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ABSTRACT: Metal nanoparticles with precisely controlled size are highly
attractive for heterogeneous catalysis. However, their poor thermal stability
remains a major concern in their application at realistic operating
conditions. This paper demonstrates the possibility of synthesizing gold
nanoparticles with exceptional thermal stability. This has been achieved by
using a simple conventional deposition−precipitation technique. The
material employed as catalyst consists of gold supported on a TiO2-
impregnated SiO2 bimodal mesoporous support. The resulting material
shows gold nanoparticles with a narrow size distribution around 3.0 nm,
homogeneously dispersed over the TiO2/SiO2 material. Most interestingly,
the gold nanoparticles show exceptional thermal stability; calcination
temperatures as high as 800 °C have been employed, and negligible
changes in the gold particle size distribution are apparent. Additionally, the
presence of an amorphous titanium silicate phase is partially preserved, and
these factors lead to remarkable activity to catalyze a range of oxidation reactions.
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The nature and properties of catalysts based on gold
nanoparticles dispersed on oxide supports have received

much recent attention,1,2 due to their high activity in many
industrially and environmentally important reactions. Especially
significant is the capacity of subnanometer gold to oxidize CO
to CO2 at very low temperatures.3,4 To date, the most active
gold catalysts for CO oxidation are generally supported on
reducible metal oxides, such as TiO2 or Fe2O3, which are either
uncalcined or calcined at temperatures <500 °C.5−7 The
discovery of gold-based catalysts showing exceptional low-
temperature CO oxidation activity resulted in an explosion of
interest into these types of catalysts, and they have now been
successfully applied to catalyze a wide range of reactions.
However, an inherent problem for nanoparticulate catalysts is
their well-documented lack of thermal stability under highly
demanding operating conditions.8−10 Supported and unsup-
ported metal nanoparticles show rapid particle aggregation,

especially at elevated reaction temperatures.8,9 For many
industrially important catalytic applications, reaction temper-
atures typically exceed 600 °C, and hydrothermal stability of
the catalysts becomes a crucial issue.11,12 Indeed, the develop-
ment of heat-stable Au-based catalysts represents a true
challenge and will offer new opportunities for Au nanoparticle
catalysis if innovative routes to Au nanoparticle stabilization at
high temperatures are proposed. Strategies such as post
modification of Au/TiO2 by amorphous SiO2 decoration,13

the production of core−shell nanostructures,14−16 FeOx-
modified hydroxyapatite supported gold catalysts,17 or the
synthesis of thin porous alumina sheets18 have been adopted to
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address this problem. These strategies certainly reduce the
tendency to sinter at high temperatures. However, they have
limitations, as they can use expensive precursors or highly
complex synthesis procedures.
One of the main areas of opportunity concerns the

automotive industry, where low-temperature start-up perform-
ance of catalysts remains an area in which improvement is
sought. The most widespread technologies of hybrid vehicles or
micro hybrid cars (start−stop systems) require the develop-
ment of efficient catalytic systems for the control of vehicle
exhaust emissions during this period. Moreover, in addition to
the promising technical performance afforded by gold-based
catalysts, the relatively stable lower price and greater availability
of gold compared with the platinum group metals remain
excellent economic reasons for pursuing the development of
pollution control technologies based on this metal.19 In this
respect, there is a desire to be able to prepare gold
nanoparticulate catalysts that have increased stability at high
temperatures, as this will significantly extend the application of
these catalysts for new processes.
Herein, we demonstrate the possibility of synthesizing gold

nanoparticles with exceptional thermal stability. The material
employed as a catalyst consists of gold nanoparticles supported
on a UVM-7 nanoparticulate bimodal mesoporous materi-
al,20−22 which has first been modified by impregnation to form
TiO2 domains. The resulting material shows gold nanoparticles
with a narrow size distribution around 3.0 nm, homogeneously
dispersed over the TiO2/SiO2 material; the nanoparticle sizes
do not increase after calcination at temperatures as high as 800
°C. To the best of our knowledge, such a result has not been
reported previously.

■ EXPERIMENTAL SECTION
Materials. The synthesis of UVM-7 was based on the

“atrane route” with a molar composition of 2TEOS−
7TEAH3−0.52CTMABr−180H2O.

