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Utilizing renewable sources to convert small-molecule energy carriers (such as nitrogen, carbon dioxide,
water, or oxygen) into high value-added chemicals and fuels is of great significance. Rational design of
the catalyst is the key to achieving efficient catalytic performance. Atomically precise metal nanoclusters
(NCs) exhibit the advantages of high atomic economy, distinctive discrete electronic energy, and
homogeneity in size, composition, structure, and surface environment, not only offering extraordinary
catalytic activity but also providing the opportunity to reveal the reaction mechanism. In the metal NC
family, Au-based NCs have attracted widespread and sustained interest due to their simple preparation,
high stability, easy functionalization, and especially their unique catalytic activity, which once provoked
a “gold rush” in academia. The synergistic effect between different metal atoms is regarded as an
effective strategy to achieve enhanced catalytic performance, but the underlying mechanism is a puzzle.
Recently, abundant, diverse and adjustable atomically precise Au-based bimetallic NCs (doped with Ag,
Cu, Pt, Pd, Cd, Hg, Ir etc.) have emerged, which not only provide a bank of materials for highly active
catalysts, but also provide feasibility for revealing synergistic effects at the atomic level. This perspective
briefly introduces the common synthesis strategy and structural characteristics of atomically precise Au-
based bimetallic NCs, summarizes recent advances in their synergistic catalysis in energy-related small-
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1. Introduction

In order to actively tackle the current increasingly severe energy
crisis and environmental problems, the search for renewable,
clean and environmentally friendly new energy resources has
become the consensus and the focus of joint efforts of all
countries in the world.** Therefore, the catalytic reaction of
small molecules related to new energy storage and conversion
technologies, such as the hydrogen evolution reaction (HER),
the oxygen evolution reaction (OER), the oxygen reduction
reaction (ORR), fuel small-molecule oxidation reactions, the
carbon dioxide reduction reaction (CO,RR), and synthetic
ammonia reactions has aroused great interest and attention in
academia and industry.® Although some breakthroughs have
been achieved after decades of effort and development, these
catalytic reactions still face some bottlenecks that need to be
overcome. For example, the electrocatalytic water splitting
technique for hydrogen production involving HER and OER
theoretically requires an applied voltage of 1.23 V in the
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molecule conversion, and proposes insights and advice for future breakthroughs in this field.

standard state (25 °C, 1 atm).>” However, in actual situations,
the applied voltage is much higher than the theoretical value.
The main reason for this serious deviation from the theoretical
voltage phenomenon is that the activity of existing catalysts is
not high enough to overcome the reaction energy barrier that
OER and HER need to cross as well as solution resistance and
contact resistance.®>*° For full-cells and metal-air batteries, the
critical process is ORR, which not only faces the limitation of
sluggish kinetics but also faces the problem of selectivity,
because it has two possible pathways: one undergoes a 4-elec-
tron transfer step to achieve the complete conversion of O, to
H,0, and the other is a 2-electron reaction pathway to generate
H,0,.""** For CO,RR, the difficulty in CO, activation due to its
chemical inertness and the poor product selectivity due to
various possible reduction pathways are stumbling blocks to its
further development.***” The N, reduction reaction (NRR) to
synthesize ammonia also faced the N, activation problem. In
addition, the diversity of by-product type (i.e. H,, N,H,, NO, ™,
etc.) in NRR or NO3RR (NO;~ reduction reaction) limits the
ammonia synthesis efficiency as well.”*** The catalyst is the key
to the catalytic reaction, where an excellent catalyst can effec-
tively improve catalytic activity, selectivity, and stability by
enhancing the adsorption and activation of the reactant, regu-
lating the adsorption ability of the intermediate, reducing the
limiting-rate-step barrier, promoting mass transfer, etc.>*>*
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Therefore, accelerating the development of novel highly-
efficient catalysts via rational design and precise construction
is of great significance.

In order to improve the reactivity per unit volume of the
catalyst, there are two main strategies: one is to increase the
number of active sites and the other is to improve the reaction
rate. Catalyst miniaturization is an effective method to realize
the former strategy.”*> In recent years, with progress in nano-
material preparation methods and the rapid development of
fine structure characterization techniques, scientists have been
able to achieve the controllable preparation of nanoparticles
(NPs), from tens of nanometers to precise nanoclusters (NCs)
composed of a few to several hundred atoms, and then to single
atom catalysts (SACs), maximizing the utilization rate of atoms
and achieving atomic economy.**** The latter is strongly influ-
enced by the adsorption, activation and desorption behaviours
of reactants, intermediates and products on the catalyst surface.
By using atom doping to exert a synergistic effect between the
components, these behaviours can be regulated and optimized
to obtain an appropriate and matchable interaction between the
reaction molecules and the catalyst, and then realizing an
improvement in the catalytic reaction rate.**** Metal NCs, as an
emerging type of nanocatalyst, bridging the gap between metal
NPs and SACs, has attracted extensive interest due to the
characteristic of having a unique molecule-like discrete elec-
tronic energy different from those of metal NPs or SACs.**** In
addition, compared to its large counterpart metal NPs, metal
NCs have relatively small size with higher atomic utilization and
abundant surface unsaturated coordination active sites.**** In
comparison to SACs, metal NCs exhibit the possibility of
a synergistic effect.**** Furthermore, metal NCs show great
adjustability in terms of catalytic properties, because at the sub-
nanometer scale, even a single atom change will have a huge
impact on the properties of the material.*>*

In recent years, research on metal NC catalysis has under-
gone explosive growth, especially, those metal NCs with precise
composition and structure, due to the potential opportunity to
investigate the catalytic mechanism based on a clear structure-
activity relationship.®»***** Au has for a long time been
considered an unreactive noble metal. In the 1980s, Haruta and
Hutching et al. discovered that small Au NPs exhibit extraordi-
nary catalytic activity in CO oxidation and acetylene hydro-
chlorination, which has caused a boom in research into Au
catalysis.*>** Within the large family of precise NCs, atomically
precise Au-based NCs show high stability and ready solubility in
various solvents, which is very important for practical catalytic
application.*»*® In addition, the advantages of easy preparation,
high yield, and versatile surface functionalization are also the
foundation of Au-based NCs as excellent catalysts.’** For
example, the typical representative, Au,; series NCs, can be seen
as the standard-bearer of the NC family due to their early
discovery (successfully synthesized in 1998 and structurally
determined in 2008), and in-depth investigation (properties of
optics, chirality, magnetism, electrochemistry, etc.), and wide
application (catalysis, chemical sensing, imaging, bio-labeling,
etc.).*»% Furthermore, a variety of derivatives with abundant

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

diversity in terms of properties can be obtained by metal
doping, changing ligands, regulating charge states, etc.**%®

Among various adjustment strategies, heteroatom doping is
an effective way to significantly expand the diversity of the
composition and structure of NCs and provide a potential
synergistic effect for improving catalytic performance. Speaking
of a synergistic effect, it is a widely known concept among the
public. Simply put, in the field of catalysis, a synergistic effect
refers to the catalytic performance produced by the combina-
tion of multiple components surpassing that of a single
component. It is mainly manifested through synergistic effects
between metal atoms, between metals and supports, and
between metal atoms and ligands. Here, we focus on the
synergistic effects between metal atoms, reflected in the inter-
actions between different metal active centers. Taking the
ternary catalyst PtPdRh in automobile exhaust treatment as an
example, Pt is mainly responsible for catalyzing the oxidation
reaction of CO and CH,, converting them into non-toxic CO,
and H,0. Pd also participates in this process, mainly playing
a role in heat resistance and improving stability. Rh is mainly
responsible for catalyzing the reduction reaction of NO,, con-
verting them into N, and O,. The synergistic effect among the
three achieves efficient catalytic activity and stability.

More importantly, the selective and purposeful introduction
of foreign atoms into a monometallic NC can rationally opti-
mize catalytic performance via modulation of electronic struc-
ture, additional active sites, and improvement in structural
stability.***”*® Many researches have reported that Au NCs can
be partially substituted with Ag, Cu, Pt, Pd, Cd, Hg, or Ir, and the
Au-based alloy NCs perform with superior catalytic activity to
their parent Au NCs in numerous reactions due to the syner-
gistic effect.®® Motivated by the current era of rapid development
of NC materials and energy catalysis, herein, recent advances in
atomically precise Au-based bimetallic NCs in energy-related
small-molecule catalytic conversion are reviewed, including
a summary of common synthesis strategies and structural
characteristic of Au-based bimetallic NCs, and a discussion of
the synergistic effect on catalytic activity, selectivity, and
stability in HER, OER, ORR, CO,RR, NRR, NO3RR, etc.

2. Synthesis strategy and structural
characteristic of Au-based bimetallic
NCs

This section briefly introduces the general synthetic method for
Au-based bimetallic NCs and their structural characteristics,
such as heteroatom doping number, type and position. The
precise and controllable synthesis of materials with high purity
and yield is the basis for a benign industrial catalyst. However,
synthesizing clusters with precise structures is not an easy task.
After extensive attempts and efforts by researchers, it was not
until Zhu et al. determined the crystal structure of Au,s(SR)qs
clusters using X-ray single crystal diffraction in 2008 that the
synthesis of atomically precise metal clusters entered a stage of
explosive growth.” Our previous review summarized several
synthesis strategies for atomically precise metal NCs, such as
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

the direct synthesis method, size-focusing method, ligand-
exchange method, chemical etching method, reduction
method, metal-exchange method, separation method, inter-
cluster reaction method, and anion-template-assisted
method.*® In addition, a lot of cluster-related reviews have
summarized synthesis methods.****”* Besides those mentioned
above, others such as mass-selected gas-phase method,
template methods, photoreduction method, sonochemical
method, microemulsion method, radiolytic method, electro-
chemical method, and the microwave-assisted method, have
also been successfully applied in cluster synthesis. However, not
all methods are suitable for the synthesis of bimetallic NCs.
Here, we mainly introduce synthesis methods applicable to
bimetallic clusters, where common and general methods
include the direct co-reduction strategy, cation-assisted
strategy, anti-galvanic reduction (AGR) strategy, metal-
exchange strategy, and intercluster reaction strategy. The
basic principles of these methods are refined and summarized,
and corresponding application examples are provided for
readers to understand.

Direct co-reduction strategy: It usually takes a metal-ligand
complex (i.e. Au-SR, Ag-SR, etc.) as a precursor and directly
synthesizes bimetallic NCs with a reducing agent (i.e. NaBH,,
CO, etc.); it is also called “in situ” or “one-pot” synthesis.***® For
example, Au,s_ Ag,(SR);s NCs with continuously modulated x
have been successfully synthesized by this method.”

Cation-assisted strategy: this refers to the synthesis of
bimetallic NCs by the reaction of the existing parent NCs with
another metal cation.* For instance, Murray et al. obtained
Auys_,Ag,(SR);s NCs by utilizing Ag’ ions reacting with
Au,5(SR);s NCs.”

Anti-galvanic reduction (AGR) strategy: Wu et al. proposed
that the redox potential of the order of metals is no longer the
only decisive thermodynamic parameter when the size of NCs is
less than 3 nm.” They prepared Au-Ag and Au-Cu bimetallic
NCs by doping heteroatoms in Au,s(SR);3 on the basis of the
AGR method.””®

Metal-exchange strategy: instead of using an inorganic metal
salt, an organic metal-ligand complex is used in the synthesis of
bimetallic NCs, and this synthesis process can no longer relate
to the rule of metal redox potential.”” For example, our group
utilized Au,5(SR);s as a template to synthesize Cd;Au,,(SR)ig
and Hg;Au,4(SR);g by this method.”®

Intercluster reaction strategy: this refers to the preparation
of new bimetallic NCs via the reaction between two stable
NCs.**% For example, (Au,s ,Ag)(SR)1s and Au,Agss (SR)s0
NCs are obtained by spontaneously exchanging metal atoms
after mixing Au,5(SR):g and Ag,4(SR)z0.”

For bimetallic NCs formed by heteroatom doping, the most
important considerations are the type, number and position of
the doping atoms, because these structural parameters have
a great influence on the catalytic performance. Considering that
NCs can be viewed as being composed of a metal kernel and
a metal-ligand motif, the doping position of the heteroatom
can be divided into center doping, kernel doping, kernel surface
doping, and motif doping (Fig. 1). For motif doping, the
heteroatom is connected with the coordination atom of the
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Fig.1 Schematic diagram of the doping position of the heteroatom in
Au-based bimetallic NCs. Atom colors: Au = orange, heteroatom =
blue, S = red.

ligand, such as S, P, or N atoms. It is located on the outside of
the cluster and has the opportunity to make direct contact with
the reactant. For kernel doping (including center doping and
kernel surface doping simultaneously) and kernel surface
doping, the heteroatom is located at the surface of the metal
core. When the catalytic reaction occurs, some ligands will
detach due to the weak connection between metal atoms and
ligands, and the atoms at the surface of the metal core are
exposed as active centers to directly participate in the reaction.
For center doping, the heteroatom is located at the center of the
metal core, and it seems to have no influence on catalysis due to
the indirect contact with the reactant. However, it can partici-
pate in the catalytic reaction by modulating the electronic
structure of the metal core, regulating the interaction strength
with the reactant or intermediate, and optimizing the reaction
pathway and kinetics. The synthesis methods and characteristic
structural parameters of Au-based bimetallic NCs reported in
recent years are summarized in Appendix Table 1.

3. Au-based bimetallic NCs in
energy-related catalysis

Aiming at current attractive energy-related catalytic reactions,
this part classifies, summarizes, and discusses recent progress
in the synergistic effects of Au-based bimetallic NCs in the
hydrogen evolution reaction, oxygen evolution reaction, oxygen
reduction reaction, fuel small-molecule oxidation reaction,
carbon dioxide reduction reaction, and synthetic ammonia
reaction.

