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ABSTRACT: Controlling the particle size of supported metal
catalysts is essential to achieving active, selective, and stable
catalysts. High-resolution electron microscopy has revealed
that large Au particles (∼8 nm), supported on titania and if
multiple-twinned, broke up into small particles (2−3 nm)
during liquid-phase hydrogenation. Multiple-twinned Au
particles, obtained after gas-phase reduction of as-prepared
Au/TiO2 at elevated temperature, break up into smaller particles. EXAFS confirmed that the multiple-twinned particles were
agglomerates of smaller particles. In contrast, calcination caused a strong interaction between Au and titania and the formation of
mainly single crystalline Au particles (4 to 5 nm), which were relatively stable during liquid-phase hydrogenation. Reduction and
calcination lead to gold particles that are fundamentally different.
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■ INTRODUCTION
Redispersion of supported metal particles is a highly interesting
topic, in particular because it is the reverse of sintering, the
main process of catalyst deactivation.1−7 Deactivation through
sintering can be restored by redispersion of the supported metal
particles under the appropriate conditions.2−6 Redispersion
takes place by complex physical and chemical processes8 and is
a function of temperature, atmosphere, time, and support. It is
also strongly influenced by the metal and its loading or
promotors (or both) as well as by catalyst preparation.1,9−11

Redispersion has been reported for supported metals such as
Pt,3,5,12−18 Pd,6,19−21 Rh,22−27 Co,28−31 Ni,32−34 and Ag.35,36

The mechanisms differ considerably, depending on the metal,
the support, their interaction, and the applied conditions. For
the above-mentioned metals, redispersion has been applied
successfully for catalyst regeneration for many years, whereas
only a few recent studies have focused on the redispersion of
supported gold particles.37−42

We report the redispersion of Au/TiO2 catalysts during high-
pressure liquid-phase hydrogenation of nitroaromatic com-
pounds. Gold catalyzes a number of hydrogenation reactions,
among them hydrogenation of alkenes,43,44 alkadiens,45−48

alkynes,49−52 α,β-unsaturated carbonyl compounds,53−56 and
nitro compounds.57−59 The size of supported Au particles
strongly affects catalytic activity. Although bulk gold is
catalytically inactive, the high activity of Au nanoparticles was
attributed to the greater proportion of low-coordinated Au
sites,60−62 electronic effects,56,63 and the involvement of the
metal−support interface in the activitation of reactants.64,65

Furthermore, an efficient interaction with the support is
required.66 To date, the influence of the support is not well
understood. However, in the hydrogenation of nitroaromatic

compounds in particular, the use of TiO2 often led to
significantly higher activity and selectivity compared with
other metal oxide supports.57,67−72 The mechanism of H2
splitting on Au/TiO2 is a subject of debate, and various
models exist.65,73−80 It is generally accepted that the reaction
occurs at the metal−support interface. The adsorption of
nitrobenzene at this interface is assumed to make the catalysts
selective.74 Corma et al. have shown that Au/TiO2 selectively
reduced the nitro group in the presence of various reducible
functional groups such as double bonds, carbonyl, amide, or
nitrile groups under mild conditions (100−120 °C, 10 bar
H2).

57 The redispersion of Au/TiO2 during liquid-phase
hydrogenation of 4-nitrobenzaldehyde, nitrobenzene, and
nitrosobenzene was determined by electron microscopy and
EXAFS. The most direct methods, TEM and STEM, provide
real images of the particles, which give an impression of the
homogeneity of a sample. EXAFS on the other hand, is a bulk
technique, which provides average particle sizes of a relatively
large volume.81

■ EXPERIMENTAL SECTION
Catalyst Preparation. Au/TiO2 was prepared through

deposition precipitation with urea.82 To prepare 0.7 wt % Au/
TiO2, 0.086 g of HAuCl4·H2O (49 wt % Au, ABCR Chemicals)
was dissolved in 600 mL deionized H2O. Then 6.0 g of TiO2
(Aeroxide P25, Acros Organics) and 1.8 g of urea (puriss,
Riedel-de Haen̈) were added to the stirred mixture, which was
heated to 80 °C and stirred for another 16 h in a closed Teflon
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Figure 1. continued
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vessel. After cooling to room temperature, the filtrate was
washed five times with deionized water to remove residual
chloride ions. To ensure the removal of chloride, AgNO3
solution (1M) was added to the filtrate. Precipitation of AgCl
was not observed. The yellowish product was dried at room
temperature under vacuum in the dark for 48 h. The resulting
catalyst was referred to as “as-prepared”. If it was not used right
after synthesis, then it was stored at −18 °C in the dark. With
the aim of obtaining gold particles of different sizes and of
investigating the influence of different pretreatment conditions,
as-prepared Au/TiO2 was reduced in a flow of 5% H2/He (100
mL/min) at room temperature for 45 min and at different
temperatures (40, 60, 80, 100, 150, 200, 300 °C) for 20 min at
a heating rate of 2 °C/min; it was then cooled to room
temperature under the same conditions. Alternatively, as-
prepared Au/TiO2 was calcined in a flow of air (100 mL/min)
at 300, 400, and 500 °C and a heating rate of 2 °C/min and a
dwell time of 30 min and then cooled to room temperature
under the same stream of air. Pretreated catalysts were stored at
−18 °C in the dark. They were pretreated right before the start
of the kinetic experiments.
Kinetic Experiments. The liquid-phase hydrogenation of