20 In a typical synthesis,
the corresponding amounts of TEOS (Fluka 98%) and TEAH3
(Sigma-Aldrich ≥ 99%) were mixed under continuous stirring
at 140 °C until a homogeneous dispersion was achieved. Then,
the temperature was decreased to 120 °C, and the CTMABr
(Sigma-Aldrich 98%) was added. The resulting gel was cooled
to 80 °C when distilled water was added. This mixture was
allowed to age at room temperature overnight under
continuous stirring. The resulting mesostructured powder was
separated by filtration, washed extensively with deionized water
and ethanol, and dried at 60 °C overnight. To prepare the final
porous material, the template was removed by calcination at
550 °C for 6 h (heating ramp = 5 °C/min) under static air
atmosphere.
Different metal oxides were incorporated into the UVM-7

support: TiO2, ZrO2, and CeO2−ZrO2. Although we used a
similar impregnation strategy regardless of the different metal
oxides included inside the UVM-7 mesopores, some exper-
imental details have been optimized depending on the chemical
nature of the reagent used.
TiO2/UVM-7 was synthesized by a post-synthetic wet

impregnation procedure previously described by Narkhede et
al.23 Four different titania loadings were tested: from Ti/(Ti
+Si) of 3−40 wt %. To achieve these loadings, the
corresponding weight of TiO(acac)2 (Sigma-Aldrich 90%)
was taken in 100 cm3 of pure ethanol (Scharlau, HPLC grade).
Then, deionized water was slowly added with continuous
vigorous stirring. Subsequently, the impregnation of the

calcined UVM-7 silica support (0.6 g) was carried out by
stirring the sample for 2 h with the Ti solution. The mixture
was filtered and washed thoroughly. The cake was allowed to
dry overnight at room temperature, and the TiO2/UVM-7 was
calcined in air at 300 °C for 5 h with a heating rate of 1 °C/
min.
ZrO2/UVM-7 was synthesized by a conventional wet

impregnation procedure. ZrO(NO3)2·xH2O (1.83 g; Sigma-
Aldrich, technical grade) was dissolved in 30 cm3 of deionized
water under vigorous stirring. Impregnation of the calcined
UVM-7 silica support (0.6 g) was carried out by stirring the
sample for 13 h with the Zr solution. The mixture was allowed
to dry overnight at 110 °C, and the resulting ZrO2/UVM-7 was
calcined in air at 550 °C for 4 h with a heating rate of 1 °C/
min. The Zr loading was 54.6 wt %.
CeO2−ZrO2/UVM-7 was also synthesized by a conventional

wet impregnation procedure. ZrO(NO3)2·xH2O (0.91 g) and
1.42 g of Ce(NO3)3·6H2O (Sigma-Aldrich 99%) were dissolved
in 30 cm3 of deionized water under vigorous stirring.
Impregnation of the calcined UVM-7 silica support (0.6 g)
was carried out by stirring the sample for 13 h with the Ce−Zr
solution. The mixture was allowed to dry overnight at 110 °C
and the CeO2−ZrO2/UVM-7 was calcined in air at 550 °C for
4 h with a heating rate of 1 °C/min. The cerium and zirconium
loadings were 37.6 and 43.3 wt %, respectively. Compared to
TiO2, in which relatively soft thermal conditions were used to
favor first the melting of the TiO(acac)2 and later its thermal
evolution to oxide, in the case of Zr and Ce derivatives different
calcination conditions were employed to promote the evolution
of nitrates and oxide formation.
The gold incorporation onto the TiO2/UVM-7, ZrO2/UVM-

7, and CeO2−ZrO2/UVM-7 matrices was carried out by the
conventional deposition−precipitation technique. An aqueous
solution (43.4 cm3; 5.078 × 10−3 M) of KAuCl4 (Sigma-Aldrich
98%) was heated in a water bath wrapped with aluminum foil
to exclude light at 70 °C. The initial pH was around 2.5. It was
carefully adjusted to neutral pH by dropwise addition of a 0.1
M aqueous solution of NaOH (Sigma-Aldrich ≥98%). The pH
was maintained around 7 for 30 min. Half a gram of the
required UVM-7 support was then added, and pH excursions
into the acidic region were controlled by adding NaOH. After
the pH was constant for 15 min, the suspension was stirred for
another hour at the same temperature. Finally, the suspension
was cooled, filtered, and washed with deionized water. The
resulting cake was heated at 90 °C for 13 h. After the
preparation, the samples were stored in the dark in a vacuum
desiccator at room temperature. Each sample was divided into
three portions: the first portion was kept uncalcined; the
second portion was calcined at 400 °C in static air for 4 h with a
heating rate of 1 °C/min; and the third portion was calcined at
800 °C in static air under the same conditions. In all cases, the
final catalysts were stored in a vacuum desiccator at room
temperature.

