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Herein, we report novel gold catalysts made by dispersing Au@Fe; 03 core-shell structures on solid sup-
ports. In the synthesis of Au@Fe, 05 core-shell structures, dodecanethiol-capped gold nanoparticles were
used as the seed and Fe(CO)s was used as the precursor to Fe,03 shell. The Au@Fe, 03 core-shell par-
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1. Introduction

Gold nanoparticles dispersed on solid supports have many
potential applications in environmental catalysis, chemical synthe-
sis, and clean energy processing [1-8]. These catalysts are usually
prepared by deposition-precipitation and colloidal-deposition
[9-19] methods and the supports often used are TiO,, CeO,, Fe, 03,
Al;03, Zr0Os, SiO3, and C. More complicated gold catalysts may be
desirable for achieving better performance and stability in catal-
ysis [20-30]. Along this line, our group has previously explored
the use of Au-Fe304 dumbbell heterostructures on SiO,, TiO,, and
C supports to stabilize gold nanocatalysts and demonstrated the
high activities and thermal stability of these catalysts in CO oxida-
tion [31]. We have also dispersed colloidal NiAu particles onto SiO,
supports and demonstrated that upon oxidative pretreatment at
elevated temperatures, NiAu nanoparticles could transform into Au
nanoparticles whose surfaces were decorated by amorphous NiO
[32,33]. This Au-NiQO/SiO, catalyst was active for low-temperature
CO oxidation. In the current contribution, we report the appli-
cation of Au@Fe,03 core-shell structures [34] as the precursor
for the preparation of supported catalysts highly active for low-
temperature CO oxidation (Scheme 1).

Great effort has been made toward the designing of metal@oxide
core-shell structures [34-39]. However, only limited attention has
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been paid to the use of core-shell structures [40-49] or their sup-
ported versions [49-52] in making new catalysts [53,54]. Notably,
Tsang and co-workers prepared a CeO,-encapsulated-Pt catalyst
(denoted as Pt@Ce0O,) via a microemulsion method [43,44]. The
catalyst showed activity in water-gas shift reaction comparable
to Cu/ZnO and Pt/CeO, catalysts, and there was no formation of
undesirable methane. In another work, Tsang and co-workers pre-
pared a Pt@SiO,/Al,03 catalyst for the hydrogenation of toluene
[52]. The resulting catalyst showed much higher thermal stabil-
ity than Pt/SiO,-Al,03. More recently, Somorjai and co-workers
designed Pt@SiO, core-shell structures for CO oxidation [47]. This
catalyst had not only mesopores caused by the removal of residual
organic species, but also good thermal stability due to the presence
of SiO, shell.

Little effort has been paid to the use of Au@oxide core-shell
structures in catalysis. Others have prepared new catalysts featured
by the strategic location of small gold nanoparticles in much big-
ger hollow ZrO, or SiO, shells [55-58] or by the entrapment of
a number of gold nanoparticles in amorphous SiO, matrix [59].
These catalysts showed enhanced thermal stability due to the
encapsulation of gold nanoparticles in inorganic matrixes. Recently,
Xie and co-workers synthesized Au@SnO, core-shell structures
by an intermetallics-based dry-oxidation approach [60]. There
were several steps in their approach: (1) Gold nanoparticles were
prepared by reducing HAuCl, by a sodium citrate solution; (2)
AuSn nanoparticles were prepared by reducing SnCl, by NaBHy4
in the presence of the pre-synthesized gold nanoparticles; (3) The
Au@SnO, core-shell structure was formed via a three-step oxida-
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Scheme 1. Preparation of supported Au@Fe,03 nanoparticles.

tion procedure. As a result, gold nanoparticles with a mean size
of 15 nm were encapsulated by the SnO, shell with a thickness of
6-7 nm. The core-shell structured catalyst still showed 50% CO con-
version when the reaction temperature was 230°C, even though
the catalyst was pretreated at 850 °C prior to reaction testing. The
authors proposed that the relatively high activity of Au@SnO, was
due to a synergetic confinement effect, the electron transfer from
the oxide support to gold nanoparticles, and larger interaction areas
[60]. Nevertheless, the size of gold nanoparticles was still too big
for catalysis, and the preparation method was relatively compli-
cated. In another work, Xu and co-workers synthesized bimetallic
Au-Ni nanoparticles embedded in SiO, spheres, and demonstrated
that Au-Ni@SiO, showed higher catalytic activity and better dura-
bility than monometallic Au@SiO, and Ni@SiO, in the hydrolysis
of ammonia borane [48].

