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ABSTRACT: Propylene epoxidation with molecular oxygen has been
proposed as a green and alternative process to produce propylene oxide
(PO). In order to develop catalysts with high selectivity, high conversion,
and long stability for the direct propylene epoxidation with molecular
oxygen, understanding of catalyst structure and reactivity relationships is
needed. Here, we combined atomic layer deposition and deposition
precipitation to synthesize series of well-defined Au-based catalysts to study
the catalyst structure and reactivity relationships for propylene epoxidation
at 373 K. We showed that by decorating TiO2 on gold surface the inverse
TiO2/Au/SiO2 catalysts maintained ∼90% selectivity to PO regardless of
the weight loading of the TiO2. The inverse TiO2/Au/SiO2 catalysts
exhibited improved regeneration compared to Au/TiO2/SiO2. The inverse
TiO2/Au/SiO2 catalysts can be regenerated in 10% oxygen at 373 K, while
the Au/TiO2/SiO2 catalysts failed to regenerate at as high as 473 K. Combined characterizations of the Au-based catalysts by X-
ray absorption spectroscopy, scanning transmission electron microscopy, and UV−vis spectroscopy suggested that the unique
selectivity and regeneration of TiO2/Au/SiO2 are derived from the site-isolated Ti sites on Au surface and Au−SiO2 interfaces
which are critical to achieve high PO selectivity and generate only coke-like species with high oxygen content. The high oxygen
content coke-like species can therefore be easily removed. These results indicate that inverse TiO2/Au/SiO2 catalyst represents a
system capable of realizing sustainable gas phase propylene epoxidation with molecular oxygen at low temperature.

1. INTRODUCTION

Propylene oxide (C3H6O, PO) is a chemical intermediate of
great value for the production of many useful materials,
including polyol, propylene glycol, and glycol ethers.1 Current
industrial PO production such as chlorohydrin and hydro-
peroxide processes generates chlorinated or peroxycarboxylic
byproducts that pose environmental issues. Direct epoxidation
of propylene to propylene oxide with oxygen (O2) represents
an alternative, clean, and potentially more efficient route.2−7

Haruta and co-workers first discovered that nanometer-sized
gold clusters on TiO2 are active and highly selective for the
direct epoxidation of propylene with O2.

2,8,9 It was proposed
that when molecular propylene, hydrogen, and oxygen were co-
fed, peroxide species could be formed on the surface of gold
and subsequently oxidize propylene that adsorbed on TiO2 sites
to propylene oxide. It was later realized that small gold
nanoparticles (<5 nm) and isolated Ti active sites are necessary
for achieving high activity and selectivity toward propylene
oxide. Propylene molecules that adsorb on adjacent Ti sites
could lead to formation of unwanted byproducts such as CO2.
For this reason, gold nanoparticles supported by titanium
silicalite (Au/TS-1) are the most studied catalysts for the
propylene epoxidation reaction as Ti sites are highly isolated in

TS-1.7,10−13 Despite studies over the past decades, the
propylene epoxidation reaction still comes short in propylene
conversion, catalyst stability, and hydrogen efficiency, and
therefore, there is a need to build precise structure−
performance relationship for Au-based catalysts for propylene
epoxidation reaction and design new catalysts based on this
relationship.
In precious metal catalysts, metal surfaces are generally

considered as the active sites where catalytic reactions take
place. A loss of catalytic activity sometimes results from the
strong metal support interaction (SMSI) in which the metal
surface active sites gradually become covered by the metal oxide
support. However, it has been found that a thin oxide film
grown on a metal can exhibit much higher catalytic activity than
the metal substrate under the same reaction conditions,14,15

where a 5 Å FeO(111) film grown on Pt(111) is active for CO
oxidation by O2 at 450 K, a temperature far below that at which
Pt(111) itself is active. In a combined experimental and
theoretical study, inverse CeO2/Au(111) catalyst is also found
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to be highly efficient for water gas shift reaction.16 Thin metal
oxide films often exhibit dramatically different chemical and
physical properties compared to their bulk counterparts. In
particular, if the oxide film is only a few angstroms thick and
supported by a metal substrate, the underlying metal substrate
often further affects the oxide film properties through charge
transfer.17−20 The concept of the “electronic theory of catalysts”
for tuning catalytic activity by the thickness and structure of
oxide over metal surface was first developed in the 1950s.21

Despite the above studies, due to a lack of precise synthesis
methods to control the thickness and coverage of the ultrathin
(a few nanometers) oxide film overcoat for practical catalyst,
the inverse catalyst studies are mostly carried out in surface
science studies.
Atomic layer deposition (ALD) is a thin film coating

technique commercially used in the microelectronic indus-
try.22,23 Per the international technology roadmap for semi-
conductors, the sub-10 nm sized transistor is expected be in
commercial mass production by 2018. This trend is expected to
be further enhanced by 5 nm sized transistor technology by
2020. It seems that the two disparate industries, namely,
semiconductor manufacturing and heterogeneous catalysis,
have gradually converged to the same length scale. The high-
κ/metal gate materials deposited by ALD play an important
role in minimizing the ever smaller dimension of the modern
process nodes. ALD’s capability to tailor nanomaterials at the
atomic scale makes it a promising, alternative method to design
and prepare well-defined nanocatalysts.24−27 ALD has since
been utilized to synthesize nanostructured catalysts such as
single atom catalysts,28,29 inverse oxide/metal catalysts,30−33

bimetallic catalysts,34−36 and functionalized zeolites.37−39

In this work, we carefully alter the TiO2 ALD cycles and their
sequence on Au-based catalysts for the propylene epoxidation
reaction. The resulting TiO2 decorated catalysts provide a well-
defined system for studying the effects of TiO2 geometry and
loading on the stability and regeneration ability of the Au-based
catalysts, as well as the activity and selectivity of the propylene
epoxidation at temperatures as low as 373 K.