Characterization. For electron microscopy analyses, the
samples were dispersed in ethanol and placed onto a carbon-
coated copper microgrid and left to dry before observation.
Spherical aberration (Cs) corrected scanning transmission
electron microscopy high-angle annular field (STEM-
HAADF) imaging analyses were performed in a XFEG FEI
Titan microscope operated at 300 kV. The microscope was
equipped with a CEOS aberration corrector for the electron
probe, achieving a point resolution of 0.8 Å, an EDAX EDS
detector, and Gatan Energy Filter Tridiem HR865 for electron
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energy loss spectroscopy (EELS). These spectroscopic data
were obtained using the spectrum-image acquisition mode.24,25

X-ray photoelectron spectroscopy (XPS) measurements were
made on an Omicron ESCA+ photoelectron spectrometer
using a nonmonochromatized Mg Kα X-ray source (hν =
1253.6 eV). An analyzer pass energy of 50 eV was used for
survey scans and 20 eV for detailed scans. Binding energies
were referenced to the C1s peak from adventitious carbona-
ceous contamination, assumed to have a binding energy of
284.5 eV.
Powder X-ray diffraction (XRD) was carried out using a

Bruker D8 Advance diffractometer with monochromatic Cu Kα
source operated at 40 kV and 40 mA.
The textural characterization of the samples was carried out

by N2 adsorption at −196 °C, using a Micromeritics ASAP
2020 apparatus. Prior to the adsorption measurements, the
samples were outgassed in situ in vacuum at 250 °C for 4 h to
remove adsorbed gases. Surface areas were calculated from
nitrogen adsorption isotherms in the relative pressure range
from 0.1 to 0.25 using the BET equation (SBET). Both BJH pore
size distributions and volumes were obtained from the
adsorption branch of the N2 adsorption isotherms. In addition,
specific surface area, and total intraparticle pore volume (micro-
and mesopore) were also estimated using the nonlocalized
density functional theory (NLDFT) method. The model used
for the NLDFT evaluation was N2 adsorbed on silica with
cylindrical pores, considering the adsorption branch of the
isotherm.
Raman spectra were obtained using a HORIBA Jobin Yvon

iHR320 spectrometer with Peltier-cooled CCD and a 532 and
785 nm doubled YAG laser as excitation.

29Si MAS NMR spectra were recorded on a Varian Unity 300
spectrometer operating at 79.5 MHz and using a magic angle
spinning speed of at least 4.0 kHz.
The gold loading was determined by energy dispersive X-ray

spectroscopy EDX analysis using a scanning electron micro-
scope (Philips SEM-XL 30).
Catalytic Testing. CO catalytic oxidation was performed at

atmospheric pressure and at a temperature of 20 °C, using a
fixed-bed reactor with an inner diameter of 5.8 mm. A mixture
of 0.4% v/v CO, 20% v/v O2, and argon balance was passed
over 10 mg of catalyst with a flow rate of 100 cm3/min, which
corresponded to a space velocity of 600000 cm3/(gcat·h).
Analyses were performed by an online gas chromatograph
(Varian CP-3800) with thermal conductivity, and the
conversion of CO and the formation of CO2 were both
quantifies, which led us to measure a carbon balance with an
accuracy of ±2%. After being used in the reactor, the catalysts
were stored at room temperature in a vacuum desiccator before
spectroscopic analysis.
The Au/Ti8/UVM-7 800 catalyst performance was tested

under simulated cold-start conditions by means of cold-start
tests (CST). CST experiments were carried out in a fixed-bed
reactor (diameter = 0.457 cm) under conditions that closely
resembled the automotive “cold-start”. In the course of the
simulated CSTs, the reactor temperature was increased from 30
to 600 °C at 50 °C/min, and held at this temperature for a
further 30 min. The temperature was measured by a
thermocouple located at the top of the catalyst bed. The inlet
gas composition used for CST experiments was 1.6% v/v CO,
0.01% v/v propene, 0.0087% v/v toluene, 1% v/v oxygen, and
10% v/v water in argon, leading to a total flow of 100 cm3 STP/
min and a gas hourly space velocity (GHSV) of 200000 h−1.

Aliquots of the outlet stream were analyzed online using a
quadrupole spectrometer (Omnistar, Pfeiffer vacuum). The
following masses were monitored: m/z 40 for argon, m/z 28 for
CO, m/z 42 for propene, m/z 91 for toluene, m/z 32 for
oxygen, and m/z 18 for water; m/z 44 related to CO2
formation was also followed during the experiment. Finally,
10 consecutive CSTs were performed once the reactor was
cooled to assess the reusability and stability of the catalyst.
Carbon balances were closed in all of the experiments (100 ±
3%).
Moreover, to evaluate the hydrothermal stability of the Au/