3.1 Au-based bimetallic NCs in the hydrogen evolution
reaction

The gradual depletion of fossil fuels and consequent environ-
mental and climate concerns have stimulated the development
and use of clean and renewable energy sources. Among various
clean energy carriers, hydrogen with its high energy density is
considered to be one of the promising energy resources for
a sustainable society.?® The hydrogen evolution reaction (HER),
which uses the abundant water on Earth as a raw material and is
driven by renewable energy, such as hydropower, photovoltaic,
wind, or tidal energy, is an ideal method of hydrogen produc-
tion, which has many advantages, including environmental
friendliness, production of high-purity hydrogen, and low
carbon emissions.** Currently, the mainstream prediction
method for the superiority of the HER catalyst is based on the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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volcano plot, which is constructed by linking the hydrogen
adsorption energy with the exchange current.®” According to the
Sabatier principle, a good HER catalyst does not bind the
hydrogen too weakly or too strongly; therefore, a nearly ther-
modynamically neutral hydrogen binding step is assurance of
a good HER catalyst.*

At present, Pt is recognized as the best-known efficient HER
electrocatalyst; however, its high cost and scarce stocks hamper
its large-scale industrial application.®* As the sixth period
element in the periodic table next to Pt, the electronic structure
of Au is similar to that of Pt, so there is reason to believe that Au
NCs have the potential to be an outstanding HER catalyst.**%¢
Kwak et al. selectively replaced the center Au atom in Au,s NCs
with a single Pt atom and obtained Pt;Au,, bimetallic NCs
(Fig. 2a).*” Pt doping has little effect on the geometric structure
of the NCs; Pt;Au,, almost maintains the configuration of the
original Au,s. However, the electronic structure changes a lot,
which is reflected in the surface charge state ([Pt;Au,,]’ &
[Au,s]7), superatomic electronic configuration (Au,s: 8-electron,
Pt;Au,,: 6-electron)®**° and optical absorbance spectra (Au,s :
1.8 eV, Pt;Auy,:1.1 and 2.1 eV). The redox behavior is also
drastically altered. As measured by square-wave voltammetry
(SWV), the gaps between the first oxidation (O1) and reduction
(R1) potential for Au,s and Pt;Au,, are 1.67 and 0.73 V,
respectively (Fig. 2b). The HOMO-LUMO (highest occupied-
lowest unoccupied molecular orbitals) gaps are 1.32 and
0.29 V for Au,s and Pt;Au,,, respectively. It is worth noting that
the reduction potential of Pt;Au,, is nearly 1 V more positive
than that of Au,s, indicating the possibility of a lower over-
potential for the electrocatalytic reduction reaction. This
conjecture is further confirmed by the result of linear sweep
voltammograms (LSVs). In THF (0.1 M Bu,NPFg) solution con-
taining 1.0 M trifluoroacetic acid (TFA), Au,s and Pt;Au,, show
onset potentials at —1.10 and —0.89 V, respectively (Fig. 2c).
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Notably, the overpotential for Pt;Au,, is ~70 mV (relative to
—0.82 V, the thermodynamic reduction potential of a proton in
THF with 1.0 M TFA), which is superior to other natural
hydrogenase enzymes (~100 mV).**** With an increase in TFA
concentration, the current at —0.76 V (the first reduction
[Pt;Au,4]°/ ) of Pt;Au,, shows no significant change, while the
current at —1.10 V (the second reduction [Pt;Au,,] />7) is
significantly enhanced, suggesting that Pt;Au,, acts as an
electron transfer mediator for HER (Fig. 2d).°**® The kops
(pseudo-first-order rate constant) of Pt;Au,, is calculated to be
121000 s~ ' at 7 = 650 mV, which is higher than that of Au,;
(8000 s ") or other molecule-like complexes (Co-complex: 700
s~ at 7 = 890 mV, Cu-complex: 11000 s~ at = 720 mV, Ni-
complex: 106000 s~ ' at 7 = 650 mV) (Fig. 2¢).°*®

In addition, Pt;Au,, shows charge-state-dependent catalytic
activity, indicating molecule-like catalytic behavior different
from that of the larger-sized metal NPs. The currents at poten-
tials negative to the [Pt;Au,,] "> all exhibit linear correlation
with [Pt;Au,,] and [TFA]"?, suggesting a heterolytic HER
mechanism, [H-Pt;Au,,]” + H" — [Pt;Au,,]® + H,. In contrast,
the current at the potential at which [Pt;Au,,]|” exists as the
predominant form shows linear correlation with [TFA] and
[Pt;Au,,]*%, indicating a homolytic HER mechanism, [H-
PtAu,,]° + [H-Pt;Auy,]® — 2[PtAu,,]® + H,. The heterolytic
HER mechanism over Pt;Au,, is further confirmed by density
functional theory (DFT) calculations with an energy change of
—0.155 eV, while for Au,s, the thermodynamically favorable
HER pathway is the homolytic mechanism (Fig. 2f). Addition-
ally, an H-Pt bond can spontaneously form. The bond length
between adsorbed H and central Pt is shorter than that between
adsorbed H and surface Au, indicating that the stronger H-Pt
interaction is beneficial for HER energetics on [Pt;Au,,]” . As
a result, Pt;Au,, exhibits excellent HER activity whether for

homogeneous catalysis in non-aqueous solvent or
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(a) Structure of Au,s and PtjAu,4 NC. (b) SWVs of Auas (red) and PtyAuzy (blue) in CHLClL, (0.1 M BusNPFg). (c) LSVs in THF (0.1 M BugNPFg)

solution containing 1.0 M TFA without a catalyst (black) and with Au,s (red) and PtjAuy4 (blue). (d) LSVs of PtjAusy in THF (0.1 M BuyNPFg) with
different concentrations of TFA. (e) Kops—potential plots for Au,s (red) and PtjAu,4 (blue). (f) Reaction energy calculation for HER on PtjAusg.
Reproduced from ref. 87 with permission from Springer Nature, copyright 2017.
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heterogeneous catalysis in aqueous media, compared to Au,s,
other molecule-like commercial Pt/C
benchmarking.

Recently, Sun et al. revisited the electrocatalytic HER activity
origin of Pt;Au,, NCs by a combination of advanced first-
principles calculations and attenuated total reflection surface-
enhanced infrared absorption spectroscopy (ATR-SEIRAS)
experiments.” They found that in addition to the central Pt
atom, the exposed bridged Au site, due to spontaneous thiolate
ligand desorption during the electrochemical process, is also
a catalytically active site. The synergistic effect between the two
types of active site contributes to the extraordinary HER activity
of the Pt;Au,, cluster. As Pt centrally doped Pt;Au,, significantly
improves HER activity, it is natural for researchers to ask
whether Pd;Au,,4, which has a nearly isoelectronic structure and
similar redox property, would also exhibit similarly high HER
activity. Choi et al. systematically compared the HER catalytic
activity parameters, such as onset potential (E,nset), current
density, and turnover frequency (TOF) of M;Au,, and M,Auze (M
= Pt, Pd).* Compared to non-doped Au NCs, atom doping not
only brings about a change in the electrochemical redox prop-
erty, but also causes an improvement in HER activity. Eqopget 1S
determined by the match between the reduction potential of NC
and H'. In both M;Au,, and M,Aus, systems, Pt doping shows
higher current density and TOF than Pd doping, which is
attributed to the lower H adsorption free energy (AGy) in Pt-
doped Au NCs (Fig. 3a). Based on the excellent HER perfor-
mance of Pt;Au,,, Negishi et al. further changed the surface
ligand to, for example, C6 = 1-hexanethiolates, TBBT = 4-tert-
butylbenzenethiolate, PDT = 1,3-propanedithiolate, or PET = 2-

complexes, or
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phenylethanethiolate, in pursuit of higher catalytic activity.'**
Due to the differences in the lengths and orientations of -Au(i)-
SR-Au(1)- staples between TDT/PDT- and C6/PET-protected NCs,
the Au atoms of the Pt;Au;, metal core in TDT/PDT-protected
Pt;Au,,; NCs are exposed on the outside, resulting in
enhanced HER activity. Although Ag is considered to be inactive
for HER, obtaining AuAg alloy NCs with comparable HER
activity is highly possible via a reasonable design. Li et al.
synthesized AuzsAg,(SR);s NCs, which can be regarded as
having a trimeric structure, that is with three icosahedral (1},)
units face-fused together in a cyclic manner.'** The unique face-
fusion mode in AuzsAg, endows it with unfilled superatomic
orbitals, a low ligand-to-metal ratio, and low-coordinated Au
atoms, leading to lower AGy and higher electron affinity, thus
showing improved HER activity over its counterpart monomeric
Au,;s and dimeric Auzg (Fig. 3b and c).

In addition to the synergies between different metal
components within clusters, there are also interactions between
NCs and functional carriers, which can be combined in one
system to maximize synergies. Du et al. designed and synthe-
sized Au,Pds NCs, which can be considered to be two Pd; NCs
connected by an Au, unit.'” On the one hand, after MoS, couple
metal NCs, the number of catalytic active sites is increased, and
electron transport is promoted, resulting in enhanced HER
activity. On the other hand, compared to monometallic Au, and
Pd; NCs, and mixed Au,-Pd; NCs, bimetallic Au,Pdg shows the
best HER activity with the lowest overpotential, the smallest
Tafel slope and electrochemical resistance, and the largest
electrochemically active surface area and TOF value (Fig. 3d-i).
X-ray photoelectron spectroscopy and Raman results indicate
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(a) Schematic diagram of M;Au,4 (M = Pt, Pd) enhanced HER activity compared to Au,s NCs. Reproduced from ref. 100 with permission

from American Chemical Society, copyright 2018. (b) LSVs and (c) AGy of Auzs, Auzg, and AuzsAg,. Reproduced from ref. 102 with permission
from American Chemical Society, copyright 2021. (d) LSVs, (e) current density and overpotential comparison, (f) Tafel slope, (g) electrochemical
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Stability test of Au,Pdg/MoS,. Reproduced from ref. 103 with permission from Royal Society of Chemistry, copyright 2018.
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the strong electronic interaction between NCs and MoS,. DFT
calculations demonstrate that the largest number of catalytic
sites with almost nearly zero AGy occur on Au,Pde¢/MoS,,
further explaining the excellent HER activity of Au,Pds/MoS,
from a theoretical perspective. A similar phenomenon is
observed on bimetallic Au,Cu, NCs, which show better HER
activity than that of monometallic Cug or Aug NCs.'** Taking
atomically precise alloy NCs as a precursor to proceed with
ligand-assisted pyrolysis is a novel method to form nanocluster/
single atom (NC/SA) composite systems. Lv et al. obtained
a hybrid system containing two different active sites types, AuPd
alloy NCs and satellite Pd SAs (AuPdycs/Pdsas), by controllable
thermal treatment of Au,Pd,(SC,H,Ph)s.'” In the hybrid
system, the satellite Pd SAs play the role of optimizing the
electronic structure, and the Au sites effectively promote the
adsorption and dissociation of H,O molecules. Thereby, the
synergy between Au and Pd promotes the excellent HER activity
of AuPdycs/Pdsas-600, which shows one order of magnitude
higher mass activity and TOF than commercial Pd/C or Pt/C.
In addition to electrocatalytic HER, solar-driven photo-
catalytic water splitting is a sustainable and clean approach to
produce hydrogen. Metal NCs exhibit a molecule-like discrete
electronic energy band and strong light absorption in broad
spectra, which meet the basic requirements for potential
promising photocatalysts.'”® Bootharaju et al synthesized
a selenolated [Au;,Ag;,(SePh);o]*~ core-shell cluster based on
a templated galvanic exchange strategy, which is comprised of
an Au icosahedral core and an Ag;,(SePh)s;, shell.' The
synergistic effect between the Au core and the Ag shell greatly
changes the overall electronic structure, which aligns well with
the band structure of TiO,, facilitating photogenerated charge
carrier separation. Therefore, Au;,Ag;,/TiO, shows a photo-
catalytic H, production rate of 6810 umol g~ ' h™* under solar
irradiation, which is 37.8 and 6 times higher than those of TiO,
and Ag,,/TiO,, respectively (Fig. 4a and b). Liu et al. obtained
[Au,Ag,s »(SR)1g] seriesNCs(1=x=3,3=x=8,19=x =23,
defined as NC-1, NC-2, NC-3)."*® Under visible-light irradiation,
the H, production rate follows the order: NC-3 > NC-2 > NC-1 >
Auys > Ag,s. As revealed by DFT calculation, bimetallic Au,-
Ag,s_, shows that the better photocatalytic HER activity is due
to the optimization of electronic structure caused by the Au-Ag
synergy. The narrowed HOMO-LUMO gap in Au,Ag,s_, partially
contributes to the better HER performance. What is more, the
microenvironment localized in dual Au-Ag sites benefits the
formation of electron-acceptor centers, resulting in photo-
generated electrons tending to remain in a cluster to reduce the
adsorbed H' (Fig. 4c). Additionally, the Au-Ag bimetallic
synergistic effect upshifts the D-band centers and balances
hydrogen adsorption/desorption dynamics (Fig. 4d and e).
Kurashige et al. loaded Pd;Au,, and Pt;Au,, on BaLa,Ti,O;5 via
stepwise ligand-exchange, adsorption, and calcination
processes, to investigate the effect of heteroatom doping type on
photocatalytic HER activity.'* Although the Pd and Pt atoms are
both in the center of M;Au,, when it exists in the form of NCs
alone, the positions of Pd and Pt atom are different after
depositing them on BaLa,Ti,O;s. As can be rationally inferred
from extended X-ray absorption fine structure (EXAFS)
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spectroscopy results, Pd is located at the surface of the NCs,
while Pt is at the interface between NCs and BaLa,Ti O;s.
Whether Pd or Pt doping is used, the electron density of Au in
the NCs is improved. However, for photocatalytic HER activity
opposite results are obtained, where Pt doping increases the
activity; in contrast, Pd doping causes a decrease in activity,
which to a great degree can be attributed to the doping position
of the heteroatom (Fig. 4f).

3.2 Au-based bimetallic NCs in the oxygen evolution
reaction

The oxygen evolution reaction (OER) is an elementary reaction
of great importance in the field of energy and the environment.
It refers to the half-reaction that occurs on the anode during
electrolysis of H,O. Because OER involves a four-electron
transfer process, it exhibits slow reaction kinetics, and
requires higher energy to trigger a reaction; therefore, it is the
key factor restricting the efficiency of an overall H,O electrolysis
device."*'™ Liu et al. synthesized an alkynyl-protected AuAg
alloy cluster, Au;5Ag,3(‘BuC=C),4Brs, which has a triple-layered
core-shell-shell (Aus@AusAg,; @Au;) configuration."? Au;5Ag,3
not only shows excellent electrocatalytic HER activity (n =
125 mV to reach 10 mA cm ™ > current density) but it also displays
an outstanding OER property when it is loaded on NiFe layered
double hydroxide, whose overpotential is 250 mV to reach 10
mA cm 2 (Fig. 5a). In an overall water splitting (OWS) system,
achieving 10 mA cm ™2 requires only 1.51 V, and it performs for
as long as 50 h in a stability test.

The electrocatalytic OWS performance of Au NCs can be
regulated by utilizing the electron-attracting ability of an Fe
atom to Au NCs. Sun et al. synthesized a hybrid system of Au-
Fe;NCs loaded on Ni foam to act as alkaline HER and OER
bifunctional electrocatalysts.’*®* The electron structure of H
adsorption on the Au NC surface is optimized by the introduc-
tion of Fe atoms, manifested by a low overpotential of 35.6 mV
to reach 10 mA cm ™2 current density in HER. In addition, the
hybrid system Au-Fe;NCs display good OER activity with
a 246 mV low overpotential at 10 mA cm™ > oxidation current
density. In a two-electrode alkaline OWS device, the cell voltage
to reach 10 mA cm™> current density is only 1.52 V, and the
durability test lasts for 40 h. The synergistic effect in Au-Fe;NCs
is elucidated by X-ray photoelectron spectroscopy (XPS) experi-
ments and DFT theoretical calculations, mainly reflected in the
promotion of electron delocalization and enhancement of O-H
bond activation of Au NCs and an upshift in the D-band center
of the Fe atom.

The synergistic effect induced by heteroatom doping has
shown great improvement in electrochemical activity; however,
the understanding of the effect on photo-/photoelectro-catalytic
activity, especially that involving charge transfer characteristics,
remains blank. Su et al. took glutathione-protected Ag-doped Au
NCs (Au; _,Ag,@GSH) and a non-conjugated insulating polymer
of poly(diallyl-dimethylammonium chloride) (PDDA), as nega-
tively and positively charged building blocks to elaborately
fabricate a spatially multilayered alloy NCs/metal oxide photo-
anode heterostructure via layer-by-layer (LBL) assembly.'**
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Au,_,Ag,@GSH acts as a photosensitizer that can be instantly 3.3 Au-based bimetallic NCs in the oxygen reduction
photoexcited to generate e~ and h", and PDDA plays the role of  reaction

an electron-withdrawing mediator to accelerate interfacial
charge transfer and form a cascade electron transport channel.
As a result, LBL-assembled TiO,/(PDDA-Au; _,Ag,), shows good
photoelectrochemical H,O oxidation performance under
visible-light irradiation.

