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A B S T R A C T

Direct epoxidation of propylene (C3H6) with oxygen (O2) and hydrogen (H2) over gold catalysts is an efficient
and environmentally benign process to produce propylene oxide (PO). Herein, Au/TS-1 was used to catalyze
propylene epoxidation, and its pretreatment effect under different gas atmospheres was carefully investigated.
The results showed that Au/TS-1 pretreated with H2-C3H6 exhibited much better catalytic performance than that
pretreated with single-component gas of H2, O2 and C3H6, dual-component gas of H2-O2 and O2-C3H6, and feed
gas of H2+O2+C3H6. UV/vis/NIR spectra, O2-TPO-MS and 29Si NMR indicated that the pretreatment of Au/TS-1
using H2-C3H6 led to hydrophobic catalyst surfaces functionalized by hydrocarbon species, consequently facil-
itating the C3H6 adsorption and PO desorption. HAADF-STEM showed that H2-C3H6 pretreatment caused the
formation of small Au nanoparticles (NPs) with an average size of ˜2.1 nm. The common effect of small Au NPs
and hydrophobic surface was speculated to be responsible for the excellent catalytic performance of Au/TS-1
pretreated with H2-C3H6.

1. Introduction

Propylene oxide is one very important bulk chemical and widely
used to produce many valuable products, such as polyester polyols and
propylene glycol [1]. The industrial production of PO includes chlor-
ohydrin process and organic hydroperoxide process [2]. The chlor-
ohydrin process produces a certain amount of chlorine-containing or-
ganic pollutants and a large amount of CaCl2 [3]. The organic
hydroperoxide process suffers from a large quantity of co-products such
as tert-butanol and styrene [4,5]. In recent years, C3H6 epoxidation
with H2O2 as an oxidant (HPPO process) has been commercialized to
produce PO in industry [6,7]. HPPO produces water as the only by-
product and thus is environmentally benign, but still suffers from the
relatively high cost of using H2O2. Furthermore, H2O2 is highly unstable
and may explode during transport and storage, and thus must be syn-
thesized from H2 and O2 through anthraquinone process near the HPPO
plant. When H2 and O2 can be directly used instead of H2O2 for C3H6

epoxidation, HPPO process will be significantly simplified and eco-
nomically attractive.

In 1998, Haruta et al. first reported that 2–5 nm Au NPs supported
on TiO2 catalyzed C3H6 epoxidation with O2 and H2, giving a high PO

selectivity (> 90%) and a relative low C3H6 conversion (˜ 1.0%) [8].
From then on, many studies followed this topic and attempted to im-
prove the catalytic activity by optimizing the catalyst supports, pre-
paration methods and pretreatment conditions of the Au catalysts.
Nijhuis et al. examined the effect of the supports including TS-1, TiO2,
and Al2O3 on C3H6 epoxidation and found that only Au NPs supported
on Ti-containing oxides favoured PO formation [9]. To date, a number
of Ti-containing materials have been used to support Au for C3H6

epoxidation, which particularly are TiO2 [10], mesoporous titanosili-
cates (e.g. MCM-41, MCM-48 and SBA-15) [11–13], and microporous
titanosilicalites (e.g. TS-1, TS-2, and Ti-Beta) [14,15]. Among these
supports, microporous TS-1 is a very promising support because Au/TS-
1 displays the excellent catalytic performance and reaction stability
[16,17]. Regarding the preparation methods, deposition-precipitation
(DP), impregnation and chemical vapor deposition are the often used
approaches for the preparation of Au catalysts for C3H6 epoxidation
[14–17]. Among them, DP method is very efficient for depositing
hemispherical Au NPs near the active Ti sites, which are highly fa-
vourable for PO synthesis [18,19].

Pretreatment effect of Au catalysts prior to catalytic test has been
carefully investigated. For example, Qi et al. observed that Au/
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nonporous Ti-SiO2, calcined at 300 °C in air before reaction exhibited
better catalytic performance than that dried under vacuum at room
temperature [20]. Uphade et al. examined the influence of calcination
temperature (150–500 °C) of Au/mesoporous Ti-SiO2 on the catalytic
performance of PO synthesis [12]. They found that calcination at 300 °C
in air before catalytic test was more beneficial for PO synthesis. Haruta
et al. found that calcination at 300 °C in air followed by pretreatment
first in H2/Ar (250 °C) and then in O2/Ar (250 °C) further improved the
catalytic performance of Au/mesoporous Ti-SiO2 [6]. However, in the
cases of Au/microporous Ti-SiO2, particularly Au/TS-1, different phe-
nomena were observed. Delgass et al. showed that Au/TS-1 just dried
under vacuum at room temperature exhibited much better catalytic
performance than that calcined in air before catalytic test [21]. This
result means that the pretreatment of calcination is harmful to the
catalytic activity of Au/TS-1. The Au species deposited on TS-1 using
DP method usually exist as cationic state. During C3H6 epoxidation with
O2 and H2, these cationic Au species are partially or entirely in situ
reduced to metallic Au as clusters and/or NPs by feed gas of
H2+O2+C3H6 (Ar as the balance gas), which are usually considered as
active sites for PO synthesis. Although in most cases the just dried Au/
TS-1 was often used for C3H6 epoxidation [15–17], the role of H2, O2

and C3H6 in in situ pretreatment of Au/TS-1 with feed gas remained
unclear yet.

