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Abstract
Engineering unique electronic structure of catalyst to boost catalytic performance is of prime scientific and industrial importance. Herein, the
identification of intrinsic electronic sensitivity for direct propene epoxidation was first achieved over highly stable Au/wormhole-like TS-1
catalyst. Results show that the electron transfer of Au species can be regulated by manipulating the dynamic evolutions and contents of Au
valence states, thus resulting in different catalytic performance in 100 h time-on-stream. By DFT calculations, kinetic analysis and multi-
characterizations, it is found that the Au0 species with higher electronic population can easily transfer more electrons to activate surface O2

compared with Au1þ and Au3þ species. Moreover, there is a positive correlation between Au0 content and activity. Based on this correlation, a
facile strategy is further proposed to boost Au0 percentage, resulting in the reported highest PO formation rate without adding promoters. This
work harbors tremendous guiding significance to the design of highly efficient Au/Ti-containing catalyst for propene epoxidation with H2 and
O2.
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Propylene oxide (PO) is an essential chemical intermediate
which is widely used as the raw material to synthesize poly-
urethane and polyester resins [1,2]. As an easy operating and
eco-friendly process [3–5], direct propene epoxidation with H2

and O2 has attracted extensive attention. Since Haruta et al.
first found that Au nanoparticles supported on TiO2 can
effectively catalyze this reaction in 1998 [6], different Au/Ti-
containing catalysts sprung up like mushrooms [5,7–15].
Based on the well-known reaction mechanism, direct propene
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epoxidation with H2 and O2 requires two active sites including
the active Au species and isolated tetrahedral Ti4þ sites
[13,16], which account for the formation of hydrogen peroxide
(H2O2) and epoxidation of propene by Ti–OOH intermediate,
respectively [9,17–19].

Up to now, considerable attention has been focused on the
physico-chemical properties of Au on Ti-containing supports
[20,21], such as Au size effect and Au–Ti synergy effect
[2,16,22]. However, little attention has been focused on the
electronic sensitivity of Au, which was demonstrated to be
dominating for precious catalysts, such as Au, Pt, Pd [23–27].
Recently, Yan et al. [28] demonstrated that the metallic Au
species are more active than cationic single-atom Au species
for CO oxidation reaction. However, Delgass et al. [18] stated
that the role of Au species for direct propene epoxidation with
H2 and O2 should be different from CO oxidation.
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Interestingly, Oyama et al. [15] observed that gold (þ1) cya-
nide is selective towards propane by propene hydrogenation.
To date, a systematic research on electronic sensitivity of Au
for direct propene epoxidation is still lacking. More impor-
tantly, there are also no reports on the evolution of Au species
at different time-on-stream (e.g., fresh catalysts, pretreated
catalysts and used catalysts). Therefore, there is a great need to
elucidate the effect of Au electron transfer on catalytic per-
formance, which is highly desirable to design more efficient
Au-based catalysts.

To elucidate the electron-dependent performance for direct
propene epoxidation, one essential requirement should be
fulfilled, i.e., the good stability of the Au/Ti-containing cata-
lysts. This is to ensure the accurate analysis of catalytic per-
formance. Unfortunately, most of Au/Ti-containing catalysts
suffer from serious deactivation [3,10]. In our previous work
[4], it has been proved that the wormhole-like titanium
silicalite-1 (WTS-1) supported Au catalysts can maintain good
stability for 100 h without deactivation. As a consecutive
effort, Au/WTS-1 catalysts were further employed to investi-
gate the unique electronic sensitivity.

In this work, the electron transfer of Au species was
regulated by changing the pretreatment conditions. Under
different pretreatments, the dynamic evolution of Au valence
states from Au1þ to Au0 and Au3þ species during the 100 h
catalyst lifetime was different. It is found that there is a pos-
itive correlation between catalytic activity and Au0 content.
Combined with multi-characterizations and DFT calculations,
it is found that more electrons are transferred from Au0 to O2

to activate the adsorbed oxygen species compared with other
Au species (Au1þ and Au3þ), thus boosting the rate-relevant
step of PO formation. Moreover, based on this finding, a
simple and facile strategy was further established to increase
Au0 content, leading to the reported highest PO formation rate
without promoters. This work not only provides a fundamental
understanding on the relationship between electron transfer of
Au species and catalytic performance, but also harbors
tremendous industrial importance to the design of more effi-
cient catalysts for direct propene epoxidation with H2 and O2.

