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Toward the creation of high-performance
heterogeneous catalysts by controlled ligand
desorption from atomically precise

metal nanoclusters

Tokuhisa Kawawaki, ¢ 2°¢ Yuki Kataoka,® Momoko Hirata,? Yuki lwamatsu,®
Sakiat Hossain @22 and Yuichi Negishi (2 *2°¢

Ligand-protected metal nanoclusters controlled by atomic accuracy (i. e. atomically precise metal NCs)
have recently attracted considerable attention as active sites in heterogeneous catalysts. Using these
atomically precise metal NCs, it becomes possible to create novel heterogeneous catalysts based on a
size-specific electronic/geometrical structure of metal NCs and understand the mechanism of the
catalytic reaction easily. However, to create high-performance heterogeneous catalysts using atomically
precise metal NCs, it is often necessary to remove the ligands from the metal NCs. This review
summarizes previous studies on the creation of heterogeneous catalysts using atomically precise metal
NCs while focusing on the calcination as a ligand-elimination method. Through this summary, we intend
to share state-of-art techniques and knowledge on (1) experimental conditions suitable for creating
high-performance heterogeneous catalysts (e.g., support type, metal NC type, ligand type, and
calcination temperature), (2) the mechanism of calcination, and (3) the mechanism of catalytic reaction
over the created heterogeneous catalyst. We also discuss (4) issues that should be addressed in the
future toward the creation of high-performance heterogeneous catalysts using atomically precise metal
NCs. The knowledge and issues described in this review are expected to lead to clear design guidelines
for the creation of novel heterogeneous catalysts.
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1. Introduction

1.1. Catalysts

Modern affluent society is supported by a wide variety of
substances. Most of those are produced by chemical reactions,
and most of the chemical reactions are promoted by catalysts.
Although the number of elements that can be handled stably on
the earth is limited, catalysts can produce a wide variety of useful
chemical substances from this limited number of elements and
therefore are indispensable materials in our society. Researchers
have developed various catalysts one after another to meet the
demands of society, leading to the establishment of a fulfilling
life and helping to overcome food shortages and reduce environ-
mental pollution." However, our society still has many problems
related to resources, energy, and the environment. Therefore,
future studies are expected to develop novel catalysts that will
address these problems facing modern society.

The concept of catalysis was first presented in 1836. Berze-
lius described in his paper that “catalysis is the acceleration of a
slow chemical reaction by the presence of a foreign substance”.”
Then, in 1901, Ostwald defined a catalyst as ‘“any substance
which alters the rate of a chemical reaction without appearing
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in the final product”.? This definition also clearly distinguished
between ‘“chemical equilibrium” and ‘“reaction rate”. Thus, a
catalyst is a substance that can change a chemical reaction
without being consumed. In reality, although the catalyst does
not change before and after the chemical reaction, it forms a
reaction intermediate with the reactant during catalysis. Therefore,
in modern chemistry, the catalyst is defined as “a substance that
changes the reaction rate in a chemical reaction but does not
appear in the general reaction formula and does not change the
equilibrium constant, reduces the apparent activation energy by
creating a new reaction pathway, and allows a specific reaction
among several possible reactions to proceed selectively”.

A catalyst contained in the same phase as the reactant is
called a homogeneous catalyst. For example, molecular catalysts,’
such as metal complexes used when synthesizing pharmaceuticals
and organic compounds in a solvent, are classified as homo-
geneous catalysts. These catalysts can generally be designed at
the molecular level, which allows the desired reaction to pro-
ceed with high selectivity. However, because all of the sub-
stances related to the reaction are dissolved in a solvent, it is
often difficult to separate products and recover the catalyst.
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Furthermore, in such a reaction system, the activity is generally
not so high because the reaction temperature is limited to below
the boiling point of the solvent.

A catalyst with a phase different from that of the reactant
and product, such as a solid-state catalyst®” (metal/metal oxide
nanoparticles loaded on a support), is called a heterogeneous
catalyst.® Generally, heterogeneous catalysts are used in large-
scale industrial processes. In this reaction system, the reaction
temperature can be raised to the heat-resistant temperature of
solid-state catalysts such that high activity is often obtained. In
addition, it is relatively easy to separate products and recycle
the catalysts in this reaction system, which is a great advantage
in industrial processes. However, the surfaces of heterogeneous
catalysts are not always homogeneous, and it is difficult to
design and control them at the molecular level. For this reason,
reactions using heterogeneous catalysts often have low selectivity.

In the development of catalysts, it is very important to account
for the activity, selectivity, durability/stability, and environmental
burden.® Understanding the reaction mechanism is also essential
for improving the activity and selectivity. Thus, it is necessary to
develop many catalysts for which these factors are improved.

1.2. Atomically precise metal nanoclusters as catalysts

Ligand-protected metal nanoclusters controlled by atomic accuracy
(i e. atomically precise metal NCs)'**® have attracted considerable
attention as novel homogeneous and heterogeneous catalysts.
Research on the synthesis and determination of geometrical
structure of these atomically precise metal NCs began in the
1970s, and initially gold (Au) NCs protected by phosphine (PR;)
and halogen (X) (Au,(PR;),,X; NCs; n = number of Au atoms; m
and [ = number of PR; and X, respectively)'’>® and platinum
(Pt) and palladium (Pd) NCs protected by PR; and/or carbon
monoxide (CO) (M,,(PR3),,(CO);; M = Pt or Pd)**"*” were studied
as the main target. However, since the precise synthesis of
thiolate (SR)-protected Au NCs (Au,(SR),, NCs),*® which show
higher stability than the above-described metal NCs, was
achieved in 2005, SR-protected Au,'077!921:2633:36:4142 ilyer
(Ag)’10,18,20,22,43 copper (Cu)31’32 and their a11()},25,27—30,34,35,37—40,44

NCs have become the main research focus. In addition,
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numerous studies have been conducted on metal NCs with
alkyne (C=CR),”*7° selenolate,”” ** and tellurolate®® as ligands
in recent years. For the synthesis and electronic/geometrical
structure of these metal NCs, we point the interested reader to a
number of reviews published in the last few years by several
groups, including ours.”*>*%>7%3

Regarding these atomically precise metal NCs, in 2010, Jin
et al. found that Au,5(PET);s (PET = phenylethanethiolate) can
function as either a homogeneous catalyst (sometimes called
quasi-homogeneous; Fig. 1A) or a heterogeneous catalyst (Fig. 1B-D)
for the selective hydrogenation of benzalacetone by hydrogen (H,).>®
Since then, the catalytic reaction using atomically precise metal NCs
has attracted much attention. As described in Section 1.1, hetero-
geneous catalysts have an advantage in the recycling. In addition,
the use of support typically results in the improvements of the
catalytic activity; e.g. the catalytic activity of Auge(SPh),, (SPh =
phenylthiolate) for the hydrogenation of 4-nitrobenzaldehyde
to 4-nitrobenzyl alcohol was reported to be improved tenfold by
supporting them on cerium(iv) oxide (CeO,).”” Thus, the recent
studies have particularly focused on the use of atomically
precise metal NCs in a heterogeneous catalyst.

Atomically precise metal NCs are attracting attention as
heterogeneous catalysts for the following reasons:

(1) In a conventional heterogeneous catalyst, metal nano-
particles (NPs) on a support have a relatively large size distribution.
For such a system, it is difficult to identify highly active particles
and selectively load them. In contrast, for heterogeneous catalysts
loaded with atomically precise metal NCs, metal NCs with an
atomically defined chemical composition are loaded such that
highly active metal NCs can be identified and thereby selectively
loaded onto supports.

(2) Ligand-protected metal NCs exhibit different physico-
chemical properties and functions from bulk metals, and these
properties and functions change depending on the number of
constituent atoms and the type of ligand.®®°**2° Therefore, it is
possible to create a new heterogeneous catalyst with a unique
catalytic activity when using these metal NCs.

(3) In recent years, it has become possible to synthesize
various types of atomically precise metal NCs,'8?>72431733,69-84

low Calcination temperature high
L ——
Homogeneous catalyst Heterogeneous catalysts
A ¢ B b C D
¢ > @ Q=S
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(St
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Stability against aggregation
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Fig. 1 Categorization of catalysts: (A) homogeneous catalyst (sometimes called quasi-homogeneous catalyst) and (B—D) heterogeneous catalysts. This
review discusses heterogeneous catalysts prepared using atomically precise, ligand-protected metal NCs (B—-D). Note that calcination induces not only
the ligand elimination but also the reconstruction of the metal-core structure.

This journal is © The Royal Society of Chemistry 2021
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Therefore, it is possible to create a heterogeneous catalyst
suitable for the desired reaction based on the design, and it
is expected that high reaction selectivity could be achieved.

(4) For atomically precise metal NCs, it is often possible to
determine the geometrical structure through single-crystal X-ray
diffraction (SC-XRD) analysis,>¢*%730-37,39,40,98-100,121180 Therefore,
for heterogeneous catalysts using atomically precise metal NCs, it
is possible to obtain a deep understanding of the correlation
between the geometrical/interface structure of catalysts and
catalytic activity and the reaction mechanism.

As described above, the use of atomically precise metal NCs
as catalysts has many advantages for both the development of
practical catalysts and the understanding of the mechanism of
the catalytic reaction. Therefore, it seems possible to create a
heterogeneous catalyst, in which the above-described four factors
(activity, selectivity, durability/stability, and environmental
burden) are improved using this catalyst system. However, the
presence of ligands on the surface of the metal NCs interrupts
the approach of the reactant to the surface of the metal NCs,
which often leads to a decrease in catalytic activity (Fig. 1B).
Therefore, many attempts have been made to create heteroge-
neous catalysts with even higher activity by removing part
(Fig. 1C) or all (Fig. 1D) of the ligands.”*'®"'®*> For example,
in 2009, Tsukuda et al. succeeded in preparing a heterogeneous
catalyst with both high activity and selectivity by removing all
the ligands of triphenylphosphine (PPh;)-protected Au;; NCs."®?
In this way, it is expected that a heterogeneous catalyst having
even higher activity than that containing the ligands will be
created when an appropriate amount of ligands is removed
from the metal NCs.

1.3. Purpose and contents of this review

As mentioned in Section 1.2, ligand elimination induces activation
of catalysts. However, ligand elimination also induces recon-
struction and aggregation of metal NCs (Fig. 1B-D). When
aggregation occurs, the catalytic activity decreases as the pro-
portion of surface atoms in the loaded metal NCs decreases.
Therefore, in a ligand elimination, it is extremely important to
select suitable conditions. The conditions appear to vary
depending on the type of support, the metal NCs, the ligands,
and the catalytic reaction. In addition, if the desorbed ligands
from metal NCs are adsorbed on the support, they will also
affect the catalytic activity. Indeed, Burns et al. reported that
nickel-oxide supported-Au NPs decreased the catalytic activity
when the sulfate ions existed on the support.*®* Thus, to create
a highly active heterogeneous catalyst, it is necessary to deeply
understand the mechanism of the ligand elimination. However,
as the number of studies on the creation of highly functional
heterogeneous catalysts based on such a ligand elimination has
increased rapidly in recent years, it is difficult for researchers
(especially beginners) to extract all of the knowledge gained
from previous studies.

This review summarizes representative previous studies on
the preparation of heterogeneous catalysts using atomically
precise metal NCs while focusing on calcination as a ligand-
elimination method. The purpose of this review is to discuss

412 | Nanoscale Horiz., 2021, 6, 409-448
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existing knowledge on (1) the experimental conditions suitable
for the creation of highly functional heterogeneous catalysts (types
of support, metal NCs, and ligands and calcination temperature),
(2) the calcination mechanism, and (3) the mechanism of catalytic
reaction over the created heterogeneous catalyst.

In the next section (Section 2), we describe previous studies
while classifying them by the catalytic reaction. Then, we describe
the experimental conditions suitable for the creation of high-
performance heterogeneous catalysts (Section 3.1), calcination
mechanisms (Section 3.2), and the mechanism of the catalytic
reaction over the prepared heterogeneous catalyst (Section 3.3).
After a brief summary in Section 4, the future outlook is described
in Section 5.

For metal NCs whose constituent atoms are not controlled
with atomic precision, the creation of heterogeneous catalysts
using calcination has been well studied over many years.'#>>%°
However, this review summarizes the previous studies while
focusing on examples using atomically precise metal NCs, the
study of which only started in recent years. In addition, the
ligands of metal NCs can be removed not only by calcination but
also by light irradiation,***>%® oxidation,?**%” or reduction®’®
treatment. However, we do not touch on such methods because
of space limitations. For readers interested in the elimination of
ligands by methods other than calcination, it is better to read
other reviews or original papers.

2. Examples of activation of atomically
precise metal nanoclusters

In this section, we summarize representative studies on the
functionalization of heterogeneous catalysts based on ligand
elimination while classifying the studies by the catalytic reac-
tion. The geometrical structures of the atomically precise metal
NCs used in these studies are shown in Fig. 2. In addition, the
metal NCs and supports used in each study are summarized in
Table 1,'28:178:180,183,200,209-247 4114 the characteristics of each
Support are Summarized in Table 2.183,184,198,209,211,212,214,220,234,248—258
For readers interested in the details of the experimental conditions
in each catalytic reaction, it is better to read the original paper.
In the following, for example, Au,, NCs loaded on a metal oxide
are represented as Au,/metal oxide.

2.1. Oxidation reaction

2.1.1. Alcohol oxidation. Alcohol oxidation is one of the
most important reactions in the organic synthesis of chemicals
and pharmaceutical products. For these oxidation reactions, in
recent years, reactions using molecular oxygen (O,), which is
abundant in the atmosphere, as an oxidant have attracted
particular attention from the viewpoints of environmental
harmony and cost reduction. In 2009, Tsukuda et al. prepared
an alcohol oxidation catalyst by loading Au,; NCs on mesoporous
silica (SBA-15).'® In this experiment, PPh;-protected Au;; NCs
(the authors estimated the main product to be [Auy;(PPh;)sCl,]"
(Cl = chlorine); Fig. 2A) were first adsorbed on SBA-15 and
then calcined at 200 °C for 2 h under vacuum to remove the

This journal is © The Royal Society of Chemistry 2021
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[Augg(m-MBT),o(PPhg),J>*

[Ag44(SPhF)z0]4-

[Ag24Pt(2,4-SPhMe,) 5]~

[AU,PdeS4(PPhg)4(SPhF,)g]° [AU2PHPET);g]°

Fig. 2 Geometrical structures of atomically precise, ligand-protected metal NCs: (A) [Auy1(PPhzs)gClol*,*"? (B) [Auos(PET)15]17,%2 (C) [AupsPd(PET),5]°,Y2
(D) [Auzg(PET)241%® (E) [Au144(SCHoPh)eol®.* (F) [Auos(PPhs)1o(PET)sCLI?*, Y (G) [Agas(2,4-SPhMey)ig]l ™, ** (H) [Aupa(L8)6]®,® (1) [Pt/ (CO)1o(PPhs)gl 7
(9) [Ausg(PhC = C)20(PPh3)l**""® (K) [Ausslm-MBT)20(PPh3)al**"® (L) [Agua(SPhF)301*~,** (M) [Aga4Pt(2,4-SPhMes)1gl* ™" (N) [AU-PdeS4(PPhs)4(SPhF,)l%, %0
and (O) [Aup4Pt(PET)151°.2° The gray points indicate carbon atoms, and hydrogen atoms are not shown. Au,s(SR)ig (SR = SC12 or SG) discussed in
Sections 2.1.1, 2.1.2, and 2.4 is considered to have a similar geometrical structure as [Auos(PET)1gl ™ (B). Aup4Pd(SC12)1g discussed in Section 2.1.1 is considered
to have a similar geometrical structure as [Au4Pd(PET)15]° (C). Auzg(SC12),4 discussed in Section 2.1.4 is considered to have a similar geometrical structure as
[Auzg(PET)241° (D). Auiss(PET)go discussed in Sections 2.1.1-2.1.4 is considered to have a similar geometrical structure as [Aus4(SCH2Ph)gol® (E). These
graphics were reproduced with permission from ref. 26, 42—-44 and 171-180. Copyright 2016 Royal Society of Chemistry, 2008 American Chemical Society,
2015 American Chemical Society, 2013 Springer-Nature, 2014 American Chemical Society, 2016 American Chemical Society, 2010 American Chemical
Society, 2018 AAAS, 2007 American Chemical Society, 2014 American Chemical Society, 2017 American Chemical Society, 2017 AAAS, 2017 American

Chemical Society, 2018 Royal Society of Chemistry, respectively.

ligand (Fig. 3A). Based on the thermogravimetric analysis
(TGA) performed under similar experimental conditions for
[Auy4(PPh;)sCl,]", it was interpreted that all the ligands were
removed from [Auy;(PPhs)sCl,]" by calcination. High-angle annular
dark field-scanning transmission electron microscopy (HAADF-
STEM) images showed that the particle size of the loaded Au
NCs was 0.8 & 0.3 nm (Fig. 3B and C), indicating that the Au,; NCs
were loaded onto the mesoporous silica without any aggregation. It
was interpreted that the use of mesoporous silica with small pore
size and high specific surface area (Table 2) as a support greatly
contributed to the suppression of the aggregation of Au;; NCs. In
fact, some aggregation was observed when other mesoporous
silicas (MCF or HMS), which cause the increase of the Au, NCs
density, were used as a support. The authors examined the
catalytic activity of the obtained Au;,/SBA-15 for the benzyl alcohol

This journal is © The Royal Society of Chemistry 2021

oxidation (Scheme 1). In this experiment, hydrogen peroxide
(H,0,) was used as the oxidant, and the solution was heated by
microwave. As a result, Au;;/SBA-15 showed higher conversion
efficiency and selectivity for benzoic acid (Scheme 1C) than
the catalysts in which larger Au NP (Auyp) was loaded
by impregnation or precipitation methods (Aunp/SBA-15). A
similar phenomenon was observed when other primary benzyl
alcohols were used as substrates. Unfortunately, Au,;,/SBA-15
did not show high catalytic activity in the reaction using
molecular O, as an oxidant at room temperature. However,
this study is very important because it demonstrated that by
using atomically precise metal NCs as a precursor, (1) fine
metal NCs can be loaded and (2) it is possible to produce
catalysts with higher activity and selectivity than those prepared
using larger Auyp.

