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‡Laboratoire de Reáctivite ́ de Surface, Sorbonne Universiteś, UPMC Univ Paris 06, UMR CNRS 7197, 4 Place Jussieu, Case 178,
F-75252 Paris, France
§Dutch−Belgian Beamline (DUBBLE), ESRF-The European Synchrotron, CS40220, 38043 CEDEX 9 Grenoble, France
∥Department of Chemistry, KU Leuven, Celestijnenlaan 200F, Box 2404, 3001 Leuven, Belgium
⊥Electron Microscopy Facility, Debye Institute for Nanomaterials Science, Utrecht University, 3584 CG Utrecht, The Netherlands

*S Supporting Information

ABSTRACT: Supported gold nanoparticles are highly selective catalysts
for a range of both liquid-phase and gas-phase hydrogenation reactions.
However, little is known about their stability during gas-phase catalysis
and the influence of the support thereon. We report on the activity,
selectivity, and stability of 2−4 nm Au nanoparticulate catalysts,
supported on either TiO2 or SiO2, for the hydrogenation of 0.3%
butadiene in the presence of 30% propene. Direct comparison of the
stability of the Au catalysts was possible as they were prepared via the
same method but on different supports. At full conversion of butadiene,
only 0.1% of the propene was converted for both supported catalysts,
demonstrating their high selectivity. The TiO2-supported catalysts
showed a steady loss of activity, which was recovered by heating in air.
We demonstrated that the deactivation was not caused by significant
metal particle growth or strong metal−support interaction, but rather, it
is related to the deposition of carbonaceous species under reaction
conditions. In contrast, all the SiO2-supported catalysts were highly
stable, with very limited formation of carbonaceous deposits. It shows that SiO2-supported catalysts, despite their 2−3 times
lower initial activities, clearly outperform TiO2-supported catalysts within a day of run time.
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1. INTRODUCTION

Gold catalysts are very attractive due to their unique properties
such as a high activity at low temperatures for CO oxidation
and a high selectivity for a wide range of oxidation and
hydrogenation reactions.1−11 Gold is an active catalyst for
selective hydrogenation of, for instance, α,β-unsaturated
aldehydes,12 nitroaromatics,13 and acetylene in the presence
of an excess of ethylene14 as well as butadiene in the presence
of an excess of alkenes.15 Strikingly, for the selective
hydrogenation of butadiene, Au is highly selective for
hydrogenation of butadiene without overhydrogenation to
alkanes.16 The activity of Au catalysts for hydrogenation
reactions has been investigated extensively and is affected by
many factors17−20 such as particle size, nature of the support,
and catalyst preparation method. For example, Fujitani et al.21

reported that smaller Au nanoparticles supported on TiO2 are

more active for the H2−D2 exchange reaction than larger
particles in the range of 3.4−10 nm particles. H2 dissociation is
believed to be the rate determination step for the hydro-
genation reaction catalyzed by Au.22−24 Corma et al.25

postulated, on the basis of computational studies, that H2

dissociation is also influenced by the nature of the support, and
Louis et al.26 reported that Au/Al2O3 catalysts prepared by
anionic adsorption were less active than similar catalysts
prepared by deposition−precipitation with urea for the selective
hydrogenation of butadiene.
Studies often do not mention the stability of the investigated

catalysts, though the potential application of Au catalysts
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strongly depends on their stability.27 The stability of Au
catalysts has been studied for CO oxidation,28−30 water gas shift
reaction,31 benzyl alcohol oxidation,32 epoxidation,33 PROX
reaction,34 acetylene hydrogenation,35−39 acetylene hydro-
chlorination,40 and p-chloronitrobenzene hydrogenation.41

These studies always compared catalysts on the same type of
support, usually CeO2, Al2O3, or TiO2, with Au/TiO2 catalysts
discussed in the most detail. Au/TiO2 catalysts are known to
deteriorate during storage as they are light and moisture
sensitive.42 They deactivate fast under oxidizing conditions,29

for example, during CO oxidation, with particle growth and
passivation of active sites by carbonates as major deactivation
pathways.43 Under reducing conditions, deactivation due to
carbonaceous deposit formation is most dominant. For
example, Choudhary et al.35 report that Au/TiO2 catalysts for
acetylene hydrogenation lost activity with time due to the
carbon deposition. Louis et al.26 suggested that Au catalyst
deactivation might depend on the nature of the support for
hydrogenation of butadiene: Au on TiO2 showed the highest
deactivation rate in a series of Au on TiO2, Al2O3, ZrO2, and
CeO2. Saŕkańy

37 also reported faster deactivation of Au/TiO2
than for Au supported on SiO2 for the acetylene hydrogenation.
Furthermore, it is known for metal nanoparticles on reducible
supports like TiO2 and ZnO, that strong interaction between
metal nanoparticles and the support can be an important
activity loss mechanism when heated to high temperatures
under reducing conditions.29,44−48

