shifted from HCOOH
over Pd SAs to CH, over Pt SAs,>” while a higher yield of
methanol was exhibited over Ru SAs.?*® The latter feature, on the
other hand, could afford higher efficiency of energy utilization
in a practical process. In addition, non-noble metals such as Co,
Ni, and Cu have also demonstrated outstanding performance in
the SA state on a g-C3;N, substrate.>*>>**% In the above cases,
the effect of N coordination in charge of the stabilization of SAs
and local electron density of metal sites was mentioned more
than one time. This effect was mainly derived from the inter-
action between the lone-pair electrons in the adjacent N atoms
and d orbitals of metal SAs, imposing a positive oxidation state
on SA sites in g-C3;N, that was slightly lower than that in
oxides.”® This was an intuitive result according to the differ-
ences in electronegativity of N and O. SAs in the lower positive
oxidation state were considered to be in favor of the adsorption
and activation of reactants in some cases. However, in
a niobium (Nb) SAC, carbon atoms were believed to coordinate
with metal SAs exclusively in g-C;N, with abundant N vacancies
(Fig. 26e-h).>** In this case, polarized Nb-C bonds provided
a high-speed channel for the directional transfer of photo-
generated electrons and accordingly restrained the recombi-
nation, while the N vacancies were more likely to be responsible
for the enhanced formation of charge carriers. Recently, it has
been reported that SACs, particularly those that were based on
rare earth metals such as lanthanum (La), dysprosium (Dy), and
erbium (Er), could serve as a so-called electron bridge to assist
charge transfer especially in heterojunction photocatalysts with
a Z-scheme structure.>****>482%” To clarify, the Z-scheme struc-
ture was proposed for describing the photosynthesis process in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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natural bionts initially, and the concept was introduced into
artificial photocatalysis systems for establishing excellent het-
erojunction photocatalysts with both enhanced electron trans-
fer and sufficient redox potential for surface reactions.>*®*?% As
a heterojunction was constructed to solve the dilemma of
stronger light absorption (need a narrow gap between the CB
and VB) or higher potential (need a wide gap between the CB
and VB), a heterojunction with a Z-scheme structure featured
a staggered band configuration with a medium for electron
transfer from the lower CB in the oxidation semiconductor to
the higher VB in the reduction semiconductor. In this way, both
enhanced charge-separation efficiency and retained redox
ability can be simultaneously achieved. Coincidentally, SAs of
some rare earth metals with 4f levels between the VB of a certain
semiconductor and CB of g-C3N, were supposed to act as such
a medium, as reported in recent studies.*****”**” Specific rare
earth metal SAs could also function as key active centers for CO,
activation, intermediate formation and products, e.g.,, CO
desorption.”*® In contrast, other transition metal SAs, like
cobalt, were also claimed to have an effect on the prolonged
lifetime besides engaging in the reduction reaction over Z-
scheme heterojunctions.>**

The SAs could further be introduced into other functional
carbon-based materials, such as N-doped CNTs,*** N-doped
oxidized graphene,”® and N-doped carbon.****®* Different
supports provided not only distinct porous structures for mass
transfer which imposed an enrichment or evacuation effect, but
also specific chemical environments for the stabilization of SAs
that were also endowed with regulated electronic properties.
Notably, in some cases, N-doped carbon supports did not
possess the attributes of a semiconductor with insufficient
capability to harvest light; photosensitive reagents such as
[Ru(bpy);]Cl,-6H,O (bpy = 2,2'-bipyridine) should be added
into reactors for the generation of photo-excited electrons, and
a sacrificial hole scavenger such as triethanolamine (TEOA)
should be also involved in the systems for the removal of holes.
This suggested that carbon supports in contact with both SAs
and photosensitive reagents also functioned as a bridge for
electron transfer.”*%

Apart from widely used semiconductors, reticular materials
represented by metal organic frameworks (MOFs) and covalent
organic frameworks (COFs) featuring high specific area and an
abundant porous structure, have been also exploited as photo-
catalysts for CO, reduction recently.”*****>’° Thanks to the
tunable structural and chemical properties, MOFs and COFs are
also ideal choices for bearing metal SAs to further modify the
catalytic performance. Resembling the circumstances in N-
doped carbon substrates, most MOF and COF materials need
auxiliary reagents to assist in light harvesting and hole scav-
enging as well. SAs embedded in MOFs and COFs are more
likely to serve as active sites for CO, activation, and thereby the
reticular materials show advantages as they are endowed with
a large active interface.”*® Besides these general scenarios, some
other factors might be equally important for optimizing the
performance. Zhong et al. fabricated a 2,2'-bipyridine-based
COF bearing single Ni sites (Ni-TpBpy) for exclusive selective
production of CO from CO, photoreduction.>® Under visible
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light irradiation, Ru(bpy);>" was excited and transferred elec-
trons for the subsequent reduction of coordinated CO, mole-
cules on Ni-TpBpy. H, evolution could be well inhibited due to
the higher affinity of CO, species than that of H'. As CO, was
activated by Ni SAs, verified by the bent configuration of coor-
dinated CO, molecules, the significantly decreased free energy
of the COF-Ni-CO,H intermediate could be ascribed to the
formation of hydrogen bonds between COOH and the keto
group of the TpBpy moiety (Fig. 27a). Thus, TpBpy not only
functioned as a host for CO, molecules and Ni SAs but also
played a vital role in the enhanced activity and selectivity of the
reduction of CO, to CO. Given that the activation of reactants
and transformation of intermediates always involve complex
variations in chemical bonding between C-O, C-H and C-C
during the whole process of CO, reduction, the capability to
adapt such variations might be the key to stabilize the inter-
mediates for a lower energy barrier in a specific reaction
pathway. Hence, inspired by the mechanisms of enzymes in
organisms, Li et al. demonstrated a photocatalyst with flexible
Cu-Ni dual-metal-site pairs (DMSPs) featuring dynamic self-
adaptive behavior to match mutative C; intermediates for CO,
photoreduction to CH,.**®* The DMSPs were incorporated into
a MOF to afford their respective SA forms in a flexible micro-
environment. Based on DFT calculations, it was proposed that
the distance between Cu and Ni SA pairs (dcy-ni) With an orig-
inal value of 4.312 A, was adjusted to 4.454 A to match the
COOH* intermediate after one proton-coupled electron transfer
process, followed by a further change to 4.356 A after COOH*
was converted into HCOOH*. Such accommodations provided
key intermediates with a strong binding, thereby suppressing
desorption, and leading to facilitated deep protonation to CH,
(Fig. 27b). Similar dependences of SA sites and intermediate
species have been also reported in other systems, e.g., Cu SAs in
a MOF (Cu/UiO-66-NH,) exhibited lower formation energy of
COOH* and CHO* and capability for subsequent coupling
between them, resulting in appreciable selectivity to methanol
and ethanol;”* Mo SAs in a COF (Mo-TpBpy) favored CO
adsorption, thereby enhancing the synthesis of CH, and
C,H,.>® Such dependences are also associated with distinct
ligands, e.g., Co-O, atomic sites in Co-2,3-DHTA-COF exhibited
superior performance for CO production from CO, photore-
duction due to the lower energy barrier in the ligand exchange
process between Co-2,3-DHTA-COF and CO,, compared with
that of its counterpart with different ligands (Co-TP-COF).?”
Recently, MXenes, a family of two-dimensional (2D) transi-
tion metal carbides, nitrides, and carbonitrides, have attracted
burgeoning research interest for their application in photo-
catalysis due to their outstanding structural and electronic
properties. However, the scarcity of active sites limits the
exploitation of MXene-based photocatalysts, and therefore
metal SAs have been incorporated into certain MXenes,
providing a high-efficiency reaction interface for CO, reduc-
tion.””” Co SAs immobilized on a Ti;C,T, MXene by bonding
with C and O atoms, were found to facilitate the formation of
the *COOH intermediate with lower free energy in comparison
with that of a blank MXene support, while the MXene support
not only served to host the isolated Co sites, but also accepted

© 2024 The Author(s). Published by the Royal Society of Chemistry
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electrons from the light absorber [Ru(bpy),;]>* and transferred
them to Co sites toward CO, conversion.

3.1.3.1 Summary. Light-drive CO, reduction might be a truly
sustainable process which is expected to realize a net CO,
emission of nearly zero due to the utilization of a completely
renewable energy source. SACs function not only as co-catalysts
with incorporation into existing semiconductor materials but
also as the sole catalyst in the presence of photosensitizers and
sacrificial agents. In the former cases, SACs play a crucial role in
both the activation of reactants and generation/transfer of
photoexcited electrons via modulating the energy band of
semiconductors. In the latter cases, MOFs and COFs with high
specific area and abundant porous systems serve as common
substrates for anchoring metal SAs, providing larger interfaces
for the contact between photosensitizers and active sites,
thereby enhancing the electron transfer and reaction kinetics.

3.1.4 Dry reforming. The dry reforming process provides
a promising prospect for the burgeoning global cyclic economy
with not only a syngas output that serves as a building block for
the synthesis of various chemicals, but also the consumption of
CO, and CH, that are both culprits of the greenhouse effect.
Although having been studied for decades, the large-scale
adoption of the dry reforming reaction in industry has not
seen the light of dawn due to the high energy demands and
commonly occurring catalyst deactivation under rigorous
conditions, particularly for that based on non-noble metals.?”*
The tough operation parameters determined by the thermody-
namic natures also limits practical efficiency of the dry
reforming process.””” All these problems lead to a great
requirement for advanced catalysts, among which SACs provide
a glimmer of hope for the solutions. The strong affinity for
carbon atoms renders metallic nickel a highly active component
in dry reforming reactions to break C-H of methane. In
contrast, too strong binding of carbon atoms on Ni NPs might
bring about the excessive pyrolysis of methane, resulting in the
formation of an inert carbon layer covering the active sites and
eventual deactivation. To fight against the pervasive deactiva-
tion over Ni-based catalysts, Qiao et al. fabricated a SAC with
atomically dispersed Ni SAs, well-stabilized by interaction with
Ce-doped hydroxyapatite.””® The isolated Ni atoms could func-
tion as intrinsically coke-resistant sites thanks to their unique
ability to only activate the first C-H bond in CH,, thereby cir-
cumventing the deep decomposition of CH, into deposited
carbon, further contributing to its excellent activity and stability
in a 100 h dry reforming reaction. Tang et al. designed a SAC
comprising CeO, nanorods and two sets of SA sites, Ni and
Ru.?”? The SAC with two sets of SAs exhibited a much lower
apparent activation energy and higher turnover rate for the
production of H, and CO compared with the SAC with only one
set of SAs (Fig. 28). These results were rationalized by a synergy
effect between Ni SAs and Ru SAs. The Ni SA sites were
responsible for the progressive CH, oxidation towards CO and
H, while the Ru SA sites were in charge of activation of CO, into
CO and O with the collaboration of neighboring oxygen vacan-
cies (O,) over CeO,. The generated H atoms over Ni SA sites were
considered to be coupled over Ru SA sites rather than Ni, since
this process was favorable in both thermodynamics and
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Fig. 28 Top views and side views of transition-state geometries of CH,4 activation and intermediate structures of the formed CH= and H on Ni;
and Ruj sites on CeO,. Top and side views of transition-state geometries of CH,4 activation on Ni; (a and b) and Ru; (c and d) and intermediate
geometries of CHz and H formed on the Nij site (e and f) and Ruy site (g and h). (i) Turnover frequency (TOF) of reforming CH,4 with CO, in terms
of hydrogen production per Ni; site of Ceg g5Nig.0502, per Ru; site of Ceg g5 Rug 0502, and per Niy or Ru; site for Ceg g9s5Nig.025RUp 02502 at 773—
833 K. In the calculation of TOFs, the number of catalytic sites for Ceg g95Nig.025RU 02503 is the total number of Ni and Ru atoms of the topmost
surface layer of Ceg gsNig.025RUp 02502.2”% Reproduced from ref. 273 with permission from American Chemical Society, copyright 2019.

kinetics as unveiled by DFT calculations. Notably, the O, in the
CeO, support played a vital role in not only the activation of CO,
but also the stabilization of metal SAs. By manipulating the O,,
the performance of SACs in dry reforming reactions could be
further modified, as reported by Wu et al.*”” They constructed
a series of Ni/CeO, SACs with various concentrations of O, by
introducing different metal cations to partially replace Ce** on
the surface of supports. On the premise of equally active Ni SAs
for efficient C-H activation, the dependence of activity and
durability on concentration of O, was supposed to be attributed
to the promoted adsorption and activation of CO, molecules, as
well as the much easier removal of surface coke assisted by
active O species adsorbed on O,. The prompt elimination of
coke plus the stabilization effect of O, on Ni SAs assuaged the

4666 | Chem. Sci, 2024, 15, 4631-4708

deactivation to some extent and guaranteed excellent perfor-
mance during a long-term test. In the cases where noble metals
were used, the regulation of O, could also take effect in a similar
way. For instance, by doping Pt SAs onto CeO, rods, the
formation of surface O, could be also enhanced.?”® The Pt SA
and bonded lattice O atoms showed a synergy effect on the
activation of methane via an O-assisted dissociation, while the
activation of CO, was largely propelled by the surface O,.
Moreover, the noble metals in the form of SAs could also
facilitate resistance to carbon deposition by improving the
reducibility of active components without inducing the oligo-
merization of C-H species due to the isolated spatial distribu-
tion.””® Apart from the above conventional thermo-catalytic dry
reforming process, a light-driven process has been proposed

© 2024 The Author(s). Published by the Royal Society of Chemistry
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from ref. 280 with permission from Springer Nature, copyright 2020.

and performed with a photocatalyst featuring a Cu NP ‘antenna’
with Ru SA ‘reactor’ sites on the NP surface.”® The introduction
of Ru SAs was found to be able to not only lower the activation
barrier of CH, dehydrogenation steps relative to pristine Cu NPs
for enhanced activity, but also inhibit the RWGS reaction and
coke formation for excellent durability, which would be
reversed once the aggregation of Ru SAs occurred. Given that
completely different performances were demonstrated in
a photo-synthesis system and a thermo-synthesis system, a hot-
carrier mechanism was speculated to also be responsible for the
acceleration of C-H activation and of H, desorption, which
enabled kinetic matching of CO and H, formation, leading to
minimized RWGS and coking reactions (Fig. 29).