In this work, the single-component gas of H2, O2 and C3H6 and dual-
component gas of H2-C3H6, O2-C3H6 and H2-O2 were used for the pre-
treatment of Au/TS-1 before C3H6 epoxidation. Our results showed that
Au/TS-1 pretreated with H2-C3H6 displayed the best catalytic perfor-
mance, even better than Au/TS-1 in situ pretreated with feed gas
(H2+O2+C3H6). We found that H2-C3H6 pretreatment of Au/TS-1
could result in the formation of hydrophobic surface that caused the
formation of small Au NPs around 2.1 nm. The common effect of small
Au NPs and hydrophobic surface might lead to the excellent catalytic
performance of Au/TS-1.

2. Experimental

2.1. Synthesis of TS-1

Titanium siliconlite-1 (Si/Ti mole ratio= 60) was synthesized by
the hydrothermal method according to the procedure developed by
Khomane et al [22]. For a typical process, 2 g of polyoxyethylene (20)
sorbitan monolaurate (Tween 20, ACROS) was mixed with 32 g of
deionized water in a flask of 150mL at 40 °C water bath. Next, 18.8 g of
tetrapropylammonium hydroxide (TPAOH, Alfa Aesar, 40 wt.% in
water) was added to the above solution. After stirring for several
minutes, 35.6 g of tetraethylorthosilicate (TEOS, Alfa Aesar, 99%) was
slowly added. Subsequently, the above solution was further stirred for
at least 6 h. Afterwards, 0.97 g of tetrabutyl titanate (TBOT, ACROS,
99%) dissolved in 9mL of isopropanol (IPA, ACROS, 99.8%, Extra Dry)
was drop-wise added. Finally, the mixture was slowly heated to 60 °C,
and kept at this temperature for 0.5 h to evaporate the produced alco-
hols. The resulting sol-gel was immediately transferred to a Teflon-lined
stainless autoclave and statically treated (without agitation) in an oven
at 170 °C for 72 h under autogenous pressure. The obtained solid was
received via centrifugation, washed with deionized water, and dried
overnight at 110 °C in an oven. The as-prepared TS-1 was ground into
powder, and calcined at 550 °C for 5 h at a ramping rate of 2 °Cmin−1

to remove the TPAOH template.

2.2. Preparation of Au/TS-1

Au/TS-1 catalyst was prepared by DP method. A typical process was
as follows: HAuCl4 • 4H2O (100mg) was dissolved in 27mL of deio-
nized water at 35 °C in a water bath. TS-1 support (0.8 g) was then
added under stirring. The pH of the suspension solution was slowly
adjusted to 7.9～8.0 by 1.0M and then 0.1M sodium carbonate

aqueous solution. The suspension solution was further aged for 6 h, and
then filtered without washing and dried at room temperature overnight
under vacuum. The as-prepared catalyst was denoted as fresh Au/TS-1.

2.3. Characterizations

The powder X-ray diffraction (XRD) was performed on an Empyrean
powder diffractometer with Cu Kα radiation at 60 kV and 55mA to
determine the crystalline structure of TS-1 support. Ultraviolet-visible-
near infrared spectroscopy (UV–vis-NIR) was carried out on lambda
750 (PerkinElmer) to identify the coordination environment of Ti spe-
cies in TS-1 support and the organic groups on the surface of the cat-
alyst, using Teflon as the reference. Attenuated total reflectance in-
frared (ATR-IR) spectrometer (Bruker VERTEX 70) was also used to
characterize TS-1 support. Nitrogen physisorption was performed on
micromeritics ASAP 2020 HD88 to measure the structure properties of
TS-1 support and Au/TS-1 catalyst. Before the measurement, the sample
was degassed at 250 °C for 6 h to remove the physically adsorbed water
and impurities. The gold content of Au/TS-1 catalyst was tested by
inductively coupled plasma-atomic emission spectroscopy (ICP-AES)
using an ICPS-8100 spectrometer of Shimadzu corporation. The che-
mical state of Ti and Au of the Au/TS-1 catalyst was evaluated by X-ray
photoelectron spectroscopy (XPS) using a Thermofisher ESCALAB
250Xi photoelectron spectroscopy equipped with a monochromated Al
Kα anode. The binding energy of C1s core level at 284.8 eV was taken
as the internal standard. O2-TPD-MS measurement was performed on a
Micromeritics ASAP 2920 instrument equipped with a mass spectro-
meter. Firstly, about 100mg catalyst with 40–60mesh was pretreated
at 300 °C for 1 h and was then cooled to 50 °C under a He flow of 20ml/
min. Then, the catalyst was purged with a 2 vol.% O2/He flow of 20ml/
min and heated to 600 °C with a ramping rate of 10 °C/min. The de-
gassed gases were analyzed by the MKS Cirrus 2 mass spectrometer. The
29Si Solid-state NMR spectra were carried out on a BRUKER AVANCE III
HD NMR spectrometer (400MHZ). The test conditions were as follows:
1.5 μs π/2 pulse, 5 s relaxation delay, 10 kHz spinning rate, and 820
acquisitions. High-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) was used to observe the Au NPs on
the catalyst by a JEOL JEM-2100 F transmission electron microscope
(TEM) equipped with digitally processed STEM imaging system.
Operating voltage was 200 kV, and the point resolution was 0.23 nm.
The size distributions of Au NPs were determined by counting about
300 Au NPs, which were randomly selected.

