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CONS P EC TU S

M any industrial catalysts involve nanoscale metal particles
(typically 1�100 nm), and understanding their behavior

at the molecular level is a major goal in heterogeneous catalyst
research. However, conventional nanocatalysts have a nonuni-
form particle size distribution, while catalytic activity of nano-
particles is size dependent. This makes it difficult to relate the
observed catalytic performance, which represents the average of
all particle sizes, to the structure and intrinsic properties of
individual catalyst particles. To overcome this obstacle, catalysts
with well-defined particle size are highly desirable.

In recent years, researchers have made remarkable advances
in solution-phase synthesis of atomically precise nanoclusters,
notably thiolate-protected gold nanoclusters. Such nanoclusters are composed of a precise number of metal atoms (n) and of
ligands (m), denoted as Aun(SR)m, with n ranging up to a few hundred atoms (equivalent size up to 2�3 nm). These protected
nanoclusters are well-defined to the atomic level (i.e., to the point of molecular purity), rather than defined based on size as in
conventional nanoparticle synthesis. The Aun(SR)m nanoclusters are particularly robust under ambient or thermal conditions (<200 �C).

In this Account, we introduce Aun(SR)m nanoclusters as a new, promising class of model catalyst. Research on the catalytic
application of Aun(SR)m nanoclusters is still in its infancy, but we use Au25(SR)18 as an example to illustrate the promising catalytic
properties of Aun(SR)m nanoclusters.

Compared with conventional metallic nanoparticle catalysts, Aun(SR)m nanoclusters possess several distinct features. First of
all, while gold nanoparticles typically adopt a face-centered cubic (fcc) structure, Aun(SR)m nanoclusters (<2 nm) tend to adopt
different atom-packing structures; for example, Au25(SR)18 (1 nm metal core, Au atomic center to center distance) has an
icosahedral structure. Secondly, their ultrasmall size induces strong electron energy quantization, as opposed to the continuous
conduction band in metallic gold nanoparticles or bulk gold. Thus, nanoclusters become semiconductors and possess a sizable
bandgap (e.g., ∼1.3 eV for Au25(SR)18). In addition, Aun(SR)m can be doped with a single atom of other metals, which is of great
interest for catalysis, because the catalytic properties of nanoclusters can be truly tuned on an atom-by-atom basis.

Overall, atomically precise Aun(SR)m nanoclusters are expected to become a promising class of model catalysts. These well-
defined nanoclusters will provide new opportunities for achieving fundamental understanding of metal nanocatalysis, such as insight
into size dependence and deep understanding ofmolecular activation, active centers, and catalytic mechanisms through correlation of
behavior with the structures of nanoclusters. Future research on atomically precise nanocluster catalysts will contribute to the
fundamental understanding of catalysis and to the new design of highly selective catalysts for specific chemical processes.

1. Introduction
Heterogeneous catalysis has a long history and dates back

to the 19th century.1 A central topic pertains to the pre-

paration of highly active and selective catalysts for various

chemical processes. Metal particles occupy an important

position in heterogeneous catalysis. In terms of particle size,

almost all the metal particle catalysts fall in the nanometer

range (e.g., 1�100 nm); in particular, the 1�10 nm range is

of critical importance for nanocatalysis.2 Thehigh activity of

small particles is attributed to their high surface-to-volume

ratio, surface geometric effect (e.g., surface atom arrange-

ment and low-coordinated atoms), the electronic proper-

ties, and the quantum size effect. Understanding the atomic

and molecular level details of reactant activation and
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reaction steps on nanoparticle surfaces constitutes a major

goal in heterogeneous catalysis research.

A heterogeneous catalyst consists of two components,

the active metal nanoparticle and the support (e.g., oxide

powders). The primary role of the support is to anchor

nanoparticles on its surface, preventing the particles from

sintering during the catalytic reaction. A traditional, popular

method for making heterogeneous catalysts involves im-

pregnation of oxide powders in a metal salt solution, fol-

lowed by drying and calcination at high temperatures

(e.g., 300�1000 �C).3 Under high temperatures, the metal

salt decomposes and converts to metal oxide particles

(for active metals) or metallic particles (for noble metals) on

the support. An apparent disadvantage of this method is the

broad size distribution of particles on the support; undecom-

posed metal ions may also exist. Such heterogeneities pose

major challenges to fundamental studies of catalysis, albeit

from the viewpoint of practical catalysis these poorly con-

trolled catalysts are still acceptable as long as the catalysts

give rise to high activity, selectivity, and durability.