2. Experimental Section
2.1. Synthesis of the wormhole-like titanium silicalite-1
(WTS-1)
The WTS-1 was synthesized according to our previous
study [4]. In a typical synthesis, 6.90 g of water (H2O,
18.2 MU cm), 27.50 g of tetrapropylammonium hydroxide
solution (TPAOH, 25 wt%) and 22.50 g of tetraethyl orthosi-
licate (TEOS, 98.5 wt%) were mixed and stirred for 2 h.
Subsequently, 0.18 g of tetrabutyl titanate (TBOT, 99.0 wt%)
dissolved in 20 ml of isopropanol (IPA, 99.7 wt%) was added
dropwise. After the evaporation of ethanol at 80 �C for 2 h, the
solution was crystallized at 170 �C for 1 day. The as-
synthesized TS-1 was washed, dried and calcined at 550 �C.
The as-prepared product was seed crystal. Next, 4.00 g of seed
crystal, 2.80 g of cetyltrimethyl ammonium bromide (CTAB,
99.0 wt%) and 400 mL of ammonium hydroxide (NH3$H2O,
2.5 wt%) were mixed for 3 h. After crystallization at 140 �C
for 24 h, the as-obtained product was washed, dried and
calcined at 550 �C. The final powder product was denoted as
the wormhole-like titanium siliccalite-1 (WTS-1).
2.2. Preparation of the Au/WTS-1 catalysts
The Au/WTS-1 catalysts were synthesized by the improved
impregnation method. This method is easy to be scaled up, and
could be promising for the future industrialization. The 0.017 g
of chloroauric acid (HAuCl4$4H2O, 99.9 wt%) was dissolved in
4.45 g of deionized water (H2O, 18.2 MU cm), then the sodium
hydroxide solution (1 mol L�1 or 0.1 mol L�1) was added
dropwise into the clear yellow solution until the pH of the so-
lution reached 7.3–7.6. After that, 0.5 mL of the solution
mentioned above was added to the 0.5 g of WTS-1, and sub-
sequently the wet catalyst was dried overnight at room tem-
perature under vacuum condition. The preparation process was
rigidly controlled within 30 min.
2.3. Characterizations
The crystal structure of the WTS-1 was characterized by
the X-ray diffraction (XRD, X’pert PRO MPD, Cu Ka radia-
tion). The scanning speed of the X-ray diffraction was 10�

min-1. The isolated tetrahedral Ti4þ site and anatase (TiO2)
were determined by the ultraviolet-visible spectroscopy (UV-
Vis, UV-2700), and the pure BaSO4 was used as the back-
ground. The Fourier transform infrared spectroscopy of WTS-
1 was recorded on the Fourier-transform spectrometer and the
KBr was used as the reference (FT-IR, Nicolet NEXUS 670).
The volumetric adsorption analyzer was used to analyze the
pore structure of WTS-1 and the degassing temperature was
573 K (Micromeritics 3-Flex 3500). The 29Si MAS NMR
spectrum of WTS-1 was recorded on a spectrometer (Varian
Unity/Inova, 600 MHz). The size and morphology of the
catalyst were observed by the Transmission Electron Micro-
scope (TEM, JEM-2100UHR). The TEM samples were
dispersed in alcohol uniformly after ultrasound and were
added dropwise onto the ultrathin holey carbon film. In order
to restrain the oxidation of Au species, the Au-containing
catalysts were under the protection of vacuum before XPS
test. The valence states of Au species and active oxygen
species were characterized by the X-ray photoelectron spec-
troscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific,
USA) which was performed using a Perkin–Elmer PHI ESCA
system, and the C1s binding energy of 284.6 eV was used as
the reference. The laser monochromatic Al Ka radiation is
18.2 W. The acquisition time is 5.25 min, and the pass energy
is 30 eV with a step size of 0.1 eV. The software of XPSPEAK
Version 4.0 was used as the XPS peak fitting program.
2.4. Catalytic testing
The catalysts were tested in the gaseous propene epoxi-
dation at 200 �C under atmospheric pressure. 0.15 g of
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catalyst (80–100 mesh size) was loaded into a quartz tubular
reactor (inner diameter of 8 mm) and the space velocity was
14000 ml h�1gCat