Nanoscale Horiz., 2021, 6, 409-448 | 413
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Table 1 Catalytic reaction, preparation conditions of catalysts, and resulting particle size of loaded metal NCs
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Calc. Calc. Particle
Reaction NCs* Support Metal weight atmosphere temp./°C size/nm Ref.?
Oxidation of Au,4(PPh3)sCl, SBA-15 0.4 wt% Vacuum 200 0.8 +£0.3 183
benzyl alcohol Au,5(SC12)45 MWCNTSs 0.05-1.0 wt% Vacuum 300 1.1+ 02 209
450 1.2 + 0.2
Au,,Pd(SC12),5 300 1.2 + 0.3
450 1.2 + 0.3
Au,5(SC12)5 HPCSs 1.0 wt% Vacuum 500 1.2 £ 0.3 210
Auzs(PET)m HPCSs 1.0 wt% Vacuum 550 1.0 £ 0.2 211
Augg(PET),, 1.2 + 0.3
AU, 44(PET)gp 1.6 £ 0.1
Au__330(PET) . 2.0 £0.2
Au,;Cug(PPh,Py);, CNTs —° Vacuum 370 —° 128
AU,5(SPh-pNH,); SBA-15 0.04 Wt% Air 400 1.9 +06 212
1.07 wt% 1.8 £ 0.5
Oxidation of glucose  Auzg(PET),, AC 1.38 wt% Air 120 ~1.6 213
Aerobic oxidation of  Au;(SG)1o HAP 0.2 wt% Vacuum 300 1.0+ 04 214
cyclohexane Au,5(SG)14 1.0 £ 0.4
AUL5(SG)1s 1.1 405
Auzo(SG)yy 11+ 05
Augg(PET),, CeO, or AL,O, 2 Wt% Air 250 or 350  —© 215
Au,5(PET),, Ce0, 0.5 Wt% Air 150 ~1 216
250
ALO, 150 2-3
250
Aug(PET),, CeO, 0.5 wt% Air 250 ~1 217
Al,O5 2-3
Au,5(PET) 4 TiO, 0.54 wt% Air 150 11+03 218
250 —
Sio, 0.34 wt% 150 1.2 + 0.6
250 —
Auy4(PET)g0 TiO, 0.36 wt% 150 1.6 £ 0.6
250 —-
Sio, 0.25 wt% 150 1.7 £ 0.4
250 —
Oxidation of styrene  Au,5(SG)ig HAP 0.5 wt% Vacuum 300 1.4 +06 219
Auys(PET)yg SiO, or HAP 1 wt% Vacuum 200 — 220
Au,g(PET),,
Au,44(PET)gp
Au,s(PET)yg CeO, 1 wt% Vacuum 260 — 221
Au,5(PPh;);4(PET)sCl,
Au,5(PET) Si0, ~1 Wt% Vacuum 200 3-4 222
Au,5(PPhg);9(PET)5Cl,
Au,s(MHA), HAP 1 wt% N, 300 24+13 223
TiO, 2.0 £+ 0.8
AC 4.0 £ 5.0
PGO 3.8 +3.1
Si0, 5.0 + 3.9
Ag,5(2,4-SPhMe,), AC 4 Wt% Air 250 1.2 +03 224
350 2.6 £04
450 2.8+ 0.6
Oxidation of CO Auzg(SC12)p, TiO, 0.7 wt% H,/He 400 3.9+ 1.0 225
Au,5(PET) 4 TiO, 1 wt% 0, 150 —° 226
Fe,O3 2 wt%
CeO,
Au,4(PET),, CeO, 1 wt% 0, 100-250 — 227
Auy44(PET)s CeO, 1 wt% 0,/CO or H, 80 —° 228
Au,5(PET) 4 Ce0, 0.66 Wt% 0, 150 —° 229
Au,5(1SNap), 0.63 wt%
Au,5(2SNap)yg 0.63 wWt%
Auze(S-c-CsHo)ay 0.74 wt%
Au4(SPh),, 0.72 Wt%
Au¢(SPh-tBu),, 0.64 wt%
Au(2SNap),, 0.64 Wt%
Au;s(PET),, 0.69 Wt%
Auzg(SPh)y, 0.73 wt%
Au;g(0-MBT),, 0.71 wt%
Au,g(S-¢-CeHy1)a0 CeO, 0.32 pmol 0, 150 or 300 — 230
AU,g(TBBT),0 —°
Au,5(PET) 4 Ce0, ~1 Wt% 0, 150-350 —° 231
Au,,(L8)g TiO,, SiO,, or CeO,  ~ 0.5 Wt% 0, 22-400 —° 232
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Table 1 (continued)
Calc. Calc. Particle
Reaction NCs* Support Metal weight atmosphere temp./°C size/nm Ref.?
Au,g(PET),, CeO, 2 Wt% 0, 150 or 250  2-4 233
Au,5(PET) 4 C050,-EP-FDU-12 1.1-2 wt% Air 300 —° 234
Auy44(PET)s0 CuO-EP-FDU-12 1.1 wt% 1.7 £ 0.2
Pt;,(CO);,(PPh;)s v-Al,O3 0.15 wt% Vacuum 500 1.1 4+ 0.2 235
Semihydrogenation  Au,s(PET)yg TiO,, CeO,, SiO,, 1 wt% Vacuum 300 —° 236
of alkynes or Al,O;
Auyg(PhC=C),o(Ph;P),  TiO, 0.4 Wt% Vacuum 130 1.4 178
Auzg(m-MBT),0(PhsP),
Reduction of Au,5(PET)yg CB 0.3 wt% Air 125 1.5+ 0.2 237
4-nitrophenol 200 1.7 £0.8
250 1.9+ 1.1
350 2.1+0.9
Reduction of Auys(MHA), g HAP 1 wt% N, 300 2.4 +1.3 223
nitrobenzene TiO, 2.0 + 0.8
AC 4.0 = 5.0
PGO 3.8 +3.1
Sio, 5.0 £ 3.9
Hydrogenation Au,5(Cys)sg ZnAl-HT 1.1 wt% Air 300 1.7 £ 05 238
of 3-nitrostyren
H, generation Ag44(SPhF)3 MPC 0.2 wt% Vacuum 150 and 300 1-2 239
Photocatalytic Au,5(SG)1g BaLa,Ti,O45 0.1 wt% Reduced pressure 300 1.2 £ 0.3 240
HER and OER Au44(SG)10 BaLa,Ti,O45 0.1 wt% Reduced pressure 300 0.9 £0.2 241
Au,5(SG)y; 1.0 £ 0.2
Au,4(SG),, 1.1 4 0.2
Au,(SG)i6 1.5 + 0.4
AU,5(SG)yg 1.2 £ 0.3
AU6(SG)s0 1.6 + 0.4
Au;5(SG),, 1.7 £ 0.5
AU;6(SG),4 1.5 £ 0.3
Au,5(SG)1g SrTiO; 0.1 wt% Reduced pressure 300 1.0 £ 0.2 242
Au,5(SG)1s Cr,05-BaLa,Ti 045 0.1 wt% Reduced pressure 300 1.1+ 0.2 243
Auzs(PET)18 BaLa,Ti,O45 ~0.1 wt% Reduced pressure 300 —° 244
Au,,Pt(PET),5
Rh,(SG), BaLa,Ti,O15 0.09 wt% Reduced pressure 300 1.3 £ 0.3 245
Ag,5(2,4-SPhMe,), g-C3N, 0.2 Wt% Ar 150 1.5+03 200
Ag,4Pt(2,4-SPhMe,) ¢
Electrocatalytic Pde(SC12)4, AC — Vacuum 200 —- 246
HER and OER Au,Pd¢S,(PPh;),(SPhF,); MoS, 0.05 Wt% Ar 100 — 180
Au,5(PET) 5 CoSe, ~02mgem > N, 300 —° 247

“ Counter ion is omitted. ® Reference number. ¢ No information.

In 2012, the same group studied the use of Au,s5(SC12);5
(Fig. 2B) and Au,,Pd(SC12),5 (Fig. 2C; SC12 = 1-dodecane-
thiolate) as metal NCs with multi-walled carbon nanotubes
(MWCNTSs) as a support.”’” In this study, the ligands were
removed by calcination at 300 or 450 °C for 2 h under vacuum.
In both cases, no aggregation was observed when the Au
loading on the MWCNTSs was less than 0.2 wt% (0.2 wt% Au).
However, aggregation was clearly observed when the loading
was greater than 0.2 wt% (Fig. 4A). This finding indicates that
the optimization of the loading amount is very important to
suppress the aggregation of the loaded metal NCs. The catalytic
activity of the obtained catalysts (Au,,M/MWCNTs; M = Au or
Pd) for the oxidation of benzyl alcohol was investigated, and
the results showed that the catalytic activity appeared only after
ligand elimination for these catalysts. Moreover, in this study,
it was shown that the oxidation reaction proceeds using
atmospheric molecular O, as an oxidant over these catalysts
and that the catalytic activity of Au,s/MWCNTs can be improved
by nearly three times by simply replacing one Au atom with
Pd (Fig. 4B).

This journal is © The Royal Society of Chemistry 2021

As described above, ligand elimination induces an increase
in catalytic activity. In 2014, the same group reported that
moderate amounts of the remaining ligands led to control of
the reaction selectivity.”'° In that study, Au,5(SC12)4 (Fig. 2B)
was used as the metal NCs and hierarchically porous carbon
nanosheets (HPCSs; Fig. 5A) were used as the support. HPCSs
have a larger specific surface area than MWCNTs (Table 2) and
have more defects on their surface because of their porous
structure. Therefore, almost no aggregation of Au,s; was observed
for Au,s/HPCSs with 1.0 wt% Au even after calcination at 500 °C
for 2 h. The study using the obtained catalysts revealed that (1) a
part of the SRs could not be removed from the Au,s surface by
the calcination below 500 °C and (2) the alkyl chains, once
desorbed from the Au,s NC surfaces by S-C dissociation at
low temperature, were adsorbed on the surfaces of the HPCSs.
A study on the oxidation ability of benzyl alcohol for a series of
catalysts prepared at different calcination temperatures revealed
that (1) ligand elimination is necessary for the emergence of the
catalytic activity of this catalyst, (2) the catalytic activity increases
with the amount of ligand elimination, and (3) the catalyst with
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Table 2 Properties of supports introduced in this review

Support Surface area/m> g ' Lewis acid site Brensted acid site
SBA-15 866" —* —*
(m-Si0y) 570 + 5°
395.2¢
MWCNTs  250-3007 —k Exist”
HPCSs 2300° —k —k
HAP ~100" —* —*
CeO, 65% Exist® A little exist®
Al O, 1728 Exist® Absent®
TiO, 48 (P25 Exist’ A little exist®
9.6 (anatase)”
50 (anatase)’
6.7 (rutile)”
Si0, 200 + 25/ Exist® Absent®
PGO _k _k _k
AC 250-2410% —k —k
CB _k _k _k
Fe,03 10™ A little exist’ A little exist’
v-Al,O5 403™ Exist” Absent®
ZnAl-HT —k —k —k
BaLa,Ti,Oy5 6.1% —* —*
SrTiO; 3277 Exist” Absent”
2-C;N, 43-2887 —k —k
MoS, k &k _k
CoSe, —k —k —k

@ Ref. 183.7 Ref. 212. ¢ Ref. 234. % Ref. 209. ¢ Ref. 211./ Ref. 214.
¢ Ref. 198. " Ref. 184. ' Ref. 310.7 Ref. 220. ¥ No information. ’ Ref. 248.
™ Ref. 249. " Ref. 250.° Ref. 251.7 Ref. 252. 7 Ref. 253.7 Ref. 254.
$ Ref. 255. ¢ Ref. 256. “ Ref. 257. ¥ Ref. 258. ¥ General value.
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Fig. 3 (A) Synthesis procedure of sub-nanometer-sized Au NCs within
SBA-15 using PPhs-protected Auj; NCs as a precursor. (B) Representative
HAADF-STEM image and (C) size distribution of Au NCs prepared by
adsorption method. Reproduced with permission from ref. 183. Copyright
2009 American Chemical Society.
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Scheme 1 Benzyl alcohol oxidation using metal NC catalysts. Generally,
the reaction is conducted in the presence of a base such as cesium
carbonate (Cs,COsz) or potassium carbonate (K,COs). In the literature,
the reaction was conducted with H,O or toluene as a solvent under O, or
air atmosphere. In ref. 183, H,O, was used as an oxidant. A = benzyl
alcohol, B = benzaldehyde, C = benzoic acid, D = benzyl benzoate,
respectively.
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Conversion in benzyl alcohol oxidation

Fig. 4 (A) Dependence of the loading amounts of Aups NCs on the Au
particle size in Aups/MWCNTSs. The error bars indicate the size distribution
determined by TEM. (B) Catalytic performances of Au,s/MWCNTs
and Aup4Pd/MWCNTSs for benzyl alcohol oxidation. Reproduced with
permission from ref. 209. Copyright 2012 American Chemical Society.

remaining partial ligands had the highest selectivity for the
conversion to benzaldehyde (Scheme 1B) (Fig. 5B). This study
was of great interest as it showed that the reaction selectivity can
be controlled by controlling the amount of remaining ligands. In
2016, the same group used a series of Au,, NCs (Au,s, Auzg, AUy 44,
or Au.zzo) to study the size dependence of Au NCs on this
catalytic reaction, and the results revealed that Au,,, shows the
highest conversion efficiency.*"!

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (A) TEM image of HPCSs. (B) Catalytic performance of Au,s(SC12)1g_,/
HPCSs for aerobic oxidation of benzyl alcohol. Reproduced with permission
from ref. 210. Copyright 2014 American Chemical Society.

Regarding benzyl alcohol oxidation, Zheng et al also
reported results in 2013."*% In their study, the newly synthesized
Au,3Cug(PPh,Py),, (PPh,Py = diphenyl-2-pyridylphosphine) was
loaded on CNTs, and then the catalysts were calcined at 370 °C
under vacuum to prepare Au,3;Cug/CNTs without ligand. The
Au,;3Cug/CNTs showed 46.9% conversion efficiency and 61.0%
selectivity to benzaldehyde under O, atmosphere at 80 °C. This
catalyst resulted in a conversion efficiency of benzyl alcohol that
was 33.2% higher than that for Au,s/CNTs under the same
reaction conditions, demonstrating the effectiveness of alloying
in improving the conversion.

In addition to these studies, in 2015, Tuel et al. conducted a study
using Au,5(SPh-pNH,),, (SPh-pNH, = 4-aminothiophenolate)**® as a
metal NC, whose geometrical structure has not been revealed to
date, and SBA-15 as a support.?*? On the basis of the TGA results
of unsupported Au,5(SPh-pNH,);-, they judged that calcination
for 12 h at 400 °C was necessary to completely remove the
ligands from this catalyst. In the TEM images of the catalysts
with 0.04 or 1.07 wt% Au, particles with an average size of
1.8-1.9 nm were observed. Because this particle size is larger
than that observed in the TEM image of Au,5(SPh-pNH,);, (0.8 +
0.2 nm), it is assumed that the aggregation of Au NCs was not
completely suppressed in this experiment. The authors investi-
gated the catalytic activity of the catalysts for the conversion of
benzyl alcohol to benzaldehyde (Scheme 1B). The results
revealed that uncalcined Au,s;(SPh-pNH,){,/SBA-15 exhibited

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Kinetic survey of benzyl alcohol dehydrogenation over Aups/
SBA-15 materials (1.07 wt% Au) as-synthesized [A] (orange) and calcined
at 200 °C [A200] (red), 300 °C [A300] (brown), and 400 °C [A400] (black)
and comparison data obtained for Au/TiO, (gray) (reference from the
World Gold Council). Reproduced with permission from ref. 212. Copyright
2015 Elsevier.