2.4. Catalytic tests

Prior to C3H6 epoxidation with O2 and H2, fresh Au/TS-1 catalyst
was pretreated with different gases and at different temperatures. The
pretreatment gases included single-component gas of H2, O2 and C3H6

and dual-component gas of H2-O2, H2-C3H6 and O2-C3H6, where Ar was
used as the balance gas. For comparison, H2-C2H4, H2-C3H8, H2-1-bu-
tene, H2-isobutene, and H2-1,3-butadiene were also used to treat Au/
TS-1 before C3H6 epoxidation. The pretreatment of Au/TS-1 was carried
out in one fixed reactor. Typically, 0.15 g of fresh Au/TS-1 was placed
in a vertical quartz reactor (6mm inner diameter, 8 mm outer dia-
meter), and then heated from room temperature to the target tem-
perature at a ramping rate of 1 °Cmin−1 under the required atmo-
sphere. If there was no special statement, the volume percent for each
gas (H2, O2, C2H4, C3H6, C3H8, 1-butene, isobutene, and 1,3-butadiene)
was 5% (Ar as the balance gas), and the total flow was 20mL min−1.
After keeping at the target temperature for 2 h, the Au/TS-1 catalyst
was purged with Ar and then cooled to room temperature under Ar
flow. For comparison, fresh Au/TS-1 was also in situ pretreated with
feed gas at different target temperatures for 2 h, and then cooled down
to room temperature under Ar flow. Then, the feed gas (5% H2, 5% O2,
5% C3H6 and 85% Ar) was introduced at a flow rate of 20mL min−1,
corresponding to a space velocity of 8000mL g-1 cat h−1. The reaction
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temperature was increased from room temperature to 200 °C at a
ramping rate of 1 °Cmin−1 and then kept at 200 °C for 20 h. The re-
actants and products were analyzed by on-line chromatographs (Agilent
7890B) equipped with two TCD detectors and one FID detector. One
TCD detector equipped with Hayesep Q column (Helium as the carrier
gas) was used to analyze CO2, ethylene, and propane, and the other
TCD detector equipped with Hayesep T column and MolSieve 5A
column (Ar as the carrier gas) was used to analyze H2. The FID detector
equipped with HP-INNOWAX column (0.25mm ×60m, Helium as the
carrier gas) was used to analyze propylene, propylene oxide, propanal,
acetaldehyde, acetone, acrolein, and other organic products.

3. Results

3.1. Structure analysis of TS-1 support and fresh Au/TS-1

As seen in Fig. 1a, the XRD pattern of TS-1 shows several diffraction
peaks at 2θ of 7.9°, 8.8°, 23.1°, 23.9° and 24.3°, indicating that TS-1 is
MFI structure with orthorhombic symmetry and highly crystalline [22].
The absence of splitting peak at 2θ of 24.6° indicates that the in-
corporation of titanium into MFI framework of TS-1 and the presence of
orthorhombic unit cell structure [23]. Fig. 1b shows the ATR-IR spec-
trum of TS-1 support. The adsorption peak at 960 cm−1 is possibly
assigned to the stretching vibration of Si-O-Ti bond in the framework
[22]. N2 adsorption-desorption isotherm of TS-1 in Fig. 1c exhibits a
sharp uptake at low relative pressure, suggesting the presence of mi-
croporous structure [15]. Fig. 1d shows the UV–vis spectra of TS-1, TS-
1-H2O, TS-1-HCl and fresh Au/TS-1. The strong adsorption peak at
around 202 nm is the characteristic of isolated tetrahedrally co-
ordinated Ti species in the silica matrix [18]. No peaks appear at
270 nm and 340 nm, revealing that there is no extra-framework Ti
species in TS-1 [15]. However, one weak shoulder peak around 270 nm
appears on fresh Au/TS-1, which is attributed to octahedrally co-
ordinated Ti species or tetrahedral Ti species coordinated with water
molecules [7,24]. In the UV–vis spectrum of TS-1-H2O (TS-1 soaked
with H2O), there is no similar peak around 270 nm, ruling out the

possibility that the partial tetrahedral Ti species of fresh Au/TS-1 are
coordinated with water molecules. Then, TS-1-HCl was prepared by
replacing chloroauric acid with hydrochloric acid during the DP pro-
cess. One weak shoulder peak around 270 nm appears on TS-1-HCl,
similar to that on fresh Au/TS-1. This means that the alkaline solution
damaged small amount of framework titanium species of TS-1 support
during the preparation of Au/TS-1 by DP method.

