7® ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online
View Journal | View Issue

MINIREVIEW

Hydrogen production catalysed by atomically

{ M) Check for updates ‘
precise metal clusters

Cite this: Nanoscale, 2024, 16, 13834

Tongxin Song, Xiao Cai and Yan Zhu (2 *

Atomically precise metal clusters that possess the exact atom number, definitive composition, and tunable
geometric and electronic structures have emerged as ideal model catalysts for many important chemical pro-
cesses. Recently, metal clusters have been widely used as excellent catalysts for hydrogen production to
explore the relationship between the structure and catalytic properties at the atomic level. In this review, we
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systematically summarize the significant developments concerning metal clusters as electrocatalysts and
photocatalysts for hydrogen generation. This review also puts forward the challenges and perspectives of
atomically precise metal clusters in electrocatalysis and photocatalysis in the hope of providing a valuable
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1 Introduction

In recent years, the energy demand has been increasing and
traditional fossil fuels have been unable to meet the current
needs of society. Therefore, a lot of research studies have been
conducted on the development of sustainable and clean
energy sources. Hydrogen (H,) energy is a renewable green
energy carrier with a high energy density value per unit mass
(120-142 MJ kg™"),"* which is the best alternative to conventional
fossil fuels. Currently, the main methods for H, production
include steam reforming,™* coal gasification,™® the natural gas
method,”® industrial by-products for H, production,™°
electrocatalytic’™* and photocatalytic water splitting'**® and so
on. Among these H, production methods, electrolysis of water
utilizes renewable energy to produce H,, with low energy con-
sumption, less greenhouse gas release during the whole prepa-
ration process, and the obtained H, is of high purity and low
impurity content.’®® Photolysis of water is the direct utilization
of primary solar energy for splitting water to produce H, with the
assistance of a photocatalyst, which is simple in operation and
highly efficient without the waste of energy.'>*° Other H, gene-
ration methods suffer from serious pollution and environmental
problems, and the low purity of the obtained H, makes it
difficult to meet the strategic needs of sustainable develop-
ment.*" Therefore, it is necessary to design and develop high per-
formance catalysts for electrocatalytic and photocatalytic water
splitting to produce hydrogen.

Atomically precise metal clusters (including Au, Ag, Cu, Ni,
etc.) are a class of aggregates consisting of several to hundreds
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reference for the rational design of high-performance catalysts for hydrogen production.

of metal atoms protected by organic ligands, with resolvable
geometries and a discrete electronic structure.”*>* Since the
dimensions of metal clusters are close to the Fermi energy
level of metals, they exhibit molecular-like quantum size
effects that are distinguishable from bulk materials.** With
the crystal structure of metal clusters solved, metal clusters
become excellent catalysts to study the relationship between
structures and catalytic performances.”>*® Although metal
clusters for the studies of electrocatalysis and photocatalysis
have been reported extensively in recent years,>’*® there are
very few systematic summaries based on the application of
metal clusters for catalytic H, production, especially through
electrocatalytic and photocatalytic water splitting.

In this review, we systematically summarize the advances in
H, production catalysed by atomically precise metal clusters,
including electrochemical H, evolution and photolysis of
water. We highlight the performance of loaded clusters,
unloaded pure clusters and theoretical calculations in electro-
chemistry. We also focus on the cases where the photocatalytic
activity has been enhanced through strategies such as binding
to metal oxides, surface charge modification and valence bond
bridging. It is expected that this minireview will provide valu-
able information on atomically precise metal clusters for cata-
Iytic H, energy generation.

2 Electrocatalytic H, production

Metal clusters have been proved to exhibit excellent electro-
catalytic properties in various electrochemical reactions.>*™?
In this section, we introduce recent progress on the appli-
cations of metal clusters as electrocatalysts for the hydrogen
evolution reaction (HER). The HER is a half-reaction of electro-
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catalytic water splitting that occurs at the cathode and which
generally follows two possible mechanisms: the Volmer-Tafel
mechanism and Volmer-Heyrovsky mechanism.***> In the
former, a proton (H') attaches to the active site of the catalysts
to generate M-H* and then self-combines to form H,,*® while
in the latter M—H* bonds with free H" to release H,.>” The for-
mation of M-H* is the limiting step for HER, so it is necessary
to develop effective catalysts to enhance the HER. Generally,
platinum-based nanomaterials are considered to be the most
advanced electrocatalysts for HER.?**° But the high price and
rare earth reserves limit their practical applications. It was
found that Au, Ag, Cu and other metal clusters with inert H,
evolution also display unique electrocatalytic H, production
activity.**™**> These metal elements feature relatively cheap
prices and high earth reserves, making the study of non-plati-
num metal electrocatalysis even more valuable for HER.

Back in 2017, Chen’s group reported atomically precise Pd
clusters protected by dodecanthiols with the molecular
formula Pdg(SC;i5H,5)1, (hereafter Pdg) and investigated the
HER catalytic performance of Pds loaded onto activated
carbon (Pds/AC) and its counterpart after annealing treatment
at 200 °C (Pde/AC-V) in 0.5 M H,S0, solution.*® Fig. 1a shows
the linear sweep voltammetry (LSV) curves of Pd¢/AC, Pds/AC-V
and commercial Pt/C catalysts. It can be seen that Pde/AC
exhibited much better catalytic activity than Pt/C, and the
onset potential of annealing-treated Pds/AC-V was as negative
as that of Pt/C. At different applied potentials, Pd¢/AC-V pre-
sented the highest mass activity (Fig. 1b). The authors attribu-
ted this to the fact that calcination treatment removed the
thiol ligands on the surface of Pd clusters, exposing more cata-
lytic sites. Unfortunately, no explanation was given in the
report as to why the thiol-capped clusters exhibited superior
HER activity than commercial Pt/C. In addition, Fig. 1c and d
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Fig. 1 (a) The polarization curves of Pde/AC, Pdg/AC-V and commercial
Pt/C for the HER. (b) The mass activities of the three catalysts at
different applied potentials. (c) ADTs of Pdg/AC-V. (d) ADTs of Pdg/AC.
All the LSV curves were obtained for a solution of 0.5 M H,SO,4 with a
scanning rate of 5 mV s, Reproduced with permission from ref. 43.
Copyright 2017 Royal Society of Chemistry.
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show the accelerated durability tests (ADTs) of Pds/AC-V and
Pde/AC to assess their catalytic stability. The surface-clean Pd¢/
AC-V displayed superior stability over the fully protected Pd/
AC. Although the catalysts in this study were ligand-free cata-
lysts obtained using Pdg(SCy,H,s)1, clusters as precursors, it
had given rise to a wave of research into the electrocatalytic H,
evolution through water splitting using atomically precise
metal clusters as catalysts.**

