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ABSTRACT: A novel synthetic strategy has been adopted to e il S
deposit Au nanoparticles (NPs) (ca. S nm) on a hollow FeO, Untreated Au/FeOx: T,,,= 180 °C
substrate using Au/f-FeOOH hybrid nanocrystals as the co,

precursor. Through the encapsulation of Au/f-FeOOH by SiO, &

shells and the calcination step, the Au/f-FeOOH can be T 5 ’
transformed into Au/FeO, with the hollow structural feature. (/o‘(—- o ‘/ ’ T

Because of the protective SiO, shells, aggregation of the Au NPs is Au
effectively prohibited, and the hemispherical morphology of the
Au particles is essentially retained. The Au/FeO, hollow
composite is obtained by removing the SiO, shells, and the Au
NPs in the final Au/FeO, hollow composite are small-sized yet
stable enough because of the calcination history. The derived Au/
FeO, hollow composite shows a substantial pretreatment effect on
CO oxidation: with a pretreatment in the reaction feed at 180 °C for 0.5 h, the hollow Au/FeQO, shows the T, of CO oxidation
decreasing from 180 to 88 °C. O, temperature-programmed desorption and X-ray photoelectron spectroscopy characterizations
revealed that the pretreatment may result in (i) the creation of electron holes in the p-type FeO, substrate and electron
deficiency of Au nanoparticles as well as a strong Au—FeO, interaction; (ii) appropriate coverage of oxygen adspecies on the Au
NPs; and (iii) increased surface oxygen density, especially at the Au—FeO, boundary region, as a result of the spillover effect of
oxygen adspecies from Au NPs. All of these features are responsible for an overall enhanced activity of CO oxidation and better
durability of the Au/FeO, hollow composite.
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1. INTRODUCTION conditions. When the interaction between Au and the support
is weak, the Au particles migrate on the surface of support
through Ostwald ripening, producing larger Au particles and
losing their catalytic activity for CO oxidation. The activity of
supported Au NPs depends on the type and structure of the
support.'*~"® The mobility of supported Au NPs is rather high,
resulting in their tendency to aggregate at various temper-
atures.”” >* The reported highly active supported Au NPs are
seldom subject to calcination, and their activity can hardly be
maintained for long periods.zs_28 Therefore, the concerns to

Composite nanostructures1_3c0mprising two or more chemi-
cally different constitutions have attracted increasing interest
from materials scientists because of their novel properties and
unique applicability that cannot be achieved with single
constitution. The properties of a composite nanomaterial can
be dramatically changed by varying its composition as well as
assembled structure. Therefore, many efforts have been made
to fabricate various nanocomposite materials to accomplish
serendipitous multifunctionality.

Since the discovery in the late 1980s that gold (Au) is stabilize the supported Au NPs have continued. Zenella et al.*’
catalytically active when it is dispersed as small particles on loaded Au particles on yttrium-modified TiO,, and the catalysts
oxide supports, the preparation of Au-based catalysts has been showed higher activity as well as better stability than Au/TiO,
widely studied.”*~"* The catalytic activity was found to depend in CO oxidation. Yan et al.* used binary mixed oxides as Au
strongly on the dimension of the Au particles, the support supports. They first coated TiO, with a thin layer of AL,O; via a
material, the synthetic method, and the activation procedure. surface sol—gel method and then loaded Au NPs. Zhu et al.’*
However, in spite of their good initial catalytic activity, reported a rational design of Au/TiO,-based catalysts with
supported Au catalysts have few commercial applications.

Deactivation of the Au nanoparticle (NP)-based catalysts is Received: July 1, 2013
complicated from one system to another. One of the key issues Revised: ~ November 13, 2013
is the stability of the Au nanocatalysts under reaction Published: November 14, 2013
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enhanced thermal stability through postmodification of Au/
TiO, by amorphous SiO, decoration. Jin recently reviewed the
synthesis of different metal NPs with precious control in size,
composition, and morphology and their potentials in
catalysis.>* The current study aimed to enhance the durability
of Au NPs by reducing the aggregation tendency of the Au NPs
through a unique synthetic strategy. The Au NPs were
dispersed on the iron oxide substrate with encapsulation by
SiO, shells and then subjected to air calcination at 600 °C.
Because of the protective SiO, shells, aggregation of the Au
NPs was effectively prohibited (from 3.7 + 0.8 nm in Au/f-
FeOOH to 4.6 + 1.5 nm in hollow Au/FeQ,), and meanwhile,
the hollow structural feature of the iron oxide substrate was
created by the calcination treatment. After removal of the SiO,
shells, the Au NPs in the final Au/FeO, hollow composite are
small-sized yet stable enough (showing stable activity up to 60
h) because of the calcination history and resulting strong Au—
substrate interaction.

