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Atomically precise metal nanoclusters as catalysts for
electrocatalytic CO, reduction

Electrochemical carbon dioxide (CO,) reduction can be

used to convert CO, into various compounds at room
temperature and ambient pressure using electricity
generated from renewable energy sources. In recent years,
metal nanoclusters, which are metal particles with a size

of approximately 1 nm, have been reported to be capable

of electrochemical CO, reduction with high activity and
selectivity. This review summarizes the synthesis methods of
atomically precise metal nanoclusters and their application in
electrochemical CO; reduction.
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Electrochemical carbon dioxide (CO,) reduction can be used to convert CO, into various compounds at
room temperature and ambient pressure using electricity generated from renewable energy sources. This
technology is indispensable in establishing an environmentally responsible and sustainable society.
However, further improvements in the activity and selectivity require the development of electrocatalysts
that can directly serve as the actual reaction sites. In recent years, metal nanoclusters, which are metal
particles with a size of approximately 1 nm, have been reported to be capable of electrochemical CO,
reduction with high activity and selectivity, owing to their unique geometric/electronic structure. This
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review summarizes the synthesis methods of atomically precise metal nanoclusters and their application
in electrochemical CO, reduction. We expect that this review will help clarify the current status of these
studies and further accelerate the research on highly active and selective CO, reduction catalysts using
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1. Introduction
1.1 Atomically precise metal nanoclusters as catalysts

Among nano-sized materials, an aggregate of metal atoms with
a size of approximately 1 nm is called a metal nanocluster
(NC).'® Metal NCs have different physical/chemical pro-
perties than bulk metals and relatively larger (>5 nm) metal
nanoparticles (NPs), which are attributed to quantum size
effects (Fig. 1A).>°' Furthermore, the properties and func-
tions of NCs show a remarkable dependence on the number of
constituent atoms, unlike metal NPs.*>® Therefore, if the
number of constituent atoms can be precisely controlled in the
metal NCs, it is possible to create a wide variety of properties
and functions with the difference of a single atom. It has
become possible not only to control the size of metal NCs but
also to control heterometal doping®””® and geometric
structures®*™? at the atomic level. Thus, metal NCs are
expected to be applied as key components in next-generation
materials. In particular, for metal NCs protected by ligands,
unlike gas-phase generated clusters, their geometric structures
have been revealed by single-crystal X-ray diffraction (SC-XRD),
and the combination of density functional theory (DFT) calcu-
lations and SC-XRD can reveal the electronic structure of metal
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NCs and their origin. Because of these characteristics, metal
NCs have attracted significant attention in the development of
materials based on luminescence control**™*” and chiral
control,***° environmental fields,>*>* energy
harvesting,”"*>° and biological sensor’>®*®! and catalytic
reactions.®>®* Metal NCs are highly active catalysts because of
their unique geometric/electronic structure and small size.
Moreover, theoretical calculations of the adsorption/desorp-
tion energies of reacting molecules based on the geometric
structure obtained by SC-XRD can help elucidate the mecha-
nisms of various reactions.

The studies on metal NCs began after the 1950s, with
efforts to synthesize metal NCs consisting of group 8-10
elements and ligands such as phosphine, halogen (X), and
carbon monoxide (CO).*® In 1994, Brust and Schiffrin et al.
reported the synthesis of thiolate (SR)-protected gold (Au) NCs
(Au,(SR),,,).°® Because these NCs have extremely high thermal
and chemical stability owing to the strong bonding between
Au and sulfur (S), and can be synthesized by simply mixing
reagents under atmospheric conditions, research on Au,(SR),,
increased dramatically after 2000. At that time, Au,(SR),, could
only be treated as a mixture with a distribution in the number
of constituent atoms; however, with the establishment of
highly resolved separation techniques by Whetten et al. and
Murray et al., the chemical composition of Au,(SR),, could be
highly controlled.®””* In 2005, Tsukuda and Negishi were the
first to systematically separate Au,(SR),, with a well-defined
chemical composition.”””7> In 2007, Kornberg et al deter-
mined the geometric structure of Aujg,(p-MBA)y, (p-MBA:
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4-mercaptobenzoic acid) by SC-XRD,”® and since then, the
chemical compositions and geometric structures have been
determined for several Au,(SR),. In addition, SR-protected
silver (Ag) and copper (Cu) NCs have been synthesized in
numerous studies, and the research has been extended to
metal NCs capped by other ligands (Fig. 1B).

1.2 Electrochemical carbon dioxide reduction

Recently, interest in carbon dioxide (CO,) reduction using elec-
trocatalysts has been growing. In 1967, Manabe presented a
“coupled atmosphere-ocean model” showing that CO, has a
significant impact on long-term climate change, which bol-
stered global efforts to reduce CO, emissions.”* In 2015, the
Paris Agreement was adopted to solve the global warming
problem, and “achieving carbon neutrality” is now a long-term
goal shared among numerous countries.”> Herein, carbon
neutral means the reduction of the total greenhouse gases,
including CO,, to net zero. To achieve this, various efforts are
being actively pursued worldwide. In particular, the transform-
ation of CO, into useful organic compounds by reduction has
been demonstrated as a promising method for directly
decreasing CO, emissions.”>”””

The most notable CO, reduction reaction (CRR) is the
Sabatier reaction (methanation), in which hydrogen (H,) and
CO, are converted to methane (CH,) and water under high
temperature and high pressure using a metal catalyst. This
method has been used for industrially synthesizing methane
since its discovery by Sabatier and Senderens in 1902.”%7°
Additionally, the reverse water gas shift reaction that pro-
duces CO and water (H,O) from CO, and H, is often used in
industry. However, the current system produces H, from
fossil fuels, such as natural gas reforming or coal gasifica-
tion, which emit a large amount of CO, during the pro-
duction process. Alternatively, if CO, can be directly reduced
by electrochemical reduction using water as an electron and
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proton source and electricity derived from renewable energy
sources, then CO, can be directly converted into other
organic compounds without using H, derived from fossil
fuels (Fig. 1C). Electrochemical CRR is becoming easier to
industrialize because it is possible to divert the water-electro-
lysis hydrogen-production technology currently under
development.”>®°

Research on electrochemical CRRs began in the 1950s.5' In
1985, Hori et al. quantitatively analyzed the amount of liquid-
and gas-phase products produced by electrolytic reduction,
which corresponded to the amount of applied electricity (i.e.,
performed with a Faraday efficiency (FE) of 100%).%?
Furthermore, their study revealed that the products differed
depending on the metal electrodes:**%° (1) nickel (Ni), iron
(Fe), platinum (Pt), and titanium (Ti) produce H,; (2) lead (Pb),
mercury (Hg), thallium (Tl), indium (In), tin (Sn), cadmium
(Cd), and bismuth (Bi) primarily produce formic acid
(HCOOH); (3) Au, Ag, zinc (Zn), palladium (Pd), and gallium
(Ga) mainly produce CO; and (4) Cu produces various hydro-
carbons, aldehydes, and alcohols. For these metal catalysts,
increases in specific surface area, crystal facet control, alloying,
and support interactions for CRR catalysts have been investi-
gated, along with advances in nanotechnology, since the
2000s.*7%° Thereby, overvoltage suppression and improve-
ments in product selectivity and durability have been achieved.
However, further improvements in the activity, selectivity, and
durability are required, and research in this area remains
active. In this review, we discuss the use of atomically precise
metal NCs for electrochemical CRRs. Therefore, readers inter-
ested in studying electrochemical CRRs using nanomaterials
other than metal NCs (metal NPs,**"** single atoms,”®™®” and
molecular catalysts®®™°°) are invited to read the review articles
that describe them in detail. Gas-phase generated clusters are
excluded from this review because there are few reports on
CO, reduction.
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1.3 Purpose and contents of this review

Metal NCs have significant potential not only for use as
various thermal catalysts®"*>**'%" and photocatalysts'®>**
but also as electrocatalysts, particularly in hydrogen
evolution reactions (HER),''®*'** oxygen evolution reactions

(OER),"?*"?*"126 oxygen reduction reactions (ORR),>®'2%1277134
135-137 In

101,115-117

and alcohol and HCOOH oxidation reactions.
addition, the application of metal NCs as electrochemical
CRR catalysts">>>7 1371151387150 hag been widely studied.
However, CRR activity is often evaluated on accidentally syn-
thesized metal NCs, and there are not many examples of
metal NCs synthesized based on standard design principles.
The reason for this is the lack of deep understanding
regarding the synthetic methods and geometric/electronic
structures of metal NCs and their resulting correlation with
CRR activity. In this review, we summarize the synthesis
methods and geometric/electronic structures of metal NCs,
and the representative studies on electrochemical CRRs
using these materials. Furthermore, on the basis of this
knowledge, we discuss (1) the synthesis and geometric/elec-
tronic structure of metal NCs as high-performance CRR cata-
lysts, (2) the appropriate experimental conditions (e.g,
support and metal NCs) for the application of high-perform-
ance CRR catalysts, and (3) the CRR mechanism of the
metal NC catalysts. Through these discussions, we hope to
promote the establishment of clear guidelines for the
design of metal NCs that are suitable for electrochemical
CRRs, thereby enhancing the development of metal NCs
and electrochemical CRR catalysis.

