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Propylene epoxidation using molecular oxygen and hydrogen mixture on Au-based catalysts has
attracted attention because of high propylene oxide selectivity and the use of an inexpensive and envi-
ronmental friendly oxidant. Single-site titanium on metal oxide supports plays an important role in
achieving high reactivity and selectivity in propylene epoxidation. Here we used TiO2 atomic layer depo-
sition (ALD) to synthesize single-site titanium imbedded in the SiO2 framework for propylene epoxida-
tion. High temperature calcination was used as post-treatment to control the titania structure and
TiAO coordination number. Using UV–vis spectroscopy and X-ray absorption spectroscopy, we success-
fully established that under similar propylene conversion the selectivity to propylene oxide (PO) is
strongly correlated to the TiAO coordination number and bond length. Using a cluster model, density
functional theory (DFT) calculations indicate that the partial charges of single TiASiO2 sites scale linearly
as a function of the coordination number. Also, the predicted TiAO bond lengths follow the same trend as
found in the experiments, providing additional support for the observed experimental activity
relationships.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

Propylene epoxidation using molecular oxygen is a promising,
alternative route to synthesize propylene oxide (PO), a chemical
of great industrial importance [1–5]. Since Haruta first discovered
that supported gold nanoparticles on TiO2 are active and selective
for the direct epoxidation of propylene in the presence of molecu-
lar oxygen and hydrogen, it had been gradually realized that the
reactivity, PO selectivity and hydrogen efficiency could benefit
from synergic effects of small nano-sized gold particles and the
neighboring TiO2 [6] . Studies suggest that highly dispersed iso-
lated Ti sites serve as the preferential sites to adsorb propylene,
while the gold nanoparticles are responsible for the formation of
the OOH* species from oxygen and hydrogen [7–9]. The OOH* spe-
cies then migrate toward nearby Ti sites to produce PO from propy-
lene. The isolation of Ti sites was found to increase the PO
selectivity with less byproduct formation. The adjacent Ti sites
were found to favor bidentate adsorption of propylene, leading to
the formation of undesired byproducts. Understanding the TiO2

structure is of great importance for designing highly efficient
AuATiO2 based catalysts for propylene epoxidation.

To establish the Ti structure and performance relationship, Har-
uta and coworkers deposited TiO2 on non-porous silica using incip-
ient wetness impregnation (IWI) and subsequently calcined the
support up to 1000 �C [10]. The PO yield and selectivity improved
by increasing the calcination temperature. The improved PO yield
and selectivity were ascribed to the formation of the site-isolated
tetrahedral TiO2 in the SiO2 framework with the presence of
TiAOASi. However, as TiO2 prepared by IWI tends to initially form
clusters and nanoparticles on the SiO2 support, it could be difficult
to drive all of the TiO2 to form single-site Ti in SiO2 framework
using high temperature calcination. Another potential concern is
the possible loss of surface area due to the collapse of pores during
high temperature calcination. Other efforts have been used to syn-
thesize single-site catalysts for propylene epoxidation. To generate
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single-site Ti, Nijhuis and co-workers used a Ti-grafted silica
method prepare Ti-doped SiO2 for propylene epoxidation with H2

and O2, and achieved promising activity with 2.7% propylene con-
version and PO selectivity at 89.4% [11]. A sol-gel method was used
to prepare site-isolated Fe in the SiO2 framework for propylene
epoxidation with O2, and showed good activity without the use
of Au [12], however, the catalysts showed 33.6% PO selectivity at
5.5% conversion.

The establishment of the Ti structure and performance relation-
ship can benefit from the use of uniformly dispersed single-site Ti
on the SiO2 support. In this study, we investigated the isolated TiO2

single-site initially deposited on porous SiO2 by atomic layer depo-
sition (ALD), a method that has been used to prepare single-site
catalysts [13–15]. Advanced catalyst synthesis is advancing from
obtaining understandings of the catalytic active sites [16] to
assemble catalytic active architecture [17]. ALD represents a
promising technique to construct catalytic active architecture in
a ‘‘bottom-up” manner to achieve high activity, selectivity, and sta-
bility [18,19]. It is a thin film deposition technique that uses
organometallic compounds as precursors. It enables conformal
coatings because the deposition conditions are optimized to ensure
the surface self-limiting reaction between the organometallic pre-
cursors and the reaction sites on the substrates. Under surface self-
limiting reaction conditions, the gaseous organometallic precursor
molecules, e.g., titanium isopropoxide or TTIP, preferentially react
with the surface reaction sites, e.g., surface hydroxyl groups, form-
ing stable intermediates on the substrate [20,21]. These stable,
chemisorbed intermediates will not decompose to form TiO2 until
a co-reactant is dosed, e.g., H2O. The steric hindrance effect from
the bulky TTIP ligands ensures that the intermediates distance
from each other and prevent the possible formation of TiAOATi
bonds, and the chemisorption nature of the intermediates allows
the facile formation of TiAOASi bonds. In a previous study, we
have prepared site-isolated Ti for Au-based catalysts using TiO2