The electrocatalytic oxygen reduction reaction (ORR) is the
process by which oxygen is reduced to water or other oxygen-
containing species in an electrochemical system. ORR usually
has two reaction pathways, one of which is the 4-electron
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reduction process, starting from O, to H,O, and it is one of the
key reactions in energy conversion devices such as fuel cells and
metal-air batteries, and its efficiency has a decisive impact on
the performance of these devices."*'®* While the other one is
the 2-electron pathway, converting O, to H,0,, which can serve
as a promising alternative to the traditional energy-intensive
anthraquinone process."”**

According to theoretical calculation, the decrease in the core
size of Au NPs will result in a narrowed D-band and shift to the
Fermi level, which are considered to be beneficial for O,
adsorption.”*'*' At an early stage, Chen et al. utilized two series
of Au NCs with different core sizes to investigate the effect of
size on ORR activity, and they found the ORR catalytic activity of
both follows the trend where a smaller size of NCs results in
better ORR reactivity (Auy; > Au,s > Auss > AUy and Auys > Augg
> Auyyq).”*>"** Besides the core size of the NCs, heteroatom
doping is another critical factor influencing the ORR activity of
Au NCs. Zou et al. synthesized M;Ag,,(dppf);(SAdm),,](BPh,),
(M = Au/Ag) by introducing 1,1-bis-(diphenylphosphino)-
ferrocene (dppf) as an activating ligand.** Dppf is a derivative
of ferrocene as well as an electron donor, acting as a common
protective ligand used to design and synthesize a metal complex
with excellent electrochemical activity. Compared to other Au/
Ag NCs without a dppf ligand, the two NCs show better ORR
activity. In addition, the two NCs exhibit the same icosahedral
M,;; (M = Au/Ag) kernel with a protective shell of 3 Ag;(SR),
motifs and the protection of 3 dppf ligands (Fig. 5b). The
identical geometric structure provides an ideal platform to
reveal the heteroatom doping effect. Au;Ag,; shows higher
onset potential and diffusion limited current density, indicating
better ORR activity than that of Ag,, (Fig. 5¢).

Xu et al. simultaneously introduced a dppf surface ligand
and a Cd surface doping atom to perform a surface engineering
strategy, and then obtained Au,,Cd;(SAdm),,(dppf)Cl NCs."*®
Au,,Cd; and Auzg NCs have a similar bi-icosahedral Au,; core,
but different surface structures due to surface engineering. The
reconstructed surface structure offers enhanced ORR activity for
Au,,Cd,. The synergistic effect between Au and Cd is not only
reflected in a comparison of the ORR catalytic activity of
Au,,Cd,; and Auzg NCs but is also manifested in the improved
ORR activity of Au,,Cd; compared to that of Au,, NCs.
Furthermore, based on the Koutecky-Levich plots, the overall
number of electrons transferred for Cd-doped Au NCs is higher
than that for bare Au NCs (Ausg:2, Au,,Cdy: 3.3, Auy,:2.2,
Au,,Cdy: 3), indicating that Cd doping will change the ORR
reaction pathway of Au NCs. In addition to Ag/Cd doping, AuPd
alloy NCs show better ORR activity than Au NCs. Yan et al
synthesized GSH-protected AuPd NCs and tuned the structure
and composition with the Pd-to-Au ratio.”® The AuPd NCs are
supported on carbon nanosheets and the protective ligand is
completely removed by calcination. The hybrid composite with
30% metal mass loading and Pd-to-Au ratio of 1:2 exhibits
optimized ORR activity.

Although there is lots of research into Au,(SR),,-related alloy
NCs in electrocatalytic HER, OER, and ORR, the activities are
obtained under different experimental conditions, so it is
difficult to make a deep comparison and develop a general rule

© 2025 The Author(s). Published by the Royal Society of Chemistry
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about the methods needed to achieve high activity. Kumar et al.
systematically investigated the effect of heteroatom species on
the activity of these reactions."” Compared to Cu/Ag doping, Pd-
doped Au NCs show the highest current density in all three
reactions (Fig. 5d-g). Other parameters, such as the number of
constituent atoms or ligand functional groups, are also carefully
evaluated. The results indicate that the decreased number of
constituent atoms and thickness of the ligand layer are helpful
for an improvement in activity in all three reactions.

3.4 Au-based bimetallic NCs in the fuel small-molecule
oxidation reaction

Afuel cell is a chemical device that converts the chemical energy
of a fuel directly into electrical energy. Theoretically, it can
operate at close to 100% thermal efficiency. It exhibits lots of
advantages, such as high economy, low environmental pollu-
tion, high reliability, a wide selection of fuels and easy
construction.””**** Depending on the type of fuel entering at the
anode, different types of fuel cells can be obtained. For example,
a direct ethanol fuel cell (DEFC) is a device that uses ethanol
with its merits of high energy density, low cost and easy storage
as a fuel to perform an anodic oxidation reaction and convert it
into electric energy."**"** Au NCs exhibit excellent performance
in the ethanol oxidation reaction (EOR). Tang et al. reported
alkynyl-protected Au,g(DMPA),, NCs (DMPA = 1-ethynyl-2,4-
dimethylbenzene) synthesized by a direct reduction
method."* Compared to thiol-ligand-protected Auy,g(SR)y, (here
SR = TBBT/CPT, TBBT = 4-tertbutylbenzenethiol, CPT =
cyclopentanethiol) with a similar structure, Au,g(DMPA),,
shows superior EOR mass activity and specific activity. In order
to further improve the EOR activity, commercial Pd and Pt are
introduced into Au NCs as heteroatom dopants. Zhang et al
synthesized surface-clean Pt;Au NCs with a uniform size of
2.1 nm supported on PDDA-functionalized graphene (Pts-
Au@PDDA-G) by a CO reduction method."®” The obtained Pt;Au
NCs not only effectively suppress Ostwald ripening but also
show enhanced EOR activity due to the more efficient removal
of the adsorbed CO-like intermediates based on the synergistic
effect between Pt and Au. Similarly, Cui et al. utilized a wet-
chemical method to synthesize AuPd NCs with an average size
of 1.0 nm supported on amine-functionalized carbon black
(AUPd/CBy_,)."** In EOR, Aug4Pdy¢/CBy_a exhibits 5.25 A
mgaupa - Mass activity and 5.98 mA cmy.pq > specific activity,
which are 9.7 and 3.4 times greater than those of commercial
Pd/C (0.54 A mgpq " and 1.74 mA cmpy ), Tespectively.

In addition, direct formic acid fuel cells (DFAFCs) fueled by
formic acid are considered to be one of the most promising
power sources for portable electronic devices in the future due
to their small size, low toxicity and low penetration of Nafion
membranes.”*>*° Pt is generally considered to be the most
effective catalyst towards the anodic reaction of DFAFCs, formic
acid oxidation (FAO). However, due to its poor resistance to CO
toxicity, its current development faces a bottleneck. Lu et al.
synthesized single-Pt-atom-doped Au,s (Pt;Au,,(SR);g) NCs.™**
Although only one Pt replaces the central Au atom, Pt;Au,,
shows excellent FAO performance with a high mass activity of
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3.7 Amgpuau |, which is 12 and 34 times higher than that of Pt
NCs and commercial Pt/C, respectively. Moreover, the unavail-
ability of adjacent Pt atoms in Pt;Au,, NCs effectively
suppresses the poisoning of CO intermediates, which is re-
flected in the outstanding performance in an accelerated
durability test and CO stripping experiment. On the basis of in
situ electrochemical FTIR observation and thermodynamic and
kinetic calculation, the FAO process on Pt;Au,, is speculated to
be a direct pathway with COOH* as the preferred reactive
intermediate. The introduction of a Pt atom leads to a decreased
HOMO-LUMO gap and higher reactivity, and the original Au
atomic shell plays a CO anti-poisoning role. The synergistic
effect in Pt;Au,4 NCs contributes to the high activity and good
stability.

3.5 Au-based bimetallic NCs in the carbon dioxide reduction
reaction

The catalytic conversion of carbon dioxide is the process of
converting CO, into chemicals, energy products and functional
materials to achieve resource utilization, which has great
significance and application prospects for sustainable devel-
opment. The use of low-grade renewable electricity to reduce
CO,, which can both reduce CO, emissions and “turn waste into
good”, and convert renewable energy into high energy density
fuel storage, is considered a green and promising technique due
to its flexible and sustainable method of conversion.!#*-14¢

At present, the possible main products of CO, electro-
reduction include C; products (e.g., carbon monoxide, formic
acid, methane, methanol) and C,, chemicals (e.g., ethylene,
ethanol, ethane, n-propanol).’** Among the different products
of CO,RR, the conversion of CO, to CO is considered to be one
of the most promising reactions in the chemical industry due to
its technical and economic feasibility.**” Due to the relatively
weak binding of *CO intermediates to Au, Au-based materials
show particularly high selectivity for the formation of CO. It is
believed that alloying or doping can further improve the CO,RR
efficiency of Au NCs by optimizing the electronic structure and
surface geometry. Zhuang et al. employed Au,,(TBBT),s as the
parent NCs and chose Cd>* as the oxidative ions to prepare
Au,,;Cd,(TBBT);; NCs by the anti-galvanic reduction (AGR)
method in a two-phase system.*® The doped Cd atoms are on
the surface and are coordinated by three thiolates. Compared to
Au,(TBBT),g, Auy;Cd,(TBBT);3; shows higher faradaic efficiency
(FE) for CO over a wide potential range from —0.3 V to —0.9 V,
displaying FEco up to 96% at —0.57 V (Fig. 6a). DFT calculations
indicate that introducing Cd atoms results in a change in the
adsorption configuration for the COOH* intermediate. Unlike
Au,,(TBBT),s, the O atom of COOH* prefers to bind with Cd,
leading to the formation of Cd-O-C(OH)-Au and decreased
COOH* formation energy, benefiting the enhancement in
CO,RR activity.

In addition, Li et al. synthesized Cd-surface-modified Au NCs
(Au10Cd,(SR)16, SR = cyclohexanethiolate) by taking Au,;(SR);6
as the template."”® Compared to Au,;, the kernel of Au,;4Cd, is
maintained, except that two surface Au atoms are replaced by
Cd dopants. The introduction of Cd obviously improves the
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selectivity and activity of CO formation. The determination of
active sites is investigated in detail. Compared to the inactivity
of fully ligand-protected NCs, partial ligand detachment is
considered a necessity for high catalytic activity. However, it
needs to be carefully studied which part (-R or -SR) it is
reasonable to remove, and which exposure site (S or Au) is the
real catalytic site. Through DFT calculations, for both NCs,
removing the -R group is considered to be more feasible than
losing the -SR group, and the exposed S site is likely to be the
active center for CO,RR. In contrast, if -SR is removed, the
exposed Au site is more selective for HER than for CO,RR.
Furthermore, for Au;,Cd, NCs, the S active site (Cd-S-Au staple
motif) will undergo a dynamic regeneration process during CO
formation and desorption, contributing to the different *CO
binding mode and leading to the decreased energy for CO
formation (Fig. 6b). At the same time, Sun et al. investigated the
CO,RR activities of Au,s5(SR)s, Au,sCd;(SR)1s, Auy9Cds(SR)qg,
and AuzgCd,(SR)30, and found that Cd doping can selectively
control the cleavage of the Au-S or C-S bond.*™ They reached
a similar conclusion: that is, the exposed open S site obtained
by cleaving the C-S bond is readily bound to CO, and favourable
for CO,RR, while breakage of the Au-S bond leads to the
exposure of the metal site, which is preferable for HER.
Recognition of the real catalytic site in the two studies perfectly
reflects the advantages of atomically precise NCs in revealing
the catalytic mechanism and exploring the relationship
between structure and activity.

In a comparison of CO,RR performance between Pd;Au,,(-
SR);5 and Au,5(SR);3 NCs (R = -CH,CH,Ph), Li et al. found that
Pd;Au,, can greatly improve the CO,RR selectivity, with ~100%
FEco, especially at high potential (up to —1.2 V), while the FE¢o
of Au,; NCs starts to decrease at —0.9 V.*** Theoretical calcu-
lations demonstrate that the surface S atom is the active site,
and Pd;Au,, can increase the thermodynamic barrier for ligand
removal and retain a larger population of S active sites
compared to Au,s, which contributes to the improved CO,RR
selectivity in the extended potential range. As Pd doping can
effectively improve the activity of Au NCs in CO,RR, it is natural
to think of two-element doping to form trimetallic Au-based
NCs. Zhuang et al. utilized the AGR method to synthesize Au;-
AgPds(TBBT);, NCs by introducing a kernel Ag single atom on
the basis of Au,Pd¢(TBBT);,."*> The trimetallic AuzAgPds NCs
show higher CO,RR activity and selectivity than Au,Pds with
a similar structure (Fig. 6¢). The introduction of Ag causes
a significant change in electronic structure, decreases the d-
center, weakens *CO adsorption, and promotes the release of
CO, thereby improving the CO,RR activity. Meanwhile, the
difficulty of *H desorption is increased, suppressing HER and
enhancing CO,RR selectivity. Pd doping can not only enhance
the activity of CO,RR but also shows the ability to change
product type. Cai et al. prepared Au-based NCs (Aug and AugPd,)
confined in a layer of montmorillonite to form NC-based
heterogenous catalysts.” Pd doping can reduce the propen-
sity for structural variation induced by the change in coordi-
nation number of the surface Au site during the reaction,
bringing about multiple benefits to the catalysis. In a traditional
fixed-bed reactor, AugPd, exhibits unique catalytic performance

© 2025 The Author(s). Published by the Royal Society of Chemistry
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in the CO, hydrogenation reaction, changing the product type
from methane to ethane, and improving the catalytic stability as
well (Fig. 6d).

Many reports have also shown that AuAg alloy NCs are
a highly efficient electrocatalyst for CO,RR. Seong et al. devel-
oped an active-site transplantation strategy to synthesize
core—shell AuAg;,@Auy,(SEtPh);3 NCs (SEtPh = 2-phenyl-
ethanethiolate) by replacing the Ag;,(SR);s shell of Ag,s(SR);s
NCs with an Au;,(SR);5 shell.*** Compared to Ag,s(SR);s NCs,
the active-site-engineered AuAg;,@Au;,(SEtPh);s NCs show
significantly improved CO,RR activity with a 200 mA cm >
industry current density and a 2.1 V full-cell potential in a zero-
gap CO,-to-CO electrolyzer. Lin et al prepared AuAg,e(-
SAdm);3S~ (HSAdm = 1-adamantanethiolate) NCs composed of
an AuAg;, icosahedron kernel and an Ag;4(SR):5S open shell.**
Unlike Ag,5(DMT);5s~ (DMT = 2,4-dimethylbenzenethiol) and
Au,;(SAdm),¢ with a closed shell, due to the open shell structure
in AuAg,s(SAdm),sS™, the partial Ag atoms of the AuAg;, kernel
are not protected by thiols, resulting in the exposure of some
facets of the kernel. Therefore, owing to the unique open shell
structure and Au-Ag synergistic effect, AuAg,¢ exhibits lower
*COOH formation free energy and displays increased CO,RR
activity (98.4% FE¢o at —0.97 V), compared to Ag,s and Au,; NCs
(Fig. 7a). Based on the superior CO,RR activity of AuAg alloy

© 2025 The Author(s). Published by the Royal Society of Chemistry

NCs, Li et al. further investigated the effect of the accessibility of
metal sites on the CO,RR performance by systematically
studying a series of alkynyl-protected AuAg NCs (Au,Ags_n(-
C=CR),,Cl4(PPh3),, Au,,Ag,o(C=CR),,Cl,, and Au,3(C=CR),,/
Auy,Ag:(C=CR),,) of similar size and structure but different
surface ligand coverage.'® Among these NCs, Au,;(C=CR),,
and Aug,Ag;(C=CR),, with the highest number of accessible
metal sites exhibit the highest FE¢o (Fig. 7b). Xu et al. utilized
two AuAg alloy NCs (Au,,Ag,o and Auy3Agss) to explore how the
hierarchical assembly influences CO,RR activity."®” There are
some correlations and differences between the two NCs, such as
Auy;3Ag;s maintaining the kernel framework from the parent
Au,4Ag,0 and it can be regarded as a dimeric form of Au,4Ag,0
monomeric NCs; Au,,Ag,, is racemic, while Au,z;Agsg is meso-
meric; Au,4Ag,, exhibits superatomic electronic configurations,
while Au,3Ag;s has molecule-like characteristics. Possibly due
to the different atomic packing structures (individual-core vs.
dual-core) and surface motif arrangement (parallel vs. crossed),
the Au,4Ag,, monomers show better CO,RR activity than
Auy3Agsg dimers.