CHO COONa
H-}-OH H—-OH
HO—-H HO—-H
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H—-oH H—-OH
CH,OH CH,OH
A B

Scheme 2 Glucose oxidation to gluconic acid using metal NC catalysts.
The reaction was conducted under O, atmosphere in NaOH solution kept
at pH 9.5 in ref. 213. A = glucose, B = gluconic acid.

little catalytic activity for the oxidative dehydrogenation reaction
using a strong base and that the catalytic activity increased
continuously with the calcination temperature (Fig. 6). These
findings indicate that it is crucial to eliminate ligand for
proceeding this reaction (oxidative dehydrogenation reaction
using a strong base). In contrast, for radical reactions using strong
oxidants, uncalcined Au,s(SPh-pNH,),,/SBA-15 showed catalytic
activity; however, calcination led to a decrease in the catalytic
activity. This result indicates that the effectiveness of ligand
elimination depends on the proceeding reaction mechanism.

As described above, benzyl alcohol is often used as a reactant
for alcohol oxidation. Li and Huang et al. investigated glucose
oxidation (Scheme 2) in 2017.”"* The products, gluconic acid and
its salts, are widely used as additives in foods, beverages, and
pharmaceuticals. Currently, microbiota and Pd-bismuth (Bi)
alloys are used as catalysts for the glucose oxidation; however,
the catalysts must be produced with higher activity and fewer
purification processes to save resources and energy and achieve
low environmental impact. The authors found that calcination of
Auzg(PET),,/AC (Fig. 2D; AC = activated carbon) at 120 °C removes
a part of the ligands, and the obtained catalyst (Auzg/AC-120)
showed higher catalytic activity than conventional catalysts such
as Pd/AC, Pd-Bi/AC, and Au/AC (Fig. 7). For this reaction, the
conversion efficiency decreased when all the ligands were
removed from Auzg(PET),, by calcination at high temperature.
In general, ligand removal induces structural change of metal
NCs.>** This result implies that it is very important to maintain
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Fig. 7 Glucose conversion vs. time over Pd/AC, Pd-Bi/AC, Au/AC, and
Auzg/AC-120. Reproduced with permission from ref. 213. Copyright 2017
Wiley-VCH.

the geometrical and/or electronic structure of the precursor
Auzg(PET),, for this catalytic reaction to proceed.

2.1.2. Hydrocarbon oxidation. The synthesis of a mixture
of cyclohexanol and cyclohexanone (KA oil) by cyclohexane
oxidation (Scheme 3)?!%21%:217:218:260.261 j¢ 4 important process
for nylon production, and the annual production in the world is
currently more than 6 million tons. At present, KA oil is
produced using a large amount of energy under high temperature
and pressure, and the current process uses an oxidation reaction
in which improvement of the selectivity is difficult. Therefore, it is
expected that a catalyst capable of synthesizing KA oil with both
higher selectivity and yield under mild conditions is needed to be
developed in the future.

In 2011, Tsukuda et al. prepared a Au,/HAP catalyst using
Au,(SG),, (SG = glutathionate; n = 10, 18, 25, or 39) as metal NCs
and hydroxyapatite (HAP) as a support.>'* In this experiment,
the ligands were removed by calcination under vacuum at
300 °C for 2 h. The complete elimination of the ligands was
confirmed by inductively coupled plasma (ICP) analysis. In this
study, the aggregation of Au,, NCs on the support was suppressed
by the following factors: (1) HAP with a large specific surface area
(Table 2) was used as a support; (2) the loading amount was
suppressed to 0.2 wt% Au; and (3) Au,,(SG),, NCs were adsorbed
in solution at pH where charge repulsion between the metal NCs

o -0

Scheme 3 Cyclohexane oxidation using metal NC catalysts. In this reaction,
TBHP was essential to initiate the reaction,®*® suggesting that this oxidation
proceeds via a complex radical chain mechanism.2%2%* The reaction was
conducted without solvent under O, atmosphere in the literature 214215217.218
A = cyclohexane, B = cyclohexanol, C = cyclohexanone. Products B and C
are called KA-oil. In ref. 214, cyclohexyl-t-butyl peroxide, which is an
intermediate, and cyclohexanethiol were also produced (the latter was
produced by the reaction between the reactant and the sulfur remaining
on the support).
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Fig. 8 Turnover frequency values as a function of the number of Au
atoms, n. The curve is a guide for the eye. Reproduced with permission
from ref. 214. Copyright 2011 American Chemical Society.

was likely to occur. Each of the obtained Au,/HAP proceeded the
oxidation reaction from cyclohexane to KA oil with a selectivity
of more than 99%. A comparison of the catalytic activity of
a series of the catalysts including Au~ 85/HAP prepared by
another method showed that Au,/HAP shows the highest con-
version efficiency for cyclohexane oxidation in the n range of
40-80 (Fig. 8).

Based on the results obtained by Tsukuda et al., Barrabés
and Biirgi et al. prepared Auzg/CeO, and Auszg/Al,O; (Al,O3 =
aluminum oxide) using Ausg(PET),, (Fig. 2D) as a metal NC in
2015.%"® They tracked the details of the calcination mechanism
using TGA and temperature-programmed desorption/mass spectro-
metry (TPD/MS). Their results clarified that the SR-desorption
process differed depending on the calcination atmosphere and
the support. It was also shown that SR desorption occurred with
two steps for both catalysts (Fig. 9A). X-ray absorption fine structure
(XAFS) analysis revealed that ligands were removed at 250 °C for
both catalysts. Both catalysts showed catalytic activity for the
cyclohexane oxidation. Because the catalysts after calcination
exhibited higher catalytic activity than those before calcination,
the removal of the ligands was considered effective for improve-
ment of the catalytic activity in these catalysts. Between the two,
Au;g/CeO, showed higher activity. In Auzg/CeO,, Au became
cationic, which seems to induce high activity. In this study,
cyclohexanethiol was also produced (Fig. 9B), suggesting that
the loaded Au NCs also promoted the reaction between the
cyclohexane and residual SR (or sulfur (S)).

Barrabés and Biirgi et al. tracked the SR-desorption process
during calcination under O, atmosphere in more detail using
X-ray absorption near edge structure (XANES; Fig. 10A) analysis
and X-ray photoelectron spectroscopy (XPS) in 2018.>'® They
observed that the S, which was desorbed from Ausg NCs, was
adsorbed on a support (CeO, or Al,O3) in the vicinity of the Auzg
NCs (Fig. 10B), and the desorbed S was oxidized in the order of
SR, SO;>~, and SO,>~ with increasing temperature. The S and
oxidized S on the support have the following possibilities:
(1) react directly with the substrate to produce by-products;
(2) become a poison that suppresses the charge transfer

This journal is © The Royal Society of Chemistry 2021
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Fig. 9 (A) Desorption of each compound from (a) Auzg(PET),4/CeO, and
(b) Auzg(PET),4/Al,Os under different atmospheres at a heating rate of
10 °C min~?, obtained by TPD/MS. The compounds with m/z = 91 and 78
are originated from SCgHg and CgHs, respectively. (B) Relation between
the catalytic activity of each catalyst for aerobic oxidation of cyclohexane
and the treatment temperature. Reproduced with permission from ref. 215.
Copyright 2015 American Chemical Society.

between the support and metal; or (3) change the electron
density of the support and thereby affect the catalytic properties.
This study is significant because it clearly demonstrates that these
possibilities should also be considered in the creation of hetero-
geneous catalysts based on the calcination of Au,(SR),, NCs/metal
oxides. In their study in 2019, they revealed by multiple spectro-
scopies that S on these supports was involved in the reaction to
produce the aforementioned cyclohexanethiol.”"”

In 2019, Barrabés et al. used two types of metal NCs,
Au,;5(PET);5 and Au,44(PET)e (Fig. 2E), and two types of supports,
titanium dioxide (TiO,) and silicon dioxide (SiO,), to study the
effect of the size of Au,, NCs and the type of the support on the

This journal is © The Royal Society of Chemistry 2021
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Fig. 10 (A) XANES spectra at S K-edge of different reference materials.
(B) Schematic of thiolate ligands evolution upon NC deposition on CeO,
and oxidative treatments. Reproduced from ref. 216. Copyright 2018
Wiley-VCH.

catalytic activity.>*® In this study, first, it was revealed by TGA that
the ligand elimination starts at 150 °C and almost all the ligands
could be removed at 250 °C for the catalysts prepared using all the
combinations. However, calcination at 250 °C resulted in signifi-
cant aggregation of metal NCs. Therefore, Au,s(PET);g_,/TiO,,
Au44(PET)s0+/TiO,, Aups(PET)i5 ,/SiO;, and Auyu(PET)so /
SiO, prepared by the partial ligand removal by calcination at
150 °C under air were used as catalysts for the catalysis test. As for
the size effect, it was clarified that Au,44(PET)so_, showed about
two times higher conversion efficiency than Au,s5(PET);s_, for both
supports (Fig. 11). The difference in the conversion efficiency was
interpreted to be caused by the difference in the adsorption
efficiency of the substrate, activation of molecular O,, and other
factors. For the support effect, SiO, showed higher activity for the
conversion efficiency of cyclohexane, whereas TiO, showed higher
values for the selectivity of KA oil production (Fig. 11). It was
interpreted that this difference was caused by the different
reaction mechanism depending on the support.

2.1.3. Epoxidation of alkenes. This reaction (Scheme 4)
is a type of oxidation reaction, and in a laboratory, organic peracids
such as m-chloroperbenzoic acid and peracetic acid are used as
oxidants. However, from the viewpoint of environmental harmony

219-224
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distribution (left axis): red, blue, and gray represent cyclohexanol, cyclo-
hexanone, and by-products, respectively. Reproduced with permission
from ref. 218. Copyright 2019 Elsevier.
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Scheme 4 Styrene oxidation using metal NC catalysts. In this reaction,
typically, TBHP is used as an oxidant because it is known to be more
effective than O, for alkene oxidations.?*® The reaction was conducted in
toluene or acetonitrile in the literature 297224 A = styrene, B = styrene oxide,
C = acetophenone, D = benzaldehyde, E = 3-phenylpropionic acid. In ref. 219,
by-products such as benzoic acid and benzyl alcohol are also produced.

and cost, it is expected that molecular O,, which is abundant in the
atmosphere, will be used as an oxidant for this oxidation reaction.
Styrene oxide (Scheme 4B), obtained by the styrene oxidation,
is a useful chemical used as a precursor in the syntheses of
insecticides, cosmetics, surface coatings, and many pesticides.
Benzaldehyde (Scheme 4D) is an aromatic component of almonds
and apricots (apricot seeds) and is used as an inexpensive
flavoring agent.

In 2010, Tsukuda et al. prepared catalysts using Au,s(SG);s
as the metal NCs and HAP as the support.>'® The ligands were
completely removed by calcination at 300 °C for 2 h under
vacuum. This calcination slightly increased the particle size on
the support from 1.0 + 0.4 nm to 1.4 £ 0.6 nm (Fig. 12A). In the
catalytic reaction, styrene oxidation was investigated using tert-
butyl hydroperoxide (TBHP) as an oxidant, and the obtained catalyst
showed 100% conversion and 92% styrene oxide (Scheme 4B)
selectivity. This selectivity of the styrene oxides was higher than
that of Aunp/HAP loaded with larger Aunp by adsorption or
impregnation methods (Fig. 12B). Although the Au,s/HAP con-
verted styrene to styrene oxide, the conversion ability to further
oxidize the styrene oxide was low, leading to the high selectivity
of styrene oxide. This study also reported preliminary results
that the catalytic reaction proceeds with 22% conversion and
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Fig. 12 (A) (a) Representative HAADF-STEM image of Au,s/HAP (0.5 wt%
Au) and (b) size distribution of the Au NCs. (B) Selectivity of styrene oxide
for (a) Aups/HAP (0.5 wt% Au), (b) Aunp/HAP (0.5 wt% Au) prepared by
adsorption of HAuCl;, and (c) Aunp/HAP (0.5 wt% Au) prepared
by impregnation method. Reproduced with permission from ref. 219.
Copyright 2010 Royal Society of Chemistry.

36% styrene oxide selectivity even using molecular O, as an
oxidant when the reaction system was heated by microwave.

In 2010, Jin et al. studied the size and the support effects of
catalysts using three different sizes of metal NCs (Au,s(PET);g,
Augg(PET),,, and Au,,44(PET)e) and two different supports (SiO,
and HAP).>*° In this research, unlike in the work of Tsukuda
et al., only a part of the ligands was removed by calcination at
200 °C under vacuum. Such an elimination of a part of the
ligands increased the conversion efficiency (the main product
was benzaldehyde; Scheme 4D) for both combinations of
catalysts (Fig. 13A). For example, in the reaction using TBHP
as the initiator, molecular O, as the oxidant, and toluene as the
solvent, the conversion efficiency increased with decreasing
metal core size (Fig. 13B). It was interpreted that this phenom-
enon occurred because of the efficient activation of molecular
O, by small Au NCs. As for the support, HAP was shown to be a
more suitable support for high activation than SiO, (Fig. 13B).
Unlike SiO,, HAP had electronic interactions with the loaded Au
NCs. In addition, HAP suppressed the aggregation of loaded Au
NCs more than SiO,. The higher conversion efficiency achieved
when using HAP as the support rather than SiO, was attributed to
these factors. Because the ligand was only partially removed in this
study, the details of the reaction mechanism were discussed
based on the geometrical structure of Au,s(PET);s*>*%* which
was determined by SC-XRD (Fig. 13C).

This journal is © The Royal Society of Chemistry 2021
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(A) Catalytic result of styrene oxidation with TBHP as the oxidant on (i) calcined Au,/HAP, (ii) uncalcined Au,/HAP, (iii) calcined Au,/SiO,, and (iv)

uncalcined Au,/SiO, catalysts. (B) Catalytic result of styrene oxidation with TBHP as an initiator and O, as the main oxidant on (i) calcined Au,/HAP, (ii)
uncalcined Au,/HAP, (iii) calcined Au,/SiO,, and (iv) uncalcined Au,/SiO; catalysts. (C) Proposed mechanism of selective oxidation of styrene catalyzed by
Au,s(PET)1g NCs. For clarity, the PET ligands are not shown. Dark gray: Au atoms of the core, light gray: Au atoms of the shell. Reproduced with

permission from ref. 220. Copyright 2010 Wiley-VCH.

In 2011, Jin et al. also conducted a study using Au,s(PET);s
and [Au,s(PPh;);0(PET)sCL,]*" (Fig. 2F) as metal NCs and CeO,
as the support.??* TBHP was used as the oxidant, and acetonitrile
was used as the solvent, which is different from their study in
2010. As a result, styrene oxide (Scheme 4B) was obtained with
high selectivity (>93%) using both catalysts. This result indicates
that the type of solvent also greatly affects the selectivity of the
product. Au,s(PET);4/CeO, showed a higher conversion efficiency
than Au,;(PPhjy),o(PET)5Cl,/CeO,, indicating that the metal core

This journal is © The Royal Society of Chemistry 2021

structure also has a significant effect on the activity. Calcination
at 260 °C under vacuum resulted in a significant decrease in the
activity, especially for Au,s(PET);5/CeO,. At this calcination
temperature, all the ligands could be removed. In this case,
the aggregation of metal NCs is likely to occur, and the cationic
Au sites, which are easily attacked by the nucleophilic -CH=—CH,
group, disappear. It was interpreted that the activity significantly
decreased in the calcination at 260 °C because of these factors.
The authors speculated that the latter factor is also largely

Nanoscale Horiz., 2021, 6, 409-448 | 421
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Au,s5(PPhs3)10(PET)sClL,/SiO, is more cationic than that in Au,s(PET)1g/SiO».
Reproduced with permission from ref. 222. Copyright 2013 Wiley-VCH.

involved in the higher conversion of Au,s(PET);5/CeO, than
Au,5(PPh;);o(PET)sCl,/CeO,. These results support their proposed
reaction mechanism for this reaction (Fig. 13C).

