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A strategy for stabilizing ultrasmall gold clusters under
thermal treatment has been developed. The essence of this
methodology lies in construction of heterostructured
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 catalysis' in part due to their high activity in
reactions such as CO oxidation,? propylene epoxidation,’and
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
nanoparticles, such as modification of metal-nanoparticle
compositions,* metal-support interfaces,” and support
nanostructures.® 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
the sizes smaller than 2 nm. ’

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.% Recently, various synthesis approaches to
highly monodispersed Au,(SR),, clusters such as (n,m)=(25,
18), (38, 24) (144, 60) have been further developed. ® These
monodispersed clusters display distinct optical and electronic
properties compared to their larger counterpart (i.e.,
ss plasmonic nanopartilces > 2 nm).'° Their catalytic
performance in epoxidation of styrene or selective oxidation
of cyclohexane have also been reported.''™ In these papers,
the thiolate groups surrounding the gold clusters were
removed by ozone in a vacuum oven or calcined in vacuo."'
Unfortunately, thermal treatment in atmosphere tends to result
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
4s interface that can significantly enhance the overall catalytic
activity. Accordingly, it is important to develop a better
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methodology for stabilizing ultrasmall gold clusters on
supports that will be resilient against thermally induced
sintering.

Herein, we report that gold clusters (Au,s, Aujgy), after
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 (M;O,-mSiO,)
synthesized through a combination of a transition-metal oxide
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
active catalysts for CO oxidation.

Among different sized Au nanoclusters, Au;4(SR)go is of
particular interest because it lies in between smaller clusters
(e.g.,Aups(SR)1g) and larger fcc crystalline gold nano-
particles.'> Monodispersed Au;4(SR)go clusters with SC,H,Ph
as a capping ligand were synthesized under ambient
conditions according to a previous report (synthesis details in
ESI).” The UV-Vis spectrum of the product is shown in Fig.
la. It exhibits two prominent absorption bands at 517 and 700
nm, which match well with those of Auju(SC,H4Ph)g
clusters.”'® The hetero-structured CuO-mSiO, support was
synthesized using copper nitrate as the precursor that was
adsorbed into the pores of mesoporous silica(EP-FDU-12)"*
and decomposed at 350°C in air (Fig. lc black line). The
nanoparticle coating of CuO was highly uniform on EP-FDU-
12 (EDAX elemental imaging of Cu and Si in Fig.2a). This
material was denoted as CuO-EP-FDU-12. Monodispersed
Auyy, 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-
12. For comparison, EP-FDU-12 without CuO was also used
as a support for Au44 clusters (denoted as Au44-EP-FDU-12).
There is a large broad gold peak (26=38.1°) before calcination
of 1.6% Au;44-EP-FDU-12 (Fig.1b black line), indicating that

ss the Auyyy clusters have a very small particle size.
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XRD patterns of 1.6%Au;44 clusters supported on EP-FDU-12
before and after calcination; ¢) XRD patterns of 1.1%Au 44
clusters supported on CuO-EP-FDU-12 at different calcination
temperature; d) STEM image of 1.1% Aujs gold clusters
supported on 9%CuO-EP-FDU-12 after calcination at 300°C.

As can been seen from Fig. lc, there is no significant
change associated with the gold peaks in the X-ray diffraction
(XRD) pattern after calcination when the gold clusters are
supported on 9%CuO-EP-FDU-12. In a sharp contrast, the
gold clusters supported on the pure mSiO, (EP-FDU-12)
readily aggregate into large particles (~14.2 nm) after
calcination at 300°C in air (Fig. lb red line). These
observations clearly demonstrate that the gold clusters can be
effectively stabilized on our heterostructured M,0,-mSiO,
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
resistant properties. As observed from Fig. 1d, the small
particle size of the Aujyy clusters remains after calcination at
300°C. The gold clusters are smaller than 2 nm (1.6730.2
nm). The observed size of Aujyy clusters through STEM
imaging is consistent with their size in liquid phase that
reported in the literature (1.7nm).">'> 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.'*!®
30 No increase in the particle size of gold clusters on 9%CuO-
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 Au;44-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
the high dispersion of the CuO nanophase and the formation
of the heterostructure of Au;44-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
mesoporous silica.  Another support material, denoted as
Co;04-EP-FDU-12, was obtained through a similar procedure
to that used to prepare CuO-EP-FDU-12. A calcination
temperature of 500°C was employed to convert an
s impregnated cobalt salt into Co304 (see Fig. S2). In addition
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to Aujg, Auss clusters®(UV-Vis spectrim Fig S3) were also
included in our study. Similar observations were also made
with the latter system. 2% Au,s clusters supported on the pure
EP-FDU-12 readily aggregate into large particles (~3 nm)
after calcination at 300°C in air (XRD pattern Fig.S4). No
sharp gold diffraction peaks were observed in the XRD
patterns before and after calcination of 2% Au,s clusters
supported on Co3;04-EP-FDU-12, indicating the small size of
Au,s clusters. Both XRD and STEM (Fig.S2,S5)
investigations demonstrate that gold clusters supported on
Co0;04-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
proposed a model for Au/IrO,/TiO,, in which IrO, islands sit
on top of TiO, surface, and Au particles sit on top of IrO,
islands,'” so that the migration of gold to an adjacent gold
particle on another IrO, island is hindered by the large energy
barrier across the TiO, surface.'® This large energy barrier
roots in the difference between the metal-support interactions
for IrO, and TiO,. 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
large heterogeneity contrast for metal-support interactions on