3.2. Pretreatment effect of single-component gas on the catalytic
performance of Au/TS-1

Au/TS-1 pretreated with the different single-component gases were
used to catalyze C3H6 epoxidation. As shown in Table 1, Au/TS-1 in situ
pretreated with the feed gas at 200 °C exhibits the optimal C3H6

Fig. 1. XRD pattern (a), ATR-IR spectrum (b), N2 adsorption-desorption isotherm and pore size distribution as inset (c) of TS-1 support and UV-vis spectra of TS-1, TS-
1-H2O, TS-1-HCl and fresh Au/TS-1 (d).

Table 1
Propylene epoxidation over Au/TS-1 pretreated with different single-compo-
nent gases or feed gas.

Pretreatment
gas

T (°C) C3H6

conv.
(%)

PO sel.
(%)

H2 effici.
(%)

PO
formation
rate
(gpo Kg-1
cat h−1)

Average Au
particle size
(nm)

H2 200 4.2 78.9 8.20 32.0 1.5 ± 0.5
H2 300 5.4 77.6 13.5 40.5 1.4 ± 0.2
O2 200 2.5 77.7 6.90 18.8 3.0 ± 1.7
O2 300 3.9 80.3 10.6 30.5 3.5 ± 2.4
C3H6 200 7.0 78.6 13.4 53.3 2.3 ± 0.9
C3H6 300 6.9 82.2 15.5 55.3 2.5 ± 0.9
Pure Ar 200 3.2 79.5 9.90 24.6 –
Pure Ar 300 6.7 75.2 9.70 48.8 2.7 ± 1.6
feed gas 200 7.2 81.1 15.1 56.5 2.3 ± 0.9
feed gas 300 4.2 81.1 – 33.1 2.5 ± 0.8

Reaction conditions: C3H6/O2/H2/Ar=5/5/5/85 in vol.%; temperature,
200 °C; pressure, 0.1MPa; space velocity, 8000mL g-1 cat. h−1. All the data
were taken under a stable situation after reaction for 10 h. T: pretreatment
temperature; conv.: conversion; effici.: efficiency.
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conversion of 7.2% and PO formation rate of 56.5 gpo Kg-1 cat h−1.
However, Au/TS-1 pretreated at 200 °C by H2, O2, or pure Ar gives a
much lower catalytic activity. When the pretreatment temperature in-
creased to 300 °C, Au/TS-1 pretreated with H2, O2, or pure Ar shows a
slightly improved catalytic activity. HAADF-STEM characterizations
showed that the Au/TS-1 pretreated with H2 at 200 °C and 300 °C ex-
hibited similar average Au particle sizes of 1.5 and 1.4 nm. For Au/TS-1
pretreated with O2, the elevation of pretreatment temperature from
200 °C to 300 °C led to the slight increase of the average Au particle
sizes from 3.0 nm to 3.5 nm. The improved catalytic activity of Au/TS-1
by increasing the pretreatment temperature from 200 °C to 300 °C
under the single-component gas atmosphere of H2, O2, and Ar might be
attributed to the enhancement of the contact between TS-1 support and
Au species [12]. On the contrary, Au/TS-1 in situ pretreated with the
feed gas at 300 °C has an obviously decreased PO formation rate of only
33.1 gpo Kg-1 cat h−1. It was found that during the pretreatment of Au/
TS-1 with feed gas at 300 °C both H2 and C3H6 combusted and gave out
a lot of heat. This caused the coagulation of tiny Au clusters in-
corporated in the microporous channels of TS-1, which is highly active
for PO synthesis and invisible to HAADF-STEM, and then the decrease
of the amount of active sites and the catalytic activity.

Considering that the feed gas contained C3H6 as well as H2, O2 and
Ar, we aimed to investigate the effect of C3H6 pretreatment on the
catalytic activity of Au/TS-1. Au/TS-1 pretreated with C3H6 at 200 °C
gives a very good, unexpectedly catalytic activity (C3H6 conversion of
7.0% and PO formation rate of 53.3 gpo Kg-1 cat h−1), very close to that
of Au/TS-1 in situ pretreated with the feed gas at 200 °C. With the in-
crease of C3H6 pretreatment temperature from 200 °C to 300 °C, PO
formation rate increases to 55.3 gpo Kg-1 cat h−1. The above results
indicate that the optimal catalytic performance of Au/TS-1 in situ pre-
treated with the feed gas at 200 °C should be tightly related with C3H6

component in the feed gas.