Also in 2017, Jin et al. loaded phenylethanethiol (PET)
ligand-protected Au,s(PET);s (hereafter Au,s) onto layered
MoS,,* and its scanning transmission electron microscopy
(STEM) image is shown in Fig. 2a, where the Au,s/MoS, com-
posite exhibited remarkable enhanced HER activity. Fig. 2b
compares the polarization curves of a blank electrode, plain
MoS, and Au,s/MoS, with different cluster loadings in acidic
electrolyte solution. The introduction of Au,s; reduced the
onset potential of the Au,5/MoS, composites by 40 mV com-
pared with the pristine MoS, nanosheets, and the mass activity
was more excellent with the increase of Au,s; loading.
Electrochemical impedance spectroscopy was used to evaluate
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Fig. 2 (a) STEM image of Au,s(PET)1g/M0S,. (b) LSV curves and (c)
electrochemical impedance spectroscopy of plain MoS, and
Au,s(PET)18/MoS, with different loadings of composites. (d) The polariz-
ation curves of MoS,, 1 wt% Auys(PET);5/MoS, and 1 wt% Au,s(SePh)yg/
MoS,. All the electrochemical measurements were performed in a solu-
tion of 0.5 M H,SO,4 with a sweep rate of 5 mV s7! at a rotation rate of
1600 rpm. (e) Scheme of interfacial effects of composite catalysts. Color
codes: yellow = Au, red/orange = S, blue = C and gray = Mo.
Reproduced with permission from ref. 45. Copyright 2017 Wiley-VCH.
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the charge transfer impedance of the catalysts, and as shown
in Fig. 2c, the Au,s/MoS, catalysts exhibited smaller charge
transfer impedance, indicating that the introduction of Au,s
clusters could effectively promote charge transfer. X-ray photo-
electron spectroscopy (XPS) characterization evidenced the
electron transfer from Au,s to the MoS, nanosheets, implying
the existence of a pronounced electronic interaction between
the clusters and MoS, (Fig. 2e interface II), which is a major
factor in promoting H, evolution. In addition, the HER per-
formance of electrocatalysts with different ligands of Au,s
loaded onto MoS, was investigated (Fig. 2d), and the catalytic
activity of phenylselenol (PhSeH)-capped Au,s(SePh);s was
much lower than that of Au,s(PET)s. This was attributed to
the stronger electronic relay capability of Au,s;(PET)s, which
facilitated the interfacial electronic interactions between metal
core and organic ligand (Fig. 2e interface I), thus effectively
improving the HER performance. It should be noted that
despite the different carbon tails of PET and PhSeH, the cata-
lytic activity of Au,s(SePh);s/MoS, was slightly inferior to that
of Au,s(PET);5/Mo0S,, which had better conductivity due to the
conjugation effect, suggesting that the interfacial effect, not
the conductivity, was the key to the catalytic activity towards
the HER. The Au,;(PET);3/MoS, nanocomposite exhibited
great catalytic durability in 1000 cycles of ADTs. This finding
provided important guidance for subsequent metal cluster
electrocatalysis.

Gratious et al. used Au,4(PPh;);I; (PPh; = triphenyl-
phosphine) as a catalyst supported on MoS, for electrocatalytic
H, production.”® They found that the interfacial interaction
between the cluster and MoS, was due to the coordination of
the metal atoms of clusters with S from MoS,. This interfacial
effect also enhanced the structural stability of clusters in sup-
ported catalysts. Similarly, Zhu et al. also confirmed this con-
clusion with the alloy clusters Au,PdsS4(PPh3)4(SR)s (SR stands
for thiol) and found that the composite catalyst
(Au,PdeS,(PPh3),(SR)s/Mo0S,) showed more attractive electro-
chemical H, production performance compared to the single-
component Au,/MoS, and Pd,;/MoS, clusters.”” The moderate
adsorption behavior of H atom on Au,PdgS,(PPh3)4(SR)s/MoS,
and the electronic interactions between alloy cluster and MoS,
contributed to the excellent catalytic activity. Other carriers in
the favour of the HER had also been reported in the study of
electrocatalytic production of H, over metal cluster-based
hybrid catalysts.*® For example, reduced graphene oxide (r-GO)
as a support can improve the catalyst stability by increasing
electron transfer at the interface.”® Molybdenum selenide
(MoSe,) can influence the electronic structure of the catalysts
and provide more catalytically active sites.® We summarized
all cases of atomically precise metal clusters employed for
electrocatalytic HER in Table 1.

In addition to composite catalysts, unloaded metal clusters
provide an ideal platform for studying the catalytic perform-
ance-structure relationship as well as identifying the catalytic
active sites due to their precise structures. Recent research
studies have also witnessed a great development in this field.
For example, Kumar et al. investigated the size effect for HER
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Table 1 HER catalytic performances of cluster catalysts reported

Ref.

Tafel slope
(mV dec™)

J (mA em™)

B)

n (mV vs. RH
at 10 mA cm™

(mV vs. RHE)

EOnset

Electrolyte

Cluster
loadings

Supports

Catalysts

40

10.9@—0.6 V

70
70
73

1.0 M B-R bulffer (pH 3)
1.0 M B-R buffer (pH 3)

0.5 M H,S0,
0.5 M H,S0,
0.5 M H,S0,
0.5 M H,S0,

1 mmol
1 mmol

Carbon black
Carbon black
Active carbon

MosS,

MoS,
MosS,

Pd,Auz6(SR)24
PtAu,4(SR);5
Pde(SR),

40

15.3@-0.6 V

43

220

45

79.3
63

59.3@—0.4 V

280

200

0.2 mg cm™?