3.2 CO, conversion toward C,. products

3.2.1 Thermochemical reduction. Ethanol, as a renewable
resource, features lower toxicity than and comparable versatility
to methanol in both the energy industry and chemical
production.”®" Although in comparison with methanol, the
ethanol synthesis from CO, hydrogenation is more thermody-
namically favorable (Fig. 4), it is still a great challenge to design
catalysts with high efficiency, since the generation of ethanol
involves not only the stepwise hydrogenation procedures, but
also the controllable formation of C-C bonds. Hence, most of
the studies on highly selective synthesis of ethanol via direct
CO, hydrogenation are in their infant stage currently, in which
the application of SACs has provided some inspiration for
future research studies.

A group of Pd-based SACs fabricated by Caparros et al. with
various supports, were applied in gas phase hydrogenation of
CO, into ethanol.”®* A catalytic performance dependent on the
specific interaction between Pd SAs and different inorganic
oxide supports was found, which was attributed to the partic-
ular architecture established for C-C coupling. NP species were
confirmed to be inactive for the formation of ethanol by

© 2024 The Author(s). Published by the Royal Society of Chemistry

increasing the reaction temperature to create a NP-dominated
catalyst. It was an inspiring result that a SAC could work in
a complicate hydrogenation process leading to the formation of
ethanol. However, ethanol yield was limited by severe RWGS
over this Pd SAC, and deep insights into the relevant reaction
mechanism were still absent. Ye et al. studied the whole process
of CO, hydrogenation into ethanol in depth over an Ir-based
SAC.” They designed a bifunctional SAC (Ir;-In,0;) by
anchoring monoatomic Ir onto the In,0; carrier with abundant
vacancy sites. On the one hand, a part of the feed CO, was
activated by a Lewis acid-base pair formed by the coupling
between the isolated Ir atom and the adjacent oxygen vacancy
on the surface of In,0;, followed by the generation of inter-
mediate species of carbonyl (CO*) adsorbed on the Ir atom
(I’ —CO¥*). On the other hand, another part of the feed CO, was
activated and transformed into methoxide species by oxygen
vacancies (CH;0*-0,). Cohesive corporation between the two
types of active sites offered great opportunities for an effective
C-C coupling reaction, resulting in a high selectivity for ethanol
(>99%) with an excellent initial turnover frequency (481 h™") for
the hydrogenation of CO, in the liquid phase (Fig. 30). In
a subsequent study by the same group, 1D Mo,C nanowires with
dominant (101) crystal surfaces were modified by the deposition
of atomic Rh and K for CO, hydrogenation to ethanol.”®*® In
comparison with unmodified f-Mo,C that only converted CO,
to methanol, K, ,Rh,,/B-Mo,C demonstrated an ethanol selec-
tivity of 72.1% at 423 K. As the active carrier B-Mo,C was in
charge of the formation of CH;0* intermediates, Rh SAs served
as the active sites for activation of CO, and stabilization of CO
adsorbed species (CO*) in an electron-deficient state, favoring
the subsequent CO* insertion. As such, the synergistic effect
between these two functionalities led to highly specific
controlled C-C coupling. The introduction of K had an effect by
promoting the adsorption and activation of CO,, as well as
regulating the activation of hydrogen, resulting in a more
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Fig. 30 Electrostatic potential diagrams of the In,Os (a) and Ir;—In O3 catalyst surface (b). Free energy diagram for CO, dissociation over the
In,03 and Ir;—In,O3 catalyst (c).*° (d) The illustrated catalytic cycle of ethanol formation from CO, hydrogenation over the Rh,/CeTiO, catalyst.
The inset figure displays the structure of the Rh;/CeTiOj, catalyst.?®* Reproduced from ref. 59 and 284 with permission from American Chemical
Society and Wiley, copyright 2020 and 2022.
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Fig. 31 (a) Schematic illustration of the synthesis procedure and the wireframe model of Cu(OH)BTA.*%* (b) Fabrication of PTF(Ni)/Cu with well
dispersed copper sites from Ni-TPPCN. (c) Schematic for the convergent paired electrosynthesis of DMC from CO,.**° (b) LSV of Ni SAs/OMMNC
for electrocatalytic CO,RRs in CO,-saturated 0.1 M KBr—CHsOH in H-type cells.?** Reproduced from ref. 159, 164 and 291 with permission from
Wiley, Springer Nature and Royal Society of Chemistry, copyright 2021, 2023.
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balanced performance of the two active centers and a further
improved ethanol selectivity. Coincidentally, a similar SAC
system containing such bifunctional components with Lewis
acid-base pairs was reported by Zheng et al. They established
a Rh-based SAC by embedding monoatomic Rh onto a Ti-doped
CeO, support (Rh,;/CeTiO,).?** The formation of oxygen vacan-
cies on the surface of reducible CeO, was promoted with the
introduction of Rh SAs and Ti. Meanwhile, the Rh SAs coupled
with neighboring oxygen vacancies, existing in the form of Rh;-
O, Lewis acid-base pairs, played a vital role in the enhanced
CO, adsorption and activation. Different from the reaction
pathway over Ir,~In,03, CO, was converted into CHj species via
the HCOO* intermediate over Rh;—O, active sites, and subse-
quently CO* generated from RWGS was inserted into Rh—CHj,
leading to the formation of C-C bonds. Ethanol was formed and
desorbed through the following hydrogenation eventually,
completing a catalytic cycle (Fig. 30). In particular, the SAs
ensured the high selectivity of ethanol by regulating the CO
adsorption over metal sites, while NPs and NCs provided
methanol-dominated products.

3.2.2 Electrochemical CO, reduction to C,; chemicals.
Generally, the synthesis of products with more than two carbon
atoms needs not only the transfer of multiple electrons and
protons, but also activity for C-C coupling. The complex nature
of these reaction processes suggests that catalysts with multi-
functional sites are always necessary to modulate and match
different key steps.”® In this case, SACs with isolated and rela-
tively uniform sites might not be able to afford such an obli-
gation, while bulk catalysts and integrated catalysts have
accounted for these systems.'**'** However, it is still possible
that SA sites play a critical role in the synthesis of C,, products
by cooperating with other functionalities. For example, it was
found that the products could be shifted from dominant
methane over the catalyst with Cu NPs dispersed on a porphyr-
inic triazine framework (PTF/Cu) toward ethene over the cata-
lyst with isolated Ni atoms (PTF(Ni)/Cu) (Fig. 31a).*** The Ni SA
sites were identified to provide a CO-enriched local environ-
ment for neighboring Cu sites. Since the coverage and local
concentration of CO have been always considered as the key
factors for C-C coupling reactions,"® the probability of ethene
formation was expected to increase through CO dimerization.
By controlling the properties of metal centers and tuning the
coordination environments, Zhao et al. realized the direct
synthesis of CH;COCHj; by single atom copper encapsulated on
N-doped porous carbon with a FE of 36.7%.7*® The coordination
of Cu with four pyrrole-N atoms was believed to be responsible
for the effective activation of CO, and subsequent C-C coupling.
In some cases, accurately controlling the distance between two
identical SA sites could also contribute to effective C-C
couplings. Liang et al. reported such a Cu SAC with periodic
copper SA sites in a coordination polymer (Cu(OH)BTA) for
ethene production from CO, reduction**® (Fig. 31b). By means
of structural and operando characterization studies as well as
computational calculations, they found that Cu(OH)BTA with
a suitable distance (~5.7 A) between two adjacent Cu sites
might require minimized conformational energy needs for
structure reconstruction. Generally, such a reconstruction was
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inevitable due to the necessary match between the steric
configurations of active sites and the transition state. Given that
the distance between Cu sites during the adsorption of *CO,
*CHO, and *OCCHO intermediates was in the range of 5.68-
5.83 A, very close to that in its original state (~5.7 A), such
a specific structure hence favored the formation of *OCCHO
energetically, which was one of the vital intermediates for C-C
couplings between *CO and *CHO, thereby propelling the
preferential production of ethene. Such cases where the
distance and configuration take control of product distribution
were also reported by Guan et al.>® They found the preferential
production of C,H, by binding of two CO intermediates on two
adjacent Cu-N, sites, whereas the isolated Cu-N,, the neigh-
boring Cu-N,, and the isolated Cu-N, sites resulted in CH,.
These cases all suggest that two adjacent and similar active sites
might favor the production of C,, chemicals, and copper might
be the best choice because of the moderate adsorption of
intermediate species.”®*** Recently, however, a tin-based
tandem catalyst featuring Sn single atoms and SnS, nano-
sheets was developed for electroreduction of CO, to ethanol
with a selectivity of 82.5%. A mechanistic pathway promoting
C-C bond formation via a formyl-bicarbonate coupling inter-
mediate was proposed by identifying the dual active centers of
Sn and O atoms that could adsorb *CHO and *CO(OH) inter-
mediates, respectively.”*®

Apart from the synthesis of C,. products via C-C couplings,
Li et al. reported a novel process for the production of dimethyl
carbonate (DMC) through a so-called convergent paired elec-
trosynthesis from CO, by integrating the anodic Br, evolution
reaction and cathodic CO, reduction reaction in a membrane-
free single cell (Fig. 31c).>** Initially, they implemented a dual-
channel SAC with Ni SAs asymmetrically coordinated with
four planar nitrogen and one axial oxygen, which exhibited
a lower energy barrier for CO, activation to *COOH in
comparison with the common Ni SAC featuring a symmetric
structure with only planar four-nitrogen coordination. By virtue
of this SAC, they obtained an exclusively high CO FE of 99% and
a partial current density of 325 mA cm ™2 at —0.6 V versus RHE.
This reduction process (CO, + 2e~ + 2H" — CO + H,0) was
innovatively integrated with a Br, evolution reaction (2Br~ —
Br, + 2e7) in CO,-saturated 0.1 M KBr-CH;OH electrolyte,
accompanied by a subsequent chemical oxidation of Pd° to Pd**
(pd° + Br, — Pd*" + 2Br”). Eventually, DMC was produced by
the chemical oxidation of the formed CO and CH;O~ with the
synchronous reduction of Pd*" to Pd® (CO + 2CH;0™ + Pd*" —
(CH;0),CO + Pd"). As a result, a high FE of DMC of up to 80%
could be achieved at room temperature.

3.2.3 Photochemical CO, reduction to C,, products.
Acquiring valuable products with more than one carbon atom is
an appealing but challenging task in photochemical CO,
reduction, although many efforts have been devoted for this
issue.”>?** The formation of C,, products should always afford
much more electrons and protons engaging in the whole reac-
tion process, and accordingly much higher energy barriers for
the generation and stabilization of intermediates. This indi-
cates a need for more efficient photocatalysts with optimized
active sites for electron transfer and transformation. Intuitively,
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complicated reaction pathways involving multiple procedures
especially C-C coupling steps need close cooperation between
different sites with a suitable spatial distance and matched
kinetics, suggesting that SACs with relatively isolated active
sites might not be appropriate platforms for the synthesis of C,.
products. However, SACs have been still applied in the highly
selective production of C,; by employing other inspiring strat-
egies. Shen et al. reported such a surprising process where
propane with a high electron-based selectivity of 64.8%
(product-based selectivity of 32.4%) was photosynthesized from
CO,, reduction with Cu SAs on vacancy-rich TiO, monolayer
nanosheets (Fig. 32).>° Owing to the presence of O,, Cu SAs
exhibited a coupling effect with neighboring Ti verified by the
matched d-band centers, forming a unique Cu-Ti-Vq unit. In
this unit, a certain number of electrons were transferred to Cu
SAs from Ti atoms, resulting in remarkable electron accumu-
lation at Cu sites and a corresponding electron depletion at Ti
sites. Such a unit with asymmetric electron distribution could
serve as a favorable active center for CO, activation, reducing
the energy level of both *CHOCO (primary C-C coupling) and
*CH,OCOCO (secondary C-C coupling) intermediates. Thus,
the production of propane was propelled through a tandem
reaction route. In addition, by enhancing the formation of *CO
from *COOH and CHO* from *CO and the corresponding
coupling between them, an appreciable yield of ethanol could
be achieved from CO, photoreduction over another Cu SAC
based on a MOF material (Cu/UiO-66-NH,).>”* Similarly, by
promoting the CO formation and adsorption over Mo SA sites,
the production of ethene could be reinforced to some extent
over a Mo COF (Mo-TpBpy).>® Preferential synthesis of
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acetaldehyde could be achieved with a rubidium (Rb) SAC
supported by potassium (K) co-doped carbon nitride. The
introduction of Rb could contribute to the inhibited formation
of *CO and further protonation to *CHO. The facile C-C
coupling occurring between two *CHO led to the formation of
acetaldehyde through a successive protonation. Notably, an
ethanol oxidation process was incorporated in the system,
which not only depleted the holes and generated protons to
engage in the reduction reaction, but also produced acetalde-
hyde as well.

Indeed, the above studies and other related research studies
have addressed an effective strategy for the construction of
superior SACs to realize preferential synthesis of complex
products, that is, focusing on the intermediate steps, matching
the electronic and geometric properties of SACs with key
intermediates by accurately controlling microenvironments
adjoining SAs and relying on the synergy between metal SAs and
substrates with special properties. Certainly, a sufficient supply
of electrons and protons should be ensured in the meantime.
This strategy is quite consistent with that proposed in the
thermal and electric process,”>***** further suggesting the
universality of SAC design in CO, reduction.