Cu is considered as a special element for CO,RR due to the
suitable adsorption energy for *CO and *CHxO intermediates;
therefore Cu-doped Au NCs have received a lot of attention.
Deng et al. synthesized [Au;5Cu,(DPPM)sCl,(C=CR),]** NCs

Chem. Sci., 2025, 16, 10642-10664 | 10651
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Fig. 7 (a) Schematic diagram of open shell structure of AuAgye(-
SAdm)1gS™ for enhanced CO,RR activity. Reproduced from ref. 155
with permission from American Chemical Society, copyright 2021. (b)
The metal sites accessible to CO, on the surface of different Au/Ag
NCs. Reproduced from ref. 156 with permission from Royal Chemical
Society, copyright 2023. (c) Schematic diagram of Auis5Cu4-enhanced
CO3RR activity compared to Au;g NCs. Reproduced from ref. 158 with
permission from American Chemical Society, copyright 2023. (d)
Comparison of CO,RR activity of structural analogs of AugCu; and
AugAg; NCs. Reproduced from ref. 160 with permission from Wiley-
VCH, copyright 2024.

(DPPM = bis(diphenylphosphino)methane; HC=CR = 3,5-bis-
(trifluoromethyl)phenylacetylene) via a one-pot method."®
Compared to the monometallic structural analogue, [Ausg(-
DPPM)¢Br,]**, Au;sCu; shows a dramatic enhancement in
CO,RR activity with a high FEo of >90% and an up to industrial
CO partial current density of —413 mA cm > at —3.75 V in
a membrane electrode assembly (MEA) cell (Fig. 7c). The
exposed Au-Cu dual sites synergistically modulate the d-state
shift, contributing to the enhanced catalytic activity. Ding
et al. also explored the Au-Cu synergistic effect on CO,RR
activity.” They found that Au;Cu,, NCs are preferable for the
CO,RR, while Cu,5 NCs tends to progress HER, because AuCu
synergy can effectively suppress HER due to the contracted
electronic distribution. Based on the single Cl-terminated
coordination strategy, Su et al. obtained a pair of structural
analogs, [AugAg;(SAdm),(Dppm);CIJ** and [AugCu;(SAdm),(-
Dppm);CIJ**.* Due to the same overall structure and metal
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doping number and position, the metal doping type effect can
be decoupled from various entangled influencing factors to
elucidate metal synergies solely in terms of atomic differences.
AugCu, shows higher FEqo than AugAg; due to the generation of
thermodynamically more stable *COOH and lower *CO
formation energy (Fig. 7d). The rare structural analogs help us
clearly reveal the impact of single-metal change on the catalytic
performance. Doping a foreign metal atom to form Au-based
alloy NCs can not only regulate the electronic and geometric
structure to enhance catalytic activity but also minimize Au
usage and reduce the catalyst cost when doping with non-
precious metal atoms. Seong et al. developed a highly-efficient
and economic CO,RR catalyst with high mass activity, AuyNi,
NCs, by the transplantation of Au active sites into non-precise
Ni, NCs (Fig. 8a)."** In AuyNi, NCs, the Au atoms are the
active sites, the Ni atoms mainly play the role of a cost reducer,
and thereby the utilization efficiency of the Au atoms is
improved. The TOF and mass activity of AuyNi, NCs for CO,-to-
CO are 206 molgo molyc s~ and 25228 A/ga,, respectively.
For CO,RR, the activation of CO, is critical because it is the
first step in CO, conversion. CO, is a linear molecule with high
stability, resulting in difficulty in its activation.'® Constructing
asymmetric charge distribution sites is an effective way to acti-
vate CO,,'®"'** and our previous review introduced several strat-
egies of symmetry-breaking sites in metal NCs for enhancing
CO,RR activity, including a heteroatom doping induced
strategy.'® For example, Tan et al. synthesized a series of Au,;Cu,
alloy NCs (x = 0-4) with different degrees of symmetry-breaking
on the crystal structure by manipulating Cu atom doping
(Fig. 8b)."** Au,53Cu,, Auy3Cu,, and Au,y3Cu, have Czy symmetry,
Csn symmetry, and Tq symmetry, respectively, while Au;3Cus
exhibits an asymmetric surface structure with 2 three-coordinate

AunCu. (X=0-4)
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Fig. 8 (a) Schematic diagram of active site transplantation from Ni4 to

AugNi>; NCs for enhanced CO,RR. Reproduced from ref. 161 with
permission from American Chemical Society, copyright 2023. (b)
Schematic diagram of the different degrees of symmetry breaking in
AuzCuy (x = 0-4) NCs for different CO,RR performances. Repro-
duced from ref. 166 with permission from Wiley-VCH, copyright 2024.
(c) Electronic structure energy level and (d) comparison of CO,RR
activity of Auszg, PtjAus;, and Pt,Ausg. Reproduced from ref. 167 with
permission from Wiley-VCH, copyright 2022.
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Pt, Pd). Reproduced from ref. 176 with permission from Springer Nature, copyright 2020. (d) Schematic diagram of regulation of intrinsic activity
of MyNis (M = Au, Ag) NCs for NRR. Reproduced from ref. 177 with permission from Wiley-VCH, copyright 2022. (e) Structure of Au,gCus,, (f)
Auag, and (g) Cupg NCs. (h) NH3 yield rate comparison of Au,gCus,, Ausg, and Cu,g NCs. Reproduced from ref. 181 with permission from Royal
Chemical Society, copyright 2024. (i) NHs yield rate of AusRu,/TiO,—0O,, TiO,-0,, AusRu,/TiO,, and TiO, under different sources of light
irradiation. (j) Proposed mechanism for photocatalytic NRR on AusRu,/TiO,—-0,. Reproduced from ref. 182 with permission from Royal Chemical

Society, copyright 2020.

Cu;S; and 1 two-coordinate Cu;S, motifs. With the highest
asymmetry degree of Au,3Cus, the unsaturated Cu,S, site on the
surface more readily coordinates with CO,, promoting CO,
adsorption and CO,RR activity. As a result, Au;3Cu; shows the
highest current density of 70 mA cm ™~ within the Au,;Cu, family
of NCs (Auy5Cu, (x = 1, 2, 4): 40 mA cm 2, and Auyz:15 mA
em™?). In addition, Liu et al obtained identical geometric
structural Pt;Aus;(SR),4 and PtyAuze(SR),4 (SR = 4-tert-butylben-
zyl mercaptan) by the controllable asymmetrical and symmetrical
doping of Pt atoms into parent Auzg(SR),4 NCs.'*” The structure of
Pt;Aug;- is that one Pt atom asymmetrically dopes into one of the
two cores of Ausg, and relative to Ausg, Pt;Aus, displays higher
HOMO energy with the loss of one valence electron. While the
two Pt atoms in Pt,Ause are symmetrically located in the two
cores of Auzg, and Pt,Ause exhibits a narrowed HOMO-LUMO gap
and loses two valence electrons, compared to Auzg (Fig. 8c). The
difference in doping mode causes the modulation of electronic
structure; thereby, Pt;Auz; shows high electron-spin-induced
CO,RR activity, followed by Auzg and Pt,Au;e (Fig. 8d). Besides,
Wang et al. utilized an Fe single atom (SA) site to modify Aug NCs
and integrate SA and NC into one system.'® Due to the intro-
duction of Fe SA, asymmetric charge distributed active sites are
constructed and the key intermediate *COOH adsorption energy
is optimized to benefit an improvement in CO,RR activity,
leading to ~18.07-fold amplification in the FE of CO,to-CO
compared to isolated Aug NCs.

3.6 Au-based bimetallic NCs in the synthetic ammonia
reaction

Ammonia is an important industrial raw material that plays an
important role in the manufacture of fertilizers, dyes, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

pharmaceuticals. In addition, due to its large hydrogen
capacity, high energy density, and ease of transportation,
ammonia is considered a potential carbon-free fuel.***”* The
traditional Haber-Bosch process enables the large-scale
industrial production of ammonia, but its production condi-
tions (400-550 °C, 15-30 MPa) are harsh and are associated with
high energy consumption and CO, emissions."””*’* Using
sustainable electric energy, solar energy and other new energy
sources as the driving force, abundant N, in the atmosphere or
environmentally harmful but highly active nitrogen-containing
species (such as NO, NO, /NO; ") are reduced to synthesize
ammonia under conditions of ambient temperature and pres-
sure, which is considered to have great application
potential.>**7®

Yao et al. firstly synthesized Pt/Pd-doped Au-based NCs
(AusM,(SR)s, M = Pd/Pt) with a precise and controllable size
distribution and metal doping and then removed partial ligands
by thermal treatment to anchor it onto defective graphene to
create a robust supported NC-based catalyst (Fig. 9a).””® DFT
calculations indicate that heteroatom doping plays an essential
role in N, activation via enhanced electron back donation to N,
antibonding m*-orbitals. By precise metal doping, Au,Pd,
shows higher FEyy; and NH; yield at —0.2 V than Au,Pt, in the
electrocatalytic N, reduction reaction (NRR) (Fig. 9b and c).
From the perspective of tuning intrinsic catalytic activity of NCs,
Han et al. introduced non-precise metal Ni with the ability to
suppress HER (the competitive reaction to NRR) to prepare
M,Ni, (M = Au/Ag) NCs."” Compared to monometallic NCs
(Aug, Ags, and Nig), bimetallic M,Ni, (M = Au/Ag) shows better
NRR performance. On the one hand, the superior NRR activity is
attributed to the effective inhibition of HER by the introduction
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of Ni. On the other hand, partial ligand detachment during the
electrochemical process provides exposed active sites to access
more N, reactant and induces reconstruction of the electronic
structure, benefiting the NRR (Fig. 9d).

It has been reported that Cu is considered to be a promising
candidate for electrocatalytic NO;~ reduction (NO3;RR) to
NH;."”® However, Cu is prone to surface poisoning due to
spontaneous oxidative dissolution as well as easy adsorption of
other species in the electrolyte.””*** Tang et al. doped Cu atoms
on the surface of Au,s NCs to form stable AuCu alloy NCs
(Au,gCuy,(SR),4(PPhy), (SR = 2,4-dichlorothiophenol).*®* Due to
the synergistic effect between Au and Cu, the geometric and
electronic structure of Au,gCu,, are tailored to be suitable for
NO;RR. Compared to monometallic Au,g(TBBT),, (TBBT = 4-
tert-butylbenzenethiol) and Cu,g(CHT),5(PPh3); (CHT = cyclo-
hexanethiol), bimetallic Au,gCu;, shows higher NH; production
activity and stability (Fig. 9e-h).

Sun et al. first screened the feasibility of light-driven NRR by
a series of Au,, NCs (n =38, 9, 11, 18, 23, 24, 25, 28, 36, 44)."*> Due
to the physical adsorption of N, on the surface of Au, (the
distance between N, and Au, is longer than 3.2 13), it is impos-
sible for N, to coordinate to Au, for activation. Considering Ru
is a recognized NRR candidate, Ru-doped Au NCs (Au,Ru,(-
PPh;),(SC,H,Ph)g) are synthesized and then loaded onto the
oxygen vacancies of TiO, to form an NC-based heterogeneous
photocatalyst (AusRu,/TiO,-O,) (Fig. 9i). Under light irradia-
tion, both Au,Ru, NCs and TiO, can directly generate e-h pairs
and photoinduced electron transfer from TiO, to AuyRu, NCs.
The introduction of Ru atoms can effectively promote electron
injection to adsorbed N, and then realize N, activation (Fig. 9j).
The supported bimetallic AusRu, NCs displays better photo-
catalytic NRR activity than homogold Au, NCs (Fig. 9i). This
work not only indicates the ability for light harvesting and
photogenerating e-h pairs over NCs with non-metallic or exci-
tonic behavior, but also demonstrates a cooperative effect based
on heteroatom doping.

4. Summary and outlook

Metal NCs not only act as a bridge connecting metal NPs and
SACs in terms of their size aspect, it also compensates for their
shortcomings in catalysis as a unique type of nanomaterial.
First of all, from the perspective of electronic structure, metal
NCs have discrete electronic energy levels unlike metal NPs and
SACs, and therefore, they show distinctive performance in
catalysis. Secondly, compared to metal NPs, the size of the metal
NCs is smaller, their atomic utilization is higher, and the
number of surface unsaturated coordinated active sites is
richer. In addition, the molecule-like high purity and homoge-
neity in size, composition, structure, and surface environment
of atomically precise metal NCs provides the opportunity to
reveal the catalytic mechanism and guide catalyst design at the
atomic level, which is impossible for metal NPs to achieve.
Compared to SACs, metal NCs can effectively exert a synergistic
effect between metal atoms, adjusting the composition,
geometric configuration and electronic structure of the catalyst,
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to realize “1 + 1> 2” enhancement of catalytic activity, selectivity
and stability.

In the metal NC family, Au-based NCs not only exhibit the
advantages of simple synthesis, high yield, and easy function-
alization but also possess the characteristics of high stability
and solubility in various solvents, therefore attracting lots of
attention from catalysis researchers. Unlike previous reviews on
alloy NCs and NC catalysis (either focusing on the controllable
synthesis of NCs or involving general catalytic reactions), this
perspective aims at the unsatisfactory activity and dilemma
about the unclear reaction mechanism facing the energy-related
small-molecule catalytic reaction at the present stage, mainly
summarizing the synergistic effect on an enhancement in
catalytic performance in atomically precise Au-based bimetallic
NCs. From the above summary and discussion, great efforts
have been made in this field, and gratifying developments and
advances have been achieved. Finally, in this section, some of
our own perspectives and insights are put forward, to promote
further development, innovation and breakthroughs in this
field in the future.

(1) The synthesis range of doped metal NCs needs to be
further expanded. It is not limited to bimetallic NCs. At present,
there have been reports on trimetallic alloy NCs. We can learn
from ideas about the preparation of high-entropy alloy NPs,'#'5
to try to synthesize polymetallic alloy NCs, and perhaps some
novel and unexpected phenomena or properties will appear in
the subnanometer region. In addition, as far as synthesis is
concerned, the rapid development of society no longer allows us
to continue to blindly use the “trial and error” approach, which is
too inefficient. We can use the advanced scientific and techno-
logical achievements of computer science, allowing chemistry,
catalysis, computer technology and other interdisciplinary
subjects to cross-fertilise and integrate, use artificial intelligence
to predict the kind of doping, the amount of doping, and the
position of doping for the best catalytic performance, which can
greatly improve preparation efficiency.’*>'*® Additionally, they
can be combined with a high-throughput NC synthesis tech-
nique to quickly prepare multiple types of NCs at one time in
order to quickly screen their catalytic properties.*®”

(2) Considering future practical application scenarios, the
cost-effectiveness of catalysts is an important consideration. It
is necessary to develop non-noble metal clusters, such as tran-
sition metal clusters (iron-based, cobalt-based, nickel-based,
copper-based clusters, etc.). However, due to their inherent
instability (easily reacting with oxygen and water), the synthesis
conditions are relatively harsh, and the purity and yield of the
obtained product are unsatisfactory. Therefore, it is necessary to
choose more suitable protective ligands to stabilize the transi-
tion metal core. In addition, synthesis can also be considered in
an anhydrous and oxygen-free environment in a glove box. The
large-scale preparation of cluster-based catalysts also needs to
be given attention. Currently, chemical synthesis methods are
relatively mature, and there are many types of clusters that can
be prepared by this method, and high-purity and high-yield
products can be obtained through precise control over chem-
ical reaction conditions. However, the synthesis of cluster-based
catalysts is still in the laboratory stage, and there are only a few

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reports in the literature where the yield of one-time synthesis
reaches the gram level."®®* " There is still a long way to go to
achieve industrial-scale preparation. Furthermore, for the
recycling and recovery of clusters after catalytic reaction, one
strategy with the most potential and promise is the construction
of cluster-based composites. Due to the small size of the clus-
ters, a support is required to load them, while avoiding aggre-
gation or mass loss after the reaction. Porous materials are good
candidates due to their abundant and adjustable pores and
channels. If the surface of the material could be modified with
various functional groups, it would be even better because it
could solidly connect with clusters, and various types of surface
groups may also bring about unexpected improvements in
catalytic performance.

