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2.5 nm gold nanoparticles were grown on a fumed silica support, using the physical vapor deposition
technique of magnetron sputtering, that are thermally stable when annealed in an oxygen containing
environment up to at least 500 ◦C. Traditional Au/TiO2 catalysts rapidly sinter to form large 13.9 nm gold
clusters under these annealing conditions. This surprising stability of Au/SiO2 is attributed to the absence
of residual impurities (ensured by the halide-free production method) and a strong bond between gold
and defects at the silica surface (about 3 eV per bond) estimated from density functional theory (DFT)
calculations. The Au/SiO2 catalysts are less active for CO oxidation than the prototypical Au/TiO2 catalysts,
however they can be regenerated far more easily, allowing the activity of a catalyst to be fully recovered
after deactivation.

 2008 Elsevier Inc. All rights reserved.

1. Introduction

Beside a high rate of activity there are many other properties
that are desirable for a prospective catalyst material, including life-
time, thermal stability, and the ability to regenerate the catalyst
after an undesirable loss of activity. For gold catalysts the prob-
lem of particle stability is particularly acute because gold clusters
need to be very small (2–5 nm) [1–5], which results in a higher
average surface energy for the gold atoms compared to those in
large clusters [6]. In addition, gold clusters tend to sinter when
heated due to the low Tammann temperature of gold (395 ◦C)
which limits their operating temperatures [1,7,8]. Furthermore, lo-
cal heating of the gold catalyst during a CO oxidation reaction
(!G = −257 kJ/molCO2 ) can generate more heat than simply an-
nealing a sample leading to enhanced particle coarsening [8,9].
Several methods to stabilize gold particles at high temperatures
have been investigated including decorating Au/TiO2 catalysts with
SiO2 [10] and confining gold in zeolitic [11] and mesoporous silica
structures [12].
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The majority of studies investigating heterogeneous gold cata-
lysts have focused on gold clusters supported on reducible oxides
because they tend to be the most active [13,14]. To date there
is no universally accepted explanation why Au/SiO2 catalysts are
less active than the analogous Au/TiO2 catalysts. Due to the low
CO oxidation activity, and the difficulty in synthesizing gold cata-
lysts on acidic silica, all but a few studies [12,15–30] have ignored
silica and mesoporous silica supported gold catalysts. There are a
number of practical benefits to using silica as a support material,
such as its thermal stability, chemical inertness, excellent mechan-
ical properties [31], and its stability in acidic environments such as
those found in PEM fuel cells [4]. While it has been reported that
gold clusters rapidly sinter on silica [12,31] a systematic investiga-
tion of Au/SiO2 catalysts should enhance the understanding of the
origins of catalytic activity for all gold catalysts and may facilitate
the development of improved materials.

Okumura et al. provided the first tantalizing evidence that Au/
SiO2 catalysts could be very active towards CO oxidation and that
the activity strongly depends on the synthesis technique [22]. They
prepared Au/SiO2 catalysts by the chemical vapor deposition (CVD)
of air sensitive dimethyl gold β-ketone vapor forming a catalyst
that converted 50% of a carbon monoxide gas stream around 227 K
[22]. This catalyst was active at a lower temperature than gold
on either TiO2 or Al2O3 despite having a larger average particle
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size [22]. Subsequent work by Daté et al. showed that introducing
water to the reaction stream causes an order of magnitude increase
in CO oxidation activity for the CVD prepared catalyst [27]. Despite
these findings gold catalysts on non-reducible oxides, like SiO2, are
almost always less active than similar gold catalysts on reducible
oxides like TiO2 [3,13].

In this paper we show that Au nanoparticles formed on non-
porous silica are active for the low-temperature oxidation of car-
bon monoxide and are remarkably stable against coarsening upon
heating above the Tammann temperature. This study focuses on
non-porous support materials to avoid confinement effects. Den-
sity Functional Theory (DFT) calculations suggest why this catalyst
is more thermally stable than the titania supported gold catalyst.
Compared to the benchmark Au/TiO2 catalyst for CO oxidation dis-
tributed by the World Gold Council (WGC), this material is more
stable but less active.

2. Methods

2.1. Catalyst preparation

The Au/SiO2 catalysts were prepared using a magnetron sput-
tering technique which has been described in several previous
publications [9,32,33]. A high surface area fumed silica (Cab-o-Sil)
and two-1 inch Teflon® coated stir bars were placed inside a set
of stainless steel (SS) cups attached to a vacuum compatible motor.
A high purity gold target (Engelhard, 99.995%) was sputtered, at an
applied power of 11 W, by direct current (dc) magnetron sputtering
in a Ar atmosphere (research grade argon, 99.9995%—Air Liquide).
The SS cups were rotated causing the powders to tumble con-
stantly exposing a new region of the silica for the sputtered gold to
deposit onto. After the deposition some material remained stuck to
the sides; only 80–90% of the original material was collected. The
freely tumbling catalyst was easily collected after preparation by
inverting the cup onto a piece of weighing paper. Due to varia-
tions in the amount of stuck material, the weight loadings of each
batch varied slightly. Deposition times were between 3–4 h. Un-
less noted otherwise all the tests were performed on a 6.15 wt%
Au/SiO2 catalyst.

For comparison purposes a Au/TiO2 reference catalyst sample
from the World Gold Council (Type A, Lot #02–5, prepared via
deposition-precipitation, average Au particle size 3.7 nm) was eval-
uated under the same conditions as those used for the Au/SiO2
samples. The Au/TiO2 reference catalyst was stored as received in
a glass vial placed in an opaque plastic container. Samples of the
Au/TiO2 were removed from the container and left in air for a min-
imum amount of time prior to the experiments.