�1. The reactants include hydrogen (H2,
3.5 mL min�1, 99.999%), oxygen (O2, 3.5 mL min�1,
99.999%), propene (C3H6, 3.5 mL min�1, 99.999%) and ni-
trogen (N2, 24.5 mL min�1, 99.999%). The Au/WTS-1 cat-
alysts were pretreated by three kinds of atmospheres: (1)
hydrogen atmosphere, i.e., H2 (3.5 mL min�1) and N2

(24.5 mL min�1); (2) oxygen atmosphere, i.e., O2 (3.5 mL
min�1) and N2 (24.5 mL min�1); (3) feed gas, i.e., H2 (3.5 mL
min�1), O2 (3.5 mL min�1), C3H6 (3.5 mL min�1) and N2

(24.5 mL min�1). During pretreatment, the catalysts were
heated from room temperature to 473 K with the heating rate
of 0.5 K min-1. Herein, Au/WTS-1/fresh represents the fresh
catalyst before pretreatment; the Au/WTS-1/H-xh, O-xh and
F-xh catalysts represent the catalysts pretreated in H2, O2

atmosphere and feed gas, respectively. The x value of
different catalysts represents the reaction time, and 0 h of
different catalysts represent the time that pretreatment fin-
ishes and reaction initiates.

The products and reactants were analyzed online by gas
chromatography (GC, FULI 9790). The TCD and FID de-
tectors were equipped with 5A column and Porapak Q column
respectively. The selectivity, conversion and hydrogen effi-
ciency were calculated as follows:

Propene conversion ¼ [(moles of carbon dioxide)/3 þ (moles
of acetaldehyde � 2)/3 þ moles of C3]/moles of propene;

Hydrogen efficiency ¼ moles of propylene oxide / (moles of
H2 in the feed - moles of H2 in the product);

Propylene oxide selectivity ¼ moles of propylene oxide /
[(moles of carbon dioxide)/3 þ (moles of acetaldehyde � 2)/
3 þ moles of C3];

Propane selectivity ¼ moles of propane / [(moles of carbon
dioxide)/3 þ (moles of acetaldehyde � 2)/3 þ moles of C3]

2.5. Density functional theory (DFT) calculation

The DFT calculation was performed by the Vienna ab initio
simulation (VASP) using GGA-PBE as the exchange-
correlation energy functional. The projected augmented
wave potentials were used to explain the interaction between
the core and the valence electrons. The plane wave basis was
used to expand the Kohn-Sham orbitals and the cutoff energy
was 400 eV. In the Brillouin zones, the k-point was set as
4 � 4 � 1 for Au, Au2O and Au2O3 surfaces. The convergence
criterion of SCF is 1 � 10�5 eV on energy, and the conver-
gence criterion of geometry optimization is 0.03 eV Å�1 for
atomic force. In order to be more accurate, two widely used
low index facets of Au, Au2O and Au2O3 (e.g. (100) and
(111)) were used to adsorb the oxygen, which are the stable
surfaces for the Au, Au2O and Au2O3 [29–32]. The surface
models were extended to (4 � 4) supercells for Au and (2 � 2)
supercells for Au2O and Au2O3. The 10 Å vacuum slab was
employed for Au2O. The 15 Å vacuum slab was used for Au
and Au2O3 to avoid the pseudo-interactions. All the models
were in accordance with stoichiometric ratio of chemical
formula. The convergence test of vacuum thickness for the
Au2O surfaces shown in Table S2 and Fig. S17 confirms that
the thickness of 10 Å is thick enough to avoid the pseudo-
interactions. The fully oxidized models of Au2O and Au2O3

used in the DFT calculation are ideal. The ideal model can
guarantee the accurate valence states of Au species (i.e. þ1
and þ 3) which are in accordance with the experimental re-
sults. Therefore, the surface model of different Au species is
suitable for the analysis of the O2 adsorption on the surface of
Au species with different valence states. It is also interesting to
examine the model of Au valence states regulated by the O
atoms at the metal-support interface in the future.