ALD for propylene epoxidation with H2 and O2 at 100 �C [22].
The catalysts showed 90% selectivity at 100 �C, however the PO for-
mation rate was relatively low, about 1–2 gPO h�1 kg�1cat. A sub-
stantial gain in PO formation rate and propylene conversion
could be obtained by carrying out the reaction at higher reaction
temperature. To maintain high PO selectivity at high temperature,
it is necessary to optimize the catalyst structure that favors the PO
formation pathway. In this work, we used ALD to generate single-
site Ti, followed by a post-ALD calcination to alter the coordination
of Ti, and connect the TiAO structure and its performance in propy-
lene epoxidation with H2 and O2. Using ultraviolet–visible (UV–vis)
diffuse reflectance spectroscopy and X-ray absorption spec-
troscopy (XAS), we investigated the structure of single-site Ti in
the SiO2 framework as a function of calcination temperature. The
PO selectivity shows a linear correlation to the TiAO coordination
number and bond distance, and DFT calculations predict a linear
scaling of the partial charge of the Ti site as a function of the coor-
dination number and bond distance.
2. Experimental

2.1. Catalyst synthesis

TiO2 surface self-limiting reaction was performed in a low vac-
uum (�1 Torr) atomic layer deposition (ALD) reactor (Gemstar-6,
Arradiance). Ultrahigh purity N2 (Airgas, 99.999%) was used as
the carrier gas and further purified using a Supelco gas purifier
(Sigma-Aldrich) before entering the reactor. In a typical prepara-
tion, 0.5 g of SiO2 (Silicycle S10040M) was uniformly spread onto
a stainless steel tray held at 200 �C. Titanium isopropoxide (TTIP)
was used as the precursor and contained in a stainless steel bub-
bler held at 75 �C to generate sufficient vapor pressure for deposi-
tion. The TTIP vapor was introduced to SiO2 by N2 carrier gas for 25
sec to 350 sec. The ALD reactor was then evacuated for 200 sec
before introducing water vapor for 45 sec. The as-prepared support
is named TiASiO2_ALD.

The quantity of TiO2 deposited on the SiO2 was determined by
direct weight measurement performed before and after the depo-
sition with a precision of 0.1 mg. The as-prepared TiASiO2 then
underwent calcination at 400, 600, 800, and 1000 �C for 2 h,
respectively, as post-treatment. The post-treated supports were
denoted as TiASiO2_ALD400, TiASiO2_ALD600, TiASiO2_ALD800,
and TiASiO2_ALD1000.

Incipient wetness impregnation (IWI) of a methanol solution of
titanyl acetylacetonate (TAA) was used to deposit TiO2 on SiO2, fol-
lowing the recipe from Haruta’s group [10]. After the impregnation
(0.9 ml solution for 1 g of SiO2), the methanol solvent was removed
at 50 �C in a vacuum oven and dried at 70 �C for 4 h. The nominal
TiO2 loading was 1.3 wt%. The as-prepared TiASiO2_IWI was subse-
quently calcined at 800 �C and denoted as TiASiO2_IWI800.

Deposition of gold on TiASiO2 supports was carried out using
deposition precipitation (DP). Approximately 0.2 g of HAuCl4�3H2O
(Sigma Aldrich, 99.99%) was added to 100 ml of deionized water,
followed by addition of 1 g of TiASiO2. NaOH (1 mol/L) was drop-
wise added to the solution to keep the pH at �7 for 2 h. The solid
was separated from the solution, washed by 50 ml deionized
water, separated again, and finally dried under vacuum at room
temperature overnight.

2.2. Catalyst characterization

The high angle annular dark field scanning transmission elec-
tron microscopy (HAADF-STEM) imaging was performed using an
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. UV–Vis absorption
spectra were obtained on a Thermo Scientific Evolution 220 spec-
trophotometer fitted with an integrating sphere. Reflectance mea-
surements were performed on powdered samples using a standard
barium sulphate powder as a reference. X-ray diffraction (XRD)
measurement was carried out using a Rigaku MiniFlex 600 powder
X-ray diffractometer using Cu K-alpha radiation operated at 40 kV
and 15 mA; 2 theta data from 2� to 90�were obtained at a scanning
speed of 0.5�/min. Fourier transform infrared (FTIR) spectroscopy
measurements were performed on a Bruker TENSOR27 spectrome-
ter with the samples pre-pressed with KBr into pellets. Inductively
coupled plasma mass spectroscopy (ICP-MS) analysis was per-
formed using Agilent 7700x equipped with an ASX 500 autosam-
pler. The system was operated at a radio frequency power of
1550W and elements were measured in kinetic energy discrimina-
tion (KED) mode. Nitrogen adsorption-desorption experiments
were carried out on a gas sorption analyzer (Autosorb iQ, Quan-
tachrome Instruments) at 77 K. In a typical experiment, the sample
was outgassed at 623 K for 10 h. The specific surface area was cal-
culated using the Brunauer-Emmett-Teller (BET) method and the
pore volume and size were obtained by the Barrett-Joyner-
Halenda (BJH) method. The in situ quartz crystal microbalance
(QCM) measurements were carried out in real time during TiO2

