
Registered Charity Number 207890

Accepted Manuscript

This is an Accepted Manuscript, which has been through the RSC Publishing peer 
review process and has been accepted for publication.

Accepted Manuscripts are published online shortly after acceptance, which is prior 
to technical editing, formatting and proof reading. This free service from RSC 
Publishing allows authors to make their results available to the community, in 
citable form, before publication of the edited article. This Accepted Manuscript will 
be replaced by the edited and formatted Advance Article as soon as this is available.

To cite this manuscript please use its permanent Digital Object Identifier (DOI®), 
which is identical for all formats of publication.

More information about Accepted Manuscripts can be found in the 
Information for Authors.

Please note that technical editing may introduce minor changes to the text and/or 
graphics contained in the manuscript submitted by the author(s) which may alter 
content, and that the standard Terms & Conditions and the ethical guidelines 
that apply to the journal are still applicable. In no event shall the RSC be held 
responsible for any errors or omissions in these Accepted Manuscript manuscripts or 
any consequences arising from the use of any information contained in them.

ChemComm

www.rsc.org/chemcomm

ISSN 1359-7345

Chemical Communications

www.rsc.org/chemcomm Volume 46 | Number 32 | 28 August 2010 | Pages 5813–5976

1359-7345(2010)46:32;1-H

Volum
e 46 | N

um
ber 32 | 2010 

C
hem

C
om

m
     

 
Pages 5813–5976

COMMUNICATION
J. Fraser Stoddart et al.
Directed self-assembly of a 
ring-in-ring complex

FEATURE  ARTICLE
Wenbin Lin et al.
Hybrid nanomaterials for biomedical 
applications

www.rsc.org/journals
Registered Charity Number 207890

Free institutional access, managed by IP address, is available on all these titles. 
For more details, and to register, visit www.rsc.org/free_access_registration

New for 2010

Chemical Science - a new journal presenting findings of exceptional significance from across the chemical 
sciences. www.rsc.org/chemicalscience

MedChemComm - focusing on medicinal chemistry research, including new studies related to 
biologically-active chemical or biochemical entities that can act as pharmacological agents with therapeutic 
potential or relevance. www.rsc.org/medchemcomm

Polymer Chemistry - publishing advances in polymer chemistry covering all aspects of synthetic and 
biological macromolecules, and related emerging areas. www.rsc.org/polymers

New for 2009 

Analytical Methods - highlights new and improved methods for the practical application of analytical 
science. This monthly journal will communicate research in the advancement of analytical techniques for use 
by the wider scientific community. www.rsc.org/methods

Integrative Biology - focusing on quantitative multi-scale biology using enabling technologies and tools to 
exploit the convergence of biology with physics, chemistry, engineering, imaging and informatics. 
www.rsc.org/ibiology

Metallomics - covering the research fields related to metals in biological, environmental and clinical systems. 
www.rsc.org/metallomics

Nanoscale - publishing experimental and theoretical work across the breadth of nanoscience and 
nanotechnology. www.rsc.org/nanoscale

Top science …free institutional access

ISSN 2041-6520

www.rsc.org/chemicalscience Volume 1  |  Number 1  |  2010

Chemical Science

D
ow

nl
oa

de
d 

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

on
 0

9 
O

ct
ob

er
 2

01
2

Pu
bl

is
he

d 
on

 0
5 

O
ct

ob
er

 2
01

2 
on

 h
ttp

://
pu

bs
.r

sc
.o

rg
 | 

do
i:1

0.
10

39
/C

2C
C

35
78

7A
View Online / Journal Homepage

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/
http://dx.doi.org/10.1039/C2CC35787A
http://pubs.rsc.org/en/journals/journal/CC


Journal Name 

Cite this: DOI: 10.1039/c0xx00000x 

www.rsc.org/xxxxxx 

Dynamic Article Links ►

ARTICLE TYPE
 

This journal is © The Royal Society of Chemistry [year] [journal], [year], [vol], 00–00  |  1 

Stabilizing Gold Clusters by Heterostructured Transition-Metal Oxide-

Mesoporous Silica Supports for Enhanced Catalytic Activities for CO 

Oxidation 

Guicen Ma,
 a,b
Andrew Binder,

c
 Miaofang Chi,

d
 Chao Liu,

 e
 Rongchao Jin,

e
 De-en Jiang,

b
 Jie Fan*

a
 and 

Sheng Dai*
b,c
  5 

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX 

DOI: 10.1039/b000000x 

A strategy for stabilizing ultrasmall gold clusters under 

thermal treatment has been developed. The essence of this 

methodology lies in construction of heterostructured 10 

transition-metal oxide-mesoporous silica supports. The 

supported clusters have been demonstrated to be sintering 

resistant and highly active for catalytic CO oxidation. 