In section 2, we first describe the synthesis methods and
geometric/electronic structures of the predominant metal NCs
that have been applied to CO, reduction in previous studies,
categorized by the metal species. Then, in section 3, we
discuss the catalytic activities of metal NCs in electrochemical
CRRs and their mechanisms. In section 4, we summarize the
conclusions of this review, and in section 5, we briefly describe
the outlook for the future.
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2. Synthesis of atomically precise
metal nanoclusters

Metal NCs have high surface energy owing to their small size
and can easily aggregate or degrade in air if not specially
handled. Thus, metal NCs are often protected using organic
ligands, which facilitates handling and modification.
Furthermore, by controlling the ligands, metal species, and
reaction rates, metal NCs with various numbers of constituent
atoms, chemical compositions, and structures can be syn-
thesized. In this section, we describe the synthesis of mainly
Au, Ag, and Cu NCs, among those applied to electrochemical
CRRs, which have relatively high stability and can be syn-
thesized with atomic precision, as well as the effects of ligands
and alloying. Multiple reviews have focused on the synthesis of
metal NCs, and thus readers who would like to know more
details should refer to those articles.**>°

2.1 Synthesis of gold nanocluster

Au,(SR),, have relatively high stability and more examples have
been reported at an early stage, compared with SR-protected
Ag and Cu NCs.%®7113L152 Ay (SR),, also possess useful
physicochemical properties such as photoexcited lumine-
scence, thermocatalysis, electrocatalysis, and magnetism, and
many studies have reported on their application in electro-
chemical CRRs. In this section, we describe the synthesis of
Au NCs, particularly those protected by SR, phosphine, alkynyl
(C=CR), and N-heterocyclic carbene (NHC).

2.1.1 Thiolate-protected gold 25 nanoclusters. Among
Au,(SR),,,, one of the most widely studied is Au,5(PET);5 (PET =
2-phenylethanethiolate). There are two common synthetic
methods: (i) two-phase synthesis and (ii) in situ single-phase
synthesis.'* In the two-phase synthesis, tetrachloroauric(m)
acid (HAuCl,-3H,0) dissolved in water is mixed with tetraocty-
lammonium bromide (TOAB) dissolved in toluene to induce a
phase transition, and then cooled to 0 °C and 2-phenyletha-
nethiol is added while slowly stirring to reduce Au(i) to Au(i).
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Fig. 1 Schematic of this review. A next-generation energy system based on electrocatalytic CO, reduction reaction using metal-cluster catalysts. (A)
Size dependences of metals for electronic structure; (B) kinds of metal clusters and each parameter for electrocatalytic CO, reduction reaction; and
(C) a flow reaction system for electrocatalytic CO, reduction using electricity from renewable energy source.

Next, sodium borohydride (NaBH,) is added, and Au,s(PET);g
is obtained by washing/separation.'>® For the in situ single-
phase synthesis, HAuCl;-3H,0 and TOAB are dissolved in
tetrahydrofuran (THF) and 2-phenylethanethiol, NaBH, is
added, and Au,5(PET)y; is obtained by washing/separation.'*
These methods can produce Au,s(PET);s in relatively high
yields. The highly stable Au,s;(PET);s is essentially Au,(SR),,
with an entire —1 valence of ionic charge ([Auys(PET)ig]7).
However, it is also possible to synthesize neutral or +1 valent
Au,s(PET);3 with the same chemical composition
([Auys(PET),5]° and [Au,s(PET)5]", respectively).>>"” Notably,
there are some differences in their geometric structures. The
basic Au,s(PET);g structure consists of an icosahedral Au 13
core surrounded by six SR-Au-SR-Au-SR staples with quasi-
octahedral symmetry (Au-S staples) protecting the structure
(Fig. 2A)."*®"° The Au-S staple structure is distorted with
regard to the o, symmetry plane in [Au,s5(PET),5]”, whereas the
staples are aligned with the o symmetry plane in

This journal is © The Royal Society of Chemistry 2024

[Au,s(PET) 5]° (Fig. 2B). This might be caused by the presence
or absence of counter ions and might be one of the reasons
why metal NCs exhibit different properties depending on their
valence, even if they have the same chemical composition. In
addition, there are differences in the electronic structures of
[Auys(PET) 5[ (z = =1, 0, +1) (Fig. 2C). [Au,s5(PET)g]” is an
8-electron system corresponding to a noble gas-like 1S*1P°
superatomic electron configuration, whereas [Au,s(PET)s]°
and [Au,s(PET);5]" have 1S°1P° and 1S*1P* electron configur-
ations, respectively. This significantly affects their optical
absorption spectra,'?”1%161

Owing to its relatively stable electronic/geometric structure,
Au,5(SR);5 can be synthesized with a variety of SR ligands
(including hydrophilic SR ligands). For example, in 2016, Li
and Jin et al. synthesized 1-naphthalenethiolate (SNap)-pro-
tected Au,s5(SNap);g using a two-step method. First, they syn-
thesized hexanethiolate (SCe¢Hi3)-protected Au,s5(SCeHis)is,
then dissolved it in toluene and reacted with naphthalene

Green Chem., 2024, 26,122-163 | 125
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thiol to synthesize Au,s(SNap)s.'®> For the structure of
Au,5(SNap),g, the SC-XRD results revealed that Au,(SNap); is
coordinated as a staple around an icosahedral Au,; core.

-—
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Fig. 2 (A) (a) Ausz core and (b) Au-S staple structure of [Auys(PET)1g]™.

(B) Comparison of the crystal structures of (a, c) [Auys(PET)1g]~ and (b, d)
[Aus(PET)15]°. Both Aups(PET)is in (A) and (B) are capped by 18 PET
ligands (for clarity C and H atoms are omitted); for [Auas(PET)gl~, the
counterion is tetraoctylammonium (TOA*; only N (in blue) is shown for
clarity). (C) The optical absorption spectra of [Au,s(PET):g]~ (blue profile)
and [Au,s(PET)4gl° (red profile) in solution. (B) and (C) are reproduced
with permission from ref. 156. Copyright 2008 American Chemical
Society.
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Many studies have attempted to alloy Au,s(SR);s because of
its high stability."®® As a result, many metals, such as
Ag,164—167 Cu’168—173 Pt’174—177 Pd’175,178—181 Hg’182,183 Cd’183—185
and Ir,"®® can be doped into Au,s(SR)s. In 2015, Jiang and Lee
et al. reported the synthesis of MAu,,(SCsH;3)15 (M = Pd or Pt)
using HAuCl,;-3H,0 and hydrogen hexachloroplatinate(iv)
(H,PtCls-6H,0) or Na,PdCl,-6H,O as precursors, and their
electronic  structures elucidated  (Fig. 3Aa).'®
[MAU,4(SCeH13)15]° has a 6-electron superatomic configuration
(18*1P*), whereas [MAu,4(SC¢Hy3)15]>~ has an 8-electron

were
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Fig. 3 (A) (a) Cartoon depicting Jahn—Teller-like distortion in the core
(e.g., PdAuy,) predicted for the 6-electron [PdAu24(SR)15]° (left), which
undergoes a structural change to nearly spherical 8-electron
[PdAU,4(SR)1]>~ upon reduction (right). The vertical compression for
[PdAUL4(SR)15]° (left) is exaggerated. (b) UV/Vis/NIR absorption spectra
of AU25(SC6H13)18 (black), PdAU24(SC5H13)1g (red), and PtAU24(SC5H13)1g
(blue) in trichloroethylene. (B) (a) Total crystal structures and (b) UV/Vis
absorption spectra of Au,s(PET)1g, Auz4Cdy(PET) g, Au;9Cds(S-tol)sg, and
AuzgCd4(d-MBT)30. Au, green; Cd, red; S, yellow; C, gray. H atoms are
omitted for clarity. (C) (a) Schematic of active-site engineering and
crystal structure of the [Ag,Au,s_,(PET)1g] ™. (b) UV/vis absorption spectra
of the [Agzs(sPhMEZ)lgli, [AUZS(PET)18]7 and [AgXAU25,X(PET)18]7 x =
10-15) in dichloromethane. (A) is reproduced with permission from ref.
187. Copyright 2015 American Chemical Society. (B) is reproduced with
permission from ref. 188. Copyright 2021 American Chemical Society.
(C) is reproduced with permission from ref. 190. Copyright 2022
American Chemical Society.