3.3. Pretreatment effect of dual-component gas on the catalytic performance
of Au/TS-1

We further investigated the catalytic activity of Au/TS-1 pretreated
with dual-component gases of H2-O2, O2-C3H6 and H2-C3H6 (Table 2).
The catalytic activity follows this order: H2-C3H6>O2-C3H6>H2-O2.
Among these pretreatments, H2-C3H6 pretreatment is the most efficient,
even better than in situ pretreatment with the feed gas (H2+O2+C3H6).
Thus, it can be inferred that the combination of H2 and C3H6 in the feed
gas plays a critical role in enhancing the catalytic activity of Au/TS-1,
and O2 is one detrimental component. Moreover, H2-C3H6 pretreatment
at higher temperature of 300 °C and 400 °C does not influcence the

catalytic activity of Au/TS-1. However, the pretreatment using H2-O2

and O2-C3H6 at 300 °C causes a significant decrease of the catalytic
activity of Au/TS-1. Similar to the feed gas pretreatment of Au/TS-1 at
300 °C, H2-O2 and C3H6-O2 pretreatment at 300 °C also caused the
combustion of H2 and C3H6 to give out a lot of heat. Then, the highly
active tiny Au clusters incorporated in the microporous channels of TS-
1 were coagulated to form larger Au clusters and even migrated to the
exterior of TS-1 to aggregate as Au NPs (> 2 nm), finally leading to the
decrease of the amount of active sites and the catalytic activity.

On the other hand, we further examined the effect of C3H6 con-
centration in H2-C3H6 pretreatment gas on the catalytic performance of
Au/TS-1 (Table S1). The lower (1.0 vol.%) and higher concentration
(10 vol.%) of C3H6 lead to slight decrease of the catalytic performance.
Based on the results above, it is clear that 5 vol.% H2 + 5 vol.% C3H6 as
pretreatment gas and pretreatment temperature at 300 °C are the sui-
table parameters for Au/TS-1 pretreatment.

Propane (C3H8), ethylene (C2H4), 1-butene, isobutene and 1,3-bu-
tadiene were also used instead of C3H6 to combine with H2 for Au/TS-1
pretreatment. Fig. 2 shows that Au/TS-1 pretreated using H2-isobutene
displays the lowest catalytic performance. While, Au/TS-1 pretreated
using H2-C2H4 and H2-1-butene exhibits the best catalytic performance,
comparable to that pretreated with H2-C3H6. Au/TS-1 prepared with
H2-C3H8 and H2-1,3-butadiene shows the medium catalytic activity.
Thus, it is clear that C2H4 and 1-butene can replace C3H6 to combine
with H2 for Au/TS-1 pretreatment. HAADF-STEM characterization also
showed that the average Au particle size for Au/TS-1 pretreated with
H2-C2H4 was similar to that pretreated with H2-C3H6 (Table 2).

4. Discussion

Although H2-C3H6 pretreatment greatly improved the catalytic
performance of Au/TS-1, the possible role of H2 and C3H6 remained
unclear. For comparison, another reducing gas carbon monoxide (CO)
was investigated instead of H2 for Au/TS-1 pretreatment. Table S2
shows that Au/TS-1 pretreated with CO exhibits similar catalytic per-
formance compared with Au/TS-1 pretreated with H2. After introducing
C3H6 into CO atmosphere, PO formation rate is only slightly increased
from 40.9 gpo Kg-1 cat h−1 to 45.9 gpo Kg-1 cat h−1, much lower than
that of Au/TS-1 pretreated with H2-C3H6. HAADF-STEM characteriza-
tions showed that CO-C3H6 pretreatment at 300 °C corresponded to an
average Au particle size of 2.8 nm, much larger than that of 2.1 nm for
H2-C3H6 pretreatment at 300 °C, and thus gave lower catalytic activity.

The adsorption of C3H6 on the Ti-containing materials supported
gold catalysts has been carefully studied [10,25–28]. Nijhuis et al.
found that C3H6 was not reversely adsorbed on Au/TiO2 by virtue of FT-
IR characterization [26]. Oyama et al. observed that in C3H6-TPD
characterization C3H6 was slowly desorbed from the Au-Ba/Ti-TUD
with the increase of temperature [27]. Sun et al. proposed that C]C
double bond in C3H6 was an electron-donating group and chemisorbed
at Ti sites on the surface of Au/TiO2 and Au/TiO2-SiO2 [28]. In C3H6-
TPD characterization, C3H6 was entirely desorbed from Au/TiO2-SiO2

at around 260 °C, but higher temperature of about 300 °C was required
for the deep desorption of C3H6 from Au/TiO2 [28]. Recently, Chen
et al. reported based on in situ DRIFTS that C3H6 was chemisorbed on Ti
sites of Au/TS-1 but not on Au species [25]. C3H6 was gradually des-
orbed with the increase of temperature, and complete desorption of
C3H6 was observed at about 100 °C.

