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a b s t r a c t
SnO2 crystallites of regular morphology [rhombic dodecahedra (r.d-SnO2), elongated octahedra
(e.o-SnO2), and octahedra (o-SnO2)], together with low-dimensional rod-clusters (r.c-SnO2) and plates
(p-SnO2), were controllably synthesized. Based on (HR)TEM, SEM, and SEAD characterizations, the
SnO2 facets were identified as {1 1 1}, {1 1 0}, and {1 0 1}. Au nanoparticles of 2.2–2.4 nm with narrow
particle size deviation (±0.6–0.7 nm) were monodispersed on the SnO2 substrates. Au/SnO2 interfacial
structures with structurally defined oxide substrate and comparable Au particle size and morphology
were accomplished. The systems achieved made it possible to study the distinct interfaces in catalytic
benzene combustion and methanol oxidation. H2 TPR, O2 TPD, and XPS characterizations revealed that
the specific Au–SnO2 interaction has a strong effect on the reactivity of surface and bulk lattice oxygen,
the oxidation state of surface Sn atoms, and the sort and relative concentration of surface oxygen adspecies. The Au/SnO2{1 1 0} and Au/SnO2{1 0 1} interfaces favor selective oxidation of methanol, whereas
Au/SnO2{1 1 1} enhances total oxidation of both benzene and methanol. These interfacial structures were
rather stable in both reactions. Through structural analysis of SnO2 facets, the evolution of active oxygen
species and the possible reaction pathways of benzene combustion have been proposed. The involved
reaction pathways are notably influenced by the specific Au/SnO2 interfacial structure and the nature
of the reactant molecule, as well as the reaction temperature. The current study gained insight into the significance of specific Au/SnO2 facets determining the catalytic activity of benzene and methanol oxidation.
Ó 2017 Elsevier Inc. All rights reserved.

1. Introduction
In recent years, nanostructures with specific morphologies and
facets have been fabricated, which demonstrate different behavior
in various reactions [1–7]. Without controllable synthesis, oxide
support is generally in a polycrystalline state, dispersion of metal
particles on the support surface is highly random, and the observed
metal–support interaction is an average of various metal-oxide
interfacial effects. Because of this complexity at the metal/support
interface, understanding inherent metal–support interactions is
rather challenging.
This development in the synthesis of nanomaterials has provided opportunities to gain deep insight into the metal–support
interaction. Controllable synthesis of nanocrystals with structurally defined facets is considered an important prerequisite for
better understanding of catalytic chemistry over different surfaces
and/or interfaces [8–11]. Oxide nanoparticles (NPs) with certain
⇑ Corresponding author. Fax: +86 25 83317761.
E-mail address: jiwj@nju.edu.cn (W. Ji).
http://dx.doi.org/10.1016/j.jcat.2016.12.023
0021-9517/Ó 2017 Elsevier Inc. All rights reserved.

dimensions and morphology can be obtained through a controlled
synthetic approach. The oxide facet structure can be identified by
means of high-resolution transmission electron microscopy
(HRTEM). Therefore, different interfacial structures can be assembled upon deposition of precious metal particles onto regularly
shaped metal oxide substrates. This is very helpful in studying
the actual metal-support interaction as well as the related catalytic
mechanism.
Tin dioxide (SnO2) is an important n-type semiconductor with a
wide band gap. Because of its unique physical and chemical properties, it has been extensively studied for various applications,
including semiconductor sensors [12], batteries [13], and catalysts
[14–23]. It was found that the performance of SnO2 greatly
depends on its morphology and facet structure, and the observation motivated extensive studies on synthesis and application of
a variety of morphologically distinctive SnO2 nanostructures [24–
27], especially those reported by Zheng’s group [25–27].
Early examples of gold catalysis were made in the 1970 s. Bond
and Sermon [28], as well as Parravano and co-workers [29,30],
reported that olefin hydrogenation, hydrogen/carbon monoxide

184

W. Jiang et al. / Journal of Catalysis 349 (2017) 183–196

oxidation, and NO reduction by H2 could be catalyzed by small Au
particles supported on SiO2, MgO, and Al2O3, although their activities were not high. There were two breakthroughs in Au catalysis
[31]: in 1985, Hutchings observed that nanosized Au particles were
the most active for vapor phase hydrochlorination of acetylene
[32]; and in 1987, Haruta et al. reported the remarkably high activity of supported Au catalysts for low-temperature CO oxidation
[33]. Since then, Au catalysts of different types have been continuously developed for various reactions [34–38]. It is generally recognized that not only the Au NPs but also the generated Au-oxide
interfaces and the involved Au-oxide interaction are critical to catalyst activity [39–48]. Recently, Kung and co-workers [49]
reviewed the Au-metal oxide support interface as an active site
for CO oxidation, water gas shift reaction, and selective oxidation
of propane. Although many studies have focused on the role of
the particle size and electron density of Au clusters, there is a tendency to shift attention to the function of the Au-oxide boundary/
interface. Carley et al. [50] recently investigated CO oxidation on
Au/Fe2O3 and found that oxygen molecules dissociatively coadsorbed with CO on the boundary Au atoms where oxidation
underwent. It is technically challenging, however, to establish clear
interface structure for in-depth understanding of the effect of Auoxide interfacial structure on target reactions. So far, there are limited examples of Au/SnO2 systems reported [51–53], most of the
SnO2 substrates were polycrystallites, and the metal-oxide interfaces were not structurally controlled.
In recent years, catalytic removal of VOCs over metal oxides and
metal oxide-supported metals has gained great interest. Among
various reports [54–62], Taylor’s [56–59] and Liotta’s [60–62]
groups made significant progresses in this field. In this study, morphologically uniform rhombic dodecahedra, elongated octahedra,
and SnO2 octahedra were first synthesized, and then Au deposition
with a narrow particle size distribution on these substrates was
achieved to obtain unique Au/SnO2 interfaces. The catalytic behavior of the resulting interfaces in benzene combustion/methanol
oxidation was compared in detail. Low-dimensional SnO2 rodclusters and SnO2 plates were also prepared for comparison.
Insights into the significance of specific Au/SnO2 interfaces determining the catalytic activity of two target reactions were gained.

2. Experimental
2.1. Catalyst preparation
2.1.1. Reagents
SnCl45H2O,
aqueous
tetramethylammonium
hydroxide
(TMAH; 25%), anhydrous alcohol (99.7%), ammonia solution (25–
28%), HAuCl44H2O, SnSO4, and NaF were purchased from Sinopharm Chemical Regent Company Limited (Shanghai) and used
as received without further purification.

2.1.2. Synthesis of SnO2 rhombic dodecahedra (r.d-SnO2)
Tetramethylammonium hydroxide solution [w(H2O):w(TMAH
25%, aq) = 55:25.11] was added dropwise to a conical flask containing 12 ml of aqueous solution of SnCl45H2O (1.4024 g) employing
a constant pressure drop funnel. The mixture was continuously
stirred for 6 h and then divided into two parts, transferred into a
60 ml Teflon-lined stainless steel autoclave, and subjected to
hydrothermal treatment at 200 °C for 12 h. After the autoclave
was cooled to room temperature (RT), the precipitate was collected
via centrifugation and washed repeatedly with distilled water. The
sample was dried at 80 °C for 12 h and calcined in air at 400 °C for
3 h (with a heating rate of 1 °C min 1 from RT).