Ti8/UVM-7 800 catalyst and its performance as a three-way
catalyst, three consecutive cycles were performed under a gas
flow that simulated the real exhaust gases of a diesel engine.
The inlet gas composition used in the experiments was 1% v/v
CO, 0.1% v/v propane, 0.03% v/v NO, 8% v/v O2, 6% v/v
CO2, 8% v/v H2O, and nitrogen balance under a total flow of
200 cm3/min. Flow rates of all gases were controlled by mass
flow controllers. The experiments were run in a fixed-bed
reactor (GHSV = 40000 h−1) externally heated and coupled to
an infrared spectrometer (Gasmet DX4000). Carbon balances
were closed in all of the experiments with an accuracy of ±3%.
The Au/Ti8/UVM-7 800 catalyst performance was also

tested for methane combustion. The activity test for catalytic
methane oxidation was conducted in a fixed-bed reactor under
isothermal conditions. One percent v/v CH4 in air was flowed
by mass flow controllers at a space velocity of 60000 h−1.
Analyses were performed by an online gas chromatograph
(Varian CP-3800) with thermal conductivity and flame
ionization detectors, and the conversion of CH4 and the
formation of CO2 were both quantified, giving a carbon balance
with an accuracy of ±2%.

■ RESULTS AND DISCUSSION
The mesoporous silica UVM-7 is loaded with four different
concentrations of TiO2 to achieve Ti/(Ti + Si) ratios of 3, 8,
15, and 40 wt %. The preparation method is based on a simple
wet impregnation of UVM-7 with titanium(IV) oxyacetylacet-
onate (TiO(acac)2) calcining the samples at 300 °C with a very
slow heating ramp, and the conventional deposition−
precipitation technique is employed for the addition of gold
onto the mesoporous TiO2/UVM-7 matrix. The use of a slow
heating ramp is crucial to obtain beneficial dispersion of the
titanium species. The TiO(acac)2 melts at ca. 200 °C, which is
below the temperature of complex degradation, and leads to a
homogeneous dispersion of Ti species over the internal surface
of the UVM-7 silica. After gold deposition, several catalysts
were prepared by heating the samples in air at temperatures of
400 and 800 °C, and comparison was made with a sample that
was dried, but not calcined at high temperature. The samples
are coded Au/TiX/UVM-7 CT, where X and CT represent the
titania loading (3, 8, 15, and 40 wt %) and the calcination
temperature (400 or 800 °C), respectively. Gold loadings of
representative uncalcined and calcined catalysts are compiled in
Table S1 in the Supporting Information and range from 2 to 5
wt % depending on titania loading. Additionally, a slightly
higher gold loading is observed in the uncalcined samples.
Experimental error in the determination of the gold content
(±0.2 wt %) can have an influence on these differences.
However, it cannot be completely discarded that the marginal
evaporation of large gold particles into the gas phase followed
by the treatment at high temperatures26 could be taking place.
The simplicity of the preparation method as well as ease of
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scale-up are major advantages from the perspective of
application.
Ambient temperature CO oxidation was used as an initial

model reaction to probe the catalysts performance (Figures S1
and S2). The optimal titanium loading is 8 wt % (Figure S1 and
Table S2). Increasing the calcination temperature of the
catalysts leads to a decrease of the CO conversion, but the
catalyst stability increases (Figure S2). Following calcination at
400 and 800 °C there is no deactivation over the test period,
whereas for the uncalcined catalyst, conversion is not stable as
the catalytic activity slightly decreases with time online. It is
noteworthy that in addition to the excellent stability, the
catalyst calcined at 800 °C still presents very high activity, as
test conditions employ a very short contact time. Table 1 shows
comparative CO oxidation results from the literature for gold-
based catalysts heat treated at ≥600 °C. Our Au/Ti8/UVM-7
800 catalyst oxidizes CO at 20 °C using a high space velocity of
600000 cm3/(gcat·h), with a CO conversion rate of 0.0175 mol
CO/(gcat·h), which is, to the best of our knowledge, the highest
activity currently reported in the literature for gold catalysts
calcined at high temperature.
A wide variety of different silica supports are available, but we

specifically select UVM-7 due to its open framework and
enhanced accessibility, as a consequence of hierarchic porosity
with large interparticle voids and 3D interconnected short-
length (ca. 25−30 nm) nanometric mesopores of ca. 3 nm
(when CTABr is used as template). These characteristics,
which are not present in other silicas such as MCM-41, MCM-
48, or SBA-15 (usually obtained as large micrometric particles
with unimodal long-length mesopores), favor mass diffusion
throughout the hierarchic pore structure.22 This aspect could be
beneficial, both at the preparative level, as a very homogeneous
dispersion of both titanium and gold nanoparticles can be
achieved, favoring the impregnation with the TiO(acac)2 and
KAuCl4 solutions, and also for accessibility to active sites of the
catalyst during operation. Accordingly, this catalytic system
both uncalcined and calcined at conventional temperature (400
°C) also shows higher catalytic activity than a commercial gold/
TiO2-based catalyst supplied by the World Gold Council
(Table S2). Therefore, an outstanding activity and stability is
obtained for this material, which is even more noteworthy
considering it is calcined at the high temperature of 800 °C. In
contrast to that observed for Au/TiO2/UVM-7 800 catalyst, the
heat treatment of the Au/TiO2 catalyst supplied by the World
Gold Council at 800 °C led to a severe deactivation of the