This journal is © The Royal Society of Chemistry 2024
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superatomic configuration (1S*1P°), which is similar to the
trend observed in [Au,s(PET)gf (z = —1, 0, +1). Furthermore,
the Jahn-Teller-like distortion of [MAu,4(SCeH13)15]° results in
1P orbital splitting, which causes strong absorption in the
near-infrared region (Fig. 3Ab). These results agree well with
the predicted optical absorption spectra from simulations.

Especially among Au,(SR),, applied in CRRs, Cd doping
supports high activation. In this case, [Au,s(PET);g]” is dis-
solved in CH;CN, and Cd(NO;), is added and stirred/extracted
to synthesize Au,,Cd;(PET);g in which one Au atom is replaced
by a Cd atom (Fig. 3Ba). Significant differences can be
observed in the electronic structure after doping (Fig. 3Bb). In
addition, by dissolving Au,,Cd,(PET);z in toluene as a precur-
sor, mixing it with different SR ligands, and adding methanol
and stirring, a ligand exchange reaction can be used to syn-
thesize Au,,Cd;(TBBT);s (TBBT = 4-tert-butylbenzenethiolate)
and Au,,Cd,(d-MBT);s (d-MBT = 3,5-dimethylbenzenthiolate)
from Au,,Cd,(PET),s."®® Similarly, Cd-doped Au,,(SR),,, such as
Au;9Cd;(S-tol);g and AuzgCdy(d-MBT);, (S-tol = p-toluenethio-
late), can be synthesized using Au,5(PET);g and Auy,(d-MBT),
as precursors, respectively.'®® In the case of Au,4Cd;(PET)ys,
Cd atoms are substituted for Au atoms on the surface of the
Au,; core, but for Au;9Cd;(S-tol);g and AuzgCd,(d-MBT);0, Cd
atoms are substituted at the outer staples of the Au;; and Auys
cores, respectively (Fig. 3Ba). These differences can signifi-
cantly alter the electronic structure (Fig. 3Bb).

Ag can be doped into [Au,5(SR)g]” with a relatively large
number of substitutions.'®>1%17%189 1 2022, Kim, Yoo, and
Lee et al., synthesized [Au,Ag;,  @Au;,(PET);g]” (x = 10-15)
with an Auy,(PET);5 shell (Fig. 3Ca)."*° In this synthesis, they
referred to the previously reported synthesis of
[Ag,5(SPhMe,);5]” (SPhMe, = 2,4-dimethylbenzenethiolate)'®"
and alloyed [Au,s(PET);g]” by introducing silver acetate
(CH;3;COO0Ag) during the process. In [Au,Ag:, @Au;,(PET) 4],
absorption peaks were observed at 1.9, 2.6, and 3.8 eV
(Fig. 3Cb), and SC-XRD revealed that the AuAg;, core was
covered by an Au,,(PET), shell (Fig. 3Ca).

2.1.2 Thiolate-protected gold 38 nanoclusters. Au;g(PET),,
is another Au,(SR), with many reported cases,"”> and the
structural isomers Ausgo'®>'** and Auzgr '°® can be syn-
thesized (Fig. 4Aa). Ausgr is relatively unstable and converts to
Ausgq, a more stable structure, by heating to approximately
50 °C. Auzgq is composed of two icosahedral Au;; cores con-
nected by sharing an Au3 face, and its electronic structure
differs significantly from that of Auzgr (Fig. 4Ab). The pro-
tected shell of Ausgq consists of the remaining 15 Au atoms
and contains six Au,(SR); and three Au(SR), staples.
Furthermore, Ausgq has a pair of enantiomers, also known as
Au,(SR),, with chirality."®**°® In 2022, Zhou, Gao, and Zhu
et al. synthesized [Auzs(SCH,Ph‘Bu),,]® (SCH,Ph‘Bu = 4-tert-
butylbenzylthiolate) using the ligand exchange method, in
which 4-tert-butylbenzylthiol is added to Ausg, and stirred.'®”
They also synthesized Auss(SCH,Ph‘Bu),, doped with Pt and
Pd. In this synthesis, HAuCl;-4H,O and H,PtCls-6H,O are
mixed in THF, and then TOAB is added and stirred. Next, they
added 4-tert-butylbenzylthiol and NaBH, and reacted for 6 h.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 (A) (a) Crystal structures and (b) UV/Vis/NIR absorption spectra

of Ausgr (blue) and Auzgq (black) in toluene (measurement temperature:
0 °C). (B) (a) Crystal structures and energy band diagrams, and (b) UV/
Vis/NIR spectra of [Auzg(SCH,Ph'Bu),41°, [Pt;Aus/(SCH,Ph'Bu),41° and
[Pt,Auzg(SCH,Ph'BU)»4]°. The inset is the picture of the three clusters in
CHCls. (A) is reproduced with permission from ref. 195. Copyright 2015
Springer Nature. (B) is reproduced with permission from ref. 199.
Copyright 2022 Wiley-VCH GmbH.

After washing and separation, [Pt,Auz;s(SCH,PhBu),,]° and
[Pt;Aus,(SCH,Ph'Bu),4]° were obtained (Fig. 4Ba). Although
[Auz5(SR),4]° and [Pt,Ause(SR),4]° have closed-shell electron
configurations with 14- and 12-electron superatomic configur-
ations, respectively,”*>*°"  [Pt;Au;,(SCH,Ph'Bu),4]° has a
13-electron configuration, and electron spin resonance
measurements indicate that only [Pt;Au;,(SCH,Ph'Bu),,]° is
magnetic. The optical peaks are blue-shifted with increasing
Pt doping, compared with [Auz5(SCH,Ph'Bu),,]° (Fig. 4Bb).
2.1.3 Other thiolate-protected gold nanoclusters. In 2022,
Yang, Yang, and Wu et al. successfully synthesized TBBT-pro-
tected Au-Pd alloy and Au-Ag-Pd trimetallic alloy NCs.>*?
First, they dissolved TOAB in THF and then added
HAuCl,-4H,0 palladium acetate (Pd(CH3COO),) and TBBT,
and stirred. After that, they added NaBH,, followed by washing
and separation to obtain Au,Pde(TBBT),,. Additionally, they
dissolved Au,Pde(TBBT);, in dichloromethane, added silver
nitrate (AgNO;) dissolved in acetonitrile, stirred for 1 h, and
performed separation to obtain AuzAgPdg(TBBT);,. SC-XRD
revealed that Au,Pd¢(TBBT);, has a pair of enantiomers
(Fig. 5A). The structure has an outer shell consisting of two
Pd;(TBBT); and three Au(TBBT), and a core framework with
one Au atom in the center, indicating that a difference of one
atom can result in distinct electronic structures (Fig. 5B).
Many studies have reported on Au,(SR),, of different sizes,
whose crystal structures are also known. For example,
AU;5(SR)14,”% AULo(TBBT)16,°%" AU,y (SBU)ys5,>" [AUns(SCeHi1)is]™
(SCeH11 = cyclohexanethiolate),>*® AU,4(TBBT),,>"”
AU,5(TBBT),0,”°® Auz0S(S'Bu)1s,”%° AUs6(SR)p4,”"® AU(TBBT),g, "
AUs,(TBBT)3,,2">  Augy(TBBT)44,>"? AUy30(p-MBT)so (p-MBT =
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Fig. 5 (A) (a) Total structure of the AusPdg(TBBT);5. (b) One Au kernel of
Aug4Pde. (c) Two Pdz(TBBT);z staple motifs. (d) AuPdg(TBBT)s. (€) Three Au
(TBBT), staple motifs. (f) AusPde(TBBT)1, (green, Au; purple, Pd; yellow,
S; gray, C; white, H). (B) Experimental UV/Vis/NIR spectra of (a)
Au4Pde(TBBT);> and (b) AusAgPdg(TBBT);2. (A) and (B) are reproduced
with permission from ref. 202. Copyright 2022 American Chemical
Society.