2.1.3. Synthesis of SnO2 elongated octahedra (e.o-SnO2) and octahedra
(o-SnO2)
Tetramethylammonium hydroxide solution [w(H2O):w(TMAH
25%, aq) = 43:24.82 and 40:30.65] was added dropwise, employing
a constant-pressure-drop funnel, to a conical flask containing a
25 ml mixture of H2O and ETOH (v:v = 12:13) in which 1.4024 g
SnCl45H2O was dissolved, and the mixture was continuously stirred for 12 h. The following steps were the same as those employed
in synthesis of r.d-SnO2.
2.1.4. Synthesis of SnO2 plates (p-SnO2)
Tetramethylammonium hydroxide solution [w(H2O):w(TMAH
25%, aq) = 56.98:21.90] was added dropwise, employing a
constant-pressure-drop funnel, to a conical flask containing 12 ml
aqueous solution of SnSO4 (1.074 g), and the mixture was continuously stirred for 5 h. The following steps were the same as those
employed in synthesis of r.d-SnO2.
2.1.5. Synthesis of SnO2 rod-clusters (r.c-SnO2)
SnCl45H2O, 1.050 g, and NaF, 0.12 g, were dissolved in 20 ml of
H2O and ETOH (v:v = 1:1) in a conical flask. A volume of 60 ml
NaOH (1.280 g) ethanol–water solution [v(H2O):v(ETOH) = 1:1]
was added dropwise to the conical flask, and the mixture was continuously stirred for 4 h. The mixture was divided into two parts,
transferred into a 60 ml Teflon-lined stainless steel autoclave,
and subjected to hydrothermal treatment at 200 °C for 24 h. After
the autoclave was cooled to RT, the precipitate was collected via
centrifugation and washed repeatedly with 5 wt.% ammonia solution and distilled water. The following steps were the same as
those employed in the synthesis of r.d-SnO2.
2.1.6. Preparation of Au-loaded samples
A controlled deposition–precipitation process was employed to
load Au species onto various SnO2 substrates. A certain amount of
SnO2 was dispersed in distilled water, and then a HAuCl44H2O
solution (0.0085 mol L 1) was added slowly with a nominal Au
loading of 2 wt.%. A diluted ammonium solution was added into
the suspension to adjust the pH value to 9. After that, the mixture
was put into a water bath, kept at 50 °C, and continuously stirred
for 3 h. The product was collected by centrifugation and dried at
RT overnight. The dried sample was further calcined at 250 °C for
2 h (with a heating rate of 1 °C min 1 from RT). The Au content
measured by ICP-AES is 1.7–1.8 wt.% for the five Au-loaded
samples.
2.2. Materials characterization
X-ray diffraction (XRD) measurements were conducted on a
Bruker D8 Advance X-ray diffractometer with Co Ka radiation
(k = 0.1790 nm). Au content was measured using ICP-AES on a JA1100 Versa Probe spectrometer.
TEM images were taken with a JEOL JEM-1010 microscope operated at 100 kV. HRTEM images and SAED were taken with a JEOL
JEM-2010 microscope operated at 200 kV to determine the Au particle size distribution and exposed crystal facets of different SnO2
substrates.
N2 adsorption measurements were performed on a NOVA-2020
material physical structure determinator. Before measurement,
samples were degassed at 300 °C for 4 h. BET surface areas were
calculated based on a multipoint BET analysis of the nitrogen
adsorption isotherms.
Hydrogen temperature-programmed reduction (H2 TPR) was
carried out using a U-shaped quartz reactor. The catalyst
(100 mg) was first pretreated in a He stream (40 ml min 1) at
120 °C for 2 h. After the temperature was lowered to RT, the sample was heated to 950 °C at a rate of 10 °C min 1 in a 5% H2–Ar flow
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(40 ml min 1), and the dehydrated effluent gas was analyzed using
a thermoconductivity detector (TCD).
Oxygen temperature-programmed desorption (O2 TPD) was
also carried out using the U-shaped quartz reactor. The catalyst
(200 mg) was pretreated in an Ar stream at 450 °C for 1 h, and oxygen adsorption proceeded by switching to a pure O2 stream for
15 min. After being cooled to RT, the sample was purged with an
Ar flow (40 ml min 1) until the baseline of the signal was steady.
The sample was then heated to 650 °C at a rate of 10 °C min 1 in
the Ar flow (40 ml min 1), and the effluent gases were analyzed
by TCD.
X-ray photoelectron spectroscopy (XPS) analysis was performed
on a PHI 5000 Versaprobe system using monochromatic Al Ka radiation (1486.6 eV) at 25 W. The sample was degassed overnight at
RT in a UHV chamber (<5  10 7 Pa). All binding energies (BEs)
were referenced to the C1s peak at 284.6 eV.
2.3. Catalyst activity
A catalyst of 200 mg (40–60 mesh) was placed in a fixed-bed
quartz tube reactor and evaluated in benzene combustion and
methanol oxidation at atmospheric pressure. Before the reactions,
sample was kept in a flow of air (60 ml min 1) at 200 °C for 1 h.
Benzene vapor was carried by an air stream bubbling in a benzene
saturator stationed in a constant-temperature water bath at 6 °C
(0 °C for methanol). The benzene-saturated air was further diluted
by another air stream before reaching the catalyst bed. The concentration of benzene in the feed was controlled at 2000 ppm by
adjusting the flow rate of the air stream passing through the saturator. The total flow rate was 60 ml min 1. The way of importation
of methanol vapor was the same as for benzene but the total flow
rate was 40 ml min 1, and the concentration of methanol was 0.8%.
The unreacted reactants and products were analyzed online
using a gas chromatograph (GC-122) equipped with a HP FFAP column (0.32 mm  25 m) and a flame ionization detector. The permanent gas products were analyzed online by another gas
chromatograph equipped with a packed column of Alltech Hayesep
D HP and a TCD. The differences between the inlet and outlet concentration of benzene (or methanol) was used to calculate conversion data. Without the use of a catalyst, the reactivity was
negligible under the conditions adopted in the present work.
Repeated activity measurements were performed on the same
as well as different batches of catalyst. In both cases, the experimental error in activity measurement is ±1.0–1.5% for the various
SnO2 substrates and ±1.0–2.0% for the Au/SnO2 catalysts in the
applied temperature ranges, notably less than the inherent deviation in activity among the SnO2 substrates or Au/SnO2 catalysts.
Both the SnO2 substrates and the Au species were active for the
reaction, the TOFs of Au-loaded samples were thus estimated,
based on the total surface areas of samples rather than those of
SnO2 or Au individuals, which were determined by physisorption
of N2 at 77 K (BET). A certain temperature was chosen to achieve
appropriate levels of benzene or methanol conversion in comparison of reaction rates.
3. Results and discussion
3.1. Crystal phase/specific surface area determination: XRD/N2
adsorption measurements
According to the XRD patterns of different samples shown in
Fig. 1, only the rutile phase of SnO2 with cell constants
a = b = 0.4738 nm and c = 0.3187 nm (JCPDS No. 01-070-4175) can
be identified. When r.d-SnO2 is transformed into o-SnO2, the predominant {1 1 0} facet changes to the {1 1 1} one, and the strongest
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peak indexed to the {1 1 0} facet becomes the second strongest;
meanwhile, the peak indexed to the {1 1 1} facet further enhances
its intensity. The trends observed in the XRD patterns are like those
in the SAED patterns (Section 3.2) upon morphology alteration.
With Au deposition, there is no change in SnO2 phase structure.
N2 adsorption–desorption isotherms of the various SnO2 substrates and Au-loaded samples were measured. They all showed
type II (V) inconspicuous hysteresis loops (not shown). The BET
surface areas are in the range of 3.5–12.1 m2 g 1 (Table 1), coincident with the nature of high crystallinity of SnO2 substrates at the
submicrometer scale.
3.2. Morphology/structure determination: SEM/(HR)TEM/SAED
Fig. 2 illustrates morphologically uniform r.d-SnO2, e.o-SnO2, oSnO2, r.c-SnO2, and p-SnO2. SnO2 is an amphoteric oxide; the precursor Sn(OH)4 is easily obtained from hydrolysis of Sn4+ in aqueous solution and the hydrolysis rate can be accelerated in a weak
base environment. Once the concentration of OH is beyond a limitation, the precursor will be dissolved in solution again. This characteristic lays a basis for synthesizing morphology-controlled SnO2
crystallites through a wet chemical process.
As for regularly shaped SnO2, r.d-SnO2 was synthesized by a
simple hydrothermal route using deionized water as solvent,
SnCl45H2O as Sn source, and TMAH as basicity tuner. By controlling the amount of TMAH and introducing ethanol as a cosolvent, a series of SnO2 crystals including r.d-SnO2, e.o-SnO2,
and o-SnO2 were successfully synthesized. r.d-SnO2 and o-SnO2
show similar size distributions (100–250 nm), while e.o-SnO2 is
smaller (100–150 nm).
By using SnSO4 as a Sn source, morphologically uniform p-SnO2
can be obtained; the width is nearly 150 nm and the central thickness 40 nm. For comparison, r.c-SnO2 was prepared via a hydrothermal approach in which sodium hydroxide was employed as a
precipitant and F as a morphology modifier. The r.c-SnO2 comprises
clustered nanorods, each one showing a diameter of 50–100 nm.
Fig. 3a1–e1 shows the selected area electron diffraction (SAED)
patterns and the corresponding TEM images of different samples.
All the SAED patterns can be indexed to the single-crystal tetragonal SnO2, showing high crystallinity of samples. Pattern a1 can be
indexed to r.d-SnO2 enclosed by eight {1 0 1} facets and four {1 1 0}
facets projected along the [0 0 1] zone axis. Pattern b1 can be
indexed to e.o-SnO2 enclosed by eight {1 1 1} facets and four narrow {1 1 0} facets projected along the [0 0 1] zone axis. Pattern c1
can be indexed to o-SnO2 fully enclosed by eight {1 1 1} facets projected along the [ 1 1 3] zone axis. Pattern d1 can be indexed to the
epitaxially grown single crystal SnO2 nanorods enclosed by four
tiny {1 1 1} facets and four longer {1 1 0} facets projected along
the [1 3 1] zone axis. It is difficult to determine the precise exposed
facet of p-SnO2. Based on pattern e1, a specific direction perpendicular to the plate center is parallel to the [0 0 1] axis, like the square
plates with the undeveloped regular narrow {1 1 0} side planes. In
view of the TEM/HRTEM images (the inset of Fig. 3e2), there are
{0 0 1} planes with interlayer distance 0.32 nm, confirming the
above deduction.
Based on the axis direction, exposed facet, and geometric
arrangement, 3D atomic structure models have been established
accordingly (Fig. 3a2–e2). One can figure out that the models match
well with the real SnO2 substrate crystals. Moreover, the simulated
SAED patterns (Fig. 3a3–e3) from the models are also perfectly
coincident with the measured SAED patterns (Fig. 3a1–e1).
The TEM/HRTEM images of the Au-loaded SnO2 samples are
shown in Figs. 4 and S1. With a controlled deposition–precipitation
approach, Au NPs of similar morphology and size are uniformly
dispersed on the facets of regularly shaped r.d-SnO2, e.o-SnO2,
o-SnO2, and low-dimensional r.c-SnO2 and p-SnO2, without notice-
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Fig. 1. XRD patterns of r.d-SnO2, e.o-SnO2, o-SnO2, p-SnO2, and r.c-SnO2, as well as the Au-loaded samples.