2.2. Catalyst characterization

Gold loading was determined using a Thermo Jarrell Ash IRIS
Inductively Coupled Plasma (ICP) Optical Emission Spectrometer.
Five mL’s of freshly prepared aqua-regia (3:1 mixture of hydrochlo-
ric acid and nitric acid) was used to dissolve the Au from the sam-
ples for analysis. After reacting with the aqua-regia, the samples
were centrifuged to separate silica from the acid and the liquid
phase was collected by decanting. Deionized water (18 M#) was
used to wash the silica followed by the centrifuge/decanting pro-
cess three more times. The collected wash was combined then di-
luted and used for the ICP measurements. A series of ICP standards
were prepared by the serial dilution of a gold standard purchased
from Alfa-Aesar.

Nitrogen BET surface area measurements were performed using
a Quantachrome Instruments Autosorb 1C physisorption analyzer.
Approximately 0.1 g of catalyst material was dried at 300 ◦C under
vacuum for 4 h prior to BET measurements.

X-ray photoelectron spectroscopy (XPS) data were collected us-
ing a PHI 3056 spectrometer with a Mg anode source operated
at 15 kV and an applied power of 350 W. Samples were manu-
ally pressed between two pieces of indium foil; the piece of In foil
with the sample on it was then mounted to the sample holder
with a piece of carbon tape (Nisshin EM Co. Ltd.). Indium was
used as a support since the C1s binding energy, from adventitious
carbon, was used to calibrate the binding energy shifts of the sam-
ple (C1s = 284.5 eV) [34]. High resolution data was collected at a
pass energy of 5.85 eV with 0.05 eV step sizes and a minimum
of 200 scans to improve the signal to noise ratio; lower resolution
survey scans were collected at a pass energy of 93.5 eV with 0.5 eV
step sizes and a minimum of 25 scans. The Si:Au and Ti:Au ratios
were determined by comparing the Si2p, Ti2p, and Au4f photoelec-
tron intensities above background in the high resolution data.

Powder X-ray diffraction (XRD) data were collected on the pow-
ders using a Scintag X1 diffractometer with CuKα radiation. Sam-
ples were mounted on a glass slide with petroleum jelly. Data were
collected from 10–90◦ 2θ over 4 h. Phase fraction analysis was per-
formed with the program GSAS [35].

Two Scanning Transmission Electron Microscopes (STEM) were
used to image the Au particles. The aberration corrected VG Micro-
scopes HB603 UHV Scanning Transmission Electron Microscope has
a resolution better than 0.8 Å and operates at 300 kV, while the
Hitachi HD2000 STEM operates at 200 kV and was used for lower
resolution studies. The samples were imaged in the high-angle an-
nular dark field imaging mode (HAADF), which provides Z -contrast
imaging [36], where the brightness depends on the thickness and
approximately the square of the atomic number. Particle sizes were
determined by measuring the widest point on the nanoparticle
to account for particles that may not be orthogonal to the elec-
tron beam. Dispersion was estimated assuming each nanoparticle
is hemispherical, meaning that the gold dispersion may be higher
if the nanoparticles are flatter [37].

29Si magic angle spinning (MAS) and cross-polarization magic
angle spinning (CPMAS) solid state NMR experiments were per-
formed to investigate the Au/SiO2 interface. However, the Au had
no detectable effect on the Si NMR signal and so those results are
not included here.

X-ray absorption spectroscopy measurements were preformed
at the National Synchrotron Light Source at Brookhaven National
Laboratory. Data were collected on beam lines X10C and X19A.
X-ray absorption near edge spectroscopy (XANES) data were col-
lected on X10C in both transmission and fluorescence mode and
compared to reference gold foil for precise energy calibration. The
sample was pressed into a copper sample holder and held in place
with kapton tape. Data reduction and analysis was done using the
Athena/Artemis suite of programs [38].

The in situ extended X-ray absorption fine structure (EXAFS)
spectroscopy measurements were performed in transmission mode
using a sample pellet in a quartz tube which could be heated for
sample treatments or cooled for EXAFS measurements (X19A). Ap-
proximately 150 mg of catalyst was loosely pressed into a 12 mm
diameter pellet. EXAFS measurement was performed under flow-
ing He after cooling the reactor cell to about 100 K. The program
XDAP—version 3.2 was used to analyze and fit the data [39] using
procedures described previously [40]. The interatomic distance r,
the first nearest-neighbor coordination number (1NN), the differ-
ence of the Debye–Waller factor from the reference (!σ 2), and
the correction of the threshold energy (!E0) were treated as free
parameters during the fitting. The quality of the fit was estimated
from the values of k3 variance (V 3

k ) which represents the residual
between the observed and calculated spectra in the fitted range.
Low values of variance indicate a good agreement between data
and model.
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2.3. Catalyst testing