4-methylbenzenethiolate),”** and Auy44(SR)go >'>>'® have been
reported, as well as many other Au,(SR),,. Notably, their sys-
tematic syntheses and size dependence have also been
investigated.>*® In 2017, Ramakrishna and Lee et al. used
SCe¢H;3 as a ligand to synthesize Au,s5(SCe¢H13)18, AUss(SCeH13)o4,
AUg;7(SC6H13)35, AU, 05(SCeH13) a4, Au,44(SCeH13)s0, and
AU333(SCeHy3)70.>"7 Their chemical compositions were con-
firmed by matrix-assisted laser desorption/ionization mass spec-
trometry (MALDI-MS) (Fig. 6Aa). Furthermore, these Au,(SR),,
exhibit size-dependent optical properties (Fig. 6Ab), and the
optical gap of the electronic transitions decreases as the cluster
size increases (Fig. 6B).

2.1.4 Phosphine-protected gold nanoclusters. In addition
to the SR ligands described above, a number of phosphine-pro-
tected Au NCs have been reported.>'*>*> From the late 1960s
to 1980s, Malatesta et al.,”* the groups at Nijimegen,***>>°
and Mingos et al.**’7>*° synthesized phosphine-protected Au
NCs and determined their geometric structures. In general,
these phosphine-protected Au NCs can be synthesized by
adding a reducing agent, such as NaBH,, to a phosphine-gold
complex dispersed in a solvent, such as dichloromethane or
ethanol. In some cases, washing operations have been con-
ducted through an etching/growth process using hydrochloric
acid or other chemicals.”*® For example, in 2022, Jiang, Sun,
and Wang et al. synthesized Au,;(DPPE); (DPPE = 1,2-bis
(diphenylphosphino)ethane) and Au,,H;(DPPE);(PPh;)s (PPhs
= triphenylphosphine) by liquid-phase synthesis, and other
phosphine-protected Au NCs.>*' In 2023, Pei and Wang et al.
synthesized [Au,(PPh;3),Hs]>" using a one-pot synthesis
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Fig. 6 (A) (a) MALDI mass spectra and (b) UV/Vis/NIR absorption

spectra of Au,s, Ausg, Aug7, Auipz, AUi44, and Ausss clusters. The absorp-
tion spectra of clusters were obtained in tetrachloroethylene and were
offset for clarity. (B) Plot of In(k,) versus HOMO-LUMO gap for
Au,(SR),. The solid line is the best fit straight line for data (Auzs—Aujg4).
(A) and (B) are reproduced with permission from ref. 217. Copyright 2017
American Chemical Society.

method.**” For this synthesis, they first added PPh; and cyclo-
hexanethiol to a HAuCl,-3H,O solution and stirred. After that,
NaBH, was added, and the mixture was stirred for 14 h and
then washed and separated to obtain [Au,(PPh;),Hs]*". For
[Au,(PPh;),H;s]*", the corresponding peaks decayed after
12 minutes of irradiation with 408 nm light, and peaks at 370
and 460 nm from Ultraviolet-visible-near-infrared (UV/Vis/
NIR) spectroscopy appeared. Electrospray ionization-MS
(ESI-MS) results indicated that this final product was
[Aug(PPh;),]**, which changes its structure under light
irradiation. In 2021, Wang et al. reported the synthesis of
phosphine and SR co-protected [Auss(p-MBT),,(PPhs)e]*".%?
For this synthesis, gold thiolate and gold phosphine com-
pounds, which are halide-free Au precursors, were prepared
first, followed by reduction with NaBH,. SC-XRD revealed that
these Au NCs have a face-centered cubic (fcc) structure and an
Aus;s core with four layers stacked on top of each other, and
the [111] planes are exposed, especially in the lateral direction
(Fig. 7).

2.1.5 Other ligand-protected gold nanoclusters. In addition
to these ligands, Au NCs protected by C=CR,>****>%¢
NHC,>*”7**! and nitrogen donor ligands>**> have been reported
in recent years. In 2016, Wang and Zheng et al. synthesized
Ausz,Ag,5(C=CPh)z, by adding silver acetate (CH;COOAg) and
tert-butylamineborane complexes to a solution containing Au

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 (a) Anisotropic growth of the Au fcc lattice into a triangle prism
in [Auss(p-MBT),4(PPh3)gl®*. The Au atom packing of four layers (green,
orange, light blue and green) stacked along the [111] direction in an A-
B—C—A manner. (b) Top view; (c) side view; (d) the ligand binding posi-
tions; (e) simplified facets (Au green/orange/light-blue, S yellow, P pink).
Note: the red arrow refers to the missing Au atom in the real Auss
cluster. These figures are reproduced with permission from ref. 233.
Copyright 2021 Wiley-VCH GmbH.
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precursors and phenylacetylene (HC=CPh) while stirring. The
NCs function as highly active catalysts for the hydrolytic oxi-
dation of triethylsilanes by removing the ligands more readily
at relatively low temperatures than the previously reported
AU,(SR),,.>** In 2021, Pei and Tang et al. synthesized an alloy
cluster of Ag and Cu, [AgoCus(CsHos)1,]", and an alloy cluster of
Au and Ag, [Au,Agg(C=C'Bu);,]" (HC=C'Bu = tert-butylacety-
lene), using antigalvanic reactions.>** These two alloy clusters
have body-centered cubic (bec) structures and exhibit different
optical properties (Fig. 8Aa). The differences in optical pro-
perties were attributed to slightly different structures of the M,
kernel (M = Ag or Au), M octahedron (M = Cu or Au), and Agg
cube. Subsequently, in 2022, Q. Tang and Z. Tang et al. syn-
thesized [Au,AgsCus(C=C'Bu)y,]", an alloy cluster composed
of Au, Ag, and Cu, by adding chlorodimethylsulfide gold(i)
((CH3),SAuCl) as an Au precursor to [AgoCug(CeHo)rn]">*
Although many reports have focused on the synthesis of alloy
NCs,*® [Au,AgsCus(C=C'Bu)y,]" is the first report of a trimetal
NC protected with only a C=CR ligand. The optical absorption
spectrum of [Au,AgsCus(C=C’Bu);,]" reveals a completely
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Fig. 8 (A) (a)Absorbance spectra of [Au;Agg(C=C'Bu)iol*, [AgeCus(CeHo)1ol™ and [Au,AggCus(C=C'Bu)io]*. (b) The emission spectra of
[Au7Ags(C=C'Bu)1ol* (lex = 482 nm), [AgoCug(CsHo)1ol* (lex = 580 nm) and [Au,AgsCus(C=C'Bu)is]* (lex = 490 nm) in dichloromethane. Inset:
photographs of the three NCs in dichloromethane under room light (left) and 365 nm UV-light (right), respectively. (B) Production of different NHC-
stabilized Au clusters depending on the ancillary ligand (halide or pyridine). (a) Use of halide ligands gives typical Au,s clusters ([Auyz(NHC)oCls]%*),
while (b) labile ancillary ligand leads to hydride bridged Auy, clusters ([Auy4(NHC)14ClH31*%). (C) (a) The overall structure of [Auyg(Ph-form)]2*. (b)
The T symmetrical Au,g kernel with concentric tetrahedral Au, core (black) and truncated tetrahedron Au,4 shell divided into four {111} faces. (c) The
bridge mode of formamidinate ligands; all Ph rings are omitted for clarity. (d) The experimental (black) and simulated (red) absorption spectra of
Augg. (Inset) The NTO picture of the first absorption peak. (A) is reproduced with permission from ref. 245. Copyright 2022 Royal Society of
Chemistry. (B) is reproduced with permission from ref. 249. Copyright 2022 American Chemical Society. (C) is reproduced with permission from ref.