Table 1
BET surface areas of the SnO2 substrates and the Au-loaded samples.
Sample

BET surface area
(m2 g 1)

Sample

BET surface area
(m2 g 1)

r.d-SnO2
e.o-SnO2
o-SnO2
p-SnO2
r.c-SnO2

3.9
6.7
3.5
12.1
4.8

Au/r.d-SnO2
Au/e.o-SnO2
Au/o-SnO2
Au/p-SnO2
Au/r.c-SnO2

3.9
6.6
3.5
12.0
4.6

able substrate preferential deposition (Fig. 4a1–e1). It is worth
pointing out that controlling the basicity of the suspension using
a diluted ammonium solution is crucial for achieving a small yet
uniform Au size dispersion. Statistical analysis of the Au particles
over the Au-loaded samples (Fig. 4a2–e2) indicate that the Au particle sizes are rather close to each other: 2.3 ± 0.7 nm on r.d-SnO2,
2.2 ± 0.6 nm on e.o-SnO2, 2.3 ± 0.6 nm on o-SnO2, 2.3 ± 0.7 nm on r.
c-SnO2, and 2.4 ± 0.7 nm on p-SnO2. In other words, the Au entities

on various SnO2 substrates are essentially identical in size
(approximately 2.3 nm) and have similar particle size deviations
(0.6–0.7 nm). Bear in mind that this is an important feature of Au
entities to accomplish the Au/SnO2 interfaces and simplifies the
effect of Au when the interfacial effects of different Au/SnO2 facets
are compared.
3.3. Catalytic activity
3.3.1. Catalytic combustion of benzene
Catalytic benzene combustion was employed as the first target
reaction to evaluate the activity of the Au/SnO2 interfacial structures. Differently from CO, benzene is a highly symmetrical molecule, and more stable than CO. A benzene probe can more
effectively differentiate the catalytic behavior of various SnO2 substrates and Au/SnO2 interfaces.
Clearly, the SnO2 substrate facets show a direct impact on benzene combustion (Fig. 5). Shown in Fig. 5I, p-SnO2 outperforms
e.o-SnO2, o-SnO2, r.c-SnO2, and r.d-SnO2. According to Fig. 5II, there

Fig. 2. SEM images of (a) r.d-SnO2, (b) e.o-SnO2, (c) o-SnO2, (d) r.c-SnO2, and (e) p-SnO2. The insertions at the right of the SEM images are schematic illustrations of structures.
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Fig. 3. SAED patterns of (a1) r.d-SnO2, (b1) e.o-SnO2, (c1) o-SnO2, (d1) r.c-SnO2, and (e1) p-SnO2 and TEM images of the corresponding particles. Three-dimensional atomic
structure models of morphologically different substrates, (a2) r.d-SnO2, (b2) e.o-SnO2, (c2) o-SnO2, (d2) r.c-SnO2, and (e2) p-SnO2, and the corresponding simulated SAED
patterns (a3–e3).
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Fig. 4. TEM images of (a1) Au/r.d-SnO2, (b1) Au/e.o-SnO2, (c1) Au/o-SnO2, (d1) Au/r.c-SnO2, and (e1) Au/p-SnO2 and (a2–e2) the corresponding Au particle size distributions.

is the following order in the activity of benzene combustion
over
the
Au-loaded
samples:
Au/p-SnO2 > Au/e.o-SnO2 >
Au/o-SnO2 > Au/r.c-SnO2 > Au/r.d-SnO2. Note that the observed
activity order is per unit mass of catalyst.

We calculated the specific rates for benzene oxidation at different temperatures (340, 350, and 360 °C), and we present the data
for 360 °C as representative. The same trend in the TOF values
(as well as the rates) has been observed at different temperatures.
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Fig. 5. Temperature dependence of benzene conversion over (I) various SnO2 substrates and (II) Au/SnO2 interfaces: (a1) p-SnO2, (b1) e.o-SnO2, (c1) o-SnO2, (d1) r.c-SnO2, (e1)
r.d-SnO2, (a2) Au/p-SnO2, (b2) Au/e.o-SnO2, (c2) Au/o-SnO2, (d2) Au/r.c-SnO2, and (e2) Au/r.d-SnO2. (III) Comparison of the TOF values of benzene combustion over the SnO2
substrates and Au/SnO2 interfaces.

The specific rates of benzene conversion at 360 °C are found to be
54.2, 40.3, 20.2, 29.1, and 22.4 lmol m 2 h 1 over o-SnO2, e.oSnO2, r.d-SnO2, p-SnO2, and r.c-SnO2, respectively (Table 2). Upon
Au loading, the specific rates at 360 °C turn to be 183.2, 146.1,
77.1, 103.1, and 87.0 lmol m 2 h 1, respectively, over Au/o-SnO2,
Au/e.o-SnO2, Au/r.d-SnO2, Au/p-SnO2, and Au/r.c-SnO2.
In Fig. 5III, an activity comparison is made based on the TOF values. To establish a clear structure–performance correlation, only
the SnO2 substrates and Au/SnO2 interfaces with the fully defined
facet structures were directly compared. Note that there are similar trends in activity order observed over the SnO2 substrates and
the Au-loaded samples. Considering a comparable feature of Au
NPs on the SnO2 substrates, one may infer that the morphological
impact of each SnO2 substrate on the reaction is retained for the

Table 2
Comparison of benzene combustion activity over the SnO2 substrates and the Auloaded samples.
Sample

Conv. (%, 360 °C)

TOF (lmol m

Au/o-SnO2
Au/e.o-SnO2
Au/r.d-SnO2
Au/p-SnO2
Au/r.c-SnO2
o-SnO2
e.o-SnO2
r.d-SnO2
p-SnO2
r.c-SnO2