In this contribution, we designed supported Au@Fe,03 cata-
lysts and tested their activity in CO oxidation. We have chosen
Fe, 03 as the shell based on below considerations. First, the synthe-
sis of Au@Fe, 03 has been established in the materials community
[34]. Second, Au/Fe,03 with Au-Fe;03 interface is known to be
active in CO oxidation [61-67]. Therefore, we expect that sup-
ported Au@Fe, 03 catalysts should also be active in CO oxidation.
We are interested in investigating the following questions. First,
is there any requirement for catalyst pretreatment in order to
obtain high catalytic activity? Second, what is the effect of shell
thickness on catalytic activity? Third, what effect can be induced
if the underlying support is different? Finally, how do supported
Au@Fe, 03 catalysts compare to Au/SiO,, Au/TiO,, Au/C, Au/Fe;03,
and Au@Fe,03? The results from our work provide insights for
the preparation and application of supported gold core-oxide shell
catalysts.

2. Experimental

Gold nanoparticles were synthesized according to a classic
method [68-70]. HAuCl4-3H,0 (0.63g) was added into 50 mL
deionized water, and the aqueous solution was added, with vigor-
ous stirring, into a solution containing 3.0 g tetraoctylammonium
bromide and 160 mL toluene. The yellow HAuCl, solution became
clear quickly and the toluene phase became orange-brown as the
gold precursor was transferred into it. The organic phase was

isolated, 80 mg dodecanethiol was added, and the resulting solu-
tion was stirred at room temperature for 10 min. NaBH,4 (0.72 g)
in 50 mL deionized water was added in 10s, with vigorous stir-
ring. The dark organic phase was stirred at room temperature
for 3h. The organic phase was collected, and the solvent was
evaporated with the aid of a rotary evaporator (not exceeding
50°C to avoid product decomposition). The black product was
dispersed into 30 mL acetone, sonicated to ensure complete dis-
solution, and precipitated by adding 80 mL ethanol. The product
was washed with hexane/ethanol for 3 times and dried in a vac-
uum oven at room temperature for 10 h, yielding sticky black solid.
The resulting gold nanoparticles have an average size of 2.1 nm, as
estimated by XRD measurement of gold nanoparticles supported
on Si0;.

Au@Fe; 03 core/hollow-shell NPs were synthesized with a mod-
ified method [71]: 3mL toluene solution containing 22 mg gold
nanoparticles was sonicated for 5 min. Then 50 mL diphenyl ether
and 0.3 mL oleylamine-oleic acid mixture (1:1 in volume) were
added to the flask, and the mixture was stirred for 5 min followed
with sonication for 5min. The solution was kept under vacuum
at 80°C for 30 min, and then the solution was purged with N, at
room temperature for 10 min before 0.3 mL Fe(CO)s was injected
into solution and kept at 200°C for 30 min. The solution was
cooled to 100°C, and air was passed through the solution for about
10 min. The resulting mixture was washed with hexane-ethanol
solvent-nonsolvent combination followed by centrifugation. The
dark-red precipitate was dispersed in 30 mL hexane to obtain col-
loidal Au@Fe,03 sample. TEM characterization revealed that the
Fe,03 thickness of Au@Fe,03; was around 2nm, and this sam-
ple is denoted as Au@Fe;03-Il. Au@Fe,03-I, Au@Fe,05-III, and
Au@Fe,03-IV samples with Fe, 03 thickness estimated to be about
1, 3, and 4 nm were synthesized using the same procedure except
that the amount of Fe(CO)s; used was 0.12, 0.8, and 1.6 mL, respec-
tively, and the amount of oleylamine-oleic acid mixture was 0.3,
0.6, and 1.2 mL, respectively.