The Bader charge analysis was used to get the atomic
charges of Au and O by a fast algorithm. The VESTA visu-
alization software was employed to obtain the charge density
differences images, and the computational formula is as fol-
lows: Dr(r) ¼ rtotal (r)- roxygen (r)- rsupport (r), where the rtotal
(r), roxygen (r) and rsupport (r) represent the total electron
density of the adsorption system, electron densities of oxygen
and support, respectively.

3. Results and discussion
3.1. Electron-dependent performance and evolution of
Au valence states
Wormhole-like titanium silicalite-1 (WTS-1) was selected
as the support for Au deposition. The typical XRD pattern of
MFI framework structure (Fig. 1a) is confirmed by the five
diffraction peaks at 7.98�, 8.88�, 23.18�, 23.98� and 24.38�

[33]. Fig. 1b shows the H4 hysteresis loop in the range of 0.4–

0.9, demonstrating the presence of mesopores in the TS-1
[34,35]. The pore size distribution shows two obvious peaks,
which are assigned to micropore (0.55 nm) and wormhole-like
mesopores (ca. 45 nm). Fig. 1c shows the percentage of sur-
face hydroxyl group, and the peak at �104 ppm is assigned to
silicon hydroxyl (i.e., Si(OSi)3OH) [36,37]. Compared with
traditional TS-1 support, this WTS-1 sample has less silicon
hydroxyls and thus higher hydrophobicity [38,39]. In Fig. 1d,
the peak at ca. 210 nm is due to the isolated Ti4þ species
which are considered as active sites for propene epoxidation. It
should be pointed out that there are no peaks at 330 nm,
indicating the absence of side phase TiO2 [20,35]. The FT-IR
spectrum is showed in Fig. 1e, and the bands at 550, 800 and
1230 cm�1 are usually regarded as the characteristics of TS-1
[40]. The adsorption band at 960 cm�1 further confirms the
incorporation of Ti into the framework of MFI [41]. Fig. 1f
displays the HRTEM image of typical wormhole-like TS-1.



Fig. 1. (a) XRD pattern and (b) Nitrogen adsorption–desorption isotherm of WTS-1, and the inset shows the pore size distribution of WTS-1; (c) 29Si NMR, (d)

UV-Vis; (e) FT-IR of WTS-1; (f) typical HRTEM image of Au/WTS-1.
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The mesoporous size in the bulk TS-1 is in accordance with
the pore size distribution in Fig. 1b.

Three different atmospheres (i.e., H2, feed gas and O2) were
introduced to tune the electronic properties of Au nano-
particles, and the catalytic performances of three catalysts
were shown in Fig. 2. All catalysts can maintain good stability
over 100 h due to the high hydrophobicity and low diffusion
resistance of WTS-1 [4,10]. The PO formation rate of the three
Au/WTS-1 catalysts pretreated in different atmospheres fol-
lows the order: H2 atmosphere > feed gas > O2 atmosphere.
As for PO selectivity, the catalysts after the H2 pretreatment
and feed gas pretreatment are almost the same. However, the
selectivity towards PO for the catalyst under O2 atmosphere is
low (only 12%), and the main product is hydrogenated prod-
uct, i.e., propane (nearly 85%). Fig. S1 shows that the H2

efficiency of catalysts under different atmospheres follows the
following order: feed gas > H2 atmosphere > O2 atmosphere.
In order to reveal the intrinsic reason for the different per-
formance, the activation energy was first estimated by
Arrhenius equation [42], as shown in Fig. 2d–f. All the three
activation energies are similar (34.2–38.4 kJ mol-1), which are
within the reported range of activation energy for direct pro-
pene epoxidation with H2 and O2 [43]. This means that the
active sites remain the same at different pretreatment
atmospheres.