Au,5(SR)15

46

292
232

0.1 mg cm™>

Au,4(PPh;);1;

47

67

91.0@—0.4 V

127

0.1 mg cm™>

Au,PdS,(PPh;),(SR)s

View Article Online

Nanoscale

DO =HAMF IO ONNAM
A Te I IR To R To RN To BN To RN To RN To BV aNe)
e} <t -
ﬁ‘H'NOO\DO’\OG\ON
- OO F N
> > >
Tan ey >
[T I 3
@geee i
ageEa ®
= AN -0 o
(== (=N \IS O N
on AN NN N~
]

|88H0|800||
- - l;» —
NP NIRRT,
OOOOIOOOOOO
v/ nNnwuvnunnunn wnun
a a0 a0 Taaaa aa
TIZIT I ITITITT
SSSS=2=2=2=2==2=
SR R A R T
S OO0 OoO-HOOOOOO
« ~ NN o~ a
IE TNINIE‘ INIE
oq E‘ g‘ ugg‘ 3}
.0 ESE g
e s, 030 P33 O
EUEMEMEEEME
NWoESESSEET
TomaAMmANN®YAN
OIN ANOANOOANANOO
5
S
x
°
& [
g 2
= ]
o, Y o
g O 29 Q
5 S g8 S
o) SRR-are a
S . o2 g =]
S S SRE) 3]
=) 8.8 .9 8
T3 58 =
S| locol | |o

=

3 =2

T OEE .8

59

. SAITESD
S £5598]
A 2230285
£ =gpllleamd
B rpwd 8E S Ta 8
SELL i858 Y
5&1@%*<EOMm
S S SSSSSES S
<Z<<Z<<ARAA<

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4nr01835d

Published on 09 liepos 2024. Downloaded on 2026-01-08 04:41:59.

Nanoscale

using Au,(PET), with different atom numbers.”" As the cluster
size decreased, the binding of Au atoms to H' was gradually
enhanced, which facilitated the HER activity. By testing the H,
production activity of Au,s with different ligands, it was found
that the length of the ligand created an insulating layer between
the electrode and the metal core, which increased the difficulty
of electron transfer, and the n-n interactions between ligands
containing benzene rings also affected the electron transfer
ability, which indirectly impacted the -catalytic activity. In
addition, the doping effect in electrochemical H, generation was
also studied by modelling Ag-, Cu-, and Pd-doped Au,s as cata-
lysts. The results showed that the doping of heteroatoms can
change the electronic structure of the cluster, which affected the
adsorption energy of the surface gold atoms with H".

Jin and colleagues reported that AuzeAg,(SR);s with low
ligand coverage could efficiently catalyse the HER, and identi-
fied the H adsorption site through Au,5(SR);5~ and Auzg(SR),4
as counterparts.”> Fig. 3a shows the geometries and nuclear
structures of three clusters: Au,s(SR);s~ has an Au@Au,, core
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Fig. 3 (a) The geometry structures (top) and kernel structures (bottom)
of Auzs(SR)18~, Ausg(SR)24, and AuzeAga(SR)1s, C with H atoms omitted;
each circle indicates one icosahedral unit. (b) LSV polarization curves
obtained for 0.5 M H,SO, solution at a sweeping rate of 0.05 V s (c)
Tafel plots of the three cluster catalysts. (d) The optimized adsorption
structures of H on Aus(SR)15~, Auzg(SR)24, and AuzeAga(SR)1g clusters.
Color codes: light gray = Ag, magenta/green/navy = Au, yellow = S, cyan
= adsorbed H, gray = C, and white = H. Reproduced with permission
from ref. 52. Copyright 2021 American Chemical Society.
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structure and exhibits a typical icosahedral configuration;
Ausg(SR),4 possesses an Au,@Au,; core and shows a dimeric
structure of two icosahedra sharing the Au; plane;
AuzsAg,(SR)1s is a trimeric ensemble of three icosahedra
sharing the Ag,Au; plane and the core structure is
Aus;@Au,,Ag,. In the acidic HER reaction, the AussA2,(SR);s
cluster exhibited the lowest overpotential and the optimal
current density (Fig. 3b). There was no degradation of the
activity after 1000 cycles of the LSV test, indicating promising
catalytic stability. Fig. 3c shows the plots of the Tafel curves of
the three clusters with comparable Tafel slopes indicating
their similar surface chemical states. The adsorption sites of H
on the three clusters were simulated by theoretical calculation,
which were all fully ligand-protected and no ligand detach-
ment occurred. The calculation results showed that the most
easily adsorbed H site is the Au atom in the kernel’s shell
layer, and the optimized adsorption configuration is shown in
Fig. 3d. For Au,s(SR);5~, H adsorbed on the Auy, shell; for
Auzg(SR),4, H adhered to the bridge site where the two icosahe-
dra were connected; and for AuzeAg,(SR)1s, H could be favour-
ably attached to each exposed Au.

Subsequently, a variety of atomically precise alloy clusters
have been used for electrochemical hydrogen production,
which can significantly modify the electronic structure and
reduction potential due to the doping of heteroatoms, thus
substantially altering the catalytic activity. For example, Lee
et al. synthesized Ni;Ag,4(SR)1s clusters, whose HER perform-
ance far exceeded that of Ag,s(SR);s clusters.>® Tang’s group
investigated the catalytic properties of AuAg alloy clusters
AU,4AZ,0('BUPh-C=C),,Cl, and
AU,,Ag,,("BUC=C);(Br;3,5Cl, 7, which were protected with
alkyne and halogen, as models for electrochemical H, evol-
ution.> In contrast to the AuzsAg,(SR);s cluster mentioned
previously, for the two clusters studied, H preferentially
adsorbs on the Au of the staple. And the difference in catalytic
performance between the two AuAg clusters originated from
the two silver atoms in the core. This group also reported
AuyAgy(C=CAr") 5 clusters as HER catalysts,’® which displayed
a unique ichthyomorphic framework. Compared with alkyne
complexes of Au and Ag, the unique geometry of the
AugAgy(C=CAr");5 cluster exposed more catalytic sites and
therefore enhanced the catalytic activity.