In this work, TS-1, fresh Au/TS-1 and Au/TS-1 pretreated with
different gases were characterized by UV/vis/NIR spectroscopy (Fig. 3).
For Au/TS-1 pretreated with H2, C3H6 and H2-C3H6, one adsorption
peak at around 550 nm is observed (Fig. 3a), which is caused by the
surface plasmon resonance (SPR) of gold NPs (> 2 nm) formed during
the pretreatment [29,30]. This peak is absent on TS-1 and fresh Au/T-1.
For TS-1 and Au/TS-1, two peaks at 1402 nm and 1462 nm are present
(Fig. 3a), which are assigned to the overtones of the stretching vibra-
tions of isolated and H bonded silanol, respectively [31]. Interestingly,

Table 2
Propylene epoxidation over Au/TS-1 pretreated with different dual-component
gases.

Pretreatment
gas

T (°C) C3H6

conv.
(%)

PO sel.
(%)

H2 effici.
(%)

PO
formation
rate
(gpo Kg-1
cat h−1)

Average Au
particle size
(nm)

H2-O2 200 6.2 81.6 14.9 48.7 2.3 ± 0.4
H2-O2 300 3.2 78.0 7.90 23.9 2.4 ± 0.5
O2-C3H6 200 7.5 77.5 9.80 56.1 2.8 ± 1.1
O2-C3H6 300 4.8 78.3 8.40 36.7 3.6 ± 1.7
H2-C3H6 200 8.3 81.1 12.9 65.2 2.1 ± 1.1
H2-C3H6 300 8.4 81.3 14.2 66.6 2.1 ± 0.3
H2-C3H6 400 8.3 82.3 14.4 66.1 –
H2-C2H4 300 8.0 84.1 16.4 65.0 2.1 ± 0.4

Reaction conditions: C3H6/O2/H2/Ar= 5/5/5/85 in vol.%; temperature,
200 °C; pressure, 0.1MPa; space velocity, 8000mL g-1 cat. h−1. All the data
were taken under a stable situation after reaction for 10 h. T: pretreatment
temperature; conv.: conversion; effici.: efficiency.
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in the case of Au/TS-1 pretreated with C3H6 and H2-C3H6, one broad
and weak adsorption peak at around 1690 nm and 1684 nm is observed,
respectively, which is absent on TS-1, fresh Au/TS-1 and Au/TS-1
pretreated with H2 (Fig. 3b). This peak is usually assigned to the
overtones of –CH3 and –CH2– groups [31,32]. As reported by Chen et al.
that the chemisorbed C3H6 could be entirely desorbed from Au/TS-1 at
about 100 °C based on in situ DRIFTS characterization. In our experi-
ments, after the pretreatment of C3H6 and H2-C3H6 at 300 °C, Au/TS-1
was carefully flushed with pure Ar, and the chemisorbed C3H6 on Au/
TS-1 surface could be entirely removed. The residual organic species
might be covalently linked to the surface of TS-1 support, probably by
chemial reaction of π electron of C]C double band in the C3H6 with
surface groups such as Si-OH and/or Ti-OH [28]. Otherwise, these or-
ganic species could not be kept intact during Ar purge at 300 °C.

O2-TPO-MS test was ultilized to verify the introduction of hydro-
carbon species on Au/TS-1 pretreated with C3H6 and H2-C3H6. In order
to avoid the effect of carbonates on CO2 signal, here Au/TS-1 was
prepared by using NaOH instead of Na2CO3 as the precipitant. As
shown in Fig. 4, a very weak peak was observed on TS-1 support, which
should be due to the trace amount of CO2 adsorbed by TS-1 during its

Fig. 2. Propylene epoxidation over Au/TS-1
pretreated at 300 °C using H2-C3H8, H2-C2H4,
H2-1-butene, H2-isobutene, and H2-1,3-buta-
diene. (a) C3H6 conversion; (b) PO selectivity;
(c) H2 efficiency; (d) PO formation rate.
Reaction conditions: C3H6/O2/H2/Ar= 5/5/
5/85 in vol.%; temperature, 200 °C; pressure,
0.1MPa; space velocity, 8000mL g-1 cat h−1.

Fig. 3. UV/vis/NIR spectra of TS-1, fresh Au/TS-1 and Au/TS-1 pretreated at 300 °C with H2, C3H6, and H2-C3H6.

Fig. 4. O2-TPO-MS spectra of TS-1, fresh Au/TS-1, and Au/TS-1 pretreated with
H2, C3H6, and H2-C3H6 at 300 °C: the profiles of CO2 (m/z=44) evolution.
Here, Au/TS-1 was prepared by using NaOH instead of Na2CO3 as the pre-
cipitant.
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storage in the air. The fresh Au/TS-1 and Au/TS-1 pretreated with H2

also presented a weak peak at 360 °C, which might be caused by the
impurity introduced during the preparation of Au/TS-1. The Au/TS-1
pretreated with C3H6 and H2-C3H6 presented two strong peaks at 339 °C
and 379 °C. This indicates that C3H6 and H2-C3H6 pretreatment led to
the organic functionalization of Au/TS-1. The 13C Solid-state NMR was
used to further evidence the organic functionalization of Au/TS-1,
while the amount of hydrocarbon species was too low to be detected.