ALD, typically at 200 �C. The time sequence for operating one
ALD cycle of TiO2 during the QCM measurements is 1–5–1–5 s.
The Maxtek BSH-150 bakeable sensor with an AT-cut quartz sensor
crystal was housed in the center of the ALD chamber. A Maxtek TM
400 film thickness monitor was used to record the mass gain dur-
ing the TiO2 ALD process. X-ray absorption spectroscopy (XAS)
measurements, including extended X-ray absorption fine structure
spectroscopy (EXAFS) and X-ray absorption near edge structure
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spectroscopy (XANES), were conducted at the Ti K edge
(�4966.4 eV) at beamline 9-BM at Advanced Photon Source (APS)
at Argonne National Laboratory. The XAS spectra were recorded
in fluorescence mode. EXAFS regime data fittings were performed
using Artemis in the IFEFFIT software package. A single shell model
fit of the EXAFS data was obtained between k = 3.0–12.0 Å�1 and
r = 1–2 Å, respectively.
Fig. 1. Measurements of TiO2 ALD saturation versus TTIP exposure time performed
on SiO2 obtained from weight-gain measurements (circles) and ICP measurements
(triangles). The dashed line indicates the expected weight gain based on 0.3 Å/cycle
[22] determined by QCM measurement.
2.3. Catalyst evaluation

Approximately 0.15 g catalyst of 60–80 mesh size, dilute with
1.5 g quartz sand of 25–35 mesh size, was used for gas-phase
propylene epoxidation. The reaction was carried out in a quartz
tubular reactor with a diameter of 10 mm under normal pressure.
A blank experiment was performed under reaction conditions
using only the quartz sand. A thermocouple was attached on the
quartz tube wall where the catalyst was located to directly mea-
sure the reaction temperature. The reactant mixture consisted of
10 vol% each of hydrogen (Airgas, 99.999%), oxygen (Airgas,
99.999%), propylene (Matheson, 99.9%), and carried in 70 vol%
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�1

cat. Without
any pretreatment of the catalyst, the reaction temperature was
reached by using a ramping rate of 1.5 K/min to 200 �C. The effluent
gas line was heated to above 80 �C to prevent condensation of all the
byproducts. The catalytic performance represents average data val-
ues after the performance stabilized.

The concentration of the reactants and products was measured
online by two gas chromatographs, SRI 8610C equipped with a
thermal conductivity detector (TCD) and Agilent 5890 equipped
with a flame ionization detector (FID). Oxygen, hydrogen, CO2,
and propylene were separated using a molecular sieve column
and analyzed via TCD, while propylene oxide, ethanal, propanal,
acetone, and acrolein were separated using a RT-U-BOND column
and analyzed via FID. The propylene conversion and product selec-
tivity were described previously [22]. H2 efficiency was calculated
as moles of PO/moles of H2 converted. Turnover frequencies (TOFs)
were calculated based on the number of surface Au atoms.
3. Results and discussion

3.1. Experimental analysis

The SiO2 gel support (Silicycle S10040M) used in this work has a
specific surface area of 93.3 m2/g. Assuming a growth rate of
0.3 Å/cycle and TiO2 density of 4.23 g/cm3 [22], the volume of
TiO2 deposited on 1 g of the support after one ALD cycle equals
to 93.3 m2 times 0.3 Å. Thus, the expected weight gain on 0.5 g of
SiO2 after one ALD cycle of TiO2 is �1.3 wt%. Weight gain measure-
ments were performed to establish the appropriate exposure con-
ditions to saturate the SiO2 surface and ensure that the deposition
was surface reaction controlled in the reactor. Fig. 1 shows the
results of weight-gain measurements performed on 0.5 g SiO2 sam-
ple after coating with one cycle of TiO2 ALD using the timing
sequence x–200–45–200 sec. The TTIP exposure time x was altered
between 0 and 350 sec. The weight gain increases with TTIP expo-
sure time up to a duration of �250 sec, after which the weight gain
remains a constant at �1.4 wt%. The saturated weight gain is con-
firmed by ICP measurement which shows the TiO2 loading is
�1.3 wt%. This is within the error of weight gain experiments
and the expected weight gain, based on the growth rate of
0.3 Å/cycle.

After one ALD cycle of TiO2 was deposited on SiO2 gel at 200 �C,
the as-prepared TiO2/SiO2 supports were subsequently calcined to
400 �C, 600 �C, 800 �C, and 1000 �C for 2 h. The XRD patterns in
Fig. 2a show no peaks for TiO2, except a broad feature at 2h
between 20� and 30� that is representative of amorphous SiO2.
The lack of TiO2 features in XRD patterns suggests that there is
no large, crystalline TiO2 on the SiO2 surface.