Au@Fe,03/support samples were prepared via direct colloidal
deposition. Colloidal Au@Fe,03 (10 mL) obtained above was dis-
persed into 30 mL hexane and stirred for 10 min, followed with
the addition of 0.18 g SiO, (Cab-0-Sil, surface area 175 m?/g), TiO,
(Degussa P25, surface area 48 m2/g), carbon (carbopack, surface
area 165 m?/g), or a-Fe, 05 (Aldrich, surface area 10 m?/g). The sus-
pension was stirred vigorously for 1h and stirred slowly in open
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Fig. 1. CO conversions on Au@Fe;03/SiO, either not pretreated or pretreated at
different temperatures (300, 500, or 700°C). The thickness of the original Fe,03;
shell was estimated to be 2 nm.

air for the evaporation of solvent. The remaining solid was washed
with ethanol (2 x 20 mL) and dried under vacuum at 60 °C for 10 h.

For comparison, Au/support samples were prepared by colloidal
deposition. Gold nanoparticles (20 mg) were dispersed into 30 mL
hexane and stirred for 10 min, followed by the addition of 0.5g
SiO,, TiO,, C, or a-Fe;03. The suspension was stirred vigorously
for 1 h and stirred slowly in open air to evaporate the solvent. The
remaining solid was dried in a vacuum oven at 60 °C for 10 h. The
intended gold loading was 4 wt%, and the actual gold loadings of
samples were measured by EDX as 3.3-3.8 wt% (Table 1).

Unless otherwise specified in the text, a 50 mg sample was
packed into a U-type quartz tube (i.d. =4 mm) sealed by quartz wool
and pretreated in flowing 8% O, (balance He) at a specified tem-
perature for 1h (heating rate, 30°C/min; flow rate, 37 cm3/min).
After cooling, a gas stream of 1% CO (balance air, <4 ppm water)
flowed through the catalyst at a rate of 37 cm3/min, and the exiting
stream was analyzed by a gas chromatograph equipped with a dual
molecular sieve/porous polymer column and a thermal conductiv-
ity detector. The reaction temperature was varied using a furnace
or by immersing the U-type tube in ice-water or liquid N, cooled
acetone.

TG/DTG experiments were conducted on a TGA 2950 instrument
using a heating rate of 10 °C/min under N, or air atmosphere. XRD
data were collected on a Siemens D5005 diffractometer with Cu
Ka radiation, in the range of 260 =20-90° at the rate of 0.01°/s. TEM
experiments were carried out on a Hitachi HD-2000 STEM operated
at 200kV. High angle annular dark field (HAADF)-STEM images
were obtained using an aberration-corrected FEI Titan 80/300-kV
TEM/STEM with a convergence angle of 16.8 mrad and a large inner
collection angle of 55 mrad. The images were acquired at “fresh”
sample area without pre-electron beam irradiation. EDX exper-
iments were conducted on a JEOL JSM-6060 scanning electron
microscope coupled with an EDX detector.

3. Results and discussion

3.1. Case study of Au@Fe;03/Si0,: effect of pretreatment
temperature

Fig. 1 shows the light-off curves of Au@Fe,053/SiO, catalysts
under different pretreatment conditions. The thickness of the Fe; O3
shell is estimated as 2 nm, as described in Supporting Information.
The as-synthesized Au@Fe,03/SiO, catalyst is not active for CO
oxidation when the reaction temperature is below 200 °C. The con-
version increases sharply in between 230 and 250°C, and the Tsq

10000
commercial alpha-Fe,0y

8000
5
<
= Au@Fe,0,/810,, 700 °C
z 6000 b4 273 g 2 .
w
ol 1 as-synthesized Au@le,0,/Si0,

2000 S$i0, support

0 T T T T T T T T
20 30 40 50 60 70 80 90
2 Theta / degree

Fig. 2. XRD patterns of Au@Fe,03/SiO; either not pretreated or pretreated at dif-
ferent temperatures (300, 500, or 700°C) and subjected to reaction testing. The
thickness of the original Fe;O3 shell was estimated to be 2 nm. A commercial a-
Fe;03 was used as for comparison. The peaks corresponding to metallic gold were
marked with star.