Toward the pursuit of fundamental mechanistic under-

standing of heterogeneous catalysis, well-defined catalysts

have long been highly sought after. Single crystal surfaces

were exploited as model catalysts back in the 1970s.4,5 In

the last decades, surface science has made a major impact

on catalysis, and the knowledge obtained provides invalu-

able information toward rational catalyst design,4�6 but the

material and pressure gaps of model single-crystal surfaces

have long been recognized, which raises questions whether

the conclusions from single crystal surface studies are all

transferable to the case of nanoscale catalysts. Another line

of research focuses on mass-selected gas-phase clusters and

soft depositiononto supports.7,8 Additionally, catalysis by few-

atom metal cluster complexes has also been pursued.9,10

In recent years, solution-phase synthesis of monodisperse

nanoparticles has achieved significant progress. A variety of

uniform colloidal nanoparticles with excellent size and shape

control have been achieved, and their catalytic properties

have been investigated recently.11�14

In this Account, we focus on a new class of well-defined,

ultrasmall metal nanoparticles (so-called nanoclusters).15

The quantization effect leads to evolution of the continuous

conduction band inmetallic nanoparticles to discrete energy

levels when the size is below ∼2 nm.16 Atomically precise

nanoclusters (e.g., gold) with excellent size control have been

obtained,15,17 which will allow for precise measurements of

size-dependent catalyticperformance.17Moreover, total struc-

tures of nanoclusters can be solved by X-ray crystallography,

which permits precise correlation between nanocluster

structure and catalytic properties. Such well-defined nano-

catalysts are expected to provide exciting opportunities for

fundamental catalysis research. Belowwe first discuss briefly

the synthesis and characterization of atomically precise

nanoclusters using gold as a paradigm, then focus on the

catalytic properties of nanocluster catalysts, including oxida-

tion and hydrogenation reactions, as well as photo- and

electrocatalysis.

2. Synthesis and Thermal Stability of
Atomically Precise Nanoclusters
Solution-phase nanoclusters are typically protected by li-

gands. Herein, we concentrate on thiolate-protected gold

nanoclusters (denoted as Aun(SR)m), which are particularly

robust.

2.1. Size-Focusing Synthesis of Atomically Precise

Nanoclusters. In our synthetic efforts,18,19 we aimed at “one

pot for one size”without necessitating chromatographic or gel

separation. After years of efforts, we have successfully

developed a universal methodology for bulk solution-phase

synthesis of discrete-sized Aun(SR)m nanoclusters with size

control.20 Details of the methodology have been discussed

elsewhere.20 Herein we only briefly describe the basic prin-

ciple of the size-focusing methodology. In this method, a

proper distribution of size-mixed nanoclusters is first made

by kinetically controlling the reduction of gold precursor

(typically salt) with NaBH4; then the size-mixed nanoclusters

are subjected to size-focusing under appropriate conditions

(e.g., at 80 �C and in the presence of excess thiol), under

which the not-so-stable nanoclusters decompose or con-

vert to the stable size, and eventually only the most stable

nanocluster in the distribution survives the “focusing” pro-

cess (Figure 1), hence, survival of the most robust, much like

“survival of the fittest”. By adjustment of the initial size range

through kinetic control in the first step, subsequent size-

focusing gives rise to a series of size-discrete, robust Aun(SR)m
nanoclusters,20,21 such as Au25(SR)18, Au38(SR)24, Au144(SR)60,

and Au333(SR)79, all of which are of molecular purity.

Among the Aun(SR)m nanoclusters, Au25(SR)18 has been

extensively investigated for catalysis (vide infra). Herein we

briefly discuss the structure and electronic properties.16 The

Au25(SR)18 structure comprises a 13-atom Au13 icosahedral

core (Figure 2A, magenta portion) and a Au12(SR)18 shell

(Figure 2A, cyan and yellow). From the space-filling model,

one can see that the shell (or surface) Au atoms and even

some of the icosahedral core Au atoms are accessible

to reactant molecules in catalytic reactions (Figure 2B).
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The cavities (or pocket-like sites) may serve as catalytically

active centers. The electronic structure of Au25(SR)18 exhibits

discrete energy levels caused by the quantum-size effect.