support interfaces.
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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

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, Co3;04) on mesoporous silica is a rational strategy
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 mSiO, to form “spacers” to hinder the movement of
metal particles, hence avoiding particle sintering.>'®

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
0f 300°C in air (XRD and STEM image Fig.S8,S9). However,
under calcination at 400°C 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

s 4.5%, there are only very small CuO peaks visible in the

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]

Page 2 of 3


http://dx.doi.org/10.1039/C2CC35787A

Page 3 of 3

Downloaded by Massachusetts I nstitute of Technology on 09 October 2012
Published on 05 October 2012 on http://pubs.rsc.org | doi:10.1039/C2CC35787A

@

2

2

3

3

4

4

S

5

o

0

5

0

by

=

o

0

b

ChemComm

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
500°C (XRD pattern in Figure lc and STEM studies in
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
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,
which shows sharp CuO peaks in the corresponding XRD
pattern (Fig.S13,S15). Furthermore, Au,,4 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 300°C in air
(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
calcination at 300°C 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 Co;04-EP-
FDU-12 are active for CO oxidation at low temperature.
However, the gold clusters supported on pure EP-FDU-12
show no activity below 200°C (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 SiO, to
form effective catalytic interfaces with gold.** When EP-
FDU-12 was modified by cobalt oxide, the resulant Co0304-
EP-FDU-12 itself showed activity for CO oxidation starting at
110°C and with a total conversion at 170°C (Fig.S17). When
2%Au,s clusters  were supported on Co;04-EP-FDU-12,
greatly enhanced activity in CO oxidation was observed, with
56% CO conversion even at 20°C and total conversion at 70°C
(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
covering of active sites by the thiol groups.*°

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
nanophase (eg. CuO, Co30,) 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
mesoporous support for stabilizing gold clusters opens doors
for application of the recently developed ultrasmall noble
metal clusters in catalysis.

60

=
=)

90

95

100

105

110

115

120

125

View Online
Notes and references

“ Key Lab of Applied Chemistry of Zhejiang Province, Zhejiang

University, Hangzhou 310027, China; E-mail: jfan@zju.edu.cn

b Chemical Sciences Division, Oak Ridge National Laboratory, Oak

Ridge, TN 37831, USA; E-mail: dais@ornl.gov

¢ Department of Chemistry, University of Tennessee, Knoxville, TN

37966-1600

d Materials Science and Technology Division, Oak Ridge National

Laboratory, Oak Ridge, TN 37831, USA

e Carnegie Mellon University, Department of Chemistry, Pittsburgh,

Pennsylvania 15213

+ Electronic Supplementary Information (ESI) available: details of

experimental procedures of preparation and characterization of catalysts

and catalytic data. See DOI: 10.1039/b000000x/

i The research was sponsored by the Division of Chemical

Sciences,Geosciences, and Biosciences, Office of Basic Energy Science,

U.S.Department of Energy,..A portion of this work (GM, JF) was

supported by the National Science Foundation of China 20873122..