39.9
60.0
18.7
77.0
29.2
11.8
16.8
4.9
21.9
6.7

183.2
146.1
77.1
103.1
87.0
54.2
40.3
20.2
29.1
22.4

2

h

1 a

)

a
For the SnO2 substrates, the benzene conversions at 360 °C (the conversion level
is in the range 4.9–21.9%) were used to calculate the TOFs, while for the Au-loaded
samples, the benzene conversions at 360 °C (the conversion level is in the range
18.7–60.0%) were also used to calculate the TOFs. The TOF values are calculated on
the basis of the specific surface area of the sample.

corresponding Au/SnO2 interface. In other words, the enhanced
activity should be attributed to the effect of Au/SnO2 interfacial
structures for which the electronic modification of Au NPs and
the structure of SnO2 substrate have a joint effect.
The apparent activation energies for benzene oxidation are estimated over three SnO2 substrates, where each facet structure is
fully determined, and three corresponding Au-loaded samples. A
low conversion level is chosen for each sample and the resulting
Arrhenius plots are shown in Fig. 6. An excellent linear fit
(R2 = 0.99) is obtained in each case and the Ea is found to be 68.5,
80.8, and 85.6 kJ mol 1 for Au/e.o-SnO2, Au/o-SnO2, and Au/r.dSnO2, respectively, and 88.0, 94.7, and 118.3 kJ mol 1 for e.oSnO2, r.d-SnO2, and o-SnO2, respectively. The ln A value increases
from 21.5 to 29.4 following the same sample series. Based on these
results, one can infer that the more propitious states may account
for the enhanced activities over the samples such as Au/e.o-SnO2
and e.o-SnO2.
When the different facets and their fractions in surface area are
taken into consideration (Table 3), one can also estimate the corresponding specific rates of benzene conversion on certain SnO2 substrates and the corresponding Au-loaded samples. Here, the
samples of o-SnO2, e.o-SnO2, r.d-SnO2, Au/o-SnO2, Au/e.o-SnO2,
and Au/r.d-SnO2 are selected as examples, and the results are summarized in Table 4. Clearly, the SnO2 {1 1 1} facets show the highest
activity (54.2 lmol m 2 h 1), followed by the {1 0 1} ones
(39.5 lmol m 2 h 1) and the {1 1 0} ones (9.4 lmol m 2 h 1), while
Au/SnO2{1 1 1} (183.2 lmol m 2 h 1) is the most active, followed
by Au/SnO2{1 0 1} (101.2 lmol m 2 h 1) and Au/SnO2{1 1 0}
(63.5 lmol m 2 h 1).
3.3.2. Methanol oxidation
Catalytic behavior would change to a certain extent if a polar
reactant such as methanol was used instead of a nonpolar reactant
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Fig. 6. Arrhenius plots over e.o-SnO2, o-SnO2, r.d-SnO2, Au/e.o-SnO2, Au/o-SnO2,
and Au/r.d-SnO2. A conversion level of 4.4–23.9% was employed to make Arrhenius
plots and to calculate apparent activation energies.

Table 3
Facet fraction of {1 1 0}, {1 0 1}, and {1 1 1} over the three SnO2 substrates, estimated
by TEM/SEM observations.
Sample

o-SnO2
e.o-SnO2
r.d-SnO2

Facet fraction (%)
{1 1 0}

{1 0 1}

{1 1 1}

–
31
64

–
–
36

100
69
–

Note: The facet fractions of {1 1 0}, {1 0 1}, and {1 1 1} on the SnO2 substrates are
assumed to be unchanged at the Au/SnO2 interfaces.

Table 4
Specific rates of benzene conversion over various facets and interfaces.
Facets/interfaces

TOF (lmol m

SnO2{1 1 1}
SnO2{1 0 1}
SnO2{1 1 0}
Au/SnO2{1 1 1}
Au/SnO2{1 0 1}
Au/SnO2{1 1 0}

54.2
39.5
9.4
183.2
101.2
63.5

2

h

1

, 360 °C)

such as benzene. This is because there is competitive adsorption of
polar functional groups (such as –OH) with O2 over the Au NPs and
the surface coordinately unsaturated Snd+ sites [63]. Here, we studied low-temperature methanol oxidation as another target reaction. For methanol oxidation, the involved reaction pathways are
more complicated: complete plus partial oxidations. To clarify
the structure–performance relationship, only those SnO2 substrates and Au/SnO2 interfaces with fully defined facet structures
were measured and directly compared. The results are shown in
Fig. 7 and Table S1.
Obviously, the facet structure of SnO2 substrates also showed a
notable effect on methanol oxidation, but with variation in the
temperature dependence of the activity. At temperatures below
90 °C, there is an order in methanol conversion: Au/r.dSnO2 > Au/e.o-SnO2 > Au/o-SnO2; in the temperature range 90–
120 °C, the following order is observed: Au/e.o-SnO2 > Au/r.dSnO2 > Au/o-SnO2; and beyond 120 °C, the activity order becomes
Au/e.o-SnO2 > Au/o-SnO2 > Au/r.d-SnO2.
The product analysis indicates that there are two main reaction
pathways at elevated temperatures. At low reaction temperatures,
oxygenates (formaldehyde, formic acid, and methyl formate) are
the major products, while CO2 is a minor one. Selective oxidation

is predominant at low temperatures. The opposite situation occurs
at high reaction temperatures. These observations clearly reveal
that the reaction pathway is determined by not only the specific
Au/SnO2 interfacial structure but also by the nature of the reactant
molecule, as well as the reaction temperature. It appears that the
Au/SnO2{1 1 0} and Au/SnO2{1 0 1} interfaces have a strong potential for selective oxidation of methanol, whereas Au/SnO2{1 1 1} is
more active for complete oxidation.
To clarify the contribution of the SnO2 substrate to the catalytic
behavior of Au/SnO2 interfaces in methanol oxidation, the reaction
was also conducted over the SnO2 substrates without Au. It was
found (Fig. 8 and Table S2) that the substrates showed the following order in methanol conversion when reaction temperature was
below 160 °C: o-SnO2 > e.o-SnO2 > r.d-SnO2. In the range 160–
320 °C, e.o-SnO2 outperforms o-SnO2, and e.o-SnO2 is the most
active according to T100(methanol) = 280 °C. On the other hand,
o-SnO2 is still the most active for complete methanol oxidation
in terms of T100(CO2) = 320 °C. Therefore, the {1 1 1} facet is the
most capable of combusting methanol.
However, the potential for producing oxygenates was considerably different over three SnO2 substrates: o-SnO2 and e.o-SnO2
notably outperform r.d-SnO2. The {1 1 1} facets are obviously more
active than the {1 0 1} and {1 1 0} facets for oxygenates formation.
Clearly, this is not the case on the corresponding Au/SnO2 interfaces. In terms of the maximum yield of oxygenates, one can
observe the order e.o-SnO2 (23.6%) > o-SnO2 (13.5%) > r.d-SnO2
(3.6%), suggesting that when the {1 1 0} and {1 1 1} facets are
assembled, the complete oxidation pathway on the {1 1 1} facets
becomes weakened, while the partial oxidation pathway is notably
enhanced. Note also that CO was only generated on e.o-SnO2 and r.
d-SnO2, with a yield of 66.4% and 63.3%, respectively (Fig. 8d).
The results shown in Fig. 9 clearly demonstrate that the presence of Au on SnO2 substrate dramatically alters the reaction pathway and consequently the product distribution; meanwhile, the
substrate surface also shows an impact on the product distribution
in methanol oxidation.
We tried to fabricate amorphous SnO2 as a reference substrate,
but unfortunately, the effort was in vain. SnO2 polycrystallites of
random morphology rather than amorphous SnO2 were obtained.
In SnO2 polycrystallites, however, the structures of the SnO2 facet
and Au/SnO2 interface are unclear and indefinite. In the case of
amorphous SnO2, the structural regularity decreases significantly,
while the structure defects increase obviously. Technically, the
number of defects cannot be accurately determined; therefore, it
is not possible to figure out the contribution of the defects to the
overall catalytic activity. In fact, we purchased a SnO2 sample from
Aladdin Reagent (Shanghai) (S105111, CAS18282-10-5, 25 g) and
prepared the Au-loaded sample. XRD investigation indicates that
this SnO2 has the lowest diffraction intensity compared to all the
SnO2 substrates synthesized in the current study (not shown).
TEM observation reveals that the purchased SnO2 has an irregular
particle morphology with a particle size of 50–70 nm and is notably smaller than the self-made SnO2 (Fig. S2). On this SnO2, the Au
particle size is approximately 1.8 ± 0.7 nm, close to that observed
on the regularly shaped SnO2 of this study. The purchased SnO2
and the Au-loaded sample were employed in methanol oxidation
which is thought to be more structure-demanding: both complete
and partial oxidation is involved. In view of the temperature
dependence of various product yields (Fig. S3), one could further
infer that the facet structure of SnO2 is crucial to the catalytic performance of the SnO2 substrate and Au/SnO2 interface.
3.4. Redox properties: H2 TPR
The redox properties of SnO2 and Au/SnO2 were studied by
means of H2 TPR, and the results are shown in Fig. 10. The H2
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Fig. 7. Methanol oxidation over Au/o-SnO2, Au/e.o-SnO2, and Au/r.d-SnO2: (a) conversion of methanol, (b) yield of CO2, and (c) yield of oxygenates.