(temperature required for 50% CO conversion) value is 238 °C. After
the catalytic test was finished, we repeated the activity testing by
cooling the spent catalyst and increasing the reaction temperature
again. Interestingly, the spent catalyst is now much more active
(Tsp=12°C).This observation indicates that the observed activation
phenomenon is due to the combustion and desorption of organic
species when the reaction temperature is ramped in the first run
[72]. To further verify this conjuncture, we pretreated a fresh as-
synthesized Au@Fe,;03/SiO, catalyst at 300°C prior to reaction
testing and found that the 300 °C-pretreated catalyst (Tsg = —55 °C)
is much more active than the as-synthesized catalyst without pre-
treatment (T59 =238 °C). Our TG/DTG datain Fig. S1 also indicate the
weight loss corresponding to the desorption of water and removal
of residual organic species, respectively. The removal of organic
species is more efficient in air (right panel) than in N, (left panel).
Therefore, it is necessary to pretreatment the catalysts in order to
remove residual organic species [12,13,15,17-19,59,73-78].

Fig. 1 also indicates that the catalytic activity decreases when
the catalyst is pretreated at 500 or 700°C (Ts5¢9=-28 and 33°C,
respectively), although these two catalysts show significant CO
conversions below room temperature. To compare the activity
more quantitatively, specific rates were calculated based on the
CO concentration (1 mol%), flow rate (37 ml/min), CO conversions
at —40°C read from the conversion curves, the amount of cata-
lyst put into the reactor (50 mg), and gold loading (3.3 wt% Au)
measured by EDX (Table 1). For instance, the CO conversions of
Au@Fe,03/SiO, pretreated at 300, 500, or 700 °C are 83%, 32%, and
4%, respectively, when the reaction temperature is —40°C. There-
fore, the specific rates at —40°C are calculated as 0.46, 0.18, and
0.02molga, ' h~1, respectively, decreasing with the increasing of
pretreatment temperature.

To understand why the catalytic activity decreased when the
Au@Fe,03/Si0O, catalyst was pretreated at 500 or 700°C, we con-
ducted XRD experiments (Fig. 2). In general, amorphous SiO, has a
broad feature at 26 = 22°, and gold peaks appear at 20 =38°, 44°, 65°,
and 78° [79]. In the XRD pattern of as-synthesized Au@Fe,03/SiO5,
one can see very broad features (especially the one at 26 =38°)
corresponding to metallic gold, and FeOy species is amorphous
or not detected clearly. The peaks corresponding to crystalline
Fe,03 become sharper and sharper with the pretreatment tem-
perature. We used a commercial a-Fe;03 to help with the peak
assignment, and the XRD peak positions are consistent with the lit-
erature data [80]. Meanwhile, the peaks corresponding to metallic



90 H. Yin et al. / Catalysis Today 160 (2011) 87-95

Table 1

EDX results, CO conversions, and specific rates of various catalysts pretreated at different temperatures.