Kumar et al. also studied a system similar to that of Jin et al.
in 2013.** In their study, Au,s(PET);5 or Au,5(PPhy);0(PET)5Cl,
was used as the metal NCs and SiO, was used as the support.
TBHP and acetonitrile were used as the oxidant and solvent,
respectively. In the catalysts before calcination, Au,s(PET);s/
SiO, showed high conversion efficiency, and Au,5(PPhy);o(PET)sCL,/
SiO, showed high selectivity for benzaldehyde (Scheme 4D). XANES
(Fig. 14) and ultraviolet photoemission spectroscopy (UPS)
demonstrated that Au in Au,s(PPh;);(PET)sCl,/SiO, is more
cationic than Au in Au,s(PET);s/SiO,, which is interpreted to
lead to the easy oxidation of styrene into benzaldehyde when
using Au,s(PPhy);o(PET)5Cl,/SiO,. In this study, the ligand
removal was also conducted by calcination. This improved the
conversion efficiency; however, the particle size of the metal
NCs after calcination increased to ~3-4 nm.

Yan et al. conducted a more extensive study on the effect of
the type of support on the particle size and catalytic activity of
loaded metal NCs using Au,s(MHA);3 (MHA = 6-mercapto-
hexanoic acid) and five different supports (HAP, TiO, (P-25),
AC, pyrolyzed graphene oxide (PGO), and fused SiO,) in 2015.>**
This work revealed that only the use of HAP and TiO, relatively
suppressed the aggregation of Au,s. In Au,s/HAP, a strong
interaction occurred between the phosphate ion (PO,*") of
HAP and Au. A strong interaction also occurred in Au,s/TiO,.
It was interpreted that the aggregation of Au,s was effectively
suppressed on HAP and TiO, surfaces, unlike the surfaces on
other supports, for these reasons. This study also suggested that
~50% of the S remained bound to Au when calcined at 300 °C
under nitrogen (N,) atmosphere. The obtained catalysts showed
catalytic activity for styrene oxidation using TBHP as the oxidant;
however, the conversion efficiency and the selectivity of styrene
oxide (Scheme 4B) were comparable to those of the catalyst before
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calcination. In this study, the particle size slightly increased by
calcination (from 1.5 to 2.4 nm).

In addition to these studies on Au NCs, Scott et al. conducted
a study using [Ag,s(2,4-SPhMe;,)5]” (2,4-SPhMe, = 2,4-dimethyl-
benzenethiolate; Fig. 2G) as a metal NC and AC as a support in
2019.”** They prepared Ag,s/AC containing 4 wt% Ag by calcination
at 250 °C under air. The TEM and XAFS (Fig. 15) measurements
revealed that the Ag,s hardly aggregated and that most of the
ligands were removed from the Ag,s. Quantitative analysis of the
XPS spectrum suggested a residual of 0.55% S, which was
interpreted to be transferred from the Ag,s surface onto the
AC. When the calcination temperature was increased to 350 and
450 °C, the amount of S continuously decreased (0.14% at
350 °C and ~0.01% at 450 °C); however, there was significant
aggregation of Ag,s in the catalysts. The catalysts prepared by
calcination at 250 °C showed a conversion efficiency of 61.4%
and 94% selectivity of styrene oxide (Scheme 4B) when TBHP
was used as the oxidant. These values were higher than those of
the catalyst before calcination, indicating that removal of the
ligands by calcination led to improvement of the activity of the
catalyst. Unfortunately, both the conversion efficiency and
selectivity decreased when TBHP was used as the initiator and
molecular O, was used as the oxidant. These issues are expected
to be overcome in the future by improving the activity through
modifications such as heteroatom substitutions.

2.1.4. CO oxidation. The CO oxidation reaction (Scheme 5)
is a simple but important reaction in practical applications. For
example, three-way catalysts (Pt, Pd, and rhodium (Rh)) play a
role in promoting this reaction for removing CO from auto-
motive exhaust gas. When the hydrogen (H,) produced by
steam reforming is used as a fuel for a polymer electrolyte fuel
cell, if CO as a by-product is not removed, it will strongly adsorb
on the surface of the Pt catalyst, resulting in a significant
decrease in fuel cell performance. Prior purification through
CO oxidation is necessary to prevent the decrease of fuel cell
performance resulting from such catalyst poisoning by CO.

This journal is © The Royal Society of Chemistry 2021
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Scheme 5 CO oxidation using metal NC catalysts. The reaction was
conducted while supplying reactant gas mixture containing of CO, O,,
and inert gas. Inclusion of water vapor in the feed gas has been shown to
benefit the CO conversion.?2®

In this way, this reaction is a simple but important reaction and
therefore often used as the model reaction to evaluate
the catalytic activity of metal NCs and metal NPs. This is
also the first catalysis for Auyp, which was discovered by
Haruta et al.”>®

In 2012, Spivey et al. conducted a study using Auzg(SC12),4
as a metal NC and TiO, as a support.””®> In this study, the
ligands were removed by calcination at 400 °C for 1 h under a
mixture gas of H,-helium (He). The catalytic activity for CO
oxidation started to appear by removing ligands. However,
unfortunately, remarkable aggregation of Ausg(SC12),, had
already occurred when Auszg(SC12),, were adsorbed on the
TiO, surface. Therefore, it was difficult to elucidate the catalytic
activity of Auzg/TiO, for CO oxidation in this study.

In contrast, in the study by Jin et al. in 2012, the aggregation of
metal NCs during adsorption was almost completely suppressed.>*®
In this study, Au,s(PET);s was used as the metal NC and TiO,,
iron(m) oxide (Fe,Os), or CeO, was used as the support. Among
these combinations, Au,s(PET);5/CeO, showed the highest conver-
sion efficiency. For this catalyst, high activity was induced by
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Fig. 16 (A) Reaction temperature dependence of CO conversion over

Au,s(PET)18/CeO, catalyst after different pre-treatments. Gas hourly space
velocity (GHSV) = 7500 mL g~* h™%. (B) Proposed model for CO oxidation
at the perimeter sites of Au,s(PET);5/CeO, catalyst. Reproduced with
permission from ref. 226. Copyright 2012 American Chemical Society.
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pre-treatment at 150 °C for 1.5 h under O, atmosphere (Fig. 16A).
This temperature is lower than the temperature at which the ligand
was removed (190 °C). Therefore, the authors described that
high activity can be induced without the ligand elimination for
this catalyst. On the basis of several experiments conducted
under various conditions, it was suggested that (1) O, adsorbed
onto CeO, could be activated by the pre-treatment and (2) the
reaction occurred at the interface between Au,s(PET);s and CeO,
(perimeter; Fig. 16B).

Jin et al also studied Ausg(PET),4/CeO, in 2013**” and
demonstrated that Auzg(PET),,/CeO, shows the highest activity
when calcined at 175 °C (Fig. 17A). According to the TGA results,
part of the ligands was interpreted to be removed in Auzg(PET),,/
CeO, during the calcination at this temperature. However, the
conversion efficiency of this sample after 20 h of reaction was
inverted by the sample prepared by calcination at 130 °C (namely,
without the ligand elimination) (Fig. 17B). This finding indicates
that the protection by ligands is very important for the preparation
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of highly stable catalysts. Thus, this study revealed the following
two factors for the preparation of Ausg(PET),4/CeO, catalyst that
promote CO oxidation: (1) pre-treatment (calcination) under O,
atmosphere is necessary for the activation; and (2) however, it is
more appropriate not to completely remove the ligands from the
viewpoint of stability. In their study in 2016, it was shown that
when Au, 44(PET)s0/CeO, was used as a catalyst, the inclusion of a
reductive gas (H, or CO) along with O, further improved the effect
of the pre-treatment.”*® Furthermore, their study in 2018 revealed
that the catalytic activity of Au,(SR),,/CeO, (n = 25, 36, or 38)
decreases overall with the bulkiness of the functional groups
directly attached to S.>*° In addition to these facts, Jin et al. also
demonstrated that both the ligand and metal core structures
affect the catalytic activity by comparing the catalytic activity of
Auyg(S-c-CHy1)a0 (S-¢-CeHyy = cyclohexanethiolate) and Au,g(TBBT),0
(TBBT = 4-tert-butylbenzenethiolate).>*

Wu and Overbury et al. performed a detailed investigation of
the reaction mechanism for Au,s(PET);4/CeO, in 2014 (Fig. 18).>*"
They showed that (1) CO could not be adsorbed on the catalyst
without pre-treatment and (2) after pre-treatment at 150 °C or
higher under O, atmosphere, the PET existed at the interface
between Au,s(PET);s and CeO, started to desorb (Au,s(PET);g ,/
Ce0,), and CO could be adsorbed on the exposed Au. The presence
of such exposed Au was interpreted to begin to generate catalytic
activity for CO oxidation at low temperature. Regarding the
mechanism, it was revealed that when Au,;(PET);5_,/CeO, was
used as a catalyst, the reaction proceeds mainly by the Mars-van
Krevelen mechanism (reduction mechanism), in which CO
activated by Au,s(PET);5_, reacts with the oxygen in CeO, to
produce CO,, and O, in the gas phase compensates for the
oxygen in CeO, (Fig. 18B). In addition, it was suggested that
when the catalyst with the ligands further removed (Au,s/CeO,)
is used, the Langmuir-Hinshelwood mechanism, in which CO
and O, react on the Au,; surface to produce CO,, also occurred
in parallel to the Mars-Van Krevelen mechanism (Fig. 18C). To
further reinforce this interpretation, in 2016, Wu et al. conducted
a study using Au,,(L8)s (L8 = 1,8-bis(diphenylphosphino)octane;
Fig. 2H),"”® which contains coordinatively unsaturated Au, as a
metal NC. As a result, it was confirmed that Au,,(L8)s/metal
oxide (TiO,, SiO,, or CeO,) promotes CO oxidation at room
temperature without pre-treatment.?*?

Thus, many catalysts require pre-treatment at an appropriate
temperature. In 2020, Barrabés et al. tracked the phenomena
occurring during the pre-treatment of Auzg(PET),,/CeO, at
150 °C using in situ XAFS.>** The results suggested that although
S remained on Au, the staple structure (Au,(SR),.q; =1 or 2)

424 | Nanoscale Horiz., 2021, 6, 409-448

) partially dethiolated, and (C) fully dethiolated Au,s(PET);s/CeQO, catalysts. Reproduced with

A (6)
staple collapse o 8 .
Q2 &
¢
s CO >
o oG oxidation X o

ety .

N ;é ; ‘ CeO, CeO,
. & CcO
B . 0, 4 U4
Pt co,
0602 250 0 ¥ - CO -
(") oxidation o
@ %%c g™
® ceo, CeO,

Fig. 19 Evolution of Auzg(PET),4/CeO, catalyst structure estimated from
EXAFS analyses: catalysts after pre-treatment at (A) 150 °C and (B) 250 °C
and subsequent CO oxidation. Reproduced with permission from ref. 233.
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surrounding the Au,; core (Fig. 2D) collapses with pre-treatment
at 150 °C (Fig. 19A). This study also showed that Au NCs on the
support change during CO oxidation reaction, which led to the
adsorption of compounds with Au-S bonds on CeO,, which are
eventually oxidized to SO;>~ and SO,>". They also reported that
increasing the pre-treatment temperature to 250 °C causes the
complete removal of the ligands from the Au NCs, resulting in
higher activity than that of the catalyst pre-treated at 150 °C
(Fig. 19B). These results have led to new information on the
structural changes induced by pre-treatment. However, the
effect of the pre-treatment on the catalytic activity was not
completely consistent with that reported by Jin et al. and Wu
et al.; a deeper understanding of this difference is expected to be
attained in future study.

Thus, when CeO, is used as a support, the aggregation of
metal NCs is suppressed and high activation is induced. In
2012, Dai and Fan et al. reported the use of CuO-EP-FDU-12 or
C030,-EP-FDU-12, in which the surface of mesoporous silica
(EP-FDU-12) is modified with nanostructures of copper oxide
(CuO) or cobalt oxide (Co30,4), as a support, resulting in the
production of catalysts with very high stability.>** They prepared
Auy,44/CuO-EP-FDU-12 or Au,s/Co;0,-EP-FDU-12 by adsorbing
Au,44(PET)so onto CuO-EP-FDU-12 or Au,s(PET);3 onto Co30,-
EP-FDU-12, followed by calcination at 300 °C under air. It was
shown that such calcination removed the ligands; however, only
slight aggregation of Au,,, (Fig. 20) or Au,s occurred on the

This journal is © The Royal Society of Chemistry 2021
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support. Au NCs on silica tend to aggregate because Au NCs and
silica have a weak interaction with each other. However, in their
structures, the transition metal nanostructures (CuO or Co;0,)
are strongly immobilized on the silica pore surface. It was
interpreted that the aggregation of Au NCs was suppressed in
Au, 44/CuO-EP-FDU-12 and Au,s/Co304-EP-FDU-12 because these

A B
(a) (a)
Synthesis o
Pt— @
O~
(b) v

in dichloromethane

at 500 °C
(c) A 4
Calcination gmm®...
at room
(d) \ 4 temperature

Exposure to A/ir V&
M e

Fig. 21

View Article Online

Review

transition metal nanostructures strongly fix Au NCs on their
surfaces. Both of the obtained catalysts exhibited high activity
for CO oxidation. Because the catalyst without calcination showed
little activity, it was concluded that calcination is essential for
inducing catalytic activity for these catalysts.

In addition to these studies using atomically precise Au NCs,
there have been examples using atomically precise Pt NCs.
Negishi and Nagaoka et al. reported on the use of Pt;;/y-Al,0;
as a catalyst for CO oxidation in 2020.>*° Pt is widely used as a
catalyst for exhaust-gas purification; however, because Pt is a
rare and expensive metal, reduction of its use through miniatur-
ization is required. Nair and Negishi et al. found an easy
method to synthesize Pt;; NCs protected by CO and PPh;
([Pt,7(CO)12(PPhs)s]Cl; 7 = 1, 2; Fig. 2I) in 2017."” In their synthesis
method, Pt,(CO),,(PPh;); NCs, in which [Pt;;(CO);,(PPh;)s|ClL, was
the main product, were first prepared by mixing the reagents and
heating the solvent under air atmosphere. [Pt;,(CO);,(PPh3)s|Cl,
was isolated from the obtained mixture in high purity using the
difference in solubility in the solvent. This method has the
advantage that precise Pt NCs can be synthesized without any
special synthesis equipment®®* or ligands.>*>?°¢ In their study
in 2020, [Pt;7(CO);5(PPh;3)g]Cl, was first adsorbed on y-Al,Os
(Pt;7(CO)1»(PPh3)s/v-Al,03), which was then calcined at 500 °C to
obtain Pt,/y-ALO; (Fig. 21A). Pt;; NCs hardly aggregated in the

C
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(A) Schematic of preparation of Pty7/y-Al,Os: (a) precise synthesis of [Pt;7(CO)12(PPhs)glCl,, (b) adsorption of [Pt;7(CO)12(PPhs)glCl, on y-Al,Os

(Pt17(CO)12(PPhz)g/y-Al,O4), (c) calcination of ligands while maintaining the NC size (Pty7/y-Al,O3), and (d) exposure of Pty7/y-Al,Os3 to air. (B) HAADF-
STEM images (a, ¢, e) and size distribution (b, d, f) of (a, b) [Pt;7(CO)12(PPh3)gICl,, (c, d) Pty7(CO)12(PPhs)g/y-Al,Os, and (e and f) Pty7/y-Al,Os. (C) Two
proposed structures for Pt;; on y-Al,Os, which were estimated based on the HAADF-STEM images of Pt;7/y-AlLOs: (a) bi-layer and (b) tri-layer structure.
In (@) and (b), both top and side views are shown. Reproduced from ref. 235. Copyright 2020 Royal Society of Chemistry.
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series of operations (Fig. 21B). Compared with other noble metals
(e.g., Au), Pt binds strongly to O (318.4 + 6.7 k] mol " for Pt-O vs.
223 + 21.1 k] mol ™~ for Au-O). Furthermore, because y-AL,O; has a
complicated structure in which Al atoms are arranged octahedrally
or tetrahedrally, cationic sites are present owing to the surface
defects in y-Al,0;.%°” Pt atoms interacted with these cation sites and,
as a result, Pt clusters hardly aggregated on y-AlL,O;.>°® According to
TGA analysis, several CO appeared to be coordinated to the surface
of Pt;;/y-ALOj; (Fig. 21A(c)). The HAADF-STEM images suggested
that the loaded Pt;, NCs had bi-layer or tri-layer structures (Fig. 21C).
Previous studies have suggested that CO and O, are activated on
the terrace Pt and step Pt, respectively, during the oxidation
reaction of CO.>*>"! In the structure of Fig. 21C, most of the
terrace Pt atoms are located near the step Pt atoms. Thus, the
reaction of CO and O,, i.e., the oxidation of CO, was expected to
proceed effectively over Pt;/y-ALOs.