catalyst, which exhibited a productivity ca. 600 times lower than
that observed for Au/Ti8/UVM-7 800. A sintering of the gold
particles takes place, and most of the gold crystallites are in the
12−20 nm range.
The remarkable performance of this catalytic system can be

related first to the presence of small gold nanoparticles, which
are resistant to sintering. Panels a and b of Figure 1 show

spherical aberration (Cs) corrected scanning transmission
electron microscopy high-angle annular field (STEM-
HAADF) images of the uncalcined Au/Ti8/UVM-7 catalyst.
Similar images of the sample after calcination at 800 °C for 4 h
(Figure 1c,d) confirm that the gold nanoparticles are thermally
stable, as the high-temperature treatment does not result in
sintering, preserving their original size and maintaining a
homogeneous distribution over the mesoporous support. The
uncalcined sample shows some small 1 nm gold nanoparticles
and has a unimodal particle size distribution, with most
particles in the 1−6 nm range. The predominant particle size of

Table 1. Comparison of the CO Oxidation Activity of the UVM-7-Based Catalysts with Those of Other Catalysts Reported in
the Literature

support
gold contenta

(wt %)
catalytic

performance
Tcal

b

(°C) DAu
c (nm) space velocity (cm3/(gcat·h))

mol CO/(gcat·h)·(10
3) at

20 °C ref

TiO2/SiO2 2.2 T50 = 64 °C 700 6.5 44000 9.0 at 64 °C 13
ZrO2 T50 = 200 °C 800 15 80000 2.3 14
TiO2/Si-Al2O3 1 T50 = 50 °C 600 3.0 36000 6.0 at 30 °C 15
FeOx 3.2 T50 = 22 °C 600 4.5 20000 3.6 17
AlOx 3.0 T50 = −3 °C 700 2.2 80000 30.0 18
AlOx 3.0 T50 = −3 °C 900 2.2 80000 2.6 18
TiO2/UVM-7 2.1 XCO

d = 15% 800 3.5 ± 1.6 600000 17.5 this study
ZrO2/UVM-7 5.7 XCO = 45% 800 8.7 ± 3.9 25000 2.6 this study
CeO2-ZrO2/UVM-7 3.2 XCO = 72% 800 6.4 ± 2.6 35000 6.1 this study

aThe gold loading (wt %) in our catalysts is determined by EDX. bTcal, calcination temperature (°C) cThe gold mean particle size in our catalysts is
determined by TEM. Conditions: 0.4% v/v CO, 20% v/v O2 and argon balance, reaction temperature = 20 °C. dXCO, CO conversion for the CO
oxidation reaction.

Figure 1. Cs-corrected STEM-HAADF images and gold particle size
distribution of the (a, b) uncalcined and (c, d) calcined at 800 °C Au/
Ti8/UVM-7 catalysts. Particle size distributions are shown as insets for
(b) uncalcined and (d) calcined samples.
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the uncalcined sample is 3.73 ± 1.60 nm, which surprisingly
does not dramatically increase after calcination at 800 °C (3.50
± 1.57 nm). XRD is also used to probe the dispersion and
stability of the gold nanoparticles (Figure S3). Unchanged
diffraction peaks (of very low intensity) from gold species are
observed before and after calcination at 800 °C (even for the
samples after the catalytic reaction), consistent with the TEM,
indicating that gold species remain well dispersed on the
support even after high-temperature treatment (Figure 1d).
The exceptional catalytic performance of these materials also

can be related to the way in which titanium is present on the
UVM-7 support. For the uncalcined sample, different
spectroscopic techniques support the formation of species
including Ti−O−Si bonds between Ti-oligomers (produced
after degradation of the TiO(acac)2 precursor at 300 °C) and
the silica surface, where a certain proportion of Ti4+ occupies a
tetrahedral coordination site similar to Si in SiO2 (Figure S4).
In fact, a slight increase of the binding energy of both Ti 2p3/2
and the second component of O 1s compared to pure TiO2 is
observed, consistent with diffusion of Ti species into the silica
wall27,28 (Table S3). This shift is also accompanied by an
increase of the oxidation potential of the Ti(IV) cations, which
may enhance the oxygen mobility at the gold/Ti−O−Si
interface, thus enhancing the CO oxidation activity at low
temperature 29 (Table 1). Accordingly, the existence of a
regular and homogeneous dispersion of titanium for the
uncalcined sample is also confirmed by STEM images in
Figure 2. This extremely regular dispersion of Ti species on the
silica surface also favors the subsequent homogeneous