4-nitrobenzaldehyde, nitrobenzene, nitrosobenzene, and ben-
zaldehyde was performed in stainless steel autoclaves with a
volume of 50 mL (Premex Reactor AG, Lengnau, Switzerland),
which were equipped with a gas inlet and outlet, a sample port,
a thermocouple, external heating, and readout for temperature
and pressure. Stirring was performed with a magnetic stirrer.
To perform a kinetic experiment, the catalyst, the substrate,

THF or toluene as the solvent, and mesitylene as the internal
standard were placed in the reactor. In most cases, 0.06 g of
catalyst, 0.06 g of substrate, 25 g of solvent, and 0.14 mL of
internal standard were used. In general, samples of around 1
mL were taken at room temperature at 0, 10, 30, 60, 120, 180,
and 240 min by means of a sample tube. After filtration to
remove the residual catalyst, the concentration of the reactants
and products was quantified by gas chromatography on an
Agilent 7820A gas chromatograph equipped with a HP5-MS
column. The column was initially kept at 80 °C for 2 min and
then heated to 300 °C at a rate of 20 °C/min. If required, the
reaction was continued overnight until full conversion was
reached. Before the reaction started, residual air was removed
by flushing the reactor three times with hydrogen to 10 bar
while stirring, followed by venting. The autoclave was then
pressurized with hydrogen to 10 bar and heated to the reaction

temperature of 100 °C without stirring. At 100 °C, stirring was
started and the reaction time was set at zero. The main product
of the reduction of 4-nitrobenzaldehyde−4-aminobenzaldehyde
is unstable because the aldehyde and the amino groups react by
condensation to imines, which can reduce further. These
products were not detected directly by GC because they were
too heavy to be brought into the gas phase. They were found
after reaction in the form of an orange solid attached to the wall
of the autoclave, the amounts of which were determined from
the carbon balance.

Characterization. Atomic Absorption Spectroscopy and
ICP-OES Spectroscopy. The Au content of Au/TiO2,
determined by AAS with a Varian SpectrAA 220 FS
spectrometer, was 0.78 wt %. The Ti content of Au/TiO2
was determined by ICP-OES using a Varian VISTA PRO AX
spectrometer. Sample preparation was performed by micro-
wave-assisted digestion by adding 1 mL of nitric acid, 2 mL of
hydrofluoric acid, and 3 mL of hydrochloric acid to 40 mg of
catalyst to determine the Au content and to 10 mg of catalyst to
determine the Ti content.

Electron Microscopy. Electron microscopy measurements
of Au/TiO2 catalysts after pretreatment and after reaction were
performed on a HD2700CS (Hitachi, aberration-corrected
dedicated scanning transmission electron microscope (STEM),
cold FEG, 200 kV) or a Tecnai F30 ST (FEI, FEG, 300 kV).
The high resolution of HD2700CS (shown to be better than
0.1 nm) is due to a probe corrector (CEOS) that is
incorporated in the microscope column between the condenser
lens and the probe-forming objective lens so that a beam
diameter of ∼0.1 nm is achieved.83 A special bright field setting
enables the determination of the highly resolved phase-contrast
STEM (PC-STEM) images (similar to HRTEM) without
delocalization artifacts. With high-angle annular dark field
detectors (HAADF) attached to both microscopes, the
intensity of incoherently scattered electrons is measured,
leading to images dominated by atomic number (Z) contrast;84

the Au particles appear as bright patches.
After reaction, the catalysts were recovered by filtering and

washing several times with THF and then drying at room
temperature under vacuum. For the (scanning) transmission
electron microscopy, the catalyst material was dispersed in
ethanol, and a few drops of the suspension were placed on a
perforated carbon foil supported on a copper grid. Three
hundred particles were usually counted in the HAADF−STEM
images to determine the particle size distributions. For Au/