In fact, Pty5/y-Al,O3, loaded with 0.15 wt% Pt,,, showed a
higher CO oxidation activity than Ptyp/y-Al,O; (an industrially
used Pt catalyst), in which 0.15 wt% Ptyp was loaded by the
impregnation method. In this experiment, Pt,,/y-Al,0; and
Ptyp/v-Al,O3 were coated on a honeycomb support to evaluate
their catalytic performance in a state similar to actual vehicle
mounting conditions. A gas mixture consisting of 1% CO, 0.5%
0,, and 98.5% N, was circulated over the honeycomb support at
a space velocity of 50000 h™" while the temperature of the
honeycomb support was increased to 400 °C at a rate of 20 °C min™ .
The conversion ratio of CO over the catalyst was estimated by
evaluating the components of the mixed gas before and after
circulation using an exhaust gas analyzer (Fig. 22A). When Ptyp/
v-Al,O; was used as the catalyst, the catalytic activity started to
appear at approximately 270 °C, and the conversion reached
50% at approximately 350 °C (light-off temperature) and nearly
100% at approximately 370 °C (Fig. 22B). In contrast, when
Pt,,/v-Al,O; was used as the catalyst, the catalytic activity started
from approximately 240 °C, and the conversion reached 50%
at approximately 330 °C and almost 100% at approximately
350 °C (Fig. 22B). These results indicate that Pt;,/y-Al,O; exhibits
higher catalytic activity at each temperature than Ptyp/y-Al,O3;
namely, Pt;,/y-Al,O; can convert CO at lower temperatures than
Ptyp/y-Al,O3. Similar experiments showed that Pt,,/y-Al,O; also
has a higher catalytic activity for propylene oxidation than Ptyp/
v-Al,O5. Currently, the catalytic activity of exhaust-gas-treating
catalysts at low temperatures is expected to be improved with the
spread of vehicles that frequently stop and restart their engines
(e.g., hybrid vehicles).>”” These results strongly suggest that
Pt;,/7-Al,03 could be used as an exhaust-gas-treating catalyst to
overcome this issue.

As mentioned above, the precursor [Pt;,(CO);,(PPh;)s]Cl, can be
obtained with atomic precision only by mixing the reagents under
air atmosphere, heating the solvent, and using a simple separation
procedure. The loaded Pt;, is a Pt, cluster within the size range
showing high catalytic activity.””* Thus, it is expected that by using
the method established in this study, many research groups can
conduct further investigations on Pt;,/y-Al,O; to obtain a deeper
understanding of this catalyst and will find new ways of using Pt;,/
v-ALO; catalysts and Pt;, loaded on the other oxide supports.
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Fig. 22 (A) Schematic of the estimation of CO conversions over Pt;;/y-
Al,Os or Ptyp/y-AlLOs coated on a cordierite honeycomb substrate. (B) CO
conversions over Pty7/v-Al,O3 or Ptyp/y-AlbOs. Reproduced from ref. 235.
Copyright 2020 Royal Society of Chemistry.

2.2. Reduction reaction

2.2.1. Carbon-carbon multiple-bond reduction. Alkenes
(olefins) are lightweight and inexpensive and have excellent
chemical/physical properties and workability. They are also
excellent in terms of safety and recyclability. Because of these
properties, alkenes have a wide range of uses, such as in making
shopping bags, shampoo bottles, food packaging materials, home
electronic appliances/automobile parts, sports/leisure goods, and
agricultural/civil engineering materials. Such alkenes are generally
synthesized by semihydrogenation of alkynes (Scheme 6A).

In 2014, Jin et al. used Au,s(PET);g/oxide (TiO,, CeO,, SiO,,
or Al,O;) for the semihydrogenation reaction of various terminal
alkyne compounds (the products are the terminal alkenes;
Scheme 6).>**?73 In this study, the ligands were not removed

R —=

H o R

Ho— =
o

A B

Scheme 6 Semihydrogenation of terminal alkyne using metal NC cata-
lysts. Generally, the reaction is conducted in the presence of a base, such
as pyridine, because amine additives can largely promote the semihydro-
genation reaction,?”® and pyridine gave the best catalytic result among
them.?*® The reaction was conducted under H, atmosphere in ethanol or/
and H,O. A = terminal alkyne, B = alkene.
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+H2

(Pyridine)

Au,s(PET)4g

Fig. 23 Schematic illustration of semihydrogenation of Au,s(PET)1g/TiO5.
Reproduced with permission from ref. 236. Copyright 2014 American
Chemical Society.

Scheme 7 Semihydrogenation of internal alkyne using metal NC cata-
lysts. Generally, the reaction is conducted in the presence of a base, such
as pyridine, because amine additives can largely promote the semihydro-
genation reaction,?’® and pyridine gave the best catalytic result among
them.?*® The reaction was conducted under H, atmosphere in ethanol or/
and H,O. A = internal alkyne, B = alkene.

because the catalyst was calcined at 150 °C. Au,s(PET);4/TiO,
obtained under such conditions showed, for example, a conversion
efficiency and selectivity of almost 100% for the semihydro-
genation reaction of 4-phenyl-1-butyne. For the mechanism, it
was speculated that the reaction started by adsorption of the
terminal alkyne to the plane triangular Au; site in Au,;(PET);g
(Fig. 23). Au,s5(PET),/TiO, showed little activity against semi-
hydrogenation of internal alkynes (Scheme 7),>***”* which do
not contain the terminal alkyne. In contrast, a sample prepared
by the calcination of Au,s(PET);5/TiO, at 300 °C for 1 h under
vacuum showed a conversion efficiency in the range of 52.6-
59.7% and selectivity of more than 97% for such semihydro-
genation of internal alkynes. This finding indicates that ligand
removal is essential for the progress of semihydrogenation of
internal alkynes.

In 2017, Wang et al. succeeded in the precise synthesis of
[Auz5(PhC = C),o(PPh;),]** (PhC = C = phenylacetylene; Fig. 2J)
and [Augg(m-MBT),,(PPh;),]** (m-MBT = 3-methylbenzene-
thiolate; Fig. 2K). These two Au NCs have the same number
of Au atoms and ligands. The authors conducted a catalytic
study using these two NCs."”® Aug(PhC=C),,(PPh;),/
TiO, showed a conversion efficiency of more than 97% for

This journal is © The Royal Society of Chemistry 2021
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Scheme 8 Hydrogenation of nitrobenzene using metal NC catalysts. The
reaction was conducted under a flow of H; in toluene. A = nitrobenzene,
B = aniline.

semihydrogenation of both the terminal alkyne and internal
alkyne. This result differs from the above result for Au,s(PET);g/
TiO,: for Au,s(PET);5/TiO,, semihydrogenation of the internal
alkyne proceeded only after ligand removal. This difference was
interpreted to be caused by the differences in the mechanisms of
the semi-hydrogenation reactions for the two systems. For Augzg-
(m-MBT),0(PPh3),/TiO,, only a very low conversion efficiency was
observed. The authors also investigated the effect of calcination of
Auzg(PhC = C),(PPh;),/TiO, on the semihydrogenation reaction
of diphenylacetylene. For calcination at 130-340 °C, the selectivity
of trans-stilbene improved with increasing temperature. It was
interpreted that the elimination of part of the ligands formed a
larger space on the surface of the metal NCs, which worked
effectively for the formation of these bulky trans-stilbene.

2.2.2. Nitro-group reduction. The reduction of 4-nitrophenol
to 4-aminophenol (Scheme 8) proceeds at room temperature in an
aqueous solution using molten metal or loaded metal NPs as
catalysts. This reaction is often used as a model reaction because
the progress of the reaction can be easily traced using the decrease
in absorption intensity at 400 nm via UV-visible absorption
spectroscopy. In 2013, Scott et al. conducted a study on the
catalytic activity of Au,s(PET);g/carbon black (CB) for this
reduction reaction.>*” Extended X-ray absorption fine structure
(EXAFS) analysis showed that the ligands in this catalyst began
to be removed at 125 °C and were completely removed at 250 °C.
In contrast, when traced by TGA, the mass loss of the first stage
was observed in the temperature range of 150-300 °C (the mass
loss of the second stage above 300 °C was due to the oxidation of
the support). These results are in good agreement with the later
interpretation by other groups that the desorbed ligands are
adsorbed on the support.>'®>>'7*3* The average particle size of
the loaded Au NCs increased with increasing calcination tem-
perature. For catalytic activity, the sample calcined at 250 °C
showed the highest conversion efficiency, indicating that it is
very important to expose the surface of metal NCs while
preventing aggregation as much as possible to achieve high
catalytic activity.

In 2015, Yan et al. studied the catalysis for hydrogenation of
nitrobenzene to aniline (Scheme 9).*** Aniline is treated as an

NO, NH,
SO
A B

Scheme 9 Reduction of 4-nitrophenol using metal NC catalysts. Generally,
the reaction proceeds in the presence of NaBH,4. The reaction was con-
ducted in a mixture of H,O and tetrahydrofuran. A = 4-nitrophenol, B = 4-
aminophenol.

Nanoscale Horiz., 2021, 6, 409-448 | 427


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nh00046b

Open Access Article. Published on 12 avril 2021. Downloaded on 13/06/2026 00:28:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

@

@& Conv. 100%, Sel. = 99%

< 4 m, 10 am

V—V\

o*

s QrQrarQo 9z a
Fig. 24 Schematic of hydrogenation of 3-nitrostyrene using Au,s/ZnAl-HT.
Reproduced with permission from ref. 238. Copyright 2017 Wiley-VCH.

NO, NH, NH, NO,
| - + +

A A

A B C D

Scheme 10 Hydrogenation of 3-nitrostyrene using metal catalysts. The
reaction was conducted under H, atmosphere in toluene. A = 3-nitrostyrene,
B = 3-vinylaniline, C = 3-ethylaniline, D = 3-ethylnitrobenzene.

intermediate in the manufacture of medical drugs, polymers,
herbicides, and other substances. Aniline is often synthesized
from the corresponding aromatic nitro compound by catalytic
hydrogenation using a commercially available catalyst. Pt, Pd,
and iridium (Ir) are mainly used as catalysts. However, in these
catalytic reactions, not only the nitro group but also the
carbonyl and other double bonds are reduced. Therefore, the
development of a catalyst that selectively reduces nitro groups
is required. In the study by Yan et al. described in Section 2.1.3,
Au,s/HAP (more exactly, Au,s aggregates to a particle size of
2.4 nm on HAP in this study) showed a conversion efficiency
and selectivity of more than 99% for the hydrogenation reac-
tion from nitrobenzene to aniline. Almost no activity was
observed for Au,;(MHA),g/HAP without calcination. From this
result, it was concluded that ligand removal is necessary for
this reaction as well.

In 2017, Zhang and Liu et al. prepared the catalyst Au,s/
ZnAl-HT (ZnAl-HT = hydrotalcite) using Au,s(Cys)is (Cys =
cysteine) and ZnAl-HT. They found that it selectively reduces
the nitro group of 3-nitrostyrene (Fig. 24 and Scheme 10).>*
This catalyst was prepared by calcination at a temperature
above 300 °C. Based on TEM images, it was interpreted that
calcination caused a slight increase in particle size from 1.4 to
1.7 nm. The obtained Au,s/ZnAl-HT showed a conversion
efficiency of 100% and 3-vinylaniline selectivity of 99% at a
reaction temperature of 90 °C (Fig. 24). 3-Nitrostyrene has two
functional groups, the nitro group and the alkene (C—C). It was
interpreted that Au,s/ZnAl-HT selectively reduced the nitro
group because the former was easier to approach to ZnAl-HT
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NH3BH;— NH," + BO, +H,

Scheme 11 Reaction of dehydrogenation of ammonia diborane using
metal NC catalysts. The reaction was conducted in H,O under air
atmosphere.

than the latter. Because this catalyst showed no catalytic activity
when uncalcined, it was interpreted that this catalytic reaction
could only proceed by removing the ligand of Au,s NCs.

2.3. H, generation

Ammonia borane is attracting attention as a lightweight, highly
stable, and highly efficient hydrogen storage agent. In 2015,
Tsukuda et al. reported that Ag,,/MPC (MPC = mesoporous
carbon) functions as a catalyst for dehydrogenation of ammonia
borane (NH;BH;; Scheme 11).>*° In catalyst preparation, first,
[Ag44(SPhF);0](PPh,), (SPhF = 4-(fluorophenyl)thiolate; Fig. 2L)
was adsorbed on MPC, and then the obtained sample was
calcined at 150 °C for 30 min and then at 300 °C for 2 h under
vacuum. It was revealed that the Ag-S bond dissociated and the
ligand was desorbed as SPhF or (SPhF), by such calcination
(Fig. 25A). This ligand desorption mechanism was largely

A

(SPhF)

lon intensity/a.u.

Fig. 25 (A) Typical mass spectrum of the desorbed species from
[Ag44(SPhF)30l(PPhy)4 at 297 °C. The mass peaks of (1) PhF, (2) PPh, (3)
PPh,, and (4) PPhs are fragments of PPhy and SPhF, produced by electron-
impact ionization. (B) Comparison of H, generation from NHzBH= in the
presence of Agss NCs/MPC and Ptyp/MPC. Reproduced with permission
from ref. 239. Copyright 2015 American Chemical Society.
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different from that observed for SC12-protected Ag NCs
(Ag,(SC12),, NCs), in which S-C dissociation also proceeds at
the same time. The S-C bond in [Ag,,(SPhF);,](PPh,), is stronger
than that in Ag,(SC12),, NCs. This difference was interpreted to
be related to the selective dissociation of the Ag—S bond and the
complete desorption of S from the Ag,, surface. The obtained
Ag,4/MPC showed high catalytic activity for the dehydrogena-
tion reaction from ammonia borane under oxygen or air atmo-
sphere. Some comparison experiments revealed that the
dehydrogenation reaction using Ag,,/MPC as a catalyst proceeded
via a mechanism different from that proceeding when NPs
composed of other metals such as Pt and Pd were used as catalysts
(Fig. 25B).

2.4. Photocatalytic water splitting

With global warming and the depletion of fossil resources, our
fossil-fuel-dependent society is expected to shift to one that
instead uses H, as a clean and renewable energy source. Water-
splitting photocatalysts (Fig. 26A) can produce H, from water
using sunlight, both of which are almost infinite on the
earth.””* Therefore, the photocatalytic water-splitting reaction
is considered one of the cleanest energy-production reactions
for humankind. However, further improvement of the activity is
necessary to enable their practical application.

In many cases, water-splitting photocatalysts need to load
metal NPs/NCs (cocatalysts) as active sites (Fig. 26A),””> and
their particle-size control is an extremely effective means for
improving the water-splitting activity.””**”” Several previous
studies have shown that the use of atomically precise metal
NCs as precursors could load metal NCs with controlled
particle size on photocatalysts, which could lead to improve-
ment of the water-splitting activity,>0%?397245:278-280

In 2013, Negishi and Kudo et al. succeeded in loading Au,s
on BaLa,Ti O;5, which is one of the highly active photocatalysts.
In the experiment, Au,;(SG);g was first adsorbed on BaLa,Ti,O;5
with high efficiency (>99%) by stirring them in water.*
Glutathione has two carboxyl groups and one amino group. It
can be considered that Au,s(SG),3 was efficiently adsorbed on
the photocatalyst because the polar functional groups of
Au,5(SG);5 formed hydrogen bonds with the -OH groups on
the surface of Bala,Ti O;5. Then, the obtained Au,s(SG);s/
BaLa,Ti O,5 was calcined at 300 °C for 2 h to remove the ligands
from Au,s5(SG)is. TEM images and XPS spectra revealed that
such calcination resulted in (1) removal of ligands from Au NCs
and (2) little aggregation of the loaded Au NCs. The obtained
Au,5(SG);g/BaLa,Ti 045 exhibited higher water-splitting activity
than Auyp/BaLa,Ti 0,5 in which a large Aunp was loaded by the
impregnation method. In 2015, the same group clarified that (1)
this loading method is also effective for loading other sizes of
Au,, NCs; (2) however, to load Au,, NCs on BaLa,Ti,;O,5 while
preventing the increase in particle size, it is necessary to use
stable Au,(SG),, NCs as a precursor (Fig. 26B), and (3) it is
essential to remove the ligands by calcination to obtain higher
activity (Fig. 26C).>*" Furthermore, in 2018, the same group
clarified that the precise loading of Au,s is also possible in the
same way when SrTiOj is used as a photocatalyst.***

This journal is © The Royal Society of Chemistry 2021
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Fig. 26 (A) Schematic of photocatalytic water splitting using a one-step
photoexcitation system (C.B., conduction band; V.B., valence band; E,,
band gap) showing the processes of (i) hydrogen evolution, (i) oxygen
evolution, and (iii) oxygen photoreduction. (B) Schematic of the aggregation
of Au,(SG),, on the photocatalyst depending on the cluster size (0.1 wt% Au).
(C) Comparison of the photocatalytic activities of BalLasTizO1s, Auzs(SG)ig/
BalasTisO15, and Aups/BalagTisO1s. Reproduced with permission from
ref. 241 and ref. 244. Copyright 2015 American Chemical Society and 2019
American Chemical Society.