3.3 CO, conversion toward other organic products

The above CO, reduction reactions, no matter what the source
of energy input is, show that nearly all carbon atoms of the
products stem from CO, conversion and these carbon atoms
constitute the main frame of product molecules. Massive
production of valuable carbon-based platform chemicals and
fuels, as well as alleviation of carbon emission is expected to be

—
LY
S—

(c)

Cu-Ti-V/Tig 4:0,-SL =
$ | ' ‘T 5
dband center | W o 33 ~ o
2 Tisd ! Ef | 1 U g 8
o] N : 5 ! (
8 15 @ A0 o o | i \ 8 9 . 8 5
0 - O \ o O o~
- T I . — N o
1 o > 355 2
2 " 1 _ - =
8 10 dband center ! || gl 2 8 Q= ) 8 3]
Cu3dd i i £ 2% 5 PDS I
g s ) | : ¥ S g'= 062ev O 9
& N ! § - e R T o]
e O E = ] O = O o
75 5.0 25 0.0 25 3 <0 O I I . b
Energy (eV) & -4 O, 5 o O o~ &)
0.8l P O L = N =
(b) A b N ,,Qi\ A 15 809 I\ Y
Ti £9296 9= 8 W -
= CU.— ay SEQZF0 § L=
% A‘ A % T o Q (i) T S 53
” T ¥ -
- i A — CH 5868 & £3 %
Cu-Ti-Vg, unit -6 3’8 ’ 8 0, :CE) ISR E:)
’ === *CHO hydrogenation =35 e S 5
e "“Q. . o = *CH_0"CO hydrogenation o &) ¢ o
- i -7 4
R p A ~¢'C. : A Reaction coordinate
AT LN WL W 4
Cu-O site Cu-Ti-Vg unit

Fig. 32

(a) PDOS and d-band centres of Cu 3d and Ti 3d orbitals. (b) Charge density differences of the Cu-0O site and Cu-Ti-Vo unit. (c) Gibbs

free energy diagrams of CO, reduction on the Cu-Ti-V unit.?** Reproduced from ref. 295 with permission from Springer Nature, copyright 2023.
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achieved to some extent with the practical exploitation of these
reactions, providing a viable opportunity for a sustainable
industry. Besides, there have been also quite a few synthetic
reactions encompassing not only CO, conversion but also the
transformation of other compounds (not including H, or H,0)
towards the production of various chemicals with skeletal
structures not based on CO,-derived carbon atoms exclusively. A
case in point is dry reforming reactions, which produces CO and
H, via co-conversion of CO, and CH,. Carbon atoms in CO are
from both CO, and CHy, as distinguished from other reactions
of CO synthesis from CO, reduction mentioned above, although
the CO, molecules also go through the procedures of reduction.
Not just CHy4, but other reactants such as alkenes, alkynes,
arenes, and heteroatom-containing compounds can be incor-
porated in the CO, conversion reactions as well, in which CO,
might be transformed into carbonyl, carboxyl, and alkyl with
different degrees of protonation.*'®**'6293% On the basis of
these reactions, the production of fine chemicals, drugs and
some advanced organic materials might receive a good oppor-
tunity towards more environment-friendly operations with such
a nontoxic carbon source. These processes are also expected to
provide an opportunity for comprehensive utilization of CO,.

Due to the increased complexity of feed reactants compared
with that of CO, reduction reactions, the thermodynamics and
kinetics involved in these systems are more complicated
correspondingly, which indicates that design of efficient cata-
lysts and exploration into the mechanism are in great demand.
Given that homogeneous catalysts have been extensively used in
certain reactions,”***** the applications of SACs possessing
combined advantages of homogeneous and heterogeneous
catalysts have been also reported for enhancing both activity
and selectivity, as well as long-term stability under harsh
conditions. Herein, we will focus on these synthetic reactions
regarding the design strategies of SACs and relevant mecha-
nism analysis for a more comprehensive understanding of SAC
application in a broader spectrum of CO, conversion.

As a C; synthon, ubiquitous CO, provides a green, non-toxic
carbon source for the synthesis of a large variety of chemicals by
pharmaceutical and organic engineering in terms of the func-
tionalization of C-H and the formation of C-C and C-X (X
denotes heteroatoms).'*?*?*%%%3** For instance, in organic
synthesis, CO, has been extensively used for the carboxylation
of alkenes, alkynes, and arenes.”*® CO, plus H, could be also
applied in carbonylation and alkylation reactions based on
different reduction levels.™ Generally, homogeneous catalysts
are commonly chosen to realize effective conversion with
appreciable activity in these reactions. As heterogeneous
systems with the applications of SACs have been burgeoning in
formylation and carbonylation reactions with CO,***%” the SACs
are also expected to provide a glimmer of hope to the corre-
sponding utilization of CO,, as CO can be selectively generated
in situ from CO, conversion via various routes. Fu et al. inte-
grated cobalt SAs and CuPd NCs into a porphyrin-based MOF to
construct composite photocatalysts (Cu,Pd,),@PCN-222(Co) for
coupling the CO,-to-CO photoconversion and Suzuki coupling
reactions.®*”® Under visible light irradiation, excited porphyrin
could concurrently transfer electrons to Co SAs and CuPd NCs.
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CO could be formed over Co SA sites, and then participate in the
subsequent Suzuki reactions with various substrate molecules
(Fig. 33a-c). The synergy effect between SA sites and NCs led to
the photosynthesis of benzophenone with over 97% selectivity
and 90% yield. Fenofibrate, a well-known blood cholesterol
lowering drug, could also be obtained with a yield of 67.3%
under mild conditions. Similar coupling strategies could be also
carried out in separated reactors combining different inputs of
energy, in which CO was a bridge to link the primary and
secondary reactions.**?'° CO, fixation to cyclic carbonates
could be also realized over SACs.>'***? Jiang and his co-workers
fabricated a class of novel hollow porous carbons (HPC) con-
taining well dispersed dopants of nitrogen and Zn SAs through
pyrolysis of template-directed hollow ZIF-8 spheres.*> The
optimized SAC featuring an ultrahigh loading of (11.3 wt%) Zn
and surrounding N active sites achieved efficient catalytic CO,
cycloaddition with epoxides via high-efficient photothermal
conversion under light irradiation at ambient temperature. The
enhanced photothermal effect was mainly contributed by the
abundant ZnN, sites with a specific coordination structure
derived from the parent ZIF-8 precursor plus the hollow struc-
ture of the carbon support which could harvest light in a broad
spectrum by using the multiple reflections within the cavity
(Fig. 33e). Coincidentally, Wang et al. also reported a Zn SAC
achieving a cycloaddition reaction of epoxides and CO, with
high yield (99%) and selectivity (98%) of propylene carbonate
with a TOF of 2889 h™'.3'* They anchored Zn on a nitrogen-
doped graphene support (NG) with atomically dispersed
[ZnN; ;610.0] as active sites, as verified by XANES, EXAFS and
XPS characterization studies. The active sites functioned by
interacting with epoxide to polarize the C-O bond, followed by
a ring-opening step via nucleophilic attack by the bromide
anion. The subsequent nucleophilic attack of the intermediate
at the CO, molecule led to the formation of an alkyl carbonate
anion and final cyclic carbonate via ring closing (Fig. 33f).
During the whole process, the Zn SA sites were considered to
have facilitated the activation of epoxides and stabilization of
the intermediate significantly. Xu et al., on the other hand,
exploited the strong electronic metal-support interaction
between iridium single atoms and a WO; support, promoting
the CO, cycloaddition of styrene oxide to styrene carbonate with
100% efficiency and high durability.*** This is another valida-
tion of SACs used for an effective cycloaddition reaction
involving CO, conversion and the synthesis of complex organic
chemicals. Besides these mentioned reactions, more types of
reactions were predicted to be realized promisingly over SACs
based on the DFT calculations, such as conversion of methane
and carbon dioxide to acetic acid.***

The production of urea, one of the most important nitrogen
fertilizers, involving C-N formation between CO, and NHj3, has
been operated at high pressure and temperature with large
energy consumption conventionally (e.g., Haber-Bosch
process). Electrocatalytic urea synthesis, on the other hand,
could be conducted under mild conditions, and is expected to
be a promising alternative to current industrial protocols. Wang
and his co-workers reported a diatomic catalyst (DA) with
bonded Fe-Ni pairs for electrochemical urea synthesis.*'* As the
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capture and activation of CO, were both suppressed over sole-
metal SACs, the subsequent C-N coupling was hindered with
a much higher formation free energy of the key intermediate
*COOH. On introducing a second metal into the system, the
transfer of CO to engage in subsequent coupling became
another obstacle with a high energy barrier due to the large
distance, although the problems in CO formation were
assuaged. The bonded Fe-Ni pairs, in contrast, could serve as
efficient sites for coordinated adsorption and activation of
multiple reactants, thereby enhancing the crucial C-N coupling
thermodynamically and kinetically (Fig. 33d). In a later report,
they further investigated the application of a Cu-based SAC with
Cu SAs decorated on a CeO, support (denoted as Cu;-CeO,) in
electrochemical urea synthesis from carbon dioxide and
nitrate.*'® They found a reconstitution of copper SAs (Cu,) to
NCs (Cuy) during electrolysis through operando X-ray absorption
spectra. These electrochemically reconstituted Cu, clusters
were identified as real active sites for electrocatalytic urea

(a) (b)

1 BOW),
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synthesis, since the favorable C-N coupling reactions and urea
formation on Cu, were validated by operando synchrotron-
radiation Fourier transform infrared spectroscopy and theo-
retical calculations. Such transformations between NCs and SAs
were even reversible by switching the applied potential to an
open-circuit potential. A similar formation of C-N bonds by
SACs was also reported in organic synthesis. Zhao et al
prepared a stabilized Pt SAC over ultrathin two-dimensional
Ti;_,C,T, MXene nanosheets (metal carbide with titanium
vacancies; T: O, OH, F).*"” The Pt precursor ions went through
a simultaneous self-reduction stabilization process at room
temperature when adsorbing on a support treated by HCI/LiF.
With the simultaneous formation of Ti vacancies, the SAs
hence exhibited strong metal-carbon bonds with the Ti;_,C,T,
support and were anchored onto the vacancy sites. Pt;/Ti;_,C,T,
afforded the efficient incorporation of CO, in the formylation of
amines. More importantly, compared to Pt NPs, the SAs pos-
sessing partial positive charges significantly favored the
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(a) Photocatalytic evolution of CO under irradiation with a 300 W xenon lamp (1 >420 nm) in a CO,-saturated solution of DMF/H,O (1: 1,

v/v, 5 mL). (b) Cu-mediated electron transfer process over (Cu;Pd,); s@PCN-222(Co). (c) Proposed mechanism for (Cu;Pd,); s@PCN-222(Co)-
catalyzed carbonylation Suzuki coupling CO, photoreduction.3*® Reproduced from ref. 308 with permission from American Chemical Society,
copyright 2021. (d) The product distributions of the CO,RR, the NOzRR and urea synthesis on Ni-SAC, Fe-SAC, I-FeNi-DASC, and B-FeNi-DASC
at —1.4 V versus RHE 35 Reproduced from ref. 315 with permission from Springer Nature, copyright 2022. (e) Fabrication of the Zn SAC and its use
in photothermal-driven CO, cycloaddition.**2 Reproduced from ref. 312 with permission from Wiley, copyright 2019. (f) Plausible atomic [ZnN]
based reaction mechanism.*** Reproduced from ref. 311 with permission from Royal Society of Chemistry, copyright 2019.

© 2024 The Author(s). Published by the Royal Society of Chemistry

Chem. Sci., 2024, 15, 4631-4708 | 4673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06863c

Open Access Article. Published on 09 February 2024. Downloaded on 11/17/2025 10:40:34 PM.

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

(cc)

View Article Online

Chemical Science Review

Table 1 A summary of some representative cases of SAC application in different systems

Performances

Catalysts Systems® Target products Selectivity (%) Activity” Ref.
Rh,-ZrO, T CH, ~100 — 85
Na-Rh;-ZrO, CO ~99 9.4 mol CO per gg;, per h

Pd,-FeO, T CO ~98 42.0 mmol CO-per g.,.'per h 86
Co/SBA-15 T CO ~99 304.6 mol CO per molg, per-h 88
Mo/NC T CH, ~100 Yield ~46.3% 91
Ru/pBN T CH, ~93.5 1.86 mmolco, ear 'S 94
Ir/AP-POP T HCOOH — TON 25135 101
Ru/LDH T HCOOH — TON 698 108
RU@MCM T HCOOH — TON ~2000 109
Pd/2,6-DCP-CTF T HCOOH — TOF 13.46 h™* 110
Pt/MoS, T CH;OH ~95 TOF 162.5 h™* at 150 °C 112
Cu/Zr0O, T CH,;OH ~100 TOF 1.37 h™* 123
Cu/ZnO T CH;O0H 99.1 Yield ~4.9% 124
Pt; @MIL T CH,0H 90.3 TOF 117 h™* 126
A-Ni-NG E co 97 TOF 14800 h™* 140
Ni-NC E co 92 — 150
NiSA/PCFM E Co 88 Current density 308.4 mA cm > 151
Fe**-N-C E CO ~90 Current density 94 mA cm > 139
Fe-SAC/NPC E CO ~97 — 155
Fe-N,/CF E CO 94.9 Current density ~10 mA cm > 156
Cu-APC on Pd,,Te; nanowires E CcO 92 Current density 18.74 mA cm > 166
Cu-S;N;/Cu, E CO >90 — 167
Zn*-NC E Cco 95 Current density 1 A cm ™2 in flow cell 169
Zn-NS-C E co 99 TOF 11419 h™* 173
Co-N5/HNPCSs E Cco 99 Current density 6.2 mA cm™> 176
Cd-NC-t SAC E CcOo 91.4 Current density ~5 mA cm > 180
Mn-MCs-(N,0) E co 94.5 Current density 13.7 mA cm > 181
Agsa/MnO, E co 95.7 — 183
Mg-C;N, E co >90 TOF ~18 000 h™* 191
Ca-N;0 E co >90 TOF ~15000 h™* 192
Ga-N;S-PC E co ~92 — 193
InN,/C E CO 97.2 TOF ~40 000 h™* 194
Bi-SAs-NS/C E co 98.3 Current density 10.24 mA cm™> 197
Sn(iv)-N,/CNT-OH E HCOOH 89.4 Current density 74.8 mA cm > 210
Sb**-N, (0 < 6 < 3) E HCOOH 94 — 207
Cu SAs/GDY E CH, 81 — 213
Cu SAs/TCNFs E CH,;0H 44 Current density 93 mA cm > 221
CoPc/CNT E CH;OH 40 — 223
Cu,NCN E CH,0H 70 Current density 92.3 mA cm™> 222
Cu,/TiO, p CH, (C,Hs) — 1416.9 (64.2) ppm g ' h! 231
Bi/TiO, P CH, — 41 pumolg ' h™* 230
Cug gAUg ,/TiO, P CH, (C,H,) — 3578.9 (369.8) umol g ' h™* 234
Ag-HMO P CH, — 0.61 mol mol " 236
Pt-V,0s P CH, — 247.6 umol g ' h™* 237
CoSi, P CcO — 4.7 mol g(co) " 239
Co-2,3-DHTA-COF P Cco 95.7 18000 umol g ' h™* 270
Ni-TpBpy p Co 96 ~4057 pmol g (5 h) 267
Cu SAs/UiO-66-NH2 P CH;0H (CH;CH,0OH) — 5.33 (4.22) pmol g ' h™? 271
RuSA-mC;N, P CH;0H — 1500 pmol g (6 h) 250
Co/g-C3N, P CH;0H — 941.9 umol g~ ' (4 h) 255
C0,-C3N,@0-Fe,0; p co > 99 14.9 pmol g ' h™* 261
InCu/PCN P CH,;CH,OH 92 28.5 umol g ' h™* 318
Cu-Ti-Vo/Tip.90,-SL P C;3H;s (Ca4) 32.4 (50.2) 13.8 pmol g ' h™! 295
SnS,/Sn;-03G E CH;CH,OH 82.5 Current density 17.8 mA cm 2 290
PTF(Ni)/Cu E C,H, 57.3 — 164
0.1Pd/Fe;0, T CH,;CH,OH 97.5 413 mmolgop gpg *h™* 282
Ir;-In,0; T CH;CH,OH >99 TOF 481 h™! 59
Rh,/CeTiO, T CH,;CH,OH 99.1 TOF 493.1 h™* 284
Ko.oRhg»/B-M0,C T CH;CH,OH 72.1 33.7 pmol g 'h™* 283

% T: thermochemical reduction; E: electrochemical reduction; P: photochemical reduction. 5 TON: Abbreviation of the turnover number; TOF:
abbreviation of the turnover frequency.
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adsorption and activation of silane, CO,, and aniline energeti-
cally, leading to boosted catalytic performance.