(3) For bimetallic NCs, and even for polymetallic NCs that
may be used in the future, the enhancement in their catalytic
performance is mainly attributed to the synergistic effect
between metal atoms, but this statement is very general.
Specifically, it is not particularly clear how the components
affect each other or regulate each other, and how they play
a synergistic role. Do the different metal atoms regulate each
other's electronic structure, jointly affect the adsorption, acti-
vation and desorption behaviour of reaction molecules/
intermediates/product molecules, and then realize synergistic
catalysis? or is it tandem/cascade catalysis? for example, in
CO,RR, in an Au—Cu alloy, the Au site usually plays the role of
converting CO, into CO, and then CO reduction and coupling
continue to occur at the Cu site, achieving efficient tandem/
cascade catalysis.” This is a scientific question worthy of
detailed discussion and careful investigation.

(4) An NC is a complex system involving an inner core of metal
atoms and outer organic ligands, each of which plays a role in
catalysis. In some catalytic cases, it has been found that it is not
only the surface atoms that participate in the catalytic reaction;
even the metal atoms at the center of the metal core also
contribute to catalysis.’*>'*” Additionally, in cases of the Au-Cd
NCs catalysis of CO,RR, the real catalytically active center (the
exposed Au site with -SR detachment, or the exposed S site with -
R removal) has been investigated in detail.**>**® All these inspire
us to make more careful explorations in the future to determine
the real active sites. In addition, for an expansion of types of
energy catalysis, especially those involving multiple reactants and

Table 1 Summary of representative Au-based bimetallic NCs
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steps, it will be meaningful and useful to clarify the real role each
component plays in catalysis to guide catalyst design in the future.

(5) Although most current energy catalytic reactions are still
laboratory-level, the future will certainly tend toward industri-
alization, and there are already some reports about HER, ORR,
CO,RR, etc. at industrial current density at this stage."**"%* As
mentioned above, using NCs alone still faces the problem of
easy aggregation and declining activity. Therefore, in industrial
catalysis, functional supports are needed to load NCs to
strengthen their stability and increase service lifetime. There-
fore, it is necessary to clarify the interface and interaction
between NCs and supports, so as to purposefully select appro-
priate supports and form supported NC-based catalysts with
high activity for target reactions.

Overall, atomically precise bimetallic NCs have unique
advantages in energy-related catalysis not only reflecting their
extraordinary activity but also providing the opportunity to
build structure-activity correlation; therefore, it deserves much
more effort for further in-depth exploration and wide applica-
tion, and the insights and general rules obtained from it that
can be extended to other alloy materials and more types of
catalytic reaction in the future.
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Appendix

Structural characteristic

Doping  Doping Doping
Series NCs name NCg formula Synthesis method type number  position Reference
M, Au; series NCs [(Audppy);AgO](BF.,), Metal-exchange strategy Ag 1 Kernel surface doping 196
M,Au, series NCs AuyNi,(PPh,),S,(PCP), Direct co-reduction Ni 2 Kernel surface doping 197
strategy
Au,Pd,(SR)s, SR = SC,H,Ph Direct co-reduction Pd 2 Kernel surface doping 105
strategy
Pt,AuyLg, L = Cy1H,50, Direct co-reduction Pt 2 Kernel surface doping 198
strategy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 (Contd.)
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Structural characteristic

Doping  Doping Doping
Series NCs name NCg formula Synthesis method type number  position Reference
M,Au, series NCs [AuyCuy(m-CH=Cp-CcH,4R)], Direct co-reduction Cu 4 Kernel surface doping 199
R =H, Cl, CH; strategy
Au,Cd,(2, 4-DMBT),, Cation-assisted strategy Cd 4 Kernel surface doping 200
[Au4Cu,(DPPM),(S-Adm)s]'Br~ Direct co-reduction Cu 4 Kernel surface doping 201
strategy
M,Aus series NCs [AugAg,(C)(Ly)6](BF4)4, L2 = Direct co-reduction Ag 2 Kernel surface doping 202
2-(diphenylphosphino)-5- strategy
pyridinecarboxaldehyde
[AueAg,C(dppy)s)(BF4)4 Direct co-reduction Ag 2 Kernel surface doping 203
strategy
MAu, series NCs Au,Cug(PPh,Py),(S-Adm), Direct co-reduction Cu 6 Kernel surface doping 204
Au,Cug(PPh,Py),(TBM)s strategy
Au,Cug(S-Adm)(P(Ph-OMe)s),, Direct co-reduction Cu 6 Kernel surface doping 205
Au,Cug(S-Adm)g(PPhs),, strategy
Au,Cug(S-Adm)s(P(Ph-F)3),
(M-Au), series NCs [PdAug(PPh;)s]** Direct co-reduction Pd 1 Center doping 206
strategy
AuyAgs(dppm),(S-Adm)e-(BPh,) Direct co-reduction Ag 5 Kernel surface doping 207
strategy
(M-Au),, series NCs Au,Pdy(TBBT),, Direct co-reduction Pd 6 Kernel surface doping 152
strategy
[PdAugH(PPh;)sCl]" Direct co-reduction Pd 1 Center doping 208
strategy
(M-Au),, series NCs [Au;0Ag,(2-py-C= Direct co-reduction Ag 2 Kernel surface doping 209
C)s(dppy)s](BF.)s strategy
[Au,,Cu, (PPhs),(SPy)s]" Direct co-reduction Cu 1 Kernel surface doping 210
strategy
AugCugMBT;,, AugCusPET;, Metal-exchange strategy Cu 6 Kernel surface doping 211
AuCu,4[S,P(0iPr),]¢(C=CPh);Cl  Intercluster reaction Cu 11 Kernel surface doping 212
strategy
(M-Au),; series NCs [AuCu,,(SR)s(C=CPh),]', Direct co-reduction Cu 12 Kernel doping 213
SR = S,P(C,H,Ph), strategy
(M-Au)15 series NCs [Au,Agg(‘BuC=C),,]" Direct co-reduction Ag 8 Kernel surface doping 214
strategy
(M-Au),¢ series NCs [Au,Ago(dppf)3(CF3CO,);BF4]n Direct co-reduction Ag 9 Kernel surface doping, 215
strategy Motif doping
Au,;Cux series NCs [Au,3Cu,(PPh,Py),(SCeH,-tert- Intercluster reaction Cu 4 Motif doping 216
C4Ho)s]" strategy
Au,;3Cuy(PPh,Py);(SePh)y Direct co-reduction Cu 4 Motif doping 217
strategy
[Au;3Cu,(DPPP);(SPy)s]" Direct co-reduction Cu 2 Motif doping 218
strategy
[Au;3Cuy(PPh;)s(SPy)e]” Intercluster reaction Cu 2 Motif doping 216
strategy
(M-Au),, series NCs Au;6Ag,(S-Adm), 5 Direct co-reduction Ag 1 Center doping 219
strategy
Au,Ag;3(DPPM);(SR)o, SR = Direct co-reduction Ag 13 Kernel surface doping, 220
CgH;,S strategy Motif doping
Au,Agy; N3(TBBT)y,, N = Direct co-reduction Ag 16, 17 Kernel doping 221
a counter cation, x = 0, 1 strategy
(M-Au),¢ series NCs Au;5A25(SR);4 SR=SCcH;; Intercluster reaction Ag 3 Kernel surface doping 222
strategy
[Ag.Au;g_(Dppm)eBr,|(BPhy), Metal-exchange strategy Ag 1,2 Kernel surface doping 223
(x=1,2)
(M-Au), series NCs [Au,Cuy,(dppy)s(TBBT)Br, > Direct co-reduction Cu 12 Kernel surface doping 224
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Structural characteristic

Doping  Doping Doping
Series NCs name NCg formula Synthesis method type number  position Reference
(M-Au),; series NCs [Au;9Cd,(SR)16] 7, SR = CeH11S Direct co-reduction Ccd 2 Motif doping 225
strategy
[AugAgy,5(SR)4(dppm)eXs]*, Direct co-reduction Ag 12 Kernel surface doping, 226
SR = S-Adm/S-‘Bu, strategy Motif doping
X = Cl/Br
Au,oAg,(S-Adm), 5 Direct co-reduction Ag 1 All 227
strategy
Au0AZ:(SR);5, AUy AZ:(SR)y5 Direct co-reduction Ag, Cu 0-8 Kernel surface doping/ 228
(x = 4-8), strategy Motif doping
Aty Cuy(SR)s5 (x = 0-5),
SR = SC,H,;,0
(M-Au),; series NCs Au,3.,Cuy(SR);6, SR = SC¢H;,0 Direct co-reduction cd 2 Motif doping 225
strategy
M;Au,, series NCs [Au,4Pd(PPh;);0(SR)5Cl,], Direct co-reduction Pd 1 Center doping 229
SR = SC,H,Ph strategy
Au,,M;(SR);5, SR = SC,Ph/PET Direct co-reduction Hg, Cd, 1 Kernel surface doping/ 230-232
strategy Pt, Pd Center doping
M,,Au, series NCs [Ag24Au(SR),5]” PPh,’, Direct co-reduction Ag 24 Kernel surface doping, 233
SR = SPhMe, strategy Motif doping
[Au;Ag,,(Dppm)s(SR);, >, Direct co-reduction Ag 24 Kernel surface doping, 234
SR = C¢H;,S strategy Motif doping
AuCuy4Hy,(PPh3);s, Direct co-reduction Cu 24 Kernel surface doping 189
AuCuyHyy((p-FPh)3P)n strategy
(M-Au),5 series NCs [Cuy3Au4,(PPh);(SR)sCL ], Direct co-reduction Cu 13 Kernel surface doping 235
SR = PhC,H,S strategy
Au,Ir;(PET) g Intercluster reaction Ir 3 Kernel doping 236
strategy
Pd,Au,;(PPh;),(Br, Direct co-reduction Pd 2 Center doping 237
strategy
(M-Au),; series NCs [Au,Ag,;(C= Direct co-reduction Ag 23 Kernel surface doping, 238
C'Bu);o(dppf)sCl;](PF), strategy Motif doping
Au,5Ag,(SR)1, SR = SC,H,Ph Direct co-reduction Ag 2 Motif doping 239
strategy
(M-Au), series NCs Ags9_xAU,(SR)12(pph)s, SR = Direct co-reduction Ag 24-28 Kernel surface doping, 240
S,CeHe (x = 1-5) strategy Motif doping
[AusAg,,(C=CCeH,- Direct co-reduction Ag 24 Kernel surface doping, 238
P-"Bu);6(dppf)4CL](PFe)s strategy Motif doping
(M-Au);, series NCs Au,4Cug(SPh'Bu),, Intercluster reaction Cu 6 Motif doping 241
strategy
(M-Au);, series NCs [Ag33AuS,(SR);5(CF;COO0)o(DMF),] Direct co-reduction Ag 33 Kernel surface doping, 242
strategy Motif doping
[AuAg;;(BTCA);(C=Cbu’),- Direct co-reduction Ag 33 Kernel surface doping, 243
(tfa),(CH3;0H);]SbF, strategy Motif doping
(M-Au);g series NCs Auzg Cuy(2,4-(CH3)2CeH3S)24 Intercluster reaction Cu 0-6 Motif doping 244
(x =0-6) strategy
M,Au;, series NCs M,AU36(SR)24, SR = SC,H,Ph/ Direct co-reduction Pd, Pt 2 Center doping 245-248
SCe¢Hq3 strategy
(M-Au),, series NCs AuAg;9(TBBM),;(CH3CO0),, Intercluster reaction Ag 39 Kernel surface doping, 249
strategy Motif doping
(M-Au),; series NCs [AuzAg;5(SR),4Xs]* (X = Cl or Br), Direct co-reduction Ag 38 Kernel surface doping, 250
SR = SCH,Ph strategy Motif doping
(M-Au),, series NCs Au3gCd,(DMBT)3, Metal-exchange strategy Cd 4 Kernel surface doping 251
(M-Au),, series NCs AU, @Ss@AZ35(PS),4]”" Direct co-reduction Ag 32 Kernel surface doping 252
strategy
[AU;24Cuz,(SRyz0" ", SR = Direct co-reduction Cu 32 Motif doping 253
SPhCF; strategy
Auy,AZs0(2-SPy)4(PhC=C),,Cl, Direct co-reduction Ag 6 Kernel surface doping 254
strategy
Au,Ag,5(S-Adm),,(BPh,) Direct co-reduction Ag 42 Kernel surface doping, 255

strategy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Doping  Doping Doping
Series NCs name NCg formula Synthesis method type number  position Reference
M3,Au;, series NCs [Au1,Ag5,(FTP)30]" Metal-exchange strategy Ag 32 Kernel surface doping, 256
Motif doping
Au;,Ag3,(SR)30 SR = SPhF/SPhF,/ Direct co-reduction Ag 32 Kernel surface doping, 190
SPhCF; strategy Motif doping
(M-Au),s series NCs AuoAg36(SR),7(PPh3)s, SR = SPhCl, Direct co-reduction Ag 36 Kernel surface doping, 257
strategy Motif doping
(M-Au),g series NCs Au,6AZ2,(TBBT)30 Direct co-reduction Ag 22 Kernel surface doping, 258
strategy Motif doping
(M-Au), series NCs [Au;oCuse(C= Direct co-reduction Cu 30 Kernel surface doping 259
CR),,(Ph;P)sCl,](NO3)3, strategy
RC=C=H;C,S-;—C=CH/
PhC=CH
(M-Au)s, series NCs [Au,Ag,5(S-"Bu),o-(Dppm)eBry] Direct co-reduction Ag 48 Kernel surface doping, 255
Br(BPhy), strategy Motif doping
(M-Au)e, series NCs Auz,Ag,5(PhC=C);, Direct co-reduction Ag 28 Kernel surface doping 260
strategy
(M-Au)s,, series NCs [Ag46AUL4(S'Bu);,](BPhy), Direct co-reduction Ag 46 Kernel doping 261
strategy
(M-Au);4 series NCs [AugpAgso(C=CPh),,Cly]Cl Direct co-reduction Ag 30 Kernel surface doping 262
strategy
Aus;Ags3(C=CPh),(Br;, Direct co-reduction Ag 53 All 263
strategy
(M-Au);,,4 series NCs [Aus,Cu,(p-MBT)55] Cl, Direct co-reduction Cu 72 Kernel doping 264
p-MBT = SPh-p-CH;, strategy
(M-Au); 3, series NCs Au;30_AZ(TBBT)s5 Direct co-reduction Ag 98 All 265
strategy
2 H. Lei, X. Li, J. Meng, H. Zheng, W. Zhang and R. Cao, ACS
Ligand abbreviations Formula Catal., 2019, 9, 4320-4344.
3 F. Li, G.-F. Han and ].-B. Baek, Acc. Chem. Res., 2022, 55,
dppy Cy7H14NP 110-120.
pph CigHy5P . .
dppm CosHyoPs 4 R. Zheng, Z. Liu, Y. Wang, Z. Xie and M. He, Joule, 2022, 6,
S-Adm CioH16S 1148-1159.
2,4-DMBT CgH10S 5 Y. Jiang, H. Fu, Z. Liang, Q. Zhang and Y. Du, Chem. Soc.
TBM CaoHig Rev., 2024, 53, 714-763.
py CsHN 6 J. Zhu, L. Hu, P. Zhao, L. Y. S. Lee and K.-Y. Wong, Chem.
TBBT Cy0H14S
S-tBu C,Hy0S Rev., 2020, 120, 851-918.
dppf C,4H,sFeP, 7 Y. Jiao, Y. Zheng, M. Jaroniec and S. Z. Qiao, Chem. Soc. Rev.,
PET CgH;0S 2015, 44, 2060-2086.
CHM CeHi128 8 T. E. Jones, D. Teschner and S. Piccinin, Chem. Rev., 2024,
SSR CeHeS> 124, 9136-9223.
BTCA CgH1004 . . .
9 H. Ding, H. Liu, W. Chu, C. Wu and Y. Xie, Chem. Rev., 2021,
121, 13174-13212.
10 H.Li, Y. Lin, J. Duan, Q. Wen, Y. Liu and T. Zhai, Chem. Soc.
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We acknowledge the financial support of the Natural Science
research project of Universities in Anhui Province (KJ2021ZD0001),
Natural Science Foundation of Anhui Province (2208085MB20).