The molecular orbitals can be roughly divided into the

Au-coreorbitals (i.e., primarily contributedbyAu13) and the shell

orbitals (i.e., primarily by Au12(SR)18), reflecting the geo-

metric core�shell structure.15,16 For other types of thiolate-

protected Au25(SR)18 (e.g., SR = SC6H13, SC12H25, glutathione

(SG)), we have proven that the same geometric structure is

retained in all Au25(SR)18 regardless of the thiolate type.22

Additionally, all the Au25(SR)18 nanoclusters show the iden-

tical optical absorption spectrum.19,23 ForAu38(SR)24, the struc-

ture comprises abi-icosahedral Au23 core and sixAu2(SR)3 and

three Au(SR)2 staple motifs for protecting the core.24 Crystal-

lization of Au144(SR)60 has not been successful thus far.

2.2. Thermal Stability. The thermal stability of Aun(SR)m
nanoclusters is important for catalytic applications since

most reactions are run under thermal conditions. Thermo-

gravimetric analysis (TGA) shows that Aun(SR)m starts to

lose ligands at ∼200 �C and ligand desorption completes

at ∼250 �C in N2 atomosphere (Figure 3).25 The thermal de-

composition is not affected by the atmosphere (e.g., N2, air,

O2, or H2). With respect to the aqueous-soluble Au25(SG)18
nanocluster, the onset temperature of ligand desorption is

also at ∼200 �C but the completion temperature is higher

(∼300 �C) due possibly to the strong hydrogen-bonding

interactions between �SG ligands.

3. Reactivity and Catalytic Properties of
Aun(SR)m Nanoclusters
According to the afore-discussed TGA results of Aun(SR)m
nanoclusters, if ligands-on catalysts are desired in catalytic

reactions, the operation temperature should not exceed

200 �C; on the other hand, if ligands-off catalysts are pre-

ferred, one canpretreat the catalyst at 250�300 �C to remove

the ligands and expose the entire cluster to reactants.

3.1. Interaction between Nanoclusters and O2. In catal-

ysis, O2 activation is of major interest since O2 is used

in many oxidation reactions.2,26 We found that Au25(SR)18
can interact with O2 even at room temperature, though

the reaction is slow (on the order of days).27 The native

Au25(SR)18 nanocluster is anionic (i.e., [Au25(SCH2CH2Ph)18]
�,

counterion = tetraoctylammonium (TOAþ)). When a solu-

tion of [Au25(SCH2CH2Ph)18]
� was exposed to air, a discern-

ible color change was observed, which was also reflected in

the UV�vis spectra (Figure 4). The product was determined

to be charge-neutral [Au25(SCH2CH2Ph)18]
0.27 This result is

quite interesting, as one would expect that O2 should first

FIGURE 1. Synthesis of atomically precise nanoclusters (example, Au38(SCH2CH2Ph)24) via size-focusing of polydisperse nanoclusters.

FIGURE 2. Structure of Au25(SCH2CH2Ph)18 nanoclusters (magenta,
gold atomsof the core; cyan, gold atomsof the shell (or surface)). (A) ball-
stickmodel; (B) space-fillingmodel. Adaptedwith permission from ref 16.

FIGURE 3. Thermogravimetric analysis of Aun(SR)m nanoclusters.
Adapted with permission from ref 25.
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oxidize the thiol ligands, as is the case of thiol self-assembled

monolayers onbulk gold surfaces, but our results revealed that

the gold core, instead of the ligands, first undergoes one-

electron loss.15 Single-crystal X-ray crystallographic analysis27

revealed that the [Au25(SCH2CH2Ph)18]
0 structure shares

the same framework as that of [Au25(SCH2CH2Ph)18]
�.

The negative charge of [Au25(SCH2CH2Ph)18]
� resides with-

in the Au13 core of the cluster.15 The redox process be-

tween [Au25(SCH2CH2Ph)18]
0 and [Au25(SCH2CH2Ph)18]

� is

completely reversible. Using peroxide as the oxidant, the

anion-to-neutral conversion is much faster than using O2.

The oxidation by O2 or peroxide was also observed in the

water-soluble Au25(SG)18 nanocluster. Both the organic-

soluble and aqueous Au25(SR)18 (where SR = SCH2CH2Ph,

SC6H13 or SG) have been utilized in catalytic work.

3.2. Catalytic Oxidation. The reversible charge-state con-

version of [Au25(SR)18]
q indicates that the nanocluster can be

utilized in catalytic oxidation or reduction reactions.