2. EXPERIMENTAL SECTION

2.1. Catalyst Synthesis. The composition and structure of
the catalysts were carefully designed and tuned by adjusting the
sequence of Au and TiO2 deposited on silica gel. We categorize
these catalysts as Au/ncTiO2/SiO2 or inverse ncTiO2/Au/SiO2

when TiO2 or gold was first deposited, respectively. The italic n
represents the number of TiO2 ALD cycles.
2.1.1. Synthesis of Au/ncTiO2/SiO2 Catalysts. The Silicycle

S10040M SiO2 with a surface area of ∼100 m2/g was used as
the support. TiO2 ALD was performed in a viscous flow
benchtop reactor (Gemstar-6, Arradiance). Ultrahigh purity N2

(Airgas, 99.999%) was used as carrier gas and further purified
using a Supelco gas purifier (Sigma-Aldrich) before entering the
reactor. 500 mg of SiO2 was uniformly spread onto a stainless
steel tray with a mesh cover on top of it. The mesh can prevent
the spill of the samples but still provides efficient diffusion of
the ALD precursors and product gases in and out of the tray.
The time sequence for one cycle ALD can be expressed as t1−
t2−t3−t4, where t1 and t3 correspond to the exposure times of
the two precursors, and t2 and t4 are the nitrogen purge times
between two precursors. The TiO2 was deposited on high
surface area SiO2 gel at a temperature of 473 K using
alternating exposure to titanium isopropoxide (TTIP, Sigma-
Aldrich, 99.999%) and deionized water, with a time sequence of

25−200−3.75−200 s.40 The TTIP was stored in a sealed
stainless steel bottle at 353 K to provide sufficient vapor
pressure. Four samples were prepared using 1, 3, 5, and 10
cycles of TiO2 ALD over SiO2. The deposition of gold on TiO2

ALD modified SiO2 supports was carried out by means of
deposition precipitation (DP).7 Approximately 0.2 g of
HAuCl4·3H2O (Sigma-Aldrich, 99.99%) was added to 100
mL of deionized water, followed by the addition of 1 g of
support. NaOH (1 mol/L) was dropwise added to the solution
to keep the pH at ∼7 for 2 h. The solid portion was separated
from the solution and washed with 50 mL of deionized water,
separated again, and finally dried in air at room temperature
overnight.

2.1.2. Synthesis of ncTiO2/Au/SiO2 Catalysts. The precursor
Au(en)2Cl3 was synthesized by slowly adding 0.9 mL of
ethylenediamine (en, Sigma-Aldrich, 99.5%) to an aqueous
solution of HAuCl4·3H2O (2.0 g in 20.0 mL of H2O) until a
transparent brown solution was formed.41 The transparent
brown solution was stirred for 30 min. Subsequently, 140.0 mL
of ethanol was added. A precipitation was immediately
produced. The solution was stirred for another 40 min. The
final product was filtered, washed by 160 mL ethanol, and dried
overnight in oven at 313 K.
An amount of 0.27 g of Au(en)2Cl3 was dissolved in 150 mL

of H2O. The pH value of the solution was adjusted to 10.0 by
the addition of the NaOH (1 mol/L) solution. Subsequently,
5.25 g of the silica gel was added. The pH value of the solution
decreased immediately, and then the pH value was adjusted to
10.0 by addition of the NaOH solution. The mixed solution
was stirred for 2 h. The solid was separated from the solution
and washed by 50 mL of deionized water, separated again, and
finally dried in vacuum oven for 5 h.
TiO2 ALD was performed in the same way mentioned

before. Four samples were prepared using 1, 3, 5, and 10 TiO2

ALD cycles over Au/SiO2.
2.2. Characterization. In situ quartz crystal microbalance