Sample Au content/wt% Fe content/wt% CO conversion at -40°C/% Specific rate at -40°C/mol-ga,~'-h~!
Au@Fe;03-1/Si0,, 500°C 3.8 2.7 85 0.41
Au@Fe;03-11/Si05, 500°C 33 10.1 32 0.18
Au@Fe;03-111/SiO5, 500°C 34 271 44 0.24
Au@Fe;03-1V/SiO,, 500°C 2.5 34.6 23 0.17
Au@Fe;03/Si0,, 300°C 33 103 83 0.46
Au@Fe;03/TiO;, 300°C 3.8 104 49 0.23
Au@Fe;03/C, 300°C 33 10.1 85 0.47
Au@Fe;03/Fe; 03, 300°C 3.5 54.6 71 0.37
Au@Fe, 05, 300°C 11.7 30.2 54.(12 mg catalyst) 0.35
Au/Si0,, 500°C 33 _ 14 0.08
Au/TiO,, 300°C 34 _ 0 0
Au/C,300°C 3.6 - 11 0.06
Au/Fe;03,300°C 3.6 52.7 14 0.07

gold also become sharper, indicating the growth of gold nanopar-
ticles when the pretreatment temperature increases. The sintering
of gold nanoparticles at high temperatures is illustrated by the TEM
data in Fig. 3. This figure compares the catalyst collected after pre-
treatment at 300 or 700°C and subsequent reaction testing. Put
together, these data indicate that the decrease in activity upon pre-
treating Au@Fe,03/SiO, may be due to the crystallization of Fe,03
and growth of gold nanoparticles. It seems that the Fe,03 shell
is not unbreakable at high temperatures. This argument is based
on the observation that gold nanoparticles significantly sinter after
pretreatment at 700 °C (Fig. 3B).

3.2. Au@Fe;03/Si0y: effect of shell thickness

To begin with, Au@Fe,03 samples with different Fe contents
were made by adjusting the amounts of Fe(CO)s precursor and
oleylamine-oleic acid mixture used, as specified in Section 2. The
Au and Fe contents of each sample were measured by EDX and
listed in Table 1. The gold loading decreases slightly and the Fe
content increases obviously when more Fe(CO)s precursor is used,
implying the increase of shell thickness. Knowing the contents
and densities of Au and Fe,;053 as well as the average diameter of
gold nanoparticles (2.5 nm, as estimated by TEM), we did calcula-
tions and estimated that the Fe; O3 shell thicknesses of Au@Fe,03-I,
Au@Fe,03-II, Au@Fe,03-1II, and Au@Fe,03-IV samples are roughly
1, 2, 3, and 4 nm, respectively (see Supporting Information). There
are several assumptions for calculation: (1) both gold nanoparti-
cles and Au@Fe, 03 structures are spherical; (2) the Fe;03 shell is
in close contact with the gold core; (3) the coating of Fe;03 on
gold nanoparticle is uniform; (4) there is no separate Fe; O3 phase.
These assumptions are valid, as exemplified by the HAADF images
in Fig. 4. These images show the morphologies of as-synthesized

Au@Fe,03-1l and Au@Fe,03-1V. The thicknesses of the Fe; 03 shells
are estimated as 2 and 4 nm, respectively.

Fig. 5 shows the light-off curves of Au@Fe, 03 /SiO; catalysts with
different Fe, 03 shell thickness. These catalysts were all pretreated
at 500°C. The activity generally decreases with the thickness of
the Fe,03 shell (Tso=-52, —28, —39, and —24°C, respectively),
although all of these catalysts show significant conversions below
0°C. To compare the activity more quantitatively, specific rates
were calculated (Table 1). For instance, the CO conversions of
Au@Fe;03-1/Si0, (3.8wt% Au), Au@Fe,03-1I/Si0, (3.3wt% Au),
Au@Fe;03-111/Si0; (3.4wt% Au), and Au@Fe;03-1V/SiO, (2.5wt%
Au) at —40°C are 85%, 32%, 44%, and 23%, respectively. There-
fore, the specific rates at —40°C are calculated as 0.41, 0.18, 0.24,
and 0.17 mol ga,~! h~1, respectively, generally decreasing with the
increasing of thickness of the Fe,03 shell. However, the activity
is still higher than that on 500 °C-pretreated Au/SiO, (3.3 wt% Au)
without any Fe; 03 shell. The latter catalyst was made by deposit-
ing gold nanoparticles on a commercial SiO, support. Au/SiO,
shows 14% conversion at —40°C, corresponding to a specific rate
of 0.08 mol ga, ' h~1.