Recently, H-containing 2-electron PdCu superatomic clus-
ters were reported to offer unexpected catalytic performance
for HER, which was the first example of hydride clusters
applied to electrochemical H, production.’® In contrast to
PdH,Cuy4(SR)§(C=CPh)s and PdHCu,,(SR)¢(C=CPh),, the
PdHCuy;(SR)s(C=CPh), cluster was composed of a central Pd
atom and a cuboctahedron Cu,; lacking a vertex with one
interstitial hydride. In the case of the two former ones, the
complete Cu shell layer surrounded the Pd atom in the centre,
as shown in Fig. 4a, and it is worth noting that the H atom
was located in the PdCu; unit. Fig. 4b shows the LSV curves of
three Pd-Cu clusters used in the acidic HER, and
PdHCu,4(SR)s(C=CPh), only exhibited an overpotential of

50 mV at a current density of 10 mA cm™2. Importantly,
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Fig.4 (@) The core structures of PdH;Cuy4(SR)¢(C=CPh),
PdHCu;,(SR)(C=CPh),;, and PdHCu;;(SR)s(C=CPh),; ligands are
omitted. Color codes: red = Cu, cyan = Pd, pink/white = H. (b) LSV
curves for the three catalysts with carbon paper and Pt/C as compari-
son. (c) Corresponding Tafel plots of the three cluster catalysts. All
measurements were conducted in Ar-saturated 0.5 M H,SO,4 solution at
1 mV s'. Reproduced with permission from ref. 56. Copyright 2023
Wiley-VCH.

PdHCu;4(SR)(C=CPh), exhibited almost constant HER
activity and maintained the structural integrity. Fig. 4c shows
the resulting Tafel slope plots, and significantly different Tafel
slopes indicated that the reaction pathways are different at the
surface of the three cluster catalysts. The rate-determining step
for both PdH,Cu,4(SR)s(C=CPh)s and PdHCu;,(SR)s(C=CPh),
systems was the Volmer pathway, while the rate-limiting step
for PAHCu,4(SR)s(C=CPh), was the Heyrovsky reaction, which
implied that the open framework exposed Pd site was condu-
cive to the adsorption of H and the promotion of the HER. The
group later more strongly demonstrated the conclusion with
the Pt-doped Cu-H cluster and that the
PtHCu,;(SR)¢(C=CPh), cluster had the most outstanding per-
formance among all HER cluster catalysts reported to date.””
The clusters can be applied not only for H, production in
aqueous systems, but also in a wide range of organic systems.
Kwak et al. catalysed electrochemical H, evolution in the tetra-
hydrofuran (THF) system using a centrally doped PtAu,,(SR);s°
cluster as a homogeneous catalyst in a system also containing
0.1 M tetra-tert-butylammonium hexafluoro-phosphonate
(BuyNPFg) and 1.0 M trifluoroacetic acid (TFA).”® As can be
seen from Fig. 5a, Au,5(SR),5~ exhibited a significant reduction
current compared to the blank glassy carbon electrode, and
the reduction current of the bimetallic cluster PtAu,,(SR);g"
was remarkably enhanced over the parent cluster, indicating
that Pt doping can dramatically change the reduction potential
of PtAu,4(SR),s’. Fig. 5b shows the polarization curve of 1 mM
PtAu,4(SR);5° cluster in THF solution with the change of TFA
concentration. The two weak reduction peaks corresponded to
the reduction potentials of  PtAu,,(SR);s”'~ and
PtAU,,(SR);5' ", When PtAu,,(SR),s>~ was produced, there

13838 | Nanoscale, 2024, 16,13834-13846
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Fig. 5 (a) LSV curves of THF containing 0.1 M BusNPFg and 1.0 M TFA
solution for Auys(SR)1g~ and PtAu,4(SR);g° clusters. (b) The polarization
curves of 1 mM PtAu24(SR)18° in THF with different TFA concentrations.
(c) The calculated energy of H, evolution on PtAu4(SR)15°. Reproduced
with permission from ref. 58. Copyright 2023 Nature Publishing Group.

was a pronounced H,-producing current, which indicated that
PtAu,4(SR)s” displayed molecular-like properties to transfer
individual electrons. Fig. 5¢ shows the H adsorption configur-
ation and calculated energy in the THF system simulated by
theoretical calculation. The protons involved in the HER
process were simulated using protons dissolved by two THF
molecules, and H was subsequently adsorbed on the surface of
the cluster, a step that is thermodynamically advantageous.
Step 2a in Fig. 5c is the Tafel pathway, which is endothermic.
But process 2b is the Heyrovsky pathway, which is thermo-
dynamically feasible. In addition, it was found that H atoms
could spontaneously penetrate through the Au shell layer and
adsorb onto the surface of Pt, so Pt was identified as the active
site of the HER.

With the rapid development of scientific research, density
functional theory (DFT) calculations have become an impor-
tant characterization method to obtain the reaction intermedi-
ate states and adsorption energies through configuration
optimization and simulation. Studies have also been reported
on the adsorption of H atoms on clusters by first-principles
DFT calculations.”® In 2017, Jiang’s group investigated the
interaction of H with Au,5(SR);3 and monoatom-doped
MAu,,(SR)15 (M = Pt, Pd, Ag, Cu, Hg or Cd) clusters by theore-
tical calculations.®® It was found that the H atom exhibited
metallic properties and can contribute 1s electrons to the
superatomic free electron number. And when H was adsorbed
on the cluster to form an 8e superatom, the binding energy
was much stronger.

Subsequently, Hu and the co-workers modelled Au,,(L%)s
cluster protected by 1,8-bis(diphenylphosphine)octane (L?) as
a ligand, and demonstrated by DFT calculations that this

This journal is © The Royal Society of Chemistry 2024
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cluster was a promising catalyst for HER.®® The Au,,(L%)s
cluster had eight coordinated unsaturated Au atoms at the
waist of the cluster, which can serve as active sites for H
adsorption. Calculations revealed that up to six of H atoms can
be adsorbed onto the Auy,(L®)s cluster, and the optimized H
atom adsorption configuration is shown in Fig. 6a. The first
four H atoms adsorbed were at the bridge sites of every two
ligand-unsaturated Au, the fifth and sixth H atoms bridged on
the top and bottom Au, and the latter Au was not coordination
unsaturated. Fig. 6b shows the calculated adsorption energy
(AEy) and adsorption free energy (AGy) for each H atom
adsorbed on the cluster. It can be seen that the AGy of the
first six H atoms was close to 0 eV and that the second H was
the strongest adsorbed. The seventh H atom can hardly adsorb
on the cluster. Fig. 6c shows the Bader charge analysis of the
Au,,H,(L®)g cluster with two H atoms adsorbed, and it can be
seen that H atoms exhibited hydride-like properties with all
negative charge. On the other hand, the Au attached to H
showed an obvious lack of electrons. This suggested that the H
adsorbed onto the phosphine ligand-capped Au cluster was
characterized as a hydride, which differed from the metallic H
in the thiol ligand-protected Au clusters.