Figure 1. Representative HAADF−STEM micrographs and particle size distributions of as-prepared Au/TiO2 and of differently pretreated Au/TiO2
before and after reaction in the liquid-phase hydrogenation of 4-nitrobenzaldehyde to 4-aminobenzaldehyde at 100 °C and 10 bar H2. For Au/TiO2
pretreated in H2 at room temperature and 80 and 300 °C, TEM micrographs and particle size distributions after recycling experiments are given.
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TiO2 pretreated in H2 between 60 and 300 °C, all the measured
particles (about 100) were taken into account.
X-ray Absorption Spectroscopy. XAS measurements at

the Au L3 edge were performed at the SuperXAS beamline at
the Swiss Light Source (Paul Scherrer Institute, Villigen,
Switzerland) in transmission mode by measuring the intensity
of the beam before and after the sample by ionization
chambers. The Swiss Light Source has a ring energy of 2.4
GeV, a ring current of 400 mA, and a magnetic field of 2.9 T
and is operated in the “top-up” injection mode. The incident
energy was focused with two mirrors and monochromatized
using a double crystal monochromator equipped with a pair of
Si(111) crystals. About 30 mg of catalyst was used to prepare
self-supporting pellets with a diameter of 5 mm to obtain
optimal transmission properties. The pellets were placed in a
sample holder and measured at room temperature. One
spectrum per sample was recorded in the energy range of
11.8−13.0 keV with a scan time of 45 min. The EXAFS data
were analyzed using the Athena and Artemis software packages.
The first shell was fitted in R space (1.5 < R < 3.5 Å) after
Fourier transformation (3 < k < 13 Å−1) using a k weighting of
2. Average particle sizes were determined from the coordination
numbers using established methods and assuming spherical
particles.85

■ RESULTS

Figure 1 shows representative HAADF−STEM micrographs
and the corresponding particle size distributions of Au/TiO2 as-
prepared, after pretreatment in H2 at room temperature and 40,
60, 80, 100, 200, and 300 °C as well as after calcination in air at
300 and 500 °C. Figure 1 presents representative HAADF−
STEM micrographs and particle size distributions of the
catalysts after the reaction. Table 1 lists the catalytic activity and
selectivity in the liquid-phase hydrogenation of 4-nitro-
benzaldehyde and the average Au particle sizes determined by
HAADF−STEM. All results in Figure 1 and Table 1 were
obtained from the same batch of Au/TiO2, and each
experiment was repeated twice, with the exception of the
recycling experiments. The bright dots in the HAADF−STEM
micrographs correspond to the Au particles (Z contrast). As-

prepared Au/TiO2 (Figure 1a, Table 1 entry 1) contained the
smallest Au particles, with a mean size of 0.8 nm and a narrow
size distribution. Au/TiO2, pretreated in H2 at RT (Figure 1b,
Table 1 entry 2) and 40 °C (Figure 1c, Table 1 entry 4), had
slightly larger particles of around 1.4 and 1.1 nm, respectively,
which were also dispersed uniformly with a narrow distribution.
Pretreatment in H2 between 60 and 300 °C led to the
formation of large particles of ∼8−10 nm, heterogeneously
distributed on the support. After pretreatment in air at 300 to
500 °C, Au particles (4−5 nm) formed; they were more or less
homogeneously distributed on the support.
Taking into account the large differences in the initial particle

sizes (1−10 nm), the differences in the catalytic activity were
relatively small. After reduction in H2 at 60 to 300 °C as well as
calcination at 300 °C, the catalysts exhibited similar rates
(0.08−0.11 mmol/(gAu·s)) at 50% conversion. The lower
activity of Au/TiO2, pretreated in H2 at 40 °C and the large
standard deviation of the rate of Au/TiO2 pretreated at RT
were probably due to incomplete reduction of the oxidic gold
during pretreatment. This was indicated by the yellowish color
of the catalysts after pretreatment, similar to as-prepared Au/
TiO2, whereas fully reduced Au/TiO2 is usually purple. The
oxidic Au species then reduced under reaction conditions,
which occurs in an uncontrolled and, thus, nonreproducible
manner without contributing to the catalytic activity. Among
the calcined samples, the catalytic activity decreased slightly
with increasing calcination temperature.
The selectivity to the desired product 4-aminobenzaldehyde

was comparable for all catalysts, being around 75% at full
conversion.
To determine whether the average particle size and size

distribution changed depending on the reaction conditions, the
catalysts after reaction were subjected to HAADF−STEM
measurements (Figure 1, Table 1). The particle size
distribution of Au/TiO2, calcined at 500 °C, hardly changed
under the reaction conditions (Figure 1j, Table 1 entry 15). Au
particles in Au/TiO2 calcined at 300 °C sintered slightly during
the reaction. Sintering of Au nanoparticles also occurred for
Au/TiO2 pretreated in H2 at RT and 40 °C. The average
particle size increased from ∼1 nm to 2 and 3 nm, respectively.