(QCM) measurements were carried out under ALD conditions
in real time to establish the TiO2 ALD recipe and to understand
the surface chemistry. The QCM system contains a Maxtek
BSH-150 bakeable sensor, AT-cut quartz sensor crystals
(Colorado Crystal Corporation), and a Maxtek TM400 film
thickness monitor. Once the TiO2 ALD recipe was established,
various ALD cycles of TiO2 thin films were deposited on
Si(100) wafers. The thickness of the TiO2 thin films was
measured using a J. A. Woollam alpha-SE variable angle
spectroscopic ellipsometer (VASE). The data were obtained
over a wavelength of 380−900 nm and an incidence angle of
70°. The time sequence for operating one ALD cycle of TiO2

on planar quartz sensor crystals and Si(100) wafers is 1−5−1−
5 s.
Scanning electron microscopy (SEM) measurements were

carried out using a benchtop microscope (Hitachi TM-1000).
The high angle annular dark field scanning transmission
electron microscopy (HAADF-STEM) imaging was performed
using a FEI Tecnai F-20 transmission electron microscope
equipped with a 200 keV thermal Schottky field emission gun.
The size histogram of gold nanoparticles was determined by
measuring the diameter of more than 250 particles for each
catalyst. X-ray diffraction (XRD) measurements were carried
out using Rigaku MiniFlex 600 powder X-ray diffractometer
using Cu Kα radiation operated at 40 kV and 15 mA; 2θ data
from 2° to 90° were obtained at a scanning speed of 0.5°/min.
The Brunauer−Emmett−Teller (BET) surface area was
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measured via nitrogen adsorption at 77 K by Micromeritics
Gemini 275 system. The UV−vis diffuse reflectance spectra
(DRS) of the fresh, spent, and regenerated samples were
obtained using a Cary 5000 UV/vis spectrophotometer
equipped with a praying mantis kit at room temperature. The
amount of gold deposited on the support was determined by
inductively coupled plasma mass spectrometry (ICP-MS).
Fourier transform infrared (FTIR) spectroscopy measure-

ments were performed using PerkinElmer FT-IR Spectrum
Two spectrophotometer with diamond attenuated total
reflectance (ATR) attachment. With an average of eight
repetitious scans, the scanning was conducted from 4000 to
400 cm−1. Prior to measurement, the samples were placed
evenly and pressed to contact with the ATR crystal to obtain
adequate band intensities. From the pressure readout, the same
force was applied to acquire quantitative analysis for SiO2

concentration.
X-ray absorption spectroscopy (XAS) measurements, includ-

ing extended X-ray absorption fine structure spectroscopy
(EXAFS) and X-ray absorption near edge structure spectros-
copy (XANES), were conducted at the Au L3 edge (∼11 919
eV) at beamline 10-BM of the Materials Research Collaborative
Access Team (MRCAT) at the Advanced Photon Source
(APS) at Argonne National Laboratory. The XAS spectra were
recorded in the transmission mode. The samples were pressed
into a cylindrical holder which can hold six samples
simultaneously. The loading of the sample was optimized to
achieve a step height of 1. In a typical measurement, the catalyst
samples were first fully reduced in 50 mL/min 3.5% H2 in
helium at 523 K for 30 min and subsequently cooled to room
temperature in ultrahigh purity helium. EXAFS regime data
fittings were performed using WINXAS 3.1. A single shell
model fit of the EXAFS data was obtained between k = 3.0−
12.0 Å−1 and r = 1.6−3.5 Å, respectively.
2.3. Measurement of Catalytic Activity. The catalytic

reaction for gas-phase propylene epoxidation was carried out in
a quartz tubular reactor with a diameter of 10 mm at normal
pressure. The quartz tube reactor was placed within a furnace
using approximately 0.15 g of catalyst of 60−80 mesh size.
Approximately 1.5 g of quartz sand of 25−35 mesh size was
used to dilute the catalyst to improve the temperature
uniformity. A blank experiment was performed under the
same reaction conditions using only the quartz sand. A
thermocouple was attached on the quartz tube wall to directly
measure the reaction temperature. The reactant mixture
consisted of 10/10/10/70 vol % of hydrogen (Airgas,
99.999%), oxygen (Airgas, 99.999%), propylene (Matheson,
99.9%), and argon (Airgas, 99.999%), with a total flow of 35
mL/min equivalent to a gas hourly space velocity (GHSV) of
14 000 mL h−1 g−1cat. Without any pretreatment of the catalyst,
the epoxidation reaction was carried out at 373 ± 2 K, which
was reached by a temperature ramp rate of 1.5 K/min. The
effluent line was wrapped with heating tape and heated to
above 80 °C to prevent condensation of all the byproducts.
The experimental conditions for kinetic studies are listed in

Table S1 in Supporting Information. To extract the oxygen
order, the oxygen concentration was changed solely at 453 K.
The changes in propylene and hydrogen concentrations were
used to extract propylene and hydrogen orders. Since the
reaction order is independent with temperature, the same
reaction order for each reactant was applied to derive the
reaction rate constant k at 413, 433, and 453 K.

When hydrogen peroxide was used as a reactant, a syringe
pump equipped with a borosilicate syringe through a Teflon
tube was used to directly introduce H2O2 (30 wt %, Sigma-
Aldrich, containing stabilizer) into the reactor. To minimize the
H2O2 decomposition, the syringe and Teflon tubing were
wrapped with aluminum foil and their length was minimized.
The partial pressure of H2O2 could be adjusted by changing the
pumping speed. A bed of quartz wool around 4 cm was placed
above the catalyst bed where H2O2 fully evaporated. On the
basis of the assumption that H2O2 can be fully decomposed to
H2O and O2 through the heated stainless steel reactor, a blank
run with only H2O2 in argon was performed to measure the
weight percentage of the H2O2 solution. The H2O2 weight
percentage calculated from O2 in the effluent is around 33 ±