SiO2 is a nonreducible oxidic support, which is widely used in
heterogeneous catalysis.49,50 It is available with different specific
surface areas and porosities and can also be prepared as ordered
mesoporous structures like SBA1551 with uniform hexagonally
arranged pores and a narrow pore size distribution. In contrast
to Au/TiO2 catalysts, Au/SiO2 catalysts have been minimally
studied mainly due to difficulties in catalyst preparation. There
are a few methods for the deposition of Au on SiO2 that lead to
small Au particles,52,53 as by applying typical deposition
methods large particles are formed, due to the low point of
zero charge of this support.54 Alternative deposition methods of
Au on SiO2 are more complicated, such as physical preparation
methods which can change the surface properties55 and
colloidal methods which are often associated with interfering
organic ligands56 or Cl residues.53

As mentioned before, the effectiveness of Au catalysts for
hydrogenation reactions is affected by the catalyst preparation
method. Different preparation methods lead to different
structural properties of the catalysts. Especially, particle size,
shape, and contaminant concentration like chloride26,57−59 are
parameters that are likely to affect the Au catalyst performance.
Hence, a comparison of the activity and stability of metal
catalysts on different supports requires precision in catalyst
preparation,60 preferably using the same method to deposit the
same metal nanoparticles on different supports.61−64 We used a
method that is well established for the preparation of Au/SiO2
catalysts53 to also prepare similar Au nanoparticles on TiO2
supports. As a test reaction, we chose the selective hydro-
genation of butadiene in propene feedstocks for polyolefin
production. Since impurities like butadiene poison the
polymerization catalysts, these dienes must be hydrogenated
to concentrations less than 100 ppm, without significant
hydrogenation of alkenes in the reaction mixture.15

In this study, we present the selectivity, activity, and stability
of the Au/TiO2 catalysts for the selective hydrogenation of
butadiene and compare it to Au catalysts supported on SiO2.

To the best of our knowledge, this is the first study to compare
the stability during continuous time-on-stream for Au catalysts
prepared by the same method but on different supports for a
hydrogenation reaction. We provide insight into the
deactivation mechanisms for supported Au catalysts in gas-
phase hydrogenation reactions. Interestingly, Au/SiO2 catalysts
clearly outperform Au/TiO2 catalysts after a certain time-on-
stream.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. Commercially available TiO2

(P25, Degussa, BET surface area of 50 m2·g−1) was chosen,
which contains anatase and rutile phases in a ratio of about 3:1.
For SiO2 supports, commercially available Aerosil 50 (Evonik,
BET surface area of 50 m2.g−1, denoted as SiO2-A50) and
Aerosil 300 (Evonik, BET surface area of 300 m2·g−1, denoted
as SiO2-A300) were used. Additionally, SBA15 was prepared by
the method of Sayari et al.51 In a typical preparation,
poly(ethylene oxide)-block-poly(propylene oxide)-block-poly-
(ethylene oxide) triblock copolymer (4.0 g, EO20PO70EO20,
Pluronic P123, Mav of 5800 D, Sigma-Aldrich) was dissolved in
mixture of diluted HCl (120 g, 2 M) and water (30 g) at room
temperature. After at least 45 min at 35 °C, tetraethoxysilane
(8.5 g) was added and stirred for 5 min. After 20 h at 38 °C
under static conditions, the cloudy mixture was kept at 90 °C
for 24 h. The precipitate was filtered and washed at room
temperature (RT) until all chloride ions are removed and was
dried at 60 °C in static air overnight. Then, the precipitate was
calcined at 550 °C in static air for 6 h to yield SBA15.
All supports (3 g) were functionalized using aminopropyl

triethoxysilane (APTES). First, they were dried at 140 °C
under vacuum for 24 h. Then, dry toluene (50 mL) and APTES
(0.27 g for TiO2, 0.18 g for SiO2-A50, 1 g for SiO2-A300, and 3
g for SBA15) were added. We added the amount of APTES
needed for covering the support surface based on the BET
surface area of the supports, considering five OH groups per
nm2 for TiO2 and three OH groups per nm2 for SiO2.

65 The
mixture was refluxed for 24 h at 110 °C in a N2 atmosphere.
The functionalized supports were recovered by centrifugation,
washed with ethanol (40 mL) at RT twice, and dried at 60 °C
in static air overnight.
All catalysts were prepared by the method of Mou et al. for

the deposition of Au on SiO2.
53 The functionalized supports (1

g) were dispersed in water (15 mL, doubled distilled). To
deposit 1 wt % Au on TiO2 and SiO2-A50, 2 wt % Au on SiO2-
A300, and 4 wt % Au on SBA15, an appropriate amount of an
aqueous Au solution (0.06 M HAuCl4·3H2O, Sigma-Aldrich)
was added. The mixture was stirred at room temperature for 2
h, and the powder was recovered by centrifugation and washed
with H2O (40 mL) at RT twice. Then, the powder was
redispersed in water (15 mL) and reduced by a rapid addition
of an excess of a reducing agent (10 mL, 0.2 M NaBH4) under
vigorous stirring at RT. After 20 min, the product was collected
by centrifugation, washed with water (40 mL) at RT five times,
and dried at 60 °C in static air overnight. To eliminate the
organic groups, the catalysts were calcined at 500 °C in static
air for 4 h. The catalysts are denoted as Au/TiO2, Au/SiO2-
A50, Au/SiO2-A300, and Au/SBA15.

