
WANG ET AL . VOL. 7 ’ NO. 6 ’ 4902–4910 ’ 2013

www.acsnano.org

4902

May 20, 2013

C 2013 American Chemical Society

Thin Porous Alumina Sheets
as Supports for Stabilizing Gold
Nanoparticles
Jie Wang,† An-Hui Lu,† Mingrun Li,‡ Weiping Zhang,† Yong-Sheng Chen,§ Dong-Xu Tian,† andWen-Cui Li†,*

†State Key Laboratory of Fine Chemicals, School of Chemical Engineering, Dalian University of Technology, Dalian 116024, People's Republic of China, ‡State Key
Laboratory of Catalysis, Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, People's Republic of China, and §EMS Energy Institute, and
John and Willie Leone Family Department of Energy and Mineral Engineering, Pennsylvania State University, University Park, Pennsylvania 16802, United States

I
n recent years, one of the most challen-
ging topics in materials chemistry and
catalysis has been the synthesis of hier-

archical catalyst supports with controlled
morphologies and nanoarchitecture, and
in particular with the ability of being able
to stabilize noble metal particles (NMPs)
against sintering. It is known that particle
aggregation, owing to the increased mobi-
lity of particles at high temperatures, often
causes catalyst deactivation, limiting their
use.1�4

To prevent this serious problem, a feasi-
ble and sophisticated solution is to confine
NMPs in microenvironments. In general,
two types of support, i.e., mesostructures
and hollow cages, are utilized for the stabi-
lization of NMPs, such as Au and Ag in
mesoporous materials,5�8 Fe in CNTs,9 or

encapsulation of NMPs in a robust cage
structure, Au@ZrO2,

10 Au@TiO2,
11 Au@SiO2,

12

Au@SnO2,
13 Pt@mSiO2,

14 Pt@hmC,15 or
Pt@CoO.16 These well-controlled structures
can be regarded as model systems for the
fundamental understanding of catalytic
effects. However, the developed synthesis
methods tend to be rather complicated,
particularly for the fabrication of nanocage
structures involving multiple steps. Thus,
there is considerable interest to develop an
alternative, simple, and effective strategy for
the synthesis of new structured support ma-
terials with the capability of immobilizing and
stabilizing NMPs against sintering.
The catalyst support needs to fulfill the

following requirements: it should be ther-
mally stable to maintain the morphology
of the catalyst; it should contain a sufficient
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ABSTRACT Thin porous alumina sheets have been synthesized using a

lysine-assisted hydrothermal approach resulting in an extraordinary catalyst

support that can stabilize Au nanoparticles at annealing temperatures up to

900 �C. Remarkably, the unique architecture of such an alumina with thin

sheets (average thickness ∼15 nm and length 680 nm) and rough surface is

beneficial to prevent gold nanoparticles from sintering. HRTEM observations

clearly showed that the epitaxial growth between Au nanoparticles and

alumina support was due to strong interfacial interactions, further explaining

the high sinter-stability of the obtained Au/Al2O3 catalyst. Consequently,

despite calcination at 700 �C, the catalyst maintains its gold nanoparticles of
size predominantly 2 ( 0.8 nm. Surprisingly, catalyst annealed at 900 �C
retained the highly dispersed small gold nanoparticles. It was also observed that a few gold particles (6�25 nm) were encapsulated by an alumina layer

(thickness less than 1 nm) to minimize the surface energy, revealing a surface restructuring of the gold/support interface. As a typical and size-dependent

reaction, CO oxidation is used to evaluate the performance of Au/Al2O3 catalysts. The results obtained demonstrated Au/Al2O3 catalyst calcined at 700 �C
exhibited excellent activity with a complete CO conversion at∼30 �C (T100% = 30 �C), and even after calcination at 900 �C, the catalyst still achieved its
T50% at 158 �C. In sharp contrast, Au catalyst prepared using conventional alumina support shows almost no activity under the same preparation and
catalytic test conditions.