2%, which is similar to the specification.
The concentration of the reactants and products was

measured by an online gas chromatograph (GC, Agilent
5890) equipped with a flame ionization detector (FID) and a
thermal conductivity detector (TCD). Oxygen, hydrogen, and
propylene were separated using Carboxen-1010 PLOT capillary
column (length 30 m; i.d. 0.53 mm) and analyzed via TCD,
while propylene oxide, ethanal, acetone, propanal, and acrolein
were separated using a RT-U-BOND column (length 30 m; i.d.
0.53 mm) and analyzed via FID. Carbon monoxide (CO) and
carbon dioxide (CO2) were not detected under the reaction
conditions used in this study. The propylene conversion and
selectivity were calculated directly as follows:

=

‐ +

conversion
moles of (C oxygenates (2/3)ethanal)

moles of propylene in the feed
3

(1)

=

‐ + +

PO selectivity

moles of PO

moles of (C oxygenates (2/3)ethanal CO /3)
3 2

(2)

3. RESULTS AND DISCUSSION

3.1. TiO2 Atomic Layer Deposition. For the purpose of
precisely controlling the loading of TiO2 using ALD, the
growth rate of TiO2 ALD was carefully studied using an in situ
quartz crystal microbalance (QCM) housed inside the ALD
chamber and was later confirmed using ex situ spectroscopic
ellipsometry measurements. The in situ QCM results in Figure
1a show a mass gain of 0.06 μg/cm2 per TiO2 ALD cycle,
equivalent to a growth rate of 0.3 Å per TiO2 ALD cycle when
TTIP and H2O were used as the reactants at 473 K. The linear
growth rate indicates that the ALD growth indeed follows a
surface self-limiting nature. An expanded view of the mass gain
is illustrated in Figure 1b. The surface received +0.08 μg/cm2

(chemisorption of −Ti(OCH(CH3)2)2 ligands) and −0.04 μg/
cm2 mass gain −OCH(CH3)2 ligands replaced by hydroxyl
groups) during TTIP and H2O exposure, respectively, which is
consistent with the literature.40,42 A series of TiO2 thin films,
using 50, 100, 200, and 300 cycles of TiO2 ALD, respectively,
were prepared on clean Si(100) wafers. The thickness of TiO2

increases linearly as a function of TiO2 ALD cycles with a
growth rate of 0.3 Å as determined by ex situ spectroscopic
ellipsometry in Figure 1c. Both QCM and ellipsometry results
are consistent with each other.
Due to its unique feature of self-limiting surface reactions,

the growth rate obtained from the wafers was used to estimate
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the TiO2 surface coverage on the SiO2 gel support using eqs 3
and 4. The SEM image of the bare SiO2 gel is shown in Figure
S1. The coverage θ is obtained from the following equations,

θ =
d

đ (3)

ρ
=đ

M

N
3

(4)

where d is the deposited TiO2 thickness, đ is TiO2 monolayer
thickness in nm, M is the molar mass of TiO2 (79.87 g/mol), ρ
is the density of TiO2 (4.23 × 10−21 g/nm3), and N is the
number of atoms per mole (6.02 × 1023/mol). In this work,
catalysts were coated by 1, 3, 5, and 10 TiO2 ALD cycles,
respectively. Their estimated thickness, coverage, and weight
loading are shown in Table 1. If we assume that one ALD cycle

of TiO2 is site-isolated and homogeneously dispersed on SiO2

surface, the intermolecular distance is estimated to be ∼13.6 Å.
BET surface area measurements were carried out before and
after 10 cycles of TiO2 ALD. The N2 adsorption−desorption
isotherms exhibit typical H4-type hysteresis, indicating the
presence of mesopores. The ALD coating did not alter the
surface area or pore volume or pore size of the SiO2 support
(see Figure S2).
Figure 2 is the FTIR spectra of SiO2 modified by different

ALD cycles of TiO2. The spectra exhibited three dominant
features, and these are assigned as the low frequency band
centered at 457 cm−1 formed by the rocking motions of the
oxygen atoms perpendicular to the Si−O−Si plane; the
intermediate frequency band centered at 800 cm−1 is due to
the symmetrical stretching of the oxygen atoms along the line
bisecting the axis formed by the Si−O−Si; the high frequency
band centered at 1072 cm−1 is attributed to the antisymmetric

stretching of the oxygen atoms along the direction parallel to
Si−Si.43 The intensity of those dominant peaks decreased as
TiO2 ALD cycles increased, which corresponded to the increase
of TiO2 loading. In addition, the peak position of the Si−O−Si
antisymmetric stretching vibration shifted to higher wave-
number (blueshift, from 1072 to 1082 cm−1) with the increase
of TiO2 incorporation, which implies that the Si−O−Si bond
angle increased and/or the Si−O bond length decreased.44