250. Copyright 2021 Wiley-VCH GmbH.
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different electronic structure compared with those previously
described for [AgoCug(CeHo)in]" and [Au,Ags(C=C'Bu);,]"
(Fig. 8A). Photoluminescence measurements showed that
[Au,AgsCus(C=C'Bu),,]" has stronger emission than the other
two NCs in the near-infrared region (Fig. 8Ab).
[Au,AgsCus(C=CBu)y,]" also consists of an M@Mz@M, metal
core, similar to the other two NCs, but each NC exhibits
different CRR selectivity (see section 3).

Au NCs using NHC as a ligand are generally synthesized by
the reduction of precursors, such as NHC-Au(1)-X complexes
(X = Cl, Br),****"” using NaBH,. In 2022, Dinh, Tsukuda,
Hikkinen, and Crudden et al. dissolved the [NHC-Au-Pyr]"
complex (Pry = pyridine)**® in toluene, added NaBH,, stirred
the mixture, separated the products, and then purified them
by chromatography to obtain  [Auy(NHC);4,CLH;]*"
(Fig. 8B).”* [Au,4(NHC);4ClH;]** consists of two icosahedral
Auy, cores with distorted structures and three bridging
hydride ligands, and the hydride ligands are coordinated to
the Au,; core, which has been confirmed by SC-XRD, ESI-MS,
and nuclear magnetic resonance (NMR) spectroscopy.

Studies have also reported on amidinate-protected Au NCs.
In 2021, Wang et al. mixed (CHj3),SAuCl, N,N'-diphenylforma-
midinate (Ph-form), and sodium trifluoromethanesulfonate
(NaOTf) in chloroform, stirred, and then added sodium
methanolate (MeONa). Next, they synthesized [Auyg(Ph-
form);,]** by adding NaBH, and vigorously stirring the
mixture under various temperature conditions.>*® The
[Au,g(Ph-form);,]** exhibited high stability owing to its supera-
tomic configuration of 1S*1P°25*1D?, and theoretical calcu-
lations reproduced the measured electronic structure (Fig. 8C).

As mentioned above, numerous synthetic examples of Au
NCs protected by organic ligands, such as SR, phosphine,
C=CR, and NHC, have been reported. Moreover, many of the
Au NCs described in this section have been applied in electro-
chemical CRRs, which are described in detail in section 3.3.

2.2 Synthesis of silver nanocluster

Ag NCs, which are mainly composed of Ag, have been widely
studied in recent years because of their relatively high
quantum yields in terms of luminescence.”® Similar to Au
NCs, Ag NCs can be synthesized with atomic precision using
ligands such as SR, phosphine, and C=CR. In this section, we
describe several examples.

2.2.1 Thiolate-protected silver nanoclusters. Regarding SR-
protected Ag NCs (Ag,(SR),,), the geometry of Ag,(SR), was
determined using [Agsi(SR)so]'” in 2013 for the first
time.>*»**> The general synthetic method involves dissolving
AgNO; in methanol or another solution, adding a thiol ligand,
and generating an Ag()-SR complex. Then, the Ag(i)-SR
complex is dissolved in solution, NaBH, is added and stirred,
and Ag,(SR),, is obtained by washing/separation. For example,
in 2018, Zhu and Jin et al. synthesized Ag;46Br,(TIBT)g, (TIBT
= 4-isopropylbenzenethiolate).>®® First, Ag(1)-TIBT was syn-
thesized by mixing AgNO; and 4-isopropylbenzenethiol in a
mortar. Next, NaBH, was added to this mixture and reacted for
72 h. Then, the mixed solution was separated, and the precipi-
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tate was washed to obtain pure Ag46Br,(TIBT)g,. From
SC-XRD, Ag,46Br,(TIBT)g, was found to have an Ags; core struc-
ture protected by a shell of AgysBr,(TIBT)g, (Fig. 9Aa). The
optical absorption spectrum showed four peaks in the visible
region, indicating an optical gap of 0.5 eV (Fig. 9Ab).

Alloy NCs based on Ag,(SR),, were also reported. In 2023,
Wang, Yan, and Wu et al. synthesized fce-structured bimetallic
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Fig. 9 (A) (a) Top views of the total structure of the Agi46Bra(TIBT)go.
Color labels: dark gray/green = Ag, yellow = S, purple = Br; the carbon
tails are shown in wire-frame mode. (b) UV/Vis/NIR absorption spectra
of the Agi46Bra(TIBT)go in CCly. Inset: Photograph of 5.08 g of
Ag146Bra(TIBT)go in a vial, and the spectrum plotted on the photon
energy scale (the y-axis is transformed from the wavelength scale spec-
trum by Abs x 12 to preserve the oscillator strength). (B) Size and slicing
of the Msg kernel in [AgzeCus1(SC7H,0)3,]2*. Color codes: pure blue, Ag;
pink, Cu; green, Ag/Cu, yellow, S; red, O; gray, C. For clarity, all H atoms
are omitted. (C) Structural analysis of [AuAg,¢(S-Adm);gSI™. (@) The
framework structure of AuAg,e, (b) the AuAg;, icosahedron kernel, (c)
the Ag14(SR)18S open shell, (d) three-AgSz motif, (e) Age(SR):S motif, (f)
Ags(SR)g motif. Color code: azure, Au; magenta/blue/orange/violet, Ag;
red, single S atom; green, other S. The C and H atoms are omitted for
clarity. (A) is reproduced with permission from ref. 253. Copyright 2018
American Chemical Society. (B) is reproduced with permission from ref.
254. Copyright 2023 American Chemical Society. (C) is reproduced with
permission from ref. 255. Copyright 2020 American Chemical Society.
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NCs ([Ag4;Cus(SC,H,0)3,]*") using a one-pot method and
achieved surface substitution of alloy clusters with an
increased Cu/Ag atomic ratio ([AgszoCuy1(SC,H,0)3,]*), without
changing the reaction conditions.>>* In this synthesis, AgNO;
and copper(n) acetylacetonate (Cu(acac),) were added as pre-
cursors in the appropriate ratios for the respective NCs,
3-methoxythiophenol was added and stirred, and the mixture
was co-reduced with NaBH,. These NCs have an fcc structure
consisting of four layers, with different atoms exposed on the
surface depending on the Ag/Cu ratio (Fig. 9B). In 2021, Liu
and Huang et al. synthesized S-Adm (1-adamantanethiolate)-
protected bimetallic NCs ([AuAg,s(S-Adm),5S]”) using a one-
pot method.”* For this synthesis, AgNO; and AuCl; solutions
were mixed, and 1-adamantanethiol was added to the mixture.
Then, PPh;, tetraphenylphosphonium bromide (PPh,Br), and
NaBH, were added and kept to form [AuAg,e(S-Adm),5S], in
which the Ag;, core covers the central Au atom and the Ag;,
shell covers the core (Fig. 9C). These differ from common
25-mer NCs in that the outer Ag,, shell has a large open shell
structure consisting of three different motifs.

2.2.2 Phosphine-protected silver nanoclusters. Ag NCs co-
protected by SR and phosphine have also been reported. In
2022, Wang and Zang et al. reported the synthesis of
[Ags0(PFBT),4(PPh;)s]*~ (PFBT = pentafluorobenzenethiolate)
(Fig. 10A).>°° In this synthesis, pentafluorobenzenethiol, PPhs,
and NaBH, were added to a solution of AgNO; and vigorously
stirred. They also synthesized [Ag;,Cu,(PFBT)y(PPh;)s]*~ by
dissolving AgNO; and copper(1) chloride (CuCl) and then
adding PFBT, PPh;, and NaBH, while stirring. However, if tri-
fluoroacetate copper is used as the Cu precursor instead of
CuCl, the cocrystal of  [Ags;Cuy(PFBT),4(PPhs)s]*
[Agy14(PFBT)s(PPh;3)g] can be obtained. In the structure of
[Agso(PFBT),4(PPh;)s]*~ (Fig. 10Aa), the Ag;;@Ag;s core is
covered by Agg(PFBT)s(PPh;)g, but when alloyed with Cu, the
two outer Ag atoms are replaced with Cu atoms (Fig. 10Ab). In
addition, the optical absorption spectra show that
[Agso(PFBT),4(PPh;)s]”” exhibits peaks at 426 and 524 nm,
which are caused by charge transfer from the ligand to the
metal or from the metal to the ligand. In addition, Cu doping
shifts the peaks to the lower energy side of these peaks
(Fig. 10B).