2.2. Characterization. Nitrogen physisorption measure-
ments were done at −196 °C (77 K) (Micromeritics, TriStar
3000). Thermogravimetric analysis (TGA) was performed on a
PerkinElmer (Pris 1) connected to a mass detector on around
10 mg of the powder sample heated for 30 min at 150 °C and
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further heated to 800 °C (5 °C·min−1) under a flow of oxygen
(10 mL·min−1) over the sample. Elemental analysis was
performed on an inductively coupled plasma-mass spectrom-
etry analysis (Mikroanalytisches Laboratorium Kolbe, Ger-
many). Transmission electron microscopy (TEM) imaging was
performed on a Tecnai 12 (FEI) microscope operated at 120
kV. Particle sizes were determined from the TEM micrographs
by measuring the sizes of typically 200−300 individual particles
on different areas of the sample. High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
was performed on a Talos F200X microscope operated at 200
kV. Energy-dispersive X-ray (EDX) spectroscopy was per-
formed by four windowless SuperX EDX-detectors with a
resolution of 128 eV arranged around the sample. STEM image
processing and identification of the EDX signal was carried out
using Tecnai Imaging Analysis (TIA) software.
X-ray diffraction (XRD) analysis was carried out with a

Bruker D2 phaser with Co Kα source. The extended X-ray
absorption fine structure spectroscopy (EXAFS) spectra were
acquired at the Dutch-Belgian beamline (DUBBLE) of the
synchrotron facility in Grenoble and at the ROCK beamline of
the Soleil synchrotron radiation facility, both in France. The
measurements at DUBBLE were performed in fluorescence
mode using a Si (111) monochromator at RT on a pellet
sample under atmospheric condition.66 X-ray flux was 3 × 1010

photons.s−1. The measurement at ROCK was performed in
transmission mode using Si(111) at 8.0 keV with flux of 2 ×
1012 photons.s−1 at RT on a powder sample under atmospheric
condition. The collected EXAFS spectra were background

corrected and analyzed using XDAP software. The Au
coordination number (Au CN), the Au−Au distance (R), the
difference of the Debye−Waller factor from the reference
(Δσ2), and the correction of the threshold energy (ΔE0) were
treated as free parameters during the fitting. The quality of the
fit was estimated from the values of k3 variance (Vk3) which
represents the difference between the experimental data and
fitted spectra in the fitted range. Low values of variance indicate
a good agreement between experimental data and the fit.

2.3. Catalysis. The hydrogenation of butadiene was
performed in a Pyrex plug flow reactor (internal diameter of
4 mm). Prior to reaction, the catalysts (sieve fraction of 150−
212 μm) were reduced in situ under pure H2 (50 mL·min−1)
from RT to 450 °C (ramp 3 °C·min−1) and kept at 450 °C for
180 min, and then cooled to RT. Ex situ reduction of the
catalysts was performed under the same conditions to analyze
the properties of the catalysts before the catalytic test. The
reaction mixture consisted of 0.3% butadiene, 30% propene,
20% hydrogen, and helium for balance with a flow rate of 50
mL·min−1 (normal temperature and pressure conditions). The
product mixtures were analyzed every 15 min with online gas
chromatography.
After in situ reduction, to test the activity and the selectivity,

the catalyst (100 mg) was exposed to the reaction mixture (gas
hourly space velocity (GHSV) is 20 000 h−1 for Au/TiO2 and
11700 h−1 for Au/SiO2), while the catalyst was heated at a rate
of 1 °C·min−1, from RT up to 300 °C. Turnover frequencies
(TOF) were calculated from the activity × MAu/D, where MAu

is the Au molecular weight, and the dispersion (D) is calculated

Table 1. Structural Properties of the Au Catalysts

TEM particle size (nm)

BET surface area (m2·g−1) Au loading (wt %) Cl content (wt %) number-averageda surface-averagedb XRD crystallite size (nm)

Au/TiO2 50 0.5 0.19 3.8 ± 0.9 4.3 -
Au/SiO2-A50 50 0.6 0.17 3.1 ± 1.6 5.8 -
Au/SiO2-A300 300 1.7 0.65 2.9 ± 1.1 3.8 4.1
Au/SBA15 800 3.6 0.11 2.6 ± 0.7 3.0 3.2

aCalculated as ∑nidi/∑ni,
bCalculated as ∑nidi

3/∑nidi
2, di is the particle diameter

Figure 1. Transmission electron micrographs and particle size histograms of (a) 0.5 wt % Au/TiO2, (b) 0.6 wt % Au/SiO2-A50, and (c) 3.6 wt %
Au/SBA15.
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by 6(νm/am)/dVA. Here, am is the area occupied by a surface
atom, vm is the volume occupied by an atom in bulk metal, and
dVA is the surface-averaged particle size.67