Over the past decade, hollow nanostructures with enhanced
pore volume and controlled shell thickness have emerged as an
important class of functional materials.*>** These hollow
nanostructures show higher surface to volume ratios compared
with solid counterparts of the same size, making them attractive
for the fields of catalysis, energy storage and conversion, and
biomedicine. There are plenty of successful examples of the
construction of different kinds of hollow structures in recent
years.>>~>* The fabrication of Co;0, nanotubes by means of a
modified Kirkendall effect has been recently reported by us, and
the derived materials showed excellent activity and good
stability toward the catalytic combustion of CH,.>* However,
these hollow structures generally contain a single ingredient,
and less attention has been directed toward the fabrication of
hollow nanostructures of multiple components.

Fe,O; is a versatile component for a wide range of
applications such as catalysis,*® gas sensing'' and lithium
batteries.*> In this context, we devoted our attention to the
development of a Au/FeO, composite with the novelty of a
hollow structural feature. A schematic illustration of the
nanostructure design employed in this study is shown in
Scheme 1.

Scheme 1. Illustration of the Strategy for Synthesizing the
Hollow Au/FeO,@SiO, and Au/FeO, Hybrid
Nanostructures
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2. EXPERIMENTAL SECTION

2.1. Catalyst Preparation. Preparation of p-FeOOH.
FeCly (1.48 g) and poly(vinylpyrrolidone) (PVP) (2.28 g)
were dissolved in distilled water, and the resulting solution was
sealed in a Teflon-lined autoclave and kept at 373 K for 10 h.
After that, the materials were collected by centrifugation,
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washed with distilled water three times, and dried at room
temperature (RT) overnight.

Preparation of Au/p-FeOOH. A deposition—precipitation
method was employed for Au introduction. The pH of an
HAuCl,-3H,0 solution (0.01 M) was adjusted to 8.0 using a
KOH solution (1.0 M), and the resulting solution was heated
to 80 °C. Then the as-synthesized f-FeOOH was added, and
the slurry was magnetically stirred for 3 h. The nominal Au
loading was 3% by weight. The solids were centrifuged and
washed three times with distilled water, dried at 80 °C
overnight, and calcined in a muffle oven at 250 °C for 3 h.

Preparation of Au/f-FeOOH@SIO,. In a typical synthesis,
Au/p-FeOOH was dispersed in a mixture containing 15 mL of
ethanol and 7.5 mL of ammonium hydroxide, and the
suspension was sonicated for 30 min in an ultrasound cleaner
(KQ-100DE, 40 kHz, 100 W). Subsequently, a certain amount
of TEOS was injected into the suspension under sonication.
After 90 min, the products were collected by centrifugation,
washed with distilled water, and dried at 80 °C overnight.

Preparation of Au/FeO,@SiO,. The Au/p-FeOOH@SiO,
composite was heated to 600 °C in air and kept at this
temperature for S h.

Preparation of the Au/FeO, Hollow Composite. The Au/
FeO,@SiO, nanostructures were immersed in a NaOH
solution (0.4 M) under sonication for 3 h to remove the silica
shells. The solids were isolated by centrifugation, washed with
water, and dried at RT. The Au content in the final sample was
1.7 wt % as determined by the ICP-AES technique.

Preparation of Au/Bulk FeO,. A solution of Fe(NO;)s:
9H,0 (1 mol L™, 10 mL) was added dropwise (5 mL min™")
to a solution of Na,CO; (1 mol L™}, 100 mL) at RT under
vigorous stirring. After 1 h, the precipitate was isolated and
washed thoroughly with warm water until the pH of the
supernatant reached 7. Au loading was performed as in the
synthesis of Au/FeOOH, and the derived sample was then
calcined in a mufile oven at 600 °C for 5 h.

2.2. Catalyst Activity Test. The catalytic activity of CO
oxidation was evaluated in a continuous-flow fixed-bed reactor
operated at atmospheric pressure. The catalyst (50 mg) was
placed in a quartz tube reactor. The as-synthesized Au/f-
FeOOH and Au/f-FeOOH@SiO, were used directly without
further treatment, while the Au/Fe,O; hollow composite was
pretreated in a flow of reaction feed at 180 °C for 30 min. The
feed gas (1.6% CO, 21.0% O,, balance N,) was passed through
the catalyst bed at a total flow rate of 25 mL min~", giving a
corresponding gas hourly space velocity (GHSV) of 30 000
ecm™ g~' h™". The inlet and outlet gas compositions were
analyzed online using a gas chromatograph (GC-122).