KEYWORDS: porous alumina sheet . gold nanoparticles . strong interfacial interaction . high temperature . epitaxial growth
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amount of small mesopores or roughness that can
immobilize the metal nanoparticles in a size matching
manner; and it should have an open structure to allow
easy access to reacting agents. Following this line,
porous alumina is one of the most widely used indus-
trial substances with the essential properties of high
surface area and good mechanical, chemical, and
especially thermal stability. To date, several synthesis
methods, such as soft-templating17 and hard-templating
methods,18,19 have been developed to fabricate porous
aluminum oxides. These oxides are some of the most
widely studied catalyst supports in both industry and
academic research. However, until now, it has been
difficult to find a successful method using porous
alumina to stabilize noble metals, particularly Au nano-
particles, against sintering at temperatures exceeding
700 �C. Thus, the challenge remains to develop a simple
and effective strategy to overcome this barrier and to
produce a porous aluminum oxide with the above-
mentioned architecture and properties.
Herein, our strategy is to synthesize Al2O3 with 3D

configuration composed of thin sheets giving an open
structure and rough surface so as to immobilize Au
nanoparticles and provide some thermal stability. This
designed structure would ideally realize the spatial
stabilization of supported Au, and the separated alu-
mina sheets can prevent the contact of Au nanoparti-
cles. We have found that when using lysine as a “shape-
inducing” reagent together with urea as precipitating
agent and Al(NO3)3 3 9H2O as precursor, thin porous
alumina sheets can be consequently obtained through
a hydrothermal synthesis. To test the capability of such
an alumina to stabilize nanosized noblemetal particles,
Au nanoparticles with a relatively low Tammamn
temperature of ∼395 �C (particles 2 nm in diameter
would have a melting point of 300 �C) have been
selected as the target. It is known that the CO oxidation
reaction is sensitive to the size of the Au nanoparticles
(Au nanoparticles with sizes below 5 nm exhibit ex-
cellent catalytic activity),20�22 and thus we chose CO
oxidation as themodel reaction to evaluate the activity
of the supported catalysts. The results are surprising
in that although the Au/Al2O3 catalyst was calcined at
700 �C, the gold nanoparticle size was almost un-
changed at 2 ( 0.8 nm, and complete conversion of
the 1% CO was achieved at ∼30 �C. To the best of our
knowledge, such a result has never been published in
the literature. This thus provides an alternative solution
for the synthesis of a catalyst support that can effectively
stabilize nanosized noble metals, besides the conven-
tional strategies using core�shell (or cage) structures
and mesoporous solids as the confined environments.

RESULTS AND DISCUSSION

Properties of Thin Porous Alumina Sheets. Boehmite
(γ-AlO(OH)) is an aluminum oxyhydroxide that can be
converted to many different forms of alumina through

thermal annealing. Hence, the control of the size and
shape of the boehmite nanostructures is key to im-
proving the properties and thus potential applica-
tions of the resultant alumina. Recently, amino acids
have been proven as powerful “shape-inducing” re-
agents to prepare nanomaterials with various morpho-
logies.23�27 In the current study, using lysine as a
“shape-inducing” reagent together with urea as pre-
cipitating agent and Al(NO3)3 3 9H2O as precursor,
thin porous alumina sheets were produced through a
hydrothermal synthesis (Figure 1a). Figure 1b shows a
rough surface of γ-Al2O3 sheets. In addition, the inter-
mediate species at different intervals during the hydro-
thermal synthesis were characterized by means of
SEM, FTIR, and XRD techniques (Figure S1). It can be
seen that, with the increase in hydrothermal period,
the morphologies of the obtained samples trans-
form from irregular to fiber to thin sheets and finally
to star-shaped sheets. The possible structural evolution
mechanism is discussed in the Supporting Information.
Notably, the simultaneous use of lysine and urea
during the synthesis is an indispensable factor for
achieving such star-shaped solid materials.