3.2. Characterizations. Figure 3 shows the STEM images
of the as-prepared samples where homogeneously dispersed
gold nanoparticles on the titanium coated the SiO2 support.
Unfortunately, it is unlikely that STEM can provide useful
information on TiO2, since the catalyst support SiO2 gel is a
high surface area porous material, which is considered as not
well-defined for atomic resolution STEM. In addition, the low
loading and low z-number of Ti make it more difficult to be
distinguished from the SiO2 background. The average diameter
of the as-prepared gold nanoparticles is 3.6 ± 0.6 nm and 4.1 ±
0.5 nm for the as-prepared Au/3cTiO2/SiO2 and Au/10cTiO2/
SiO2 catalysts, respectively. Au nanoparticles appear as bright
dots on the TiO2 coated SiO2 support. ICP-MS measurements
showed that the amounts of gold were ∼0.05 wt % and ∼0.7 wt
% for Au/ncTiO2/SiO2 series and ncTiO2/Au/SiO2 series,
respectively.
Figure 4 shows the XRD patterns for the as-prepared

10cTiO2/SiO2, the as-prepared Au/10cTiO2/SiO2, and the Au/
10cTiO2/SiO2 calcined at 600 °C for 2 h. The broad peaks at
2θ range from 20° to 30°, and they are representative peaks for
an amorphous SiO2 support. Neither TiO2 nor Au features
were clearly observed in the XRD patterns of the as-prepared
Au/10cTiO2/SiO2. The missing features seem to suggest that
both TiO2 and Au are highly dispersed on the SiO2 support,
which is desired for highly active propylene epoxidation
catalysts. The Au/10cTiO2/SiO2 catalyst was calcined in air
at 600 °C for 2 h to artificially increase the gold particle
diameter. Indeed, the calcined Au/10cTiO2/SiO2 catalysts
show sharp diffraction peaks that are consistent with the face-
centered cubic (fcc) gold structure.
To understand the impact of TiO2 loading and location on

the morphological and electronic structure of the Au catalysts,
Au L3 XAS measurements were carried out. The Au catalysts
were in a metallic oxidation state (see XANES spectra in Figure
S3). Regardless the location of TiO2, Fourier transform EXAFS
spectra of Au/1cTiO2/SiO2 and 1cTiO2/Au/SiO2 are very
similar, as shown in Figure 5a. Both spectra showed peaks in
the magnitude of the Fourier transform for the first shell Au−

Figure 1. In situ QCM studies of TiO2 ALD at 473 K for (a) the first
100 cycles and (b) magnified growth rate (blue line, TTIP pulse; red
line, H2O pulse). (c) Growth rate of TiO2 ALD at 473 K determined
by ex situ spectroscopic ellipsometry.

Table 1. Estimated Thickness, Coverage, and Weight
Loading after TiO2 ALD Treatmenta

cycle number of
TiO2 ALD

estimated
thickness (Å)

coverage θ
(%)

estimated TiO2
loading (wt %)

1 0.3 9.7 1.3

3 0.9 29.1 3.8

5 1.6 48.4 6.4

10 3.1 96.9 12.7
aThe monolayer thickness đ is equal to 3.2 Å.

Figure 2. ATR-FTIR transmittance spectra of SiO2 (green), 1cTiO2/
SiO2 (red), 3cTiO2/SiO2 (blue), 5cTiO2/SiO2 (pink), and 10cTiO2/
SiO2 (orange).
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Au at about 2.3 and 3.0 Å and a shoulder peak at about 2.0 Å.
Detailed EXAFS first shell fittings are concluded in Table 2, and
the fitting quality is shown in Figures S4 and S5. The Au−Au
bond distance of the gold nanoparticles is about 2.81−2.85 Å,
slightly contracted from the Au−Au bond distance of 2.88 Å in
a bulk Au. A contracted bond distance is widely observed in
precious nanoparticles and is caused by the contraction of the
undercoordinated surface atoms to increase the coordination
numbers of the surface atoms.45,46

The Au−Au coordination numbers are well below their bulk
value of 12 which is expected for a bulk fcc structure, indicating
that the gold is in the form of small nanoparticles. Diameter of

Figure 3. STEM images of the as-prepared Au/3cTiO2/SiO2 (a, b) and Au/10cTiO2/SiO2 (c, d) catalysts.

Figure 4. XRD patterns for 10cTiO2/SiO2 (black), Au/10cTiO2/SiO2

(red), and Au/10cTiO2/SiO2 calcined at 600 °C for 2 h (blue).

Figure 5. (a) Fourier transform of EXAFS. (b) Correlation between
the CNAu−Au and Au−Au bond distance for a series of catalysts Au/
ncTiO2/SiO2 (black square) and ncTiO2/Au/SiO2 (red dot).

Table 2. EXAFS Fit Parameters for Au−Au Scatterersa

sample CNAu−Au R (Å)
DWF

(×10−3)
E0
(eV)

est dia
(nm)