distribution of AuCl4
− complexes and finally of gold nano-

particles achieved during the deposition-precipitation step.
Upon calcination at 800 °C, the catalyst still presents very

high activity, although a certain loss of activity is clearly
observed when compared to uncalcined materials. This loss of
activity can be linked to different factors. With respect to gold,
although the nanoparticle size is preserved, it cannot be
discounted that there could be a decrease of activity due to a
change of the gold surface oxidation state.30,31 Accordingly, the
oxidation state of gold on the surface of the nanoparticles is
investigated using XPS. The uncalcined catalyst has some
cationic gold, (Au3+/Au0 = 0.24), whereas only metallic gold is
present after heat treatment at 800 °C (Figure S5 and Table
S4). More importantly, the calcination probably induces
changes to the Ti species, although these are more complex,
and may not directly be related with the catalytic activity. First,
it is observed that Ti species only remains partly as Ti−O−Si
species, supported by XPS results (Figure S4 and Table S3),
and corroborated by 29Si NMR (Figure S6). The 29Si NMR
spectrum of the Ti8/UVM-7 support shows a 5% increase of
the signals at ca. −100 and −93 ppm (corresponding to Si
environments with 1 and 2 atoms of Ti as neighbors,
respectively: Si (3Si, 1Ti) and Si (2Si, 2Ti))32 and a decrease
in the Q4 signal (at ca. −110 ppm) when compared with the
spectrum of the UVM-7 silica pure support and calcined at the
same temperature, in which some Si−OH groups are still
preserved (signal at ca. −110 ppm, Figure S6 and Table S5).
These data allow us to determine that an additional 38% of
titanium atoms are incorporated into the UVM-7 silica wall (by

Figure 2. Cs-corrected STEM-HAADF images of Au/Ti8/UVM-7. (a−c) High-magnification images where gold nanoparticles are identified. (d) Cs-
corrected STEM-HAADF image where an EELS spectrum-image is recorded. (e) Ti-L3,2 (red) and O-K (yellow) maps superimposed on the
experimental STEM image.

Table 2. Textural Characterizations of UVM-7 Materials Loaded with Titania and Gold/Titania

catalyst surface area (m2/g) intrapart pore sizea (nm) intrapart pore volume (cm3/g) interpart pore size (nm) interpart pore volume (cm3/g)

UVM-7 1136 2.87 1.01 29.0 1.20
Ti8/UVM-7 931 2.81 0.79 25.5 0.88
Au/Ti8/UVM-7 845 2.82 0.72 36.8 1.30
Au/Ti8/UVM-7 800 245 1.30 /2.75a 0.14 27.2 0.68
aIntraparticle pore size determined by the application of the DFT model.
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diffusion at 800 °C) and the remaining Ti (62%) must initiate a
process of nucleation and growth of TiO2 domains.
It is worth mentioning that the modification of the

architecture/mesostructure of the siliceous support could be a
key parameter upon calcination, leading to ultrastable gold
nanoparticles. Thus, although calcination results in an expected
reduction of both surface area and pore volume, when
compared with the uncalcined material, the highly active Au/
Ti8/UVM-7 800 catalyst still preserves a relatively high specific
BET surface area of 245 m2/g and a total pore volume of 0.82
cm3/g, which includes 0.14 cm3/g associated with the internal
porosity (Table 2; Figure S7 and Table S6). Applying a density
functional theory (DFT) model also allows us to detect the
existence of some microporosity in the calcined sample. This
microporosity along with a partial preservation of the original
mesoporosity seems to be improved by the presence of TiO2
and Au (Figure S8), because the UVM-7 support completely
collapses after calcination at 800 °C. Thus, values of 151 m2/g
and 0.14 cm3/g can be estimated for the intraparticle porosity
(excluding the textural component) in the case of sample Au/
Ti8/UVM-7 800. The generation/preservation of this micro-
mesoporosity, which must be understood as the result of a
partial collapse of the original mesostructure, is most likely the
key to explaining both the high catalytic activity (directly
related to resistance to sintering of the particles of Au) and the
loss of activity compared to the uncalcined catalyst due to a
certain loss of accessible active sites that become trapped.
Therefore, it can be assumed that the TiO2 crystallites

covering the internal porous surface of the support could have
an important role in enhancing the thermal stability of the
UVM-7 mesostructure, acting as a scaffold of the support, as
suggested by the surface area increase with the Ti content of
the Au/Ti15/UVM-7 800 (Table S6) and the total collapse of
the Au/UVM-7 800 structure (Figure S9). Accordingly, it was
observed that the high BET surface area and bimodal porosity
of the materials was preserved for titania loadings up to ca. 15
wt % (Ti15/UVM-7 sample) (Table S7). For higher titania
loading (40 wt %), a dramatic decrease of these textural
parameters occurred, which indicates a significant mesopore
blocking (affecting both the gold deposition and the CO
accessibility), with the subsequent loss of catalytic activity.
Upon calcination, TiO2 partially agglomerates in the form of
small TiO2 nanodomains with sizes just slightly larger than that
of the gold nanoparticles (Figure 3; Figure S4 and Table S3).
The absence of titania diffraction in the XRD is further
evidence for the small size of the TiO2 domains (Figure S3).
Accordingly, microscopy data show (Figure 3a) the high-
resolution images of the gold and the TiO2 nanoparticles. The