2.3. Characterization of Catalysts. X-ray diffraction
(XRD) analysis was conducted on a Philips X’Pert MPD Pro
X-ray diffractometer with Cu Ka radiation (4 = 0.1541 nm) in
the 260 range of 10—80°. Transmission electron microscopy
(TEM) images were taken on a JEOL JEM-1010/2010
transmission electron microscope operated at 200 kV. X-ray
photoelectron spectroscopy (XPS) analysis was performed on a
PHI 5000 Versaprobe system using monochromatic Al Ko
radiation (1486.6 eV) operating at 25 W. The sample was
outgassed overnight at RT in an ultrahigh-vacaum chamber (<S
X 1077 Pa). All binding energies (BEs) were referenced to the
C Is peak at 284.6 eV. Temperature-programmed desorption of
oxygen (O,-TPD) was carried out using a U-shaped quartz
reactor. The catalyst (100 mg) was pretreated in an Ar stream
at 120 °C for 1 h, and oxygen adsorption proceeded with
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Figure 1. (a—c) TEM images of (a) Au/f-FeOOH, (b) Au/p-FeOOH@SiO,, and (c) Au/FeO,. (d) HRTEM image of a Au NP in Au/FeO,. (e, f)

Au particle size distributions in (e) Au/f-FeOOH and (f) Au/FeO,.

5

Size/nm
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exposure to pure O, at RT for 0.5 h. The sample was purged in
an Ar flow (60 mL min™") for 1 h and then heated to 600 °C at
a rate of 10 °C min~" in an Ar flow (60 mL min™"), and the
effluent gas was analyzed using a thermal conductivity detector.

3. RESULTS AND DISCUSSION

3.1. TEM/XRD. The monodispersed spindle-shaped akagen-
ite (/-FeOOH) NPs with diameters of ca. 20 nm and lengths of
150—180 nm were first synthesized through the hydrolysis of a
diluted aqueous iron chloride solution in the presence of PVP.
With a controlled deposition—precipitation method, Au NPs
were found to be distributed on the f-FeOOH NPs (Figure
la). Core—shell-structured Au/f-FeOOH@SiO, NPs were
obtained by coating a thin silica layer on the Au/f-FeOOH
NPs. The TEM image indicates that the Au/f-FeOOH NPs
were encapsulated by thin silica shells with a thickness of ca. 10
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nm (Figure 1b). The silica coated Au/f-FeOOH NPs were
then subjected to thermal treatment in air at 600 °C for S h.
Upon this calcination, the inner akagenite species shrank
remarkably, and a hollow structure was developed (Figure 1c).
The creation of the hollow structure is due to the volume
reduction resulting from the phase transformation of
structurally looser B-FeOOH to denser hematite and the
strong interface association between the silica shell and the
FeO, specimen.®® The protective SiO, shells were readily
removed by aqueous NaOH solution. It can be observed from
Figure 1c,d that the Au NPs were distributed on the walls and
cavities of the FeO, hollow structure and essentially retained
their particle size (from 3.7 + 0.8 to 4.6 + 1.5 nm; Figure lef).
It is commonly recognized that Au NPs easily suffer from a
significant activity drop upon high-temperature calcination.*
This situation may adversely influence the application of Au

dx.doi.org/10.1021/cs4009732 | ACS Catal. 2013, 3, 3099-3105
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NPs when the operation and regeneration of catalysts at
elevated temperature are needed.** Decorating the dispersed
Au NPs with a thin layer of amorphous SiO, is a potential
straightforward solution to improve the stability of the Au NPs
and hence the catalytic performance. In this study, the SiO,
shells not only isolated the Au/f-FeOOH nanostructures to
prevent them from aggregation upon calcination but also
provided an essential base to generate the Au/FeO, hollow
composite while maintaining high dispersion of the Au NPs.
Therefore, the novel Au/FeO, hollow nanostructure with high
specific surface area can be obtained. After the thermal
treatment and elimination of the SiO, shells, the Au NPs
basically retained the originally hemispherical morphology
(Figure 1d). In addition, the powder XRD patterns (Figure 2)
confirmed the #-FeOOH phase structure (JCPDS card no. 34-
1266).
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Figure 2. XRD pattern of the f-FeOOH NPs.