3.2.1. Catalytic Oxidation of CO to CO2. We first discuss

CO oxidation. This reaction has been extensively investi-

gated in gold catalysis.2,28 The gold catalysts in the literature

are typically prepared from gold salts through methods of

impregnation, coprecipitation, deposition�precipitation,

etc.2 The TiO2-supported gold catalyst is generally identified

to be the most effective catalyst. With ligand-protected gold

nanocluster catalysts, Nie et al.29 found surprisingly that the

Au25(SR)18/TiO2 catalyst had no catalytic activity even up

to 200 �C (Figure 5A), whereas Au25(SR)18/CeO2 exhibited

moderate activity (onset temperature∼60 �C). These results

imply that some striking differences exist between conven-

tional Au(bare)/TiO2 catalysts28 and ligands-on Au25(SR)18/

TiO2 catalyst.
29

Significantly, pretreatment of the Au25(SR)18/CeO2 cata-

lyst in O2 for 1.5�2 h at 150 �C (Tpre) led to a drastic increase

in catalytic activity (onset temperature shifted to rt),

Figure 5B, and complete CO conversion was reached at

reaction temperature (Trxn)∼100 �C. Prolonged O2 pretreat-

ment at 150 �C (e.g., >2 h) did not lead to further enhance-

ment in catalytic activity (Figure 5B); neither does the

increase in Tpre to 250 �C (above the thiolate desorption)

further increase the catalytic activity. The presence of water

vapor in the feed gases exhibited a promotion effect on the

catalyst performance in the 40�100 �C reaction tempera-

ture range; above 100 �C the conversion of CO to CO2 was

already complete, so the effect of vaporwas notmanifested.

In the case of feed gas that contains vapor, O2 pretreatment

at even lower temperature (e.g., Tpre = 100 �C) could lead to

the same drastic enhancement in activity.29

The drastic effect of thermal O2 pretreatment of the

Au25(SR)18/CeO2 catalyst was surprisingly not observed in

Au25(SR)18/TiO2. For the latter, we even performed thermal
FIGURE 4. Reversible conversion between [Au25(SR)18]

0 and
[Au25(SR)18]

�. Adapted with permission from ref 27.

FIGURE 5. (A) Catalytic activity of different oxide-supported Au25(SR)18/MOx catalysts for CO oxidation. Catalyst pretreatment condition, N2 at room
temperature (rt) for 0.5 h; reaction conditions, GHSV ≈ 7500 mL g�1 h�1, catalyst, 0.1 g total. (B) Catalytic activity of Au25(SR)18/CeO2 after different
pretreatments. Adapted with permission from ref 29.
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pretreatment up to 250 �C in O2 atmosphere, but only a

small increase in catalytic activity was observed (with or

without H2O vapor in the feed gas). In addition, thermal

pretreatment of the catalysts inN2 (as opposed toO2) did not

give rise to the above drastic effect in all catalysts. Thus, O2 is

critical and might be converted to certain active species on

the catalysts during the pretreatment process. Characteriza-

tion of the Au25(SR)18/CeO2 catalyst implied that the ligands

remained on the cluster after the 150 �C pretreatment in O2.

Our results indicate that the interface between Au25(SR)18
and CeO2 appears critical and the reaction may occur at the

perimeter sites.30 Our rough picture (Scheme 1) is that O2

should first convert to O2
� by withdrawing an electron from

the cluster; then itmigrates to the cluster/CeO2 interface and

converts to hydroperoxide species on CeO2. The gold-

activated CO should be oxidized at the perimeter sites of

the catalyst. In futurework, it is intriguing to look into several

issues, including (i) the unique role of CeO2 (versus TiO2),

(ii) the true nature of the active oxygen species, and (iii) the

interactions between Au25(SR)18 and the support.

3.2.2. Selective Oxidation of Styrene. Zhu et al.31 inves-

tigated solution-phase styrene oxidation with O2 catalyzed

by Au25(SR)18 nanoclusters (in the form of free clusters in

solution or being supported on oxides). The reaction was

performed at 80�100 �C for 12�24 h (toluene as solvent),

producing benzaldehyde as the major product (selectivity

∼70%) and styrene epoxide (less, selectivity ∼25%) and

minor byproduct acetophenone (selectivity ∼5%).