Notes and references

1 W. Zhang, W. Lai and R. Cao, Chem. Rev., 2017, 117, 3717-
3797.

10658 | Chem. Sci, 2025, 16, 10642-10664

11 J. Park, T. Kwon, J. Kim, H. Jin, H. Y. Kim, B. Kim, S. H. Joo
and K. Lee, Chem. Soc. Rev., 2018, 47, 8173-8202.

12 C. Hu, R. Paul, Q. Dai and L. Dai, Chem. Soc. Rev., 2021, 50,
11785-11843.

13 X. Yan, Y. Jia and X. Yao, Chem. Soc. Rev., 2018, 47, 7628—
7658.

14 P.-P. Yang and M.-R. Gao, Chem. Soc. Rev., 2023, 52, 4343—
4380.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

15 L. Li, X. Li, Y. Sun and Y. Xie, Chem. Soc. Rev., 2022, 51,
1234-1252.

16 W. Ma, X. He, W. Wang, S. Xie, Q. Zhang and Y. Wang,
Chem. Soc. Rev., 2021, 50, 12897-12914.

17 C. Wang, Z. Lv, W. Yang, X. Feng and B. Wang, Chem. Soc.
Rev., 2023, 52, 1382-1427.

18 G. Qing, R. Ghazfar, S. T. Jackowski, F. Habibzadeh,
M. M. Ashtiani, C.-P. Chen, M. R. Smith III and
T. W. Hamann, Chem. Rev., 2020, 120, 5437-5516.

19 C. Tang and S.-Z. Qiao, Chem. Soc. Rev., 2019, 48, 3166-
3180.

20 H. Xu, Y. Ma, ]J. Chen, W.-x. Zhang and J. Yang, Chem. Soc.
Rev., 2022, 51, 2710-2758.

21 W. Guo, K. Zhang, Z. Liang, R. Zou and Q. Xu, Chem. Soc.
Rev., 2019, 48, 5658-5716.

22 X. Sun, R. B. Araujo, E. C. dos Santos, Y. Sang, H. Liu and
X. Yu, Chem. Soc. Rev., 2024, 53, 7392-7425.

23 C. Wei, S. Sun, D. Mandler, X. Wang, S. Z. Qiao and Z. J. Xu,
Chem. Soc. Rev., 2019, 48, 2518-2534.

24 D.-H. Yang, Y. Tao, X. Ding and B.-H. Han, Chem. Soc. Rev.,
2022, 51, 761-791.

25 S.Ji, Y. Chen, X. Wang, Z. Zhang, D. Wang and Y. Li, Chem.
Rev., 2020, 120, 11900-11955.

26 R. Lang, X. Du, Y. Huang, X. Jiang, Q. Zhang, Y. Guo, K. Liu,
B. Qiao, A. Wang and T. Zhang, Chem. Rev., 2020, 120,
11986-12043.

27 C. Gao, J. Low, R. Long, T. Kong, J. Zhu and Y. Xiong, Chem.
Rev., 2020, 120, 12175-12216.

28 A. Wang, ]J. Li and T. Zhang, Nat. Rev. Chem, 2018, 2, 65-81.

29 Y. Wang, H. Su, Y. He, L. Li, S. Zhu, H. Shen, P. Xie, X. Fu,
G. Zhou, C. Feng, D. Zhao, F. Xiao, X. Zhu, Y. Zeng, M. Shao,
S. Chen, G. Wu, J. Zeng and C. Wang, Chem. Rev., 2020, 120,
12217-12314.

30 Q. Yao, M. Zhu, Z. Yang, X. Song, X. Yuan, Z. Zhang, W. Hu
and J. Xie, Nat. Rev. Mater., 2025, 10, 89-108.

31 S. Maity, S. Kolay, S. Chakraborty, A. Devi, Rashi and
A. Patra, Chem. Soc. Rev., 2025, 54, 1785-1844.

32 C. Dong, Y. Li, D. Cheng, M. Zhang, J. Liu, Y.-G. Wang,
D. Xiao and D. Ma, ACS Catal., 2020, 10, 11011-11045.

33 J. Shi, Chem. Rev., 2013, 113, 2139-2181.

34 Y. Li, Y. Li, H. Sun, L. Gao, X. Jin, Y. Li, Z. Lv, L. Xu, W. Liu
and X. Sun, Nano-Micro Lett., 2024, 16, 139.

35 C.S. Day, R. J. Somerville and R. Martin, Nat. Catal., 2021, 4,
124-133.

36 R. Jin, C. Zeng, M. Zhou and Y. Chen, Chem. Rev., 2016, 116,
10346-10413.

37 Q. Yao, T. Chen, X. Yuan and J. Xie, Acc. Chem. Res., 2018,
51, 1338-1348.

38 I. Chakraborty and T. Pradeep, Chem. Rev., 2017, 117, 8208-
8271.

39 Q. Yao, Z. Wu, Z. Liuy, Y. Lin, X. Yuan and ]. Xie, Chem. Sci.,
2021, 12, 99-127.

40 L. Liu and A. Corma, Chem. Rev., 2018, 118, 4981-5079.

41 Q. Tang, G. Hu, V. Fung and D.-e. Jiang, Acc. Chem. Res.,
2018, 51, 2793-2802.

42 Y. Guo, M. Wang, Q. Zhu, D. Xiao and D. Ma, Nat. Catal.,
2022, 5, 766-776.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

43 L. Liu and A. Corma, Chem. Rev., 2023, 123, 4855-4933.

44 C.-C. Hou, H.-F. Wang, C. Li and Q. Xu, Energy Environ. Sci.,
2020, 13, 1658-1693.

45 H. Shen, Q. Wu, M. S. Asre Hazer, X. Tang, Y.-Z. Han, R. Qin,
C. Ma, S. Malola, B. K. Teo, H. Hikkinen and N. Zheng,
Chem, 2022, 8, 2380-2392.

46 X. Cai, G. Saranya, K. Shen, M. Chen, R. Si, W. Ding and
Y. Zhu, Angew. Chem., Int. Ed., 2019, 58, 9964-9968.

47 C. Dong, R.-W. Huang, A. Sagadevan, P. Yuan, L. Gutiérrez-
Arzaluz, A. Ghosh, S. Nematulloev, B. Alamer,
O. F. Mohammed, I. Hussain, M. Rueping and
O. M. Bakr, Angew. Chem., Int. Ed., 2023, 62, €202307140.

48 Y. Du, H. Sheng, D. Astruc and M. Zhu, Chem. Rev., 2020,
120, 526-622.

49 X. Cai, H. Wang, Y. Tian, W. Ding and Y. Zhu, ACS Catal.,
2024, 14, 11918-11930.

50 G.J. Hutchings, J. Catal., 1985, 96, 292-295.

51 M. Sankar, Q. He, R. V. Engel, M. A. Sainna, A. J. Logsdail,
A. Roldan, D. J. Willock, N. Agarwal, C. J. Kiely and
G. J. Hutchings, Chem. Rev., 2020, 120, 3890-3938.

52 Z.-J. Guan, J.-J. Li, F. Hu and Q.-M. Wang, Angew. Chem., Int.
Ed., 2022, 61, €202209725.

53 T. Higaki, Y. Li, S. Zhao, Q. Li, S. Li, X.-S. Du, S. Yang,
J. Chai and R. Jin, Angew. Chem., Int. Ed., 2019, 58, 8291-
8302.

54 J. Zhao and R. Jin, Nano Today, 2018, 18, 86-102.

55 X. Du and R. Jin, ACS Nano, 2019, 13, 7383-7387.

56 X.-K. Wan, J.-Q. Wang, Z.-A. Nan and Q.-M. Wang, Sci. Adv.,
3, e1701823.

57 Q. Shi, Z. Qin, S. Sharma and G. Li, Chem. Rec., 2021, 21,
879-892.

58 X. Cai, G. Li, W. Hu and Y. Zhu, ACS Catal., 2022, 12, 10638—
10653.

59 K. Xiao, Y. Xue, B. Yang and L. Zhao, CCS Chem., 2021, 3,
555-565.

60 W.-D. Tian, W.-D. Si, S. Havenridge, C. Zhang, Z. Wang,
C. M. Aikens, C.-H. Tung and D. Sun, Sci. Bull., 2024, 69,
40-48.

61 W.-D. Si, Y.-Z. Li, S.-S. Zhang, S. Wang, L. Feng,
Z.-Y. Gao, C.-H. Tung and D. Sun, ACS Nano, 2021, 15,
16019-16029.

62 W. D. Si, C. Zhang, M. Zhou, Z. Wang, L. Feng, C. H. Tung
and D. Sun, Sci. Adv., 2024, 10, eadm6928.

63 W. Si, C. Zhang, M. Zhou, W. Tian, Z. Wang, Q. Hu, K. Song,
L. Feng, X. Q. Huang and Z. Y. Gao, Sci. Adv., 2023, 9,
eadg3587.

64 X. Kang, H. Chong and M. Zhu, Nanoscale, 2018, 10, 10758-
10834.

65 R. Jin, G. Li, S. Sharma, Y. Li and X. Du, Chem. Rev., 2021,
121, 567-648.

66 H.Yan, H. Xiang, J. Liu, R. Cheng, Y. Ye, Y. Han and C. Yao,
Small, 2022, 18, 2200812.

67 X. Liu, X. Cai and Y. Zhu, Acc. Chem. Res., 2023, 56, 1528—
1538.

68 G.X. Pei, L. Zhang and X. Sun, Coord. Chem. Rev., 2024, 506,
215692.

Chem. Sci., 2025, 16, 10642-10664 | 10659


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

69 X. Kang, Y. Li, M. Zhu and R. Jin, Chem. Soc. Rev., 2020, 49,
6443-6514.

70 M. Zhu, E. Lanni, N. Garg, M. E. Bier and R. Jin, J. Am. Chem.
Soc., 2008, 130, 1138-1139.

71 J. Fang, B. Zhang, Q. Yao, Y. Yang, J. Xie and N. Yan, Coord.
Chem. Rev., 2016, 322, 1-29.

72 Y. Negishi, T. Iwai and M. Ide, Chem. Commun., 2010, 46,
4713-4715.

73 J.-P. Choi, C. A. Fields-Zinna, R. L. Stiles,
R. Balasubramanian, A. D. Douglas, M. C. Crowe and
R. W. Murray, J. Phys. Chem. C, 2010, 114, 15890-15896.

74 Z. Gan, N. Xia and Z. Wu, Acc. Chem. Res., 2018, 51, 2774—
2783.

75 Z. Wu, Angew. Chem., Int. Ed., 2012, 51, 2934-2938.

76 N. Xia and Z. Wu, J. Mater. Chem. C, 2016, 4, 4125-4128.

77 S. Wang, Q. Li, X. Kang and M. Zhu, Acc. Chem. Res., 2018,
51, 2784-2792.

78 S. Wang, Y. Song, S. Jin, X. Liu, J. Zhang, Y. Pei, X. Meng,
M. Chen, P. Li and M. Zhu, J. Am. Chem. Soc., 2015, 137,
4018-4021.

79 K. R. Krishnadas, A. Ghosh, A. Baksi, I. Chakraborty,
G. Natarajan and T. Pradeep, J. Am. Chem. Soc., 2016, 138,
140-148.

80 X. Zhu, L. Chen, Y. Liu and Z. Tang, Polyoxometalates, 2023,
2, 9140031.

81 Q. Pang, X. Fan, K. Sun, K. Xiang, L. Dong, S. Zhao,
Y. D. Kim, B. Li, Q. Liu, Z. Liu and Z. Peng, J. Mater.
Chem. A, 2023, 11, 14451-14468.

82 S. Lu and T. Zhang, Chem Catal., 2022, 2, 1505-1509.

83 H. Li and G. Li, J. Mater. Chem. A, 2023, 11, 9383-9400.

84 Z. W. Seh, J. Kibsgaard, C. F. Dickens, I. Chorkendorff,
J. K. Nerskov and T. F. Jaramillo, Science, 2017, 355,
eaad4998.

85 K. Motegi, T. Nakajima, K. Hirao and L. Seijo, J. Chem. Phys.,
2001, 114, 6000-6006.

86 D. V. Dao, T. T. D. Nguyen, P. Uthirakumar, Y.-H. Cho,
G.-C. Kim, J.-K. Yang, D.-T. Tran, T. D. Le, H. Choi,
H. Y. Kim, Y.-T. Yu and L.-H. Lee, Appl. Catal., B, 2021,
286, 119947.

87 K. Kwak, W. Choi, Q. Tang, M. Kim, Y. Lee, D.-e. Jiang and
D. Lee, Nat. Commun., 2017, 8, 14723.

88 M. A. Tofanelli and C. J. Ackerson, J. Am. Chem. Soc., 2012,
134, 16937-16940.

89 M. Walter, J. Akola, O. Lopez-Acevedo, P. D. Jadzinsky,
G. Calero, C. ]J. Ackerson, R. L. Whetten, H. Gronbeck and
H. Hikkinen, Proc. Natl. Acad. Sci. U.S.A., 2008, 105, 9157-
9162.

90 K. Kwak, Q. Tang, M. Kim, D.-e. Jiang and D. Lee, J. Am.
Chem. Soc., 2015, 137, 10833-10840.

91 S. C. Marinescu, J. R. Winkler and H. B. Gray, Proc. Natl.
Acad. Sci. U.S.A., 2012, 109, 15127-15131.

92 G. A. N. Felton, R. S. Glass, D. L. Lichtenberger and
D. H. Evans, Inorg. Chem., 2006, 45, 9181-9184.

93 W. Lubitz, H. Ogata, O. Riidiger and E. Reijerse, Chem. Rev.,
2014, 114, 4081-4148.

94 F. A. Armstrong and G. S. Wilson, Electrochim. Acta, 2000,
45, 2623-2645.

10660 | Chem. Sci, 2025, 16, 10642-10664

View Article Online

Perspective

95 S. S. Kumar, K. Kwak and D. Lee, Anal. Chem., 2011, 83,
3244-3247.

96 M. L. Helm, M. P. Stewart, R. M. Bullock, M. R. DuBois and
D. L. DuBois, Science, 2011, 333, 863-866.

97 P. Zhang, M. Wang, Y. Yang, T. Yao and L. Sun, Angew.
Chem., Int. Ed., 2014, 53, 13803-13807.

98 X. Hu, B. S. Brunschwig and ]. C. Peters, J. Am. Chem. Soc.,
2007, 129, 8988-8998.

99 F. Sun, L. Qin, Z. Tang and Q. Tang, Chem. Sci., 2024, 15,
16142-16155.

100 W. Choi, G. Hu, K. Kwak, M. Kim, D.-e. Jiang, J.-P. Choi
and D. Lee, ACS Appl. Mater. Interfaces, 2018, 10, 44645—
44653.

101 M. Sera, S. Hossain, S. Yoshikawa, K. Takemae, A. Ikeda,
T. Tanaka, T. Kosaka, Y. Niihori, T. Kawawaki and
Y. Negishi, J. Am. Chem. Soc., 2024, 146, 29684-29693.

102 Y. Li, S. Li, A. V. Nagarajan, Z. Liu, S. Nevins, Y. Song,
G. Mpourmpakis and R. Jin, J. Am. Chem. Soc., 2021, 143,
11102-11108.

103 Y. Du, J. Xiang, K. Ni, Y. Yun, G. Sun, X. Yuan, H. Sheng,
Y. Zhu and M. Zhu, Inorg. Chem. Front., 2018, 5, 2948~
2954.

104 A. Devi, H. Minhas, L. Sahoo, Rashi, S. Gratious, A. Das,
S. Mandal, B. Pathak and A. Patra, Nanoscale, 2024, 16,
1758-1769.