3.4 Summary

Actually, SACs have been exploited in all kinds of systems
involving CO, conversion so far, suggesting their unparalleled
potential and vitality. We provide a systematic summary of
some representative cases of SAC application in different
systems, especially various CO, reduction reactions in Table 1.

4. A molecular understanding of SACs
in CO, conversion

In the above sections, we have provided a comprehensive
summary of different reaction routes for CO, transformation
and the outstanding performances of SACs in highly selective
synthesis of various valuable products. However, the current
stage of research mainly depends on case-by-case evaluation
and empirical design. We must avoid pointless scientific
research input on tediously screening catalysts and repetitively
investigating mechanisms, or otherwise use excessive resources
for future research studies. We truly expect a prospect that the
construction and exploitation of optimized catalysts could be
driven by rational design and get rid of the limitation of human

Coordination
evironment

Central atom

View Article Online

Chemical Science

resources.*”® Nowadays, we could catch a glimpse of such
a promising prospect thanks to the findings on SACs, of which
well-arranged and well-defined structures regarding both elec-
tronic and geometric aspects shed light on the systematic
analysis and study (Fig. 34). Furthermore, the transformation of
CO,, a simple but important C; molecule, should offer an
excellent opportunity to dive into the molecular understanding
into all levels of SACs in specific catalytic reactions. As such, the
discussion in this section might guide the establishment of
potential research paradigms with unambiguous structure-
activity relationships and inspire in-depth exploration into the
intrinsic reaction mechanisms.

4.1 Central atoms

Generally, central atoms endow the SACs with fundamental
catalytic properties at the core and top level, especially for those
CO, reduction reactions, which just involve electron transfer
and protonation procedures (Fig. 35). The intrinsic features of
different types of central metal atoms have an effect on not only
the primary interaction with neighboring atoms on the
substrate but also the chemical adsorption of guest molecules
including reactants and intermediates.®*® The former effect
partially affords the specific localized structures of active
moieties, the dynamic evolution and even the durability of

~% . -~ -«w;a“)c 4' I
. cpt‘ AR

u,,

Support
effect

Synergy with
other active centers

Fig. 34 Schematic of multi-level understanding of SACs for CO, transformation from a molecular point of view.
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Fig. 35 A colored periodic table with metal catalyst performance
obtained in the CO, electrochemical reduction reaction. Reproduced
from ref. 326 with the permission from American Chemical Society,
copyright 2019.

active sites under certain redox conditions. The latter effect
consists of even more abundant connotations and drives the
proposal of strategies for regulating the reaction pathway.*** It
has influence on the practical reaction kinetics following the
Sabatier principle, which has qualitatively pointed that there
should be an optimum “bond strength” of reactants and tran-
sition states on the active centers, defining the best catalyst for
a given reaction.®”* Researchers further try hard to develop
specific descriptors closely correlated with the intrinsic activity
by mapping various parameters for quantitative implementa-
tion to open a path for predictable catalytic performance.?>***
d-band and other d-electron related models have been proposed
as a popular theoretical basis for offering comprehension of the
scaling relations and variations in catalytic performance with
regard to the electronic structure of transition-metal sites.’*® In
addition, more specific descriptors might be more effective,
which is decided by the catalytic systems.

For some electrochemical reactions over SACs, there has
been primary progress recently.>*”**® Taking commonly used
nitrogen-doped carbon as an identical substrate, SACs based on
various transition metals, such as Fe, Co, Ni, Cu, and Mn, have
been applied in electrochemical CO, reduction under consis-
tent conditions (Fig. 36).32%%2° Strasser et al.**® correlated the
apparent performance of these M-N-C catalysts with specific
energy descriptors via combined experimental and theoretical
approaches. The catalytic reactivity trends and reaction pathway
are divided into three potential regions deliberately with
distinct kinetic features. By simply calculating the binding
energy of possible intermediates *COOH and *CO, the potential
onset could be correlated with the binding energy of *COOH in
the low overpotential region, as the formation rate of CO
correlates with the free energy of *CO in the medium over-
potential region. Based on these relationships, the authors
could infer that the rate-determining steps change from the first
proton-coupled electron transfer into *COOH (CO, + H' +e~ —
*COOH) to the subsequent proton-coupled electron transfer
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into *CO (*COOH + H' + e~ — *CO + H,0). Even the higher CO
FE of Ni at a certain current density at technologically relevant
levels could be rationalized by using the gaps between the
energy barriers of different types of metals regarding the HER.
Adopting different substrates as platforms might lead to
distinctly different descriptors.

Chang et al. studied and compared the isolated transition
metals (Fe, Co, Ni, Cu, and Zn) using a series of crystalline
molecular catalysts, namely metal-coordinated phthalocya-
nines, to investigate the intrinsic role of the central metals with
identical local coordination environments in the performance
of CO, electrochemical reduction.®® In their discussion, they
found that the free energy difference of *HOCO and *CO
adsorption, rather than any single energy parameter for
different metals, was well-correlated with the partial current
density of CO production, and exhibited linear scaling relations
over a wide range of potentials (Fig. 37). Their findings not only
unveil that the optimal binding mode of *HOCO and *CO
controls the CO production for various metal-coordinated
phthalocyanines, but also manifest again that the electronic
nature of central atoms have a great effect on the intrinsic
kinetics by regulating the evolution of key intermediates. And
the descriptors for correlating the microscopic structure and
energy parameters with apparent activity might highly depend
on the specific catalytic systems. Such conclusions are not
limited to conventional transition metals. As mentioned in
Section 3.1, plenty of main group elements, such as Ga,' In,"*
Sn,'9821% b 27 Mg,*** Bi,"**'*” etc., could also take advantage in
CO, reduction reactions in the form of single atoms, although
classical d band theory is not responsible for the explanation of
their specific activity. The distinct variation in binding energy of
key intermediates over SACs based on them stems from their
inimitable electronic features, offering opportunities for
designing innovative catalysts for efficient CO, transformation.
Furthermore, such research strategies on the basis of the
investigation into the molecular-scale interaction between
central atoms and specific intermediate species could be also
generalized to other SAC systems with different substrates and
coordination environments, which are operated under ther-
mochemical and photochemical conditions.****733*

The above discussion of central atoms regards atomically
dispersed active sites as ‘insular islands’ in the sea of substrates
or ‘scattered stars’ in the night sky of supports. They seem to
function in an independent and equivalent way. However, the
variation of catalytic properties might be potentially caused by
the interplay between the central atoms, particularly when they
are within close proximity. This implies that the spatial distance
of the central atoms might be one of the critical factors, which is
decided by using the distribution diagrams of single atoms,
resulting from the loading amount and fabrication strategies.
The distance of central atoms could be shortened continuously
by applying specific precursors and preparation methods, until
two or several atoms bond with each other or locate at adjacent
sites.®® The double-atom systems, so-called dual-atom or
diatomic catalysts (DACs), have been burgeoning research
subjects in recent years.***3*%3 Strictly speaking, the DACs do
not belong to the SACs, as the metal dimers might function as

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2017.

single sites but show distinctly different properties in compar-
ison with ordinary single atoms, i.e., they are ‘single’ dual atoms
rather than ‘double’ single atoms. Such aggregations might
further develop and comprise even more than two atoms until
reaching the category of NCs. Generally, DACs also exhibit well-
defined structures and have research methods similar to SACs.
Therefore, we include the DACs in the discussion of SACs in this
review and view them as the ultimate situation of shortening the
distance between central atoms. Apart from the effect of spatial
distance, different assemblies of single-atom sites (more than
one type of central atom) might also remarkably affect the

© 2024 The Author(s). Published by the Royal Society of Chemistry

reaction kinetics and be exploited for enhanced performance of
specific catalytic systems.

As mentioned in Section 3.1, neighboring Pt monomers not
only render synergy to vary the reaction barrier, but also steer
the reaction to go through a distinct pathway compared with
isolated Pt atoms.'” In this way, the catalyst based on neigh-
boring sites exhibits much higher low-temperature perfor-
mance due to the reduced activation energy in a stepwise
process of CO, hydrogenation into formic acid and methanol.
For the reforming reaction of methane with CO,, two sets of
single-atom sites, Ru and Ni, are anchored on the same surface

Chem. Sci., 2024, 15, 4631-4708 | 4677
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of the CeO, support.*”® On the one hand, they play different
roles in the whole reaction: Ni is responsible for the CH,
conversion to CO and Ru is in charge of the dissociation of CO,
into CO. On the other hand, however, they also contribute to the
sequential formation of H atoms and generation of H, mole-
cules in synergy: CH, is activated on Ni to form H atoms and
then H atoms are coupled to H, over Ru sites.

There are more achievements emerging in electrochemical
and photochemical circumstances,**”**® such as Co dual-
atom,** Ni-Cu,**® Mn-Co,*"* Ni-Co,*** and those mentioned in
Section 3.1, and Ni dual-atom,*® Pd dual-atom,** Ni-Fe,*** Ni-
Zn,*** and Ni-Sn,*** in which the central atoms could either be
directly bonded, or bridged via non-metal atoms, or not be
chemical bonded, yet remain close to each other. Relying on
these catalysts featuring multiple-atom active sites, the
production of a single C; product is promoted to different
extents. To overcome the intrinsic restriction of the competition
between molecular CO, activation and CO, reduction product
release, a heteronuclear Fe;-Mo,; dual-metal catalytic pair on
ordered porous carbon has been designed and achieved a high
catalytic performance CO,

for driving electrochemical

4678 | Chem. Sci, 2024, 15, 4631-4708

reduction to CO** (Fig. 38). Chemical adsorption of CO, is
proved on the Fe;-Mo; catalytic pair through a bridge config-
uration, which prompts the bending of the CO, molecule for
activation of the subsequent protonation. The dynamic change
from the bridge configuration of adsorbed CO, species on
hetero-diatomic Fe;-Mo; centers to the linear configuration of
CO on the Fe; center disentangles the scaling relationship
between the CO, activation and the CO release, offering
opportunities for regulating the reaction kinetics at the
molecular scale in a promoted reaction pathway.

Besides improving the activity toward C; products, adjacent
central atoms are always considered as desired active centers for
the synthesis of C,. products by enhancing specific C-C
coupling processes, which are believed to be difficult on
conventional SACs.***2* As mentioned in Section 3.1, the
production of ethanol from CO, hydrogenation could be real-
ized by the dimers of Pd with nearly 100% selectivity.**” The Pd
dual-atom structures not only promote the cleavage of C-O
species in *CH,OH to form *CH,, but also favor the C-C
coupling between *CH, and *CO. Such a synergistic effect could
contribute to superior ethanol selectivity with an appreciable

© 2024 The Author(s). Published by the Royal Society of Chemistry
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persistence in a continuous-flow fixed-bed reactor, as the
formed H,O product could be enriched by a constructed
hydrophobic SiO,-shell layer, which creates a quasi-H,O-solvent
condition (Fig. 39).>** As for electrochemical reduction of CO,
toward ethanol, adjacent Cu single atom sites have been re-
ported to promote C-C coupling with a higher efficiency
compared with that of isolated sites (Fig. 40).>*® Such structures

© 2024 The Author(s). Published by the Royal Society of Chemistry

are established by increasing the loading amount and corre-
sponding density of Cu atoms anchored on the thin-walled
nanotube-shaped nitrogen-doped carbon support. The well-
defined Cu-N; sites are maintained regardless of the
extremely high loading, and create synergy between neigh-
boring sites. As a result, the key intermediate species *CO,
which are readily generated over single Cu-Nj sites, go through
a coupling step in a much more thermodynamically favorable
path with AG <0 according to the theoretical simulations. In
contrast, the isolated sites afford a much higher AG value of
*CO conversion to *COCO, suggesting the huge thermodynamic
barrier for the coupling step, leading to impossible formation of
the ethanol product.

In photochemical reduction, on the other hand, hetero-
diatomic sites have been believed to be more efficient for the
C-C coupling reactions.*®*** An In-Cu based photocatalyst
could endow the CO, photochemical conversion toward ethanol
with a superior selectivity of 92%. The In-Cu heteroatomic sites
are found to promote the adsorption of *CO intermediates and
lower the energy barrier of C-C coupling.*** More specific
discussion is provided by using a heteronuclear RuCu DAC, by
which over 95% selectivity of acetate is achieved through CO,
photochemical reduction (Fig. 41).>* Intuitively, the interme-
diate atoms absorbed on the symmetrical homonuclear DAC
sites (such as Cu dual-atom or Ru dual-atom active sites) would
show identical electron scattering readily, which might lead to
a strong repulsion between them and thus impede the subse-
quent C-C couplings. In contrast, possibly benefitting from the
distinct electronegativity and gradient orbital coupling of the

Chem. Sci., 2024, 15, 4631-4708 | 4679
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heteroatoms, the intermediates on heteronuclear DACs might
exhibit an asymmetric charge distribution, which would deliver
a mitigated repulsive effect and promote the molecular inter-
actions of the formed intermediates, resulting in an augmen-
tation of the collision probability of adjacent intermediates and
the subsequent formation of the C,, intermediates and prod-
ucts. This assumption has been manifested by the followed
experimental results and theoretical simulations. Thorough
investigations confirm that the strong gradient orbital coupling
of Ru 4d-Cu 3d resonance leads to a remarkably weaker elec-
trostatic repulsion of the two formed *CO intermediates on the
Ru-Cu heteroatom with an asymmetric charge distribution. The
adsorbed CO species are stabilized due to a decreasing energy
splitting level, which stems from the strongly overlapped Ru/Cu-
d and CO molecular orbitals and their facile split into bonding
and antibonding orbitals. All these distinct features of elec-
tronic structures and chemical interaction contribute to a more
favorable path toward C,, products in terms of both thermo-
dynamics and kinetics, especially the step of coupling between
two side-to-side adsorbed CO.