Because such an overall water splitting is an uphill reaction
(Fig. 27A),>® the reverse reaction proceeds easily.”** Therefore,
to create a highly active photocatalyst in such a reaction system,
it is necessary to efficiently suppress the reverse reaction. In addition,
light irradiation of the photocatalyst promotes aggregation of the
cocatalyst.”*® Therefore, to create a highly stable and active
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(b) our work.243 (D) TEM images (a, ¢ and e) and HR-TEM images (b, d and f) of (a and b) Cr,Oz/BalasTi4O1s (0.5 wt% Cr), (c and d) Au,s(SG)1s/CroOs/
Bala,Ti4O15 (0.1 wt% Au; 0.5 wt% Cr), and (e and f) Cr,O,/Auzs/BalasTisOss (0.1 wt% Au; 0.5 wt% Cr). Cr,0O, indicates the chromium oxide in which part of
the chromium was oxidized to a highly oxidized state (>3+). In (c and e), the insets show the core-size distributions of the particles. In (b and f), the
thicknesses of the Cr,Os or Cr,0, shells are indicated by yellow double-pointed arrows. In (f), the particle size is also indicated by a white double-pointed

arrow. Reproduced with permission from ref. 243 and ref. 287. Copyright 2018 American Chemical Society and 2009 American Chemical Society.

photocatalyst, it is necessary to take some measures to suppress
the aggregation of the cocatalyst. One effective means to suppress
the reverse reaction of water splitting is to form a chromium
oxide (Cr,0;) shell on the surface of the loaded cocatalyst. This
Cr,0; shell is permeable to H' but not to O, approaching from
the outside (Fig. 27B). Domen et al. reported that when the
cocatalyst surface is covered by the Cr,O; shell, it is possible to
suppress only the progress of the reverse reaction while main-
taining the H, evolution activity,'6"1887190:2827288 1y their studies,
they first loaded the cocatalysts and then formed the Cr,O;

430 | Nanoscale Horiz., 2021, 6, 409-448

shell on the cocatalysts using the photodeposition method
(Fig. 27C(a)). However, when Au,s/Bala,Ti;O;5 was irradiated
with light, the loaded metal NCs aggregated.>*° Thus, when the
method reported by Domen et al. is used as is, it is difficult to
form the Cr,0j; shell on the surface of the loaded metal NCs while
maintaining the number of atoms of the metal NCs. Meanwhile,
studies in the field of surface science have revealed that when a
metal oxide support loaded with metal NCs is heated under H,
or O, atmosphere, a strong metal-support interaction (SMSI) is
induced, thereby leading to the formation of an oxide film on the

This journal is © The Royal Society of Chemistry 2021
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metal NCs.?**>® Therefore, Kurashige et al. attempted to form a
Cr,0; shell on the surface of the cocatalyst using such a SMSI
effect (Fig. 27C(b)).>** As a result, they created a highly functional
water-splitting photocatalyst that addresses both the reverse
reaction and the aggregation of Au,s.

In the Cr,0;-shell-formation process used in their study, the
Cr,0; layer was first formed on BalLa,Ti,O;5 using the photo-
deposition method before loading Au,s (Fig. 27D(a) and (b)).
Then, Au,5(SG);s was adsorbed on the surface of the obtained
Cr,03/BaLa,Ti, O;5 (Fig. 27D(c) and (d)). The photocatalyst after
the adsorption of Au,5(SG)is (Au,s5(SG)1s/CryOs/Bala,TisO;5)
was calcined at 300 °C for 2 h under a reduced pressure. The
Au,s was covered with a Cr,0; shell during calcination via the
SMSI effect (Fig. 27D(e) and (f)). Part of the chromium was
oxidized to a highly oxidized state (> 3+) by calcination; however, it
was reduced to Cr,O; by irradiation with UV light. The obtained
Cr,03/Au,s/Bala,Ti,O15 showed nearly 20 times higher water-
splitting activity than Au,s/BaLa,Ti,O,s. Furthermore, even when
the light irradiation was continued for 10 h, almost no aggregation
of Au,; occurred.**® In 2019, Kurashige et al reported that
substituting one Au atom of Cr,0;/Au,s/Bala,Ti,O,5 with a Pt
atom could induce even higher water-splitting activity.>** In 2020,
they succeeded in obtaining the highest quantum yield (16% at
270 nm) for BaLa,Ti,0;; catalysts by using Rh instead of Au as the
base element of the cocatalysts (Fig. 28).>*> For Rh,_,Cr,0,/
BaLa,Ti O;5, the cocatalyst is not currently controlled with
atomic precision. However, if a precise synthesis method is
established for Rh, NCs in the future, it may become possible
to control cocatalysts with atomic precision for Rh, ,Cr,Oj/
BaLa,Ti O;s. It is expected that the establishment of such precise
synthesis methods will enable us to create even more highly
active Rh,_,Cr,O5/BaLa,Ti,O1s.

The above studies used photocatalysts that can achieve the
overall water-splitting reaction using UV light. However, to enable
the practical application of water-splitting photocatalysts in the
future, it is necessary to use visible light, which accounts for
~40% of solar energy, for the water-splitting reaction.>®” To
completely decompose water, the positions of its conduction
band (C. B.) and valence band (V. B.) must have sufficient energy
for the H, evolution reaction (HER) and O, evolution reaction
(OER) to proceed, respectively (Fig. 26A). Furthermore, to sup-
press the recombination of excited electrons and holes, the
photocatalyst needs to have both high crystallinity and high
specific surface area. Because of these requirements, there are
currently only a few semiconductor photocatalysts that can
completely split water in one step using visible light.>*® Never-
theless, overall water splitting can also be achieved by combin-
ing a semiconductor causing its half-reaction (HER and OER)
and a redox couple responsible for the transfer of charges
(electrons and holes) between them.?*® Such a system, which
imitates the photosynthesis occurring in plants, is called the
Z-scheme system (Fig. 29A).

In 2017, Yang et al. succeeded in highly activating the
graphitic carbon nitride (g-C3N,), which functions as a HER
photocatalyst in the Z-scheme system, by using atomically precise
Ag»5(2,4-SPhMe,),sPPh, (Fig. 2G) and [Ag,,Pt(2,4-SPhMe,),5](PPh,),
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Fig. 28 (A) Schematic of the experimental procedure for the formation of
Rh,_,Cr,O3/BalasTi4Oss. (a) BalasTisOss, (b) CroO3/BalagTisOss, (€) Rh—SG/
Cr203/BaLa4Ti4015, (d) RhZ,XCrXOy/BaLa4Ti4015, and (e) ha,XCrXO3/
BalasTisOy5. Rhy_,Cr,O, indicates Rh,_,Cr,O3 including highly oxidized
Cr (>34). (B) Comparison of rates of H, and O, evolution by photo-
catalytic water-splitting over different photocatalysts (a) Rh,_,Cr,Os/
BalLasTi4O15 (0.09 wt% Rh and 0.10 wt% Cr), (b) CroOs/Auss/BalasTisO1s
(0.10 wt% Au and 0.50 wt% Cr), (c) NiO,/Ninp/BalasTizO15 (0.50 wt% Ni),
and (d) Rh,_,Cr,O3 (3.0 nm)/BaLa,Ti;O15 (0.10 wt% Rh and 0.15 wt¥% Cr). In
this study, NiO,/Ninyp/BalLasTizO15 and Rh,_,Cr,O3 (3.0 nm)/BaLa,TizO1s
loaded with Rh,_,Cr,Oz NPs of ~3.0 nm were prepared by the impregnation
method. Reproduced with permission from ref. 245. Copyright 2020
Wiley-VCH.

(Fig. 2M) as precursors of cocatalysts.”*® In the experiment, each

NC was first adsorbed on g-C;N, by stirring them in mixed solvent
of toluene and dichloromethane for 12 h. Then, the ligand was
removed from Ag,s or Ag,,Pt by calcination at 150 °C under argon
(Ar) atmosphere for 2 h. These photocatalysts were dispersed in an
aqueous solution containing triethanolamine (TEOA; sacrificial
agent), and the HER was proceeded by irradiating the aqueous
solution with visible light (>420 nm). As a result, Ag,s;/g-C3N,
and Ag,,Pt/g-C3N, generated 76 and 330 times more H, than
g-C3N, without the cocatalyst, respectively (Fig. 29B). The
authors reported that Ag,,Pt/g-C3;N, showed higher activity
than Ag,s/g-C3N, because Pt substitution facilitated the transfer
of photoexcited electrons from g-C3N, to the cocatalyst
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Fig. 29 (A) Schematics of Z-scheme system for overall water splitting.
(B) Comparison of the photocatalytic H,-evolution activities of g-C3Ny,
Agnp/9-C3Ng4, Agos/g-CsNg, and Ago4Pt/g-CsNg. (C) Proposed photocata-
lytic H,-evolution mechanism. Reproduced with permission from ref. 200
and ref. 297. Copyright 2017 Royal Society of Chemistry and 2020 Royal
Society of Chemistry.

(Fig. 29C). Thus, it was shown that cocatalyst control using
atomically precise metal NCs is also effective for high activation
of the g-C;N, HER photocatalyst.

2.5. Electrocatalytic reaction

In the photocatalytic water-splitting reaction described in Section 2.4,
H, and O, are directly generated from water by sunlight. These
reactions convert light into chemical energy and are therefore
also called artificial photosynthesis. In contrast, the use of a
solar cell>*® enables us to obtain electrical energy from sunlight.
When water is electrolyzed using the obtained electrical
energy,”® % it is possible to obtain chemical energy from sunlight
and water, similar to the case of a photocatalytic reaction.>**%

The electrolysis of water consists of two half-reactions, the
HER and OER. When a voltage is applied on the metal electrode, a
reduction reaction proceeds at the cathode and an oxidation
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reaction proceeds at the anode, and water molecules are electro-
lyzed into H, and O,. However, in reality, the reaction does not
proceed even if a higher potential than the redox potential (HER:
0 V vs. SHE, OER: 1.23 V vs. SHE) in each reaction is applied onto
the metal electrode. This is because the activation energy in each
reaction is high. Therefore, precious-metal particles are loaded on
the electrode as catalysts.>®” Previous studies have revealed that
atomically precise metal NCs are also extremely promising as such
electrode catalysts,'8>*6>7

In 2017, Chen et al. conducted a study using Pd(SC12),, as a
precursor of an electrode catalyst (Fig. 30A).>*® In their experiment,
Pd4(SC12),, was first adsorbed on AC, and then the catalysts were
calcined at 200 °C under reduced pressure. During adsorption and
calcination (Fig. 30B), almost no aggregation of metal NCs
occurred. In the HER measurement, 0.5 M sulfuric acid (H,SO,)
was used as the electrolyte. The Pds/AC showed high HER activity
and durability (Fig. 30C). For example, Pd¢/AC has 2.86 and 10.22
times higher current densities than Pdg(SC12),,/AC and com-
mercially available Pt/carbon (C) catalysts, respectively, when
comparing the HER activity at an applied voltage of —0.423 V.
The removal of the ligand formed a wider space around Pd and
reduced the charge density of Pd. It was interpreted that
because the removal of the ligand made it easier for the reaction
substrate (H") to approach Pd, it improved the HER activity. In
contrast, Pdg(SC12);,/AC showed higher activity than Pd¢/AC
and Pt/C for the OER. These results indicate that the presence or
absence of ligand removal should be determined while taking
the reaction mechanism into consideration.

In 2018, Zhu et al. used Au,Pd¢S,(PPh;),(SPhF,)s (SPhF, =

3,4-difluorobenzenethiolate; Fig. 2N), which was newly
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Fig. 30 (A) Schematic of difference in electrochemical reaction before
and after thermal treatment of Pdg(SC12),,/AC (B) HR-TEM images of Pdg/
AC. (C) Comparison of the current densities of the HER on the samples at
different potentials. Reproduced with permission from ref. 246. Copyright
2017 Royal Society of Chemistry.
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Fig. 31 (A) Schematic of HER on Au,Pde/MoS; system. (B) HR-TEM image
of Au,Pdg/MoS; system (Au,Pde NCs marked by red circles). (C) Compar-
ison of the overpotential at a current density of 10 mA cm™2 (red column
on the right) and the current density at —0.4 V vs. RHE (black column on
the left). (D) Charge deformation density of Au,Pde/MoS, system. The
charge density of Au,Pde NC decreased while the charge density of MoS,
increased, indicating the charge transfer from NC to MoS,. Reproduced
with permission from ref. 180. Copyright 2018 Royal Society of Chemistry.

synthesized in their study, as a metal NC and molybdenum
disulfide (MoS,) having high HER activity as a support.’®® The
catalyst was obtained by first adsorbing Au,Pd¢S,(PPhs),
(SPhF,)s on MoS, and then calcining the catalysts at 100 °C
under Ar atmosphere (Fig. 31A and B). The paper did not refer
to whether the ligand was removed by such calcination. The
resulting catalyst (hereafter referred to as Au,Pds/MoS, regard-
less of the existence of the ligand) showed higher HER activity
than MoS,, Au,/MoS,, Pd;/MoS,, and (Au, + Pd3)/MoS,
(Fig. 31C). Several experiments and density functional theory
(DFT) calculation revealed that Au,Pds/MoS, exhibited high
HER activity because the adsorption site for H atom increased

This journal is © The Royal Society of Chemistry 2021
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Fig. 32 (A) Schematic of OER on Au,s/CoSe; catalysts. (B) OER polarization
curves for ligand-on and ligand-off Au,s/CoSe; catalysts. (C) Comparison of
the overpotential (at 10 mA cm™) and the current density at the over-
potential of 0.45 V for ligand-on and ligand-off Au,s/CoSe, catalysts.
(D) Proposed mechanisms for OER in the presence of a Au atom on the
CoSe; catalyst surface. Reproduced with permission from ref. 247. Copyright
2017 American Chemical Society.

by the charge transfer from Au,Pds to MoS, (Fig. 31D). These
results indicate that the loading (or adsorption) of atomically
precise metal NCs is also effective for enhancing the function-
ality of existing HER catalysts.

On the other hand, in 2017, Jin et al. succeeded in promoting
the OER, which is often a bottleneck in the electrolysis of water,
using atomically precise metal NCs (Fig. 32A).**” In this study,
Au,5(PET);g/diselenium cobalt nanosheets (CoSe,) were first
prepared. The obtained Au,s(PET),s/CoSe, showed higher OER
activity than catalysts such as CoSe, and Pt/C. Then, the authors
showed that even higher OER activity could be achieved by
calcining Au,s(PET);4/CoSe, at 300 °C under N, atmosphere
(Fig. 32B and C). They interpreted that the OER activity
was improved because the electronic interaction between Au
NCs (slightly increased in size by calcination) and CoSe, was
increased by calcination of the ligand. They also investigated
why the OER activity of the CoSe, catalyst was improved by
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Fig. 33 (A) Geometrical structure of NHC-functionalized Auy; NCs. (B)
Electrocatalytic activity for the reduction of CO, to CO; Auyy NCs bearing a
methylated NHC (red), Auy; NCs without NHC (blue), and Auy; NCs bearing
an isopropylated NHC (green). Reproduced with permission from ref. 308.
Copyright 2019 Springer-Nature.

loading Au NCs by conducting additional experiments and DFT
calculation (Fig. 32D). In addition, this study revealed that the
OER activity increases with increasing size of Au NCs.

In addition to these photocatalytic water-splitting reactions,
Crudden, Tsukuda, and Hékkinen reported the study on the
electrocatalytic reduction of CO, to CO using N-heterocyclic
carbene (NHC)-fuctionalized Au,; NCs (Fig. 33A), which was
obtained by exchanging the ligand of [Auy;(PPh;)sCl,]" with
N-heterocyclic carbene.®*® This reaction is an important one
because CO is the key component in many high-volume car-
bon-carbon bond-formation reactions. Although the Au NCs
did not show the catalytic activity before the calcination, when
the phosphine was removed by the calcination at 180 °C for 2 h,
the Au NCs showed the catalytic activity for this reaction
(Fig. 33A). In this study, they found that Au;; NCs bearing a
methylated NHC shows an especially high activity (Fig. 33B)
and that this high activity is caused by high stability of this NC.