The detailed IR spectra are presented in Fig. 2b. The peaks at
about 475, 810, 1110 and 1210 cm�1 are due to the stretching of
SiAOASi [23]. The absence of a TiAOATi feature at 1400 cm�1 indi-
cates that the Ti sites are isolated by SiO2, which is consistent with
the XRD results [24,25]. The band at about 965 cm�1 is assigned to
the characteristic bond vibration of TiAOASi [10,26]. This result
showed that the interaction of TiO2 with silica gel existed even
without calcination. Haruta and coworkers synthesized TiASiO2

using titanyl acetylacetonate (TAA) as the precursor. The feature
at 965 cm�1 was not observed until the sample was calcined at
1000 �C and the Ti gradually embedded into SiO2 the framework
to generate TiAOASi interactions at high temperature [10]. In a
study by Wachs and coworkers, TiASiO2 was prepared by IWI with
TTIP as the precursor and a similar phenomenon was observed,
except that the TiAOASi feature appeared at a lower calcination
temperature [27]. The TiAOASi feature in the as-prepared TiASiO2

ALD suggested that the bridge TiAOASi was established during the
TiO2 ALD process.

Rahtu and Ritala carried out a combined quartz crystal
microbalance (QCM) and quadrupole mass spectrometry (QMS)
study of TiO2 ALD and suggested that the TTIP precursor reacts
with the surface AOH group, as illustrated in equation (1), which
leads to the formation of the bridge TiAOASi and a thermally
stable intermediate �Ti OCH CH3ð Þ2

� �
3 [28]. In the subsequent water

exposure in TiO2 ALD shown in equation (2), the intermediate
�Ti OCH CH3ð Þ2

� �
3 becomes a metastable species �Ti OHð Þ3 which

quickly interacts with surface hydroxyl groups, forming a three-
fold bonded Si� O�ð Þ3TiOH as shown in equation (3). Reaction
(2) and (3) could occur simultaneously. The density of the surface
hydroxyl groups is estimated to be about 4.9 OH groups per nm2

[29]. Theoretically, if each surface hydroxyl group can anchor one
Ti, the maximal amount of TiO2 can be deposited is about 6.1 wt
% on the SiO2 with the surface area about 93.3 m2/g. The IR spec-
troscopy of the ALD TiASiO2 suggests that the steric hinderance
effect of the bulky OCH CH3ð Þ2

� �
3 ligands successfully prevented

the formation of oligomeric TiO2, leading to the formation of
site-isolated Ti with a TiO2 loading of about 1.3 wt%.



Fig. 2. (a) XRD patterns and (b) IR spectra of the TiASiO2_ALD samples. Gray – SiO2 support; black – as-prepared TiASiO2_ALD; red – TiASiO2_ALD400; blue – TiASiO2_-
ALD600; green – TiASiO2_ALD800, dark yellow – TiASiO2_ALD1000.
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Si� OH sð Þ þ Ti OCH CH3ð Þ2
� �

4 gð Þ
! Si� O� Ti OCH CH3ð Þ2

� �
3 sð Þ þ CH3ð Þ2CHOH gð Þ ð1Þ

Si� O� Ti OCH CH3ð Þ2
� �

3 þ 3H2O

! Si� O� Ti OHð Þ3 sð Þ þ 3 CH3ð Þ2CHOH gð Þ ð2Þ

2Si� OH sð Þ þ Si� O� Ti OHð Þ3 sð Þ
! Si� O�ð Þ3TiOH sð Þ þ 2H2O gð Þ ð3Þ

Here we need to point out that the TiAO coordination number of
the ALD TiO2 cannot be simply assigned to four since the change
in hybridization geometry is not taken into consideration. The pre-
cursor TTIP has four OCH CH3ð Þ2 ligands surrounding the Ti4+. The
valence electrons configuration for Ti4+ in TTIP is [Ne]
3s23p34s13d2. The electrons from the OCH CH3ð Þ2

� �
3 ligands filled

into the orbitals of 3p34s1, this sp3 hybridization shows that the
TTIP molecule has a tetrahedron structure. The OCH CH3ð Þ2

� �
3

ligands replaced by oxygen after 1 cycle of TiO2 ALD, the electrons
from the oxygen filled into the orbitals of 3p34s13d2, this sp3d2

hybridization indicates the formation of octahedron structure.
The UV–vis spectra in Fig. 3a show that with increasing calcina-

tion temperature, the spectra appearing between 220 and 340 nm,
which is attributed to incorporated Ti4+, become narrower (blue-
shift). Similar phenomenon was observed in Fig. S1 which shows
the UV–vis absorption spectra of the TiASiO2_IWI samples after
800 �C calcination. It is evident that the Ti coordination number
decreased with increasing calcination temperature as the ligand
to metal charge transfer (LMCT) band for octahedral Ti sites is
expected to be at a higher wavelength than the tetrahedral Ti sites
[30,31].