To explore the thermal decomposition behavior of
the hydrothermal product, sample Al2O3-1-hydro was
characterized by TG/DSC-MS under air, with a heating
rate of 10 �C min�1. As seen in Figure 1c, the exhaust
gases weremonitored by an onlinemass spectrometer
(MS). On the basis of the TG-DSC curves, we deduce
that AlO(OH) is the primary component of Al2O3-1-
hydro (2AlO(OH) f Al2O3 þ H2O with a theoretical
weight loss value of ∼15%).28,29 The TG curve shows
a sharp weight loss of ∼17% before 450 �C, mainly
corresponding to the release of adsorbed water and
the decomposition of lysine adsorbed on the surfaces.
In this stage, boehmite is converted to γ-alumina
during the subsequent heating as the elimination of
H2O between boehmite layers takes place. The TG
curve between 450 and 900 �C shows a small gradual
loss of ∼3%. The DSC curve of Al2O3-1-hydro displays
a broad exothermic peak up to 350 �C, which can be
attributed to the phase conversion. In addition, the
mainpeakpositionofH2O (m/z= 18) andNH3 (m/z=17)
was produced at 180 and 450 �C during the calcination
of Al2O3-1-hydro. Fragments of CO2 (m/z = 44) are
mainly detected at 180, 360, and 530 �C, which are
derived from lysine and urea. The TG/DSC-MS curves
indicate that after 500 �C thehydroxyl groups and amine
groups have been eliminated to a great extent. This is
further confirmed by the XPS analysis shown in Figure
S2a, where there are no detectable nitrogen species
on the surfaces of the Al2O3-1, although the surface C
content is 2.1 wt %. On the basis of the above, we thus
selected 500 �C as the annealing temperature.

Generally, via the calcination of aluminum hydro-
xide (boehmite, AlO(OH)), a sequential transformation
of alumina can be achieved over the temperature
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range 450�750 �C (γ-Al2O3), 800�1000 �C (δ-Al2O3),
and 1000�1200 �C (θ-Al2O3) and, finally, above 1200 �C
(R-Al2O3).

30 Based on the XRD pattern in Figure 1d, the
AlO(OH) phase (JCPDS No. 21-1307) with a high degree
of crystallinity was obtained after hydrothermal treat-
ment for 24 h. Following annealing at 500 �C, γ-Al2O3

(JCPDS No. 10-0425) is formed. The nitrogen sorption
isotherm (Figure 1e) of Al2O3-1 is essentially a pseudo-
type II, showing interparticle capillary condensation.
Elemental analysis of the sample Al2O3-1 indicates that
the amount of N is negligible and confirms the purity of
the calcined Al2O3-1 support. Similarly, the XPS results
and the FTIR spectrum (Figure S2) of the calcined
Al2O3-1 show that almost no nitrogen species derived
from lysine and urea can be detected on the surface
of Al2O3-1. The bands at 3445 and 1639 cm�1 are
ascribed to the stretching vibrations of OH groups in

the hydroxide structure and physically adsorbed
water,31�33 while the weak characteristic peaks at
1528 may be from carbonate species.34�36 The band
at 1385 cm�1 is attributed to water molecules coordi-
nated to Lewis acid sites in γ-Al2O3.

37,38

Gold Nanoparticles Supported on Thin Porous Alumina
Sheets. Using the thin porous γ-Al2O3 sheets as the
catalytic support, Au nanoparticles were introduced
using the deposition�precipitation method, followed
by annealing in air at 700 and 900 �C. Due to the
quantum-size effect, Au nanoparticles with relatively
lower Tammamn temperature (395 �C; particles 2 nm
in diameter would have a melting point of 300 �C) are
easily sintered at elevated temperatures.4,39 Thus to
our surprise, the Au nanoparticles on our novel alumina
support exhibited an excellent sinter stability during
a high-temperature treatment up to 900 �C.