Fig. 8. Methanol oxidation over o-SnO2, e.o-SnO2, and r.d-SnO2: (a) conversion of methanol, (b) yield of CO2, (c) yield of oxygenates, and (d) yield of CO.

TPR profiles of SnO2 substrates and Au-loaded samples show broad
reduction peaks in the 450–900 °C range, attributable to the reduction of bulk lattice oxygen [15,16]. Deposition of Au NPs promotes

the reduction of the SnO2 substrate, as reflected by a decrease of
40–90 °C in reduction temperature. The reduction temperature for
Au-free SnO2 substrates and Au-loaded samples has the following
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Fig. 9. Comparison of the TOF values of CO2, CO, and oxygenates formation over the SnO2 substrates and Au/SnO2 interfaces at certain temperatures.

order in reduction temperature (Fig. 10a and b): Au/r.c-SnO2 <
Au/e.o-SnO2 < Au/p-SnO2 < Au/o-SnO2 < Au/r.d-SnO2 < r.c-SnO2 < e.oSnO2 < p-SnO2 < o-SnO2 < r.d-SnO2. It appears that the reduction of
lattice oxygen in the SnO2 substrate is associated with the dimension of the SnO2 substrate. Note also that the Au-SnO2 interaction
varies with the combination of Au-SnO2 facets, as evidenced by the
peak temperature shift between the SnO2 substrates and the
corresponding Au-loaded samples.
A direct comparison can be made based on the relative reduction temperature and peak area assigned to surface oxygen species
of each sample (Fig. S4). The reducibility of surface oxygen species
over the SnO2 substrates and Au/SnO2 catalysts follows the order
Au/e.o-SnO 2 > Au/o-SnO2 > Au/r.d-SnO2 > e.o-SnO2 > o-SnO2 > r.dSnO2. In terms of start and maximum reduction temperatures, the
reactivity of surface oxygen species over the SnO2 substrates
and Au/SnO2 catalysts shows the approximate order Au/e.oSnO2  Au/o-SnO2 > Au/r.d-SnO2 > e.o-SnO2  o-SnO2 > r.d-SnO2.
Moreover, upon calibration of the detector and according to the
area of reduction peaks, the ratio of reduced surface lattice oxygen
to all lattice oxygen over various samples can be estimated: 0.82%,
0.80%, 0.76%, 0.66%, 0.65%, and 0.62% for Au/e.o-SnO2, Au/o-SnO2,
Au/r.d-SnO2, e.o-SnO2, o-SnO2, and r.d-SnO2, respectively. All these
findings demonstrate that the reactivity and reducibility of surface
oxygen species vary with the facet structure of SnO2 substrates and
the association of Au clusters with SnO2 facets. The observed
sequences also fit well with the tendencies in the catalytic activity
of samples.
3.5. Surface oxygen species: O2 TPD
O2 TPD profiles of the SnO2 substrates and the Au-loaded samples are illustrated in Fig. 11. Desorption peaks below 400 °C can be
ascribed to the oxygen adspecies (On ), such as O2 and O ; desorption peaks between 430 and 540 °C can be attributed to the coordinately unsaturated surface lattice oxygen species; and

desorption peaks above 540 °C can be attributed to the coordinately saturated surface lattice oxygen [17]. We compared in parallel the area of desorption peaks within a certain temperature
range and attempted to figure out a tendency over the sample series. Desorption of surface lattice oxygen dominated on the SnO2
substrates, and the amounts of adsorbed oxygen species on the
SnO2 substrates can also be compared (Fig. 11a): p-SnO2 > e.oSnO2 > o-SnO2 > r.c-SnO2 > r.d-SnO2. The amount of On
is
increased by the presence of Au, especially on Au/e.o-SnO2, Au/
o-SnO2, and Au/r.c-SnO2. On the basis of per unit mass of sample,
there is an order in amounts of adsorbed surface oxygen on the
Au-loaded samples (Fig. 11b): Au/p-SnO2 > Au/e.o-SnO2 > Au/
o-SnO2 > Au/r.c-SnO2 > Au/r.d-SnO2.
Au deposition on the facets of the SnO2 substrate could activate
the sites at the Au-SnO2 boundary where oxygen adsorption occurs
[48]. Note that Au/p-SnO2 shows the largest amount of adsorbed
oxygen species, implying that the coordinately unsaturated surface
Snd+ cations (i.e., the surface oxygen vacant sites) may play a critical role in oxygen adsorption and activation.
3.6. Surface oxidation state and elemental concentration: XPS
The XPS technique was employed to further characterize the
surface composition and chemical state of SnO2 substrates and
Au/SnO2 interfaces; the results are shown in Fig. 12 and Table 5.
The Au4f7/2 and Au4f5/2 BEs of Au/r.d-SnO2 are 82.5 and 86.2 eV,
respectively; while that of Au/e.o-SnO2 and Au/o-SnO2 are 82.4,
86.1, 82.6, and 86.2 eV, respectively. The doublet separations
between Au4f7/2 and Au4f5/2 of three samples are found to be the
same (3.7 eV, Fig. 12a). The Au4f7/2 BEs are considerably lower than
84.0 eV, a typical value for metallic Au0 [64]. Studies on the model
catalysts demonstrated that the Au4f BE of ultrafine Au particles
increases with decreasing Au particle size, while the charge transfer from reducible oxide supports to the Au NPs can counteract this
effect. Therefore, a strong interaction between Au NPs and oxygen

Fig. 10. (a and b) H2 TPR profiles of the r.d-SnO2, e.o-SnO2, o-SnO2, p-SnO2, r.c-SnO2 substrates and the Au-loaded samples.
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Fig. 11. (a and b) O2 TPD profiles of the r.d-SnO2, e.o- SnO2, o-SnO2, p-SnO2, and r.c-SnO2 substrates as well as the Au-loaded samples.

Fig. 12. (a) Au4f XPS spectra of Au/r.d-SnO2, Au/e.o-SnO2, and Au/o-SnO2; (b) O1s XPS spectra of r.d-SnO2, e.o-SnO2, o-SnO2, and the Au-loaded samples; (c) Sn3d5/2 XPS
spectra of r.d-SnO2, e.o-SnO2, o-SnO2, and the Au-loaded samples.