Fig. 6 shows the XRD data of Au@Fe,03/SiO, catalysts collected
after pretreatment at 500 °C and subsequent reaction testing. The
peaks corresponding to crystalline Fe, O3 increase with the content
of Fe. This indicates that too much Fe would lead to the crystalliza-
tion of Fe;,03 more obviously and perhaps block some active sites
within the shell.

Fig. 7 shows the TEM data of Au@Fe,053 structures at various
stages of preparation and treatment. For as-prepared Au@Fe, 03,
the gold nanoparticles are uniform and the Fe,03 shells are rel-
atively uniform, too. Going from Fig. 7A to B, the shell thickness
increases with the amount of Fe in the samples (10.1 and 34.6 wt%,
respectively). When deposited onto SiO, support, some of the shell

Fig. 3. Dark-field TEM images. (A) Au@Fe,03/SiO; pretreated at 300 °C and subjected to reaction testing and (B) Au@Fe, 03 /SiO, pretreated at 700 °C and subjected to reaction
testing. The thickness of the original Fe, 03 shell was estimated to be 2 nm. The scale bars represent 30 nm (A) and 60 nm (B), respectively.



H. Yin et al. / Catalysis Today 160 (2011) 87-95 91

Fig. 4. HAADF images of as-synthesized Au@Fe,0;-1I (A and B) and Au@Fe,03-1V (C and D).
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Fig.5. CO conversions on 500 °C-pretreated Au@Fe,03/SiO, catalysts with different
original Fe; 05 shell thickness (estimated as 1, 2, 3, and 4 nm).

structures are not clear due to insufficient contrast between the
support and Fe;O3. However, one still can see the presence of
core-shell structures on support surfaces. After the pretreatment
of these catalysts at 500°C and subsequent reaction testing, the
core-shell structures are still present.

To further confirm the presence of core-shell structures, we
conducted HAADF characterization of spent Au@Fe,05-II/SiO,
and Au@Fe,03-1V/SiO, catalysts collected after pretreatment at
500°C and subsequent reaction testing. As shown in Fig. 8,
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Fig. 6. XRD patterns of Au@ Fe,03/SiO, catalysts collected after pretreatment at
500°C and reaction testing. The thicknesses of original Fe;03 shells were estimated
as 1, 2, 3, and 4 nm, respectively.

the core-shell structures are still present. However, sometimes
the shells become rough and the gold nanoparticles are not
exactly at the center of the shells after pretreatment at 500°C
and subsequent reaction testing (Fig. S2), indicating the insta-
bility of the core-shell structures at elevated temperatures. This
state may be a precursor or transition state for the breakage
of the shell and sever sintering of gold nanoparticles at 700°C

(Fig. 3).
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Fig. 7. TEM images of (A) as-prepared Au@Fe;0s3-II, (B) as-prepared Au@Fe;03-1V, (C) as-prepared Au@Fe,03-11/SiO,, (D) as-prepared Au@Fe;03-1V/SiO,, (E) Au@Fe,03-
11/SiO, collected after pretreatment at 500°C and reaction testing, and (F) Au@Fe,03-1V/SiO, collected after pretreatment at 500°C and reaction testing. The scale bars

represent 30 nm consistently.

