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Abstract:



Developing stable yet efficient Au-Ti bifunctional catalysts is important but challenging for
direct propylene epoxidation with H2 and O2. This work describes a novel strategy of employing
uncalcined titanium silicalite-2 (TS-2-B) to immobilize Au nanoparticles as a bifunctional
catalyst for the reaction. Under no promoter effects, the Au/TS-2-B catalyst compared to the
referenced Au/TS-1-B catalyst delivers outstanding catalytic performance, i.e., exceptionally
high stability over 100 h, propylene oxide (PO) formation rate of 118 gpo-h™!-kgea!, PO
selectivity of 90% and hydrogen efficiency of 35%. The plausible relationship of catalyst
structure and performance is established by using multiple tehniques, such as UV-vis, HAADF-
STEM, TGA and XPS. A unique synergy of Au-Ti*-Ti** triple sites is proposed for our
developed Au/TS-2-B catalyst with the higher stable PO formation rate and hydrogen
efficiency.The insights reported here could shed new light on the rational design of highly stable
and efficient Au-Ti bifunctional catalysts for the reaction.
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Introduction

Probing the Ti-containing materials for Au dispersion and immobilization is of scientific and
industrial importance for direct propylene epoxidation with H2 and Oz, which is sustainable and
highly efficient synthesis of propylene oxide (PO).!" There is a consensus that the reaction
proceeds by means of bifunctional catalysis, i.e., the reaction of H2 with Oz on the Au surfaces to
produce hydroperoxy species followed by transport of such species to nearby isolated Ti sites to
form active Ti-OOH intermediates toward oxidation of the adsorbed propylene to form PO,*’
and the isolated Ti*'-rich TS-1 immobilized Au catalysts show state-of-the-art PO formation
rates.'817 Recently, uncalcined TS-1 with blocked micropores (TS-1-B) has been employed to
immobilize Au catalysts for suppressing the catalyst deactivation from the micropore blocking
by carbon deposits and keeping a relatively stable activity for ~ 30 h.!> As a consecutive effort, it
is highly desirable to develop more stable yet highly active Au-Ti bifunctional catalysts for the
targeted reaction.

Deposition-precipitation (DP) method based on the isoelectric point principle is an effective
way to selectively deposit Au nanoparticles nearby the active isolated Ti*" sites for preparing
Au-Ti bifunctional catalysts.!>!®2! The precipitant agent using urea has shown much higher Au
capture efficiency on the uncalcined titaniumsilicates (e.g., TS-1-B) than that using NaOH or
Na2COs (< 3 %) due to the formation of different gold species.!*!%2224 In addition, the former
method can also avoid introducing alkaline ions such as Na®, which have been reported to
remarkably affect the reaction.'??3-33 Therefore, employing DP urea (DPU) method to prepare
Au-Ti bifunctional catalysts is highly desirable to understand the underlying nature of the Au-Ti
synergistic effects without the interference of the residual alkaline metal effects.

For the above used titaniumsilicates, the isolated Ti*" sites are mainly responsible for the PO

formation, but their acidic characteristic has a detrimental effect on the PO selectivity, promoting



PO ring-opening side reaction to generate carbonaceous deposits and causing gradual catalyst
deactivation.?%3440 In addition to the isolated Ti*" sites, another Ti species, i.e., the defective Ti**
sites, are also observed, which are suggested to be active for H2O: activation to generate
hydroxyl radicals and superoxo species which can enhance the elimination of the carbonaceous

deposits.#1-47

This indicates the significant importance of employing titaniumsilicates with
appropriate composition and properties of Ti species for development of highly stable yet active
Au-Ti bifunctional catalysts for the reaction. Along this line, an attempt is urgently made to
employ another isolated Ti*"-rich, titanium silicate-2 (TS-2),**4° having different crystallization
mechanism against TS-1 and thus more defective Ti*" sites, for immobilizing Au nanoparticles
toward development of industrially attractive Au/TS-2-B bifunctional catalyst for the reaction.
The objective of this study is to develop more stable yet highly active Au-Ti bifunctional
catalysts for the reaction by employing uncalcined TS-2 (i.e., TS-2-B) to immobilize Au
nanoparticles using the DPU method. This method avoids introducing the alkaline ions, which
makes it easier to understand the underlying nature of the Au-Ti synergistic effects without the
interference of the promoter effects. The catalytic behaviors of our developed Au/TS-2-B
catalyst and the referenced Au/TS-1-B catalyst were comparatively studied. Structural and/or
electronic properties of titaniumsilicates as well as fresh and used catalysts were characterized by
multiple techniques, such as UV-vis, HAADF-STEM, TGA and XPS. Finally, a plausible
catalyst structure-performance relationship was established, and a unique synergy of Au-Ti*-