3.2. Catalytic Activity. In the fields of exhaust emission
control and fuel cells, Au NPs deposited on metal oxide
supports are among the most prevalent systems to explore the
catalytic oxidation of CO to CO,.**® Hence, the novel Au/
FeO, hollow nanostructures were investigated in CO oxidation
as a model reaction. Various samples with identical Au/Fe
atomic ratios were compared, namely, treated and untreated
Au/p-FeOOH, untreated Au/f-FeEOOH@SiO,, the treated
Au/FeO, hollow composite, Au/bulk FeO,, and the
commercial Au catalyst reference sample.*” The pretreatment
was performed at 180 °C for 0.5 h in the reaction feed [CO/
0,/N, = 1.6/21/77.4 (v/v/v)]. Figure 3 shows the plot of CO
conversion versus reaction temperature over different nano-
structures. According to the values of T}y, (the temperature at
which 100% CO conversion is achieved), the catalysts showed
the following sequence for CO oxidation activity: treated
hollow Au/FeO, (T, = 88 °C) > untreated Au/f-FeOOH
(Ty00 = 150 °C) > untreated hollow Au/FeO, (T4, = 180 °C)
> treated Au/B-FeOOH =~ Au/bulk FeO, (T,y = 255 °C) >
untreated Au/f-FeOOH@SIO, (T = 300 °C) (Figure 3).
The pretreated hollow Au/FeO, showed significantly enhanced
catalytic activity upon pretreatment. The commercial Au
catalyst showed a low-temperature activity between those of
untreated and treated Au/f-FeOOH, while its T, value was
the highest among all of the samples compared. According to
Figure 4, at a conversion level of 85%, the untreated Au/f-
FeOOH was significantly deactivated, especially in the first 30
h, whereas the treated hollow Au/FeO, maintained its activity
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Figure 3. Temperature dependence of CO conversion over various
Au-containing nanostructures (the activity of a commercial Au catalyst
under similar reaction conditions was adopted from ref 47).
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Figure 4. Stabilities of Au/f-FeOOH and treated hollow Au/FeO, as
functions of time on stream (the initial CO conversion for both
catalysts was controlled to be approximately 85%).

well within a period of 60 h. It is thought that the good catalyst
durability of the pretreated hollow Au/FeO, may originate
from the calcination history of Au/f-FeOOH@SiO, at 600 °C.
Similar observations were made over Au/YZO3—Ti02,29 Au/
TiO,>*" and Pt/Ce0,.** Usually the precalcination treatment
would enhance the catalyst durability at the expense of Au
particle AérOWth’ giving lower catalytic activity. Haruta and co-
workers™ found that the CO oxidation activity of Au NPs
drops with increasing calcination temperature. In the current
study, because of the presence of the SiO, shell and intensive
Au-SiO, interaction, the growth of Au NPs was effectively
suppressed (a size increase from 3.7 & 0.8 nm in Au/f-FeOOH
to only 4.6 + 1.5 nm in hollow Au/FeQ,), even though the Au/
P-FeOOH@SiO, was subjected to high-temperature calcina-
tion. Furthermore, the texture of hollow FeO, substrate is
beneficial for dispersion of the Au NPs and also physically
suppresses the tendency of Au NPs to aggregate because they
are located in different cavities of the hollow FeO, substrate.
On the other hand, because of the strong interaction between
the SiO, shell and Au/FeO,, the SiO, shell may cause some of
the Au sites to be inaccessible and also result in a diffusion
limitation issue, which leads to an activity drop (see the results
for the untreated Au/FeO,@SiO, in Figure 3). This result
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implies that it is beneficial to remove the SiO, shells for better
catalytic activity (Scheme 1).