3.3. Effect of different supports

Above, we have used SiO, as the support for loading Au@Fe;03
core-shell structures. It is known that solid supports are gener-
ally used to provide high surface area for metal dispersion as well
as specific interaction between active metal and support surface
to enhance catalytic performance. Therefore, we also used com-
mercial TiO,, C, and Fe,03 supports to test the effect of different
supports, and the shell thickness of Au@Fe, 03 is chosen to be 2 nm.
These supported catalysts were all pretreated at 300°C prior to
reaction testing. As shown in Fig. 9, the conversion curves are sim-
ilar to each other in terms of shapes and positions, except that
the conversions on Au@Fe,;03/TiO, are lower. The Ts¢ values of
300°C-pretreated Au@Fe,03/Si0O,, Au@Fe,05/TiO,, Au@Fe,03/C,
and Au@Fe,03/Fe,03 are —55, —39, —58, and —51 °C, respectively.
The specific rates of these catalysts at —40 °C are calculated as 0.46,
0.23,0.47,and 0.37 mol ga,~ ' h~1, respectively. Noteworthy is that
300°C-pretreated Au@Fe,03 (12 mg instead of a regular load of
50 mg due to high CO conversion) itself shows significant CO con-
version below 0°C, and its specific rate at —40°C is calculated as
0.35mol ga, ! h~1. The plateau in the conversion curve may be

due to the deactivation of catalyst during the course of measur-
ing the conversion curve. Although unsupported Au@Fe,03 itself
shows significant CO conversion and the advantage of support in
this matter is not particularly eminent, we believe that these sup-
ported Au@Fe;03 may find better performance in other catalytic
reactions where the acid-base or redox properties of the supports
matter.

The effect of high-temperature pretreatment on the activ-
ity of Au@Fe,03/TiO, was studied. As shown in Fig. 10, the CO
conversions decrease sharply when calcining Au@Fe,03/TiO, at
700°C, and the behavior observed here is more severe than that
observed in Au@Fe;03/SiO, system (Fig. 1). XRD data show the
growth of gold nanoparticles, but the crystallization of amor-
phous Fe;03 is not obvious (Fig. S3). TEM data clearly show that
the sintering of gold nanoparticles upon pretreatment at 700°C
(Fig. 11). Therefore, it is possible for the breakage of the Fe,03
shells and growth of gold nanoparticles at elevated temperatures
at 700°C. Xu and co-workers found that a small portion of gold
nanoparticles in Au@SiO, escape from the SiO, shells to form big
agglomerates after conducting the hydrolysis of ammonia borane at
18°C [48].
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Fig. 8. HAADF images of 500 °C-pretreated Au@Fe,03-11/SiO; (A and B) and 500 °C-pretreated Au@Fe;03-1V/SiO; (C and D).
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Fig. 9. CO conversions on Au@Fe;03 core-shell structures supported on different
solid supports. The thickness of the original Fe, 03 shell was estimated to be 2 nm.

3.4. Control experiments

To put our results in better perspective, we compared the
supported core-shell catalysts with regular supported catalysts
prepared by depositing gold colloids on commercial supports. As
shown in Fig. 12, Au/SiO, shows very low activity when pretreated
at 300 °C, possibly because such a temperature is not high enough
to burn off organic species. This is proven by the TG/DTG data
(Fig. S4). To activate the catalyst, we pretreated Au/SiO, at 500°C.

100 1
—8— Au@Fe,04/Ti0,, 300°C
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Fig. 10. CO conversions on Au@Fe,03/TiO, pretreated at different temperatures
(300, 500, or 700°C). The thickness of the original Fe,03 shell was estimated to be
2nm.

The TG/DTG data in Fig. S4 show that oxidative pretreatment at
500°C is sufficient to remove most organic species. The 500°C-
pretreated Au/SiO, is active below 0 °C, but it is still less active than
Au@Fe;03/Si0, with a comparable gold loading (Table 1). The pres-
ence of Fe;03 shell could enhance the activity because Au-Fe;03
interface is known to be active for CO oxidation [61-67]. Simi-
larly, Au@Fe,03/TiO, is more active than Au/TiO,, and Au@Fe,03/C
is more active than Au/C. More interestingly, Au@Fe,;05/SiO5,
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Fig. 11. Dark-field TEM images. (A) Au@Fe,03/TiO, collected after pretreatment at 300 °C and reaction testing; (B) Au@Fe,03/TiO; collected after pretreatment at 700 °C and
reaction testing. The thickness of the original Fe;O3 shell was estimated to be 2 nm. The scale bars represent 30 nm consistently.
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Fig.12. CO conversions of dodecanethiol-capped Au nanoparticles on different solid
supports. These catalysts were pretreated at specified temperatures before reaction
testing.