 Recently, gold nanoparticles have attracted increasing interest 

in the field of catalysis1 in part due to their high activity in 15 

reactions such as CO oxidation,2 propylene epoxidation,3and 

others. Like other noble metal nanoparticles, gold can easily 

aggregate into large particles during reactions conducted at 

high temperature, resulting in a loss of catalytic activity. 

There are many strategies to prevent this sintering of metal 20 

nanoparticles, such as modification of metal-nanoparticle 

compositions,4 metal-support interfaces,5 and support 

nanostructures.6 However, in the cases reported above, the 

metal particle size is always larger than 2 nm.  Few studies 

demonstrated the capability of stabilizing metal clusters with 25 

the sizes smaller than 2 nm. 7 

 The synthesis of thiolate-protected ultrasmall gold clusters 

has been well studied since the initial report of a phase-

transfer agent-mediated two-phase synthesis by Brust and 

Schffrin in 1994.8 Recently, various synthesis approaches to 30 

highly monodispersed Aun(SR)m clusters such as (n,m)=(25, 

18), (38, 24) (144, 60) have been further developed. 9 These 

monodispersed clusters display distinct optical and electronic 

properties compared to their larger counterpart (i.e., 

plasmonic nanopartilces > 2 nm).10 Their catalytic 35 

performance in epoxidation of styrene or selective oxidation 

of cyclohexane have also been reported.11b,c In these papers, 

the thiolate groups surrounding the gold clusters were 

removed by ozone in a vacuum oven or calcined in vacuo.11 

Unfortunately, thermal treatment in atmosphere tends to result 40 

in highly aggregated particles with large sizes. For most 

supported catalysts, thermal treatment is required not only for 

removing organic groups (allowing reactants access to the 

catalyst active sites) but also for forming the metal-support 

interface that can significantly enhance the overall catalytic 45 

activity. Accordingly, it is important to develop a better 

methodology for stabilizing ultrasmall gold clusters on 

supports that will be resilient against thermally induced 

sintering. 

 Herein, we report that gold clusters (Au25, Au144), after 50 

removal of the protecting thiolate ligands by thermal 

treatment, can be stabilized by heterostructured mesoporous 

supports. The essence of this strategy lies in use of the 

heterostructured binary oxide supports (MxOy-mSiO2) 

synthesized through a combination of a transition-metal oxide 55 

and an ordered mesoporous silica. The size of the clusters is 

maintained after removing the thiolate ligands by thermal 

treatment in air, making this method suprior to in-vacuo 

treatment. The small gold clusters supported on these 

heterostructured mesoporous supports were then used as 60 

active catalysts for CO oxidation.  

 Among different sized Au nanoclusters, Au144(SR)60 is of 

particular interest because it lies in between smaller clusters 

(e.g.,Au25(SR)18) and larger fcc crystalline gold nano-

particles.12 Monodispersed Au144(SR)60 clusters with SC2H4Ph 65 

as a capping ligand were synthesized under ambient 

conditions according to a previous report (synthesis details in 

ESI).9c The UV-Vis spectrum of the product is shown in Fig. 

1a. It exhibits two prominent absorption bands at 517 and 700 

nm, which match well with those of Au144(SC2H4Ph)60 70 

clusters.9c,13 The hetero-structured CuO-mSiO2 support was 

synthesized using copper nitrate as the precursor that was 

adsorbed into the pores of mesoporous silica(EP-FDU-12)14 

and decomposed at 350oC in air (Fig. 1c black line). The 

nanoparticle coating of CuO was highly uniform on EP-FDU-75 

12 (EDAX elemental imaging of Cu and Si in Fig.2a). This 

material was denoted as CuO-EP-FDU-12. Monodispersed 

Au144 clusters can be readily absorbed into the pores of CuO-

EP-FDU-12 (synthesis details in ESI) in toluene because of 

the high surface area and large pore entrance of the EP-FDU-80 

12. For comparison, EP-FDU-12 without CuO was also used 

as a support for Au144 clusters (denoted as Au144-EP-FDU-12). 