It is interesting to find out that the pretreatment history in
the reaction atmosphere can have a remarkable impact on the
activity of Au/FeO, hollow nanostructures in CO oxidation: for
instance, the pretreated hollow Au/FeQO, showed only T}y =
88 °C while the hollow Au/FeO, without pretreatment showed
Tioo = 180 °C. Nie et al.>® recently reported that oxygen
pretreatment of Au,s(SR);s nanoclusters supported on CeO,,
TiO,, and Fe,O; oxides at 150 °C resulted in a notable
enhancement in the CO oxidation activity [particularly for the
Au,5(SR),4/CeO, system], implying that CO oxidation can be
directly catalyzed by the intact Au,s(SR),3/CeO,. In contrast,
Gaur et al.’' found that the air-dried Au,g(SC,Hys),, clusters
supported on TiO, are nearly inactive for CO oxidation. The
pretreatment presumably leads to a redox cycle of M"™* 2 M™,
as suggested for Au/CeO, by Widmann et al.*> and for Au/
FeO, by Li et al.>® It is worth noting that the activity of Au/j-
FeOOH (pretreated or not) was lower than that of treated
hollow Au/FeO, (Figure 3), suggesting although the presence
of Au NPs enhances oxygen activation, as previously observed
over Au/Mn;0, by us,>* the nature of the substrate (FeO, vs -
FeOOH in the current study) also plays an important role in
CO oxidation even if the morphology and size of the Au NPs
are essentially unchanged. There are several possible parallel
reaction pathways for CO oxidation over the catalyst surface:
one is over the Au NPs, another is over the hollow FeO,
substrate, while the third is at the Au—FeO, interfaces.
According to the previous studies,”* >’ the oxide substrate
can involve the oxidation of CO or hydrocarbon reactant. The
degree of such oxidation, however, is dependent upon the type
of oxide substrate and also the metal—substrate combination. In
the present case, it is certain that the contribution of the iron
oxide substrate to CO oxidation is insignificant compared with
that of the Au—FeO, boundary region. Our earlier study>* on
Au/regularly-shaped Mn;O, NPs suggests that the activated
oxygen species over the Au NPs can spillover onto the region of
the Au—FeO, interfaces, where they further react with the
adsorbed CO to generate CO,. Clearly, this supplementary
pathway may also contribute to the overall activity of CO
oxidation in the current study (Scheme 2). A recent study of
the Au—Ni/SiO, model catalysts illustrates the critical role of
the NiO-on-Au interface in CO oxidation.’® Moreover, Au—
Co/SiO, and Au—Fe/SiO, were also found to promote the Au-
catalyzed CO oxidation reaction, confirming the importance of

Scheme 2. Possible Reaction Pathways for CO Oxidation
over the Au/FeO, Nanocatalyst
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Untreated Au/FeOx: T,,=180°C
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the transition-metal oxide (TMO)-on-Au architecture for CO
oxidation.

3.3. O,-TPD. In order to better understand the effect of the
pretreatment on the nature of the Au/FeO, hollow
nanostructure, O,-TPD and XPS techniques were employed
to study the treated and untreated samples. The O,-TPD
profiles are shown in Figure 5. According to the results

weakly adsorbed Au-free FeOx

oxygen species

Treated Au/FeOx
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Untreated Au/FeOx
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Figure S. O,-TPD profiles of the treated and untreated hollow Au/
FeO, nanostructures and Au-free FeO,.

reported by Xue et al,,>” the desorption peak below 300 °C can
be ascribed to the desorption of weakly adsorbed oxygen
species such as O?~ and O~, while the one above 350 °C can be
attributed to the desorption of lattice oxygen species. Generally,
the desorption peaks in the 100—300 °C range correspond to
the oxygen species that are more active for catalytic oxidation.
In terms of the area of desorption peak(s) associated with the
oxygen adspecies, it is clear that the Au NPs introduced into the
FeO, substrate promote oxygen adsorption, similar to the
observation made on the Au/Mn;0, system.>* On the basis of
the curve-fitting analysis, it is observed that the intensities of
the desorption peaks of oxygen adspecies decrease after the
pretreatment, implying a decline in adsorbed oxygen density on
the treated Au/FeO,. As a matter of fact, FeO, is a typical p-
type semiconductor; the pretreatment of Au/FeO, in the
reaction atmosphere at 180 °C could result in the generation of
cation vacancies accompanied by the creation of electron holes
to maintain charge balance, as well as interstitial metal atoms in
the substrate crystal. This would favor charge transfer from the
Au NPs to the FeO, substrate, leading to the positively charged
Au NPs as evidenced by the XPS results (see section 3.4). The
positively charged Au NPs also bring about relatively low
density of oxygen adspecies (Figure S), which is coincident
with the observation made by Widmann et al.>* that a slightly
lower density of oxygen adspecies on the Au NPs corresponds
to a higher CO oxidation activity.