Table 1. Particle Size before and after Reaction and Catalytic Activity and Selectivity of Differently Pretreated Au/TiO2 in the
Liquid-Phase Hydrogenation of 4-Nitrobenzaldehyde to 4-Aminobenzaldehyde at 100 °C and 10 bar H2

entry
pretreatment
temp/°C

pretreatment
gas

rate at 50% conversion/
mmol/(gAu·s)

selectivity at 100%
conversion/%

HAADF−STEM mean particle size
before reaction/nm

HAADF−STEM mean particle
size after reaction/nm

1 as-prepared 0.8 ± 0.2
2 25 H2 0.11 ± 0.08 80 1.4 ± 0.3 2.1 ± 0.8
3a 0.05 76 2.1 ± 0.8 3.0 ± 1.4
4 40 H2 0.05 ± 0.01 70 1.1 ± 0.2 2.7 ± 0.6
5 60 H2 0.11 ± 0.03 75 8.2 ± 3.2 3.0 ± 1.2
6 80 H2 0.08 ± 0.02 55 7.6 ± 2.9 3.0 ± 1.7
7a 0.04 75 3.0 ± 1.7 2.7 ± 1.5
8 100 H2 0.08 ± 0.02 75 8.1 ± 2.7 3.0 ± 1.5
9 150 H2 0.10 ± 0.02 75
10 200 H2 0.09 ± 0.03 75 9.5 ± 4.1 2.5 ± 1.2
11 300 H2 0.08 ± 0.03 67 8.2 ± 3.8 2.8 ± 1.2
12a 0.04 15 2.8 ± 1.2 3.5 ± 1.4
13 300 air 0.11 ± 0.04 75 3.7 ± 1.0 4.4 ± 3.7
14 400 air 0.07 ± 0.01 70
15 500 air 0.06 ± 0.01 70 4.8 ± 1.2 4.7 ± 1.2

aRecycling experiment: After the reaction, the used catalyst was filtered, washed several times with THF, dried at room temperature, and then reused
in the recycling experiment. Except for the recycling experiments, all the reactions were performed three times; the average results are given.
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Au/TiO2 pretreated in H2 from 60 to 300 °C changed
significantly under the reaction conditions. The HAADF−
STEM micrographs after the reaction show a large number of
small particles, in contrast to the large particles before the
reaction. For all the catalysts, the average Au particle size
decreased from ∼8−10 nm to 2−3 nm. After pretreatment,
none of the particles were smaller than 2 nm; thus, the catalysts
after reaction contained significant numbers of particles in this
size range. Thus, Au particles supported on TiO2 after
pretreatment in H2 between 60 and 300 °C redispersed
under the applied reaction conditions. These results were
reproduced with two new batches of Au/TiO2 under two
different pretreatment conditions (reduction in H2 at 80 and
300 °C).
To determine whether the small particles formed because of

leaching of Au and redeposition during reaction, the Au and Ti
contents of some of the catalysts were determined before and
after the reaction by AAS and ICP-OES. Around 8% leaching of
Au occurred. If leaching were the reason for the formation of
small particles, then the gold content would have decreased to a
much larger extent. Hot filtration experiments are in line with
the results of elemental analysis. After 17 h, there was 20%
conversion of 4-nitrobenzaldehyde after hot filtration, com-
pared with 6% conversion in the control experiments and full
conversion in the respective catalytic experiments, indicating
that the activity of the liquid phase is very low.
Figure 2 shows the conversion and selectivity plot of the

liquid-phase hydrogenation of 4-nitrobenzaldehyde over Au/
TiO2 pretreated in H2 at 80 °C. In addition to the main product

4-aminobenzaldehyde, significant amounts of oligomeric and
polymeric compounds formed as a result of the well-known
condensation of primary amines and aldehydes to imines.
These products were not detected directly by gas chromatog-
raphy but were determined by the carbon balance (Figure 2-b).
Furthermore, small amounts of 4-aminotoluene and 4-amino-
benzylalcohol (<5%) were detected by gas chromatography.
Within 300 min, 4-nitrobenzaldehyde was fully converted.
Some catalystsnamely, Au/TiO2 pretreated in H2 at RT,