Figure 1. (a) SEM (inset is the corresponding TEM image) and (b) TEM images of Al2O3-1. (c) TG/DSC-MS curves of sample
Al2O3-1-hydro. (d) XRD patterns of Al2O3-1 and Al2O3-1-hydro. (e) N2 sorption isotherm of Al2O3-1.
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As clearly shown in Figure 2a,b and Figure S3, Au
nanoparticles predominantly 2 ( 0.8 nm in size are
highly dispersed on the Au-(Al2O3-1)-700. Figure 2c
shows a high-resolution transmission electron micro-
scopy (HRTEM) image of a thin sheet (∼15 nm in
thickness), on which multitudes of tiny Au nanoparti-
cles are highly distributed. The elongated shape of the
Au particles may stem from the strong interfacial
interaction of Au�alumina, and thus Au particles may
adapt themselves to the porous nature of the alumina
support. Even after annealing at 900 �C, a significant
amount of small gold nanoparticles (average size

2�4 nm) still exist in the Au-(Al2O3-1)-900 catalyst
(Figure 2d,e and Figures S4, S5), although a small
number of larger gold nanoparticles up to 25 nm can
also be observed. In Figure 2f one can observe two thin
sheets of alumina where the thickness of each flake
is ca. 15 nm. A number of well-distributed Au nano-
particles were anchored on the alumina support. In
Figure 2g, a closer look at one Au particle reveals
that it was encapsulated by an uneven alumina layer
with a thickness less than 1 nm. This reveals a surface
restructuring of the gold/support interfaces. Although
Al2O3 is generally regarded as a nonreducible support

Figure 2. STEM and TEM images of gold catalyst (a�c) Au-(Al2O3-1)-700 and (d�g) Au-(Al2O3-1)-900. (h) The corresponding
XRD patterns.
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in gold catalysts,40 reported here is the first observa-
tion that such a typical inert support, Al2O3, has
encapsulated Au on the surface, indicating the exis-
tence of a strong metal support interaction (SMSI)
between gold and the alumina support. A similar
phenomenon was recently observed for Au/ZnO cata-
lysts calcined at 300 �C.41 It is known that a SMSI occurs
when the group VIII metals Fe, Ni, Rh, Pt, Pd, and Ir are
supported on certain oxides (TiOx, TaOx, CeOx, and
NbOx), and the activity and selectivity are mainly
dependent on the strong interaction between the
active metal and defects of those reducible oxides.42

As seen in Figure 2h, the XRD pattern of gold catalyst
Au-(Al2O3-1)-700 exhibits diffraction peaks of γ-Al2O3

(JCPDS No. 10-0425), with no detectable peaks as-
signed to Au, which suggests the deposited Au parti-
cles retain their small size and high dispersion. The XRD
pattern of the Au-(Al2O3-1)-900 shows diffraction
peaks of δ-Al2O3 (JCPDS No. 04-0877), together with
some characteristic peaks of Au nanoparticles. The
determined crystallite size of the Au nanoparticles is
approximately 23 nm based on the Scherrer equation,
which is consistent with TEM observations. It is impor-
tant to note that the XRD analysis always gives the size
information of the larger particles.

Furthermore, the interactions between Au nano-
particles and alumina are clearly evidenced through
HRTEM (Figure 3). In the case of Au-(Al2O3-1)-700, the
crystal lattice of Au(111) is measured as 2.35 Å
(Figure 3a), while the value of γ-Al2O3 (222) is 2.29 Å.
This indicates that the Au nanoparticles are mainly
attached epitaxially on the γ-Al2O3 through the most
densely packed (111) plane, despite a∼2.5%mismatch
between the lattice spacing of Au(111) and γ-Al2O3-
(222).4,22 To reduce the structural strain, lattice mis-
match is known to play a significant role in the epitaxial
growth of heterogeneous structures.43,44 In regard
to Au-(Al2O3-1)-900, the lattice distance of Au(002) is
approximately 2.02 Å, which is in good agreement with
the value of δ-Al2O3(220) facet (2.03 Å) (Figure 3b).
Thus, HRTEM observations have confirmed that the
interface between the Au nanoparticles and alumina
support is coherent. As is well known, interphase
boundaries can be termed as coherent, semicoherent,

or incoherent depending on the nature of match
between atoms across the interface, and the interfacial
energy increases in the order of coherent, semicoher-
ent, and incoherent interfaces.45 Therefore, this further
supports the epitaxial growth relationship between
Au(002) and δ-Al2O3(220) and explains the high sinter
stability of the obtained Au/Al2O3 catalysts.