titania FFT diffractograms can be indexed assuming I41/amd
symmetry corresponding to anatase and lattice parameters a =
3.78 Å and b = 9.51 Å (Figure 3b). Laser Raman spectroscopy
(Figure S10) also confirms the presence of titania with anatase
as the predominant crystalline phase for the Au/Ti8/UVM-7
800 sample.33 The UVM-7 support seemed to stabilize the
anatase phase, although a retarding effect over the phase
transition from anatase to rutile due to the presence of gold
nanoparticles could not be ruled out. Although this
agglomeration of the Ti species seems to be detrimental for
the catalyst performance,29 as also suggested by the loss of
activity with the increasing Ti content, the nanocrystalline
nature of the anatase domains also seemed to induce a strong
interfacial anchoring effect between TiO2 and the gold
nanoparticles, negating their sintering after high-temperature
calcination.34 Indeed, for gold supported directly on the
mesoporous UVM-7 support, the gold nanoparticles readily
agglomerate and, for the calcined sample, large gold nano-
particles together with small nanoparticles are formed (Figure
S9), and a total structure collapse is evident. The presence of
both small and large nanoparticles is in accordance with Qian et
al., who reported the coexistence of both small and large sizes
of gold nanoparticles for Au/SiO2 catalysts calcined at high
temperatures,26 proposing that small gold nanoparticles are
formed by an evaporation−deposition mechanism. Accordingly,
gold nanoparticles are observed close to the titania nano-
domains only on the UVM-7 surface (Figure 3), which is
corroborated by the combination of STEM-HAADF images
and chemical mapping based on electron energy loss
spectroscopy measurements (Figure 3b,c). The TiO2 domains
have dual roles, as a scaffold,35 preventing the complete
mesostructure collapse, and as an anchoring island to avoid
gold sintering. Hence, the exceptional thermal stability of gold
nanoparticles in Au/Ti8/UVM-7 could be viewed as the
combined result of a strong anchoring of gold on titania
nanoparticles homogeneously dispersed on the preserved
UVM-7 internal surface and the confinement effect that is
provided by the silica mesostructure and the anatase nano-
crystals.
We have studied UVM-7 supported gold catalysts modified

by other metal oxides by using this simple preparation method
to see if the highly active and stable gold nanoparticles are
specific to titania modification. After an optimization procedure
to select the proper metal oxide loadings, gold nanoparticles are
deposited onto ZrO2/UVM-7 and CeO2-ZrO2/UVM-7 sup-
ports. It should be noted that regardless of the metal oxide
nanodomains included inside the mesopores, a preferred
interaction of the gold nanoparticles with these metal oxides

Figure 3. Cs-corrected STEM-HAADF images of Au/Ti8/UVM-7 800. (a) High-magnification image where the TiO2 nanoparticles are identified
together with the Au nanoparticles. The FFT of the TiO2 phase is shown as an inset. (b) Cs-corrected STEM-HAADF image where an EELS
spectrum-image is recorded. (c) Ti-L3,2 (red) and O-K (yellow) maps superimposed on the HRSTEM-HAADF image.
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is observed. This is again a key factor favoring the presence of
highly dispersed small gold nanoparticles. Additionally, as
observed for TiO2/UVM-7 supports, these metal oxide
nanodomains also act as scaffolds for the UVM-7 support,
preventing silica from complete collapse and preserving a
certain porosity to favor the diffusion of CO to the active sites,
and as anchoring islands for gold nanoparticles, providing
stability against sintering after calcination at 800 °C, resulting in
highly thermally stable gold nanoparticles (Figure 4 and Figure
S11).
As shown in Table 1, these gold catalysts calcined at 800 °C

are also very active for the model CO oxidation reaction at 20
°C. The catalytic activity is lower for both zirconia and cerium-
modified zirconia than for titania, but Au/ZrO2/UVM-7 800
still has a productivity of 0.0026 mol CO/(gcat·h) and Au/
CeO2-ZrO2/UVM-7 800 is more active, achieving a productiv-
ity of 0.0061 mol CO/(gcat·h) (Table S8). The addition of
zirconia is known to increase the thermal stability of CeO2,