80 °C, and 300 °Cwere reused in the hydrogenation of 4-
nitrobenzaldehyde. The recycled catalysts, obtained by filtering,
washing with THF, and then drying were only half as active as
the fresh ones. Figure 3 shows the conversion and selectivity
plot of the hydrogenation of 4-nitrobenzaldehyde over recycled
Au/TiO2, initially reduced in H2 at 80 °C. The selectivity to 4-
aminobenzaldehyde at full conversion was slightly higher with
the recycled catalyst than with the fresh one as a result of the
formation of fewer condensation products. Like the fresh
sample, the recycled catalyst, too, produced only low amounts
(<5%) of the secondary products 4-aminotoluene and 4-
aminobenzylalcohol.
The particle size distributions hardly changed during the

recycling experiments; thus, sintering cannot have caused the
deactivation. The decrease in catalytic activity is probably due
to the poisoning of the catalyst surface by reaction
intermediates, deposition of carbonaceous species,86 or both.
To corroborate the results of HAADF−STEM, we

performed EXAFS measurements at the Au L3 edge of Au/
TiO2 before and after reaction using a new batch of Au/TiO2.

Figure 2. Conversion (a) and selectivity (b) plot for the hydrogenation of 4-nitrobenzaldehyde with Au/TiO2 reduced in 5% H2/He at 80 °C: (□)
4-nitrobenzaldehyde, (○) 4-aminobenzaldehyde, (▲) 4-aminotoluene, (■) 4-aminobenzylalcohol, (●) condensation products, (▼) C-balance (0.4
mmol substrate, 10 bar H2, 100 °C).

Figure 3. Conversion (a) and selectivity (b) plot for the hydrogenation of 4-nitrobenzaldehyde with recycled Au/TiO2 (previously reduced in 5%
H2/He at 80 °C): (□) 4-nitrobenzaldehyde, (○) 4-aminobenzaldehyde, (▲) 4-aminotoluene, (●) condensation products, (▼) C-balance (0.4
mmol substrate, 10 bar H2, 100 °C).
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Figure 4 presents the XANES spectra of Au/TiO2, after
pretreatment in H2 at 80 °C and after hydrogenation of 4-

nitrobenzaldehyde and of Au foil. The main features in the
spectrum, after pretreatment and after reaction, matched those
of the Au foil; thus, the Au nanoparticles were fully reduced.
Figure 5 shows the EXAFS functions (a) and Fourier

transforms (b). The quality of the EXAFS data was good up to
at least 12 Å−1. The amplitude of the oscillations and, thus, the
intensity of the Fourier transforms were highest for the Au foil,
followed by Au/TiO2 after pretreatment and Au/TiO2 after
reaction, clearly indicating differences in the structure. The
intensity of the EXAFS oscillations is directly proportional to
the average number of scattering atoms surrounding the central
atom and, hence, the average particle size. The data of Au/TiO2
after pretreatment and after reaction were fitted to the Au−Au
coordination numbers of 9.3 and 8.0, respectively (Table 2).
Table 2 gives the mean particle size of the catalyst before and
after reaction as determined from the EXAFS coordination
number and assuming spherical particles85 as well as the
HAADF−STEM mean particle sizes. The EXAFS mean particle
sizes before and after reaction were 2.1 and 1.4 nm,
respectively. Although the trend is the same, these results
largely deviate from the HAADF−STEM mean particle sizes of
7.1 and 2.5 nm.
The smaller particle sizes revealed by EXAFS may be due to

the fact that the large particles revealed by HAADF−STEM are
not single crystal particles but aggregates of smaller particles.
Figure 6 shows zoomed phase-contrast (PC) STEM

micrographs of Au particles supported on TiO2 after pretreat-
ment in H2 at 300 °C. The size of the particles was between 9

and 13 nm. The particles were not single crystals but multiply
twinned particles with clearly visible grain boundaries.87−89 In
each particle, crystalline segments of different shapes are joined
in different ways. The EXAFS analysis probably probes the size
of the individual grains. The structure of the small particles after
reaction changed considerably under the electron beam; it was
therefore impossible to determine their structure. This behavior

Figure 4. XANES spectra at the Au L3 edge of Au/TiO2, pretreated in
H2 at 80 °C (blue) and after hydrogenation of 4-nitrobenzaldehyde at
100 °C and 10 bar H2 (red), and of Au foil (green).

Figure 5. EXAFS functions (a) and corresponding Fourier transforms (b) of Au/TiO2 after pretreatment in H2 at 80 °C (blue) and after
hydrogenation of 4-nitrobenzaldehyde at 100 °C and 10 bar H2 (red) as well as of gold foil (green).