It is well-known that the reaction performance is also
strongly affected by the particle size of Au [22,42]. The
average Au size of different catalysts was then determined by
HRTEM, and more than 100 nanoparticles were counted to
guarantee the veracity of particles size. It is found that the size
of Au nanoparticles after the H2 and feed gas pretreatment are
similar, but all smaller than that after O2 pretreatment (Fig. 3).
In order to find out whether the poor performance of Au/WTS-
1/O catalyst is due to larger Au size, Au/WTS-1/O and Au/
WTS-1/F catalysts under O2 and feed gas pretreatments with
similar particle size were further synthesized and compared
(Fig. S2 a–d). When the averaged sizes of Au are similar, the
PO formation rate of Au/WTS-1/F catalyst is still significantly
higher than that of Au/WTS-1/O catalyst. Therefore, the par-
ticle size of Au is not the dominating reason for the different
catalytic performances. Moreover, it can be clearly seen that
the morphology of Au nanoparticles under oxygen pretreat-
ment seems to be spherical shape. However, the morphologies
of Au nanoparticles under hydrogen and feed gas pretreatment
are truncated cuboctahedron which has the minimum surface
free energy for fcc metals [22,44] (Fig. S3). It is reported that
truncated cuboctahedral shape can expose more active sites
(i.e. corner sites) which can facilitate the adsorption of O2

molecules and electron transfer from Au nanoparticles to O2

molecules [22,45–47].
The Au valence states of three catalysts including Au0,

Au1þ and Au3þ species [48–50] can be determined by XPS.
Although the binding energy of Au0 species could have a shift
to influence the location of Au1þ species on the reducible TiO2

support due to the electron transfer between Au0 species and
oxygen vacancies [51], this interaction between Au0 species
and unreducible zeolite can be neglected [52–54]. Fig. 4a
shows that the Au1þ species were dominant (71%) on the Au/
WTS-1/fresh catalyst, which agrees well with the previous
results [55,56]. During pretreatments in three kinds of atmo-
spheres, the disproportionated reaction occurs for Au1þ spe-
cies as follows: 3Au1þ ¼ 2Au0 þ Au3þ [57,58]. The detailed
compositions of Au species (Table 1) show that the H2 and
feed gas atmosphere can promote the formation of Au0, while
the O2 atmosphere can restrain the generation of Au0 species
but retain Au1þ species on Au/WTS-1. The average valence
state shown in Table 1 also shows that the H2 (0.3) and feed
gas (0.41) atmospheres are more beneficial for the generation
of Au0 than O2 atmosphere (0.85) after propene epoxidation
over 100 h. Different percentages of Au species were obtained



Fig. 2. Reaction performance at 473 K and activation energy of different Au/WTS-1 catalysts under different pretreatment atmospheres: (a,d) H2, (b,e) O2, (c,f)

feed gas pretreatment.
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by varying pretreatment atmospheres. The pretreatment at-
mospheres can affect the percentage and the evolution of Au
valence states, i.e., the disproportionated reaction (from Au1þ

to Au3þ and Au0) and reduction reaction (from Aunþ to Au0),
thus generating different percentages of Au0.

Different percentages of Au valence states could be
affected by the pretreatment atmosphere, morphology of Au
nanoparticle and the interaction between metal cluster and
support. It is found that the O2 pretreatment can retain Au1þ

species and the H2 or feed gas pretreatments can promote the
formation of Au0 species on the WTS-1. The morphology of
Au nanoparticle seems to be spherical shape after O2 pre-
treatment while the morphology is typical truncated cubocta-
hedron after H2 and feed gas pretreatment. The interaction
between Au cluster and support possibly induced by O atoms
at the interface may lead to the dynamic evolution of Au
valence states, even a chemical looping of valence states.

It should be noted that the Au0 percentage of the Au/WTS-
1/F-0h (84%) is higher than that of the Au/WTS-1/H-0h
catalyst (48%), and the initial PO formation rate for Au/
WTS-1/F-0h is also higher than that for Au/WTS-1/H-0h.
This means that the pretreatment in feed gas is easier to
facilitate the formation of Au0 species than H2 pretreatment.
This should be because propene in feed gas also has reducing
ability [59,60].