Fig. 3b shows the BET surface area and pore volume of the
TiASiO2_ALD samples. The corresponding N2 adsorption-
desorption isotherms are shown in Fig. S2. Table S1 summarizes
the surface area, pore volume, and pore diameter of the TiASiO2

samples. The SiO2 has an average surface area of 93 m2/g and pore
volume of 0.949 cm3/g. Elam deposited up to 20 ALD cycles of
Al2O3 on the same SiO2 without observing change of surface area.
[32] In our case, one ALD cycle of TiO2 did not alter the surface area,
pore volume, or pore diameter. The surface area of the support
decreased after calcination. It became 90 m2/g after 800 �C calcina-
tion but dramatically decreased to 55 m2/g after 1000 �C calcina-
tion. The pore volume of the TiASiO2_ALD samples as a function
of calcination temperature appeared to follow the same trend as
the BET surface area. The pore diameter of the samples remained
at about 29 ± 1.6 nm for all samples. The decrease in BET surface
area was probably due to the collapse of the pore openings of the
SiO2 support, restricting the accessibility of reactants to surface
active sites. The corresponding N2 adsorption-desorption iso-
therms of the TiASiO2_IWI samples are shown in Fig. S3. The pore
volume and pore diameter of the TiASiO2_IWI support are
0.558 cm3/g and 20.7 nm, respectively, significantly smaller than
the pristine SiO2. The After 800 �C calcination, the surface area of
TiASiO2 decreased from 101 m2/g to 88 m2/g without significant
changes in pore volume or pore diameter.

X-ray absorption near edge spectroscopy (XANES) and extended
X-ray absorption near edge structure (EXAFS) have been developed
as reliable tools in the investigation of the coordination geometry
of Ti atoms in the SiO2 matrix [33,34]. The pre-edge features of
XANES can also provide information about the coordination geom-
etry of Ti4+ cations. Ti4+ is in a d0 configuration corresponding to
the Al state in tetrahedral symmetry and A1g state in octahedral
symmetry. Due to the presence of an inversion center at Ti sites
in octahedral symmetry, the transitions from A1g to T2g and A1g

to Eg are Laporte forbidden; consequently, the pre-edge absorption
is weaker than in tetrahedral symmetry. In tetrahedral symmetry,
the transitions within the 3d and 4p orbitals occur and A1 to T2
transitions are allowed, therefore, the absorption is stronger [35].



Fig. 3. (a) UV–Vis spectra and (b) BET surface area and pore volume of TiASiO2_ALD samples. The arrow indicates increasing calcination temperature.
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However, only considering the absorption peak intensity may lead
to overestimation of the Ti coordination number. The pre-edge
energy position is another indicator of the Ti coordination number
[36]. Using both parameters is an effective way to estimate the Ti
coordination number especially when mixtures of different Ti
coordination exist. In general, the overall Ti coordination number
decreased accompanied by a decrease in pre-edge energy, with a
corresponding increase in normalized peak intensity.

Fig. 4a and 4b show the pre-edge region of the Ti K-edge XANES
spectra for the supports prepared using ALD and IWI, respectively.
Particularly, the pre-edge energy at �4970 eV shifted to a lower
photon energy level with increasing calcination temperature.
Regardless of the preparation methods, Fig. 4c shows that the nor-
malized pre-edge intensity inversely relates to the pre-edge
energy, which demonstrated that the overall Ti coordination num-
ber decreased after calcination, consistent with the UV–vis spectra.
However, it is not plausible to determine if the Ti4+ is exclusively in
one coordination state or in a mixture of different Ti coordination
states from only the XANES analysis.
Fig. 4. Pre-edge region of Ti K-edge XANES spectra of (a) TiASiO2_ALD samples and (b) Ti
Pre-edge position vs the intensity (blue – TiASiO2_ALD samples, pink – TiASiO2_IWI sam
Fig. 5a and b illustrate the Fourier transformation (FT) of EXAFS
spectra of TiASiO2_ALD and TiASiO2_IWI samples, respectively. As
compared with the EXAFS spectra of TS-1 and TiO2 P25 shown in
Fig. 5c, the most significant peak at an un-corrected distance of
about 1.5 Å corresponds to the first shell of the TiAO path. The
peak intensity increases with increasing calcination temperature.
The peak at the un-corrected distance of about 2.7 Å is assigned
to the long range TiAOATi path which could be an indicator of
the presence of adjacent Ti sites. The TiAOATi peak intensity of
the EXAFS spectra of the TiASiO2_ALD and TiASiO2_IWI samplesare
close to the noise level, probably due to small or no population of
adjacent Ti sites, which explains the lack of any TiO2 domains in
the XRD patterns.

The detailed EXAFS data fitting to the TiASiO2 samples are listed
in Table 1. The as-prepared TiASiO2_ALD has an average TiAO first
shell coordination of 5.4, indicating a possible mixture of 5-fold
and 6-fold coordinated Ti sites. The TiAO first shell coordination
number decreases from 5.4 to 4.0 with increasing calcination tem-
perature from 400 �C to 1000 �C. Note that a coordination number
ASiO2_IWI samples. The arrows indicate the increase in calcination temperature. (c)
ples).