Table 5
The binding energy of O1s and Sn3d5/2 and the relative concentrations of surface O and Sn species on r.d-SnO2, e.o-SnO2, o-SnO2, and the corresponding Au-loaded samples.
Samples

Binding energy (eV)

Relative concentration

O1s
OL–Sn
r.d-SnO2
e.o-SnO2
o-SnO2
Au/r.d-SnO2
Au/e.o-SnO2
Au/o-SnO2

/
/
529.6
529.6
529.6
529.6

Sn3d5/2
d+

4+

d+

OL–Sn /On

OH/CO3

Sn /Sn

531.0
531.0
531.0
531.0
531.2
531.1

532.6
532.6
532.6
532.6
532.6
532.6

/
/
485.8
485.7
485.7
485.8

4+

Sn

OL–Snd+

OL–Sn4+/On

OH/CO3

O/Sn ratio

/
/
0.51
0.60
0.46
0.61

0.65
0.48
0.38
0.31
0.43
0.29

0.35
0.52
0.11
0.09
0.11
0.10

2.3
2.9
2.5
2.4
3.3
2.8

4+

487.1
487.1
/
/
/
/

Note: OL–Snd+ (2  d < 4), On (n = 1 or 2).

vacancies on a certain facet of SnO2 could result in the Aud species
[56,65,66].
The O1s XPS spectra of r.d-SnO2, e.o-SnO2, o-SnO2, Au/r.d-SnO2,
Au/e.o-SnO2, and Au/o-SnO2 are shown in Fig. 12b. The band at
529.6 eV was attributed to the oxygen coordinating with Snd+
(2  d < 4), while the band at 531.0–531.1 eV can be assigned to
the oxygen species associated with Sn4+ as well as the absorbed
oxygen species (On ) on the SnO2 surface [15,67–70]. Additional
oxygen species (532.6 eV) can be observed, but their assignment
varied considerably over different systems [68–70]. The conflict
in assignment could result from the structural nonuniformity of
oxide substrates, such as partial or mixed crystallization or even
amorphous state. In the present study, such structural nonuniformity of oxide substrates is significantly reduced; therefore, the
assignment can be more confident.
The band at 532.6 eV on r.d-SnO2 could not be the result of
adsorbed oxygen species On ; otherwise the amount of adsorbed
oxygen species on r.d-SnO2 would be much greater than that on

the other SnO2 substrates and even greater than that on the Auloaded samples. As a result, r.d-SnO2 should be much more active
than e.o-SnO2 and o-SnO2, or even Au/r.d-SnO2, Au/o-SnO2, and Au/
e.o-SnO2, but certainly this is not the case, as evidenced also by the
O2 TPD investigation. Based on a schematic illustration of the facet
model (Fig. 13), it is reasonable to infer that the oxygen species
corresponding to the BE of 532.6 eV is mostly the surface oxygen
associated with the carbonate and/or surface OH group [20,23].
Upon Au deposition, the Au entities may grab lattice oxygen from
the SnO2 substrates to form (AunOx)d , leading to decrease in the
oxidation state of Sn4+, especially at the Au-SnO2 boundary, and
formation of Snd+-like species [71,72]. This in turn enhances the
adsorption of molecular oxygen on the Snd+ species, resulting in
an increased fraction of On and also a higher surface O/Sn ratio.
On o-SnO2, only the {1 1 1} facets exist; the coordination number
of Sn4+ becomes 4 and 5 in the topmost and second layer, respectively (Fig. 13). This structural deviation causes a decrease in oxidation state of surface Sn4+ even without Au deposition. Note
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Fig. 13. Schematic illustrations of (a) {1 1 0}, (b) {1 0 1}, and (c) {1 1 1} facet
structures of SnO2 substrates.

that although there are {1 1 1} facets existing on e.o-SnO2, the O1s
spectrum is considerably different from that of o-SnO2 (Fig. 12b),
indicating that when different facets coexist on an oxide polyhedron, there is a modification in the properties of surface cations
and oxygen anions, and this may explain why e.o-SnO2 shows a
higher selectivity of oxygenates than o-SnO2 in methanol
oxidation.
Fig. 12c displays the Sn3d5/2 spectra of r.d-SnO2, e.o-SnO2, oSnO2 and the corresponding Au-loaded samples. In the cases of r.
d-SnO2 and e.o-SnO2, there is no Snd+ species identified, since no
4-coordinated surface Sn4+ presents on these SnO2 substrates. As
for o-SnO2, Au/r.d-SnO2, Au/o-SnO2, and Au/e.o-SnO2, Sn4+ and
Snd+ coexist at the surface [18]. This presumption is also supported
by the corresponding O1s spectra of these samples.

catalytic activity of VOCs oxidation on a metal oxide has a close
relation to surface oxygen vacancies, on which ionized oxygen species (e.g., O2 , O ) are formed upon O2 adsorption and react rapidly
with reactant molecule. In view of the structural model of {1 1 0},
{1 0 1}, and {1 1 1} facets of SnO2 (Fig. 13) [25], both Sn and O atoms
are coordinately unsaturated at surface, while in the bulk phase of
SnO2, Sn atoms are six-coordinated, and O atoms are threecoordinated.
As illustrated in Fig. 13, the {1 1 0} facets contain the rows of sixcoordinated Sn atoms (dark purple) and five-coordinated Sn atoms
(light blue) with one dangling bond perpendicular to the surface, as
well as the rows of three-coordinated (red) and two-coordinated
(orange) O atoms with one dangling bond connected to these Sn
atoms. On the {1 0 1} facets, all the Sn atoms in the topmost layer
are five-coordinated (light blue) with one dangling bond, while
all the O atoms in the topmost layer are two-coordinated (orange)
with one dangling bond. On the {1 1 1} facet, all the Sn atoms in the
topmost layer are four-coordinated (yellow) with two dangling
bonds. All the Sn atoms in the second layer are five-coordinated
(light blue) with one dangling bond, and all the O atoms in the topmost layer are two-coordinated (orange) with one dangling bond.
The {1 1 1} facets have more dangling bonds than the {1 0 1} and
{1 1 0} facets, and the {1 0 1} facets have more dangling bonds than
the {1 1 0} facets. Therefore, the {1 1 1} facets of SnO2 are the most
favorable for O2 adsorption, and the {1 1 0} facets the least, for the
same function.
To understand the obvious variation in the catalytic behavior of
different SnO2 facets, we attempted to figure out the origin of
active oxygen species on the existing facets of SnO2 substrates
(Fig. S5). The external and internal oxygen species could be classified. For the {1 1 0} and {1 0 1} facets, the external On species are
associated with the surface five-coordinated Sn atoms via adsorption of molecular O2, while the internal bridged oxygen (Ob) can be
activated at elevated reaction temperatures. For the {1 1 1} facets,
both On and Ob exist, but the former can be generated in different
ways. For instance, O2 first coordinates with the four-coordinated
Sn atoms. It can dissociate at elevated temperature, and one oxygen atom turns to be an additional Ob atom bridged with fourand five-coordinated Sn atoms. The other one (O ) coordinates
with the five-coordinated Sn atom. It is therefore understandable
why there are richer O species generated on the {1 1 1} facets.
The presence of Ob vacant sites should be taken into consideration, since these sites are important for generating O species
(Fig. S6). In the current study, since the SnO2 substrates are well
crystallized, and the facet structures are well controlled
(Figs. 1 and 2), there would be a low level of defects on the exposed
facets, giving an insignificant contribution to the reaction.

3.7. Structure analysis of SnO2 substrate facets

3.8. Proposed pathways of benzene combustion on SnO2 substrates and
Au/SnO2 interfaces

VOCs oxidation on a solid catalyst involves oxygen adsorption,
activation, consumption, and replenishment, which are strongly
associated with the surface structure of the catalyst. In principle,

It is known that surface oxygen species exert a notable influence on catalytic activity in oxidation reactions. As shown in
Fig. 14a, benzene can be oxidized over the SnO2 substrate through