Table 2. Coordination Numbers of Au/TiO2 Pretreated in
H2 at 80 °C before and after Hydrogenation of 4-
Nitrobenzaldehyde at 100 °C and 10 bar H2 and
Corresponding Average Au Particle Sizes Determined by
EXAFS and HAADF−STEM

sample CN
EXAFS mean particle

size/nma
TEM mean particle

size/nm

Au/TiO2 before
reaction

9.3 2.1 7.1 ± 3.6

Au/TiO2 after
reaction

8 1.4 2.5 ± 0.8

aEXAFS mean particle size85 determined on the basis of the
assumption of spherical particles.

Figure 6. PC-STEM micrographs of Au nanoparticles supported on
TiO2 after pretreatment in H2 at 300 °C.
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was also observed by Iijima et al.90 and by Zhang et al.91 for Au
particles of 3 nm supported on carbon.
Figure 7 shows representative PC-STEM micrographs of Au

particles supported on TiO2 after calcination at 500 °C with

sizes between 5 and 10 nm. In contrast to the Au particles after
pretreatment in H2, most of the Au particles were single crystals
(Figure 7a, b, c), only some (Figure 7d) were multiple twins.
To determine whether redispersion of gold might be

restricted to 4-nitrobenzaldehyde, another batch of Au/TiO2
was tested in the hydrogenation of nitrobenzene, nitro-
sobenzene, and benzaldehyde. The catalyst was pretreated in
H2 at 80 °C. Table 3 presents the conversion of the substrates

and the corresponding mean particle size of Au/TiO2 after 240
min, at 100 °C, and 10 bar H2. The mean particle size of Au/
TiO2 after pretreatment was 10.5 nm with a broad size
distribution. After 240 min, the conversion of nitrobenzene was
96%. With nitrosobenzene, which is a reactive intermediate in
the reduction of nitrobenzene to aniline, full conversion was
reached. The Au particle size after reaction of both substrates
was narrowly distributed at around 2.5 nm. Thus, redispersion
also occurred in the presence of nitrobenzene and nitro-
sobenzene. On the other hand, only 15% of benzaldehyde
converted under the applied conditions. The Au particle size

decreased only slightly to around 7 nm. This suggests that the
nitro group, reaction intermediates, or aniline might play an
active role in the redispersion of gold during reaction.
To investigate the point at which the redispersion took place,

the hydrogenation of nitrobenzene over Au/TiO2 pretreated in
H2 at 80 °C was stopped at different conversion levels to
determine the particle size. Figure 8 shows the mean particle

size plotted against the conversion. The error bars correspond
to the standard deviation of the mean particle size. After
pretreatment, the mean Au particle size was 10.5 nm. After 2
min of reaction (i.e. while heating in H2 to the desired reaction
temperature of 100 °C), it was 7.4 nm. Virtually no conversion
of nitrobenzene was detected by GC. After 5 min, the reaction
temperature of 100 °C was reached. The conversion of
nitrobenzene was 7%, and the mean Au particle size was 3.6
nm. After 15 min, at a conversion level of 16%, the mean Au
particle size was 3.4 nm. After 40% conversion (30 min), the
mean Au particle size was 2.9 nm. With increasing conversion
and decreasing mean particle size, the size distribution became
narrower, as illustrated by the decreasing standard deviations.
In summary, redispersion occurred fast at the beginning of the
reaction at conversion levels <10%.
Furthermore, we detected whether redispersion occurred

only in the presence of the reactants or the intermediates (or
both) or in pure solvents, as well as the influence of the gas
atmosphere and temperature. Therefore, another batch of Au/
TiO2, pretreated in H2 at 80 °C, was subjected to different
reaction conditions and times; and subsequently, the Au
particle size was determined by TEM (Table 4). THF and

Figure 7. PC-STEM micrographs of Au nanoparticles supported on
TiO2 after pretreatment in air at 500 °C.

Table 3. Mean Particle Size of Au/TiO2 after 240 min
Hydrogenation of Nitrobenzene, Nitrosobenzene, and
Benzaldehyde, Respectively, at 100 °C and 10 bar H2

entry substrate conversion/% mean particle size/nm

1 Au/TiO2 (H80)
a 10.5 ± 5.2

2 nitrobenzene 96 2.5 ± 0.8
3 nitrosobenzene 100 2.5 ± 0.9
4 benzaldehyde 15 7.0 ± 3.2

aThis catalyst was used in all three experiments. The reaction time for
all substrates was 240 min.