Fig. 5. Ti K-edge EXAFS Fourier transform data for the (a) TiASiO2_ALD samples, (b)
TiASiO2_IWI samples, and (c) reference compounds. The arrows in (a) and (b)
indicate increasing calcination temperature. Olive – TS-1, Red – TiO2 P25.
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4.0 is expected for the four-fold, isolated Ti site in TS-1. At the same
time, the TiAO bond distance showed slight bond contraction from
1.86 Å to 1.82 Å. The TiAO coordination number and bond distance
in TiASiO2 _ALD800 and TiASiO2 _ALD1000 are similar to those in
titanium silicalite-1 (TS-1). As compared with the as-prepared
TiASiO2_ALD sample, the TiAO coordination number of the as-
prepared TiASiO2_IWI sample is 6.2, close to the TiAO coordination
number of the TiO2 P25 reference, which is known to lead to CO2

formation in propylene epoxidation. After being calcined at
800 �C, the first shell coordination number of the TiASiO2_IWI800
sample decreased to 4.9, higher than the CN in TiASiO2_ALD800.
One possible explanation is that the ALD samples are mostly
site-isolated Ti and can be easily embedded into the SiO2 frame-
work using high temperature calcination. The IWI samples contain
a discernible amount of agglomerated TiO2 which is too small to be
detected by XRD and second shell TiAOATi in EXAFS, but the
agglomerated TiO2 makes it difficult to generate 4-coordinated,
site-isolated Ti sites.
Table 1
EXAFS fit parameters (k2: Dk = 3.0–12 Å�1 and Dr = 1–2 Å).

Samples Shell CNa

TiO2 P25 TiAO 6
TiAOATi 4

TS-1 TiAO 4

TiASiO2_ALD TiAO 5.4
TiASiO2_ALD400 TiAO 4.9
TiASiO2_ALD600 TiAO 4.5
TiASiO2_ALD800 TiAO 4.1
TiASiO2_ALD1000 TiAO 4.0
TiASiO2_IWI TiAO 6.2
TiASiO2_IWI800 TiAO 4.9

a CN-Coordination number.
b R-average bond distance. The values in italics have been fixed.
Gold nanoparticles are deposited on a series of TiASiO2 samples
using deposition precipitation (DP). ICP-MS measurements showed
that the loading of gold was �0.03 wt%. Fig. 6 shows that the gold
nanoparticles are homogeneously dispersed on the TiASiO2_ALD
support. The bright dots are gold nanoparticles with an average
diameter of 2.4 ± 0.6 nm. Additional STEM images of Au/TiASiO2_-
ALD800 in Fig. S4 showed Au with similar particle size of 2.4 nm.
The diameter of gold nanoparticle is expected to closely related
to its loading, preparation temperature, pH, and the Ti:Si in the
support [37]. The gold nanoparticles in this work were prepared
under the same conditions using DP and the Ti:Si were identical
in all samples. Therefore, 2.4 nm was used to calculate the TOFs.
Although the presence of site-isolated Ti was identified by FT-IR,
UV–vis, and XAS spectra, it is difficulty to identify Ti using STEM
due to its relative low atomic number (z = 22) and its low loading
(�1.3 wt% or �1 mol%).

Fig. 7 and Table 2 summarize the performance of TiASiO2 sup-
ported gold catalysts in propylene epoxidation. All the catalysts
were evaluated at close to 1% conversion to ensure that the system
is a differential reactor. Major product propylene oxide and
byproducts including ethanal, acrolein, propanal, and acetone were
detected and quantified. Haruta found that propane could be pro-
duced in propylene epoxidation when Au nanoparticles were smal-
ler than 2 nm as small Au nanoparticles favor hydrogenation
pathway [38]. Formation of propane was not observed in any of
our experiments as the Au nanoparticles were larger than 2 nm.
As the TiAO coordination number decreases from 5.4 in Au/
TiASiO2_ALD to 4.1 in Au/TiASiO2_ALD800, the selectivity to PO
increases from 54% to 85%. The Au/TiASiO2_ALD800 catalyst
showed the highest selectivity to PO, PO formation rate, and hydro-
gen efficiency. It has a PO formation rate was 24.2 gPO h�1 kg�1

cat or
417.2 mmolPO h�1 g�1

cat, and a TOF of 0.11 s�1. The high performance
of Au/TiASiO2_ALD800 catalyst can be ascribed to the presence of 4-
coordinated Ti single sites on SiO2. The 5-fold and 6-fold coordinated
Ti single sites could still lead to the formation of CO2 and other
organic byproducts, as evidenced by the performance of Au/
TiASiO2_ALD and Au/TiASiO2_ALD600. Au/TiASiO2_ALD1000 also
showed high PO selectivity but lower propylene conversion due to
the loss of about 40% SiO2 surface area after 1000 �C calcination,
leading to a reduced amount of Ti and gold active sites.

Similarly, the performance of TiASiO2_IWI800 was higher than
TiASiO2_IWI in terms of PO selectivity and PO formation, which
again demonstrated the important impact of low coordination Ti
species in propylene epoxidation. The Au/TiASiO2_IWI800 catalyst
showed a formation rate of 343.1 mmolPO h�1 kg�1

cat and a TOF of
0.09 s�1. The propylene conversion and PO selectivity at 200 �C were
0.9% and 62%, respectively. Haruta and co-workers prepared a series
of Au/TiASiO2 catalyst combining a similar IWI method and post-
synthesis calcination. The catalysts were examined in propylene
epoxidation with H2 and O2 up to 150 �C [10]. They observed
R(Å)b r2(Å2) DE0 (eV)

1.95 0.002 9.8
3.00 0.002 0.8
1.82 0.0005 8.5

1.86 0.009 3.4
1.87 0.008 4.4
1.84 0.006 4.3
1.82 0.002 6.7
1.82 0.002 8.6
1.86 0.011 2.8
1.86 0.006 8.0



Fig. 6. STEM images for Au/TiASiO2_ALD. The inset shows the Au nanoparticle size distribution.