Au@Fe;03/TiO,, and Au@Fe;03/C catalysts are more active than
Au/Fe,03 prepared by dispersing gold nanoparticles on commer-
cial Fe;03. We made the conclusion by comparing the position of CO
conversion curves directly because these catalysts have similar gold
loadings. The same conclusion is reached if the activity is expressed
in terms of specific rates (Table 1). Our data indicate that the inter-
facial structure between gold nanoparticle and the oxide in contact
with gold matters [60,67]. There could be more active sites when
gold nanoparticles are surrounded by Fe,03 shells, whereas there
could be less active sites when gold nanoparticles are dispersed on
less-curved regular Fe,; 03 support.

3.5. Stability as a function of time on stream

Stability of catalysts is important in practical terms. To test
the stability properly, we put 25 mg (instead of the regular load
of 50 mg) catalyst in the reactor, in order to make sure that the
conversion is not always 100% on stream. The reaction was car-
ried out at room temperature. As shown in Fig. 13, there is some
deactivation for 300°C-pretreated Au@Fe,03/SiO,, Au@Fe,03/C,
and Au@Fe,03/Fe;03 in the initial stage, and the CO conversion
then becomes stable after 20 h on stream. For comparison, the CO
conversion on Au@Fe,03/TiO, increases in the initial stage and
then becomes stable after 20 h on stream, in a way similar to that
observed with K;MnO4/Au/TiO, catalyst [70]. The deactivation of
gold catalysts during the course of CO oxidation is often ascribed
to the accumulation of carbonate and/or formate species [81-85],

100 4

50 A ﬂ'..

CO Conversion / %

25 mg Au@Fe,0,/Si0,, 300 °C
25 mg Au@Fe,04/Ti0,, 300 °C
25 mg Au@Fe,0/C, 300°C

25 mg Au@Fe,0,/Fe,0,, 300 °C

4 > H O

0 10 20 30 40 50
Time on Stream / h

Fig. 13. CO conversions on Au@Fe,03/support catalysts as a function of time on
stream. These catalysts were pretreated at 300 °C, and the amount of catalyst was
25 mg. The reaction was carried out at room temperature.

whereas the increase in CO conversion before reaching a steady
state [79,86-91] is ascribed to the accumulation of trace amount of
water that promotes CO oxidation and the more sufficient reduc-
tion of gold during CO oxidation [89-91]. In our case, although the
exact reasons for the catalyst deactivation and activation are not
quite clear, we note that the catalytic activity is stable after 20 h on
stream.

4. Conclusions

Au@Fe,03 core-shell heterostructures were deposited on SiO,,
TiO,, C, and Fe,03 supports by colloidal deposition, and the per-
formance in CO oxidation was studied. It is necessary to pretreat
the catalysts at elevated temperatures such as 300°C, in order to
remove residual organic species. The burning of organic species
could result in the creation of pores for the entrance of CO and
0, while allowing for the exit of CO,. However, the catalytic
activity decreases further when the pretreatment temperature is
700°C due to the sintering of gold nanoparticles and the structural
changes of the Fe,03 shells. Au@Fe;03/SiO, is more active than
Au/SiO,, but the activity generally decreases with the shell thick-
ness. Au@Fe,03/TiO,, Au@Fe,03/C, and Au@Fe,03/Fe,03 catalysts
are also more active than colloidal-deposition-derived Au/TiO,
Au/C, Au/Fe,03, respectively. The supported Au@Fe,03 catalysts
are stable in CO oxidation at room temperature after 20 h on stream.
This work illustrates a case study on the use of core-shell struc-
tures for making new gold catalysts. Although here we use Fe,03
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shell as an example, we believe that this preparation method can be
extended to the preparation of new gold catalysts with other shells.
Further study may be carried out to study the nature of active sites
[92,93] and reaction mechanism using in situ infrared spectroscopy
and X-ray absorption.
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