However, the Au0 percentage on the Au/WTS-1/F catalyst
from 0h to 100 h reaction kept almost unchanged (from 84 to
85%). In contrast, the Au0 percentage on the Au/WTS-1/H
catalyst increased from 48 to 93% in the initial 2 h, and
then maintains almost stable (from 93 to 90%) in the rest of
100 h. This confirms that the feed gas after H2 pretreatment
can further promote the reduction of Aunþ to Au0 species.
Notably, the change of PO formation rate is closely related to
the Au0 species. The PO formation rate of Au/WTS-1/H
catalyst increased from 20 to 141 gPOh

�1 kgCat
�1 in the

initial 2 h and also kept stable in the rest of 100 h testing. The
stable PO formation rate of Au/WTS-1/H catalyst was better
than that of Au/WTS-1/F catalyst. It can also be seen from
Fig. 2 that PO selectivity of Au/WTS-1/F and Au/WTS-1/H
catalysts all reached ca. 85% for the catalyst, and the domi-
nant Au species on the catalyst are Au0 species. For Au/WTS-
1/O catalyst, the selectivity of propane reached 85%, and the
major Au species are Au1þ species (85%). The results confirm
that the Au0 species are the active sites for synthesizing PO,



Fig. 3. Representative HRTEM images of Au/W-TS-1 and size distributions of Au nanoparticles under different atmospheres and size distributions of Au

nanoparticles: (a–b) hydrogen, (c–d) feed gas, (e–f) oxygen.
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and Au1þ species are more active towards propane. The con-
verting of the reaction mechanism from propene epoxidation
to hydrogenation can be attributed to the valence state of Au
species, which is in accordance with Oyama’s study [15].
3.2. Intrinsic Au active sites of Au/WTS-1 catalyst
The intrinsic reason for this phenomenon is further studied.
According to the well-known reaction mechanism of direct
propene epoxidation [9,15,16,61], it is widely accepted that
the oxygen becomes surface-active oxygen (O2�) after with-
drawing electrons from Au species, and subsequently forms
–OOH species. This is the rate-relevant step [2,62]. Therefore,
the different Au valence states could affect the number of
surface-active oxygen species O2�. The O1s XPS results in
Fig. 5 show three kinds of oxygen species on the catalyst, i.e.,
surface-active O2� species (OI, 532.5 eV) [9,63,64], oxygen
atoms connected with lattice silicon atoms (OII, 533.0 eV)
[9,65] and sodium Auger peak and surface hydroxyl groups
(OIII, 536.5 eV) [66–68]. The surface hydroxyl groups are
attributed to the surface silicon hydroxyl (i.e., Si(OSi)3OH). It
can be seen that the amount of surface-active O2� species after
100 h testing is the highest on the Au/WTS-1 catalyst under
H2 pretreatment (11.3%) compared with those catalysts under
the feed gas (10.9%) and O2 atmosphere (7.7%). Moreover,
the O2-TPD shown in Fig. S18 also demonstrates that the
adsorbing capacity and strength of O2 follow the order: Au
species after H2 atmosphere pretreatment > feed gas
pretreatment > O2 atmosphere pretreatment, which is consis-
tent with the results of O1S XPS.

DFT calculation was further employed to analyze the effect
of atmosphere on the formation of active O2� species. Fig. 6
shows the different adsorption configurations of O2 on Au,
Au2O and Au2O3 systems, which are the calculated relatively



Fig. 4. XPS peaks of Au 4f of various catalysts: (a) the Au/WTS-1 after initial impregnation, (b–g) the Au/WTS-1 pretreated in hydrogen, oxygen and feed gas at

different time-on-stream of propene epoxidation (473 K).
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stable surface models of different Au species. The rest of the
adsorption models were shown in Figs. S4–S15. The bond
length of oxygen can be used to judge the activation degree of
the O2 molecule, and the longer length of the O–O bond means
Table 1

Percentages of different Au species on different Au/WTS-1 catalysts in Fig. 4.