There is a large broad gold peak (2θ=38.1o) before calcination 

of 1.6% Au144-EP-FDU-12 (Fig.1b black line), indicating that 

the Au144 clusters have a very small particle size. 85 
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Fig.1 a) UV-vis spectrum of Au144 gold clusters in toluene; b) 

XRD patterns of 1.6%Au144 clusters supported on EP-FDU-12 

before and after calcination; c) XRD patterns of 1.1%Au144 

clusters supported on CuO-EP-FDU-12 at different calcination 5 

temperature; d) STEM image of 1.1% Au144 gold clusters 

supported on 9%CuO-EP-FDU-12 after calcination at 300oC. 

As can been seen from Fig. 1c, there is no significant 

change associated with the gold peaks in the X-ray diffraction 

(XRD) pattern after calcination when the gold clusters are 10 

supported on 9%CuO-EP-FDU-12.  In a sharp contrast, the 

gold clusters supported on the pure mSiO2 (EP-FDU-12) 

readily aggregate into large particles (~14.2 nm) after 

calcination at 300oC in air (Fig. 1b red line). These 

observations clearly demonstrate that the gold clusters can be 15 

effectively stabilized on our heterostructured MxOy-mSiO2 

support after removal of the protecting thiolate group through 

thermal treatment. Z-contrast Scanning Transmission Electron 

Microscopy (STEM) further supports that gold clusters loaded 

on heterostructured CuO-EP-FDU-12 display sintering 20 

resistant properties. As observed from Fig. 1d, the small 

particle size of the Au144 clusters remains after calcination at 

300oC.  The gold clusters are smaller than 2 nm (1.67±0.2 

nm). The observed size of Au144 clusters through STEM 

imaging is consistent with their size in liquid phase that 25 

reported in the literature (1.7nm).13,15 There is no significant S 

residue from the EDX analysis (Fig.S1). The desorption 

temperature of the thiolate groups for supported gold clusters 

lies between 200-250°C, according to the previous reports.13,16 

No increase in the particle size of gold clusters on 9%CuO-30 

EP-FDU-12 was observed after calcination in air at 300°C by 

XRD and STEM. A detailed energy dispersive X-ray (EDX) 

element mapping measurement of Au144-CuO-EP-FDU-12 at a 

resolution of 20 nm shows a coexistence of Au, Cu, Si signals 

throughout the support (Fig.2a). This observation indicated 35 

the high dispersion of the CuO nanophase and the formation 

of the heterostructure of Au144-CuO-EP-FDU-12.  

To demonstrate the generality of our strategy to stabilize 

Au clusters via heterostructured supports, other transition 

metal oxides were also used to make heteterostructures on 40 

mesoporous silica.  Another support material, denoted as 

Co3O4-EP-FDU-12, was obtained through a similar procedure 

to that used to prepare CuO-EP-FDU-12. A calcination 

temperature of 500oC was employed to convert an 

impregnated cobalt salt into Co3O4 (see Fig. S2). In addition 45 

to Au144, Au25 clusters9a(UV-Vis spectrim Fig S3) were also 

included in our study.  Similar observations were also made 

with the latter system. 2% Au25 clusters supported on the pure 

EP-FDU-12 readily aggregate into large particles (~3 nm) 

after calcination at 300oC in air (XRD pattern Fig.S4). No 50 

sharp gold  diffraction peaks were observed in the XRD 

patterns before and after calcination of 2% Au25 clusters 

supported on Co3O4-EP-FDU-12, indicating the small size of 

Au25 clusters. Both XRD and STEM (Fig.S2,S5) 

investigations demonstrate that gold clusters supported on 55 

Co3O4-EP-FDU-12 acquired sintering-resistant capabilities 

similar to  those on CuO-EP-FDU-12.   

There are two mechanisms associated with metal particle 

sintering in heterogeneous catalytic systems: Ostwald ripening 

and particle migration. A recent first principle calculation 60 

proposed a model for Au/IrO2/TiO2, in which IrO2 islands sit 

on top of TiO2 surface, and Au particles sit on top of IrO2 

islands,17 so that the migration of gold to an adjacent gold 

particle on another IrO2 island is hindered by the large energy 

barrier across the TiO2 surface.18 This large energy barrier 65 

roots in the difference between the metal-support interactions 

for IrO2 and TiO2.  The larger the difference in metal-support 

interactions for these two oxides the greater the energy barrier 

for metal particle sintering. Therefore, the key to the 

development of a sintering-resistant support is to build the 70 

large heterogeneity contrast for metal-support interactions on 

support interfaces.    

 
Fig.2 a)Elements mapping of Au clusters on CuO-EP-FDU-12; 

b)Light-off curves of the oxidation of CO as a function of 75 

temperature over supported gold clusters catalysts. 

It is well know that silica has a much weaker metal-support 

interaction with noble metals than transition-metal oxides.  