The hydrophobicity of Au/TS-1 pretreated with C3H6 and H2-C3H6

was confirmed by 29Si NMR (Fig. 5). The peak at -116 ppm was caused
by the incorporation of Ti into the zeolite framework (Si-O-Ti) [33].
The peak at -113 ppm was assigned to the Q4[Si(OSi)4] species [34].
The peak at -104 ppm corresponded to the Q3[Si(OSi)3OH] species
[35]. The fresh Au/TS-1 and Au/TS-1 pretreated with H2 showed a si-
milar IQ3/IQ4 value of aobut 0.22. However, the Au/TS-1 pretreated
with C3H6 and H2-C3H6 presented a much lower IQ3/IQ4 value of about
0.15. The lower IQ3/IQ4 value suggestes the stronger hydrophobicity of
Au/TS-1 after pretreated with C3H6 and H2-C3H6. This also indirectly
confirmed the orgnaic functionalization of Au/TS-1 by hydrophobic
species.

Based on the information above, it is clear that C3H6 pretreatment
and H2-C3H6 pretreatment functionalize the surface of Au/TS-1,
showing hydrophobic property. The hydrophobic surface of Au/TS-1
enhances C3H6 adsorption and PO desorption, and further improves the
catalytic performance of Au/TS-1 [36]. Interestingly, C2H4, and 1-bu-
tene can replace C3H6 to organically functionalize Au/TS-1 in the
presence of H2. C2H4, C3H6 and 1-butene are all α-olefins, and their
C]C double bands may react with surface groups (Si-OH and/or Ti-
OH) to organically functionalize Au/TS-1. The exact reaction me-
chanism is not clear yet.

The chemical states of Au and Ti in Au/TS-1 catalysts pretreated
with or without different atmospheres were determined by X-ray pho-
toelectron spectroscopy (XPS) and shown in Fig. S1. As to the fresh Au/
TS-1, two peaks at binding energy of 84.5 eV and 85.4 eV were assigned
to the Au+ and Au3+ species, respectively [37]. As to the Au/TS-1
pretreated at 300 °C with feed gas, a new peak was obtained at the
binding energy of 83.6 eV, attributing to the metallic Au [25]. In con-
trast, the Au/TS-1 catalysts pretreated with Ar, O2, H2, C3H6, and H2-
C3H6 displayed both metallic Au and Au+ species in the XPS spectra in
Fig. S1 (c and e). Quantification analysis of Au species for Au/TS-1
pretreated with different gases is shown in Table 3. Fresh Au/TS-1
without pretreatment had only cationic Au species, but Au/TS-1 pre-
treated with Ar, O2, H2, C3H6 and H2-C3H6 possessed both cationic and
metallic Au species. Au/TS-1 pretreated with Ar, O2 and C3H6 had more
cationic Au species (41%, 43% and 40%) than that pretreated with H2

and H2-C3H6 (19% and 27%). These results indicate that the pretreat-
ment atmosphere determines the valence of Au species on Au/TS-1.
Interestingly, Au/TS-1 pretreated with feed gas had only metallic Au

species. This may suggest that cationic Au species are not stable under
the reaction gas atmosphere and easily reduced to metallic Au species.
The Ti 2p XPS spectra of fresh Au/TS-1 and Au/TS-1 pretreated with Ar,
O2, H2, C3H6, H2-C3H6 and feed gas are shown in Fig. S1(b, d, f). All the
spectra display one strong peak at around 460.2 eV and one weak peak
at around 458.3 eV. The weak peak may be ascribed to extra-framework
Ti species (TiOx cluster), and the strong peak is attributed to tetra-
hedrally coordinated Ti species within the silica framework [31].

As known, the size of Au NPs greatly affects the catalytic perfor-
mance of Au catalysts in C3H6 epoxidation with O2 and H2

[6,14,38,39]. Haruta et al. found that over Au/TiO2 catalysts 2–5 nm
hemispherical Au NPs were mainly responsible for PO synthesis, Au
clusters smaller than 2 nm favored C3H6 hydrogenation to propane, and
Au NPs larger than 5 nm caused C3H6 combustion to CO2 [6,14]. Re-
garding Au/TS-1, Delgass et al. reported that Au clusters smaller than
2 nm were highly active for PO formation [38,39], and proposed that
Au clusters incorporated into microporous channels of TS-1 were en-
ergetically favorable for C3H6 epoxidation based on density functional
theory (DFT) calculations [40,41]. In our previous work, we found that
Au clusters (< 2 nm) deposited on the exterior surface of alkaline-
treated TS-1 were more active than Au clusters incorporated into mi-
croporous channels of TS-1 [1].