CO Oxidation. As a typical and size-dependent reac-
tion, CO oxidation has been chosen to evaluate the
activity and sinter-stability of Au/Al2O3 catalysts.

20�22,46

It can be observed in Figure 4a that gold catalyst
Au-(Al2O3-1)-700 shows excellent activity with a com-
plete CO conversion at 30 �C (T100% = 30 �C). As shown
in Figure 2b, the average diameters of the Au particles
are still in the range 2 ( 0.8 nm. On increasing the
annealing temperature to 900 �C, the majority of
Au particles maintain their small size and are tightly
inlayed in the Au-(Al2O3-1)-900 through epitaxial
growth. Taking one part of an alumina sheet from
a whole star-shaped catalyst as one unit marked in
Figure 2e, it is estimated that there are ∼29 Au nano-
particles with sizes < 5 nm and three particles with sizes
> 5 nm. A further rough estimation shows over 1397 Au
nanoparticles smaller than <5 nm per μm2. Au nano-
particles with sizes < 5 nmare necessary for catalytic CO
oxidation (T50% = 158 �C). Compared with the CO
conversion of Au-(Al2O3-1)-700, the decrease of cataly-
tic performance for Au-(Al2O3-1)-900 could be attribu-
ted to the encapsulation of active Au sites, as evidenced
in Figure 2g and Figure S5. In addition, the N2 sorption
isotherms and textural parameters of gold catalysts
Au-(Al2O3-1)-700 and Au-(Al2O3-1)-900 are provided in
Figure S6 and Table S1. The Au-(Al2O3-1)-700 sample
exhibits a higher specific surface area (173 m2 g�1)
and total pore volume (0.649 cm3 g�1) than that of
Au-(Al2O3-1)-900 (105 m2 g�1 and 0.426 cm3 g�1,
accordingly).

For comparison, the Al2O3 support was prepared
using Na2CO3 as the precipitation agent, which was
characterized using SEM, XRD, and N2 adsorption
techniques (Figure S7). The SEM image reveals that
the obtained alumina is composed of irregular parti-
cles, which is significantly different from the alumina
prepared using lysine and urea. The prepared Au/Al2O3

catalysts calcined at 700 and 900 �C are generally
inactive (Figure S7d). The results in turn reveal that
such thin porous alumina sheets can efficiently prevent
Au nanoparticles against sintering. Supported Au cat-
alysts are typically calcined below 300 �C to retain
a small Au particle size and thus activity. Among
the nonreducible oxides, gold catalysts supported
on Al2O3 are intrinsically less active.40 For example,
Au/Al2O3 nanofiber catalysts reach a complete CO
conversion at 40 �C after annealing in air at 200 �C
for 1 h.48 By comparison, our catalyst Au-(Al2O3-1)-250
calcined at 250 �C in air would achieve a complete
conversion of CO at ∼2 �C (Table 1), and the

Figure 3. HRTEM images (inset is the corresponding sche-
matic drawings) of gold catalysts (a) Au-(Al2O3-1)-700 and
(b) Au-(Al2O3-1)-900.
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corresponding Au nanoparticles are very well-distrib-
uted with an average diameter of∼1.8 nm (Figure S8).
Concerning the stability of Au catalysts, we have tested
the stability of one representative catalyst, Au-(Al2O3-
1)-250. A good stability at reaction atmosphere during
a few hours and under different space rates can be
observed in Figure S9. A comparative summary of the
recent literature is listed in Table S2 and supports the
extraordinary activity of our Au catalyst described here.