The activity of the catalysts towards carbon monoxide oxida-
tion was measured using both a batch reactor and a flow reactor.
The batch reactor was assembled at Oak Ridge National Laboratory
and consists of a standard glass infrared gas cell (10 cm optical
path length, 115 cm3 volume) with KBr windows. The change in CO
and CO2 concentrations could be measured as a function of time
using a Fourier transform infrared spectrometer (FTIR). Approxi-
mately 2 mg of catalyst was spread out on a piece of aluminum foil
positioned in the center of the cell so it did not obstruct the light
through the cell. High purity gases (>99.99% Ar, O2 and CO) and
gas mixtures were metered and delivered to the gas cell at total
flow rates of around 300 mL/min. Argon gas was flushed through
the cell for 10 min prior to reaction to remove all the residual CO2
from the atmosphere. An activated carbon filter was used to re-
move trace Fe(CO)5 from the CO gas stream. Gas flow through the
cell was manually controlled using pyrex stopcocks close to the
cell body; when closed the cell pressure was 1 atm. The infrared
absorbance was measured with a N2 purged FTIR Spectrometer
(BioRad 575C), equipped with a room temperature DTGS detector
and KBr beamsplitter, controlled with WinIR-Pro software. Spectra
were recorded at intervals of 15–60 s with 4 cm−1 resolution. At
this resolution, 13 interferograms were averaged for 15 s time reso-
lution. A calibration plot was created in order to relate absorbance
to the concentration of the gas species. The rate of reaction could
be determined by measuring the change in reactant concentration
as a function of time.

A second set of activity measurements were measured using an
Altramira Instruments (AIM-200) plug flow microreactor. 16.5 mg
of the same Au/SiO2 sample that was used in the FTIR batch re-
actor was loaded into a U-shaped quartz tube (4 mm ID) and
supported with quartz wool. Catalytic activity was determined by
flowing a 0.2% CO:6.4% O2:He mixture (<4 ppm H2O) at 50 sccm
and measuring the produced CO2. Gas exiting the reactor was ana-
lyzed with a Buck Scientific 910 gas chromatograph equipped with
dual molecular sieve/porous polymer column (Alltech CTR1) and
a thermal conductivity detector. The first sample was a fresh as-
prepared sample with no pretreatments except for a 10 min flush
of the cell with 10 mL/min of argon. The second sample was
treated prior to the room temperature reaction by annealing the
sample at 300 ◦C (ramp 10 ◦C/min dwell 30 min at 300 ◦C) in flow-
ing argon (30 mL/min).

2.4. DFT calculations

The calculations for gold clusters attached to the SiO2 and TiO2
surfaces were based on Density-Functional Theory (DFT) and the
generalized gradient approximation (GGA) for exchange and corre-
lation, and plane waves [41]. First-principles calculations were per-
formed on 4 layer-thick SiO2 (001) quartz, 4-layer thick TiO2 (110)
rutile, and 3-layer thick (101) anatase slabs. All the slabs were
terminated by non-polar surfaces; the oxygen-saturated quartz sur-
face was fully hydrogenated. The density of free surface SiOH
bonds at (001) quartz surface is 6.8/nm2 in reasonable agreement
with the experimental value of 6.3/nm2 for fumed silica [42]. Al-
though the morphology of the quartz surface is different from that
of disordered fumed silica, the detailed surface structure plays no
significant role because: (1) in any SiO2 network, all the Si atoms
are four coordinated and all the O atoms are two coordinated;
(2) a small gold cluster always binds to a single anchoring site
at the surface that is formed by removing a proton or an OH
group (see below). Therefore, only the “local” surface structure
(which is almost the same for any SiO2 network) is important,
i.e., a crystalline fully-hydrogenated quartz surface is still a rea-
sonable model for the SiO2 substrate. Large supercells were used

Table 1
Thermal stability data for Au/SiO2 and Au/TiO2 WGC.

Age 6.15 wt% Au/SiO2 1.57 wt% Au/TiO2 WGC

As-prepared 2W 4W As-received 2W 4W

STEM (nm) 2.5 3.2a 4.8 3.7 13.9
XPS ratiob 0.90 0.97 0.98 19.6 37.2 44.7
BET (m2/g) 232 – 235 73 – 39
PXD (nm)c nd 6.9 nd nd

a Sample post 500 ◦C anneal in 8% O2/He for 1D and CO oxidation for 2D.
b XPS photoelectron peak, Si2p:Au4f or Ti2p:Au4f, intensity ratio.
c Particle size estimated from Scherrer equation, constant = 0.9 [74].

(15.4 Å × 13.8 Å × 23.5 Å for quartz, 13.0 Å × 12.4 Å × 23.5 Å for
rutile, and 18.9 Å × 12.7 Å × 23.5 Å for anatase) with periodic
boundary conditions. The vacuum layer between slabs was >12 Å.
The adsorbates and the top surface layers were fully relaxed (un-
til quantum-mechanical forces acting on those atoms were smaller
than 0.02 eV/Å), while the bottom layer was kept fixed. The sur-
face area of the supercells was large enough to accommodate these
nanoparticles and minimize inter-cluster interactions. For the DFT
calculations gold nanoparticles containing N atoms, with N rang-
ing from 1 to 35, were constructed and relaxed on the support
surfaces. As it is believed that an atom by atom growth method
is a dominant methodology for sputter prepared catalysts [33], the
nanoparticles were constructed by adding gold atoms one at a time
to the existing nanoparticles, relaxing the structure after each ad-
dition.

3. Results

3.1. Synthesis and characterization

The magnetron sputtering technique has several advantages for
the preparation of bulk silica supported gold nanoparticles. Since
no solutions are required to prepare the catalysts, the support’s
isoelectric point (IEP) does not constrain the synthesis conditions.
No residual chloride species are left on the surface from a gold
precursor and no impurities from the SS cups were detected by
the ICP or XPS studies. Also, no thermal treatment or activation is
required to obtain an active catalyst. One of the drawbacks of the
sputter deposition process was maximum batch size. The fumed
silica used in this study is non-porous (according to the t-method
[43]) and has a N2 BET surface area around 230 m2/g. Because
of its low freely-settled bulk density, several batches of catalysts
(around 300 mg each) had to be made to have enough for all the
measurements. The Au/SiO2 samples prepared for this study were
a uniform wine-red, free flowing powder. Samples with high gold
loading were used to improve the characterization studies (i.e., sig-
nal/noise ratios, space velocities, etc.) however samples with lower
gold loadings showed similar results.