Figure 8. Mean particle size of Au/TiO2 (pretreatment: H2, 80 °C) at
different conversion levels during the hydrogenation of nitrobenzene
at 100 °C and 10 bar H2 plotted against the conversion.

Table 4. Mean Particle Size of Au/TiO2, Pretreated in H2 at
80 °C under Different Reaction Conditions

entry solvent reactant

gas
(p)/
bar T/°C

mean p. size
after

2 min/nm

mean p. size
after

30 min/nm

1 8.2a ± 4.7
2 THF H2

(10)
100 3.4 ± 10.1 7.4 ± 2.7

4 THF H2
(10)

25 3.9 ± 1.5 3.0 ± 1.2

5 THF He
(7)

100 2.9 ± 1.1 3.4 ± 1.0

6 THF He
(7)

25 10.3 ± 6.6 12.6 ± 8.4

aMean particle size of Au/TiO2 after pretreatment in a flow of H2 at
80 °C. This catalyst was used in the experiments listed in this table.
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toluene solvents were tested at 25 and 100 °C, in 10 bar H2 and
7 bar He. The experiments were stopped after 2 and 30 min,
respectively, to determine time-dependent changes. Both
solvents yielded similar results; therefore, only those of THF
are presented in Table 4. In H2, the Au particles redispersed
both at RT and at 100 °C. Thus, in H2, redispersion did not
depend on temperature in the investigated temperature range.
In He, Au supported on TiO2 redispersed at 100 °C but not at
RT, indicating that in inert gas, redispersion was dependent on
temperature. The mean Au particle size in H2 at 100 °C was 3
nm after 2 min and 7 nm after 30 min. Thus, redispersion was
followed by sintering. These results show the dynamic changes
of the catalyst under varying conditions.

■ DISCUSSION

After pretreatment of as-prepared Au/TiO2, in a flow of H2 at
60−300 °C, large Au particles (8−10 nm) with broad size
distributions formed. The Au particles were fully reduced, as
revealed by EXAFS measurements of Au/TiO2 after pretreat-
ment at 80 °C and after reaction. In situ EXAFS measurements
of Bus et al.92 showed a complete reduction of Au species
supported on titania at 60 °C under the same conditions. The
large particles probably formed after reduction of the Au
precursor due to the elevated temperature. It was found that
pretreatment of Au/TiO2 in H2 at RT for 45 min resulted in
fully reduced Au particles of ∼1.5 nm.92 H2O may have formed
during the reduction of the Au precursor and may have
facilitated the formation of large particles. UHV studies about
the nucleation of Au particles on mildly hydroxylated and
slightly reduced TiO2(110) surfaces showed that water binds to
oxygen vacancy centers, which otherwise act as nucleation sites
for Au.93,94

For all samples pretreated in H2 between 60 and 300 °C,
large particles broke up into small particles of ∼2−3 nm in the
liquid phase during hydrogenation of 4-nitrobenzaldehyde,
nitrobenzene, and nitrosobenzene at 100 °C and 10 bar H2 as
well as in pure solvents such as THF and toluene in the
presence of H2 at room temperature and 100 °C and in an inert
gas, but only at 100 °C. Thus, the large Au particles broke apart
under reducing conditions. Significant numbers of particles
smaller than 2 nm formed; they are considered to be highly
active, whereas after pretreatment, the catalysts did not contain
particles smaller than 2 nm. There was no redispersion of large
Au particles on Au/Al2O3.

95 In contrast to the reduced samples,
Au particles in calcined Au/TiO2, with the majority of the
particles in the size range between 2 and 8 nm, did not break
apart under the reaction conditions. On the contrary, the
particle size distribution of Au/TiO2, calcined at 500 °C, hardly
changed during hydrogenation; Au particles in Au/TiO2 after
calcination at 300 °C sintered slightly under the reaction
conditions. Thus, in the liquid state, reduced and calcined Au/
TiO2 exhibits different behavior. Although the particle size in
the calcined samples was rather stable, the reduced catalysts
changed considerably.
Different particle structures caused the different behaviors, as

revealed by phase-contrast STEM micrographs. After pretreat-
ment in H2 at elevated temperature, the Au particles were
polycrystalline with multiple twin morphology, whereas the
calcined catalysts generally contained Au single crystals. The
EXAFS data also show the polycrystallinity of the reduced Au
particles. The coordination number revealed a particle size of
2.1 nm before reaction and 1.4 nm after reaction.