To test the stability, either the Au/TiO2 or Au/SiO2-A50
(150 mg), or the Au/SiO2-A300 (100 mg), or the Au/SBA15
(50 mg) were loaded to the reactor. For SiO2-supported
catalysts that have different Au loadings, different weights of
catalyst were used to have high initial conversions but below
full conversion. The maximum amount of SiO2-supported
catalysts that can be loaded in the reactor is 150 mg. After in
situ reduction, the reactor was cooled down to 200 °C, and the
catalytic reaction was performed for 16 h at this temperature.
To perform the stability tests on the Au/TiO2 and Au/SiO2-
A50 with the same GHSV, the catalytic beds were adjusted to
the same height: the Au/TiO2 (60 mg) was diluted with bare
TiO2 (280 mg) and the Au/SiO2-A50 (60 mg) was diluted with
bare SiO2 (105 mg). Reactivation tests were performed after a
stability test on the Au/TiO2 catalyst (60 mg) in situ by passing
a flow of dry air or H2 (50 mL·min−1) for 1.5−3 h through the
spent catalyst at 450 °C. In all experiments, carbon was
balanced within the accuracy of the GC analysis, which is 1%.
All catalytic tests and analytical measurements were performed
at least twice to ensure reproducibility of the results, in general
the deviations for instance in absolute conversion levels at a
given temperature were less than 10%.

3. RESULTS AND DISCUSSION
3.1. Structural Characterization. Table 1 presents the

structural properties for the relevant Au on TiO2 and on SiO2
catalysts. For the first two catalysts, Au/TiO2 and Au/SiO2-
A50, we aimed for similar structural properties. The BET
surface areas of the TiO2 and SiO2-A50 supports were similar
(50 m2.g−1). Elemental analysis showed similar Au loadings and
Cl contents for these two catalysts. Transmission electron
microscopy (TEM) (Figure 1a,b) showed a similar particle size
for Au nanoparticles on TiO2 and SiO2 supports. The size
distribution of Au/SiO2-A50 is slightly broader, as occasionally
much larger particles are observed in the sample. This leads to a
somewhat larger surface-averaged particle size for this catalyst.
The error in surface-averaged particle sizes is between 0.1 and
0.4 nm (Figure S1). However, for the Au/SiO2-A50 the error
was larger, due to a few larger particles in some areas of the
sample. Crystallite sizes could not be derived from XRD for the
Au/TiO2 and Au/SiO2-A50 catalysts due to their low metal
loadings.
The accuracy of the particle size for the Au/TiO2 obtained by

TEM is limited by the fact that Au and TiO2 display little
contrast in bright-field TEM. Hence, we employed high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM, Figure 2). Clusters of smaller than 1 nm were
visible additionally in Au/TiO2 (red arrows in Figure 2a), while
no small clusters were detected in Au/SiO2-A50. Energy-
dispersive X-ray spectroscopy analysis confirmed that small
clusters consist of Au (Figure S2). To validate the particle sizes
for Au/TiO2 and Au/SiO2-A50, extended X-ray absorption fine
structure spectroscopy (EXAFS) measurements were per-
formed on the as-prepared samples. Detailed calculations can
be found in the Supporting Information (S.1). EXAFS gives an
average Au coordination number of 9.2 for the Au/TiO2 and
10.9 for the Au/SiO2-A50, which corresponds to particle size of
1.9 and 4.0 nm, respectively. The fact that the EXAFS particle
size (1.9) is smaller than the one obtained by TEM (4.3 nm)
confirms that next to the larger nanoparticles, small Au clusters

are present on Au/TiO2, which can be explained by a strong
interaction of the Au negative precursor with the TiO2 surface.
In summary, the Au/TiO2 and Au/SiO2-A50 catalysts present
similar Au loading, support surface area, and particle size,
except the fact that Au/TiO2 also contains a minority of small
Au clusters.
For the Au/SiO2 catalysts, different support surface areas and

pore structures were used. Thermogravimetric analysis (TGA)
(Figure S3) showed that the number of functional groups on
the supports scales linearly with the support specific surface
areas. For example, it is two times higher for SBA15 than for
SiO2-300. The number of functional groups on the support
limits the maximum metal loading that can be achieved. Hence,
we targeted a higher Au loading for the Au/SBA15 catalyst
(800 m2/g) than for the Au/SiO2-A300 and Au/SiO2-A50
catalysts (300 m2/g and 50 m2/g, respectively). In all cases the
achieved loading was close to the targeted loading. SBA15 has a
pore size of 8 nm and an ordered mesoporous structure (Figure
S4). TEM shows Au nanoparticles inside the pores of the
SBA15 (Figure 1c). Crystallite sizes obtained by XRD (Table 1
and Figure S5) confirmed particle sizes obtained by TEM for
the Au/SiO2-A300 and Au/SBA15 catalysts. Note that the
EXAFS particle size for Au/SiO2-A50 (4.0 nm) is also in the
range of sizes for Au nanoparticles on other silica supports (3−
4 nm). Thus, the Au/SiO2-A50, Au/SiO2-A300, and Au/SBA15
catalysts have the same chemical nature of the support, but
different support specific surface areas and pore structures,
which influences the Au loading but has almost no influence on
the Au particle size.