To further explore the surface chemical properties
of the gold on Al2O3 support under high annealing
temperatures (700 and 900 �C), in situ diffuse reflec-
tance infrared Fourier transform spectroscopy (DRIFTS)
was used to measure the adsorbed CO. As shown in

Figure 4b, a strong band at 2189 cm�1 was attributed
to CO adsorbed on cationic gold (Au(I) or Au(III)).35 The
peaks at 2105 and 2052 cm�1 belong to two linear CO
species adsorbed on themetallic Au sites.49 TheDRIFTS
measurements show the presence of Auδþ and Au0 on
the surface of Au/Al2O3 catalysts calcined at 700 and
900 �C, which is consistent with the results of XPS
(Figure 4c,d). Compared with the Au catalysts calcined
at 250 �C, the amount of Auδþ species increased with
an increasing annealing temperature (Table 1).
Furthermore, to understand the character of gold
particles dispersed on the thin sheet alumina support,
Au/Al2O3 catalysts were pretreated at 250 �C under
both a hydrogen and oxygen atmosphere. It can be

Figure 4. (a) Catalytic activities of gold catalysts Au-(Al2O3-1)-250, Au-(Al2O3-1)-700, and Au-(Al2O3-1)-900. (b) In situ DRIFTS
and (c, d) Au 4f XPS spectra of the gold catalysts Au-(Al2O3-1)-700 and Au-(Al2O3-1)-900.

TABLE 1. Dispersion, Catalytic Activity, and XPS Results of the Gold Catalysts

XPS Au4f peak

sample Au dispersiona (%) Au contentb (wt %) T100% (�C) XCO
b (%) rateb (mol h�1 gAu

�1) TOFb,c (s�1) Au0 (atom %) Auþ (atom %) Au3þ (atom %)

Au-(Al2O3-1)-250 55.6 2.4 2 94 1.433 0.141 56.5 43.5
Au-(Al2O3-1)-700 45.5 2.3 30 56 0.922 0.111 47.2 30.7 22.1
Au-(Al2O3-1)-900 40.0 2.7 240 8 0.106 0.015 48.8 31.1 20.1

a The dispersion of Au nanoparticles was estimated using the equation D= 0.9/dAu.
47 Among them, the size distribution (dAu) comes from the corresponding TEM observation.

b The actual Au content was detected by ICP technique. The values of CO conversion (XCO), rate, and TOF were estimated at 0 �C. T100% represents the temperature of 100% CO
conversion. c Turnover frequency (TOF) was calculated based on the number of supported Au atoms.
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seen in Figure S10 and Table S3 that both Au0 and
Auδþ exist on the surface of gold catalysts after redox
treatment with hydrogen and oxygen, although
stronger absorption bands of Au0-CO were observed.

27Al MAS NMR spectroscopy has been used to
analyze the aluminum cations. Spectra for the γ-Al2O3

support and the Au/Al2O3 samples annealed at 700 and
900 �C are shown in Figure S11a. Two characteristic
peaks centered at 9 and 69 ppm represent the Al3þ ions
in hexahedral and tetrahedral coordination, respec-
tively, while the 35 ppm NMR peak assigned to the
pentacoordinate site has not detected.50 This sug-
gests that Al predominantly existed in octahedral and
tetrahedral sites in our work. To further investigate the
interactions between Au nanoparticles and alumina
supports, extended X-ray absorption fine structure
(EXAFS) was used on Au-(Al2O3-1)-700 before and after
CO oxidation, as shown in Figure S11b. The peak at
1.2�1.4 Å is associated with Au�O scattering in an
oxidized species, and two dominant peaks attributed
to Au�Au scattering emerged at 2.4�3.0 Å.51 This
shows the presence of Au0 and Auδþ following anneal-
ing at 700 �C. The fitted parameters of Au particles;
coordination number (N), bond distance (R), and
Debye�Waller factor (or bond disorder);are all
listed in Table S4. The derived structural parameters

of particle size and Au dispersion are also included.
Using the coordination number (N) and bond distance
(R) values,52,53 the size of Au particles after CO oxidation
was calculated as ca. 3.6( 2.7 nm for Au-(Al2O3-1)-700.