3.4. XPS. The results of the XPS investigation of the
pretreated and untreated samples are shown in Figure 6. For
the untreated Au/FeO,, the BEs of Au 4f,,, and Au 4f;,, were
83.5 and 87.3 eV, respectively, while for the pretreated one, the
BEs were 84.0 and 87.7 eV, respectively (Figure 6a). Although
the Au NPs were essentially in the metallic state according to
the corresponding BE values,® increments of Au BEs in the
pretreated Au/FeO, imply electron deficiency of Au NPs upon
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Figure 6. (a) Au 4f and (b) O 1s XPS spectra of the treated and
untreated hollow Au/FeO, nanostructures.

in situ pretreatment.’® The results for the O 1s signals of
treated and untreated Au/FeO, obtained by curve-fitting
analysis (Figure 6b), together with those of O,-TPD (Figure
5), clearly reveal that after the pretreatment, there was a smaller
amount of oxygen adspecies on the Au NPs,*"* coincident
with the Au 4f XPS signals of positively charged Au NPs in the
pretreated Au/FeO,. This is understandable since cation
vacancies (or excess oxygen anions) could be generated in
the p-type FeO,, substrate upon the pretreatment in the current
study. As a result, electron holes would be simultaneously
created, favoring electron transfer from Au NPs to substrate,
especially at the Au—FeO, boundary. This would lead to
electron deficiency of Au NPs in the pretreated Au/FeO,** and
a comparatively low density of oxygen adspecies on the Au
NPs. When the catalyst surface is partly hydroxylated, the CO
oxidation could occur via the formation of surface formate
species. Since the electron-deficient Au NPs are favorable for
the generation of surface formate species, they can enhance the
CO oxidation activity.”* The surface Au concentrations
measured by XPS were essentially identical before and after
pretreatment, suggesting that the change in Au dispersion was
insignificant, as revealed earlier by the TEM observations
(Figure la,c). With the protection of the SiO, shells, the
aggregation of Au NPs was effectively minimized during the
high-temperature calcination. After removal of the protective
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SiO, shells, the stabilized Au NPs can scarcely aggregate under
the milder conditions for CO oxidation.

Applying the technique of temporal analysis of products
(TAP), Widmann et al.>* demonstrated that calcined Au/CeO,
was only slightly active for CO oxidation and that the small
amount of surface oxygen should be removed before the
catalyst reaches its more active steady-state surface composi-
tion. The activity was notably increased on a catalyst surface
with lower surface oxygen concentration (by a reduction of
approximately 7%), while the over-reduction of surface oxygen
coverage may cause lower initial activity. Interestingly, the
current study shows that the Au NPs subjected to a
pretreatment in the reaction feed behaved exactly as electron-
deficient species, as evidenced by the XPS results (Figure 6),
giving rise to a relatively low surface oxygen concentration on
the Au/FeO, (Figures S and 6). Without pretreatment, the Au/
FeO, hollow composite showed Ty, = 180 °C for CO
oxidation, while the activity increased substantially (T, = 88
°C) upon pretreatment at 180 °C. Moreover, the spillover of
oxygen adspecies from Au NPs onto the Au—FeO, boundary
region could not only reduce surface oxygen coverage on the
Au NPs but also add extra oxygen anions around the Au—FeO,,
boundary, where the coming oxygen species could react with
the neighboring adsorbed CO to give CO, as an additional
route for CO oxidation on Au/FeO,.

4. CONCLUSIONS

Deposition of Au NPs (4—5 nm) on the hollow FeO, substrate
[30—50 nm (®) X 150—180 nm (L)] was achieved using Au/
P-FeOOH hybrid nanocrystals as precursors. By coating of a
SiO, layer on the Au/f-FeOOH and a calcination step (600 °C
for 5 h), Au/FeO, with a hollow structural feature was
obtained. Because of the protection of the SiO, shells, the Au
NPs retained high dispersion even when Au/FeO, was
subjected to high-temperature calcination. The Au/FeO,
hollow nanostructure free of the SiO, shell was obtained by
treatment with NaOH solution. The Au NPs in the final Au/
FeO, composite were small-sized yet stable enough for CO
oxidation. The synthesized Au/FeO, hollow composite
exhibited a significant pretreatment effect on the CO oxidation
activity: the Ty, of Au/FeO, was notably decreased from 180
to 88 °C. The characterizations by O,-TPD and XPS suggested
that the applied pretreatment brings about the generation of
electron holes in the p-type FeO, substrate, which leads to
electron deficiency of the Au NPs. Electron-deficient Au NPs
result in a slightly lower coverage of oxygen adspecies on the
Au NPs. Increased surface oxygen density is expected especially
at the Au—FeO, boundary as a result of the spillover effect of
oxygen adspecies from the Au NPs. All of these aspects are
thought to be responsible for the overall enhanced activity in
CO oxidation.
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