Au/ncTiO2/SiO2

Au/1cTiO2/SiO2 5.9 2.83 0.001 −1.7 1.3

Au/3cTiO2/SiO2 6.3 2.83 0.001 −1.9 1.6

Au/5cTiO2/SiO2 5.6 2.81 0.001 −2.3 1.1

Au/10cTiO2/SiO2 7.1 2.83 0.001 −3.0 2.1

ncTiO2/Au/SiO2

1cTiO2/Au/SiO2 8.1 2.84 0.001 −1.7 2.7

3cTiO2/Au/SiO2 7.4 2.84 0.001 −1.7 2.3

5cTiO2/Au/SiO2 8.3 2.85 0.001 −1.5 2.9
ak2: Δk = 3−12 Å−1 and Δr = 1.6−3.5 Å. CN is coordination numbers
with error of ±10%. R is bond distance with error of ±0.02 Å. DWF is
Debye−Waller factor. E0 is energy shift.
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the Au nanoparticles can be estimated using their coordination
numbers using an empirical equation suggested by Miller and
co-workers.47 The results are listed in Table 2. The Au−Au
coordination and interatomic Au−Au bond length exhibit a
linear relationship within the range of our study, as shown in
Figure 5b. It seems to suggest that the structure of gold is
independent of the location of TiO2. The diameters of gold
nanoparticles of all the samples are smaller than the STEM
results. We ascribed the difference to the low resolution of the
conventional STEM that we used. The estimated diameter of
Au in the ncTiO2/Au/SiO2 catalysts is slightly larger than the
Au/ncTiO2/TiO2 catalysts. The difference in diameter is
probably caused by slightly different methods used to prepare
Au nanoparticles on TiO2/SiO2 and SiO2 surface, respectively.
Due to the mismatch between the isoelectric point of SiO2 (IEP
= 2) and pH used to hydrolyze the Au precursors (HAuCl4),
Au(en)2Cl3 had to be used to prepare Au nanoparticles on the
SiO2 surface.
3.3. Catalyst Performance in Propylene Epoxidation.

3.3.1. PO Selectivity. Table S2 lists the selectivity for all the
byproducts. There is no CO or CO2 detected in this study as
their concentration is likely below the detection limit of the
TCD detector. The PO selectivity decreased with increasing
TiO2 ALD cycles for the Au/ncTiO2/SiO2 catalysts as shown in
Figure 6. The selectivity to PO decreased from 95% to 63%
when the TiO2 ALD cycle increased from 1 to 10 cycles. In the
previous propylene epoxidation studies, isolated Ti sites are
believed to be critical to obtain high selectivity for propylene
epoxidation reaction as the adjacent Ti sites can generate
byproducts such as acrolein, propanal, and acetone.48 Our
results are consistent with this observation in the literature.
According to previous studies on TiO2 ALD, TTIP precursors
react with the surface hydroxyl groups and generate isolated Ti
sites in the first cycle. In the subsequent TiO2 ALD cycles, the
TTIP precursors will react with both the hydroxyl groups on
open Si sites to generate more isolated Ti sites, as well as the
hydroxyl groups on the Ti sites to generate adjacent Ti sites.
The overall effect is that the isolated sites decrease with
increasing TiO2 ALD cycles, leading to decreasing PO
selectivity.
Interestingly, the PO selectivity of the ncTiO2/Au/SiO2

catalysts seems to be less affected by TiO2 ALD cycles as
shown in Figure 6b. The selectivity to PO decreases slightly
from ∼91% to ∼88% when the TiO2 ALD cycle increases from

1 to 10 cycles, which seems to suggest that the TiO2 deposited
on Au remains mostly isolated. It is useful to notice that the
TiO2 ALD growth rate also depends on the density of surface
active sites, e.g., surface hydroxyl groups in this case. The real
growth rate of TiO2 ALD on Au could be significantly lower
than TiO2 ALD on SiO2 due to much lower density of surface
OH on Au. The low coverage of OH on Au could be helpful to
keep the TiO2 site isolated. Surface science studies of the
synthesis of TiO2 nanoparticles on Au(111) surface showed
that TiO2 forms islands at a coverage as low as 0.05 ML;49

however, Ti was generated using physical vapor deposition
(PVD) on a clean surface without hydroxyl groups. The
deposited titanium metal first formed Au−Ti alloys on the
surface of Au. TiO2 was subsequently formed by exposing the
system to O2. In the case of TiO2 ALD, it is likely that TTIP
reacts with the surface hydroxyl groups near Au or at Au/SiO2

interface forming Au−O−Ti bonds which can enhance the
thermal stability of the system and help Ti sites to remain
isolated. Such increased thermal stability is similar to surface
science studies of model Au catalysts on hydroxylated surface.50

It is known that TiO2 can be formed on Au nanoparticles’
surface even with a very small number of TiO2 ALD cycles. For
example, it was reported that the CO chemisorption
dramatically decreased after depositing five ALD cycles of
TiO2 on Au/Al2O3 surface.

51

3.3.2. PO Formation Rate. In terms for PO formation rate,
five ALD cycles of TiO2 seem to offer the highest PO formation
rate in both Au/ncTiO2/SiO2 and ncTiO2/Au/SiO2 series,
representing the optimal synergic effects between isolated Ti
sites and Au. For Au/ncTiO2/SiO2 catalysts (Figure 7a), the
PO formation rate increases with increasing number of TiO2

ALD cycles from 1 to 5. We ascribed the increasing PO
formation rate to the increasing number of Au and Ti pairs.
Accompanied with a significant increase in byproduct selectivity
(see Table S2), the PO formation rate dramatically decreased
when 10 ALD cycles of TiO2 were used, due to the loss of
isolated Ti sites. For ncTiO2/Au/SiO2 series (Figure 7b), TiO2

gradually covers the surface of gold nanoparticles when the
TiO2 ALD cycles increase from 1 to 10, leading to an increase
of Ti sites and a decrease of Au sites. Three to five ALD cycles
of TiO2 on Au nanoparticles seem to provide an optimized
balance between Ti and Au sites. Note that Au/SiO2 was also
studied as a controlled experiment. No reactivity was observed.