2.2.3 Other ligand-protected silver nanoclusters. Reports
have also focused on the synthesis of Ag NCs protected by
C=CR ligands, similar to Au NCs. In 2017, Li and Zhang et al.
reported the synthesis of [Ag,,(C=CPh),,]*".**” In this syn-
thesis, 1,3-bis(diphenyphosphino)propane (DPPP) and
PhC=CH were first added to a solution of dissolved AgNO;
and stirred, and then NaBH, was added. In addition to
C=CPh ligands, many reports have considered the synthesis
of Ag NCs protected by C=C'Bu, which is a C=CR ligand with
a tert-butyl group. In 2021, Tang, Jin, and Tang et al. reported
the synthesis of  C=C'Bu-protected Agis NCs
([Ag15(C=C'Bu);,]") and their application in CRRs.”*® In this
synthesis, HC=C'Bu, MeONa, and sodium cyanoborohydride
(NaBH;CN) are first added to a silver trifluoroacetate solution
and stirred. Subsequently, [Ag,5(C=C'Bu),,]" is synthesized by
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Fig. 10 (A) Overall structure of (a) [Agso(PFBT)>4(PPhs)gl®~ and (b)
[Ags7Cu,(PFBT)24(PPh3)gl>~.  (B) UV/Vis absorbance spectra of
[Agso(PFBT)24(PPhs)gl®~ (red), [Ags;Cua(PFBT)24(PPhs)gl*~ (blue), and
[Ags7Cu,(PFBT),4(PPh3)sl®~-[Ag14(PFBT)6(PPhs)sl (purple) in solution. (A)
and (B) are reproduced with permission from ref. 256. Copyright 2022
American Chemical Society.

cooling and extraction with a mixture of dichloromethane and
CH3CN (Fig. 11A). The optical absorption spectrum of
[Ag,5(C=C'Bu)y,]* shows five peaks at 360, 480, 508, 542, and
580 nm (Fig. 11B). Additionally, [Ag;5(C=C"Bu),,]" has a core/
shell structure of Ag@Ags@Ags, with an irregularly shaped
cubic Ag8 in the second layer and an octahedron of Ags in the
outermost shell (Fig. 11A). In 2022, Tang, Wang and Tang
et al. reported the synthesis of Ags,(C=CPh(CFs),).,4
(HC=CPh(CF;3), = 3,5-bis(trifluoromethyl)phenylacetylene)
based on Chen’s and Tang’s synthetic method®*® for
Auz6(C=CPh),, reported in 2020 (Fig. 12A).>°° In this syn-
thesis, MeONa, HC=CPh(CF3),, and NaBH;CN are added to a
solution of silver trifluoroacetate (CF;COOAg) and stirred. The
purple-black crystals are synthesized by centrifuging the mixed
solution to remove the precipitate, followed by washing/extrac-
tion. Ags;,(C=CPh(CF3),), has an Ags; core and Ag;@Ag:,
kernel in the center, according to SC-XRD, and the surface is
protected by four different ligands (Fig. 12A). The optical
absorption spectra reveal peaks at 518 and 656 nm (Fig. 12B).
Many examples of Ag-based alloy NCs protected by C=CR
have also been reported. In 2021, Pei and Tang et al. reported
the synthesis of an Ag-Cu alloy cluster ([AgoCus(C=C'Bu);,]")
(Fig. 13A).>** In this synthesis, ‘BuC=CAg was used as the
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Fig. 11 (A) (a) The overall structure of [Ag;s(C=C'Bu),]*. (b)-(d) Shell-
by-shell representations of the metal framework, Ag@Ags@Ags (note
that there is no bond between the orange silver atom and the adjacent
three silver atoms (yellow) in the frame of the Agg cube; similarly, the six
capping Ag atoms form an octahedron with no bonds between them).
(e) Metal framework of [Ag;5(C=C'Bu)y,]". (f) and (g) Side and top views
of the six Ag(C=C'Bu), staple units capping a silver square of the Ags
cube. Ag gray/yellow/orange/light-green, C dark green; all hydrogen
atoms are omitted for clarity. (B) UV/Vis absorbance spectrum of
[Ag;5(C=C'Bu)y,]*. (A) and (B) are reproduced with permission from ref.
258. Copyright 2021 Wiley-VCH GmbH.
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Fig.12 (A) (@) Four types of ligand—metal bonding motifs in

Ag32(CECPh(CF3)2)24. (b) Four motifs in Ag32(CECPh(CF3)2)24 coordi-
nation modes for alkynyl ligands. Color code: Ag, blue/pink/purple/
yellow; C, gray; and F, green. (B) UV/Vis absorbance spectrum of
Ag32(C=CPh(CF3),)24. Inset: photograph of the cluster in CH,Cl,. (A) and
(B) are reproduced with permission from ref. 260. Copyright 2022
Springer Nature.
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silver precursor, and bis(triphenylphosphine)copper boro-
hydride ((PPh;),CuBH,) was used as the copper precursor.
First, ‘BuC=CAg was mixed with sodium hexafluoroantimo-
nate (NaSbFs), to which (PPh;),CuBH, was added, and
[AgoCus(C=C'Bu),,]" was obtained by stirring and reducing
the mixture in the dark. Notably, [AgsAu,(C=C'Bu)y,]", which
has a similar geometric structure to [AgoCus(C=CBu)y,]", can
also be synthesized.*® Both NCs are composed of an M,
kernel@Ags cube@M; octahedral structure with a bec basis
(Fig. 13A), but they have slightly different geometric structures
depending on the atomic diameters and argentophilic Ag-Ag
interaction (Fig. 13B), which affect their optical properties and
stability. In 2017, Mizuta et al. reported the synthesis of
Pt;Ag,,(C=CPh);,, obtained by mixing PhC=CAg and
H,PtCls-6H,0, and then adding NaBH, and stirring in the
dark.”®® In 2022, Tang, Hwang and Hyeon et al. synthesized an
alloy NC of Ag and Cu co-protected by C=CPh(CF;), and DPPE
([Ag15Cus(C=CPh(CFs),),5(DPPE),]).>*** In this synthesis, a
silver complex and C=CPh(CF;), ligand were stirred with
(PPh;),CuBH, as a Cu precursor, then washed and extracted
from the organic phase, which produced black crystals. The
structure of [Ag;5Cus(C=CPh(CF;),),3(DPPE),|” is composed
of three layers, Ag@Ag;@Ag,Cu, (Fig. 13C), with a single Ag
atom at the center, followed by an Agg cube in the second layer
and an Ag,Cu, octahedron in the third layer, with two
Ag,(DPPE) capping the Ag-Cu or Ag-Ag interactions to form
[Ag15Cus(C=CPh(CF;),),5(DPPE),]” (Fig. 13C).

In addition to ligand-protected Ag NCs, many reports have
focused on the synthesis of Ag NCs using anions, such as
halide ions, chalcogenide ions, oxoanions, and polyoxometa-
lates (POMs), as templates.”*»*®> In 2022, Liu et al used a
solvothermal reaction to synthesize POM-templated Ag NCs
(Ag4oMo, ) protected by six thiacalix{4]arenes (TC4A).>*° In this
synthesis, TC4A was mixed with iPrSAg, CH3;COOAg, and
ammonium molybdate tetrahydrate ((NH4)M0,0,4-4H,0), and
then triethylamine was added dropwise. After that, light brown
crystals were obtained by subjecting the mixture to heat
treatment.

As mentioned above, many synthetic examples of Ag NCs
protected by organic ligands, such as SR, phosphine, C=CR,
and template types, have been reported. These Ag NCs are also
expected to be applied in electrochemical CRRs. In section 3.4,
we describe CRRs using mainly the Ag NCs introduced in this
section.

2.3 Synthesis of copper nanocluster

Cu is more abundant than Au and Ag, and thus Cu-based
nanomaterials have advantages such as low environmental
burden and low cost. Furthermore, Cu-based catalysts have the
appropriate adsorption energy for CO, and exhibit promising
CRR activity, with the ability to produce a variety of organic
products from CO,. Moreover, Cu NCs can be synthesized with
atomic precision using ligands such as SR, phosphine, and
C=CR.**"%?36:267271 Here we describe the existing synthesis
methods for Cu NCs protected by the above ligands.