3.2. Catalytic Selectivity and Activity. The selectivity
and activity of the catalysts were assessed by measuring the
concentrations of the reactants and products during reaction
while the temperature is increasing gradually. Figure 3 shows
the evolution of the concentrations of all reactants and products
for the Au/TiO2 and Au/SiO2-A50 catalysts in the temperature
range of 50−300 °C. The main products of hydrogenation of
butadiene for both catalysts, in order, are 1-butene, cis-2-
butene, and trans-2-butene. This is consistent with the earlier
reported selectivities for Au catalysts for the hydrogenation of
butadiene.26,68

For the Au/TiO2 catalyst (Figure 3a), at 240 °C the
remaining butadiene concentration in the product stream is less
than 100 ppm, while the propane concentration is only 180
ppm, and the butane concentration is below the detection limit.
This means that while more than 96.7% of the butadiene is
hydrogenated, only 0.1% of the propene is hydrogenated,
despite a 2 orders of magnitude higher concentration. In other

Figure 2. High-angle annular dark-field scanning transmission electron
micrographs of (a) 0.5 wt % Au/TiO2 and (b) 0.6 wt % Au/SiO2-A50,
red arrows show Au clusters of smaller than 1 nm.
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words the selectivity for hydrogenation is above 99.9% toward
the butadiene; the Au/TiO2 catalyst is very selective. This
selectivity is similar to that reported for Au/TiO2 and Au/Al2O3
prepared via deposition-precipitation with urea (DPU).26

For the Au/SiO2-A50 catalyst (Figure 3b), at 285 °C, the
remaining butadiene concentration is less than 100 ppm (96.7%
of the butadiene is hydrogenated), while the propane
concentration is 200 ppm (only 0.1% of the propene is
hydrogenated), and the butane concentration is not detectable.
In comparison to the Au/TiO2 catalyst, the Au/SiO2-A50
catalyst reaches the same conversion of butadiene (96.7%) at a
higher temperature (285 °C instead of 240 °C) and is therefore
less active. However, at the same conversion of butadiene, for
the Au/TiO2 and Au/SiO2-A50 catalysts, propane concen-
trations are similar (200 and 180 ppm, respectively), which
means the Au/SiO2-A50 catalyst is as selective as the Au/TiO2
catalyst toward hydrogenation of butadiene.
Table 2 presents an overview of the activities and turnover

frequencies (TOF) of the catalysts at 120 °C obtained from

measuring the butadiene conversion during a temperature ramp
(Figure 3 and Figure S6). Studied on the kinetics of
hydrogenation of butadiene in the presence of an excess of
propene at different temperatures16 shows that at 120 °C the
conversion of butadiene is kinetically controlled, the reaction
rate is close to zero order in butadiene concentration and
decreases slightly with increasing propene concentration due to
competitive adsorption. The estimation of the average TOF
based on the EXAFS particle size for the Au/TiO2 catalyst is 15
× 10−3 s−1. This TOF is comparable to the literature values for
Au/TiO2 catalysts: A TOF of 20 × 10−3 s−1 at 120 °C is
reported for Au/TiO2 prepared via DPU.26

The TOF is 4 × 10−3 s−1 for the Au/SiO2-A50 catalyst at 120
°C (Table 2), which is lower than that of the Au/TiO2 catalyst
(15 × 10−3 s−1). A lower activity for Au/SiO2 than for Au/TiO2

for the hydrogenation of butadiene has been also reported by
Haruta et al. (TOF of 6 × 10−3 s−1 for the Au/SiO2 versus 20 ×
10−3 s−1 for the Au/TiO2 (particle sizes of 7.0 ± 3.0 and 3.5 ±
1.3, respectively) at 150 °C).69,70 The lower activity seems
specific for SiO2 supports since higher and very similar activities
were found for Au on Al2O3, ZrO2 and CeO2 as well as for Au
on TiO2 by Louis et al.26 Kinetic studies showed that the
apparent activation energy for Au catalysts on different
supports, including SiO2 and TiO2, does not depend on the
support,26,71 suggesting that similar active sites are present in all
supported Au catalysts. There is consensus in literature that H2

dissociation is the rate-determining step for hydrogenation
reaction, but no clear consensus on which sites are the most
active ones. Experimentally21 and theoretically,72,73 Au sites at
the interface with the support are shown to be the most active
ones. However, other experimental data26 show no difference in
activity for Au catalysts on a range of different supports (not
including silica), suggesting that the most active sites are not Au
sites at the support interface, but rather low-coordinated sites
on the Au particles.23−25,74 In any case, the higher average TOF
on the nonsilica supports might be explained by the presence of
additional highly active sites, either at the interface with the
support, or low coordination surface sites. In the present study,
particularly the small clusters that are exclusively present on the
TiO2 support might be an important factor in causing a higher
activity for Au/TiO2 than for Au/SiO2.
To compare the activity and selectivity of the different Au/