Catalyst Au0(%) Au1þ(%

(a) Au/WTS-1/fresh 12 71

(b) Au/WTS-1/H-0h 48 19

(c) Au/WTS-1/H-100h 90 0

(d) Au/WTS-1/O-0h 42 39

(e) Au/WTS-1/O-100h 15 85

(f) Au/WTS-1/F-0h 84 3

(g) Au/WTS-1/F-100h 85 2

(a) Au/WTS-1/fresh represents the catalyst after initial impregnation; (b-g) the A

oxygen and feed gas at different time-on-stream. (j) The average valence state can b

where C0, C1 and C3 represent the percentage of Au0, Au1þ and Au3þ, respective
a higher degree of activation. It can be clearly seen that the
oxygen molecules adsorbed on the Au0 (100) and (111) sur-
faces have longer O–O bonds than those on other surfaces of
Au2O and Au2O3. Meanwhile, the electronic distribution of
) Au3þ(%) Average valence statej

17 þ1.22

33 þ1.18

10 þ0.30

19 þ0.96

0 þ0.85

13 þ0.42

13 þ0.41

u/WTS-1/H, O and F catalysts represent the catalyst pretreated in hydrogen,

e calculated as follows: The average valence state ¼ 0 � C0þ1 � C1þ3 � C3,

ly.



Fig. 5. The XPS spectra of O1s peaks on different catalysts under (a) H2 atmosphere (b) O2 atmosphere (c) feed gas after reaction of 100 h.

Fig. 6. The electron distributions and bond distances of O2 molecules absorbed on different surfaces of Au, Au2O and Au2O3.
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oxygen was further calculated to elucidate the electron transfer
in the Au–O2 system. It is found that the Au0 can deliver more
electrons (�0.74e and �0.54e) to oxygen molecules than
Au1þ and Au3þ species, which is in accordance with the result
of O–O bonds distance. This is mainly because the oxygen
molecules withdrawing electrons from Au species are acti-
vated by stretching O–O bonds. In addition, the stretching
frequency of oxygen was also calculated to measure the degree
of activation. According to Table S1, the oxygen molecules
absorbed on Au0 species are close to superoxo forms (O2

�) and
peroxo forms (O2

2�) while the oxygen molecules absorbed on
Au1þ and Au3þ species approach superoxo forms (O2

�) and
oxygen forms (O2), respectively [69]. The results mean that
Au0 is easier to activate oxygen than Au1þ and Au3þ species.
This is in agreement with the XPS results (Fig. 5).

In order to visualize the electron transfer, the differential
charge density was further calculated to show the accumula-
tion or depletion of electrons (Fig. 7). Calamine blue and faint
yellow represent the depletion or accumulation of electronic
density, respectively. It can be estimated that the oxygen can
obtain electrons from Au, Au2O and Au2O3 mostly. Therefore,
part of the blue area in the differential charge density plot
should be attributed to the electron depletion of the surface.
Meanwhile, the 2p* antibonding orbital of O2 obviously gains
electrons, while the bonding molecular orbital between two
oxygen atoms loses a lot of electrons, so oxygen is activated.
Further combined with the results of the Bader charge anal-
ysis, we can conclude that Au0 species can transfer more
electrons from surface to oxygen molecules than Au1þ and
Au3þ species, and then more activated oxygen can be used for
the subsequent propene epoxidation. Therefore, the more
electron transfer and more activated oxygen molecules would
be reasons for the higher PO formation rate of Au0 species.
3.3. A facile strategy to enhance the performance by
tuning electron transfer of Au species
Based on our above conclusions, the Au0 species are active
towards the synthesis of propylene oxide (PO) by transferring
more electrons to O2 molecules. Interestingly, there is a pos-
itive correlation between the content of Au0 (in the range of
48–93%) and PO formation rate based on the performance of



Fig. 7. The differential charge density plots of oxygen molecules adsorbed on various kinds of surfaces of Au, Au2O and Au2O3. Light blue and yellow isosurfaces

indicate decrease and increase of 0.005 eV Å�3, respectively. The adsorbed oxygen molecule is marked by a purple dotted frame.
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different catalysts pretreated in H2 atmosphere (Fig. 8). This
further confirms that Au0 should be the intrinsic active site.
According to this positive correlation, it is expected that the
higher PO formation rate may be achieved by increasing the
concentration of Au0 species.