1 Hutchings, G. J., Catalysis Today, 2005, 100, 55-61.

2 (a)Liu, X,, Liu, M.-H., Luo, Y.-C., Mou, C.-Y., Lin, S. D., Cheng,
H., Chen, J.-M,, Lee, J.-F.and Lin, T.-S., J. Am. Chem. Soc., 2012,
134, 10251-10258; (b)Guzman, J.and Gates, B. C., J. Am. Chem.
Soc., 2004, 126, 2672-2673.

3 Huang, J., Akita, T., Faye, J., Fujitani, T., Takei, T.and Haruta, M.,
Angew.Chem.-Int. Ed., 2009, 48, 7862-7866.

4 (a) Cao, A.and Veser, G., Nat. Mater., 2010, 9, 75-81; (b) Zhou, S.
H.,Ma, Z., Yin, H. F., Wu, Z. L., Eichhorn, B., Overbury, S. H.and
Dai, S., J. Phys. Chem. C, 2009, 113, 5758-5765; (c)Ma, Z. and Dai,
S., ACS Catal. 2011, 1, 805-818.

5 (a)Yan, W. F., Mahurin, S. M., Pan, Z. W., Overbury, S. H.and Dai,
S., J. Am. Chem. Soc., 2005, 127, 10480-10481; (b)Ma, Z.;
Overbury, S. H.; Dai, S., J. Mol. Catal. A-Chem. 2007, 273, 186-
197.

6  (a)Arnal, P. M., Comotti, M. and Schueth, F., Angew. Chem.-Int. Ed.,
2006, 45, 8224-8227; (b) Joo, S. H., Park, J. Y., Tsung, C.-K.,
Yamada, Y., Yang, P. and Somorjai, G. A., Nat. Mater.,2009, 8,
126-131;(c) Yan, W. F., Brown, S., Pan, Z. W., Mahurin, S. M.,
Overbury, S. H. and Dai, S., Angew. Chem.-Int. Ed. 2006, 45, 3614-
3618.

7  Corma, A.and Garcia, H., Chem. Soc. Rev. 2008, 37, 2096-2126.

8  Brust, M., Walker, M., Bethell, D., Schiffrin, D. J.and Whyman, R.,
J. Chem. Soc.-Chem. Commun., 1994, 7, 801-802.

9 (a)Zhu, M., Lanni, E., Garg, N., Bier, M. E.and Jin, R., J. Am. Chem.
Soc., 2008, 130, 1138-1139; (b) Gaur, S., Miller, J. T., Stellwagen,
D., Sanampudi, A., Kumar, C. S. S. R.and Spivey, J. J., Phys.Chem.
Chem. Phys., 2012, 14, 1627-1634. (c) Qian, H.and Jin, R., Chem.
Mater., 2011, 23,2209-2217.

10 Lu, Y.and Chen, W., Chem. Soc. Rev., 2012, 41, 3594-3623.

11 (a)Menard, L. D., Xu, F., Nuzzo, R. G.and Yang, J. C., J. Catal.,
2006, 243, 64-73; (b)Liu, Y., Tsunoyama, H., Akita, T.and Tsukuda,
T., Chem. Commun., 2010, 46, 550-552; (c) Liu, Y., Tsunoyama, H.,
Akita, T., Xie, S.and Tsukuda, T., ACS Catal., 2011, 1, 2-6.

12 Qian, H., Zhu, Y.and Jin, R., Proc. Natl. Acad. Sci. U.S. A., 2012,
109, 696-700.

13 Qian, H.and Jin, R., Nano Lett., 2009, 9, 4083-4087.

14 Ma, G, Yan, X, Li, Y., Xiao, L., Huang, Z., Lu, Y. and Fan, J., J.
Am.Chem.Soc., 2010, 132, 9596-9597.

15 Lopez-Acevedo, O., Kacprzak, K. A., Akola, J. and Hakkinen, H.,
Nat. Chem., 2010, 2, 329-334.

16 Nie, X. Q., H., Ge,Q., Xu,H. and Jin, R., ACS Nano, 2012, 6, 6014—
6022.

17  Akita, T., Okumura, M., Tanaka, K., Tsubota, S.and Haruta, M., J.
Elec. Micros., 2003, 52, 119-124.

18 Liu, Z. P., Jenkins, S. J. and King, D. A., Phys. Rev.Lett., 2004, 93,
156102.

19 LiuX.Y., Wang A.Q., Li L., Zhang T., Mou C.Y. and Lee. J.F., J.
Catal. 2011, 278, 288-296.

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], 00-00 | 3


http://dx.doi.org/10.1039/C2CC35787A