SiO2 catalysts, the concentrations of butadiene and propane are
given in Figure 4 (the concentrations of all reactants and
products for the Au/SiO2-A300 and Au/SBA15 catalysts in the
temperature range of 50−300 °C are shown in Figure S6). The
Au/SBA15, Au/SiO2-A300, and Au/SiO2-A50 catalysts reach
the same conversion level of butadiene (>96.7%) at different
temperatures: 195, 240, and 285 °C, respectively. Since the
same mass of catalyst is used for each test (100 mg), this is due
to the higher Au loading of the Au/SBA15 catalyst (3.6 wt %)
in comparison to the Au/SiO2-A300 (1.7 wt %) and Au/SiO2-
A50 (0.6 wt %) catalysts. The turnover frequencies are in the
range of 4 to 5 × 10−3 s−1 for all the Au/SiO2 catalysts at 120
°C. Hence, the Au/SiO2 catalysts have similar intrinsic
activities. At the same butadiene conversion (>96.7%), only
0.1% of the propene is converted to propane for the three Au/
SiO2 catalysts. Thus, all the Au/SiO2 catalysts show similar
selectivities for the hydrogenation of butadiene. Hence, the
selectivity and the activity of the Au/SiO2 catalysts are
independent of the support surface area and pore structure.

Figure 3. Concentrations of reactants and products for (a) 0.5 wt % Au/TiO2 (b) 0.6 wt % Au/SiO2-A50 (both 100 mg) for the hydrogenation of
butadiene while heating from 50 to 300 °C with 1 °C·min−1. The reaction mixture consisted of 0.3% butadiene, 30% propene, 20% hydrogen, and
He for balance, and flow rate was 50 mL·min−1.

Table 2. Particle Sizes, Activity, and TOF for Au/TiO2 and
Au/SiO2 Catalysts

particle size
(nm)

activity (μmol·s−1·gAu
−1)

at 120 °C
TOF (10−3 s−1) at

120 °C

Au/TiO2 1.9a 48 15
Au/SiO2-
A50

4.0a 6 4

Au/SiO2-
A300

3.8b 6 4

Au/SBA15 3.0b 9 5
aEXAFS particle size. bTEM particle size.
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3.4. Catalyst Stability. Figure 5 shows the evolution of the
butadiene conversion comparing the Au/TiO2 and Au/SiO2-

A50 catalysts at 200 °C during prolonged time-on-stream. The
Au/TiO2 is initially 2.4 times more active than the Au/SiO2-
A50. However, the Au/TiO2 gradually loses activity from 80%
to 9% conversion, hence losing 88% of its initial activity during
16 h of time-on-stream, while the Au/SiO2-A50 is much more
stable. At the first 8 h of reaction, the Au/TiO2 catalysts exhibit
close to second-order deactivation, but on longer time scales
deactivation is slower than expected based on a second order
dependence on the activity (Supporting Information, S.2).
Stability tests at higher conversions (Figure S7), for which 150
mg of catalyst was used instead of 60 mg, confirmed that the
Au/SiO2 catalysts clearly outperform the Au/TiO2 catalysts
after several hours of reaction. The difference in catalyst
stability is striking. Although it has been suggested before that
the support might have an influence on the Au catalyst stability
for hydrogenation reactions,26,37 this is the first study directly
comparing the stabilities of Au catalysts with similar structural
properties but on different supports during extended run time.
We will discuss first the origin of the deactivation for Au/

TiO2 before we look in detail into the stability of the SiO2-
supported Au catalysts. A common reason for activity loss in

supported metal nanoparticulate catalysts is particle growth and
hence loss of active metal surface area. However, in this case,
EXAFS performed before and after catalysis (Figure S8 and
Table S1) shows only a very slight increase in average
coordination number, from 9.2 for the as-prepared Au/TiO2
catalyst to 9.4 for the spent one, a difference which is close to
or within the error margin. Also, as determined from TEM
images of the spent catalysts, particle growth was not observed
for both TiO2- and SiO2-supported catalyst. Hence, metal
particle growth does not, or only to a very minor extent,
contribute to the activity loss.
A second possible reason for the deactivation of the catalysts