105 Y-K. Lv, Y. Han, K. Wang, W.Y. Sun, C.-X. Du,
R.-W. Huang, P. Peng and S.-Q. Zang, ACS Nano, 2024, 18,
32186-32195.

106 Y. Du, C. Li, Y. Dai, H. Yin and M. Zhu, Nanoscale Horiz.,
2024, 9, 1262-1278.

107 M. S. Bootharaju, C. W. Lee, G. Deng, H. Kim, K. Lee, S. Lee,
H. Chang, S. Lee, Y.-E. Sung, J. S. Yoo, N. Zheng and
T. Hyeon, Adv. Mater., 2023, 35, 2207765.

108 Y. Liu, Z. Li, X.-H. Liu, N. Pinna and Y. Wang, Nanoscale
Horiz., 2023, 8, 1435-1439,

109 W. Kurashige, R. Hayashi, K. Wakamatsu, Y. Kataoka,
S. Hossain, A. Iwase, A. Kudo, S. Yamazoe and Y. Negishi,
ACS Appl. Energy Mater., 2019, 2, 4175-4187.

110 K. Zhang and R. Zou, Small, 2021, 17, 2100129.

111 Y.-C. Zhang, C. Han, J. Gao, L. Pan, J. Wu, X.-D. Zhu and
J.-J. Zou, ACS Catal., 2021, 11, 12485-12509.

112 X. Liu, Y. Tang, L. Chen, L. Wang, Y. Liu and Z. Tang, Int. J.
Hydrogen Energy, 2024, 53, 300-307.

113 Y. Sun, J. Luo, M. Zhang, J. Li, J. Yu, S. Lu, W. Song, Y. Wei,
Z.Liand J. Liu, ACS Appl. Mater. Interfaces, 2023, 15, 10696~
10708.

114 P. Su, B. Tang and F.-X. Xiao, Small, 2024, 20, 2307619.

115 Z. Ma, Z. P. Cano, A. Yu, Z. Chen, G. Jiang, X. Fu, L. Yang,
T. Wu, Z. Bai and J. Lu, Angew. Chem., Int. Ed., 2020, 59,
18334-18348.

116 Y. Yuan, Q. Zhang, L. Yang, L. Wang, W. Shi, P. Liu, R. Gao,
L. Zheng, Z. Chen and Z. Bai, Adv. Funct. Mater., 2022, 32,
2206081.

117 S. Siahrostami, A. Verdaguer-Casadevall, M. Karamad,
D. Deiana, P. Malacrida, B. Wickman, M. Escudero-
Escribano, E. A. Paoli, R. Frydendal, T. W. Hansen,

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

I. Chorkendorff, I. E. L. Stephens and J. Rossmeisl, Nat.
Mater., 2013, 12, 1137-1143.

118 T. Murayama and I. Yamanaka, J. Phys. Chem. C, 2011, 115,
5792-5799.

119 Q. Chang, P. Zhang, A. H. B. Mostaghimi, X. Zhao,
S. R. Denny, J. H. Lee, H. Gao, Y. Zhang, H. L. Xin,
S. Siahrostami, J. G. Chen and Z. Chen, Nat. Commun.,
2020, 11, 2178.

120 J. A. van Bokhoven and J. T. Miller, J. Phys. Chem. C, 2007,
111, 9245-9249.

121 N. S. Phala and E. Van Steen, Gold Bull., 2007, 40, 150-153.

122 W. Chen and S. Chen, Angew. Chem., Int. Ed., 2009, 48,
4386-4389.

123 L. Wang, Z. Tang, W. Yan, H. Yang, Q. Wang and S. Chen,
ACS Appl. Mater. Interfaces, 2016, 8, 20635-20641.

124 X. Zou, S. He, X. Kang, S. Chen, H. Yu, S. Jin, D. Astruc and
M. Zhu, Chem. Sci., 2021, 12, 3660-3667.

125 L. Xu, Q. Li, T. Li, J. Chai, S. Yang and M. Zhu, Inorg. Chem.
Front., 2021, 8, 4820-4827.

126 W. Yan, Z. Tang, L. Wang, Q. Wang, H. Yang and S. Chen,
Int. J. Hydrogen Energy, 2017, 42, 218-227.

127 B. Kumar, T. Kawawaki, N. Shimizu, Y. Imai, D. Suzuki,
S. Hossain, L. V. Nair and Y. Negishi, Nanoscale, 2020, 12,
9969-9979.

128 J. Wang, B. Zhang, W. Guo, L. Wang, J. Chen, H. Pan and
W. Sun, Adv. Mater., 2023, 35, 2211099.

129 Y. Zuo, W. Sheng, W. Tao and Z. Li, J. Mater. Sci. Technol.,
2022, 114, 29-41.

130 M. A. Ud Din, M. Idrees, S. Jamil, S. Irfan, G. Nazir,
M. A. Mudassir, M. S. Saleem, S. Batool, N. Cheng and
R. Saidur, J. Energy Chem., 2023, 77, 499-513.

131 T. Yang, S. Hou, J. Xing, C. Liu, J. Ge and W. Xing, Nano Res.,
2023, 16, 3607-3621.

132 A. Han, Z. Zhang, ]J. Yang, D. Wang and Y. Li, Small, 2021,
17, 2004500.

133 J. Bai, D. Liu, J. Yang and Y. Chen, ChemSusChem, 2019, 12,
2117-2132.

134 ]J. Chang, G. Wang, X. Chang, Z. Yang, H. Wang, B. Li,
W. Zhang, L. Kovarik, Y. Du, N. Orlovskaya, B. Xu,
G. Wang and Y. Yang, Nat. Commun., 2023, 14, 1346.

135 J. Chang, G. Wang, C. Li, Y. He, Y. Zhu, W. Zhang, M. Sajid,
A. Kara, M. Gu and Y. Yang, joule, 2023, 7, 587-602.

136 S. Tang, H. Liu, T. Song, X. Cai, X. Liu, W. Ding and Y. Zhu,
Catal. Sci. Technol., 2023, 13, 5821-5824.

137 L. Y. Zhang, Y. Gong, H. Liu, W. Yuan and Z. Liu,
Electrochem. Commun., 2017, 84, 1-5.

138 Y. Cui, M. Zhao, Y. Zou, J. Zhang, J. Han, Z. Wang and
Q. Jiang, J. Energy Chem., 2022, 68, 556-563.

139 J. Li, Natl. Sci. Rev., 2020, 7, 1762.

140 Y. Zhou, Y. Yang, X. Zhu, T. Zhang, D.-d. Ye, R. Chen and
Q. Liao, Adv. Funct. Mater., 2022, 32, 2201872.

141 Y. Lu, C. Zhang, X. Li, A. R. Frojd, W. Xing, A. Z. Clayborne
and W. Chen, Nano Energy, 2018, 50, 316-322.

142 Y. Y. Birdja, E. Pérez-Gallent, M. C. Figueiredo, A. J. Gottle,
F. Calle-Vallejo and M. T. M. Koper, Nat. Energy, 2019, 4,
732-745.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

143 A.D. Handoko, F. Wei, Jenndy, B. S. Yeo and Z. W. Seh, Nat.
Catal., 2018, 1, 922-934.

144 M. B. Ross, P. De Luna, Y. Li, C.-T. Dinh, D. Kim, P. Yang
and E. H. Sargent, Nat. Catal., 2019, 2, 648-658.

145 S. Nitopi, E. Bertheussen, S. B. Scott, X. Liu, A. K. Engstfeld,
S. Horch, B. Seger, I. E. L. Stephens, K. Chan, C. Hahn,
J- K. Norskov, T. F. Jaramillo and 1. Chorkendorff, Chem.
Rev., 2019, 119, 7610-7672.

146 L. Wang, W. Chen, D. Zhang, Y. Du, R. Amal, S. Qiao, J. Wu
and Z. Yin, Chem. Soc. Rev., 2019, 48, 5310-5349.

147 S. Jin, Z. Hao, K. Zhang, Z. Yan and ]J. Chen, Angew. Chem.,
Int. Ed., 2021, 60, 20627-20648.

148 S. Zhuang, D. Chen, L. Liao, Y. Zhao, N. Xia, W. Zhang,
C. Wang, J. Yang and Z. Wu, Angew. Chem., Int. Ed., 2020,
59, 3073-3077.

149 S. Li, A. V. Nagarajan, D. R. Alfonso, M. Sun,
D. R. Kauffman, G. Mpourmpakis and R. Jin, Angew.
Chem., Int. Ed., 2021, 60, 6351-6356.

150 Y. Sun, X. Liu, K. Xiao, Y. Zhu and M. Chen, ACS Catal.,
2021, 11, 11551-11560.

151 S. Li, D. Alfonso, A. V. Nagarajan, S. D. House, J. C. Yang,
D. R. Kauffman, G. Mpourmpakis and R. Jin, ACS Catal.,
2020, 10, 12011-12016.

152 S. Zhuang, D. Chen, W. Fan, J. Yuan, L. Liao, Y. Zhao, J. Li,
H. Deng, J. Yang, J. Yang and Z. Wu, Nano Lett., 2022, 22,
7144-7150.

153 X. Cai, X. Sui, J. Xu, A. Tang, X. Liu, M. Chen and Y. Zhu,
CCS Chem., 2021, 3, 408-420.

154 H. Seong, M. Choi, S. Park, H.-w. Kim, J. Kim, W. Kim,
J. S. Yoo and D. Lee, ACS Energy Lett., 2022, 7, 4177-4184.

155 X. Lin, W. Ma, K. Sun, B. Sun, X. Fu, X. Ren, C. Liu and
J. Huang, J. Phys. Chem. Lett., 2021, 12, 552-557.

156 Y. Li, G. J. Stec, A. E. Thorarinsdottir, R. D. McGillicuddy,
S.-L. Zheng and J. A. Mason, Chem. Sci., 2023, 14, 12283-
12291.

157 J. Xu, L. Xiong, X. Cai, S. Tang, A. Tang, X. Liu, Y. Pei and
Y. Zhu, Chem. Sci., 2022, 13, 2778-2782.

158 G. Deng, H. Yun, M. S. Bootharaju, F. Sun, K. Lee, X. Liu,
S. Yoo, Q. Tang, Y. J. Hwang and T. Hyeon, J. Am. Chem.
Soc., 2023, 145, 27407-27414.

159 M. Ding, L. Tang, X. Ma, C. Song and S. Wang, Commun.
Chem., 2022, 5, 172.

160 S. Su, Y. Zhou, L. Xiong, S. Jin, Y. Du and M. Zhu, Angew.
Chem., Int. Ed., 2024, 63, 202404629,

161 H. Seong, Y. Jo, V. Efremov, Y. Kim, S. Park, S. M. Han,
K. Chang, J. Park, W. Choi, W. Kim, C. H. Choi, J. S. Yoo
and D. Lee, J. Am. Chem. Soc., 2023, 145, 2152-2160.

162 Y. Wu, Q. Hu, Q. Chen, X. Jiao and Y. Xie, Acc. Chem. Res.,
2023, 56, 2500-2513.

163 H. Li, J. Zhao, L. Luo, J. Du and ]. Zeng, Acc. Chem. Res.,
2021, 54, 1454-1464.

164 L. Huang, R. Lu, W. Zhang, Y. Fan, Y. Du, K. Ni, Y. Zhu and
M. Zhu, Angew. Chem., Int. Ed., 2024, 63, €202412964.

165 Y. Du, P. Wang, Y. Fang and M. Zhu, ChemSusChem, 2024,
€202402085.

Chem. Sci., 2025, 16, 10642-10664 | 10661


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

166 Y. Tan, G. Sun, T. Jiang, D. Liu, Q. Li, S. Yang, J. Chai,
S. Gao, H. Yu and M. Zhu, Angew. Chem., Int. Ed., 2024,
63, €202317471.

167 X. Liu, E. Wang, M. Zhou, Y. Wan, Y. Zhang, H. Liu, Y. Zhao,
J. Li, Y. Gao and Y. Zhu, Angew. Chem., Int. Ed., 2022, 61,
€202207685.

168 Y.-M. Wang, F.-Q. Yan, Q.-Y. Wang, C.-X. Du, L.-Y. Wang,
B. Li, S. Wang and S.-Q. Zang, Nat. Commun., 2024, 15,
1843.

169 J. Mu, X.-W. Gao, T. Yu, L.-K. Zhao, W.-B. Luo, H. Yang,
Z.-M. Liu, Z. Sun, Q.-F. Gu and F. Li, Adv. Sci., 2024, 11,
2308979.

170 H. Liu, L. Bai, A. Bergmann, B. R. Cuenya and J. Luo, Chem,
2024, 10, 2963-2986.

171 Y. Yao, J. Wang, U. B. Shahid, M. Gu, H. Wang, H. Li and
M. Shao, Electrochem. Energy Rev., 2020, 3, 239-270.

172 Z. Huang, M. Rafiq, A. R. Woldu, Q.-X. Tong, D. Astruc and
L. Hu, Coord. Chem. Rev., 2023, 478, 214981.

173 S. Kment, A. Bakandritsos, I. Tantis, H. Kmentova, Y. Zuo,
O. Henrotte, A. Naldoni, M. Otyepka, R. S. Varma and
R. Zbotil, Chem. Rev., 2024, 124, 11767-11847.

174 Y. Shi, Z. Zhao, D. Yang, J. Tan, X. Xin, Y. Liu and Z. Jiang,
Chem. Soc. Rev., 2023, 52, 6938-6956.

175 L. Collado, A. H. Pizarro, M. Barawi, M. Garcia-Tecedor,
M. Liras and V. A. de la Pena O'Shea, Chem. Soc. Rev.,
2024, 53, 11334-11389.

176 C. Yao, N. Guo, S. Xi, C.-Q. Xu, W. Liu, X. Zhao, J. Li,
H. Fang, J. Su, Z. Chen, H. Yan, Z. Qiu, P. Lyu, C. Chen,
H. Xu, X. Peng, X. Li, B. Liu, C. Su, S. J. Pennycook,
C.-J. Sun, J. Li, C. Zhang, Y. Du and ]. Lu, Nat. Commun.,
2020, 11, 4389.

177 M. Han, M. Guo, Y. Yun, Y. Xu, H. Sheng, Y. Chen, Y. Du,
K. Ni, Y. Zhu and M. Zhu, Adv. Funct. Mater., 2022, 32,
2202820.

178 Y.-M. Wang, J. Cai, Q.-Y. Wang, Y. Li, Z. Han, S. Li,
C.-H. Gong, S. Wang, S.-Q. Zang and T. C. W. Mak, Angew.
Chem., Int. Ed., 2022, 61, €202114538.

179 D. P. Butcher and A. A. Gewirth, Nano Energy, 2016, 29, 457—
465.

180 D. Reyter, D. Bélanger and L. Roué, Electrochim. Acta, 2008,
53, 5977-5984.

181 S. Tang, T. Song, X. Cai, W. Ding and Y. Zhu, Chem.
Commun., 2024, 60, 7785-7788.

182 Y. Sun, W. Pei, M. Xie, S. Xu, S. Zhou, J. Zhao, K. Xiao and
Y. Zhu, Chem. Sci., 2020, 11, 2440-2447.

183 J.-T. Ren, L. Chen, H.-Y. Wang and Z.-Y. Yuan, Chem. Soc.
Rev., 2023, 52, 8319-8373.

184 E. P. George, D. Raabe and R. O. Ritchie, Nat. Rev. Mater.,
2019, 4, 515-534.

185 M. Suvarna and J. Pérez-Ramirez, Nat. Catal., 2024, 7, 624~
635.

186 J. Benavides-Hernandez and F. Dumeignil, ACS Catal.,
2024, 14, 11749-11779.

187 J. K. Emmanuel, Bull. Natl. Res., 2024, 48, 24.

188 G.-G. Luo, Z.-H. Pan, B.-L. Han, G.-L. Dong, C.-L. Deng,
M. Azam, Y.-W. Tao, J. He, C.-F. Sun and D. Sun, Angew.
Chem., Int. Ed., 2023, 62, €202306849.