Fig. 14. Reaction pathways of benzene oxidation over (a) the SnO2 substrates and (b) the Au-modified counterparts.
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two possible pathways. In path 1, adsorbed benzene is oxidized by
On , which is associated with the coordinately unsaturated surface
Snd+. In path 2, surface lattice O (Ob and OL) can directly attack benzene, provided the reaction temperature is high enough to activate
the lattice O.
As Au is loaded onto the facet (Fig. 14b), besides the abovementioned pathways, there is a synergetic effect arising from the
interaction between the electronically rich Au nanoclusters and
the SnO2 substrate, weakening the Sn-O bond of the Au-SnO2
boundary. This deduction is supported by the H2 TPR, O2 TPD,
and especially XPS results. Additional pathways exist for benzene
combustion on the Au/SnO2. In path 3, the oxygen adspecies originated from the Au NPs can migrate to the Au–SnO2 boundary
(spillover effect) and react with the adsorbed benzene molecules
nearby. In path 4, benzene can be attacked by adjacent oxygen
adspecies on the Au NPs. In path 5, the Ob or OL near Au–SnO2
boundary reacts with benzene. Since benzene is not easy to adsorb
on Au NPs [73], path 4 may be insignificant for benzene combustion of this study.
To summarize, path 1 is important for benzene combustion on
the Au-free SnO2 substrates, especially on the specific facets of
{1 1 1} and {1 0 1}, while paths 3 and 5 are critical for benzene combustion on the Au/SnO2 interfaces.
3.9. Stability test
The representative TEM images of the used samples collected
after benzene and methanol oxidations are presented in
Figs. S7 S9. Samples subjected to a short period of benzene combustion (<10 h) show insignificant morphology change of SnO2
substrates, whereas a little growth of AuNPs (3.2–5.7 ± 1.3–
1.7 nm) (Fig. S7). Samples subjected to a short period of methanol
oxidation show essentially no change in either SnO2 substrates or
Au NPs (Fig. S8).
The sample of Au/o-SnO2 was subjected to a period of 48 h benzene and methanol oxidation at 375 and 140 °C, respectively
(Fig. S10). Even operated at 375 °C for 48 h, Au/o-SnO2 showed
only a drop of 3.5% (from 89.4% to 85.8%) in benzene conversion.
The activity drop is mainly caused by slight aggregation of Au
NPs (Fig. S9a). On the other hand, Au/o-SnO2 showed no activity
loss (conversion of 78%) at 140 °C for 48 h, maintaining the Au particle size distribution under the conditions of methanol oxidation
(Fig. S9b).
4. Concluding remarks
The morphologically uniform SnO2 crystallites of o-SnO2, e.oSnO2, and r.d-SnO2, together with r.c-SnO2 and p-SnO2, were controllably synthesized. The crystal facets of o-SnO2, e.o-SnO2, and
r.d-SnO2 were identified as {1 1 1}, {1 1 0}, and {1 0 1}. The Au NPs
(2.2–2.4 ± 0.6 nm) were monodispersed on the SnO2 crystallites
to establish a series of Au/SnO2 interfacial structures with structurally defined oxide substrate and comparable Au particle size
and morphology. The interfacial effects were correlated in depth
with the catalytic behavior observed in benzene combustion and
methanol oxidation. Based on the TOF values derived on the facets
of substrates and Au/SnO2 interfaces, the {1 1 1} facet and the Au/
{1 1 1} interface are the most active for benzene combustion. On
the other hand, the SnO2 substrate and particularly the Au/SnO2
interface govern the reaction pathways of selective and complete
oxidation of methanol. The Au/SnO2{1 1 0} and Au/SnO2{1 0 1}
interfaces appear to be potential for methanol partial oxidation,
whereas the Au/SnO2{1 1 1} favors complete oxidation. The established interfacial structures were found to be highly durable in
both reactions. The involved specific Au-SnO2 facet interaction
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shows a large impact on the reactivity/reducibility of surface/bulk
lattice oxygen, the oxidation state of surface Sn atoms, and the sort
and relative concentration of surface oxygen adspecies. In terms of
structural analysis of various SnO2 facets, the evolution of active
oxygen species and the possible reaction pathways of benzene
combustion were proposed. As for methanol oxidation, the reaction pathway was found to be determined by specific Au/SnO2
interfacial structure and reaction temperature.
Acknowledgments
We greatly appreciate financial support from NSFC (21173118,
21373110) and MSTC (2013AA031703).
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.jcat.2016.12.023.
References
[1] C. Burda, X.B. Chen, R. Narayanan, M.A. El-Sayed, Chem. Rev. 105 (2005) 1025–
1102.
[2] K.B. Zhou, X. Wang, X.M. Sun, Q. Peng, Y.D. Li, J. Catal. 229 (2005) 206–212.
[3] R. Xu, X. Wang, D.S. Wang, K.b. Zhou, Y.D. Li, J. Catal. 237 (2006) 426–430.
[4] Y.W. Zhang, M.E. Grass, S.E. Habas, F. Tao, T.F. Zhang, Y.R. Borodko, P.D. Yang, G.
A. Somorjai, Abstracts of Papers, 234th ACS National Meeting, Boston, MA,
United States, August 19–23, American Chemical Society, Washington DC,
2007, INOR-138.
[5] N. Tian, Z.Y. Zhou, S.G. Sun, Y. Ding, Z.L. Wang, Science 316 (2007) 732–735.
[6] R. Si, M. Flytzani-Stephanopoulos, Angew. Chem. Int. Ed. 47 (2008) 2884–2887.
[7] B. Xiao, Z.Q. Niu, Y.G. Wang, W. Jia, J. Shang, L. Zhang, D.S. Wang, Y. Fu, J. Zeng,
W. He, K. Wu, J. Li, J.L. Yang, L. Liu, Y.D. Li, J. Am. Chem. Soc. 137 (2015) 3791–
3794.
[8] S.E. Habas, H. Lee, V. Radmilovic, G.A. Somorjai, P.D. Yang, Nat. Mater. 6 (2007)
692–697.
[9] H.G. Yang, C.H. Sun, S.Z. Qiao, J. Zou, G. Liu, S.C. Simth, H.M. Cheng, G.Q. Lu,
Nature 453 (2008) 638–642.
[10] X.W. Xie, Y. Li, Z.Q. Liu, M. Haruta, W.J. Shen, Nature 458 (2009) 746–749.
[11] N. Ta, J.Y. Liu, S. Chenna, P.A. Crozier, Y. Li, A. Chen, W.J. Shen, J. Am. Chem. Soc.
134 (2012) 20585–20588.
[12] K.W. Liu, M. Sakurai, M. Aono, Small 23 (2012) 3599–3604.
[13] W.Q. Wu, Y.F. Xu, H.S. Rao, H.L. Feng, C.Y. Su, D.B. Kuang, Angew. Chem. Int. Ed.
53 (2014) 4816–4821.
[14] M. Yin, J.Y. Xu, Q.F. Li, J.O. Jensen, Y.J. Huang, L.N. Cleemann, N.J. Bjerrum, W.
Xing, Appl. Catal. B Environ. 144 (2014) 112–120.
[15] X.L. Xu, R.B. Zhang, X.R. Zeng, X. Han, Y.C. Li, Y. Liu, X. Wang, ChemCatChem 5
(2013) 2025–2036.
[16] J. Yu, D. Zhao, X.L. Xu, X. Wang, N. Zhang, ChemCatChem 4 (2012) 1122–1132.
[17] C. Liu, H. Xian, Z. Jiang, L.H. Wang, J. Zhang, L.R. Zheng, Y.S. Tan, X.G. Li, Appl.
Catal. B Environ. 176–177 (2015) 542–552.
[18] B. Solsona, P. Concepción, B. Demicol, S. Hernández, J.J. Delgado, J.J. Calvino, J.
M. López Nieto, J. Catal. 295 (2012) 104–114.
[19] P.Q. Li, G.H. Zhao, M.F. Li, T.C. Cao, X. Cui, D.M. Li, Appl. Catal. B Environ. 111–
112 (2012) 578–585.
[20] P. Zhang, L.J. Wang, X. Zhang, C.L. Shao, J.H. Hu, G.S. Shao, Appl. Catal. B
Environ. 166–167 (2015) 193–201.
[21] J. Leclercq, F. Giraud, D. Bianchi, K. Fiaty, F. Gaillard, Appl. Catal. B Environ. 146
(2014) 131–137.
[22] X.J. Yao, Y. Xiong, W.X. Zou, L. Zhang, S.G. Wu, X. Dong, F. Gao, Y. Deng, C.J.
Tang, Z. Chen, L. Dong, Y. Chen, Appl. Catal. B Environ. 144 (2014) 152–165.
[23] M.F. Baruch, J.E. Pander III, J.L. White, A.B. Bocarsly, ACS Catal. 5 (2015) 3148–
3156.
[24] K. Kravchyk, L. Protesescu, M.I. Bodnarchuk, F. Krumeich, M. Yarema, M.
Walter, C. Guntlin, M.V. Kovalenko, J. Am. Chem. Soc. 135 (2013) 4199–4202.
[25] X. Wang, X.G. Han, S.F. Xie, Q. Kuang, Y.Q. Jiang, S.B. Zhang, X.L. Mu, G.X. Chen,
Z.X. Xie, L.S. Zheng, Chem. Eur. J. 18 (2012) 2283–2289.
[26] X.G. Han, M.S. Jin, S.F. Xie, Q. Kuang, Z.Y. Jiang, Y.Q. Jiang, Z.X. Xie, L.S. Zheng,
Angew. Chem. Int. Ed. 48 (2009) 9180–9183.
[27] C. Liu, Q. Kuang, Z.X. Xie, L.S. Zheng, CrystEngComm 17 (2015) 6308–6313.
[28] G.C. Bond, P.A. Sermon, Gold Bull. 6 (1973) 102–115.
[29] D.Y. Cha, G. Parravano, J. Catal. 18 (1970) 200–221.
[30] S. Galvano, G. Parravano, J. Catal. 55 (1978) 178–190.
[31] G.J. Hutchings, M. Haruta, Appl. Catal. A Gen. 291 (2005) 2–5.
[32] G.J. Hutchings, J. Catal. 96 (1985) 292–295.
[33] M. Haruta, T. kobayashi, H. sano, N. Yamade, Chem. Lett. 16 (1987) 405–408.
[34] P. Liu, E.J.M. Hensen, J. Am. Chem. Soc. 135 (2013) 14032–14035.
[35] I.X. Green, W.J. Tang, M. Neurock, J.T. Yates Jr., Science 333 (2011) 736–739.
[36] J.J. Bravo-Suárez, K.K. Bando, T. Fujitani, S.T. Oyama, J. Catal. 257 (2008) 32–42.