A 35% conversion of styrene was obtained even with

a part per million level of catalysts in solution. For SiO2-

supported Au25(SR)18 (without calcination pretreatment),

the catalyst gave rise to comparable performance as that

of the unsupported catalyst. The advantage of supported

Au25(SR)18/SiO2 is that the nanoclusters are more durable

and the catalyst can be readily recycled for reuse in catalytic

reaction. No apparent deterioration in activity and selectivity

of the reused supported catalyst was observed after multiple

cycles.31

Liu et al.32 investigated Au25(SG)18/HAP catalyst (where

HAP refers to hydroxyapatite, Ca10(PO4)6(OH)2) for selective

oxidationof styrene.After removing ligandsby300 �C thermal

treatment, the resultant ligands-off Au25/HAP catalyst pre-

served theAu25 size butmight havehadadifferent structure.32

The catalyst was found to catalyze styrene oxidation (with

anhydrous tert-butyl hydroperoxide (TBHP) as the oxidant),

and the reaction yielded styrene oxide as themajor product at

80 �C in toluene (Scheme2).Highyieldof styreneoxide (∼92%

at12h reaction time)wasobtained,which ismuchhigher than

conventional nanocatalysts (ca. 50�60%yield) with the same

Au loading (0.5 wt %). They further commented that toluene

(solvent)wasessential forobtaininghighyieldof styreneoxide

and other important factors included the use of anhydrous

toluene and TBHP for enhancing the yield of styrene oxide.

Zhu et al.25 also investigated three oxidant systems:

(a) TBHP as the oxidant; (b) TBHP as the initiator and O2 as

the main oxidant; (c) O2 as the oxidant (without initiator).

Since TBHP is quite reactive, the reaction with TBHP cata-

lyzed by Au25(SR)18/SiO2 (no calcination pretreatment)

gave high conversion of styrene (e.g., 86%) with ∼100%

selectivity for benzaldehyde. System b showed much lower

activity (25% conversion of styrene, ∼100% selectivity for

benzaldehyde), and system c (solely O2) was even lower

in activity (18% conversion and 80% selectivity for

benzaldehyde). A similar order of activity was also found

for Au38(SR)24/SiO2 and Au144(SR)60/SiO2 catalysts in these

three oxidant systems.25 The results indicate that the ingre-

dients of the oxidant play a critical role in the reaction and

that O2 activation is a key step for achieving high conversion

SCHEME1. ProposedCOOxidationat thePerimeterSitesofAu25(SR)18/CeO2 SCHEME 2. Epoxidation of Styrene Catalyzed by Ligands-Off Au25/HAP
Catalysta

aAdapted with permission from ref 32.
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of styrene. The results also imply that the active oxygen

species in the catalytic cycles may be peroxide- or hydro-

peroxide-like species.

The above results of catalytic styrene oxidation by

Aun(SR)mallowus to gain somevaluable atomic level insight.

TheAu13 core of Au25(SR)18 possesses eight (when q=�1) or

seven (when q = 0) delocalized valence electrons, which

originate fromAu(6s) andare primarily distributedwithin the

Au13 core,
15 while the Au12 shell bears positive charges (δþ)

due to charge transfer to sulfur atoms of the ligands.

We believe that the electron-rich Au13 core facilitates O2

activation by electron donation to O2, accompanied by

[Au25(SR)18]
� conversion to neutral [Au25(SR)18]

0; note that

this oxidation readily occurs at elevated temperatures (e.g.,

under catalytic reaction conditions). A similar O2 activation

mechanism via electron transfer was also identified in PVP-

protected gold nanoclusters for aerobic alcohol oxidation.17

For styrene oxidation on Au25(SR)18, activation of the CdC

bond of styrene should be facilitated by the partial positive

charge33 (Auδþ, δ =∼0.3) on the surface gold atoms. Theore-

tical work is still needed to obtain deeper understanding of

the adsorption geometry and the structure of intermediates.