In summary, regarding central atoms, two critical factors
should be taken into account: the element type that determines
the fundamental electronic properties of active sites and the
peer effect of identical or different atomically dispersed active
sites, which is influenced by both the spatial distance and

© 2024 The Author(s). Published by the Royal Society of Chemistry

element type. On the basis of the binding of key intermediate
species with the central atom, various descriptors have been
proposed for clarifying the molecular-scale structure-activity
relationship and gaining in-depth understanding of the
intrinsic mechanisms. Either for the enhancement of C;
production or for the realization of C,, synthesis, the coopera-
tion between single atom sites, especially those in the neigh-
boring location, has been exploited to break through the
thermodynamic and kinetic obstacles on the reaction pathways,
especially in terms of the stabilization of key intermediate
species, subsequent C-C couplings and further transformation.
In a word, the selection and engineering of central atoms will be
continued for the rational design of SACs used for highly effi-
cient CO, transformation.

4.2 Coordination environments

The effects of coordination have been fully discussed in
homogeneous catalytic systems, as the catalytic properties of
central atoms could be readily adjusted by manipulating the
properties of ligands, such as steric hindrance effects, pH values
and some other electronic features.?****> SACs, which can
combine the merits of both heterogeneous and homogeneous
catalysts, should benefit from not only the scaling relationship
on the well-defined active sites, but also the adjustable perfor-
mance by tailoring the local coordination environments,*** as

Chem. Sci., 2024, 15, 4631-4708 | 4681
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many concepts of coordination chemistry in homogeneous
systems could also be extended to SAC systems.*** Intuitively, we
could envision a similarity between metal-ligand coordination
in homogeneous catalysts and metal-support coordination in
heterogeneous catalysts. The adsorption and activation of
reactants and intermediates might either competitively or
cooperatively co-exist with the interaction between central
atoms and ligands, rendering distinctly controllable reaction
pathways toward specific target products. The differences might
be in the defect sites and standby sites of the support, where the
dynamic evolution and the optimization of the coordination
structure might take place for the metal-support and the metal-
adsorbate interactions under redox conditions, as observed in
some realistic catalytic systems.?*#!31%3343%6 On the other hand,
distinguished from the cases involving metal-metal interplay in
the DACs and the cases involving the metal-support interaction
in a much longer range, we just discuss the coordination envi-
ronment in terms of the interplay between metal and non-metal
atoms/groups in a relatively near-range level in this section.
The effect of ligand atoms in the first coordination shell,
which are nearest to the central atoms, has been studied in
thermochemical CO, hydrogenation reactions. As mentioned in
section 3.1, Pt;@MIL provides an active center comprising
a single Pt atom and its coordinated O atoms for CO, hydro-
genation.'”® The metal-ligand cooperativity contributes to the
dissociation of H, and leads to the formation of hydroxyl
groups, in which the hydroxy H atoms are added to CO, to
produce HCOO*. Subsequently, the HCOO* species could
function as intermediates and go through stepwise hydroge-
nation, resulting in the preferential production of methanol.
For the RWGS reaction, Co-N, (ref. 89) and Mo-N; (ref. 91)
moieties have been found to afford excellent selectivity to CO.
These distinct active centers efficiently steer the reaction
pathway by modulating specific kinetic steps, which is *COOH
conversion to *CO and the desorption of CO for Co-N,, and
direct dissociation of CO, to *CO. The valence and durability of
certain metals could be also sustained with the assistance of
coordination groups. Atomically dispersed Co>", which is
stabilized by the -O-Si-ligand, has exhibited nearly 100%
selectivity of CO in RWGS.*® With the unique shift between the
tetrahedral and the octahedral coordination structure, Co**-O-
Si bonded on an SBA-15 support drives the adsorption of CO,,
the dissociation of H,, and the formation and desorption of CO.
For electroreduction of CO, operated at a moderate
temperature, a series of molecular catalysts which are fabri-
cated by fixing metal complexes onto solid supports have been
widely applied.>®”**® Such molecular catalysts could be viewed
either as a transition between homogeneous and heterogeneous
catalysts, or as roughly defined SACs that have to combine with
ligands to have an effect on the catalytic reactions.*****° The
well-defined isolated central metal atoms and corresponding
ligand molecules are collectively responsible for the activation
of reactants and the regulation of reaction pathways. For
instance, phthalocyanine (Pc) ligands, commonly used in
transition-metal-based SACs, are subjected to a one-electron
reduction when coordinated to an iron single atom in a FePc
SAC (Fig. 42). The environmental ligand functionalities,
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together with the adsorption and activation of the CO, mole-
cule, prevent the over-reduction of Fe species from bivalent to
univalent and even the metallic state. The Pc-coordinated
bivalent iron species in the high-spin state (HS Fe(u)Pc ™), which
are generated from in situ reduction of trivalent iron, are iden-
tified as efficient active centers with a modified d-band center
and correspondingly stronger binding with CO, molecules. In
such a SAC, the ligand molecule has two types of effects on the
ultimate reaction performance: (i) modify and maintain the
electronic configuration of the central atoms; (ii) help in the
formation of intermediate species as an efficient charge transfer
channel. These effects have been also reported in other SACs for
CO, reduction, such as Cu-C,*"® Ni-N,'”>?*¢! Fe-N,'”* Fe-B,*'® Zn-
N,'® Co-N,*** In-N,** Fe-P,** etc.

Further doping of heteroatoms, such as O, S, P, Cl, etc., into
pristine SACs, or changing the coordination number might also
have potentially positive influences on the reaction kinetics and
apparent performances. For instance, main-group metals,
which could intrinsically overcome the too strong adsorption of
*H and *CO usually occurring over traditional d-block metals,
have attracted more and more attention in the construction of
SACs for CO, electrochemical reduction. Nevertheless, they
always suffer from the delocalized p-orbitals and accordingly
insufficient capability of CO, activation, as the localization of
electrons is widely accepted as an effective strategy for
promoted CO, activation.”® Wang et al. developed a Ca-based
SAC featuring localized electrons on p-orbitals through an
asymmetric coordination by O (Ca-N3;O) doping (Fig. 43).'*
According to the theoretical analysis, such an asymmetric
coordination creates a larger charge shift from active centers
toward *COOH and a larger shift of the p-band center in the
projected density of states (PDOS) in comparison with that of
Ca-N,. This always suggests the increasing ability for stabilizing
the *COOH and a lower energy barrier from *CO, to *COOH. In
addition, Ca-N;z;O still retains an intrinsically higher energy
barrier for the HER and easier desorption of *CO compared
with the representative transition metal site Fe-N,. Therefore,
a reinforced performance of CO, conversion to CO could be
achieved by Ca-N3;O. A similar result has also be reported in
a Cu-based SAC, in which the asymmetric atomic interface of Cu
single atoms (Cu-N;O) affords enhanced performance of CO,
electrochemical reduction toward CO.**

To realize localization of electrons, Zhang et al. fabricated
a low-coordinate Ni SAC featuring Ni-Nj sites*®® (Fig. 44). The
change in the coordination number from the traditionally re-
ported four to three in this work is carried out by retrofitting
a Zn-based MOF derived material with Zn-Nj; sites. Such a Ni-
Nj; active center delivers a much higher ability to stabilize the
*COOH intermediate and thus contributes to a lower energy
barrier for *CO, conversion to *COOH, which is the rate-
determining step of the whole reaction. We should notice that
the strategy of constructing an asymmetric configuration of the
coordination environment of central atoms might be universal
for the activation and transformation of such a symmetric
nonpolar molecule CO,, through either heteroatom
doping™®3%¢3% or coordination number changing.'*®7¢37¢373
Although possibly following different mechanismes, this strategy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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has also been reported in more generalized CO, reaction
systems,****”* and might be extended to the activation of other
nonpolar molecules.*”

As for photochemical transformation of CO,, metal-ligand
assemblages might also play a vital role in the charge transfer
process, which is possibly the rate-controlling step in a stepwise
evolution from light to electron then to chemicals. In these
catalysts, single atom sites with their adjacent ligand atoms or
groups could function as not only an electron bridge for the
promoted charge transfer, but also the active centers for CO,
activation. As mentioned in Section 3.1, the rare-earth metal
single atoms La,**® Er***” and Dy*** in different coordination
environments all exhibit dual functions of CO, molecular acti-
vation and charge transfer, in which the 4f levels of these metals
and the interplay between their orbitals and the orbitals of
neighboring coordination atoms both make a critical differ-
ence. Wang et al. developed a Cu single-atom-based electron
bridge, N-Cu-S, in a Z-scheme photocatalyst for the production
of CO and O, from CO, reduction.?”® Such an atomic structure
achieves a great enhancement of the interfacial charge-
transport process, thereby favoring the efficient catalytic
transformation of CO, even in the absence of sacrificial agents.
In contrast, impeded charge transfer is exhibited over the het-
erojunction material without any Cu species, and inferior
promotion effect is presented by Cu NPs (Fig. 45).

Nowadays, the effect of the first coordination shell, which
comprises non-metal atoms directly bonded to the central
atoms, has been substantially learned. In fact, chemical inter-
action, which is a specific electrostatic force by nature, could

© 2024 The Author(s). Published by the Royal Society of Chemistry

also have a long-range influence. This implies that the atoms or
groups in the second coordination shell, which are not directly
bonded to central metal atoms, might also play an important
role in the modulation of the performance of the central atoms,
as already reported in some SAC systems for CO, trans-
formation and other catalytic reactions.*”’**> We should
emphasize that the non-metal species beyond the first coordi-
nation shell might also have an effect by acting as isolated active
centers or adsorption sites,*** which would not be discussed in
this section but introduced in Section 4.4 when reviewing the
synergy between single-atom sites and other active centers.

As mentioned in Section 3.1, simultaneously regulating the
near- and long-range coordination environment has been re-
ported to effectively modulate the electronic structure of single-
atom Zn sites. ZnN, sites are decorated with an axial
thiophene-S ligand in the first coordination shell, as the
surrounding phosphorus atoms are constructed in the carbon
matrix of a hollow carbon support (denoted as ZnN,S,/P-HC)."”*
Such a dual manipulation of the microenvironment at different
levels is able to synergistically contribute to the increase in
electron localization around the Zn sites. Thus, the adsorption of
the *COOH intermediate is strengthened, while the energy
barrier for the formation of H, is still kept high enough to
eliminate the competitive HER during an electrochemical CO,
reduction reaction in H,O solvent, resulting in an enhanced
performance (Fig. 46). This successful example should be
attributed to the remote electron induction effect, which might
be an important and efficient strategy for supplementary
modulation of the electronic structures of central atoms. In the

Chem. Sci., 2024, 15, 4631-4708 | 4683
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(a) Fabrication of low-coordination single-atom Ni electrocatalysts. (b) Reaction paths and free energy diagrams of CO, reduction to CO

for Ni-N4—C and Ni-N3-C. Reproduced from ref. 365 with the permission of Wiley, copyright 2021.

cases of sulfur-doping into the outer coordination shell of Zn-N,
(ref. 173) and Fe-N,4,*** a proton-feeding effect has been proposed
as a more important contribution to the reinforced electro-
reduction of CO, compared to that of only the electronic effect on
the central atoms, although the latter is also making a difference.
As for S-doped Zn-N, sites, the dissociation of bicarbonate
(HCO;~ — H' + CO;*7) is believed to be enhanced with the
introduction of S atoms, leading to the accelerating formation of
protons, which then participate in the activation of CO, toward
*COOH. In contrast, the S-doped effect on Fe-N, is considered to
promote the activation of H,O, which offers protons for the
continuous formation of the *COOH intermediate.

In this section, we provide a critical discussion about the
effect of the coordination environment and its regulation for
tuning the catalytic performance of SACs in CO, transformation
processes. Different coordination endows central single atoms
with distinctly varied electronic and geometric structures and
accordingly reinforces the charge transfer and modulates
specific reaction kinetics. By engineering the coordination

4684 | Chem. Sci, 2024, 15, 4631-4708

microenvironment at different levels, including changing the
coordination number, constructing axial coordination, and
doping heteroatoms other than carbon and nitrogen, the
intrinsic catalytic properties of central atoms could be well
regulated with optimized energy bands, electron orbitals and
correspondingly modulated intermediate adsorption and
transformation. Furthermore, the non-metal atoms beyond the
first shell might also have an effect on the central atoms
through either remote electronic induction or other kinetic
reinforcements to specific reaction procedures. As a result, all
these efforts to regulate the coordination environment
contribute to the highly controllable properties and perfor-
mances of SACs, offering excellent opportunities for their
widespread use in various reactions under different conditions.

4.3 Support effect

The most significant difference between homogeneous metal-
based molecular catalysts and heterogeneous SACs is the
application of supports. Supports, basically speaking, are

© 2024 The Author(s). Published by the Royal Society of Chemistry
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designed and prepared for fixing the central atoms onto specific
locations of solid surfaces, thus preventing the loss of active
sites during heterogeneous reactions under harsh conditions.
Beyond the original intention of support construction, the
chemical properties and catalytic performances could be also
modulated by controlling the features of supports and the
synergistic effects between supports and active centers. In

particular, the supports used in electrochemical and

© 2024 The Author(s). Published by the Royal Society of Chemistry

photochemical processes are always responsible for charge
transfer®®® and light-induced charge separation,*"** respectively.
In some cases, the supports could also play a vital role in the
adsorption, activation and transfer of certain reactive moieties,
such as the most common hydrogen and oxygen species.””>*??¢
We should emphasis that the supports discussed in this section
would be limited to their intrinsic topological and electronic
properties, aiming at their effect on the single-atom sites but
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not involving active centers other than single atom sites grafted
onto them. The synergy between single atom sites and other
active centers would be elaborated in the next section.

Generally, the effect of supports might be able to be inter-
preted based on three aspects:'” (i) the dispersion and location
of central atoms for the optimal stability and activity of active
centers; (ii) the chemical interaction between the substrate and
central atoms leading to the structure change of active inter-
faces; (iii) porous structures and channels for the transportation
of reactants and products.® These aspects could either exert
influence independently or co-exist and convolute in a given
catalyst. Thus, it might not be an easy task to design a suitable
support for SACs without comprehensive understanding of the
complex physicochemical factors.