All of the as-prepared Au/SiO2 samples were characterized by
electron microscopy. Particle size data is summarized in Table 1.
A representative STEM image for a 6.15 wt% Au/SiO2 as-deposited
sample, which had been stored for 2 months in a glass vial in a
CaSO4 filled desiccator, is shown in Fig. 1. This sample, like all of
the others examined, had a uniform distribution of gold particles
(which show up as the bright spots) on the surface of the fumed
silica. Analysis of the nanoparticles indicates that the average Au
particle size is around 2.5 nm (55% dispersion, assuming hemi-
spherical nanoparticles), Fig. 2. These particles are some of the
smallest reported silica supported gold particles; previously pub-
lished work typically shows gold particles with diameters larger
than 6 nm [22,24–27]. The average projected particle separation
measured from the images is less than 2 nm. Although the reduced
depth of field in an aberration-corrected STEM means that particles
supported at different heights go out of focus very rapidly [44],
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Fig. 1. Aberration corrected STEM image of as-prepared Au/SiO2 6.15 wt%. Notice the
high concentration of small gold nanoparticles (bright spots) on the silica surface.

Fig. 2. (Top) Gold nanoparticle size histograms of as-prepared and thermally treated
Au/SiO2 catalysts. (Bottom) Gold nanoparticle size histograms of as-received and
thermally annealed Au/TiO2.

here the projected value provides a useful measure to compare dif-
ferent samples, but is probably still an underestimation of the true
three-dimensional separation. STEM images of other as-deposited
Au/SiO2 samples with lower gold loadings all show a similar high
concentration of 2.5 nm Au particles as well as a few larger gold
particles indicating that some large particles also form during the
deposition. There was no X-ray diffraction from the Au in any of

Fig. 3. XANES data of a series of Au references and as-deposited Au/SiO2.

the as-prepared Au/SiO2 samples. The lack of Au diffraction is most
likely due to the small gold particles which lack the requisite long-
range order required for diffraction.

Fig. 3 shows the Au-L3 X-ray absorption near edge spectroscopy
(XANES) data for a 5.0% Au/SiO2 sample, two Au3+ references
(Au2O3 and AuCl3), a Au+ reference (AuCl), and gold foil. The Au3+

species show a large absorption feature (labeled A) at a lower
binding energy than the bulk gold metal. This shift to lower bind-
ing energy is due to a 2p to 5d transition which precedes the
excitation to the bulk [45]. The Au+ spectrum has a much smaller
A-feature probably due to a small concentration of 5d holes. Com-
paring the Au/SiO2 sample and the bulk gold foil reveals very sim-
ilar shapes and edge energies, which indicates that the gold is in
the metallic Au0 state. The slight intensity reduction and increase
in energy for the A, B and C features corresponds to a reduction in
coordination number and a decrease in Au–Au distances consistent
with the formation of gold nanoparticles [46].

The Au/SiO2 catalysts were compared to Au/TiO2 reference cat-
alysts, prepared by deposition precipitation, from the World Gold
Council. The Au/TiO2 support material (Degussa P25) is a mix-
ture of anatase and rutile phases. It has an experimentally mea-
sured surface area of 73 m2/g and is non-porous as estimated
from the t-method [43]. This BET surface area is slightly higher
than the typically reported surface area for Degussa P25, 50 m2/g
(±15 m2/g) [47]. A representative STEM image and particle size
analysis are shown in Figs. 4a and 2, respectively. There was a ho-
mogeneous distribution of gold clusters on the TiO2 surface. The
experimentally determined mean particle diameter was 3.7 nm
which is in excellent agreement with the reported particle sizes
for this catalyst.

3.2. CO oxidation

The activity of Au/SiO2 and Au/TiO2 were measured using a
commercial flow reactor and home built batch reactor. The batch
and flow reactors yield the same activity values. Catalytic activ-
ity data for the catalysts reported here and literature values for
Au/SiO2 catalysts active at ambient temperatures are presented
in Tables 2 and 3, respectively. The as-prepared Au/SiO2 catalyst
shows significant catalytic activity (0.011 molCO/(molAu s)) com-
pared to most previously reported Au/SiO2 catalysts in the liter-
ature (0.016–0.0008 molCO/(molAu s), Table 3). These previously
reported Au/SiO2 catalysts had significantly larger Au particles,
which reduces the number of surface atoms available for reac-
tion sites. When unused as-prepared Au/SiO2 sample was left
out in the air for 18 h and then evaluated in the batch re-
actor there was an order of magnitude decrease in the cat-
alytic activity (0.001 molCO/(molAu s)). However, when this air-
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Fig. 4. (a) Z -contrast STEM image of as received Au/TiO2 from the WGC and (b) Z -contrast STEM image of the Au/TiO2 catalyst post 500 ◦C anneal in air for 4 weeks.

Table 2
Catalytic activity data for samples evaluated in this work.