3.2.3. Aerobic Oxidation of Cyclohexane. Tsukuda and

co-workers34 made HAP-supported Au10(SG)10, Au18(SG)14,

Au25(SG)18, and Au39(SG)24 nanocluster catalysts with

0.2 wt % loading of clusters; note that the cluster structures

(except Au25) are not known yet. Optical reflectance spec-

troscopy and TEM measurements confirmed that the

Aun(SG)m clusters adsorbed on HAP were intact. Subsequent

thermal calcination at 300 �C for 2 h in vacuo completely

removed the �SG ligands on the clusters. TEM analysis

showed no growth of the ligands-off clusters into large

plasmonic nanoparticles, which is attributed to the excellent

protecting role of HAP (i.e., its relatively strong interaction

with clusters via the PO4
3�moiety).32 It should be noted that

TEM cannot measure the precise number of Au atoms in the

resultant ligands-off Aun clusters (originally n = 10, 18, 25,

and 39) on HAP, but one still obtained the ligands-off

catalysts with an unprecedented atomic level control.17,34

The catalytic performance of these ligands-off Aun/HAP cata-

lysts for the oxidation of cyclohexane was evaluated using O2

as the oxidant (under 1 MPa and solvent-free conditions at

150 �C). Cyclohexanol and cyclohexanone were obtained

as the primary products with nearly equal yields; no adipic

acid was formed in the reaction. The total selectivity

(cyclohexanone and cyclohexanol) was very high (∼99%),

and interestingly the turnover frequency (TOF) values exhib-

ited an optimal cluster size around n ≈ 40 (Figure 6).34

3.2.4. Aerobic Oxidation of Alcohol.Xie et al.35 prepared

carbon nanotube (CNT)-supported Au25 and single-palladium-

doped Pd1Au24 nanocluster catalysts via deposition of

Au25(SC12H25)18 and Pd1Au24(SC12H25)18, respectively,

followed by calcination to remove ligands. In the aerobic

oxidation of benzyl alcohol (Figure 7), Pd1Au24/CNT showed

significantly enhanced activity (74% conversion of

PhCH2OH) compared with Au25/CNT (22% conversion).

The effect of single-Pd-atom replacement is remarkable.

This doping effect was ascribed to the modulation of the

electronic structures of the cluster by intracluster electron

transfer from Pd to Au.35

3.3. Catalytic Hydrogenation. Besides the oxidation re-

actions, Aun(SR)m nanocluster catalysts were also demon-

strated to be capable of catalyzing hydrogenation reactions

in solution phase,31,36 such as chemoselective hydrogena-

tion of R,β-unsaturated ketones to R,β-unsaturated alco-

hols under mild conditions (60 �C, in mixed solvents (1:1

toluene/acetonitrile)).31 The Au25(SR)18 clusters were found

FIGURE 6. Selective oxidation of cyclohexane to cyclohexanol and
cyclohexanone with O2 as the oxidant catalyzed by ligands-off
Aun/HAP. Adapted with permission from ref 34.

FIGURE 7. Au25/CNT and Pd1Au24/CNT catalysts for benzyl alcohol
oxidation. Adapted with permission from ref 35.
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to hydrogenate preferentially the CdO bond of benzalace-

tone against the CdC bond, and the CdO hydrogenated

product (i.e., unsaturated alcohol) was obtained with 76%

selectivity, with 14% selectivity for saturated ketone and

10% for saturated alcohol.31 A nearly complete selectivity

for R,β-unsaturated alcohol was further obtained in a mixed

toluene/ethanol (1:1) solvent after optimization.36

Kawasaki and co-workers37 compared the catalytic prop-

erties of Au25(SG)18 nanoclusters and N,N-dimethylform-

amide (DMF)-stabilized gold clusters (size unidentified) in the

reduction reaction of 4-nitrophenol (PNP) to 4-aminophenol

by NaBH4. The Au25(SG)18 nanoclusters exhibited higher

catalytic activity than DMF-capped clusters in the PNP re-

duction at 298 K (the pseudo-first-order rate constant kapp =

8 � 10�3 s�1 for Au25(SG)18 versus 3 � 10�3 s�1 for DMF-

capped Au clusters). High activity was obtained even with as

low catalyst concentration as 1.0 μM. No induction timewas

observed despite�SG being a strongly binding ligand, while

the DMF-stabilized Au clusters exhibited an induction

time, which was attributed to the impedance by the surface

DMF layer on the clusters when reactants accessed the

cluster surface.37 For Au25(SG)18 clusters, the unique core�
shell structure seems to pose less steric hindrance and thus

renders the catalytically active surface sites more accessible

to reactants. Scott and co-workers recently demonstrated

intact Au25(SR)18 clusters for the reduction of 4-nitrophenol

by NaBH4, and the high stability under the reaction condi-

tions enabled the recyclability of these clusters.38

3.4. Photocatalysis by Gold Nanoclusters. Tatsuma

and co-workers studied the photocatalytic properties of

Au25(SG)18 nanoclusters.39,40 The carboxylic group of �SG

ligands facilitates adsorption of the clusters to the TiO2

electrode surface. Studies showed that the photoexcited

electrons in Au25(SG)18 can be injected into the TiO2 con-

duction bandwith a∼60% internal quantum yield.39 Visible

light-driven photocatalysis by Au25-modified TiO2 was investi-

gated for photooxidation of phenol derivates and ferrocya-

nide and reduction of Agþ, Cu2þ, and dissolved oxygen.40

Photocatalysis based on the excitation of Au25(SG)18
(as sensitizer) was even observed under near-IR light (λ =

860 nm). Larger Aun(SG)m nanoclusters with core diameter

up to 1.6 nm were also studied.41 The photocurrent re-

sponses of cluster-modified TiO2 electrodes in the presence

of various electron donors allowed an estimation of electron

levels such as HOMO and LUMO levels (Figure 8). It was

found that the potential of the occupied levels involved in

photoinduced charge separation shifts negatively as the

cluster size increases.41 Small Au clusters, such as Au25(SG)18,

give rise to large photocurrents and are suitable for oxidiz-

ing a variety of donors, while large clusters are suitable

for selective oxidation of donors with negative redox

potentials.