o

Differential Adsorption Energy (eV)
S &6 6 o © o o ©
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=4
@

1 2

3 4 5
Number of Hydrogen

Fig. 6 (a) Optimized configurations of different amounts of H atoms
adsorbed on Au,,(L8)e. (b) Calculated adsorption energies (AE,) and
adsorption free energies (AGy). (c) The Bader charge of the Au,,H(L%)g
cluster with two H atoms adsorbed onto the Auy,(L8)s. Color codes: red/
yellow = Au, blue/green/light grey = H, magenta = P, grey =
C. Reproduced with permission from ref. 61. Copyright 2018 Royal
Society of Chemistry.
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3 Photocatalytic H, production

Photocatalytic H, production can be viewed as the process of
catalysing water splitting to produce chemical energy H, using
renewable solar energy assisted by a photocatalyst.**% A
favourable photocatalyst needs to satisfy the following con-
ditions: a suitable band gap width and band position and
effective ability to separate and transport electron-hole
pairs.®®®® Atomically precise metal clusters feature diverse
energy levels, HOMO-LUMO (highest occupied molecular
orbital-lowest unoccupied molecular orbital) transitions and
special photo-absorption properties,®®’° which make the clus-
ters excellent for applications in photocatalysis. In recent
years, chemists have achieved substantial progress in prepar-
ing composite photocatalysts by combining precise metal clus-
ters with conventional semiconductors.”"”* Orlov’s group used
sub-nm Au particle modification on CdS as a photocatalyst,
which displayed amazing photocatalytic H, production per-
formance.”> However, the sub-nm particle had no resolved
crystal structure, and was identified as bare Aug and Auy, by
matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry and DFT simulations, which
was the first ever demonstration of the potential of sub-nm Au
particles for photocatalytic H, production.

As early as 2013, Jin’s group demonstrated the high activity
of Ni-based clusters as photocatalytic water reduction catalysts
by using an Ir complex as a photosensitizer, triethylamine
(TEA) as a sacrificial agent, and Nis(SR),, clusters as a water
reducing catalyst, and the turnover numbers (TONs) and turn-
over frequencies (TOFs) can reach 3750 and 970 h™", respect-
ively.”* Ni" first undergoes one electron reduction and proto-
nation, possibly forming a hydride intermediate, followed by
reduction of another proton to produce H,. This study con-
firmed the promising potential of Ni-based clusters as catalysts
for photocatalytic H, production from water reduction, which
opened up a new mindset for designing photocatalysts.

Chen’s group loaded benzyl thiol-protected Nig(SR)i,
cluster onto TiO,.”® This composite catalyst could significantly
enhance the photocatalytic H, production activity under simu-
lated sunlight using methanol as a sacrificial agent, and the
molecular structure of the clusters remained unchanged
during the catalytic process. Nig(SR);, (hereafter Nig) presented
obvious characteristic absorption peaks in the UV-visible
region. When Nig cluster was loaded onto TiO,, its solid-state
UV spectrum exhibited a corresponding photoresponse, which
was enhanced with the increase of Nig cluster content. Fig. 7a
shows the photocatalytic H, production performance of the
catalysts with different Nig cluster loadings, and increasing the
cluster loading can enhance the photocatalytic H, generation
production activity. The H, evolution activity of the catalyst
only decreased slightly during the 10-cycle stability experi-
ments. Fig. 7b shows the photocurrent density of Nig/TiO, and
TiO,, which was twice as high as that of pristine TiO, without
the modification of Nis, implying that Nis can improve the sep-
aration efficiency of photogenerated electron-hole pairs of
TiO, and reduce the recombination rate. The electron density
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Fig. 7 (a) Photocatalytic H, production performance of catalysts with
different cluster loadings in a mixture of distilled water and methanol
(v/v = 80 mL/20 mL) with simulated solar light irradiation powered by a
300 W Xe lamp. (b) Photo-response currents of Nig/TiO, and TiO,. (c)
Electron density states of pristine TiO, and Nig cluster. (d) Schematic
diagram of the mechanism of photogenerated electron—hole pair trans-
fer between TiO, and Nig clusters. Reproduced with permission from
ref. 75. Copyright 2021 Elsevier.

state indicates that there was an overlap between the electron
occupied orbital of Nig and the conduction band of TiO,,
allowing the photogenerated electrons transfer from the TiO,
conduction band to the occupied orbital of the excited Nig
cluster (Fig. 7c). Fig. 7d shows a schematic diagram of the
mechanism of Nig cluster enhancing the photocatalytic per-
formance of TiO,, showing the transfer path of photogenerated
electron-hole pairs. It is worth mentioning that the non-
bonding weak interaction between the ligands of the clusters
and TiO, played a crucial role in this reaction.

Subsequently, they investigated the effect of cluster ligands
on the photocatalytic performance using graphitic carbon
nitride (g-C3N,) with delocalized = bonds as the carrier and
Niy,(SR),4 (hereafter Niy,) as the cocatalyst.”® The Niy, cluster
possesses a ring structure, similar to that of a crown, and pro-
tected by 4-methylbenzenethiolates as a ligand. The absorp-
tion of the cluster in the UV-visible region mainly originated
from the electron transition within the Ni-S ring structure of
the cluster and the transition from the core structure to the
n-bond of the benzene ring in the ligand. When exposed to
ultraviolet radiation, electrons are transferred from the ring
structure nucleus to the benzene ring ligand. Fig. 8a shows the
H, generation efficiency of the catalysts with different cluster
loadings under simulated sunlight radiation. While Ni;, and
2-C3;N, alone were not photocatalytically active, Ni;,-modified
2-C3;N, possessed an extremely high H, evolution rate, and the
catalytic efficiency increased with the increase of cluster
loading. Because the clusters featured significant absorption
in the visible region, the photocurrent density of the compo-
site catalyst was apparently amplified compared to fresh
2-C3N, (Fig. 8b). The activity of the catalyst was reduced by
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Fig. 8 (a) Photocatalytic H, production efficiency of catalysts with
different Nij, cluster loadings in a mixture of distilled water and metha-
nol (v/v = 80 mL/20 mL) with simulated solar light irradiation powered
by a 300 W Xe lamp. (b) Photo-response currents of Ni;»/g-C3N4 and
g-C3N4. (c) Ab initio molecular dynamic snapshots of Nij, loaded onto
g-C3N4 systems at 10 ps. Color codes: blue = Ni, yellow = S, grey = C,
white = H. (d) Schematic diagram of the mechanism of photogenerated
electron—-hole pair transfer between g-CsN; and Nijp clusters.
Reproduced with permission from ref. 76. Copyright 2023 American
Chemical Society.