is carbonaceous deposit formation, which has been reported
before as a major cause of activity loss in hydrogenation
reactions.35−39,75 By heating sample in oxygen, these carbona-
ceous deposits are burned off, and the weight loss can be used
to quantify the extent of carbon deposition. Figure 6 shows the
weight loss of the Au/SiO2−A50 and Au/TiO2 catalysts just
before catalysis (after in situ reduction), and after catalysis.
Figure 6 also shows the weight loss of the bare supports after
exposure to the reaction mixture under similar conditions. The
Au/SiO2 after catalysis as well as the bare SiO2 exposed to
reaction conditions show a limited and very gradual weight loss
only at temperatures above 350 °C, which is rather due to the
condensation of surface hydroxyl groups than to carbon
combustion. In contrast, the Au/TiO2 after catalysis as well
as the bare TiO2 exposed to the reaction conditions show a
weight loss of 2.0% at temperatures between 150 and 450 °C,
which is attributed to the combustion of carbonaceous species.
Interestingly the presence or absence of Au has little influence.
The amount of carbonaceous species corresponds to a
monolayer flat deposition of aliphatic compounds (like
butadiene, assuming one molecule of butadiene occupies a
surface of 20 Å2) on the TiO2 support (surface area of 50 m2/
g). We attribute the difference in carbon deposition to the
difference in surface Lewis acidity, which is reported to lead to
conversion of olefins into carbonaceous deposits.76,77 A high
number of surface groups with Lewis acidity are present on
TiO2 but not on SiO2,

78 while also basic surface groups on the
TiO2 could contribute to the coke formation. Note that without
Au, no hydrogenation products are detected in the outlet
stream; hence, the carbonaceous deposits remain strongly
adsorbed on the TiO2 surface.
Although the exact nature of the active sites for hydro-

genation reaction on the Au on TiO2 catalysts is not known, it
is clear that the use of a TiO2 support induces a high initial
activity, which is probably related to sites close to the Au/TiO2
interface. It is likely that the carbon deposition rapidly
deactivates these active sites especially on the small supported
Au clusters and possibly via spillover also gradually other active
sites on the supported Au nanoparticles. This offers an
explanation for the fast activity decrease of the Au/TiO2
catalysts at the early stage of reaction, and it explains why
their activity becomes even lower than the activity of the Au/
SiO2 catalysts in the long term.
A third possible reason that might lead to deactivation

especially under reducing conditions is strong-metal−support-
interaction (SMSI), which means that a support under reaction
conditions is partially reduced, and as a result, it has a high
affinity for the metal nanoparticle and can partially or fully
cover the (active) surface of metal nanoparticles. This effect is
known to occur for metal particles supported on reducible

Figure 4. Concentrations of butadiene (solid lines) and propane
(dashed lines) for Au/SiO2 catalysts (all 100 mg) with loadings from
0.6 to 3.6 wt % and on SiO2 with different surface areas and pore
structures while heating from 50 to 300 °C with 1 °C·min−1. The
reaction mixture consisted of 0.3% butadiene, 30% propene, 20%
hydrogen, and He for balance, and flow rate was 50 mL·min−1.

Figure 5. Evolution of the butadiene conversion comparing the Au/
TiO2 to the Au/SiO2-A50 catalysts (both 60 mg) during the
hydrogenation of butadiene at 200 °C. The reaction mixture consisted
of 0.3% butadiene, 30% propene, 20% hydrogen, and He for balance,
and flow rate was 50 mL·min−1. The height of the catalytic beds was
the same.
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supports like TiO2 under reducing conditions at temperature
higher than 477 °C.47,79

One of the ways to allow distinction between the different
deactivation pathways is to heat the sample to high temper-
atures after it has lost activity due to time-on-stream. If particle
growth is the main deactivation mechanism, regeneration of the
activity is not expected. If deposition of carbonaceous species is
the main reason for deactivation, heating to high temperatures
under oxidizing atmosphere removes the carbon species (as
illustrated in Figure 6) and reactivates the catalyst. If the SMSI
effect is the dominant deactivation mechanism, oxidative
treatment can reverse the SMSI effect,47 but high-temperature
treatment under reducing conditions is expected to enhance the
SMSI effect and hence lead to a low activity.

Figure 7 shows the evolution of the butadiene conversion for
the Au/TiO2 catalyst: after 16 h on stream at 200 °C the
catalyst has lost 93% of its activity. The spent catalyst is
subjected to a 1.5 h air treatment at 450 °C. This treatment
revives the catalytic activity, confirming that particle growth
cannot be a deactivation mechanism. After renewed time-on-
stream, the spent catalyst is subjected to a 1.5 h air treatment at
450 °C followed by a 3 h H2 treatment at 450 °C. This high
temperature treatment under reducing conditions leaves the
catalyst fully active. It is highly unlikely that the SMSI effect
does not occur at 450 °C during treatment in reductive
atmosphere but would occur to a large extent at 200 °C during
time-on-stream. This is in line with the literature which reports
that the SMSI effect occurs only at 477 °C and above for Au/

Figure 6. Weight loss upon heating with 5 °C·min−1 under a 10 mL·min−1 flow of oxygen (indicative of the amount of carbon present on the
samples) for the Au/SiO2−A50 and Au/TiO2 catalysts before and after catalysis (top), and the results for the bare supports after exposure to the
reaction mixture (bottom) under similar conditions (60 mg, for 16 h, at 200 °C). The reaction mixture consisted of 0.3% butadiene, 30% propene,
20% hydrogen, and He for balance, and the flow rate was 50 mL·min−1.

