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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
- ‘_V Reconstructlon \/\ \ Reconstructlon

(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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[Auzg(m-MBT)0(PPhg), > [AQ44(SPhF )30+

[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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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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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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mission from ref. 224. Copyright 2019 Royal Society of Chemistry.

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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Fig. 17 (A) CO conversion at fixed reaction temperature (T,,,) of 80 °C as
a function of catalyst pre-treatment temperature for Auzg(PET),4/CeQO,
catalyst. GHSV = 15000 mL gt h™% (B) CO conversion at Ty, = 100 °C
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shown in the figure. GHSV: 30000 mL g~* h™™. Feed gas: without water
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Society of Chemistry.

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)
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and subsequent CO oxidation. Reproduced with permission from ref. 233.
Copyright 2020 American Chemical Society.

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


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 April 2021. Downloaded on 4/19/2026 5:13:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Horizons

: 2.0 2.5 3.0
Particle size/nm
Fig. 20 STEM image of Aujsq NCs (1.1 wt% Au) loaded on CuO-EP-FDU-
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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
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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
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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 maintainin