Figure 6. PO selectivity for series of catalysts (a) Au/ncTiO2/SiO2 and (b) ncTiO2/Au/SiO2: n = 1 (black line), n = 3 (red line), n = 5 (blue line),
and n = 10 (pink line). (c) Average PO selectivity for series of catalysts Au/ncTiO2/SiO2 (black line) and ncTiO2/Au/SiO2 (red line) under different
cycle of TiO2 ALD modification.
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3.3.3. Deactivation and Regeneration. Unfortunately, the
Au-based catalysts studied in this work all suffered from a
certain degree of deactivation when they were evaluated at 373
K. The time-on-stream stability is shown in Figure 8. After
being tested for 10 h under reaction conditions, Au/1cTiO2/
SiO2 and 1cTiO2/Au/SiO2 catalysts deactivated by 48.6% and
54.8%, respectively. In an attempt to regenerate both catalysts,
the spent catalysts were regenerated in 10% O2 at 373 K for 2 h.
The treatment successfully regenerated the overcoated 1cTiO2/
Au/SiO2 to its initial performance but failed to regenerate Au/
1cTiO2/SiO2. An additional attempt to regenerate Au/1cTiO2/
SiO2 catalyst at a higher temperature (473 K) was also
unsuccessful. To confirm the above observations, repeated
experiments were performed to test and regenerate both Au/
1cTiO2/SiO2 and 1cTiO2/Au/SiO2 catalysts. Similar phenom-
ena were observed.
There are three possible reasons for gold-based catalysts

deactivation in propylene epoxidation, namely, sintering of gold
nanoparticles, carbon deposition (coking) on the active sites,
and the rearrangement of active TiO2 sites. Figure 9 shows the
STEM images of the spent catalysts Au/3cTiO2/SiO2 and Au/
10cTiO2/SiO2. The average size of observable gold nano-
particles was 2.9 and 4.0 nm, respectively, similar to their
diameter before the catalyst evaluation. XRD patterns were also
measured on the spent catalysts immediately after the catalyst
evaluation. The XRD patterns of the spent catalysts (data not

shown) are similar to those of the as-prepared catalysts where
no peaks ascribed to fcc Au was observed, indicating small gold
nanoparticles. In a control experiment, hydrogen peroxide
(H2O2) and propylene (1:1 molar ratio) were co-fed to
evaluate the 1cTiO2/SiO2 catalyst. The catalyst 1cTiO2/SiO2

deactivated by 52.9%. Treatment in 10% O2 at 373 K for 2 h
did not regenerate the catalyst, suggesting that the deactivation
is probably due to factors other than sintering of gold
nanoparticles.
Another possible reason for catalyst deactivation is the TiO2

rearrangement during reaction. This rearrangement can be
reflected by the change of the Ti coordination numbers which
was investigated using UV−vis DRS spectroscopy. The
absorption spectra were recorded for fresh, deactivated, and
regenerated catalysts as shown in Figure 10 for Au/1cTiO2/
SiO2 and 1cTiO2/Au/SiO2. The spectra in each of those three
catalysts showed the same trend which excludes the change in
TiO2 and gold geometry as one of the reasons for catalysts
deactivation and regeneration. The strong absorptions at 200−
220 nm are assigned to isolated tetrahedral Ti in the
framework.52 The band around 230 and 275 nm are attributed
to the presence of Ti in 5-fold and 6-fold coordination,53

respectively, while that at ∼305 nm corresponds to anatase
TiO2.

54 The spectra show an absorption in the visible range
between 500 and 600 nm assigned to the localized surface
plasmon resonance of Au nanoparticles.55

As a result, it seems that the possible reason for the
deactivation is the residual carbon blocking the catalyst active
sites. Coke-like species were previously observed using in situ
Raman spectroscopy56 and IR spectroscopy,57,58 respectively.
These species have been assigned as strongly adsorbed
oligomerization or polymerization of propylene or propylene
oxide,59 bidentate propoxy species,57 and carbonates/carbox-
ylates.48 The true identity of the coke-like species is yet to be
determined. One possible explanation is that the coke-like
organic species generated by the 1cTiO2/Au/SiO2 contain a
relatively high oxygen content and are easy to be burned off, as
compared to the possible low-oxygen content coke species
produced by Au/1cTiO2/SiO2.

3.3.4. Kinetic Studies. Kinetic studies of Au/1cTiO2/SiO2

and 1cTiO2/Au/SiO2 catalysts were performed by varying the
concentration of the reactants and reaction temperatures. The
detailed experimental conditions listed in Table S1 follow those

Figure 7. PO formation rate for series of catalysts (a) Au/ncTiO2/
SiO2 and (b) ncTiO2/Au/SiO2: n = 1 (black line), n = 3 (red line), n =
5 (blue line), and n = 10 (pink line).