First, the selection and engineering of supports should take
the loading and stabilization of single atoms into consider-
ation. As mentioned in Section 3.1, a porous organic polymer
affords an excellent support for the anchoring of single atom
iridium and provides a suitable chemical environment for
quasi-homogeneous reduction of CO, into formate.' The
much higher performance of this support in comparison with
that of traditional activated carbon and popular C;N, might be
attributed to the abundant functional groups, which could be
readily introduced during the preparation processes. Relatively
high loading of Ir single atoms thus could be chelated onto the
support with a satisfying durability. On the other hand, vacancy
or defect sites have been extensively reported to be used to seize
the single atoms and tune the intrinsic activity of SACs.?3%386:3%7
Single-atom Ir sites could be anchored on the In,0; substrate,
as In,0; is partially reduced with H, with the formation of
oxygen vacancies prior to being subjected to wet-chemical
impregnation.> Beyond the effect on the fixing of single
atoms, the oxygen vacancies even present a synergy with single-
atom sites during the activation of CO, and C-C coupling. In
this way, such an Ir SAC realizes effective ethanol production
from liquid-phase CO, hydrogenation, as mentioned in Section
3.1. To tailor the local nitrogen coordination environment of the
central single atom Ni for the construction of an efficient Ni-N
moiety, Chen et al. adopted a preparation strategy of treating
precursors by using low-pressure plasma induced in a micro-
wave oven.*®® In this way, the coordination environment of Ni-
SACs could be facilely tuned by varying the treatment dura-
tion. A longer treatment prompts the reconstruction of the
coordinative nitrogen species around Ni atoms, forming a Ni-
N, configuration with neighboring nitrogen vacancies. The
resulting active centers with a highly defective local pyridinic N
environment afford abundant spare sites for bonding CO, and
thus reduce the energy barrier for the formation of intermediate
COOH* and CO%*, delivering an enhanced performance in CO,
electroreduction. The formation of defect sites could be also
realized by the chemical interaction between metal species and
substrates rather than the preparation processes. For instance,
on certain crystal facets of CeO,, the presence of Pd could highly
promote the formation of oxygen vacancies by providing
dissociated H species under a H, atmosphere, which then
facilitate the removal of surface oxygen atoms."” The oxygen
vacancies could serve as adsorption sites for CO,, where CO, is
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further activated and goes through stepwise hydrogenation into
methanol. A similar effect of chemical interaction between
metals and substrates has been also reported in a Cu-TiO,
system for photochemical reduction of CO,.*** Besides inducing
the spontaneous formation of oxygen vacancies, such an inter-
action even affects the spatial distribution of Cu single atoms,
which form a configuration featuring neighboring sites
engaging in the catalytic transformation of intermediate
species.

Recently, with the assistance of the well-defined metal-
coordinated phthalocyanines (Pc) as platform molecules sup-
ported on carbon-based substrates, the regulation of isolated
metal sites based on the effect of chemical interaction between
metal species and substrates has been extensively studied in the
electrochemical reduction of CO,.*****7** As reported in many
cases, the metal-Pc sites are loaded on carbon-based substrates,
which feature high specific area and provide remarkable elec-
trical conductivity and stability due to the inherent m-conju-
gated systems in them. However, a promoted strong d-m
conjugation between the d orbitals of the metal centers and the
7 orbitals of the substrate always causes electron transfer from
the metal center toward the substrate, i.e., the strong delocal-
ization of electrons introduced by the support. This turns out to
be detrimental for the activation of CO, molecules on metal
sites of SACs and vastly hampers the catalytic transformation.
To solve this problem, Wang et al. introduced cyano groups
(—CN) onto the C3N, substrate for attenuating the d-m conju-
gation of single-atom Ni sites.*** As a consequence of the
rupture of an aromatic heterocycle near the Ni atoms, the CN
groups break the integrity of the conjugated plane between Ni
and substrates, therefore confining the electrons to the vicinity
of the central metal. The increased localization of electrons in
Ni not only favors the adsorption of CO,, but also lowers the free
energy barrier for the formation of the intermediate *COOH in
the electroreduction of CO,, as predicted by the theoretical
calculations and proved by the experimental results (Fig. 47).
Interestingly, in an earlier report, the decoration on the Pc
ligands by molecular engineering of the pendant groups into -
OCH; and -CN instead of the substrates gives a different result,
in which the methoxy-decorated single-atom NiPc sites exhibit
much higher performance than that of -CN due to the lower
energy barrier for the formation of *COOH.**

The geometric structure of supports, such as the morphology
of crystals*****® and the curvature of supports,'”**’*** has been
also considered as critical factors affecting the electronic
structure of single-atom sites via changing the metal-support
interaction. The former has been substantially studied in
various catalytic systems, and could be rationalized with the
distinct properties of different facets, e.g., interatomic spacing,
symmetry, lattice-matching, internal strain, defect sites,
etc.’”7*%% And the latter has been also more and more recog-
nized in catalytic reactions recently, especially those with
carbon-based substrates in electrochemical systems.*****> Based
on the regulation of curvature, the optimization of performance
in CO, reduction has been realized over Zn single-atom sites
supported on carbon nanofibers and nano-onions.’®'’* By
using carbon nanotubes (CNTs), an ideal substrate with an

© 2024 The Author(s). Published by the Royal Society of Chemistry
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adjustable surface curvature, for supporting molecular centers
of single atoms, like CoPc, Su et al. studied the enhancement
effect of the strain change on CO, reduction®* (Fig. 48). The
strain change of molecular sites, which is induced by the vari-
ation of local curvature, could be implemented by selecting
CNTs with different diameters, i.e., the longer the diameter, the
smaller the curvature. The largest curvature occurs in a single-
wall CNT (SWCNT), where the best performance of methanol
production is also shown, as the CoPc has been supported
beforehand. The better performance could be attributed to the
significantly stronger adsorption of CO and promoted activa-
tion of the C=0 bond in adsorption sites, which both facilitate
the deep protonation toward methanol. More intrinsically, the
strain induced by the curvature of substrates brings about the

© 2024 The Author(s). Published by the Royal Society of Chemistry

distortion of geometry of the adduct CoPcH,(CO), leading to
a lower free energy than that of the flat analogue. Inspiringly,
such an effect on the basis of strain modulation could even be
extended to FePc and NiPc for the oxygen reduction reaction
and CO, reduction reaction, respectively.

Apart from the effect on fixing single-atom species and
modulating the properties and behaviors of active sites via
metal-support interaction, the texture features of supports, like
pores and channels, have also shown significant influence on
the performance of SACs, such as controlling the diffusion for
enhanced mass transfer. Such regulation of diffusion kinetics
could not only accelerate reactions by enriching the reactants to
a higher local concentration and increasing the probability of
contact with active centers, but also shift the reaction

Chem. Sci., 2024, 15, 4631-4708 | 4687


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc06863c

Open Access Article. Published on 09 February 2024. Downloaded on 11/17/2025 10:40:34 PM.

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

(cc)

View Article Online

Chemical Science Review
R OO TES
G-V W W W=
( ) f L Y N
ENF g0 A
S\ X . ) =
¢ N % Increasing diameter >
Qe ¥
< < —
IR 1nm [ Decreasing local 100 nm
- o curvature
% "
v
LD O S ERES D S, AT E Ty
R P e e Y
CoPc/5 CoPc/10 CoPc/15 CoPc/25 CoPc/50
(b) (c) (d)
__ 05 | . os- o
3 3 12,088 - N
N
5 o > 0 S = o
5 5 3 -12.089 - \ \\
o [0} > \
c -054 < Flat c -054 Flat D 12000 o
o —@— Curved e —_— Curved o ! - N
— - =3
g 2 o . . 8
S 104 S 10 g -12,091 | —8— Curved CoPcH, o .
] o 9 [r Curved CoPcH,(CO)
o 9 o ——— -12,092 Flat CoPcH, N
O -15 Q -5 —— RN
= Flat CoPcH,(CO) o
' r . . ' . 12,093 ; : -
1.0 11 12 13 1.4 05 10 15 20 0 05 10 15 20 25
E (V) versus RHE n=ng n=-n,
(e) G (@) L
H . >- - Curved Co-C —8— Curved C-
distance o F“l”:“d 178 1 Flat Co-C Flat C-O
Co-C S 155 ° H - e 121
. @ \ < ~
distance s Ny < o 8 o
@ 1504 N\ o % N > 120 g_
2 \ @ i 5 7 —_— 2
5 \ 5 1744 . / @
@ N\ 2 S ” 3
Zz s+ \. = < k119 3
~ (6] > /s
8 b 1724 - ) ®
0 Y (o} o // —
T e Q i =
= 140 -~ __ 118
e 1.70 + o
N-Co-N angle 135 : : - : ; - - —L 7
05 10 15 20 05 10 15 20
n-ng n-ng

Fig. 48

(a) lllustration of the structural distortion of CoPc on different-diameter CNTs. Absorption energy versus potential (Urne, V) (b) and n — ng

(c), where n is the number of electrons added (n — ng = 1 indicates that 1 electron has been added to the neutral system). (d) Free energies of
curved and flat CoPcH,4 with and without CO adsorption versus n — ng. (e) Representative N-Co-N angle and Co-C and C-0O distances of
CoPcHa. (ff N=Co-N angle (degrees) versus n — nq for the curved and flat structures. (g) Co—C and C—O distances (A) versus n — ng. Reproduced

from ref. 396 with the permission of Nature Springer, copyright 2023.

equilibrium to a positive orientation and prevent secondary side
reactions by evacuating the products in time. Reticular mate-
rials, MOFs and COFs, and other porous carbon-based mate-
rials have been extensively used for this purpose,*® either as
precursors that go through subsequent pyrolysis and other post-
treatment,"*>*** or directly as substrates for encapsulating or
anchoring single-atom metal species.'>!??¢627% Rather than
their role in the photochemical catalytic reactions for light
harvesting and charge dynamics as mentioned in Section
3.1,72%>% the exploitation of their rigid, robust and multifunc-
tional porous framework is more universal and widely realized
in non-photochemical CO, transformation processes.*”® By
using polystyrene spheres (PS) as a hard template during the
synthesis of iron-doped ZIF-8, highly ordered hierarchical
porous single-atom Fe catalysts are fabricated as an excellent

4688 | Chem. Sci., 2024, 15, 4631-4708

platform to investigate the pore size effect on electrochemical
CO, reduction in detail (Fig. 49).** The pore size could be
facilely modulated by changing the size of PS, and a delicately
designed porous structure with larger mesopores and macro-
pores significantly creates an advantageous environment with
a high local CO, concentration around the Fe single-atom active
centers, which might be attributed to the intrinsically tuned
mass transfer for enrichment of CO, inside the catalyst. Such
a porous structure together with the single-atom sites helps to
achieve higher performance, especially in the limited mass
transfer region. In fact, whether in the thermochemical or the
electrochemical or the photochemical processes, increasing the
contact between reactants and active centers by enhancing
mass transfer yet without affecting the intrinsic features of
single-atom sites is always an efficient strategy for improving

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the apparent performance. The effect of mass transfer could be
altered by using the operation conditions, and thus it might be
not so significant for those cases that aim at studying the
reaction kinetics of SACs rather than diffusion kinetics.
However, it would still be an important subject to optimize the
diffusion properties of SACs for their practical application in
a realistic scenario. Besides the influence on the regulation of
the concentration of guest molecules via controlling diffusion,
the porous structures might also make a difference in modu-
lating the density of active sites, as reported in a Cu SAC with
single Cu atoms embedded onto two-dimensional carbon
nitride**® (Fig. 49). The nitrogen-appended nanometric pores
afford high loading of single-atom Cu species and confine
multiple Cu sites in adjacent locations through a metal ion
exchange process between Li* or Na* and Cu®". These Cu sites
are kept insulated from each other with a spatial distance
beyond that of conventional Cu-Cu, and homogeneously coor-
dinated with two nitrogen atoms within the nanopores of
supports. It is manifested that these single-atom Cu sites
cooperatively alter the reaction energy profiles into having
a much lower barrier for the stepwise formation of CO* and
CH* intermediates, resulting in a higher yield of CH, in the
electrochemical CO, reduction reaction. In the design and
fabrication of such a SAC, the porous structure plays a vital role
in the confinement of active sites for cooperative catalysis.

In summary, besides the fundamental use in surface
adsorption, as well as the specific use for charge generation and
transfer in electrochemical and photochemical cases, the
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delicate regulation of supports provides extra opportunities for
the optimization of SACs based on their effect on the central
single-atom sites. The functional groups, defective sites and
other chemical moieties help the dispersion and stabilization of
single-atom active centers for durable application in various
CO, transformation reactions under varied operating condi-
tions and redox atmospheres. The chemical interaction
between single-atom sites and substrates, which could be tuned
by certain modifications in terms of both geometry and elec-
trons, plays a critical role in regulating the local structure of
central atoms, thereby leading to varied energy features for the
adsorption and transformation of reactant and intermediate
species. Furthermore, thanks to the porosity engineering of
substrates, the local concentration of reactants could be well-
regulated near the single-atom active centers, creating
a specific microenvironment for the positive reactions. The
confinement effect on the active sites derived from the porous
structure, on the other hand, might contribute to synergistic
and cooperative catalysis by controlling the density and location
of active centers.

4.4 Synergy with other types of active centers

Despite their unique performance in some specific reactions,
SACs are not panacea in all cases, especially those which need
the cooperation between multiple active sites. Although the
arrangement of peer single-atom sites, the regulation of the
coordination environment and the modification of supports

2 COOH*

PR\ 1,
—PT2Cu \" 2y 2
21 —pmiacu

C0.19) COOH'

Reaction Path

(a) Illustration of the synthesis route of FeNC and hierarchical porous (HP)-FeNC; (b—e) SEM images of HP-FeNC. Reproduced from ref.

404 with the permission of Wiley, copyright 2023. (f) Synthetic scheme of various Cu-CN SACs (poly (heptazine imide) and poly (triazine imide)
are denoted as PHI and PTI, respectively) samples through metal ion exchange with Li* and Na™, respectively. (g) Reaction process of the CO,
reduction reaction on PHI-nCu (n =1, 2, 3). (h) Local density of states of Cu-d orbitals on PTI-nCu (n =1, 2, 3). (i) Reaction process of the CO,
reduction reaction on PTI-nCu (n = 1, 2, 3). (j) Charge density difference of CH* absorbed on PTI-2Cu. The yellow and azure areas indicate
electron accumulation and loss, respectively. The white, gray, silver, and blue balls represent H, C, N, and Cu atoms, respectively. Reproduced

from ref. 406 with the permission of Wiley, copyright 2023.
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could make a difference, it still seems that the “Lone Ranger”
should find its companies, as the old saying goes, “Many hands
make light work”. To date, for more extensive use of SACs in
CO, transformation reactions, many other types of active
centers have been introduced in the SAC systems to not only
reinforce the reactions the SACs have already realized, but also
break through the limitation of the current SACs into more
complicated reactions. In these cases, the synergy between
single-atom sites and other types of active centers should be the
focus of study and design. We should emphasis that some
components function as both active centers and substrates
anchoring single-atom metal species, which might have an
obscure boundary sometimes. In this section, we will try to
focus more on their role as active components, while we could
not deny the support effect in some cases as well.