This journal is © The Royal Society of Chemistry 2024
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Fig. 13 (A) Anatomy of (a) [AgoCug(C=CBu);o]* and (b)

[AggAu;(C=C'Bu);,]*. Color legend: Au, yellow; Ag, purple; Cu, orange.
(B) Experimental absorbance spectra plotted in the energy axis of (a)
[AgeCug(C=C'Bu)1,]* and (b) [AgsAu-(C=C'Bu)y,]". (C) Structure analysis
of the [Ag:15Cug(C=CPh(CFs),)1g(DPPE),]". (a) Structure anatomy of the
Ag1:Cus metal core. (b) Capping of two opposite Ags faces of the
Ag1,Cuy core forms the structure of Ag;;Cug. (c) Stabilization of the
Ag1:Cug metal framework by two Ag,DPPE motifs forms the structure of
[Ag15Cug(C=CPh(CF3),):5(DPPE),]~. Color legend: turquoise, Ag; dark
red, Cu; pink, P; gray, C. (A) and (B) are reproduced with permission from
ref. 244. Copyright 2021 Royal Society of Chemistry. (C) is reproduced
with permission from ref. 263. Copyright 2022 American Chemical
Society.

2.3.1 Thiolate-protected copper nanoclusters. Cu NCs par-
tially protected by SR have been synthesized, similar to the
reports for Au,(SR),, and Ag,(SR),,. In 2009, Liu et al. syn-
thesized Cug(H)(L1)sPFs (L1 = 9H-carbazole-9-carbodithioate)
by dissolving tetrakis(acetonitrile)copper(i)  hexafluoro-
phosphate (Cu(CH;CN),PF¢) and NH,[S,P(OiPr),] in acetone
and stirring to remove impurities.””> In 2022, Wang and Zang
et al. synthesized three Cu NCs with the same size, namely
Cug(S‘Bu)4(L1), and Cug(S‘Bu)y(L2); (L2 = O-ethyl carbono-
dithiolate), in addition to Cug(H)(L1)sPFs, and their CRR activi-
ties were compared.””® The synthesis of Cug(S’Bu),(L1); used

This journal is © The Royal Society of Chemistry 2024
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‘BuSCu dissolved in chloroform as the Cu precursor, and L1
dissolved in methanol was added and mixed. Cug(S'Bu),(L2),
was synthesized by the same procedure but with L2 instead of
L1. Notably, Cug(H)(L1)sPFs contains a slightly twisted cubic
Cug core, but the introduction of ‘BuS in Cug(S'Bu),(L1), and
Cug(S‘Bu),(L2), leads to the breakdown of the Cug core and the
formation of a tetrahedral Cu arrangement.

2.3.2 Phosphine-protected copper nanoclusters. As with Au
and Ag NCs, phosphine-protected Cu NCs can also be syn-
thesized. In 2015, Scott and Hayton et al. synthesized two Cu
NCs by adding diphenyl silane (Ph,SiH,) to a slurry containing
appropriate amounts of copper(1) acetate (Cu(OAc)), CuCl, and
PPh; in benzene to obtain [CuysH,,(PPhs)s,]"  and
[CuigHy,(PPhy);]."* When these were extracted with
benzene, only [Cu;gH;5(PPh3);0]" could be dissolved and separ-
ated by filtration. Most Cu NCs are composed of cationic Cu,
but [Cu,sH,,(PPh;);,]" was found to contain partially zerova-
lent Cu(0). This is the first report of such metallic Cu NCs with
a Cuy; icosahedral core and four [Cu(PPh;)]; capping struc-
tures (Fig. 14A). In 2019, Wang and Zhu et al. reported the syn-
thesis of [Cu,sHy,(PPhs)s]", [AuCu,4H,,(PPh3)y,]
[CuysH,,(P(p-FPh)s),,]" (P(p-FPh); = tris(4-fluorophenyl)phos-
phine), and [AuCu,,H,,(P(p-FPh););,]" with both ligand
exchange and Au doping.>”®> [AuCu,,H,,(PPhy);,]" was syn-
thesized by adding Cu(acac), and HAuCl,-3H,O to the precur-
sor, followed by stirring and aging with PPh; and NaBH, as
ligands. [Cu,sH,,(P(p-FPh)s)1,]" was also synthesized by
adding P(p-FPh); and NaBH, to a dissolved solution of Cu
(acac), and stirring. AuCu,sH,,(P(p-FPh););, was synthesized
by adding HAuCl,-3H,O at the beginning of the synthetic
scheme for CuysH,,(P(p-FPh);),, described above. All three
NCs contain distorted icosahedral MCu,, (M = Au or Cu) struc-
tures and are protected by four Cu;P; shells (Fig. 14A). UV/Vis
measurements of these materials also showed that
[Cu,sH,,(PPhs)i,]" and [Cu,sHy,(P(p-FPh)s);,]" have absorp-
tion at 459 and 635 nm, whereas [AuCu,,H,,(PPh;);,]" and
[AuCu,4H,,(P(p-FPh)3);,]" are more blue shifted than the
undoped ones. This indicates that the electronic structures of
NCs can be changed by an inactive metal doping of Au hetero-
atoms (Fig. 14B).

2.3.3 Other ligand-protected copper nanoclusters. In
addition to SR and phosphine protection, many reports have
focused on the synthesis of Cu NCs protected with C=CR and
fluoroacetic acid. In 2020, Aikens and Sun et al. synthesized
[Cu,3(C=C'Bu),3(CF3C00),]° containing Cu(0) using various
reducing agents.”’® First, copper(u) trifluoroacetate (Cu
(CF;C00),), Cu powder, and ‘BuC=CH were mixed and stirred
in dichloromethane and methanol, and when the solution
turned pale yellow, Ph,SiH, was added. After aging, the crystals
were filtered and purified at room temperature to give
[Cu,3(C=C'Bu),3(CF3C00),]°. The Cu NCs consist of a Cuyo
outer shell and Cu, tetrahedral core (Fig. 15A). Furthermore,
UV/Vis measurements of the solid using diffuse reflection
spectroscopy  revealed that the band gap of
[Cuy3(C=C'Bu),3(CF;C00),]° is approximately 1.45 eV, which is
consistent with the value calculated based on DFT calculations.
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Fig. 14 (A) Total structures and (B) UV/Vis spectra of (a)
[Custzz(PPh3)12]+, (b) [AUCU24H22(PPh3)12]+. (c) [Custzz(P(P'FPh)3)1zl+
and (d) [AuCua4H,5(P(p-FPh)s)15]*. Color labels: gold = Au; blue = Cu;
green = F; purple = P; gray = C. All H atoms are omitted for clarity. (A) (a)
is reproduced with permission from ref. 274. Copyright 2015 American
Chemical Society. (A) (b—d) and (B) are reproduced with permission from
ref. 275. Copyright 2019 American Chemical Society.

Cases of Cu-based alloy NCs protected by C=CR ligands
have also been reported. In 2017, Jiang and Wang et al
reported the synthesis of two types of Au-Cu alloy clusters pro-
tected by 3-ethynylthiophene (H;C,S-3-C=CH) or PhC=CH.*””
First, a mixture of the H3C,S-3-C=CAuPPh; precursor, chloro
(triphenylphosphine)gold(r) (PPh;AuCl), and copper(u) nitrate
(Cu(NO3),) was reduced by adding NaBH,. Then, the reaction
proceeded in the dark, and the resulting solid was washed to
obtain [Au;oCu;o(C=C-3-SC4Hj),,(PPh;)sCL]**. They also syn-
thesized [Au;oCu3o(C=CPh),,(PPh;)sCL,]*" protected with
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[Cuy(C=C!Bu)5(CF,CO0)]°

Fig. 15 (A) (a) Total structure and (b) metal framework of the
[Cu,3(C=C'Bu)y3(CF3CO0)¢l°. Color labels: Orange, Cu; green, F; gray,
C; red, O. (B) Molecular structure of (a) [Au;oCuzo(C=C-3-
SC4H3)22(PPh3)sCLI*"  and  (b)  [AuigCuso(C=CPh),,(PPhs)sClol*".
Anatomy of Au;9Cuszg kernel structure in Au;9Cusg clusters. (c) Centered
icosahedron Au@Aus,. (d) Cuzg icosidodecahedron. (e) Au@Au;,@Cuszg
multi shelled structure. (f) Six outmost Au atoms highlighted in green.
(A) is reproduced with permission from ref. 276. Copyright 2020
American Chemical Society. (B) is reproduced with permission from ref.
277. Copyright 2017 American Chemical Society.