Fig. 7. Product selectivity and H2 efficiency as a function of support calcination
temperature. (‘‘others” contains ethanal, acrolein, propanal, and acetone). Reaction
conditions: reaction temperature 200 �C, H2/C3H6/O2/N2 = 3.5/3.5/3.5/
24.5 ml min�1, space velocity = 14,000 ml h�1 g�1

cat.
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increasing catalyst performance with increasing calcination temper-
ature. The best catalyst was calcined at 1000 �C which showed 0.43%
Table 2
Performance of all the catalysts investigated.

# C3H6 conv (%) Selectivity (%)

PO Et Ac Pr Ac

1 0.7 ± 0.0 53.8 ± 1.9 6.2 ± 0.5 6.0 ± 1.3 15.1 ± 3.1 5.
2 0.9 ± 0.1 72.6 ± 0.8 3.5 ± 0.6 6.1 ± 0.6 8.6 ± 0.4 2.
3 0.8 ± 0.0 84.9 ± 0.3 2.1 ± 1.0 4.8 ± 0.2 5.3 ± 0.3 1.
4 0.5 ± 0.0 84.5 ± 0.3 1.5 ± 0.1 7.9 ± 0.1 4.4 ± 0.2 1.
5 0.8 ± 0.0 35.8 ± 0.1 6.3 ± 0.2 7.4 ± 0.5 19.6 ± 0.9 9.
6 0.9 ± 0.0 62.0 ± 0.3 3.5 ± 0.5 5.6 ± 0.8 10.6 ± 0.2 7.

#1 Au/TiASiO2_ALD.
#2 Au/TiASiO2_ALD600.
#3 Au/TiASiO2_ALD800.
#4 Au/TiASiO2_ALD1000.
#5 Au/TiASiO2_IWI.
#6 Au/TiASiO2_IWI800.
Et: Ethanal; Ac: Acrolein; Pr: Propanal; Ace: Acetone.

a unit: gPO/h�kgcat. Reaction conditions: reaction temperature 200 �C, H2/C3H6/O2/N2 =
b unit: (mmol/h�kgcat).
c turnover frequency, s�1.
propylene conversion and 56% PO selectivity at 150 �C. The PO selec-
tivities of Au/TiASiO2_IWI catalysts in this work and Haruta’s early
work were lower than the ALD catalysts, which was probably due
to the presence of adjacent TiAOATi sites in the IWI catalysts, lead-
ing to significant CO2 formation.

Table S2 compared the catalytic properties of the Au-based cat-
alysts for propylene epoxidation with H2 and O2. Ti containing SiO2

framework such as TiO2 modified SiO2, [7,10,11] Ti-TUD, [39] Ti-
MCM-41, [40] and TS-1[7,37,41-47] were studied as the support
materials. Au/TS-1 catalysts showed the highest PO formation rate
and TOFs. For example, Lee reported PO formation rate of �160
gPO�h�1�kg�1

cat or �2759 mmolPO h�1 kg�1
cat at 200 �C [37]. The PO for-

mation rate normalized to the total catalysts mass can be affected by
several factors, including gold loading, dispersion, mass of catalyst
used, reaction temperature, reaction feedstock space velocity, etc.
TOFs reflects the intrinsic kinetic of the catalysts. [48,49] The highest
TOF in propylene epoxidation with H2 and O2 was reported on Cs-
promoted Au/TS-1 catalyst whose TOF was 0.2 s�1. The Au/TiASiO2_-
ALD800 catalyst exhibited a comparable TOF of 0.11 s�1, owing to
the controlled presence of site-isolated, 4-fold coordinated Ti.

Previous studies have shown that low coordinated Ti sites favor
high PO selectivity [37,50]. For example, Oyama and coworkers
investigated the coverage of OOH* species on Ti sites from Au-
Ba/Ti-TUD catalysts, based on X-ray absorption spectroscopy
(XAS) measurements. They found that the coverage of OOH* spe-
PO ratea PO rateb TOFc H2 efficiency (%)

e CO2

1 ± 0.9 13.8 ± 4.3 13.1 225.9 0.06 6.8
6 ± 0.3 6.6 ± 0.8 21.5 370.7 0.10 12.9
8 ± 0.1 1.1 ± 0.1 24.2 417.2 0.11 12.8
6 ± 0.1 0.0 ± 0.0 12.3 212.1 0.05 10.5
2 ± 0.7 21.7 ± 2.6 4.4 75.9 0.02 0.9
9 ± 0.1 10.4 ± 1.1 19.9 343.1 0.09 3.1