The combinations of single-atom sites and other metal-
containing species grafted on the single-atom catalysts, such
as metal nanoparticles, nanoclusters, and metal-based
compounds (oxides, carbides, nitrides, sulfides, phosphides,
etc.) in three/two/one-dimensional morphology, have been re-
ported for the application in various reactions***** including
CO, transformation reactions. As already mentioned in Section
3.1, single-atom Sb with Cu NPs,** isolated Ni-N with Cu
NPs,'* single-atom Pb with Cu NPs,*'* single-atom Cu doped
Sn0,,>"* single-atom M doped gold and silver NPs (M = Cu, Ni,
Pd, Pt, Co, Rh, and Ir),** single-atom Co with Ti;C,T,-MXene,*>?
single-atom Cu with a Au-Cu alloy,*** single-atom Ag chains
with MnO,,>* etc., have already manifested their advantages in
the electrochemical and photochemical reduction of CO, with
respect to the experimental and theoretical results. There is
a well-known term to define the cases where single atoms form
an interface with metal NPs, a single-atom alloy (SAA), in which
the NPs function as both primary supports and active compo-
nents.** In fact, metal alloying is a broadly adopted strategy to
improve the performance of a single metal, but is always limited
by the side reactions induced by the introduced second metals,
such as the HER promoted by platinum-group metals in CO,
electroreduction. Thus, Chhetri et al. developed a series of dual-
site catalysts featuring Pd and Pt single-atoms alloyed with Cu
crystals, by which they promote the hydrocarbon production
without prompting the HER*"" (Fig. 50). Owing to the suitable
binding energy of both *CO and H*, metallic Cu species are
responsible for the primary formation of CH intermediates and
C-C coupling for the production of C,, hydrocarbons, as Pd
single-atom sites, instead of promoting the HER, theoretically
afford a more stable adsorption of CO* and even suppressed the
HER when CO* pre-exists on the top site of Pd. The experi-
mental results further confirm the advantages of such a dual-
site catalyst with an optimized configuration of single atoms
and metal nanoparticles, where CH, and C,H, are preferentially
produced over varied morphologies of Cu crystals. Regarding
the different interfaces between two metal species in the alloys,
there has also been thorough investigation of the mechanisms.
Depending on the loading amount of Sn, the Cu-Sn alloy could
form distinct interfaces, ie., a single-atom surface alloy in
CugeSn; and Cuy,Sn; and core-shell bulk alloy in Cu;,Sns,
(ref. 412) (Fig. 50). Such a configuration of interfaces has a great

© 2024 The Author(s). Published by the Royal Society of Chemistry
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effect on the electronic structures of Cu atoms. As for the
surface alloy with a left shift of the d-band center away from the
Fermi energy level, the binding energy of intermediate species is
thus weakened for more favored CO production, as the
desorption of *CO is enhanced with a lower energy barrier. In
contrast, the bulk alloy offers a much higher energy barrier for
the formation of *COOH, thus making CO, through the domi-
nant OCHO* intermediated route for HCOOH production. In
a word, delicate design and fabrication of SAA catalysts have
been believed to be an efficient method to break the linear
scaling relationships shown in single metals, enhance specific
procedures and adjust the reaction kinetics, in which the single-
atom sites might function as not only the active centers but also
the modifiers of metal NPs.**®

In some cases, on the other hand, the single-atom sites do
not directly come into contact with the other metal active
centers, but afford a tandem process by solely catalyzing certain
reactions.*** For instance, Cu NPs and isolated Cu-N, sites co-
exist on a carbon-based substrate for the CO, electroreduction
to C,, products**® (Fig. 51). The single-atom sites seem to not be
responsible for the formation of *CO from CO, due to the much
higher energy barrier than that of Cu NPs according to the
theoretical calculations. In contrast, the atomic Cu site could
efficiently promote H,O dissociation to provide *H, as verified
by the high HER performance of the intact Cu-N-C catalysts.
Since the reaction energy for protonation of *CO to *CHO is
closely correlated with the *H coverage on the Cu NP surface
and properly increased coverage leads to a lower energy barrier
for the formation of *CHO, the key to the optimized catalytic
performance might be the facilitated generation of *H from
atomic Cu sites, which is then transferred to Cu NPs through
the carbon matrix. The *H coverage on Cu NPs is accordingly
increased, resulting in accelerated protonation and higher
activity for C,, production. Coincidentally, by regulating the
preparation conditions, Fe NPs and pyrrole-type Fe-N, sites
could be co-anchored on the less-oxygenated carbon supports
for electrochemical CO, reduction*® (Fig. 51). But the difference
is that the isolated Fe-N, sites are in charge of the adsorption
and initial activation of the CO, molecule, while Fe NPs rein-
force the proton transfer from dissociation of water to the active
centers for the formation of *COOH, as proved by the kinetic
isotope effect in H,O and D,O. The theoretical simulation based
on an Fejs-cluster-containing model also implies that the
introduction of Fe NPs possibly further favors the stabilization
of the *COOH intermediate, thereby boosting the formation of
CO. Inspired from these two examples, we should find out if the
synergy between such insular active centers might not have on
effect by changing their own properties like in the cases of the
above mentioned SAA catalysts, but playing to their strengths
for the best reaction coupling.

Besides cooperating with metal species, single-atom active
sites could be also combined with non-metal active centers. We
have demonstrated the synergy between the single atoms and
vacancy sites of the substrates in the above
sections,?121152,215,231,235295 ndeed, the formation of vacancies
could not only change the coordination environment of central
atoms but also afford the adsorption and activation of
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(a) The energy barrier of CO, conversion to *CO over Cu(111) and Cu—Ny. (b) The free energy diagram for the CO,RR to describe the

possible C-C coupling step from *CO over Cu(111). (c) Reaction energy of *CO hydrogenation to *CHO on Cu(111) as a function of *H coverage.
(d) Proposed reaction mechanism for CO, reduction to C, products on Cu;/Cupp. Reproduced from ref. 415 with the permission of Nature
Springer, copyright 2023. (e) Schematic illustration for the synthesis of Fesa-pdN-C(O), Fesa-poN-C(O) and Fesa-poN-C/Feyp. (f) Kinetic isotope
effect (KIE) values and CO yield rates of Fesa-poN-C(O), and Fesa-poN-C/Feyp. (g) Free energy diagrams at —0.3 V. Reproduced from ref. 416

with the permission of Nature Springer, copyright 2023.

reactants, thus promoting specific reaction kinetics. Non-metal
species, in addition to their role in coordination as ligands,
could function as active sites as well. For instance, a photo-
catalyst comprising P and Cu dual sites anchored on graphitic
carbon nitride (P/Cu SAs@CN) has been employed in CO,
reduction with a high C,Hg evolution rate of up to 616.6 pmol
g " h™".*" The single-atom Cu sites are in a charge-enrichment
stage for the adsorption and activation of CO, molecules, while
the isolated P atoms serve as hole capture sites for the accel-
erated light-driven formation and transfer of charge. In this
way, such a catalyst realizes kinetically enhanced C-C coupling
between *CO and *COH intermediates and thus achieve
a higher C,Hs production. We should notice that, in this
process, P atoms do not coordinate with or modify Cu sites, but
function as independent active centers. In fact, non-metal
elements applied in photocatalytic CO, transformation are not
rare at all, as non-metal semiconductors have exhibited signif-
icant light-to-electron activity intrinsically.***** Future investi-
gations into the activity of non-metal species in more reactions
might require greater efforts for the analysis of local structures,
as it would be difficult to distinguish the activity from the
coordination and support effects and reach an unambiguous
conclusion.

In this section, we demonstrate the cooperation between the
single-atom sites and other types of active centers and show

4692 | Chem. Sci., 2024, 15, 4631-4708

how the synergy has an effect. By closely contacting and forming
an alloy with well-regulated interfaces, the cooperative sites
could break the scaling relationship in a single metal, retrofit-
ting the reaction kinetics. In a separate position, the cooperative
sites could afford their own activity for coupling into a tandem
process with enhanced procedures. In particular, the non-metal
sites have been proved to be able to serve as independent active
centers in some light-driven reactions. The introduction of
other active centers remarkably breaks through the limitation of
SACs in more complicated reactions and is expected to fully
exploit the unique advantages of SACs in terms of both struc-
tures and performances.

5. Research methods

In the above sections, we have reviewed significant progress on
the SACs for chemical conversion of CO, from the perspective of
reaction types, focusing on the distinctive effect that SACs have
on the catalytic performance. In fact, the synthetic methods, the
characterization techniques and the computational approaches
for modelling for structure analysis and mechanism investiga-
tion, which are just as important as the catalytic performance,
should be also paid great attention. There should be a positive
feedback loop in an ideal research process, that is, reasonable
design and ingenious synthesis offering preliminary SACs, then

© 2024 The Author(s). Published by the Royal Society of Chemistry
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accurate evaluation and advanced characterization studies
giving a fundamental structure-performance relationship, fol-
lowed by in-depth investigations into mechanisms providing
explanations regarding internal logic and modeling theory, and
eventually the obtained insights in turn propelling reasonable
design and synthesis (Fig. 52). As the loops are executed over
and over again, the catalysts are correspondingly getting closer
to the optimum. In comparison with other types of heteroge-
neous catalysts, SACs possess more potential to realize such
desired loops due to their commonly well-defined active sites.
Furthermore, as a simple linear triatomic molecule, the
conversion of CO, embraces mazy pathways involving multiple
key intermediate species and rate-determining steps. Hence,
the incorporation of SACs into CO, conversion systems, despite
bringing greater challenges to penetrating into the inherent
understanding, provides more opportunities for accessing the
rewarding experience of catalysis studies. Herein, we will
concentrate on the crucial issues in terms of material synthesis,
characterization, and mechanisms in the systems of CO,
conversion with SACs as catalysts, and very general research
studies that are not related to CO, conversion will be circum-
vented as possible.

5.1 Material synthesis

From the perspective of methodology, the synthetic routes of
SACs can be divided into two categories: one is the bottom-up
strategy, i.e., establishing a substrate initially followed by
loading SAs or the corresponding metal precursors onto it, such
as precipitation, impregnation, deposition, and adsorption;
another is the top-down strategy, i.e., fabricating a metal-
substrate mosaic preliminarily followed by transformation
into SAC structures, such as pyrolysis, etching, and redis-
persion. Generally, the choice of synthetic method is highly
dependent on not only the features of metal elements and
supports, but also the reaction conditions and desired perfor-
mance. For instance, for the synthesis of a SAC operated at
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a relatively higher temperature and in a complex redox atmo-
sphere in a thermochemical catalytic system, oxides always
more suitably serve as a support rather than carbonitride, since
the stronger electronegativity of oxygen atoms favors the
enhanced bonding between SAs and supports. Commonly,
reducible oxides with the potential of creating vacancies by
removing partial oxygen atoms have been applied in these
cases. This is rather important for the application of SACs in
thermal catalytic CO, hydrogenation involving C-C coupling
that a second type of active sites other than metal SAs, such as
O,, is highly required. In this case, defect engineering is
supposed to take into account the synthesis of SACs, so that the
synergy effect derived from the collaboration between SAs and
O, could be feasibly cast on both the activation of CO, and the
formation of C-C bonds.**?®** In the meantime, the SA sites
always present distinct valence states and electronic structures
from that of their NP and NC counterparts via coordinating with
neighboring atoms, in which the inherence of supports (e.g.,
crystal faces and acidity/basicity) contribute to a great extent
through the metal-support interactions.*>****'® For accurately
controlling such interactions, meticulous selection of synthetic
temperature, solvent, precursors and other relevant parameters
should be the focus during the whole preparation procedure.
As for typical electrochemical reduction reactions, moderate
reaction conditions as well as flexible carbon supports featuring
high specific surface area and electricity/heat conductivity
endows the synthesis of SACs with more chances for modu-
lating the electronic structure of metal sites. A number of
strategies such as defect engineering,”>*"® heteroatom
doping,'”® structural modification,"”*"* and functional group
attachment®® have be applied in the synthesis process for the
regulation of microenvironments. Such variations of chemical
microenvironments not only change the electronic states and
hybridized orbitals of active sites, but also impose appreciable
effects on the mass transfer of reactants, intermediates and
products, leading to the corresponding tuned performances
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Fig. 52 Crucial issues of SAC research for CO, conversion and a positive loop encompassing them.
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Fig. 53 (a) Photograph of the robotic synthesis platform and assign-
ment of tools to unit operations. (b) Flowsheet of the synthesis
protocol.*?* Reproduced from ref. 421 with permission from Springer
Nature, copyright 2022.

thermodynamically and kinetically.!***7#37%38341% To  realize
these goals, superior carbon supports such as graphene and
CNTs with abundant functional groups have been applied in the
bottom-up routes, in which metal SAs could be immobilized via
either electrostatic interaction with metal ions as precursors, or
T-Tv interaction with certain metal-organic complex precursors.
Furthermore, one-step or multi-step pyrolysis processes with
MOFs or certain other metal-organic assemblages as precursors
offer opportunities for the construction of more types of SACs,
such as various M-N-C (M = metal) materials.

Light-driven reduction reactions involve the generation and
transfer of photoexcited electrons, in which the introduced
SACs can function as not only active sites for the adsorption and
activation of CO,, but also promoters for the modulation of the
energy bands of semiconductors. Given that both oxides (e.g.,
TiO,) and carbon-based****** (e.g., g-C3N,) materials can serve as
substrates for embedding metal SAs, plus that the MOFs and
COFs can be also used when extra photosensitizers and sacri-
ficed hole scavengers exist,*** the synthesis of SACs for photo-
chemical reduction is just like the combination of electro- and

4694 | Chem. Sci, 2024, 15, 4631-4708
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thermo-catalysis, although the targets are not completely
identical. For instance, silver SAs featuring a chain-like
arrangement on the surface of manganese oxides, form
a unique structure just like a Z-scheme heterojunction with the
combination of neighboring oxide species, resulting in an
enhanced performance due to the well-matched energy bands
for electron transfer.>*®

Indeed, no matter which system the SACs are applied in,
there are some common goals for propelling the practical
application of SACs in CO, conversion towards an industrial
scale: to extend the range of loadings and types,********* to lower
the cost of preparation,*® and to expand the scale of produc-
tion.*»*** It was reported that a versatile strategy combining
impregnation and secondary step annealing could be used for
synthesizing ultra-high-density SACs with metal contents up to
23 wt% for 15 metals on chemically distinct carriers.*** This
method could be even translated into a standardized, auto-
mated protocol executed by a robotic platform, enabling the
reproducible preparation (Fig. 53), which further indicated the
feasibility and scalability of this strategy. In addition,
a straightforward and cost-effective three-dimensional (3D)
printing approach has been reported for fabricating a library of
SACs in a simple and economic way.* It is also expected that
this 3D-printing technique to make a difference in large-scale
commercial production of SACs, thereby steering the use of
these materials to a broader spectrum of industrial applica-
tions. Notably, aside from the retrofitted conventional synthetic
methods, burgeoning machine learning (ML) and artificial
intelligence (AI) techniques have been also providing new
paradigms for the highly efficient approaches for massive
production of SACs.*** Once a large and high-quality database is
established, the explosion of efficiency would be brought about
by high throughput screening and automated optimization
based on reliable prediction of the structure-performance
relationship.