In another study, Lee et al.42 prepared Au25(SG)18/TiO2

composites, in which clusters serve as cocatalyst, and in-

vestigated the photocatalytic activity for degradation of

Uniblue A (UBA), but the as-prepared catalyst without re-

moving ligands exhibited no enhancement by Au25(SG)18.

After thermal treatment at 250 �C, the glutathione ligandson
the cluster surface were removed partially (note: complete

removal at 300 �C), and the photocatalytic activity of the

composites was found to increase significantly. When com-

pared with the afore-discussed reduction reaction of

4-nitrophenol37,38 catalyzed by Au25(SR)18 as well as the CO

oxidation29 by Au25(SR)18/CeO2, the different effects of the

presence/absence of ligands raise an interesting question: to

what extent do the ligands influence the catalytic reactions,

FIGURE 8. Energy level diagram of Au25(SG)18, Au38(SG)24 (Au CL-M),
and larger ones (Au CL-L). Adapted with permission from ref 41.



1756 ’ ACCOUNTS OF CHEMICAL RESEARCH ’ 1749–1758 ’ 2013 ’ Vol. 46, No. 8

Atomically Precise Gold Nanoclusters as Catalysts Li and Jin

beneficially or adversely? Future experiments will reveal

more insight into this issue.

3.5. Electrocatalysis by Gold Nanoclusters. 3.5.1. Elec-

troreduction of O2. Chen et al.43 investigated ligand-protected

Au25 and larger clusters for electrochemical reduction of O2. In

fuel cells, the sluggish reaction of oxygen reduction at the Pt

cathode needs to be improved prior to practical applications.

Chen et al. found that the electrocatalytic activity of Au

nanoclusters for oxygen reduction exhibited a strong size

dependence, reflected in the onset potential and peak current

density; the smaller cluster exhibited higher electrocatalytic

activity.43 Compared with other electrocatalysts (without

ligands), the appreciable voltammetric currents detected with

the protected nanoclusters suggest that O2 can readily access

the particle surface and the presence of ligands does not

impede the interfacial charge transfer.

3.5.2. Electroxidation Catalyzed by Nanoclusters.

Kumar et al. evaluated Au25(SG)18 as an electrochemical

oxidation catalyst.44 The Au25(SG)18-modified electrode

showed excellent electrocatalytic activity toward the oxida-

tion of ascorbic acid and dopamine over a wide linear

range from 0.71 to 44.4 μM. Moreover, pH-dependent

electrocatalytic activity was observed, which was attribu-

ted to the consequence of pH-dependent electrostatic

attraction/repulsion between the charged Au25(SG)18 clus-

ters and the charged analytes. On the basis of the selective

electroxidation, they further developed an amperometric

sensing method for some compounds.44

3.5.3. Electroreduction of CO2 to CO. Kauffman et al.45

studied the interactionbetweenCO2 andAu25(SCH2CH2Ph)18
in solution. When the Au25(SR)18 solution (DMF as solvent)

was saturated with CO2, the optical absorbance features all

exhibited discernible changes that are consistent with the

increase in oxidation state of Au25(SR)18. Additionally, the

photoluminescence maximum also showed an increase

and blue shift.45 The CO2-induced optical changes can be

reversed simply by purging the solution with N2 to remove

CO2. The observed interaction between Au25(SR)18 and CO2

was somewhat unexpected, because CO2 shows little elec-

tronic interaction with traditional gold surfaces. DFT calcula-

tions revealed that the stable adsorption configuration

of CO2 consists of CO2 interacting with three S atoms in the

shell of the cluster. These interesting results prompted a

study on the CO2 electrochemical reduction with Au25(SR)18
as a catalyst. The electrocatalytic activity of Au25(SR)18
(supported on carbon black) for CO2 reduction in aqueous

0.1 M KHCO3 gave rise to CO formation at an onset poten-

tial of �0.193 V vs RHE. Remarkably, the onset of CO

FIGURE9. Electrochemical reduction of CO2 in 0.1MKHCO3. (a) Linear sweep voltammograms (LSVs) of carbon black (CB)-supportedAu25(SR)18 inN2

purged (pH = 9) and CO2 saturated (pH = 7) 0.1 M KHCO3. (b) Potential dependent H2 and CO formation rates for Au25(SR)18/CB. (c) LSVs of various Au
catalysts in CO2 saturated 0.1MKHCO3. (d) Potential-dependent CO formation rates for the various Au catalysts. Adaptedwith permission from ref 45.
All Au25 in the panels refer to Au25(SR)18.
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fomationwaswithin90mVof theCO2fCO formal potential