only 30% in a cycle stability test of greater than 24 hours. The
interaction between the Ni;, cluster and g-C;N, was simulated
by molecular dynamics, and it was found that the benzene
ring on the cluster ligand was parallel to the g-C;N, plane,
resulting in 7-n conjugated interaction, which connected the
charge transfer between the cluster and the carrier, and facili-
tated the effective separation of photogenerated electrons and
holes of the composite catalyst to enhance the catalytic activity
(benzene rings are shown in green in Fig. 8c). The mechanism
of the conjugation interaction to improve the photocatalytic H,
evolution performance is shown in Fig. 8d and marked by red
arrows. Under light irradiation, the ground state electrons of
Nij, were excited to produce photogenerated electron-hole
pairs. The photogenerated electrons jump to the conduction
band of g-C;N, due to the n—x interactions, and are then cap-
tured by the surface to produce H,. This study visualized the
weak cluster-support interaction in the composite photocata-
lysts as the n—n conjugated interaction.

In addition to Ni-based clusters, Cu-based clusters have
also been shown to be outstanding catalysts for photochemical
H, production. The Cu cluster family has developed gradually,
which has more enriched crystallographic structure compared
to Ni clusters. Gao’s group reported a precise
Cuy001(CroH240,)12(CH3CO0)s  cluster (hereafter UNJ-Cuy)
protected by ethinylestradiol (C,oH,40,) ligands and acetic
acid (CH3;COOH) molecules.”” Unlike previously reported Cu
clusters, the additional hydroxyl group on C,,H,,0, can modu-
late the hydrophilicity of UNJ-Cu,,. Combining UNJ-Cu,, and
TiO, nanosheets (NSs) can form a highly efficient composite

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 (a) Photocatalytic H, production rates of composite catalysts
with different UNJ-Cuyo cluster loadings using a 300 W xenon lamp as
the light source to simulate sunlight. (b) Photo-response currents
density of UNJ-Cu,o, TiO2-NS and UNJ-Cu,o/TiO,-NS. (c) Schematic
diagram of the interaction of UNJ-Cu,o with TiO,-NS surface. (d)
Schematic illustration of the relative positions of the UNJ-Cuy, and
TiO,-NS energy bands and the electron transfer mechanism over the
composite catalysts. Reproduced with permission from ref. 77.
Copyright 2021 Royal Society of Chemistry.

H, evolution photocatalyst. As shown in Fig. 9a, the photo-
catalytic H, generation performance of UJN-Cu,,@TiO,-NS
composites with different loadings of UJN-Cu,, was demon-
strated by using a 300 W xenon lamp to simulate sunlight. The
original TiO,-NS or UJN-Cu,, could only produce trace
amounts of H,. The H, production activity of UIN-Cu,,@TiO,-
NS nanocomposites was significantly enhanced, with an
optimal H, production rate of 13 mmol g h™' at 2%
UJN-Cuy,, UJN-Cu,,@TiO,-NS nano-
composite maintained high H, production activity after 5

loading. Moreover,

cycles. Fig. 9b shows the photocurrent response curve to inves-
tigate the photoconversion ability of the catalyst. Both TiO,-NS
and UJN-Cu,, exhibited weak photocurrent responses. And the
composite catalyst possesses a significantly enhanced photo-
electric response, indicating that the synergistic effect of the
UJN-Cus,, cluster and TiO,-NS could promote the separation of
photoelectrons and holes. As for the interaction between
UJN-Cu,, clusters and TiO,-NS, UJN-Cu,, was bound to the
surface of TiO,-NS by hydrogen bonding via the hydroxyl
group on the ligand (Fig. 9c). Fig. 9d illustrates the relative
positions of energy bands of UJN-Cu,, and TiO,-NS as well as
the electron transfer mechanism on the composite catalyst.
The electrons were excited, when the light energy was larger
than the band gap of both. The electrons from the TiO,-NS
conduction band combined with the holes in the HOMO level
of UJN-Cu,,, retaining the electrons from the LUMO level of
UJN-Cu,,. Triethanolamine (TEOA) could capture the holes
with strong oxidation capacity in the TiO,-NS valence band. By
constructing a Z-type photocatalytic system, the separation of
photoelectrons and holes was significantly promoted.

This journal is © The Royal Society of Chemistry 2024
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Loading Cu-based clusters onto semiconductor TiO, can
lead to efficient photocatalysts; on the other hand, self-
assembled cluster-based metal organic frameworks (MOFs), a
porous network structure with periodicity by connecting
cluster nodes with organic ligands, also improved the stability
of the clusters. Moreover, the MOFs also could maximize the
accessibility of the unsaturated active sites in the spatial separ-
ation structure. Xu et al. synthesized a Cug(SN),(‘BuS), (SN = 4-
(4-pyridinyl)thiazole-2-thiol) cluster with the precise structure
shown in Fig. 10a.”® And the Cu-MOF was obtained by using
Cug(SN),(“BuS), as a metal cluster node, and SN with a double
coordination structure as an ideal grafting ligand, with Cu
cluster attached at one end and uncoordinated pyridine nitro-
gen atoms linked to Cu at the other end during the self-assem-
bly process. Fig. 10a shows the mechanism of construction of
the Cu cluster-based MOF. When fluorescein (FL) and triethyl-
amine (TEA) were used as photosensitizers and sacrificial
agents, the ordered-structured Cu-MOF exhibited excellent
photocatalytic H, production activity (Fig. 10b), and the Cu-
MOF displayed the recycling of heterogeneous catalysts. The
photo-responsive current densities of Cug(SN),(‘BuS), and Cu-
MOF were compared in Fig. 10c, and the introduction of the
FL significantly enhanced the photocurrent of Cu-MOF, which
indicated that a large number of photogenerated electrons
were transferred from the photosensitizer to the Cu-MOF cata-
lyst as well as the efficient separation and transfer of photo-
generated electrons. Compared with Cug(SN),(‘BuS), units, the
ordered porous frame structure enabled Cu-MOF to carry out
charge transfer efficiently, which was the main reason for its
enhanced photocatalytic performance. Furthermore, Jiang and
his colleagues reported that MAg,4(SR),s (M = Ag, Pd, Pt, and
Au) encapsulated in MOFs exhibited outstanding photo-
catalytic H, production activity, which was attributed to the