3. Toward the creation of functional
heterogeneous catalysts

In this section, we discuss the suitable conditions for catalyst
preparation (Section 3.1), the reaction mechanism during the
preparation of catalysts (Section 3.2), and the mechanism of
catalysis (Section 3.3), which have been clarified in previous studies.

3.1. Suitable experimental conditions

3.1.1. Type of support. The selection of the support is very
important for creating highly functional catalysts because the
support has a great effect on the electronic state and degree of
aggregation of the loaded metal NCs (Fig. 34A).

In most of the previous studies, Au has been used as the base
element of the loaded metal NCs. For such NCs, the catalytic
activity for oxidation reactions is often improved when CeO,
(Table 2) is used as a support.>'>?>'7?21,226:233.255 e, changes
the charge state of Au in metal NCs to be cationic and induces O,

434 | Nanoscale Horiz., 2021, 6, 409-448

View Article Online

Nanoscale Horizons

A type of support B type of metal NCs

a) geometric/electronic
interaction with
metal NCs

a) size effect
b) metal kind effect

b) quantities of special site C) heteroatom-doping effect

(Brgnsted acid sites,
lewis acid sites, O, defect,
etc.)

C) specific surface area

/v

A \

(®s
C A

D calcination temperature

C type of ligands

a) interaction between a) amount of re-_maining
functional group and ligands required for
substrate a reaction

b) metal surface area b) suppression of aggregation

effect on the electronic
state of the
formed metal NCs

C) effect on the geometrical C)
structure of metal NCs

Fig. 34
catalysts.

Important factors to consider in creation of highly functional

activation.*"**® Because of these factors, the oxidation reaction is
accelerated when CeO, is used as a support. In addition, the
aggregation of Au NCs is suppressed on CeO, because of the
strong interaction between Au NCs and CeO,.>*”**®> Through this
means, the highly active Au NCs/CeO, can be created without
decreasing the unique catalytic activity of small Au NCs. Similar
effects were observed when HAP and TiO, were used as supports
(Table 2).178:214216,218°220,223,225,232,236 1y contrast, there is very little
information on the selection of the support for the reduction
reaction because of the limited number of study examples. How-
ever, because suppression of aggregation of Au NCs is extremely
important in this case as well, a highly active catalyst is often
obtained when HAP or TiO, is used as the support.***?>3
Regarding the correlation between the support and the
aggregation of Au NCs, Donoeva and Hékkinen et al. studied
how the behavior of PPh;-protected Au NCs during calcination
changes depending on the type of the support in 2020.>*® In
this study, they revealed the following about the behavior of
Auy(PPh;)g: (1) when SiO, containing a Brensted acid site was
used as the support, Aug(PPh;3)s dissociated into Au-PPhj
complexes during calcination because the interaction between
Aug(PPh;)g and SiO, is weak; and (2) when CeO, containing
Lewis acid sites was used at the support, the ligand could be
removed by calcination from Aug(PPh;)s while maintaining the
Au NC size because the interaction between Aug(PPh;)s and
CeO, is strong. This interpretation was well supported by DFT
calculations (Fig. 35A). This study also showed that when TiO,
containing some Brgnsted acid sites and small Lewis acid sites

This journal is © The Royal Society of Chemistry 2021
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Fig. 35 (A) Born—Haber cycle for (a) oxidative fragmentation and (b) ligand
migration for the two supports, HO-SiO, and HO-CeO,. The numbers in
pink correspond to values for the hydroxylated amorphous SiO, surface,
and the numbers in blue correspond to energy values for the hydroxylated
Ce0O,(111) surface. AHot is the total reaction enthalpy for the processes,
AH,q4 is the energy to reduce and disintegrate the cluster into AulL species in
the gas phase, AH,,, is the energy to reduce and peel the ligands from the
cluster forming Aug and L species in the gas phase, AH,, is the energy to
remove a H atom from the surface, and AH,. is the energy due to the
interaction between the end species and the surface. Note that the Born—
Haber cycle implicitly takes into account the charge imbalance in the total
reaction enthalpy AHot. (B) Schematic illustration of gold clusters deposited
on titania nanosheet: (a) before annealing and (b) after annealing. The green
and orange lines represent the results that can be obtained from atomic
force microscopy and scanning tunnel microscopy, respectively. The lines
indicating the emission of electrons represent the XPS results. Reproduced
with permission from ref. 255 and ref. 311. Copyright 2020 Wiley-VCH and
2016 Royal Society of Chemistry.

was used as a support, little aggregation of Au NCs occurred.
This result is generally in good agreement with the series of
experimental results (Fig. 35B) reported by Anderson and
Nakayama et al. from 2013 to 2016.>%°3"

To suppress the aggregation of metal NCs on the support,
increasing the specific surface area of the support is also
effective (Fig. 34A). As described in Section 2.1.1, Tsukuda
et al. succeeded in loading ~1 nm Au NCs on SBA-15 without
any aggregation.'® SiO, has only weak interaction with Au.
However, the SBA-15 used in this study had a high specific
surface area (866 m> g~ '; Table 2); therefore, Au NCs hardly
aggregated on the support. The same authors have also successfully

This journal is © The Royal Society of Chemistry 2021

View Article Online

Review

suppressed the aggregation of metal NCs on HPCSs (2300 m> g~ ;
Section 2.1.1) and MPC (2300 m*> g~ '; Section 2.1.1).>°**' It is
expected that increase of a high specific surface area leads to the
increase of distance between Au NCs on the substrate and
thereby the increase of the number of the defects, which well
fix the Au NCs on the substrate, between Au NCs. These factors
seem to be related to the suppression of the aggregation of
the Au NCs on the substrate. Furthermore, Dai et al. succeeded
in suppressing the aggregation of Au NCs on the support
by loading CuO or Co;0, as anchor particles on SBA-15
(395 m* g~ ').>** Because the metal NCs do not easily aggregate
on these supports, it is possible to increase the amount of metal
NCs loaded on them (Table 2). In the future, it is expected that
techniques to create supports with high specific surface area
will also be established for supports that show the strong
interaction with metal NCs. In addition, recent studies have
demonstrated that loading metal NCs on layered double hydro-
xides;*'**'* protecting each metal NC by a silica cage,>°>*°
zinc oxide hollow cage,**! or atomic-layer-deposition of alumina
*2 and including metal NCs in metal organic
3237328 are also effective for suppressing the aggregation
of metal NCs. Therefore, these techniques are expected to be more
widely employed for creating highly functional heterogeneous
catalysts using atomically precise metal NCs in the future.

3.1.2. Type of metal NC. Most of the metal NCs used in the
previous studies were SR-protected Au NCs,>0%7213,215-218,221-231,
233,234,236,238-244 most likely for the following reasons: (1) most
of the precise synthesis methods established to date are for
SR-protected Au NCs; (2) SR-protected Au NCs are stable in both
solution and solid state and are easy to handle; and (3) because
Au is an inactive metal, it is relatively stable even after ligand
elimination.

In terms of the Au NC size that is effective for creating a
highly active catalyst (Fig. 34B), previous studies have demon-
strated that, overall, small Au NCs show high activity for catalytic
reactions.?****! However, for benzyl alcohol oxidation, Au, 44 NCs
showed highest conversion efficiency”’' and for cyclohexane
oxidation, Au, NCs in the n range of 40-80 showed the highest
conversion efficiency.*"

In terms of metal elements, there are only a few studies on
metal NCs consisting of metal elements other than Au. However,
for Ag>***% and Pt,>* it has also been shown that when the
number of constituent atoms of NCs is reduced to fewer than 50,
higher activity can be achieved for some reactions than for NPs
with large particle size. In addition, highly active catalysts have
been created by heteroatom doping.*’**** However, to discuss the
generality of these effects, it is necessary to conduct studies on
metal NCs of various sizes and metal elements in the future.

3.1.3. Type of ligand. The majority of the metal NC ligands
used in previous studies have been SRs, most likely for the
same reasons described in Section 3.1.2. Among the SRs, PET,
alkanethiolate, SPhF, and 2,4-SPhMe,, which are hydrophobic SR,
have been most commonly used. Using these ligands, it is possible
to size-selectively synthesize stable metal NCs, such as Au,s(SR);s,
AU35(SR)24, AU144(SR)60, AZ25(SR)15, and Ag44(SR)307200’2097211’213’2157
218,220-222,224-229,231,233,234,236,237,239,244 Whlch seems to pl‘omote the

overlayers;
frameworks

Nanoscale Horiz., 2021, 6, 409-448 | 435


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nh00046b

Open Access Article. Published on 12 avril 2021. Downloaded on 13/06/2026 00:28:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

use of these ligands. The obtained metal NCs are adsorbed on
carbon materials such as MWCNTSs, HPCSs, and AC in solution
with high efficiency via hydrophobic or =n-m interactions
(Fig. 34C). Hydrophobic SR-protected metal NCs also easily
adsorb on metal-oxide supports such as CeO,, Fe,Os, TiO,,
and Al,O; in solution via dipole-induced dipole interaction. As
opposed to metal NCs adsorbed on the support in solution,
there have been some cases where metal NCs are deposited on
the support by drying the solution containing the metal NCs
and support.215'224’227

In some studies, hydrophilic SRs, such as SG, have been
used as a ligand of metal NCs.*>?%>*°>*3 When these ligands
are used, metal NCs can adsorb on the metal-oxide support
with high efficiency via hydrogen bond formation in solution.
Even for the hydrophobic SR-protected metal NC, when part of
the ligands is replaced by hydrophilic ligands, they can be
adsorbed and loaded on the metal-oxide support with high
efficiency.>** The catalysts obtained using these methods have
the following advantages: (1) it is easy to estimate the quantities
of the loaded metal atoms; (2) there is high reproducibility of
the metal loading; and (3) it is possible to improve the quantity
of the loaded metal atoms.

Meanwhile, when metal NCs are used as catalysts by allowing
some or all of the ligands to remain as opposed to removing all
of them, the design and selection of the functional group
structure of the ligands is more important. In this case, it is
necessary to design and select a ligand that can create a suitable
structure of the metal NCg'7®??1222:229°231,236 anq guitable
vacancy size on the surface of metal NCs**"?*® for the desired
reaction to proceed (Fig. 34C).

3.1.4. Calcination temperature. The appropriate calcination
temperature is strongly related to the type of the proceeded
reaction. For example, the presence of ligands leads to
reduced activity for alcohol oxidation (Section 2.1.1) and hydro-
carbon oxidation (Section 2.1.2) and epoxidation of alkenes
(Section 2.1.3).209710:212:215,220222 Thege phenomena have also been
observed in the application of metal NCs as photocatalysts.>*" In
contrast, for CO oxidation, the elimination of part of the ligands at
moderate calcination temperature tends to induce higher activity
than the elimination of all the ligands.?******%3 In addition, the
selectivity of several reactions has been reported to vary depending
on the extent of ligand elimination.'”®?°**'° Therefore, the
calcination temperature should be selected depending on
whether the desired reaction requires ligands (Fig. 34D).

Previous studies have also shown that the temperature required
for the ligand elimination varies depending on the type of ligand
and support. Thus, in catalyst preparation, it is necessary to know
the start temperature of the ligand elimination and the tempera-
ture at which the ligand elimination is completed in the studied
SyStem in advance‘178,183,209,212,215,218—222,224,226,227 'Iypically, TGA Of
unsupported metal NCs is used for this purpose. However, since
the support might affect the ligand elimination temperature, it
seems to be better to check the presence/absence of metal-ligand
bonds by XAFS on the supported metal NCs obtained by the
calcination at each temperature. In the calcination, the tem-
perature is typically increased at a heating rate of 10 °C min™*
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and kept at a certain temperature in the range of 150-500 °C for
several hours. The finish temperature should be determined
while checking the particle size at each calcination temperature
using TEM, HR-TEM, HAADF-STEM, and XPS*°**° because too
high temperature induces the aggregation of metal NCs
(Table 3).178,183,209,210,212,214,2167219,2237225,233,234,236,237,239 It iS
expected that the elimination speed of the ligands and the
electronic state of the formed metal NCs change depending on
the calcination atmospheres.”**??>?262% [n the previous studies,
calcination atmospheres such as vacuum, reduced pressure, air,
0,, H,, and inert gas have been used. However, at present, the
effects of the calcination atmosphere on the elimination speed of
the ligands and the electronic state of the formed metal NCs
remain unclear. Therefore, it is expected that more studies will be
conducted to clarify these points in the future.

3.2. Mechanism of calcination

3.2.1. Ligand elimination. In most cases, the purpose of
calcination is to remove the ligands from the metal NCs. The
ligand-elimination temperature must be determined using TGA
with a similar system before the calcination. Then, the tem-
perature is raised to the ligand-elimination temperature using a
temperature control program, and heating is continued at an
appropriate temperature for several hours. TGA-MS provides
information about the chemical composition of the desorbed
compounds at each temperature.>”® The ligand elimination is
generally confirmed by methods such as XAFS, XPS, STEM-
energy dispersive X-ray spectroscopy (EDX), and ICP analyses
(Table 3). Weight-loss measurement using TGA can provide
information on whether the desorbed ligand has been removed
from the SyStem.178’183’209’212’215’218_222’224‘226’227 In recent years’
these measurements have revealed that the actual calcination
process includes complex processes that were not previously
anticipated.'8"**°

As an example, herein, we focus on a system that uses
SR-protected Au NCs as the metal NCs. In this case, two patterns
of dissociation have been reported on the surface of the Au NCs
upon calcination: dissociation of Au-S bonds**® and dissociation
of both Au-S and S-C bonds>***'® (Fig. 36B). It has been reported
in several papers that the ligand elimination occurs in two
steps.209210:215216330 11y each paper, different factors have been
proposed, such as the difference in the desorption temperature of
the ligand between the Au NC-support interface and the surface of
the Au NCs>* or the difference in the desorption temperature of
the ligand depending on the S environment owing to the presence
of two types of S atom in Au NCs."®***"> It was previously thought
that the dissociated SR or S would be vaporized and eliminated
from the system by further heating. However, based on recent
results, it is interpreted that SR or S migrate from the surface of the
Au NCs onto the support during calcination (Fig. 36B)**® and are
then oxidized to SO; or SO, on the support (Fig. 36C).>'¢>'%2*4 The
generated sulfur oxides appear to adsorb on the support via
dipole-dipole interaction.’’* Tsukuda et al. pointed out that
desorbed alkyl chains are also adsorbed on carbon supports
(Fig. 36B).>°° Barrabés et al. noted that Au'™-S™ migrates from Au
NCs to the support during calcination (Fig. 36C).>** When the

This journal is © The Royal Society of Chemistry 2021
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Table 3 Characterization methods used in catalyst preparation
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Method Representative purpose
TGA Check of the temperature at which mass loss starts and finishes
TG/TPD-MS Track of the desorbed species at each temperature
XPS Check of the presence and elimination of ligands
Elucidation of the charge states of metal NCs
Estimation of the occurring of the aggregation
XAFS Check of the presence and elimination of ligands
Elucidation of the charge states of metal NCs
Elucidation of the interaction between metal NCs and substrate
Estimation of the particle size and atomic packing structure of the metal NCs (from the average
coordination number)
STEM-EDX Check of the presence and elimination of ligands
Check of the dispersion of metal NCs on the substrate
TEM Determination of particle size of metal NCs

HR-TEM/HAADF-STEM

Determination of particle size of metal NCs

Determination of atomic packing structure of metal NCs

FT-IR/DRIFTS

Estimation of the charge states of each element

Confirmation of the presence of certain bonds
Estimation of the specific surface area of metal NCs

ICP-MS/AES/OES

Determination of the quantities of the ligands included in catalysts

Determination of chemical composition of alloy NCs

calcination temperature is further increased, the S oxides vaporize
and are removed from the support (Fig. 36D).**" Although the
results described above were obtained for Au NCs, similar
adsorption of S oxides on the support has also been reported by
Scott et al. during the calcination of Ag,s(2,4-SPhMe,);s/AC.*** In
addition, Adnan et al. reported NO;~ counter anions were also
adsorbed on the support when Aug(PPh;)(NO;), was used as a
precursor.*

As shown in Fig. 35A, the behavior of the ligand and metal
core during calcination strongly depends on the nature of the
support. Therefore, the ligand-elimination mechanism should
vary depending on the system used. However, researchers
working on other systems should know the above phenomena
and the factors that contribute to their occurrence.

3.2.2. Dynamics of metal-core structure. The ligand elimina-
tion by calcination also changes the geometrical structure of metal

Fig. 36 Schematic of proposed desorption mechanism of the ligand:
(A) adsorption of metal NCs on a support, (B) S—C or metal-S dissociation
and migration of organic and S-compounds from metal NCs to support, (C)
oxidation of S on a support, and (D) desorption of S oxides from a support.