Figure 7. Evolution of the butadiene conversion during the hydrogenation of butadiene at 200 °C for, in time order, the Au/TiO2 catalyst (60 mg),
after air regeneration (50 mL·min−1, at 450 °C for 1.5 h), and after consecutive air-regeneration (50 mL·min−1, at 450 °C for 1.5 h) and reduction
(50 mL·min−1, at 450 °C for 3 h). The reaction mixture consisted of 0.3% butadiene, 30% propene, 20% hydrogen, and He for balance, and flow rate
was 50 mL·min−1.
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TiO2.
47,79 Hence, carbon deposition is the main deactivation

mechanism of the Au/TiO2 catalyst, and it can be regenerated
by burning off all carbonaceous deposits in air.
The catalyst stability is very different for the silica-based

catalysts. Figure 8 shows the evolution of the butadiene

conversion for the three Au/SiO2 catalysts at 200 °C,
comparing Au catalysts on the two amorphous SiO2 supports
(Aerosil 50 and 300) and on the ordered mesoporous SBA15.
As discussed before, all three Au/SiO2 catalysts showed similar
intrinsic initial activities at 120 °C. Note that different initial
conversions were observed in this experiment, as different
amount of catalysts with different Au loadings were used.
Nevertheless, a common feature that was observed for all SiO2-
supported Au catalysts that we tested is that all of them showed
an excellent stability, retaining most of their initial activity
during 21 h of reaction. The Au/SBA15 catalyst was even
tested for 5 days and retained almost all of its initial activity (at
about 90% of conversion) at this period (Figure S9). Hence, we
can conclude that regardless of the support surface areas, pore
structure, and conversion level, silica supports lead to
exceptional long-term stability for Au catalysts for butadiene
hydrogenation.

■ CONCLUSIONS
The selectivity, activity, and stability of Au/TiO2 and Au/SiO2
catalysts for the selective hydrogenation of butadiene in the
presence of an excess of propene were investigated. The Au/
TiO2 and Au/SiO2 catalysts were prepared with the same
method (by Au deposition on intermediate functional groups
on the both supports) and showed similar structural properties
(Au loading and support surface area) except for the fact that
the TiO2-supported catalysts additionally showed some smaller
Au clusters. SiO2-supported catalysts were as selective as the
Au/TiO2 catalysts but showed lower initial activities.
The TiO2-supported catalysts showed high initial activity but

rapidly lost activity during time-on-stream at 200 °C. No
significant growth of the Au nanoparticles was observed, and
the initial activity was readily recovered by heating in air, even if
this was followed by a high temperature reductive treatment.
Therefore, strong metal−support interaction was excluded as a
main reason for the activity loss. Instead the deposition of
carbonaceous species, facilitated by the surface properties of the
TiO2 support, was the main cause for activity loss. Probably

active Au sites on the small clusters and close to the TiO2
support are most susceptible to deactivation.
In contrast, for the SiO2 supports, very limited coke

deposition was measured under reaction conditions. Au/SiO2
catalysts showed excellent stabilities, generally losing less than
10% of the initial activity during 5 days of run time,
independent of the SiO2 specific surface area or pore size. As
a result, despite their lower initial activities, they clearly
outperformed the Au/TiO2 catalysts within several hours of run
time.

■ ASSOCIATED CONTENT

*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acscatal.7b01424.

Additional details on the structural analysis (EXAFS,
EDX spectroscopy, TGA, nitrogen physisorption, XRD)
and catalysis results (PDF)

■ AUTHOR INFORMATION

Corresponding Author
*E-mail: p.e.dejongh@uu.nl.

ORCID
Petra E. de Jongh: 0000-0002-2216-2620
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS

We gratefully acknowledge Marjan Versluijs-Helder for TGA,
Jessi van der Hoeven and Prof. Xavier Carrier for the EXAFS
analysis. We acknowledge SOLEIL for provision of synchrotron
radiation facilities, and we would like to thank Dr. Camille La
Fontaine for assistance in using beam line ROCK which was
supported by a public grant overseen by the French National
Research Agency (ANR) as part of the “Investissements
d’Avenir” Program (reference: ANR-10-EQPX-45). We are
grateful to Utrecht University for a short stay Ph.D. fellowship
and to NWO-Vici (16.130.344) for overall funding of the
project. K. P. de Jong acknowledges support from the European
Research Council, EU FP7 ERC Advanced Grant no. 338846.
T. A. G. Silva acknowledges support from CNPq (Conselho
Nacional de Desenvolvimento Cientifíco e Tecnoloǵico -
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