a !’ Copper cluster building block \u
! i
i W ol

4 i
| . Y
1 " &
i '
'
i Periodic " 1
1
1 construction 3 :
H "
'
'
'
: )\ -
' e ol
! '
i '
N .
b c —
—— Cu-MOF
E g —— Cu-MOF+FL
3 3 gL
§ 5
E] s
S 2
: ‘
* £

Tst Znd 3rd % w0 40 o 750 %
Cycle Number Time (s)

Fig. 10 (a) Schematic diagram of the synthesis of Cug(SN)4(‘BuS)4
cluster-based MOFs (Cu-MOF) through self-assembly of copper cluster
units. (b) Recyclability of Cu-MOF for photocatalytic H, production in a
mixed solution of ethanol and water (v/v = 1/1) with FL and TEA as the
photosensitizer and sacrificial agent. (c) Photo-response currents
density of Cug(SN)4('BuS); and Cu-MOF. Reproduced with permission
from ref. 78. Copyright 2023 Royal Society of Chemistry.
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fact that the metal clusters generated a charge transfer
pathway similar to that of a Z-type heterojunction under
visible irradiation, which facilitated charge separation.”®

In addition to monometallic Cu clusters, Mo-Cu bimetallic
clusters have also been reported for photocatalytic H, pro-
duction. Zang’s group introduced MoOS;*~ unit into Cu
cluster and prepared a series of atomically precise
Cug(M0OS3),(C7H,S),(PPh;);xCH;CN  (CugMo,, C,H,S =
benzyl mercaptan).’® The introduction of Mo0S;*~ could
improve the structural stability of Cu clusters and introduce
new active sites. The composite catalyst loaded with Fe;O,
exhibited excellent catalytic activity and stability in the photo-
catalytic H, production reaction due to the electronic effects of
ligands that can modify the HOMO-LUMO of the cluster. The
electrons on the LUMO of FL are trapped by holes on the
HOMO of CugMo, under light radiation. As a result, the elec-
trons are highly reductive on the LUMO of CugMo, and thus
participate in the generation of H,. This kind of new copper
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clusters bring new vitality to photocatalytic hydrogen pro-
duction catalysts.

It is well known that gold bulk is chemically inert. Recently,
Xiao’s group constructed an interfacial charge-controlled
Z-type heterojunction photocatalyst based on Au,5(GS);s (GSH
= glutathione) cluster.®! Fig. 11a shows a schematic diagram of
the preparation of MoSe,/CdSe/Au,s; (M/C/A) heterojunction
catalyst. First, MoSe, nanosheets were modified with a layer of
mercaptoacetic acid (MAA) to make the surface negatively
charged. The surface of CdSe quantum dots was positively
charged by surface modified 2-aminoethanethiol (AET). The
charge-modified MoSe, nanosheets and CdSe quantum dots
were self-assembled to form the binary heterostructure as
shown in Fig. 11b, and the surface of the composite structure
was positively charged. GSH-protected Au,s cluster was
assembled with a binary heterostructure to form a ternary
heterostructure, as shown in Fig. 1lc. Fig. 11d shows the
photocatalytic H, production activities of each component.
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Fig. 11 (a) Schematic diagram of the preparation of MoSe,/CdSe/Au,s (M/C/A) heterojunction catalyst. (b) MoSe,/CdSe heterostructure. (c) MoSe,/
CdSe/Au,s ternary heterostructure. (d) Photocatalytic H, production activities of MoSe,, CdSe and M,/C (x = 0.1, 1, 3 and 6). (e) Photocatalytic H,
production activities of CdSe, 1IM/C and 1M/C/A, (x = 0.5, 4, and 8). (f) Photocatalytic H, production activities of 1M/C, 1M/C/4A produced by
surface charge regulation and simple physical mixing under visible light irradiation (1 > 420 nm) in Na,SO4 aqueous solution (pH = 6.69). (g)
Scheme of the electron transfer mechanism of catalyst. Reproduced with permission from ref. 81. Copyright 2023 Wiley-VCH.
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The MoSe, nanosheets alone were almost inactive, CdSe
quantum dots were poorly active, and the catalytic activity of
MoSe,/CdSe (M/C) was significantly improved. Fig. 11e com-
pares the effect of the introduction of Au,;(GSH);5 on the cata-
lytic performance of MoSe,/CdSe binary heterostructures. The
highest catalytic activity was obtained when the content of
Au,5(GSH),g was 4 mL (1M/C/4A), which highlighted the great
importance of Au,5;(GSH);g in the catalysis of ternary hetero-
structures. Fig. 11f compares the photocatalytic activity of the
composite catalyst produced by simple physical mixing
without surface charge regulation. The experimental results
demonstrated that all of the three components along with
charge regulation were indispensable for improving the H,
production activity. The excellent catalytic activity was derived
from the fact that MoSe, can accelerate the migration of photo-
electrons from CdSe quantum dots to MoSe, nanosheets, and
reduce the carrier recombination rate of CdSe quantum dots.
In addition, the 1M/C/4A catalyst exhibited great cycling stabi-
lity, with no decay in activity during four cycles of the reaction.
Fig. 11g presents a schematic diagram of the electron transfer
mechanism of the catalyst. Under visible light irradiation, the
HOMO of Au,5(GSH);3 produced photogenerated electrons
onto the LUMO, and the CdSe quantum dots were also photo-
excited to generate charge carriers. The electrons at the LUMO
level of Au,5(GSH), 5 clusters rapidly combine with the holes in
the valence band of CdSe quantum dots. At the same time, the
electrons in the conduction band of CdSe quantum dots
migrated to the neighboring MoSe, nanosheets to complete
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Fig. 12 (a) Schematic diagram of Au,s(L-Cys)ig bound to UiO-66-NH,
through covalent bridge strategy. (b) Comparison of the photocatalytic
H, production performance of UiO-66-NH,, covalent bonded UiO-66-
NH3-Au,s(L-Cys)ig and physically mixed UiO-66-NH,/Auys(PET)1g with
ErB and TEOA as the photosensitizer and sacrificial agent. The light
source was a 300 W xenon lamp with a >420 nm filter. (c) Comparison
of cycling stability of UiO-66-NH,-Au,s(L-Cys)ig and UiO-66-NH,/
Au,s(PET) 8. Reproduced with permission from ref. 82. Copyright 2023
Springer Nature.
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Table 2 Photocatalytic H, generation performance of precise metal cluster catalysts reported

Ref.