(�0.103 V vs. RHE), Figure 9a,b. Comparedwith the larger Au

catalysts (Figure 9c,d), Au25(SR)18 exhibited a large improve-

ment (∼300 mV), and the catalyst remains intact during the

reaction.45 Futurework should explore the conversionofCO2

to fuels catalyzed by nanoclusters.

3.6. Size Dependence of Aun(SR)m Nanoclusters. While

much work on Au25(SR)18 nanoclusters has been carried out

for catalysis, other sized nanoclusters such as Au38(SR)24 and

Au144(SR)60 have not been exploited to the same extent as

Au25(SR)18. In terms of the size-dependent catalytic activities

of Aun(SR)mnanoclusters, Yan et al.25 investigated the cluster

size effect in styrene oxidation and observed the general

order of activity: Au25(SR)18 > Au38(SR)24 > Au144(SR)60, that

is, the smaller nanoclusters are more efficient than larger

ones (per number of clusters or per unit surface area),

especially when O2 is used as the oxidant, because larger

nanoclusters have lower O2-activating capability, while

TBHP can be readily activated even on large clusters; hence,

no strong size dependence was observed.25 Tsukuda and

co-workers34 found a volvano-type size dependence in

the oxidation of cyclohexane using Aun/HAP catalysts.

The different size dependences observed25,34,43 may be

reaction-specific. Future work may explore further the size

dependence, including both activity and selectivity.

4. Future Perspective: Atomic Level Control of
Nanocatalysts
The atomically precise nanoclusters are expected to provide

exciting opportunities for achieving some fundamental un-

derstanding of metal nanocatalysis. Correlation of catalytic

properties of nanoparticles with their atomic level structure

constitutes the ultimate goal in catalytic research. In this

regard, well-defined nanocatalysts are expected to play

signficant roles in unraveling fundamentals of catalysis.

The well-defined Aun(SR)m/MOx nanocatalysts are expected

to mediate the knowledge gap between single-crystal mod-

el catalysts and real-world nanocatalysts.

The ultrasmall size of Aun(SR)m nanoclusters gives them

nonmetallic electronic properties, manifested in the quan-

tized electron energy levels. It is of particular interest to

obtain insight into the effects of size-induced electron en-

ergy quantization on the catalytic properties. The properties

of quantum-sized nanoclusters are very sensitive to the

number of atoms in the cluster.15 Significant changes

may be induced by merely adding or removing one gold

atom (cf., Au25(SR)18 versus Au24(SR)20).
16,46 Thus, nanoclus-

ter catalysts will allow one to truly tune the catalytic

properties on an atom-by-atom basis. Moreover, the li-

gand-protected metal nanoclusters provide an opportunity

for exerting the influence of surface ligands on catalytic

reaction; for example, Zhu et al.47 found the diastereoselec-

tive catalytic capability of Au25(SR)18 nanocluster catalyst

was related to the �R group (e.g., phenylethyl vs longchain

alkyl). On the other hand, strategies on removing surface

ligands without causing size enlargement should be devised

in future work, and structural characterization after ligand

removal should be pursued.

The core�shell geometric structure of Aun(SR)m nano-

clusters15 creates a unique environment (e.g., cavity sites)

for activation of reactants. The copresence of the electron-

rich core and the electron-deficient shell and the interplay

between them48 may be quite unique in activating reac-

tants. On the basis of the Aun(SR)m structures, future experi-

ment in combination with theory may ultimately provide

atomic level insight into molecular activation, structure�
property relationship, and catalytic mechanisms.11,17,49,50

Another interesting issue is to compare the catalysis by

Aun(SR)m and homogeneous Au(I) catalysts.

Finally, identification of the catalytically active sites is

certainly a grand challenge andof fundamental significance.

The nature of the catalytic active sites has intrigued re-

searchers for many decades. However, without well-defined

nanocatalysts, it would not be possible to pinpoint the active

sites. Future research is expected to achieve advances in

revealing the nature and structure of active sites. The steady

advances in understanding the fundamentals of nanocata-

lysis will also lead to new design of highly selective catalysts

under mild reaction conditions for chemical processes of

energy and environmental importance.
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