The formation of multiple twinned particles (MTPs) on one
hand and single crystals on the other was caused by different
degrees of interaction between Au and TiO2. On weakly
interacting supports such as carbon, MTPs form preferen-
tially,96 as is also the case in inert atmosphere such as argon.97

In contrast, single crystals form on strongly interacting supports
such as MgO because the strong interaction forces the particles
to maximize their common surface with the support.91

Accordingly, reduction led to a weak interaction between Au
and TiO2, whereas calcination in air strongly increases the
interaction98 and fcc single crystals are formed.
Leaching does not explain the formation of small particles

under the reaction conditions. Leaching of Au (about 8%)
occurred, but this is not nearly enough to generate the small
particles.
An additional experiment showed that a redispersion

mechanism, driven by dissolution of Au and redeposition on
the catalyst surface, can be excluded. In this experiment, two
PEEK plates were placed in the reaction mixture at fixed
positions. One PEEK plate was coated with Au/TiO2, and the
other, with TiO2. If redispersion occurs in the liquid phase,
then deposition of Au on TiO2 would be observed by electron
microscopy after the reaction. This was not the case.
Since there was redispersion in the THF and toluene

solvents without a substrate, it is concluded that the
redispersion does not depend on the catalytic reaction;
however, an effect of the ligand cannot be excluded. The
interaction of 4-nitrobenzaldehyde and benzaldehyde with the
catalyst surface seem to hinder or slow down the breakup of Au
particles. The amino group, on the other hand, does not seem
to hinder redispersion and may even promote it. Prasad et al.,42

for example, reported that amines, as well as thiols, silanes, and
phosphines, act as surface-active ligands and convert poly-
dispersed gold colloids with particles up to a few hundred
nanometers to nearly monodisperse particles between 5 and 9
nm.
A possible mechanism for Au redispersion, which may also

apply in this case, has been reported by Romero-Sarria et
al.,37,38 who state that gold particles in a Au/CeO2 catalyst
doped with 10% Eu preferentially interacted with the support
across oxygen vacancies because this interaction is energetically
favored. They found that as the presence of oxygen vacancies
increased when the catalyst was treated with H2, Au crystallites
broke apart and migrated to the oxygen vacancies. When the
atmosphere was changed to synthetic air, the redispersion was
reversed, as indicated by reappearing diffraction peaks of
metallic Au in the XRD spectra. They concluded that the
reason for the redispersion was due to the stronger interaction
of Au with the support across oxygen vacancies compared with
the gold−gold interaction. They further concluded that the
reverse process (sintering) in the presence of air occurred
because the gold−gold interaction is stronger than the gold-
support interaction when the energetically favorable gold-
support interaction across oxygen vacancies stops. In our case,
too, additional oxygen vacancies may form under the reaction
conditions, and these vacancies may act as preferential anchor
sites for Au and cause the redispersion.
Finally, the fact that MTPs are strained particles might also

play a role in their breakup. They are composed of slightly
distorted tetrahedral segments joined along twin boundaries
forming a 5-fold symmetry axis. There are two basic forms:
decahedral particles made up of five subunits, and icosahedral
particles made up of 20 tetrahedral subunits.89 However,
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tetrahedral segments joined in this way do not fill the space
completely.99 The resulting solid angle deficiency is compen-
sated for by a disclination, resulting in an inhomogeneous strain
throughout the particle.100−102 The particles after reduction in
H2 may not be in thermodynamic equilibrium and may reach
an energetically more stable state by redispersion under the
reaction conditions.
In summary, under the applied reaction conditions, large Au

particles broke apart and formed active small particles. This
study illustrates the complex interaction of Au particles with
TiO2 and their dynamic changes under varying conditions.

■ CONCLUSIONS

Electron microscopy and EXAFS measurements at the Au L3
edge revealed dynamic changes in the dispersion of Au
nanoparticles in Au/TiO2 catalysts in the liquid phase under
reducing conditions, depending on the applied gas-phase
pretreatment of the catalyst. Large polycrystalline Au particles
with a mean size of around 9 nm formed during reduction in
H2 at 60 to 300 °C, indicating a weak interaction of Au and the
support. EXAFS measurements indicated that the Au particles
observed by electron microscopy may be aggregates of smaller
particles. In contrast, calcination between 300 and 500 °C led
to a strong interaction between Au and TiO2, which mainly led
to the formation Au single crystals with an average size between
4 and 5 nm. After the reductive pretreatment, the multiple-
twinned Au particles were unstable and broke apart, forming
significant numbers of Au particles smaller than 2 nm. No
redispersion was observed for calcined Au/TiO2. As a result of
the strong metal−support interaction, the large single-crystal
Au particles in these catalysts were more or less stable under
the reaction conditions.
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