Activity

Sacrificial agent (vol%)

Light source

Amount of catalyst (mg)

Co-catalyst

Catalysts

75
76
77
78
81
82
83
84
85
86
87

127.98 mmol per g per 9 h

140 pmol g™* h™*
17 012.045 pmol g~ * h™*

320 pmol g~ ' h™*
500 pumol h™*

0.5 pmol g™ h™*
4697 ymol h™*

13 mmol g~ ' h™
5000 pmol h™*

5600 pmol g™ h™*
3000 pmol g™* h™*

Triethanolamine (20)
Triethanolamine (—)
Triethanolamine (10)

Methanol (10)

Methanol (20)
Triethanolamine (5)
Lactic acid (10)
Triethanolamine (10)
Methanol (33.3)
Methanol (10)

)
)
)
)

300 W Xe lamp (1 > 420 nm
300 W Xe lamp (1 > 420 nm
300 W Xe lamp (4 > 420 nm
300 W Xe lamp (1 > 420 nm
300 W Xe lamp (1 > 420 nm)
400 W high-pressure Hg lamp
400 W high-pressure Hg lamp
UV LED (365 nm, 83 mW cm™?)
400 W high-pressure Hg lamp

300 W Xe lamp
50 W Xe lamp

20
10

AU101(PPh;),; Cl5-AISITiO;-1-GO
Au,s5(SR);5-Cr,03-BaLa,Ti O;5

MoSe,/CdSe/Au,5(SR);g
Ui0-66-NH,-Au,5(SR) g
Au,,Pt(SR);g-BaLa,Ti O35
Au,5(SR),5-BaLa,Ti O35

NilZ(SR]24/C3N4
Cu,o@TiO,-NS
AU,5(SR)15/g-C3Ny

Nig(SR);,/TiO,
Cug-MOF
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the Z-scheme charge transfer. This work inspired the research-
ers to optimize the catalytic reaction performance by manipu-
lating the surface charge catalyst.

In addition to interfacial charge regulation, Zhu et al. also
proposed a covalent bridge strategy connecting atomically
precise Auys(-Cys)is (-Cys = r-cysteine) cluster with metal-
organic frameworks to enhance the activity and stability of
photocatalytic H, production.®” Fig. 12a shows a schematic
diagram of -COOH on the Au,5(1-Cys);g ligand bound to -NH,
on UiO-66-NH, by a dehydration condensation reaction with
an amide covalent bond. Through a covalent bridge strategy,
the Au,;5(L-Cys);g cluster was uniformly and densely embedded
throughout UiO-66-NH,. A physical mixture of Au,s(PET);g and
UiO-66-NH,, was also prepared for comparison. Fig. 12b com-
pares the photocatalytic H, production performance of UiO-66-
NH,, covalent bonded UiO-66-NH,-Au,5(1-Cys);s and physically
mixed  UiO-66-NH,/Au,5(PET);g.  UiO-66-NH,-Al,5(L-CyS) 5
exhibited the optimal photocatalytic H, production rate, which
was 90 times higher than that of the original UiO-66-NH,.
Moreover, the UiO-66-NH,-Au,s(-Cys);s catalyst linked via
covalent bonding displayed outstanding stability (Fig. 12c).
The UiO-66-NH,/Au,5(PET);g catalyst by simple mixing in the
second cycle showed a significant decrease in catalytic activity.
This is attributed to the metal-support interaction created by
the covalent bond between UiO-66-NH, and Au,s(1-Cys)isg,
which can facilitate charge transport and inhibit charge-hole
recombination. We also list a comprehensive range of studies
of precise metal clusters as photocatalysts in Table 2, includ-
ing test conditions and catalytic activities, without going into
detail.

4 Conclusions

In summary, we have concentrated on summarizing the devel-
opment of atomically precise metal clusters in electrochemical
and photocatalytic hydrogen production in the last few years.
Due to the resolvable crystallographic structure of metal clus-
ters, they provide a promising research platform for under-
standing the relationship between catalytic performance and
structure. Many achievements have been witnessed in the
application of precise clusters for electrocatalytic and photo-
catalytic H, production. With the further development of
scientific research, the researchers are more in pursuit of
superior catalytic performance, and how to enhance the
efficiency of electrocatalysis and photocatalysis remains a chal-
lenge for current research. For electrochemical H, evolution
catalysts, understanding the electron transfers between the
catalyst and electrode surface as well as the catalyst and reac-
tion substrate is crucial for designing high-performance elec-
trocatalysts. For photocatalytic H, production, how to effec-
tively promote the separation of photogenerated electron-hole
pairs and inhibit their recombination is the key to enhancing
the photocatalytic efficiency. Metal clusters with extraordinary
optical absorption urgently need to be designed to have the
ability to capture light from the visible to the infrared and act
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as photosensitizers in photocatalytic systems. In addition,
ligand-protected metal clusters are fragile in both electro-
catalytic and photocatalytic systems, and improving the struc-
tural stability of the clusters is conducive to promote catalytic
stability. The monitoring of active sites reported so far is
usually realized by DFT calculations. Therefore, in situ charac-
terization techniques are of great interest for experimentally
detecting active sites and tracking cluster structure evolution.
It is expected that the development of atomically precise metal
clusters in the field of electrochemical and photocatalytic H,
production will fill the gap between single-atom catalysis and
nanoparticle catalysis and bring new opportunities for under-
standing the catalytic mechanism.
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