Support Au
(wt%)

Particle
size
(nm)a

Activity
(molCO/(molAu s))
(25 ◦C)

Reactor
type

Comments

SiO2 5.75 2.5 0.011 Batchb Fresh sample
SiO2 5.75 2.5 0.001 Batchb Left in air
SiO2 5.75 3.2c 0.019 Batchb Post 400 ◦C air

anneal 1H
SiO2 5.75 2.5 0.011 Flowd Fresh sample
SiO2 5.75 3.2 0.019 Flowd Post 300 ◦C 8%

O2/He anneal
SiO2 5.75 3.2 0.004 Flowb Post 4W anneal

in air

TiO2–WGC 1.56 3.7 0.298 Batchb Fresh sample
TiO2–WGC 1.56 3.7e 0.058 Batchb Left in air
TiO2–WGC 1.56 3.7e 0.060 Batchb Post 400 ◦C air

anneal 1H
TiO2–WGC 1.56 13.9 Not detected Flow Post 4W anneal

in air

a Average particle size measured from STEM data from this work.
b Reaction conditions: 1.5% CO/13% O2/Ar.
c Size post 500 ◦C anneal in 8% O2/He for 2 h. This was a higher temperature

and longer duration than the annealing treatments for the catalysts used in these
experiments so particle sizes are likely smaller than these reported here.
d Reaction conditions: 0.5% CO/0.8% O2/50% Ar/He.
e Majority of the particles had diameters around 3.7 nm with larger 8–10 nm

clusters evident resulting in a bimodal distribution of particles.

deactivated sample was annealed in air for an hour (400 ◦C), the
activity recovered and was better than the as-prepared sample
(0.019 molCO/(molAu s)). Attempts to thermally analyze the anneal-
ing of our deactivated catalyst with a thermogravimetric analyzer
were inconclusive due to insufficient weight loss upon heating.
Temperature programmed oxidation and decomposition measure-
ments were equally inconclusive. There was no measurable loss of
water or carbon containing compounds during heating in flowing
gases. At this point it is not clear what processes cause the deacti-
vation or subsequent full reactivation upon heating.

To investigate the effect of this brief annealing on catalysts
structure a slightly more aggressive test was performed where the
catalysts was used for a 48 h carbon monoxide oxidation test in
the plug flow reactor then annealed at 500 ◦C for 2 h. STEM images
revealed a slight coarsening of the gold nanoparticles, mean diam-
eter 3.2 nm, Fig. 5. However the vast majority of particles (98%)

Table 3
Published ambient temperature catalytic activity data for Au on non-mesoporous
SiO2 catalysts.

Au
(wt%)

Particle
size
(nm)

Reactivity
(molCO/

(molAu s))

Preparation
method

%CO:O2
balance

T
(◦C)

Ref.

1.8 30 0.0008 IW 5% CO/5% O2/He 40 [26]
1.0 – 0.016 IW 3.3% CO, 1.7% O2/He 27 [28]
2.4 1.4 0.008 CVD 0.96:20:inert gas 23 [25]
2.4 1.4 0.003 CVD 0.96:20:inert gas 0 [25]
10 8.2 0.004 CVD 1% CO/air/1 ppm H2O 0 [27]
6.6 6.6 0.004a CVD 1% CO/air 0 [22]
1.4 3.5 0.057 DP—from Au(en)2 1% CO/air 0 [23]
3.8 6.0 0.009 DP—from Au(en)2 1% CO/air 0 [23]

a Extrapolated from data.

Fig. 5. Z -contrast STEM image of Au/SiO2 post 1D 500 ◦C anneal and 48H CO oxida-
tion test.
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Fig. 6. Z -contrast STEM image of Au/TiO2 WGC after sample left in air.

remain less than 3 nm in diameter and show no evidence of crys-
tallizing into hexagonal nanoparticles. Many of the particles are
still separated on average by less than 2 nm from another particle.
Since some large gold clusters (>10 nm) were observed for the as-
prepared Au/SiO2 samples, it is unclear if the population of very
large particles in the annealed sample increased as a result of the
thermal treatments or if they were produced during the synthe-
sis of the catalysts. There is clearly a slight amount of coarsening,
but this does not seem to affect the total activity of the Au/SiO2
catalysts.

The as-received Au/TiO2 reference catalyst showed a signifi-
cantly higher activity than the as-prepared Au/SiO2 catalyst (0.3
vs. 0.01 molCO/(molAu s)), which is consistent with previously pub-
lished catalytic data on Au/TiO2 and Au/SiO2 [48]. However, when
the reference catalyst was left on a laboratory bench under fluo-
rescent lights in the rather humid Tennessee air for a day there
was a 5 fold decrease in its catalytic activity (Table 2). Anneal-
ing for an hour in air did not recover the activity of the reference
catalyst. Thus after only a short exposure to ambient laboratory
conditions, the Au/TiO2 catalyst was found to be only 3 times more
active than the annealed Au/SiO2 catalyst. Comparing STEM images
of the as-received Au/TiO2 (Fig. 4a) and the Au/TiO2 sample left
out (Fig. 6) reveals the formation of some larger gold nanoparti-
cles. This decrease in activity should therefore not be surprising,
since the importance of small gold clusters for active gold catalysts
is well known [3]. It is unclear what causes the increase in gold
particle sizes when exposed to light, but reports in the literature
have indicated light sensitivity of Au/TiO2 [49].

3.3. Annealing gold catalyst

A series of annealing experiments were performed in order
to understand the long term effect of thermal treatments on the
structure and stability of the Au/SiO2 and Au/TiO2 catalysts. This
data is summarized in Table 1. Samples were annealed in air at
500 ◦C, in the same furnace next to each other, for various times.
The treated samples were then analyzed by electron microscopy,
which provides a very detailed view of a small part of the sam-
ple, and by techniques that sample a much larger fraction of the
material (XPS, EXAFS, PXD) to confirm that the microscopic results
were representative of the material.