In this study, the pretreatment gas severely influences the size of Au
NPs on Au/TS-1. HAADF-STEM demonstrates that Au/TS-1 pretreated
with O2 gives the largest Au NPs with mean size of 3.5 nm (Fig. 6e), in
accordance with the previous findings. However, Au/TS-1 pretreated
with H2 has the smallest Au clusters with mean size of 1.4 nm (Fig. 6a).
This result is consistent with Akita’s finding that oxygen defective
surface created by H2 reduction suppressed the growth of Au particles
during the thermal treatment [42]. Pretreatment of Au/TS-1 using H2-
C3H6, C3H6 and pure Ar causes the formation of Au NPs with mean size
of 2.1, 2.5 and 2.7 nm, accordingly (Fig. 6b–d). We then correlated the
Au particle sizes with the PO formation rates (Fig. 6f). A volcano curve
between PO formation rate and Au particle size is observed. Au NPs
with mean size around 2.1 nm display the highest PO formation rate of
66.6 gpo Kg-1 cat h−1, while larger and smaller Au particles give lower
PO formation rate (Fig. 6f).

As for C3H6 epoxidation with O2 and H2 over Au/TS-1, Au clusters
(< 2 nm) are usually more active than Au NPs (> 2 nm) because Au
clusters possess much more active surface Au atoms. However, in this
work, 2.1 nm Au NPs (H2-C3H6 pretreatment) exhibit much higher PO
formation rate than 1.4 nm Au clusters (H2 pretreatment). It means that
besides the sizes of Au particles, other factors also greatly influence the
catalytic performance of Au/TS-1. UV/vis/NIR characterization
(Fig. 3b) shows that H2-C3H6 pretreatment organically functionalized
the surface of Au/TS-1. In C3H6 epoxidation with O2 and H2, the hy-
drophobic surface of Au/TS-1 can enhance C3H6 adsorption and PO
desorption, and thus improve the catalytic performance of Au/TS-1

Fig. 5. 29Si Solid-state NMR spectra of (a) fresh Au/TS-1and Au/TS-1 pretreated with H2 at 300 °C, and (b) Au/TS-1 pretreated with C3H6 and H2-C3H6 at 300 °C.
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[36]. Hence, the size control of Au particles and organic functionality of
the catalyst surface are two efficient factors which have great impact on
the catalytic performance of Au catalysts for C3H6 epoxidation with O2

and H2.
For the enhancement of Au/TS-1 in catalytic activity, the in-

troduction of promoters such as Na, Cs, and Ag were also found to be
one good way [43–46]. These promoters can substantially increase Au
loading, stabilize Au species, and/or enhance oxygen adsorption. If
organic functionalization and promoter introduction can be combined,
the catalytic performance of Au/TS-1 may be further enhanced, and the
related work is under the way.

5. Conclusions

In summary, Au/TS-1 is first treated with different gases and then
used as the catalyst for C3H6 epoxidation in the presence of O2 and H2.
Compared with single-component gas pretreatment (H2, O2, C3H6 and
pure Ar), dual-component gas pretreatment (H2 with C2H4, C3H6 or 1-
butene) significantly improves the catalytic performance of Au/TS-1.
The reason is that H2-C3H6 pretreatment organically functionalizes the

surface of Au/TS-1, resulting in the hydrophobic surface, thus to en-
hance C3H6 adsorption and PO desorption. Meanwhile, H2-C3H6 pre-
treatment also leads to the formation of small Au NPs with mean size of
˜2.1 nm. The common effect of small Au NPs and the hydrophobic
surface is thought to be responsible for the outstanding catalytic ac-
tivity of Au/TS-1 pretreated with H2-C3H6.
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Table 3
Properties of fresh Au/TS-1 and Au/TS-1 pretreated at 300 °C with different gases.

Pretreatment gas Au loading
(wt.%)a

SBET
(m2 g−1)

Vp
(cm3 g−1)b

Vm
(cm3 g−1)c

Au speciesd/%

Metallic Au Cationic Au

Pure Ar 0.15 393.6 0.38 0.11 59 41
O2 0.15 392.5 0.36 0.11 57 43
H2 0.15 390.3 0.42 0.12 81 19
C3H6 0.15 395.9 0.39 0.11 60 40
H2-C3H6 0.15 404.3 0.43 0.12 73 27
Feed gas

Fresh Au/TS-1
0.15
0.15

–
–

–
–

–
–

100
0.0

0.0
100

a determined by ICP-AES; b Pore volume (VP) is evaluated from the adsorption isotherm at the relative pressure of about 0.99; c Micropore volume (Vm) is estimated
by t-plot method; d quantified by Au 4f XRS spectral region.

Fig. 6. HAADF-STEM images of Au/TS-1 pretreated at 300 °C with H2 (a), H2-C3H6 (b), C3H6 (c), Ar (d), and O2 (e). The inset is the corresponding Au size
distribution. The correlation between PO formation rate and the average Au particle size (f).
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