PhC=C by adding PhC=CAuPPh; as the Au precursor and
CuCl and Cu(NOj;), as the Cu precursors in the above synthetic
scheme. The NCs have identical internal structures (Fig. 15B).
At the center is an Au,; core, followed by a Cus, icosahedral
shell, which has a characteristic structure of six Au atoms
bonded to this shell portion (Fig. 15B).

As described above, many synthetic examples of
Cu NCs protected by various organic ligands, such as SR, phos-
phine, and C=CR, have been reported. These Cu NCs are
expected to be applied in electrochemical CRRs, as described
in section 3.5.

This journal is © The Royal Society of Chemistry 2024
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3. Electrochemical CO, reduction
reactions of atomically precise metal
nanoclusters

3.1 Atomically precise metal nanoclusters as electrocatalysts

As the depletion of fossil resources and the problem of global
warming become more serious, there is a growing desire to
diversify the industrial sources of energy and reduce green-
house gases. Electrocatalysts, which induce chemical reactions
using electrical energy, have been attracting attention as a
means of addressing these problems. Electricity can be pro-
duced cleanly using natural energy sources (i.e., without also
producing CO,), and electrocatalysts can be used to convert
the unused surplus of those sources into chemical energy.
Doing so would reduce the loss of electricity in the trans-
mission and storage processes, promoting a cleaner and more
sustainable society. Among the various electrocatalytic reac-
tions, in water electrolysis, fuel cells, and electrochemical CO,
reduction are the most widely studied.

In recent years, there has been a focus on the development
of electrocatalysts that reduce the activation energy of these
electrocatalytic reactions and allow them to proceed with less
power consumption. In general, an efficient electrocatalyst has
many active sites with high reaction rates. The number of
active sites is an important factor related to the specific
surface area of the catalyst, and the reaction rate is largely
related to the adsorption energy of the reacting molecules on
the catalyst surface. Chemical reactions at the catalyst surface
exhibit the highest activity based on the Sabatier principle,
only occurring when the Gibbs energy of adsorption between
the catalyst and the reactant is appropriate.>’® The reaction
cannot occur if there is no adsorption of the reactant on the
electrode surface, but if the adsorption is too strong, the reac-
tion cannot proceed. Therefore, depending on the metal
species of the electrocatalyst and the adsorption energy of the
reactants, the reaction efficiency follows a mountainous trend,
called a volcano plot.>”®

The metal NCs described in section 2 generally have high
catalytic activities in a variety of heterogeneous systems based
on their large specific surface areas and unique geometric/
electronic structures. Recently, many groups have studied the
application of metal NCs to electrocatalysts, considering that
metal NCs have the potential to outperform conventional
materials. Furthermore, the geometric structure of many metal
NCs can be revealed by SC-XRD, and the adsorption and reac-
tion processes between the metal NCs as an active site, and
reactants can be estimated using  theoretical
calculations."®®?8%2%7 Therefore, metal NCs have been widely
studied as model catalysts to elucidate the reaction mecha-
nisms. If we can clarify the correlation between the electronic/
geometric structure of metal NCs and their electrocatalytic
activity, we may find new ways to enhance the catalytic activity.

Here, we summarize the application of ligand-protected
metal NCs in electrochemical CRRs, with a focus on electroca-
talysts using ligand-protected metal NCs obtained by liquid-
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phase reduction, which can be easily synthesized in large
quantities. Particularly, we describe the use of metal NCs that
have a well-defined geometric structure.

3.2 Electrocatalytic CO, reduction reactions using atomically
precise metal nanoclusters

Electrochemical CRRs provide a variety of useful reduction pro-
ducts depending on the number of electrons involved in the
reaction.””® For example, 2-electron transfer reduction pro-
duces CO or HCOOH, 8-electron transfer reduction produces
CH,, 16-electron transfer reduction produces ethylene (C,H,),
and reduction by more electrons is also possible (eqn (1)-
(7)).89*8 First, CO, is adsorbed on the surface of the metal
catalyst and then interacts with the transferred electrons or
protons to form an intermediate. Next, these intermediates
undergo various reactions and finally desorb from the catalyst
surface. There are various theories, but (i) *COOH and (ii)
*OCHO are the primary intermediates in most cases. Among
these, (i) *COOH is the first intermediate in the formation of
CO and various hydrocarbons, and (ii) *OCHO is most likely
an intermediate in the formation of HCOOH. (iii) *COCHO,
produced by C-C coupling of *CHO and CO, has been reported
as an important intermediate in the formation of C, com-
pounds. Therefore, different metal species also have different
binding energies to these intermediates, and these differences
change the main products (Fig. 16). For example, using bulk
metals as catalysts, (i) CO is obtained as a product for Au or
Ag; (ii) HCOOH is obtained for Pb, Sn, and In; and (iii) a
variety of organic products, such as aldehydes, alcohols, and
C, compounds, are obtained for Cu. However, certain metals,
such as Pt, Ni, and Pd, which are highly active in HER, are less
useful catalysts in CRR because the adsorption of *H prevents
the formation of carbon products.’®*>*°° Additionally, the
specific geometric/electronic structures of metal NCs affect the
selectivity. As described in section 2, many metal NCs can be
synthesized under atmospheric conditions with atomic accu-
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Fig. 16 A volcano plot of CO, reduction reactions for (111) bulk metals.

This figure is reproduced with permission from ref. 279. Copyright 2017
AAAS.
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racy, mainly for group 11 metals (Ag, Au, and Cu). Therefore,
most applications of electrochemical CRRs have been based
on these metal NCs. In this section, we mainly discuss the
relationship between the structure of metal NCs and electro-
chemical CRR activity in terms of (1) size effects, (2) structure
effects, (3) ligand effects, and (4) heterometallic doping effects,
with respect to the application of Ag, Au, and Cu NCs in
electrochemical CRRs.

3.3 Electrocatalytic CO, reduction reactions using gold
nanoclusters

Many studies of electrochemical CRRs with Au NCs have been
reported since 2012 (Tables 1-5). Kauffman et al. reported the
first study on electrochemical CRRs using Au,(SR),,. They pre-
pared the catalyst ink by sonicating a solution containing
[Au,5(PET),5]” (Fig. 2AB) dissolved in acetone, carbon black
(CB), Nafion, and methanol. Then, the prepared catalyst ink
was loaded on a glassy carbon electrode (GCE) and dried natu-
rally to form the working electrode. Evaluation of the CRR
activity showed that the current curves were different after sat-
uration with nitrogen (N,) and CO, when the potentials were
traced to negative. The onset potential for CO formation was
found to be —0.193 V vs. RHE, according to the potential-
dependent product analysis (Fig. 17A). Compared with the
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ideal CO, to CO redox potential (—0.103 V vs. RHE), the over-
voltage of bulk Au was 200-300 mV, whereas that of
[Au,5(PET),g]” was only 90 mV (Fig. 17B). The FE of CO for-
mation (FEco) was approximately 100% at —1.0 V vs. RHE. This
was 7-700 times higher than Au NPs with 2-5 nm particle
sizes and bulk Au. Furthermore, the FEco for [Au,s(PET)qg]”
was stable at a relatively high selectivity of 80.8-99.6%, com-
pared with 26.9-92.9% for bulk Au and 71.0-96.9% for Au
NPs. The turnover frequency of CO (TOF¢o) was calculated to
be 87 molecules per site per s. In addition, the absorption
spectrum of [Au,s(PET);g]” was maintained after electro-
chemical measurements, further indicating its stability.*** The
adsorption of CO, was also predicted using a simplified model
of [Au,5(SCHj3);5]” for the DFT calculation (Fig. 17C). As a
result, the binding energy is 0.13 eV in the stable structure,
where the oxygen atom of CO, interacts with the three S atoms
located in the shell of Au,s (Fig. 17C). These small pertur-
bations in the internal structure of the molecule were consist-
ent with the physisorption of CO,. CRRs were also investigated
u