3.5/3.5/3.5/24.5 ml min�1, space velocity = 14,000 ml h�1 g�1
cat.
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cies on the Ti sites increased under reaction conditions because of
the increase in the coordination of Ti. [51] In this study, we found
that regardless of the preparation method and post-treatment his-
tory, the selectivities to propylene oxide, propanal and CO2 are
intrinsically linear functions of the coordination number of Ti as
shown in Fig. 8. The selectivity to propylene oxide clearly benefits
from low coordination Ti, while high coordination Ti favors high
selectivity to propanal and CO2. The advantage of TiO2 ALD lies in
its ability to generate uniform, site-isolated Ti on SiO2 which pro-
ceeds to form 4-coordinated Ti sites under proper post-
treatment. It would have been difficult to achieve the full range
from 4-coordinated to 6-coordinated TiAO if only IWI was used.
Higher calcination temperature would possibly further reduce
the coordination number of TiAO, however, the catalysts could
be completely inactive in propylene epoxidation due to the melting
of the SiO2 support which was observed at 1200 �C calcination [10].
Our results are in agreement with previous studies [37,40,50]. The
hydroperoxide species, which are formed and migrate from Au
nanoparticles, must be coordinated first to vacant sites of Ti
domains before attacking the propylene double bond to form PO.
Without hydroperoxide coordinated on Ti sites, the H2O formation
dominates this process which can decrease the H2 efficiency. As
shown in Fig. 7, the H2 efficiency improved with the increase in cal-
cination temperature to 800 �C and the decrease in TiAO coordina-
tion number to 4. The tetrahedral Ti sites are also active in the
epoxidation of other alkenes such as cyclohexene by t-butyl
hydroperoxide (TBHP) or H2O2 [52–55]. The structure and reactiv-
ity of single site Ti catalysts shown in this work may provide
insights into the catalyst performance in other alkenes epoxidation
reactions.
3.2. Cluster model of the Ti site

As an approximation, several different cluster models were
evaluated as possible structures of the TiASiO2 active site, followed
by an analysis of the bond lengths and partial charges on Ti. The
simulation of the different coordination sites of TiASiO2 is selected
from the nine cluster models listed in Table S3 of the Supporting
Information (with optimized configurations shown in Fig. S5).
The first two clusters are extracted from the TS-1 structure, and
Ti sites are replaced with the Si sites. The middle four clusters
come from the unit cell structures of SiO2 with the Si sites changed
to Ti. The bottom three cluster models come from the structure of
TiO2 with the Ti sites replaced with Si sites. In all cases, the Si sites
are terminated with hydrogen atoms that are fixed in space to pre-
serve the original lattice structure.
Fig. 8. Selectivity as a function of TiAO coordination number for (a) propylene
In the DFT calculations, the geometric optimization of the iso-
lated TiASiO2 clusters was performed using the B3LYP functional
[56] with 6-31G (d,p) basis set using the Gaussian16[57] package.
In order to estimate the partial charge on the Ti site, a natural bond
orbital (NBO) analysis[58] was used, with the results listed in
Table S3.

From an analysis of the lowest energy cluster configurations, we
found that there is a linear correlation between the Ti charges
(Fig. S6) and the TiAO bond distance (RTi-O), which is a direct func-
tion of the Ti coordination number. When we compared the DFT
predictions against the experimental data, we found that (except
for the samples of TiASiO2_ALD and TiASiO2_IWI), the coordina-
tion number of each sample also has a linear relationship with
the bond distance of TiAO (as shown in Fig. S7).

While we cannot infer any direct information about the reaction
mechanism from our DFT cluster calculations, there is a clear rela-
tionship between the coordination number, the TiAO bond dis-
tance, and the resulting partial charge on the active Ti site. This
level of computational screening may provide useful guidance for
tuning and interpreting the catalytic performance of isolated Ti
sites in similar environments, and this will be explored more in
our future studies.

4. Conclusions

In conclusion, the results presented here show that the selectiv-
ity to propylene oxide is linearly correlated to the coordination
number of TiAO in the TiASiO2 support in propylene epoxidation
on Au-based catalysts. The single-site, 4-fold coordinated Ti sits
favors high PO selectivity and improving hydrogen efficiency, while
the single-site, 6-fold coordinated Ti sites prefers the formation of
undesired byproducts such as propanal and CO2. The DFT calcula-
tions corroborate the experimental trends in the active site struc-
ture and indicate a linear trend in the partial charge of the active
site, which might be a useful screening metric for future studies.

The observation of the structure and reactivity of the single site
TiASiO2 catalysts are independent of the preparation method but it
would have been difficult to establish the full trend without the
use of ALD with the uniform isolated sites. The PO selectivity is
directly correlated to the coordination number and bond distance
of TiAO. Compared with methods such as IWI, the advantage of
ALD lies in its ability to create uniform single site Ti in the initial
state, which allows relatively easy manipulation of TiAO coordina-
tion number using lower calcination temperature. By combining
ALD, XAS, and DFT, we were able to establish TiAO coordination
number and catalytic properties relationships in a quantitative
manner.
oxide and (b) propanal and CO2. Purple – PO; Pink – propanal; Olive – CO2.
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