36

and this is consistent with our observations. Importantly,
although some differences might be expected in the final oxides
depending on the type of precursor used, our preliminary
results with zirconium and cerium oxides indicate that there are
no differences in the role played by the oxidic domains (TiO2,
ZrO2, CeO2-ZrO2) from the structural/morphological point of
view: they act as inorganic anchors for the gold particles and as
scaffolds to prevent a massive mesostructure collapse. However,
we note that the gold nanoparticles anchored on ZrO2 and
CeO2-ZrO2 have slightly higher sizes than those observed on
anatase domains (Table 1). These differences together with the
intrinsic characteristics of each catalytic system could be
responsible for the different catalytic activities observed. Thus,
it appears that the beneficial stabilization effect is not restricted
to titania with the UVM-7 support, as similar beneficial effects
are also observed with zirconia and ceria-zirconia, which
highlights the versatility of these nanostructured materials to be
implemented into new high-temperature processes.
We are able to illustrate the exceptional thermal stability of

gold nanoparticles on metal oxide modified UVM-7 by
employing the catalyst for several high-temperature applica-
tions. We have exemplified this using CO emission control
during the cold-start process of an engine. The evolution of CO
concentration of a stream of 1.6% v/v CO, 0.01% v/v propene,
0.0087% v/v toluene, and 1% v/v O2 by increasing the reactor
temperature from 30 to 600 °C at 50 °C/min over the Au/Ti8/
UVM-7 800 shows 100% CO removal in the presence of 10%
v/v H2O after 10 consecutive cycles at a space velocity of
200000 h−1 (Figure 5). There is no appreciable gold

nanoparticle sintering after use (2.3 ± 0.6 nm, Figure 6).
Panels a and b of Figure 6 confirm the homogeneous
nanoparticle dispersion after reaction preserving a diameter
below 5 nm and, as already described, the chemical analysis
corroborates the affinity between the position of the TiO2
domains and the Au nanoparticles, preventing gold sintering
under severe conditions.
This catalyst is also tested as a three-way catalyst under a

reaction mixture of 1% v/v CO, 0.1% v/v propane, 0.03% v/v
NO, 8% v/v O2, 6% v/v CO2, and 8% v/v H2O, space velocity
of 40000 h−1, and at a reaction temperature of 500 °C, showing
remarkable hydrothermal stability after three consecutive cycles
(Figure S12). The stability and activity were also validated
using methane catalytic oxidation of 1% v/v CH4 in air by
increasing the reactor temperature from 300 to 800 °C at a
space velocity of 60000 h−1. Stable catalyst performance is
maintained for at least five consecutive cycles (Figure 7).

■ CONCLUSIONS
Gold nanoparticles with exceptional thermal stability have been
synthesized in an easy and reproducible method, following a
wet impregnation procedure of UVM-7 porous silica with
titanium(IV) oxyacetylacetonate followed by a conventional
deposition−precipitation approach. As a model reaction, CO
oxidation was initially selected to evaluate the performance of
Au/TiO2/UVM-7 catalysts. An extraordinary stability and
excellent catalytic activity after high-temperature treatment
were achieved, which is in agreement with the small size and

Figure 4. Cs-corrected STEM-HAADF images of Au/CeO2-ZrO2/UVM-7 800 at (a) low magnification observing a homogeneous distribution of
gold, (b) medium magnification image, and (c) high magnification observing fcc Au nanoparticles and some crystalline CeZrO2 domains.

Figure 5. CO removal efficiency under simulated cold-start conditions
of Au/Ti8/UVM-7 800 catalyst. Conditions: 1.6% v/v CO, 0.01% v/v
propene, 0.0087% v/v toluene, 1% v/v oxygen, 10% v/v water and Ar
balance, GHSV = 200000 h−1. Temperature is increased from 30 to
600 °C at 50 °C/min.
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high dispersion of gold nanoparticles. The open architecture of
the UVM-7 silica combined with the presence of anatase
nanocrystals inside the pore system leads to the establishment
of strong interfacial interactions with Au nanoparticles, which
are responsible for stabilizing Au nanoparticles at temperatures
as high as 800 °C. The optimum performance of the Au/Ti8/
UVM-7 sample was linked to an optimal interplay between the
presence of Ti as amorphous titanium silicate, the presence of
small gold nanoparticles with high sintering resistivity (both
beneficial for the catalytic activity), and TiO2 nanocrystallites
(beneficial for the stabilization of both the UVM-7 porosity and
the gold nanoparticles). Moreover, the antisintering ability of
gold nanoparticles was demonstrated by several high-temper-
ature catalytic applications. Finally, the extension of titania
modification to other metal oxides makes these catalysts
broadly applicable for a variety of catalytic applications, such as
catalytic combustion, steam reforming, or automobile exhaust

control, especially for their application in novel hybrid and
micro hybrid cars.
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