This journal is © The Royal Society of Chemistry 2021

NCs. Kurashige et al. reported that bare Au,; formed by calcination
has a two-dimensionally expanded geometrical structure on
BaLa,Ti O;5 in their study of Au,s/BaLa,Ti O;5, unlike that of
the precursor Au,s(PET),5.>** The same group also found that in
Au,,Pd/Bala,Ti,Os and Au,,Pt/BalLa,Ti,O,5, where one Au
atom in Au,s was replaced by Pd or Pt, Pd (Fig. 37A) and Pt
(Fig. 37B) were located at the surface of metal NCs and at the
interface between metal NCs and BaLa,Ti4O,s, respectively.>**
In the Au,,Pd(SR);5 and Au,,Pt(SR),5 precursors, Pd and Pt were
located in the center of the metal core (Fig. 2C and 0).2%3%172

Fig. 37 Illustration of the structure evolution of (A) Au,4Pd NCs and (B)
Auo4Pt NCs supported on BalasTi4sO;5 upon calcination, (C) AuPd, NCs
supported on TiO, upon calcination, and (D) Auy4Pd NCs supported on
MWCNTSs upon calcination. Reproduced with permission from ref. 211,
ref. 244 and ref. 335. Copyright 2019 American Chemical Society, 2020
American Chemical Society, and 2013 Royal Society of Chemistry.
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These results indicate Pd and Pt migrated in the metal NCs
during calcination (Fig. 37). Compared with Au, Pt forms a
stronger bond with O (318.4 + 6.7 k] mol " for Pt-O vs. 223 +
21.1 kJ mol* for Au-O) and can bind with a large number of O
atoms.**' This seems to be why Pt migrates to the interface
between Au,,Pt and BaLa,Ti,O,5 in Au,,Pt/BaLa,Ti,O5
(Fig. 37A). In contrast, Pd forms weaker bonds with O than
Au (145 4 11.1 kJ mol " for Pd-O vs. 223 4 21.1 k] mol * for Au-
0).**? Therefore, the location of Pd at the interface is considered
thermodynamically undesirable. However, because Pd has a
larger surface energy than Au (2.003 ] m~> for Pd (111) surface
vs. 1.506 ] m~> for Au (111) surface),*** the location of Pd at the
metal NC surface is also thermodynamically disadvantageous.
In Au,,Pd/BalLa,Ti,O;5, the S atom that dissociated from Au
during calcination attached on Pd (Fig. 37B),>** which appears
to suppress the destabilization caused by exposure of Pd atom at
the NC surface. For Au,,Pd(SR),g, Barrabés et al. also tracked the
structural changes of Au,,Pd(SR);s/TiO, during calcination in
2020.%*° In their study, the Pd position within the metal NCs
was tracked by operando diffuse reflectance Fourier-transform
infrared spectroscopy (DRIFTS), and the results also showed
that Pd migrates from the center of the metal core to the surface
of the metal core during calcination (Fig. 37C). In contrast,
Tsukuda et al. reported that in Au,,Pd/MWCNTs, Pd is located
at the interface between Au,,Pd and MWCNTs (Fig. 37D).>""
They proposed that because Pd interacts more strongly with C
than Au (104.2 kJ mol ™" for Pd-C vs. 8.68 k] mol ™" for Au-C),>*®
such a geometrical structure was formed in the case of Au,,Pd/
MWCNTSs. Thus, the ligand elimination induces the reconstruc-
tion of metal core and the resulting geometrical structure of
metal NCs is largely related to the nature of the used support.

3.3. Mechanism in catalysis

3.3.1. Heterogeneous catalysts with ligands. As described
in Section 1.2, the use of atomically precise metal NCs in hetero-
geneous catalysts is expected to facilitate the identification of
active sites and the understanding of reaction mechanisms. The
expected results have been obtained for reaction systems that
require only a small amount of the ligand elimination. For
example, in the case of CO oxidation, when the conventional
Aunp/metal oxide with distributed Aunp was used, the complete
determination of the active sites was not easy, as it was pointed out
that the Au ions on the support may function as the active sites.
However, the use of impurity-free Au NCs/metal oxide as catalysts
facilitated the determination of the active sites, and the results
demonstrated that the reaction was certainly promoted by metallic
Au.2?%%31232 por CO oxidation in Au,(PET),,/CeO,, several studies
have shown that the reaction occurs at the Au,(PET),,~CeO, inter-
face (Fig. 16B)**®**' and proceeds mainly by the Mars-van
Krevelen mechanism (reduction mechanism)**' (Fig. 18C;
Section 2.1.4). In addition, based on the geometrical structures
determined by SC-XRD, the details of the reaction mechanisms
have been clarified for the styrene oxidation by Au,(PET),,/
HAP (Fig. 13C)**° and semi-hydrogenation of terminal alkyne
compounds by Au,5(PET),s/TiO, (Fig. 23).2%¢
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Fig. 38 (A) Proposed structures of AupsM/BalasTisO15 for M = (a) Au,
(b) Pd, and (c) Pt during the water-splitting reaction. (B) Resonance
structures of carbocationic intermediate. Reproduced with permission
from ref. 211 and ref. 244. Copyright 2016 Wiley-VCH and 2019 American
Chemical Society.

3.3.2. Heterogeneous catalysts without ligands. Even for
reaction systems that require ligand elimination, it is possible
to identify the metal NCs that induce high activity because the
chemical composition of the loaded metal NCs is regulated. In
this case, the geometrical structure can also be estimated using
methods such as HR-TEM, XAFS, and DRIFTS, which allows for
a detailed discussion of the reaction mechanism occurring
on the catalyst surface. For the water-splitting reaction over
Au,s/Bala,Ti O;s, it has been revealed that the O,-photoreduction
reaction, which is one of the reverse reactions, proceeds much
more easily than the H, formation, and therefore suppression of
the O,-photoreduction reaction is extremely important to achieve
high activity in this case (Fig. 27).>**2*?862%” [t was also found
that in Au,,Pt/BaLa,Ti,O,5, Pt located at the interface between
Au,,Pt and BaLa,Ti O;5 increases the charge density of Au
in the metal NCs and promotes the electron transfer from
BaLa,Ti,O5 to metal NCs; therefore, Au,,Pt/BaLa,Ti Oq5
shows higher water-splitting activity than Au,s/BaLa,Ti Oq5
(Fig. 38A).>** For the benzyl alcohol oxidation catalyzed by
Au,,Pd/MWCNTSs, electronic/geometrical structures based on
experimental and theoretical results imply that the charge
transfer from Pd to Au facilitates the stabilization of the
reaction intermediates (Fig. 38B); therefore, Au,,Pd/MWCNTSs
shows high conversion for this reaction.*"' However, the geometrical
structure of metal NCs obtained for these systems is not as certain as
that of metal NCs obtained for heterogeneous catalysts containing
ligands. In addition, because there are no ligands in these systems,
the geometrical structure of the metal NCs is assumed to be largely
fluctuating during the reaction. In the future, it is expected that the
geometrical structure during the reaction will be clarified through
the use of operand measurements and other methods, which will
lead to a deeper understanding of the reaction mechanism in such
systems (Fig. 39).>*

This journal is © The Royal Society of Chemistry 2021
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Fig. 39 Results of operando DRIFTS of Au,4Pd/TiO, catalysts during CO
oxidation: (A) after the calcination under O, atmosphere, followed under
H, atmosphere and (B) just after the calcination under O, atmosphere.
Spectra taken upon cooling are indicated by dotted lines. These spectra
were acquired in helium at room temperature. Note that the absolute
intensities of different samples cannot be compared. Reproduced with
permission from ref. 335. Copyright 2020 American Chemical Society.

4. Conclusion

It is essential to continue to develop high-performance catalysts
to solve the problems that our society is currently facing and to
enrich our lives in the future. From this point of view, atomically
precise metal NCs have high potential as components of new
functional catalysts. In this review, we have summarized previous
studies on the creation of heterogeneous catalysts using atomically
precise metal NCs. Through this summary, the current state of
research on the development of catalysts using atomically precise
metal NCs became clear, as described in the following.

Validity of the use of atomically precise metal NCs

The use of atomically precise metal NCs is effective in elucidating
the mechanism of catalytic reactions. Using this route, a deep
understanding of the mechanism has been obtained for many
reactions, such as CO oxidation by Au,,(SR),,/CeO,, styrene oxidation
by Au,(SR),,/HAP, semihydrogenation of terminal alkyne com-
pounds by Au,5(PET);4/TiO,, photocatalytic water splitting by Au,s/
BaLa,Ti 015, and oxidation of benzyl alcohol by Au,,Pd/MWCNTs.

Necessity of ligand elimination

The effect of ligand elimination on the conversion efficiency
depends on the type of catalytic reaction. However, overall, the
ligand-desorbed catalyst exhibits a higher conversion efficiency
than the ligand-remaining catalyst. Several recent DFT calculations
have predicted that higher activity can be achieved through the
elimination of ligands also in the application of metal NCs as
electrocatalysts.>*”*> However, there are also reactions in which
the presence of ligands leads to an improvement of the conversion
efficiency. In addition, the presence of ligands has advantages in

This journal is © The Royal Society of Chemistry 2021
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changing the reaction selectivity and suppressing aggregation of
metal NCs, thereby improving the catalyst durability. Even in
these cases, calcination at a low temperature, which does not
cause ligand elimination, often induces an improvement in
catalytic activity.

Selection of support

To remove the ligands while maintaining the size of the metal
NCs, it is necessary to use a support that strongly interacts with
the metal NCs. In addition, if a material with a high specific
surface area and/or a porous material with an appropriate pore
size is used as a support, it is possible to suppress the aggregation
of metal NCs. Regarding the suppression of aggregation of metal
NCs, the introduction of anchor nanomaterials or atoms,*** which
strongly fix the loaded metal NCs on the support, is also an
effective means.

Selection of metal NCs

The appropriate size of Au NCs depends on the type of catalytic
reaction. However, overall, a smaller size results in higher activity.
Nevertheless, in reactions such as benzyl alcohol oxidation and
cyclohexane oxidation, an appropriate Au NC size exists. It is
difficult to discuss the size effects of metal NCs other than Au
NCs, as well as the doping effects, because of the small number of
study examples.

Mechanism in calcination

The calcination process involves a complex process that was not
initially predicted. Specifically, calcination first causes dissociation
of Au-S bonds and/or S-C bonds on the surface of metal NCs. The
dissociated SR or S moves from the Au NC surface to the support
during calcination and is then oxidized to SO;>~ and SO,*>~ on the
support. In a specific system, not only SR and S but also the alkyl
chain and Au'-S™ are transferred to the support. When the
calcination temperature is further increased, the sulfur oxide
is vaporized and removed from the support. In addition to these
processes, when the precursor contains NO;, NO;~ is also
adsorbed on the support. Ligand calcination also induces
structural deformation of metal NCs. Along with this, in alloy
NCs, heteroatoms change the positions in metal NCs depending
on the binding energy with the support.

The above insight is expected to lead to clear design guidelines
for the creation of novel heterogeneous catalysts. However, the
current knowledge is not presented as a unified view but as a
collection of case studies. In the future, it is expected that
researchers studying catalysts using metal NCs and/or metal
NPs (such as thermal catalysts, photocatalysts, and electrocata-
lysts) will exchange more information. Such cooperation beyond
the fields would enable us to obtain further knowledge on the
creation of novel heterogeneous catalysts and make the practical
application of heterogeneous catalysts using atomically precise
metal NCs more realistic.
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5. Outlook

It is expected that the following issues will be overcome in the
future to enable the creation of various highly functional
heterogeneous catalysts using atomically precise metal NCs.

Use of various precise metal NCs

Most of the metal NCs used in the studies of catalysts are the
metal NCs shown in Fig. 2. However, in recent years, it has
become possible to precisely synthesize metal NCs of various
sizes and chemical compositions for both pure metal and alloy
NCs.>"?>87:88 1 the future, it is expected that a deeper under-
standing will be obtained on (1) the correlations among the
metal element, size, and catalytic activity, (2) the heteroatom
substitution effect,>*® (3) the mechanism in each reaction,
(4) the correlations among the metal element, size, and dur-
ability by using various metal NCs from such a present
“library” of atomically precise metal NCs.

Improvement of durability

In most studies, metal NCs aggregate during calcination. In
addition, even when the metal NCs can be loaded on the
support with the same particle size, the particle size often
increases after the catalytic reaction. As described above,
increasing the specific surface area of the support is effective
in suppressing the aggregation of metal NCs. In the future, it is
expected that such ingenious attempts will be applied to various
metal-oxide supports. For this purpose, it may be necessary to
establish a new preparation method for the support. In addi-
tion, it has been reported that the formation of a protective shell
on the surface of metal NCs suppresses the aggregation of metal
NCs as well as the reverse reaction.>*>>”>?%” In the future, many
protective shells with high transparency of reactants and a small
contact area between the metal NCs and films are expected to be
newly produced. Also, it is expected that the information about
whether further calcination/heat treatment is needed or not
before recycling, which is not well understood at present, will be
obtained in future study.

Elucidation of geometrical structures of loaded metal NCs

To understand the structure-physical property relationship, it
is essential to obtain a deeper understanding of the geometrical
structure of the loaded metal NCs. Therefore, it is expected that
the geometrical structures of loaded metal NCs will be elucidated by
direct observation using spherical aberration-corrected (Cs-corrected)
TEM>** and STEM. In addition, the geometrical structure deter-
mined using those methods is not necessarily the same as that
present during the catalytic reaction. Therefore, it is expected that
operand XAFS measurement®*® will also be widely used for under-
standing the geometrical structure during catalytic reactions.

Structural control of loaded metal NCs

Regarding the geometrical structure, even if atomically precise
metal NCs having no variation in the geometrical structure are
used as precursors, variation of the geometrical structure of the
loaded metal NCs appears to exist. To identify the geometrical

440 | Nanoscale Horiz., 2021, 6, 409-448

View Article Online

Nanoscale Horizons

structure of metal NCs that create high activity and thereby
selectively load such superior NCs as a catalyst on the support, it is
necessary to establish a new method for controlling the geo-
metrical structure of the loaded NCs. Previous studies have
established many methods to control the size and geometrical
structure of metal NCs dispersed in solution (after-treatment
method for as-prepared metal NCs in solution).*”°"**** In
the future, it is expected that such after-treatment methods will
also be established for the loaded NCs, and thereby control of
the geometrical structure could also be realized for the loaded
metal NCs.

Perfect elimination of ligands from catalysts

Recent studies have revealed that compounds produced by
calcination are not easily removed through vaporization once
adsorbed on the support. These compounds seem to (1) cause
direct reaction with the reactants to produce by-products,
(2) result in the catalyst poisoning that suppresses charge
transfer between the support and metal, and (3) affect the
catalyst properties. Previous studies have shown that further
calcination leads to vaporization of the final products of these
compounds (such as SO;*>~ and SO,>”) from supports;>*" how-
ever, excessive heating promotes aggregation of metal NCs.
Therefore, in the future, it is expected that new elimination
methods will be established for compounds generated by
calcination, such as chemical washing.

Synthesis of platinum group metal NCs stable in air

In most previous studies, Au has been used as the base element
for metal NCs. The superiority of using Au as a catalyst relates
to the following factors: (1) Au NCs show high catalytic activity
at low temperature; (2) Au NCs exhibit catalytic selectivity
different from that of other precious metals; and (3) Au NCs
have very low toxicity. However, Au NCs have a low melting
point, and their catalytic activities do not improve dramatically
even at high temperature. Therefore, it is not suitable to use Au
NCs as catalysts at high temperature. For catalysts that must be
used at high temperatures, such as catalysts for eliminating
automobile exhaust gas, it will be necessary to use metal NCs
consisting of elements such as Pt, Pd, and Rh. Although there
are many reports of the synthesis of atomically precise metal
NCs composed of these metal elements,>>° they are difficult to
synthesize in the atmosphere. In the future, it is expected that
many metal NCs that are stable in the atmosphere will be found
for metal NCs consisting of elements such as Pt, Pd, and Rh.

Guidance by DFT calculation

As described above, it has become possible to control the chemical
composition of loaded metal NCs with atomic accuracy in recent
years. For such heterogeneous catalysts composed of atomically
precise metal NCs, DFT calculations may be able to predict highly
functional catalyst systems.>*”***3%® Thus, in the future, it is
expected that studies for improving the functionality of hetero-
geneous catalysts will shift from searching for the optimum
system based on trial-and-error experiments to prediction by
DFT calculation.
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If the above problems are overcome, it will be possible to create
a heterogeneous catalyst with high activity, selectivity, stability,
and durability with a smaller amount of precious metal used,
which would help address the resource, energy, and environ-
mental problems currently facing modern society.
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