Figure 8. PO formation rate for catalyst (a) Au/1cTiO2/SiO2, (b) 1cTiO2/Au/SiO2, and (c) 1cTiO2/SiO2.
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used by Taylor et al.60 Twenty-three sets of experiments were
carried out to determine the reaction order and rate constant
for each catalysts. The experimental results are presented in
Tables S3 and S4. Unlike the experiments operated at low
temperature (373 K), little deactivation was observed during
the kinetic measurements performed above 413 K, suggesting
that the carbon species were removed by oxygen under reaction
conditions. From the previous studies, PO has strong
interaction with the catalyst surface and is considered to have
negative impact on catalyst performance due to active sites
blocking.61 Therefore, PO concentration would be expected in
powder rate law. Because of the relatively low propylene
conversion, PO concentration is approximately 2 orders of
magnitude less than the concentration of each reactant.
Moreover, no obvious catalyst deactivation is observed, which
indicates that interaction between PO and catalyst surface could
be ignored. Hence, it is reasonable to neglect the formed PO
concentration in the power rate law. Those two catalysts were
fit individually using the linear regression features. To keep a
linear model, ln(k) rather than k was fitted. The power rate law
converted to the following equation,

α β γ= + + +r kln( ) ln( ) ln[H ] ln[O ] ln[C H ]PO 2 2 3 6

(5)

The overall data fitting is shown in Figure S6 where all the
data points overlap or are close to the parity lines. Figure S7
shows the percent residual randomly distributed around the
zero lines within ±10%. The derived fitting parameters were
shown in Table 3. For catalyst Au/1cTiO2/SiO2, PO formation
rate was found to be most dependent on hydrogen
concentration, whereas oxygen has the highest effect on PO
rate for catalyst 1cTiO2/Au/SiO2. The rate law of propylene
epoxidation using Au/1cTiO2/SiO2 and 1cTiO2/Au/SiO2

catalysts are similar to what Delgass and co-workers observed
on Au/TS-1 catalysts where they obtained a rate law rPO =
k[H2]

0.60[O2]
0.31[C3H6]

0.18.60 The apparent activation energy is
derived based on the Arrhenius plot shown in Figure 11. The

activation energy Ea for Au/1cTiO2/SiO2 and 1cTiO2/Au/SiO2

catalysts is 24.1 and 38.7 kJ/mol, respectively, comparable to
the literature value (25−36 kJ/mol).62 These results seem to

Figure 9. STEM images of spent catalysts (a) Au/3cTiO2/SiO2 and (b) Au/10cTiO2/SiO2. The insets show the gold nanoparticle size distributions.

Figure 10. UV−vis DR spectra for samples (a) Au/1cTiO2/SiO2 and
(b) 1cTiO2/Au/SiO2.

Table 3. Power Rate Law Parameters Obtaineda

catalyst α β γ k(140)b k(160)b k(180)b Ea
c

Au/1cTiO2/SiO2 0.52 0.33 0.22 14.22 22.55 30.48 24.1 ± 1.9

1cTiO2/Au/SiO2 0.39 0.49 0.26 25.35 46.05 74.71 38.7 ± 2.0

arPO = k(T)[H2]
α[O2]

β[C3H6]
γ, where k(T) = Ae[(−Ea/(RT)]. bUnit: gPO/(h·kgcat·atm

α+β+γ). cUnit: kJ/mol.

Figure 11. Arrhenius plot for propylene epoxidation using Au/
1cTiO2/SiO2 and 1cTiO2/Au/SiO2 catalysts, respectively. Reaction
conditions: 10% O2, 10% H2, and 10% C3H6 in Ar.
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suggest that the active sites in ALD modified Au/1cTiO2/SiO2

and 1cTiO2/Au/SiO2 catalysts are similar to those in Au/TS-1.

4. CONCLUSIONS

We used ALD to carefully synthesize Au/TiO2/SiO2 and
inverse TiO2/Au/SiO2 catalysts used in propylene epoxidation
with molecular oxygen to propylene oxide. Our study showed
that inverse TiO2/Au/SiO2 enabled high PO selectivity
(∼90%) and easy regeneration at 373 K, results not found in
Au/TiO2/SiO2. The high PO selectivity independent of TiO2

ALD cycles indicated that the ALD TiO2 remained as site-
isolated on Au surface and Au−SiO2 interfaces. Furthermore,
combined STEM and UV−vis spectroscopy studies suggested
that the deactivation of the gold-based catalysts was due to
deposition of coke-like species. The repeated, easy regeneration
of the inverse TiO2/Au/SiO2 at low temperature is proposed to
result from high oxygen content coke-like species that can be
removed at low temperature (373 K). It is interesting to note
that similar deactivation and failure to regenerate were observed
on TiO2/SiO2 catalyst used in propylene epoxidation with
hydrogen peroxide at 373 K. It is envisioned that a potentially
energy efficient, low temperature propylene epoxidation can be
achieved by using the inverse TiO2/Au/SiO2 catalysts. Kinetic
measurements at temperature above 413 K showed little
catalysts deactivation. The reaction rate equations determined
in our work are similar to propylene epoxidation using Au/TS-
1 catalysts.
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