STEM images, at the same magnification, of the as-received
and Au/TiO2 catalyst post 4 week anneal are shown in Fig. 4;
gold particle size data is presented in Fig. 2 (bottom). Anneal-
ing the Au/TiO2 catalysts resulted in a dramatic sintering of the

Fig. 7. Z -contrast STEM image of the 6.15 wt% Au/SiO2 post 500 ◦C anneal for
4 weeks in air.

Fig. 8. EXAFS of an as-prepared 4.8 wt% Au/SiO2 catalysts, thermally treated Au/SiO2
catalysts and gold foil.

gold nanoparticles from an average diameter of 3.7 nm to 13.9 nm.
Similar but smaller particle size increases have been reported for
Au/TiO2 annealed for shorter periods of time [50]. There was no
measurable room temperature catalytic activity for the Au/TiO2
catalysts after the four week annealing which is consistent with
the formation of large inactive gold clusters.

Fig. 7 shows a STEM image of a 6.15 wt% Au/SiO2 catalyst af-
ter it had been annealed for 4 weeks. A histogram of the annealed
Au/silica particles is shown in Fig. 2. In contrast to the dramatic
sintering observed for gold on TiO2, the gold particles supported
on silica coarsened only slightly from 2.5 nm to 3.2 nm (after one
day) and to 4.8 nm after 28 days. Interestingly the STEM images
of the annealed Au/SiO2 catalysts reveal a very high concentration
of gold clusters in close proximity to one another, with most of
the gold clusters separated by distances less than the cluster di-
ameter. The gold particles on SiO2 are stable even after annealing
in an oxygen containing environment, which has previously been
shown to promote the agglomeration of gold nanoparticles at ele-
vated temperatures [51]. After this extended annealing the Au/SiO2
catalyst still retained about 20% of its maximum catalytic activity
(0.004 molCOreacted/(molAu s)).

Fig. 8 shows EXAFS data for a 4.8 wt% Au/SiO2 sample pre-
pared by sputtering and then heating in air first at 300 and
again at 500 ◦C. Analysis of this EXAFS data, Table 4, show that
the Au–Au distances (2.80–2.84 Å) and Au coordination numbers
(7.1) do not change with thermal treatments. This confirms that
there was minimal sintering and little structural change in the
Au particles, even up to 500 ◦C, consistent with the microscopy
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Table 4
EXAFS data for Au–SiO2 catalysts.

4.8 wt% EXAFS Au
CN

R
(Å)

!σ 2

(10−4 Å2)
!E0

(eV)
!R V 3

k-fit

As depositeda 7.1 2.84 59 −5.7 0/4 0.81
300 ◦C in aira 7.1 2.84 61 −5.1 0/4 0.82
500 ◦C in aira 7.1 2.84 58 −5.1 0/4 0.86
500 ◦C in air (RT scan) 7.4 2.80 111 −0.5 0/4 1.81

a Measured at 100 K.

data. Analysis of room temperature EXAFS data collected for 5
and 4.8 wt% samples on two different beamlines showed gold co-
ordination numbers of 7.9 and 7.4, respectively, which confirms
the batch reproducibility of this technique and the microscopy re-
sults.

The coalescence of the gold particles was further examined by
XPS, which is sensitive to the surface atoms. Monitoring changes
in the ratio of Si2p or Ti2p to Au4f photoelectron peak intensity as
a function of time is good way to follow changes in metal parti-
cle sizes. Increases in the Si or Ti to gold ratio indicate the loss of
small gold particles, which results in more of the metal oxide sur-
face being exposed and a much lower percentage of gold atoms on
the surface of a gold cluster [52]. For the Au/TiO2 catalysts the ini-
tial Ti:Au intensity ratio starts at 19.6, Table 1. After annealing the
ratio increases to 37.2 after two weeks and 44.7 after four weeks.
This data confirms the loss of small gold particles and exposure of
more TiO2 surface upon annealing.

In contrast to the Au/TiO2 data the Si:Au ratio change is much
smaller and increases from 0.90 to 0.97 after two weeks then
to 0.98 after four weeks. The Si:Au ratio is much smaller than the
Ti:Au ratio due to the larger concentration of gold on the surface
and differences in the photoelectron intensities from each support.
These results indicate an appreciable coarsening of the gold parti-
cles on silica occurs within two weeks but thereafter the change is
much slower with time. This conclusion supports the microscopy
data which shows a rapid change in particle sizes within the first
day (0.7 nm) followed by a change of only 1.6 nm over the next
27 days.

XRD studies of the annealed Au/SiO2 catalysts showed a small
peak originating from the gold clusters that was not present for the
as-prepared catalysts. Analysis of the gold peak with the Sherrer
equation (β = 0.9) indicated that the gold particle size was about
6.9 nm, which is consistent with the microscopy data that revealed
the formation of slightly larger particles after annealing. This value
is slightly larger than the value from the microscopy because this
technique is biased towards detecting mainly larger particles. A Ri-
etveld refinement study based upon powder XRD studies of the
Au/TiO2 catalysts revealed that there was an increase in the per-
centage of the high temperature rutile phase, from ∼15(1)% to
35(1)%, at the expense of the anatase phase due to the anneal-
ing. BET surface area analysis also indicated a loss of TiO2 surface
area, down to 39 m2/g from 73 m2/g, with annealing, Table 1.
There was no change in the silica surface area with annealing.