Different pretreatment atmospheres can be used to improve
the physicochemical properties of the support and metal
nanoparticles in previous studies. Zhou et al. [70] found that
the H2 pretreatment for uncalcined TS-1 can effectively
Fig. 8. The positive correlation between PO formation rate and content of Au0.
increase the binding energy of Ti4þ by removing the electron-
rich TPAþ template, thus lowering the electron density and
enhancing the PO selectivity. Chen et al. [71] observed that the
H2 pretreatment is in favor of forming smaller metal nano-
particles compared with O2 pretreatment. Huang et al. [59]
demonstrated that H2 and C3H6 dual-component gas pre-
treatment could cause the formation of small Au nanoparticles
and functionalize the surface of TS-1 by hydrophobic hydro-
carbon species. The effect of the pretreatment atmosphere
mainly focuses on the surface property of support or the steady
state of metal nanoparticles, and few researches addressed the
dynamic evolution of Au valence state by different pretreat-
ment atmosphere in the life-time catalytic testing. Moreover,
since the first report by Haruta [6], the Au/TS-1 catalysts were
mostly reduced in feed gas. Herein, a simple and facile
strategy was further proposed to enhance the Au0 percentage.
Based on the above results, H2 pretreatment is effective to-
wards disproportionated reaction, and the following feed gas
pretreatment can further reduce Aunþ. Therefore, we further
prolong the duration of H2 pretreatment at 200 �C from 400 to
520 min followed by feed gas pretreatment. Fig. 8 shows that
the percentage of Au0 species can reach as high as ca. 99% by
this strategy, leading to the highest PO formation rate without
promoters (220 gPOh

�1 kgCat
�1). Results show that the content

of Au species can be regulated by manipulating the dynamic
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evolutions and contents of Au valence states, thus resulting in
different catalytic performance.

For the first step of propene epoxidation, the absorbed
oxygen species on Au (i.e., Au1þ, Au3þ, Au0) interact with
hydrogen to form H2O2. The fresh Au/WTS-1 catalyst with
abundant Au1þ species can be reduced to Au0 species by the
disproportionated reaction (from Au1þ to Au3þ and Au0) and
reduction reaction (from Aunþ to Au0). The Au0 species are
the intrinsic active sites towards PO formation because they
can effectively transfer more electrons to O2 molecules,
generating more O2

� species. Based on the positive correlation
between Au0 content and PO formation rate, further increasing
content of Au0 species can lead to the reported highest PO
formation rate without promoter to the best of our knowledge.
This result again demonstrates that Au0 is the active site to-
wards PO formation. This work shows that the electron
transfer of Au species dominates the reaction performance. It
harbors significant importance to the design of more efficient
Au/Ti-containing catalysts for direct propene epoxidation with
H2 and O2.

4. Conclusions

In summary, the unique electronic sensitivity of gold was
systematically investigated for direct propene epoxidation
with H2 and O2. Different electronic properties of Au species
were achieved by varying pretreatment atmospheres. It can
affect the percentage and the evolution of Au valence states,
i.e., the disproportionated reaction (from Au1þ to Au3þ and
Au0) and reduction reaction (from Aunþ to Au0), thus gener-
ating different percentages of Au0. The evolution of Au
valence states may be attributed to the O atom at the interface
between Au nanoparticle and support. The removal and sup-
plement of O atom at metal-support interface could reduce and
increase the Au valence state, respectively, thus further
forming chemical looping of valence states. By DFT, kinetic
analysis and multi-characterizations, it is found that the Au0

with higher electronic population can effectively activate ox-
ygen by stretching the O–O bond, thus donating more elec-
trons to O2 and forming more active O2

� species for
epoxidation reaction. Based on the positive correlation be-
tween the percentages of Au0 species and activity, higher Au0

percentage can be reached by prolonging H2 pretreatment
followed by feed gas pretreatment. The as-pretreated catalyst
shows the reported highest PO formation rate without pro-
moter (~220 gPOh

�1 kgCat
�1). The results shown in this paper

shed new light on the unique electronic sensitivity and the
evolution of Au species in direct propene epoxidation with H2

and O2. It is of guiding significance to the rational design of
efficient Au-containing catalysts.
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