10662 | Chem. Sci, 2025, 16, 10642-10664

View Article Online

Perspective

189 A. Chen, X. Kang, S. Jin, W. Du, S. Wang and M. Zhu, J. Phys.
Chem. Lett., 2019, 10, 6124-6128.

190 H. Yang, Y. Wang, H. Huang, L. Gell, L. Lehtovaara,
S. Malola, H. Hikkinen and N. Zheng, Nat. Commun.,
2013, 4, 2422.

191 R.-L. He, F. Hu, Z.-J. Guan and Q.-M. Wang, Angew. Chem.,
Int. Ed., 2024, 63, €202410827.

192 B. Cao, F.-Z. Li and ]J. Gu, ACS Catal., 2022, 12, 9735-9752.

193 H. Q. Fu, M. Zhou, P. F. Liu, P. Liu, H. Yin, K. Z. Sun,
H. G. Yang, M. Al-Mamun, P. Hu, H.-F. Wang and
H. Zhao, J. Am. Chem. Soc., 2022, 144, 6028-6039.

194 Y. Chen, C. Zhen, Y. Chen, H. Zhao, Y. Wang, Z. Yue,
Q. Wang, J. Li, M. D. Gu, Q. Cheng and H. Yang, Angew.
Chem., Int. Ed., 2024, 63, €202407163.

195 S. Yan, C. Peng, C. Yang, Y. Chen, J. Zhang, A. Guan, X. Lv,
H. Wang, Z. Wang, T.-K. Sham, Q. Han and G. Zheng,
Angew. Chem., Int. Ed., 2021, 60, 25741-25745.

196 J. Ni, C. Zhong, L. Li, M. Su, X. Wang, J. Sun, S. Chen,
C. Duan, C. Han and H. Xu, Angew. Chem., Int. Ed., 2022,
61, €202213826.

197 C.-B. Tao, ]J.-Q. Fan, W. Fei, Y. Zhao and M.-B. Li, Nanoscale,
2023, 15, 109-113.

198 Y. Hua, J.-H. Huang, Z.-H. Shao, X.-M. Luo, Z.-Y. Wang,
J.-Q. Liu, X. Zhao, X. Chen and S.-Q. Zang, Adv. Mater.,
2022, 34, 2203734.

199 Y. Fang, K. Bao, P. Zhang, H. Sheng, Y. Yun, S.-X. Hu,
D. Astruc and M. Zhu, J. Am. Chem. Soc., 2021, 143, 1768~
1772.

200 H.Xiang, H. Yan, J. Liu, R. Cheng, C.-Q. Xu, J. Li and C. Yao,
J. Am. Chem. Soc., 2022, 144, 14248-14257.

201 W. Yu, D. Hu, L. Xiong, Y. Li, X. Kang, S. Chen, S. Wang,
Y. Pei and M. Zhu, Part. Part. Syst. Char., 2019, 36,
1800494.

202 Y. Yang, X.-L. Pei and Q.-M. Wang, . Am. Chem. Soc., 2013,
135, 16184-16191.

203 M. Chen, Z. Lei, W. Feng, C. Li, Q.-M. Wang and F. Li,
Biomaterials, 2013, 34, 4284-4295.

204 X. Kang, S. Wang, Y. Song, S. Jin, G. Sun, H. Yu and M. Zhu,
Angew. Chem., Int. Ed., 2016, 55, 3611-3614.

205 X. Kang, X. Li, H. Yu, Y. Lv, G. Sun, Y. Li, S. Wang and
M. Zhu, RSC Adv., 2017, 7, 28606-28609.

206 S. Yamazoe, S. Matsuo, S. Muramatsu, S. Takano, K. Nitta
and T. Tsukuda, Inorg. Chem., 2017, 56, 8319-8325.

207 S. Jin, W. Liu, D. Hu, X. Zou, X. Kang, W. Du, S. Chen,
S. Wei, S. Wang and M. Zhu, Chem.-Eur. J., 2018, 24,
3712-3715.

208 S. Takano, H. Hirai, S. Muramatsu and T. Tsukuda, J. Am.
Chem. Soc., 2018, 140, 12314-12317.

209 Z. Lei, Z.J. Guan, X.-L. Pei, S.-F. Yuan, X.-K. Wan,
J.-Y. Zhang and Q.-M. Wang, Chem.-Eur. J., 2016, 22,
11156-11160.

210 H. Wu, Y.-G. Fang, R. Anumula, G. N. Andrew, G. Cui,
W. Fang, Z. Luo and ]. Yao, Nanoscale, 2021, 13, 5300~
5306.

211 A. Tang, X. Cai, Y. Liu, J. Hou, X. Liu, M. Chen and Y. Zhu,
Aggregate, 2023, 4, €304.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

212 R. P. B. Silalahi, Q. Wang, J.-H. Liao, T.-H. Chiu, Y.-Y. Wu,
X. Wang, S. Kahlal, J.-Y. Saillard and C. W. Liu, Angew.
Chem., Int. Ed., 2022, 61, €202113266.

213 L. Huang, X. Liu, J. Zhou, H.-h. Zou and D. Wen, Inorg.
Chem., 2021, 60, 14-18.

214 X. Ma, L. Xiong, L. Qin, Y. Tang, G. Ma, Y. Pei and Z. Tang,
Chem. Sci., 2021, 12, 12819-12826.

215 Z.-R. Wen, Z.-J. Guan, Y. Zhang, Y.-M. Lin and Q.-M. Wang,
Chem. Commun., 2019, 55, 12992-12995.

216 H. Yang, Y. Wang, J. Lei, L. Shi, X. Wu, V. Méikinen, S. Lin,
Z. Tang, J. He, H. Hikkinen, L. Zheng and N. Zheng, J. Am.
Chem. Soc., 2013, 135, 9568-9571.

217 Y. Song, Y. Lv, M. Zhou, T.-Y. Luo, S. Zhao, N. L. Rosi, H. Yu,
M. Zhu and R. Jin, Nanoscale, 2018, 10, 12093-12099.

218 G. Deng, S. Malola, J. Yan, Y. Han, P. Yuan, C. Zhao,
X. Yuan, S. Lin, Z. Tang, B. K. Teo, H. Hiakkinen and
N. Zheng, Angew. Chem., Int. Ed., 2018, 57, 3421-3425.

219 X. Kang, L. Xiong, S. Wang, Y. Pei and M. Zhu, Inorg. Chem.,
2018, 57, 335-342.

220 T. Chen, S. Yang, J. Chai, Y. Song, J. Fan, B. Rao, H. Sheng,
H. Yu and M. Zhu, Sci. Adv., 2017, 3, e1700956.

221 B. E. Conn, A. Atnagulov, B. Yoon, R. N. Barnett,
U. Landman and T. P. Bigioni, Sci. Adv., 2016, 2, €1601609.

222 J. Xiang, P. Li, Y. Song, X. Liu, H. Chong, S. Jin, Y. Pei,
X. Yuan and M. Zhu, Nanoscale, 2015, 7, 18278-18283.

223 S. Jin, W. Du, S. Wang, X. Kang, M. Chen, D. Hu, S. Chen,
X. Zou, G. Sun and M. Zhu, Inorg. Chem., 2017, 56, 11151~
11159.

224 Y. Song, S. Weng, H. Li, H. Yu and M. Zhu, Inorg. Chem.,
2019, 58, 7136-7140.

225 Q. Li, K. J. Lambright, M. G. Taylor, K. Kirschbaum,
T.-Y. Luo, J. Zhao, G. Mpourmpakis, S. Mokashi-Punekar,
N. L. Rosi and R. Jin, J. Am. Chem. Soc., 2017, 139, 17779-
17782.

226 S. Jin, F. Xu, W. Du, X. Kang, S. Chen, J. Zhang, X. Li, D. Hu,
S. Wang and M. Zhu, Inorg. Chem., 2018, 57, 5114-5119.

227 Y. Li, T.-Y. Luo, M. Zhou, Y. Song, N. L. Rosi and R. Jin, J.
Am. Chem. Soc., 2018, 140, 14235-14243.

228 S. Yang, J. Chai, Y. Song, J. Fan, T. Chen, S. Wang, H. Yu,
X. Li and M. Zhu, J. Am. Chem. Soc., 2017, 139, 5668—
5671.

229 L. V. Nair, S. Hossain, S. Takagi, Y. Imai, G. Hu,
S. Wakayama, B. Kumar, W. Kurashige, D.-e. Jiang and
Y. Negishi, Nanoscale, 2018, 10, 18969-18979.

230 W. Fei, S. Antonello, T. Dainese, A. Dolmella, M. Lahtinen,
K. Rissanen, A. Venzo and F. Maran, J. Am. Chem. Soc., 2019,
141, 16033-16045.

231 C.Yao, Y.qj. Lin, J. Yuan, L. Liao, M. Zhu, L.-h. Weng, J. Yang
and Z. Wu, J. Am. Chem. Soc., 2015, 137, 15350-15353.

232 Z.Liu, M. Zhou, L. Luo, Y. Wang, E. Kahng and R. Jin, J. Am.
Chem. Soc., 2023, 145, 19969-19981.

233 M. S. Bootharaju, C. P. Joshi, M. R. Parida,
O. F. Mohammed and O. M. Bakr, Angew. Chem., Int. Ed.,
2016, 55, 922-926.

234 Y. Li, M. Zhou, S. Jin, L. Xiong, Q. Yuan, W. Du, Y. Pei,
S. Wang and M. Zhu, Chem. Commun., 2019, 55, 6457-6460.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Chemical Science

235 S. Yang, J. Chai, T. Chen, B. Rao, Y. Pan, H. Yu and M. Zhu,
Inorg. Chem., 2017, 56, 1771-1774.

236 S. Bhat, A. Baksi, S. K. Mudedla, G. Natarajan,
V. Subramanian and T. Pradeep, J. Phys. Chem. Lett.,
2017, 8, 2787-2793.

237 X. Kang, J. Xiang, Y. Lv, W. Du, H. Yu, S. Wang and M. Zhu,
Chem. Mater., 2017, 29, 6856-6862.

238 Y. Du, Z.-]. Guan, Z.-R. Wen, Y.-M. Lin and Q.-M. Wang,
Chem.—Eur. J., 2018, 24, 16029-16035.

239 C. Yao, J. Chen, M.-B. Li, L. Liu, J. Yang and Z. Wu, Nano
Lett., 2015, 15, 1281-1287.

240 G. Soldan, M. A. Aljuhani, M. S. Bootharaju,
L. G. AbdulHalim, M. R. Parida, A.-H. Emwas,
O. F. Mohammed and O. M. Bakr, Angew. Chem., Int. Ed.,
2016, 55, 5749-5753.

241 ]. Chai, S. Yang, Y. Lv, H. Chong, H. Yu and M. Zhu, Angew.
Chem., Int. Ed., 2019, 58, 15671-15674.

242 X.-J. Xi, J.-S. Yang, J.-Y. Wang, X.-Y. Dong and S.-Q. Zang,
Nanoscale, 2018, 10, 21013-21018.

243 Z.-]J. Guan, F. Hu, S.-F. Yuan, Z.-A. Nan, Y.-M. Lin and
Q.-M. Wang, Chem. Sci., 2019, 10, 3360-3365.

244 J. Chai, Y. Lv, S. Yang, Y. Song, X. Zan, Q. Li, H. Yu, M. Wu
and M. Zhu, J. Phys. Chem. C, 2017, 121, 21665-21669.

245 M. Kim, Q. Tang, A. V. Narendra Kumar, K. Kwak, W. Choi,
D.-e. Jiang and D. Lee, J. Phys. Chem. Lett., 2018, 9, 982-989.

246 Y. Negishi, K. Igarashi, K. Munakata, W. Ohgake and
K. Nobusada, Chem. Commun., 2012, 48, 660—662.

247 N. Barrabés, B. Zhang and T. Biirgi, . Am. Chem. Soc., 2014,
136, 14361-14364.

248 B. Zhang, S. Kaziz, H. Li, D. Wodka, S. Malola, O. Safonova,
M. Nachtegaal, C. Mazet, I. Dolamic, J. Llorca, E. Kalenius,
L. M. Lawson Daku, H. Hakkinen, T. Biirgi and N. Barrabés,
Nanoscale, 2015, 7, 17012-17019.

249 W. Du, X. Kang, S. Jin, D. Liu, S. Wang and M. Zhu, Inorg.
Chem., 2020, 59, 1675-1681.

250 Z. Wang, R. Senanayake, C. M. Aikens, W.-M. Chen,
C.-H. Tung and D. Sun, Nanoscale, 2016, 8, 18905-18911.

251 X. Liu, G. Yao, X. Cheng, J. Xu, X. Cai, W. Hu, W. W. Xu,
C. Zhang and Y. Zhu, Chem. Sci., 2021, 12, 3290-3294.

252 Y.-J.Kong, J.-H. Hu, X.-Y. Dong, Y. Si, Z.-Y. Wang, X.-M. Luo,
H.-R. Li, Z. Chen, S.-Q. Zang and T. C. W. Mak, J. Am. Chem.
Soc., 2022, 144, 19739-19747.

253 H. Yang, Y. Wang, J. Yan, X. Chen, X. Zhang, H. Hakkinen
and N. Zheng, J. Am. Chem. Soc., 2014, 136, 7197-7200.

254 Y. Wang, H. Su, C. Xu, G. Li, L. Gell, S. Lin, Z. Tang,
H. Hikkinen and N. Zheng, J. Am. Chem. Soc., 2015, 137,
4324-4327.

255 S.Jin, X. Zou, L. Xiong, W. Du, S. Wang, Y. Pei and M. Zhu,
Angew. Chem., Int. Ed., 2018, 57, 16768-16772.

256 K. R. Krishnadas, A. Baksi, A. Ghosh, G. Natarajan and
T. Pradeep, ACS Nano, 2017, 11, 6015-6023.

257 L. Huang, J. Yan, L. Ren, B. K. Teo and N. Zheng, Dalton
Trans., 2017, 46, 1757-1760.

258 H. Li, Y. Song, Y. Lv, Y. Yun, X. Lv, H. Yu and M. Zhu, Inorg.
Chem., 2019, 58, 1724-1727.

Chem. Sci., 2025, 16, 10642-10664 | 10663


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

Open Access Article. Published on 30 April 2025. Downloaded on 2/1/2026 6:53:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Chemical Science

259 X.-K. Wan, X.-L. Cheng, Q. Tang, Y.-Z. Han, G. Hu,
D.-e. Jiang and Q.-M. Wang, J. Am. Chem. Soc., 2017, 139,
9451-9454.

260 Y. Wang, X.-K. Wan, L. Ren, H. Su, G. Li, S. Malola, S. Lin,
Z.Tang, H. Hikkinen, B. K. Teo, Q.-M. Wang and N. Zheng,
J. Am. Chem. Soc., 2016, 138, 3278-3281.

261 S. Wang, S. Jin, S. Yang, S. Chen, Y. Song, J. Zhang and
M. Zhu, Sci. Adv., 2015, 1, e1500441.

10664 | Chem. Sci, 2025, 16, 10642-10664

View Article Online

Perspective

262 J.-L. Zeng, Z.-J. Guan, Y. Du, Z.-A. Nan, Y.-M. Lin and
Q.-M. Wang, J. Am. Chem. Soc., 2016, 138, 7848-7851.

263 Z.-J. Guan, J.-L. Zeng, S.-F. Yuan, F. Hu, Y.-M. Lin and
Q.-M. Wang, Angew. Chem., Int. Ed., 2018, 57, 5703-5707.

264 Y. Song, Y. Li, H. Li, F. Ke, J. Xiang, C. Zhou, P. Li, M. Zhu
and R. Jin, Nat. Commun., 2020, 11, 478.

265 T. Higaki, C. Liu, D. J. Morris, G. He, T.-Y. Luo, M. Y. Sfeir,
P. Zhang, N. L. Rosi and R. Jin, Angew. Chem., Int. Ed., 2019,
58, 18798-18802.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc01108f

	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis

	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis
	Synergistic effects of atomically precise Au-based bimetallic nanocluster on energy-related small molecule catalysis