196

W. Jiang et al. / Journal of Catalysis 349 (2017) 183–196

[37] J. Gaudet, K.K. Bando, Z.X. Song, T. Fujitani, W. Zhang, D.S. Su, S.T. Oyama, J.
Catal. 280 (2011) 40–49.
[38] D. Zhao, B.Q. Xu, Angew. Chem. 118 (2006) 5077–5081.
[39] H.H. Kung, M.C. Kung, C.K. Costello, J. Catal. 216 (2003) 425–432.
[40] M.C. Kung, R.J. Davis, H.H. Kung, J. Phys. Chem. C 111 (2007) 11767–11775.
[41] G.J. Hutchings, M.S. Hall, A.F. Carley, P. Landon, B.E. Solsona, C.J. Kiely, A.
Herzing, M. Makkee, J.A. Moulijn, A. Overweg, J.C. Fierro-Gonzalez, J. Guzman,
B.C. Gates, J. Catal. 242 (2006) 71–81.
[42] A.A. Herzing, C.J. Kiely, A.F. Carley, P. Landon, G.J. Hutchings, Science 321
(2008) 1331–1335.
[43] M.S. Chen, D.W. Goodman, Science 306 (2004) 252–255.
[44] X.Y. Liu, A.Q. Wang, T. Zhang, C.Y. Mou, Nano Today 8 (2013) 403–416.
[45] T. Akita, Y. Maeda, M. Kohyama, J. Catal. 324 (2015) 127–132.
[46] M. Haruta, M. Daté, Appl. Catal. A Gen. 222 (2001) 427–437.
[47] F. Menegazzo, M. Signoretto, D. Marchese, F. Pinna, M. Manzoli, J. Catal. 326
(2015) 1–8.
[48] Z.H. Wang, H.F. Fu, Z.W. Tian, D.M. Han, F.B. Gu, Nanoscale 8 (2016) 5865–
5872.
[49] Y.Y. Wu, N.A. Mashayekhi, H.H. Kung, Catal. Sci. Technol. 3 (2013) 2881–2891.
[50] A.F. Carley, D.J. Morgan, N.X. Song, M.W. Roberts, S.H. Taylor, J.K. Bartley, D.J.
Willock, K.L. Howard, G.J. Hutchings, Phys. Chem. Chem. Phys. 13 (2011)
2528–2538.
[51] X. Li, J.M. Zang, X.L. Yang, W.L. Dai, K.N. Fan, Chinese J. Catal. 34 (2013) 1013–
1019.
[52] Q. Ye, J. Wang, J.S. Zhao, L.N. Yan, S.Y. Cheng, T.F. Kang, H.X. Dai, Catal. Lett. 138
(2010) 56–61.
[53] W. Wu, L. Liao, S.F. Zhang, J. Zhou, X.H. Xiao, F. Ren, L.L. Sun, Z.G. Dai, C.Z. Jiang,
Nanoscale 5 (2013) 5628–5636.
[54] S.D. Li, H.S. Wang, W.M. Li, X.F. Wu, W.X. Tang, Y.F. Chen, Appl. Catal. B
Environ. 166–167 (2015) 260–269.
[55] L. Lan, Y.Z. Li, M. Zeng, M.Y. Mao, L. Ren, Y. Yang, H.H. Liu, L. Yun, X.J. Zhao,
Appl. Catal. B: Environ. 203 (2017) 494–504.

[56] M.N. Taylor, W. Zhou, T. Garcia, B. Solsona, A.F. Carley, C.J. Kiely, S.H. Taylor, J.
Catal. 285 (2012) 103–114.
[57] D.R. Sellick, A. Aranda, T. García, J.M. López, B. Solsona, A.M. Mastral, D.J.
Morgan, A.F. Carley, S.H. Taylor, Appl. Catal. B Environ. 132–133 (2013) 98–
106.
[58] R.P. Marin, S.A. Kondrat, R.K. Pinnell, T.E. Davies, S. Golunski, J.K. Bartley, G.J.
Hutchings, S.H. Taylor, Appl. Catal. B Environ. 140–141 (2013) 671–679.
[59] T.J. Clarke, T.E. Davies, S.A. Kondrat, S.H. Taylor, Appl. Catal. B Environ. 165
(2015) 222–231.
[60] L.F. Liotta, Appl. Catal. B Environ. 100 (2010) 403–412.
[61] L.F. Liotta, H.J. Wu, G. Pantaleo, A.M. Venezia, Catal. Sci. Technol. 3 (2013)
3085–3102.
[62] S. Scirè, L.F. Liotta, Appl. Catal. B Environ. 125 (2012) 222–246.
[63] C.W. Yang, F. Bebensee, A. Nefedov, C. Wöll, T. Kropp, L. Komissarov, C.
Penschke, R. Moerer, J. Paier, Joachim Sauer, J. Catal. 336 (2016) 116–125.
[64] S.L. Chen, L.F. Luo, Z.Q. Jiang, W.X. Huang, ACS Catal. 5 (2015) 1653–1662.
[65] R. Meyer, C. Lemire, S.K. Shaikhutdinov, H.J. Freund, Gold Bull. 37 (2004) 72–
124.
[66] M.S. Chen, D.W. Goodman, Acc. Chem. Res. 39 (2006) 739–746.
[67] Y.N. Guo, J.H. Cheng, Y.Y. Hu, D.H. Li, Appl. Catal. B Environ. 125 (2012) 21–27.
[68] W. Nakla, A. Wisitsora-at, A. Tuantranont, P. Singjai, S. Phanichphant, C.
Liewhiran, Sens. Actuat. B 203 (2014) 565–578.
[69] Y.G. Zhu, Y. Wang, J. Xie, G.S. Cao, T.J. Zhu, X.B. Zhao, H.Y. Yang, Electrochim.
Acta 154 (2015) 338–344.
[70] M. Kwoka, L. Ottaviano, M. Passacantando, S. Santucci, G. Czempik, J. Szuber,
Thin Solid Films 490 (2005) 36–42.
[71] Q. Fu, H. Saltburg, M. Flytzani-Stephanopoulos, Science 301 (2003) 935–938.
[72] C.T. Campbell, C.H.F. Peden, Science 309 (2005) 713–714.
[73] Z.Y. Fei, B. Sun, L. Zhao, W.J. Ji, Chak-Tong Au, Chem. Eur. J. 19 (2013) 6480–
6487.