CONCLUSION

Thin porous alumina sheets with an open structure
and rough surface have been synthesized via a lysine-
assisted hydrothermal approach. The architecture of
the alumina support and strong interfacial interactions
are responsible for stabilizing Au nanoparticles at high
temperatures. TEM observation reveals a good lattice
match between Al2O3 and Au in corresponding crystal
planes, identifying that gold nanoparticles are epitaxi-
ally grown into the unique alumina supports, and an
interfacial restructuring leads to encapsulation of Au
particles at an annealing temperature of 900 �C. As a
typical and size-dependent reaction, CO oxidation is
used to evaluate the performance of Au/Al2O3 cata-
lysts. An extraordinary stability and excellent catalytic
activity can be achieved, which further confirms the
small size and high dispersion of Au nanoparticles.
Thus, this finding reveals that such thin porous alumina
sheets can stabilize Au nanoparticles against sintering
through the SMSI, and such materials could also be
excellent supports for other metal nanocatalysts.

METHODS
Synthesis of Thin Porous Aluminum Oxide Sheets. The typical

procedure to synthesize thin porous alumina sheets is as
follows: 0.75 g of Al(NO3)3 3 9H2O, 0.296 g of lysine, and 0.961 g
of CO(NH2)2 (all powders) were dissolved in deionized water to
form a homogeneous solution (100 mL) under magnetic stirring
for 10 min. Then the solution with a pH of ∼4 was transferred
into a 150mL Teflon-lined stainless autoclave andmaintained at
100 �C for 24 h. The pH of the reaction solution after hydro-
thermal synthesis is approximately 8�9. After air-cooling to
room temperature, the white precipitate was filtered and
washed with deionized water and anhydrous alcohol several
times and then dried in a vacuumoven at 80 �C for 12 h. This has
been denoted as Al2O3-1-hydro. Finally, the γ-Al2O3 was ob-
tained by calcination of the powder in air at 500 �C for 2 h with
a heating rate of 1 �C min�1. The final product was denoted as
Al2O3-1. Alumina prepared by Al(NO3)3 3 9H2O and Na2CO3 was
named as Al2O3-2.

Preparation of Au/Al2O3 Catalyst. Using 500 �C calcined γ-Al2O3

as the catalyst support, Au/Al2O3 catalysts were prepared by a
deposition�precipitation method using an HAuCl4 solution of
pH 8�9 (adjusted by a 0.5M (NH4)2CO3 solution) at 60 �C for 2 h.
The product was then washed three times with deionized water
and once with alcohol followed by centrifugal separation and
drying under vacuum. Finally, the powderwas annealed under a
flow of air at various temperatures (250, 700, and 900 �C) for 2 h.
The obtained Au catalyst was named as Au-(Al2O3-1)-x, where x
represents the annealing temperature of the gold catalyst.
For instance, gold catalyst supported on Al2O3-1 and calcined
at 900 �C has been denoted as Au-(Al2O3-1)-900. The Au content
of a supported catalyst was calculated to be 3 wt %. The actual
Au content was detected by the ICP technique.

Catalytic Test. The catalytic activity of Au/Al2O3 in CO oxida-
tion was tested in a fixed bed quartz reactor using 50 mg of
catalyst. The total flow rate of the reaction gas was 67mLmin�1

with a composition of 1 vol % CO, 20 vol % O2, and 79 vol % N2,

corresponding to a space velocity of 80 000 mL h�1 gcat
�1. The

products were analyzed using a GC-7890 gas chromatograph
equipped with a thermal conductivity detector. All the catalysts
were tested in the first run.