5.2 Characterization

The rapid development of atom-scale characterization has
propelled the identification of SA species and deepened the
proposition of the SAC concept, which was simultaneously
inspired by a number of experimental observations. Aberration-
corrected scanning transmission electron microscopy (STEM)**
and scanning tunneling microscopy (STM)*** offer opportuni-
ties for directly observing the dispersion and arrangement as
well as certain surficial properties regarding electronic behav-
iors. The XAS technique exhibits advantages in obtaining the
information about the refined structure including the spatial
distance and coordination state between the central atom and
neighboring atoms, the electronic states of specific orbitals, the
disorder degree of materials, and the geometric configuration
with regard to symmetry, thereby being widely applied in most
of the recent studies on SACs and could be well combined with
theoretical modeling and calculations. The solid state nuclear
magnetic resonance (sSNMR) technique specializes in the
investigation of SACs based on isotropic chemical shift, chem-
ical shift anisotropy, dipole-dipole coupling, J-coupling, and
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quadrupole interaction of certain metals and supports, exhib-
iting unparalleled advantages for the identification of specific
metal SAs and understanding of certain interactions between
active centers and intermediate species. The infrared (IR)
technique, on the other hand, can be used in the studies on
SACs via a more indirect approach, e.g., CO-adsorption spectra
are commonly acquired to reflect the form of metal species,
since metal sites with different geometric and electronic prop-
erties possess a characteristic CO-adsorption configuration (on-
top, bridged, geminal, etc.) thereby displaying varied absor-
bance band positions.*” In particular, Mdssbauer spectroscopy
has been developed to track the dynamic changes in the elec-
tronic and coordination structures of iron and tin SACs
recently,"*”***** which are both commonly used as active
components for CO, reduction. This could be attributed to its
high energy resolution and feasible acquirement of quantitative
information and chemical states, spin state, and coordination
symmetry of “selected” elements (Fe, Sn, Ni, Au, etc.).

Nowadays, the advancement of various characterization
studies is no longer limited to discrimination of SA species from
their nano-counterparts (NCs or NPs), but steps forward to in-
depth explorations in terms of dynamic evolution, electronic
state and host-guest interactions, all of which are of great
concerns about the practical application of SACs in CO,
conversion. In order to achieve these goals, higher temporal and
spatial resolution under harsh conditions is in great demand,
which might be afforded by the incorporation of state-of-the-art
devices and upgraded research strategies.*>> On the other hand,
the innovative exploitation of computational science and big
data has promisingly ignited the revolutionary development of
characterization techniques by not only predicting the most
probable structure of SACs referring to the existing experi-
mental data*****” but also assisting the collection and analysis
of data and accordingly increasing the efficiency and accu-
racy.**®*** Martini et al. provided an example of tracking the
evolution of SACs for the CO, electrocatalytic reduction using
operando XAS and machine learning, while addressing the
nature, stability, and evolution of the Ni active sites during the
reaction.”®® The combination of unsupervised and supervised
machine learning (SML) approaches is shown to be able to
decipher the X-ray absorption near edge structure (XANES) of
the transition-metal based single-atom sites, decoupling the
roles of diversified metal sites coexisting in the working catalyst
with quantitative structural information about the local envi-
ronment of active species and the interplay between metal
species and adsorbates, such as CO (Fig. 54). Overall, it is
plausible to suppose that the intersection between advanced
characterization techniques and modern computational
science could shed light on the precise analysis of sophisticated
SACs.

5.3 Computation and modeling

SACs integrating the merits of homogeneous and heteroge-
neous catalysis endow the catalytic research studies with more
chances to dive into inherent and microscopic perspectives. As
for CO, conversion, just CO, activation and protonation have
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View Article Online

Chemical Science

<2 O ligands

Operando XAS

XANES intensity

Machine Learning

8340 836048380 8400 8420
Energy (eV)

Fig. 54 Schematic of tracking the evolution of SACs for CO, elec-
trocatalytic reduction with a combination of operando XAS and
machine learning. Reproduced from ref. 430 with permission from
American Chemical Society, copyright 2023.

involved a complex reaction network, especially in the cases
where the formation of main products encompasses multi-step
electron and proton transfer. During the reaction process, the
active sites can even evolve with the change in redox atmo-
spheres, leading to perceptible variation of reaction pathways.
To this end, a complementary approach aside from the experi-
mental observation has been expected to bring a potential
solution, which is theoretical simulation based on computa-
tional technology.

In general, most recent studies show that the initial
adsorption and activation of CO, molecules that break the C=0
bonds are the potential limited steps of CO, reduction to 2e™
products (e.g., CO and HCOOH), no matter what type of energy
input it is. The ambiguities are whether the intermediate binds
via a carbon atom (e.g., *COOH) or oxygen atoms (HCOO*) or
both carbon and oxygen atoms in a bridged form, and whether
the intermediate is formed through coupled proton-electron
transfer or a charged state.® Key descriptors such as the
band structure (d-band center for transition metals amd s- and
p-bands for main group metals), electronic density and state of
(s-, p-, d-, f-) orbitals and charge transfer, are commonly used for
predicting and explaining the structure-performance relation-
ships due to their decisive role in intramolecular bond breaking
and regeneration, and adsorption and desorption at active
interfaces.'®*'®® The situations are even more complicated for
CO, reduction towards more than 2e~ products, particularly
those involving C-C coupling. CO or *CO is always considered
as the key intermediate, while either the consecutive proton-
ation step via intermediate species such as *CHO and *COH or
the dimerization step between CO is probably the limited
step.'*® Besides, the CO insertion mechanism is also proposed
in the thermo-catalytic C-C coupling process in the presence of
multifunctional components,**** as C-C couplings between
other types of intermediates (e.g., CHO) have been also reported
for some electro- and photo-catalytic processes.'®*** A common
circumstance is that isolate metal sites in SACs cannot be in
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charge of all these reactions alone, but have an effect with the
incorporation of neighboring active sites (e.g., second type of
metal and vacancy).*?* Indeed, multi-electron processes are
more likely to be influenced by factors other than only kinetics
and thermodynamics, such as coverage of the intermediate,
mass transfer, and pH,"® which could be attributed to the
inherent complexity. All these mechanism studies have been
subjected to a long-term restriction in traditional heteroge-
neous catalysts because of the difficulty in clarifying the realistic
structures and discriminating the role of uneven active centers.
Although the computational chemistry has ignited buzz among
the scholars hammering at reaction kinetics with the develop-
ment of computer science, it was not until the concept of SACs
that computational chemistry really breaks through the
shackles of complex systems and shows great strength in the
study of carbon dioxide conversion. On the basis of the princi-
ples of quantum chemistry, the Schrodinger equation and
various computational methods with specific approximations,
researchers might be able to provide valuable information
about electron orbitals, density of states, energy profiles of
transition states and other intrinsic parameters on a molecular
or even atomic scale. Such parameters further push forward the
understanding of the interplay between the active centers and
guest molecules, contributing to the insight of inherent
kinetics, which are always hazed due to the limited experi-
mental approaches. More importantly, in comparison to
heterogeneous catalysts with uneven structures, the theoretical
studies on SACs could be more easily generalized, providing
opportunities for modelling and accordingly developing new
catalysts. For instance, Qi et al. combined the first-principles
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calculations and an artificial intelligence approach to high-
throughput screen the stability and activity of 3d, 4d, and 5d
transition metal SAs on eight defective metal oxide surfaces
during the CO, reduction reaction (Fig. 55).**' By evaluating the
energies of 232 catalytic systems, only 28 of them remain stable
with the adsorption of intermediates (*COOH, *OCHO, *CO,
*CHO, and *H), although 100 kinds of SACs could be stably
anchored in a vacuum. The stability during adsorption could
further be reasonably attributed to the electronegativity and
number of outer electrons of the SA, the d-band center of metal
oxides, and the relative coordination number of the adsorbed
species together. As the free energy diagram could be given for
various CO, reduction reactions, the catalytic performance
should be also predicted in such modelling systems. Similarly,
SACs based on different metals embedded on different
substrates can also be modelled and mapped based on the
theoretical parameters from computation.”** Such modelling
strategies, in turn, have been extensively used for screening
efficient SACs, potentially paving the way for wide-spread
application of SACs in CO, transformation and even other
specific reactions.

6. Conclusions and future outlook

Given that we all look forward to an earth suitable for human
habitation for a long time, the solution to excessive carbon
emission is in an urgent demand for assuaging climate change
and environment deterioration. Chemical CO, conversion not
only offers a potential approach to partially replace the fossil
routes by transforming CO, into valuable products, but also
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renders enhanced carbon recycling as combined with efficient
carbon capture in the future. Burgeoning SACs featuring
extremely high atom utilization efficiency as well as unique
electronic and geometric properties integrate the merits of
homogeneous and heterogeneous catalysts, providing a power-
ful tool to tackle the critical problems regarding efficiency and
economy of CO, conversion. In the above sections, we have
reviewed some critical progress and provided a comprehensive
summary of SAC application in the widely adopted CO, reduc-
tion reaction via thermochemical, electrochemical, and photo-
chemical routes, as well as some miscellaneous synthetic
reactions involving CO, conversion. We further offer a multi-
level understanding of SACs from a molecular point of view in
terms of the central atom, coordination environment, support
effect and synergy with other active centers. The ingenious
design of materials with regard to the reasonable regulation of
the chemical microenvironment and rational explanations
toward reaction mechanisms in charge of the specific structure-
performance relationships of SACs were highlighted. We also
addressed some general issues of research methods for SACs
from the perspective of material synthesis, characterization
techniques and computation-assisted theoretical modelling in
chemical conversion of CO, based on the summaries of current
research results, expecting to inspire further advances in this
field.

To date, the ‘young and vigorous’ SAC research studies are
still in the prime of their lives, and their rapid growth has made
great difference in the studies on quite a number of catalysis
systems, especially chemical CO, conversion. Despite holding
significant promise, there is still much work to be accomplished
before the SACs stepping into a more in-depth stage for both
scientific explorations and industrial targets. Herein, we will
briefly present our outlook on several important orientations for
future research studies of SACs in CO, conversion.

6.1 From an empirical paradigm to rational design

Over a long time, studies on catalysis have been more likely to
follow an empirical paradigm, given that achieving thorough
understanding of energy and mass transfer processes is limited
due to the complicated nature of chemical reactions and the
scarcity of advanced technical approaches. A lot of depletion of
temporal and financial resources therefore emerged inevitably.
Thanks to the development of characterization studies, the
assistance of computational science, and the relatively well-
defined active sites of SACs, more general theories are ex-
pected to be proposed to guide the rational design of new
catalytic materials and reaction processes. Such a ‘rationale’
indicates accurate control and constructing SACs on the basis of
abstract descriptors derived from the inherence of reactions
rather than only concrete performances. In order to achieve
this, we not only urge the further advancement of in situ and
operando techniques combined with theoretical calculations
but also of a large open-access database including structural
information, and kinetic and thermodynamic factors of CO,
conversion according to existing research studies. A milestone
is supposed to be providing multiscale modeling of SACs with
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certain uniformity and quantifiable parameters. Once the
model was established, the design of SACs would become
simple screening via machine learning or other reasonable
analysis methods based on big data. The underlying challenges
are data mining in the catalytic science of SACs and a way to
guarantee the consistency of predictions and actuality.

6.2 From scattered studies to integrated systems

Currently, most studies on SACs for CO, conversion are still
restrained in several specific fields, i.e., thermo-, photo-, and
electro-catalysis, and the corresponding up- and down-stream
processes (e.g., up: capture and down: separation) are sepa-
rated and conducted alone. That favors the research studies to
some extent due to their specialty concentrating on one target,
whereas quite a few potentials of integrated systems are
neglected despite also making sense in the meantime. Fortu-
nately, there have been plenty of studies dedicated to combine
catalytic systems via various routes featuring different forms of
energy inputs,*>***** although most of them are still in the
preliminary or developmental stages. Furthermore, miscella-
neous disciplines such as engineering issues, materials science,
and automation technologies could be also involved in highly
efficient integrated systems, e.g., electrolytes might play a vital
role in an electro-catalytic process; enhanced mass transfer
could be realized either by engineering or with the innovation of
the material; the extensive exploitation of embodied artificial
intelligence like robots and disembodied artificial intelligence
like ChatGPT might greatly liberate the manpower from the
burdensome and endangered tasks in labs and render a balance
between efficiency and safety. In general, harmony is the core of
such an integrated system, which can be depicted with a ‘barrel
effect’, i.e., highly effective SACs might function as a longer slab,
but the volume of a ‘barrel’ is more likely to be determined by
the possibly inconspicuous short slabs. Thus, it would be an
explicit goal to construct ‘a barrel with slabs of nearly equal
length’ from a global perspective. In this regard, the necessary
interdisciplinarity should make a great difference.

6.3 From laboratory research to commercial application

An ultimate goal of the studies on SACs for CO, conversion is
stepping out of labs one day, toward massive production and
sustainable processes by making profits. However, as more is
different,** there is still a long way to go for the practical use of
SACs for CO, conversion. Economic analysis should be the first
step. We must know what the market really needs, how much
the cost is, and the potential income over a period. Then, we
should consider how to cutdown the cost and increase the
production by both scientific and engineering methods, e.g., via
upgrading the device, improving energy efficiency, and opti-
mizing operation conditions. Another common concern is how
to realize the scalability of production, which not only needs
massive preparation of SACs but is also associated with
a complex scaling effect. Such a scalable process might create
new demands for the SAC design and application in turn.
Moreover, it could be with more essential factors that the
durability and reliability of SACs become successful in some
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practical cases, especially when operated under harsh condi-
tions. We should pay more attention to the long-term running
status of SACs, particularly the dynamic evolution of both
electronic and geometric structures, so that we could ensure the
stability of SACs and pave a promising way to their feasible
commercial application.
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