3.4. DFT calculations

Calculations were performed in order to try to understand the
enhanced stability of Au/SiO2 catalysts compared to Au/TiO2. Ta-
ble 5 shows calculated binding energies for Au clusters with dif-
ferent numbers of gold atoms positioned on selected sites of SiO2
and TiO2 (rutile) surfaces. The calculated binding energy on a
(110) rutile surface between Au and a two-coordinated oxygen O(2)
atom is 0.8 eV, between Au and a five-coordinated Ti(5) atom is
0.4 eV, and between Au and an O(2) vacancy (shown in Table 5)
is 1.2 eV. Similar binding energies (unlisted) are found for gold at
the anatase (101) surface. First principle calculations show that a

Table 5
Binding energies (in eV) for Au clusters with different number of gold atoms
(N(Au)) attached to the dangling Si bond (for SiO2 surface) or positioned on top
of oxygen vacancy (for TiO2 surface).

N(Au)

5 8 10 12 15 20 25 30 35

SiO2 (dangling Si) −3.5 −3.2 −2.9 −2.7 −3.2 −2.6 −3.4 −2.7 −2.9
SiO2 (dangling O) −2.2 −2.4 −2.0 −2.3 −2.5 −2.1 −2.4 −2.2 −2.1
TiO2 −1.2 −0.9 −1.6 −0.8 −1.7 −1.5 −1.1 −1.3 −1.4

fully hydrogenated silica surface is inert and does not bind ad-
sorbed Au atoms (the binding energy does not exceed 0.1 eV).
However, removal of surface H or OH groups, leaving O and Si dan-
gling bonds, forms active sites for anchoring individual gold atoms.
The binding energy between Au and a surface Si dangling bond
(∼3.8 eV) is higher than the binding energy between Au and an
oxygen dangling bond (∼2.7 eV). These energies are higher than
the binding energy of an adsorbed Au atom to any of the surface
sites at the TiO2 surface.

The ability of O vacancies on TiO2 substrates to anchor gold par-
ticles is well known [53] and is believed to play a possible role in
the catalytic activity [54]. For TiO2 surfaces our calculations show
that the clusters are indeed anchored at an oxygen vacancy, but
have a tendency to spread laterally (parallel to the surface) because
some Au atoms form weaker bonds with O(2) and Ti(5) atoms lo-
cated at the surface, 0.8 and 0.4 eV respectively (Fig. 9a). However,
silica supported clusters have a more bulk-like, spherical shape,
with only one Au atom attached to the Si dangling bond at the
surface (Fig. 9b). While the calculations indicate that a dehydro-
genated silica surface has the potential to form a single silica–Au
bond that is stronger than a single titania–Au bond there probably
are several Au–SiO2 bonds in the larger experimentally observed
clusters with several hundred atoms. The binding energy of such a
larger cluster is nearly proportional to the number of its Au/SiO2
bonds to the substrate, i.e., larger clusters bind to the surface even
stronger (and are more unlikely to sinter) than smaller ones.

4. Discussion

4.1. Thermal stability of gold catalysts

The experimental evidence clearly shows that the Au/SiO2 cat-
alysts are more stable at elevated temperatures than the more
commonly studied Au/TiO2 catalysts. The temperatures used in
these experiments are well above the Tammann temperature for
gold (395 ◦C) where metal mobility becomes significant [7]. There
are a number of differences between the silica and titania sup-
ported nanoparticles but these differences should be detrimental
to Au/SiO2 stability. The Au/SiO2 catalysts have a higher weight
loading compared to Au/TiO2 (6.15 wt% vs. 1.57 wt%), the Au gold
nanoparticles on silica are smaller, and they are separated by much
shorter distances (projected separation typically less than 3 nm)
than the analogous titania supported nanoparticles. Since smaller
particles are structurally unstable and the separations are reduced,
the smaller particles would be expected to have a higher proba-
bility of becoming mobile and combining [6]. Even after annealing
at high temperatures for four weeks, the Au/SiO2 particles are still
separated by distances less than 3 nm. In comparison, the gold
particles supported on TiO2 coalesced much more rapidly, despite
being separated by much larger distances, than the SiO2 supported
clusters.

As noted previously there was a 50% loss of TiO2 surface area
and a near doubling of the fraction of rutile in the support mate-
rial due to sintering, while no similar changes were observed for
SiO2. It is unknown what effect these bulk changes in the TiO2
will have on the nanoparticle stability, since reorganizing the TiO2
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Fig. 9. (a) 21-atom Au cluster positioned on top of an oxygen vacancy at the TiO2 anatase (101) surface; (b) 18-atom Au cluster attached to a single Si dangling bond at the
SiO2 quartz (001) surface. Gold atoms are shown in yellow, oxygen—in red, hydrogen—in white, Ti—in light gray; Si—in gray. The surface anchoring sites (O vacancy for TiO2
and dangling Si atom for SiO2) are indicated by blue arrows. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)

structure is likely to facilitate the Au migration. In addition, higher
temperatures are likely to promote the formation and migration of
oxygen vacancies, which have been reported to be important for
stabilizing gold nanoparticles [55–59]. The exact mechanism of the
supported nanoparticle growth under these conditions is clearly an
area that requires further study.

4.2. Origin of gold stability

In order to understand the enhanced stability of gold/silica cat-
alysts several experimental efforts to characterize the metal-silica
interface using EXAFS and solid state 29Si-NMR were attempted
but thus far have been unsuccessful. Therefore we turned to first
principles DFT calculations to explain the origin of this stabil-
ity.

The DFT calculations performed in this study indicate that pro-
tons or –OH groups on the silica surface need to be removed in
order to form a strong Au–silica interaction. Although the sput-

tered Au atoms are deposited at thermal energies, given the well
known high energy tail present in the distribution of sputtered
species [60,61], there may be enough kinetic energy from a frac-
tion of the incident Ar or Au atoms to remove surface protons or
surface hydroxyl groups enabling the formation of the strong Au–
support bond.