Characterization. Thermogravimetric and differential scanning
calorimetry analysis (TG-DSC) were conducted on a thermogra-
vimetric analyzer STA 449 F3 (NETZSCH), under an air atmo-
spherewith a heating rate of 10 �Cmin�1. TG-MSwas performed
on a NETZSCH STA 449 F3 thermobalance coupled with an
OmniStar GSD 320 mass spectrometer with a heating rate of
10 �C min�1. X-ray diffraction (XRD) patterns were obtained
with a D/MAX-2400 diffractometer using Cu KR radiation (40 kV,
100 mA, λ = 1.54056 Å). Nitrogen adsorption/desorption iso-
therms were measured with a TriStar 3000 adsorption analyzer
(Micromeritics) at 77 K. The samples were degassed at 473 K for
4 h prior to analysis. The Brunauer�Emmett�Teller (BET) meth-
od was utilized to calculate the specific surface areas (SBET).
Infrared Fourier transform spectra (FT-IR) were recorded using
a Nicolet 6700 FT-IR spectrometer at a resolution of 4 cm�1 over
the range 4000�640 cm�1. Transmission electron microscope
(TEM) images were obtained with a Tecnai G220 S-Twin micro-
scope with an accelerative voltage of 200 kV. HAADF-STEM
images were obtained on a JEOL2010F instrument using an
electron probe (0.5 nm diameter) at a diffraction camera length
of 10 cm. Scanning electron microscope (SEM) images were
obtained from a Hitachi S-4800 instrument. All EXAFS spectra
were collected in transmission mode. Powder samples were
pressed into pellets with optimal thickness to ensure good-
quality data. X-ray intensities before and after sample evaluation
were measured using ionization chambers filled with N2. In
addition, a reference spectrum of Au foil for energy calibration
was collected simultaneously with each scan using an additional
ionization chamber. EXAFS oscillations were extracted using
Athena, and fitting of EXAFSdatawasperformedusingArtemis54

and scattering paths generated by the FEFF code (version 6.0).55

The fitting was limited to 2.0�16.0 Å�1 using a Hanning window
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with dk = 1.0 Å�1. The fits were performed to both the real and
imaginary parts of χ(R) in the region of 1.0 < R < 3.5 Å. Similar
analysis was performed on the Au foil to obtain S0

2, the
amplitude reduction factor, for the subsequent determination
of the coordination numbers of the fitted structure of the
samples. Infrared Fourier transform spectra (FT-IR) were re-
corded using a Nicolet 6700 FT-IR spectrometer at a resolution
of 4 cm�1 and scale at 4000�640 cm�1. In situ diffuse reflectance
infrared Fourier transform spectra were recorded using a Nicolet
6700 FT-IR spectrometer at a resolution of 4 cm�1 and scale
of 4000�640 cm�1. Self-supporting disks were prepared from
the sample powders and treated directly in the IR cell. The
catalysts were connected to a vacuum-adsorption apparatus
with a residual pressure below 10�3 Pa. Prior to CO adsorption
(5 vol % CO and N2 in balance), the catalysts were evacuated for
30 min at 200 �C. After flushing with pure He for 10 min, the CO
spectrumwas collected again. Elemental analysis was carried out
on an elemental analyzer (Vario EL III, Elementar). 27Al MAS NMR
spectra were recorded on a Bruker AVANCE III-600 spectrometer
with a 2.5 mm MAS probe at 156.4 MHz with a spinning rate of
30 kHz, 200 scans, and 2 s recycle delay. The chemical shifts were
referenced to the 1% Al(NO3)3 aqueous solution. X-ray photo-
electron spectroscopy (XPS) studies were performed using
monochromatic Al KR radiation (ESCALAB250, thermo VG), and
the binding energies of samples were calibrated by taking the
carbon 1s peak as reference (284.6 eV). The actual gold content
was analyzed using an inductively coupled plasma atomic
emission spectrometer (ICP-AES) on the Optima 2000 DV.
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