Accordingly, the deposition of transition metal oxides (e.g., 

CuO, Co3O4) on mesoporous silica is a rational strategy 80 

toward sintering-resistant supports through transition metal 

oxide-silica heterostructures. Transition metal oxides have a 

strong interaction with silica and can be isolated on the pore 

surface of mSiO2 to form “spacers” to hinder the movement of 

metal particles, hence avoiding particle sintering.5,19  85 

In our study, when the CuO content of CuO-EP-FDU-12 is 

as high as 13.5%, there are two distinct CuO peaks in the 

XRD pattern (Fig.S6).Gold clusters on this heterostructured 

support can be stabilized at small particle size under condition 

of 300oC in air (XRD and STEM image Fig.S8,S9). However, 90 

under calcination at 400oC in air, gold clusters sinter into a 

large size (an obvious gold peak in XRD pattern Fig.S10 and 

a size distribution of 2.5±0.6 nm from TEM Fig.S11). When 

the CuO content of CuO-EP-FDU-12 decreases to 9% or 

4.5%, there are only very small CuO peaks visible in the 95 
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corresponding XRD pattern (Fig.1c and Fig.S6), implying that 

the CuO nanophase is more isolated on the pore surface of 

mesoporous silica.  Interestingly, the sizes of gold clusters did 

not increase much in this case even after being calcined at 

500oC (XRD pattern in Figure 1c and STEM studies in 5 

Fig.S12). Clearly, the sintering-resistant capability of a 

specific hetereostructured mesoporous support can be fine 

tuned through the loading concentration of the corresponding 

transition-metal oxide.   

To demonstrate the effect of mesopores on the sintering 10 

behavior, we also used commercial nonporous silica (Cab-O-

Sil) as the control, whose surface was modified by 

CuO(13.5% and 9%).  Because of the lower dispersion CuO 

on this nonporous support, the CuO particle size is 

significantly larger than that in CuO(13.5%,9%) -EP-FDU-12, 15 

which shows sharp CuO peaks in the corresponding XRD 

pattern (Fig.S13,S15). Furthermore, Au144 clusters supported 

on the 13.5% and 9%CuO-Cab-O-Sil supports have a broad 

distribution of particle sizes (3.72± 1.89nm and 3.58±

2.23nm, respectively) after calcination at 300oC in air 20 

(Fig.S14,S16). This indicates that ordered mesoporous silica 

has the confinement effect on the particle size of metal oxides 

compared to the commercial nonporous Cab-O-Sil, further 

improving the stability of gold clusters. 

The supported small gold clusters stabilized after 25 

calcination at 300oC in air have been used as a catalyst for CO 

oxidation. Figure 2b shows the conversion light-off curves of 

the supported gold clusters for CO oxidation. The gold 

clusters supported on both CuO-EP-FDU-12 and Co3O4-EP-

FDU-12 are active for CO oxidation at low temperature. 30 

However, the gold clusters supported on pure EP-FDU-12 

show no activity below 200oC (Fig. 2b black line). This lack 

of the catalytic activity can be attributed to the large particle 

size of the sinterd gold clusters and the  inability of SiO2 to 

form effective catalytic interfaces with gold.4c When EP-35 

FDU-12 was modified by cobalt oxide, the resulant Co3O4-

EP-FDU-12 itself showed activity for CO oxidation starting at 

110oC and with a total conversion at 170oC (Fig.S17). When 

2%Au25 clusters  were supported on Co3O4-EP-FDU-12, 

greatly enhanced activity in CO oxidation was observed, with 40 

56% CO conversion even at 20oC and total conversion at 70oC 

(Fig. 2b purple line). It is noted that 1.6% gold clusters 

supported on EP-FDU-12 without removal of the thiolate 

groups show no activity for CO oxidation inspite of the small 

particle size (<2 nm). This inactivity is because of the 45 

covering of active sites by the thiol groups.4c  

In summary, we have demonstrated that gold clusters, after 

removal of the protecting ligands via thermal treatment, can 

be effectively stabilized on a heterostructured mesoporous 

support. A higher dispersion of a transition-metal oxide 50 

nanophase (eg. CuO, Co3O4) on mesoporous silica led to a 

greater stabilizing interaction with gold clusters than pure 

silica. The heterostructure-supported gold clusters can 

preserve their smaller size without sintering even under 

thermal treatment up to 500°C in air. This hetero-structured 55 

mesoporous support for stabilizing gold clusters opens doors 

for application of the recently developed ultrasmall noble 

metal clusters in catalysis. 
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