From DFT calculations it is generally agreed that gold atoms do
not bind strongly to a stoichiometric TiO2 surface [62–64]. Previ-
ous DFT work indicates that gold atoms bond much stronger to
defective, reduced or non-stoichiometric TiO2 surfaces [50,56,63,
65,66]. The average calculated Au binding energy to oxygen de-
fect sites found in the present work is 1.2 eV, which is in good
agreement with previously reported calculated values of: 1.6 eV
for a reduced rutile surface [50], 1.2 eV for one vacancy site [65],
and 1.7 eV for an O point defect in a 1× 3 cell [67]. Compared
to Au/TiO2 there are relatively few theoretical studies investigating
Au/SiO2 catalysts and these rely on unrealistic models of the sur-
face. Previous DFT studies of Au/SiO2 assumed that SiO2 adopted
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a rutile rather than quartz structure [66,68]. Laursen and Linic re-
ported that the interactions between a gold bilayer and a reduced
rutile–SiO2 surface are weaker (−1.07 eV/vacancy) than compa-
rable interactions on a reduced TiO2 surface (−1.97 eV) [66]. Liu
et al. similarly reported lower binding energies between Au and
reduced rutile–SiO2 (2.25 eV) as compared to Au and reduced TiO2
(2.87 eV) [68].

The experimental results presented in this study clearly demon-
strate the important role that the support plays in the stabilization
of the nanoparticles on bulk support materials. Modeling the gold–
SiO2 support interactions using an improved model (quartz struc-
ture and a hydrogen passivated surface) produced a theoretical
model which correlates well with the experimental data. Similar
to the modeling of Au/TiO2 we find that in order to stabilize the
gold clusters on silica a surface defect needs to be formed. Un-
like the gold nanoparticles reported in this study, silica supported
gold catalyst prepared from HAuCl4 precursors are reported to be
thermally unstable and poorly bound, resulting in the rapid ag-
glomeration of gold nanoparticles into large gold clusters along
with a concomitant loss of catalytic activity [69–71]. Based on
the modeling presented above it is reasonable to believe the ori-
gin of this instability is the inability of precipitation techniques to
adequately remove hydroxyl or proton groups during the prepara-
tion processes. Recently, thermal stability of Au on silica was also
demonstrated by Zhu et al. who reported that gold particles pre-
pared by Au(en)+2 and confined in mesoporous silica maintained
a 5 nm particle size even at 500 ◦C [21]. Zhu et al. performed
their deposition at a pH 10, i.e. when the silica surface is depro-
tonated forming a Si–O− dangling bond where the gold precursor
bound [21].

4.3. Catalytic activity

Despite the formation of gold particles with similar diameters,
the Au/SiO2 prepared in this study was significantly less active for
CO oxidation than Au/TiO2. The literature involving gold catalysts
contains many examples of gold catalysts being more active on re-
ducible support materials versus non-reducible support materials,
which is consistent with our present work. However, there are also
examples where gold catalysts supported on Al2O3 are more ac-
tive [72], as active, or only a factor of ∼2 less active than highly
active Au/TiO2 catalysts [13], indicating that this simple model of
reducible oxides being better supports may not be the whole story.
The DFT calculations performed in this study produced gold clus-
ters on SiO2 that were more spherical than those on TiO2, which
could spread out laterally on the TiO2 surface. It is possible that
the more spherical nature of Au on SiO2 may lead to the loss of
the perimeter reaction pathway, which is important for Au/TiO2
catalysts [3], and the reduction in total oxidation rate may be due
to the loss of perimeter sites.

Deactivation of gold catalysts on a number of support materi-
als has been reported. Konova et al. reported the deactivation of a
Au/TiO2 catalyst proceeds by two mechanisms; the adsorption of
CO from the reaction gas in the form of carbonates and coarsen-
ing of the gold particles due to heating [73]. Our Au/SiO2 samples
deactivate when they are left out in the air. Such a deactivation is
not typically reported in the literature. The Au/SiO2 catalysts can
be fully reactivated by annealing with little change in the catalysts
structure. It is clear that during the extended annealing experi-
ments there is a growth of the gold clusters, however, unlike the
inactive Au/TiO2 catalysts, the Au/SiO2 catalysts retain a level of
activity due to the stability of the gold nanoparticles on silica. This
activity is still larger than the activity of Au/SiO2 catalysts left in
air (0.004 versus 0.001 molCOreacted/(molAu s)).

5. Conclusions

A new way to prepare silica supported catalysts has been re-
ported. These catalysts are structurally stable when heated in air to
500 ◦C for several weeks or during a CO oxidation reaction. While
both Au/SiO2 and the reference Au/TiO2 catalysts were observed
to deactivate when they are exposed to air, the Au/SiO2 catalyst
was easily reactivated by a brief heating with no apparent coars-
ening or loss of activity. In fact there appeared to be an increase in
activity for the briefly annealed Au/SiO2. Exposure of the Au/TiO2
catalyst to atmospheric conditions resulted in a 5 fold decrease in
activity, attributed to agglomeration of the Au particles. Our DFT
results suggest that the origin of the Au/SiO2 stability appears to
be due to the strong binding of the Au nanoparticles to defects
on the silica surface. The binding energy between Au and silica
was significantly larger than any simple binding energy between
Au and titania. Defects are formed by the removal of surface hy-
drogen or OH groups by the energetic gold atoms deposited during
the deposition process. The ability to easily reactivate the catalyst,
thermal stability, and the unique gold–support interactions make
this material worthy of further study.
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