Ti** triple sites was proposed for our developed Au/TS-2-B catalyst with the higher stable PO

formation rate and hydrogen efficiency.

Experimental



Synthesis of Au/TS-2-B catalyst and the referenced Au/TS-1-B catalyst

Uncalcined titanium silicalite-2 (TS-2-B) was hydrothermally synthesized according to the
method reported previously in the literature.’® Because the hydrolysis of tetracthylorthosilicate
(TEOS) is much slower than that of titanium (IV) tetrabutoxide (TBOT), the TEOS was firstly
added into the tetrabutylammonium hydroxide (TBAOH) solution followed by dropwise addition
of the TBOT dissolved in isopropanol (IPA), where the molar ratio of TEOS, TBOT and
TBAOH is 1: 0.01: 0.15. The resultant solution was transferred into Teflon autoclave at 180 °C
for 48 h. The as-synthesized TS-2 was completely washed and then dried overnight at room
temperature in a vacuum oven. Similarly, uncalcined titanium silicalite-1 (TS-1-B) with the same
Si/Ti1 molar ratio was also synthesized except using tetrapropylammonium hydroxide (TPAOH)
to replace TBAOH as the template agent. The Au/TS-2-B catalyst and the referenced Au/TS-1-B
catalyst with the same gold loading of ~0.09 wt% were prepared via the DPU method according
to the procedure previously reported,”> where the gold loadings of the two catalysts were

determined by inductive coupled plasma atomic emission spectrometry (ICP-AES, IRIS 1000).

Catalyst characterization

X-ray diffraction (XRD) patterns were recorded using a Rigaku D/Max2550VB/PC
diffractometer equipped with a Cu K. radiation. Ultraviolet-visible spectroscopy (UV-vis) was
conducted on a PerkinElmer Lambda 35 spectrophotometer with a BaSOa plate as the reference.
High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) was
performed on a Tecnai G2 F20 S-Twin equipped with a digitally processed STEM imaging
system. Scanning electron microscopy (SEM) images were taken using a NOVA Nano SEM450
microscope (FEI, USA) operating at 3 kV. High-resolution transmission electron microscopy

(HRTEM) images were taken using a JEM 2100 instrument (JEOL, Japan) operating at 200 kV.



N2 adsorption-desorption measurements were performed at 77 K using an ASAP 2020
instrument (Micromeritics, USA). Thermogravimetric analysis (TGA) was performed on a
PerkinElmer TGA Pyris 1 by heating dried sample from room temperature to 800 °C in a flow of
N2/O2 = 8:1 with a ramping rate of 10-°C min’!. X-ray photoelectron spectroscopy (XPS) was
performed on a Kratos Axis XSAM-800 instrument using Al Ko X-ray with 1486.6 eV as the

excitation source, and the internal standard of the C 1s peak was set as 284.6 eV.

Catalytic testing

The Auw/TS-2-B and referenced Au/TS-1-B catalysts were tested for direct propylene
epoxidation with H2 and Oz in a fixed-bed quartz reactor with an inner diameter of § mm under
atmospheric pressure. The catalysts (~ 0.15 g) were in-situ reduced in the reactor, the
temperature was raised from room temperature to 200 °C with a heating rate of 1 °C-min’! in a
stream (48 mL-min') of 30 vol % H:z in N2. Subsequently, feed gas containing C3Hs, O2, H2 and
N2 with volume ratio of 1:1:1:7 at a flow rate of 35 mL-min™! was passed through the reactor, and
then the catalytic testing was started. The reactants and products were analyzed by an on-line gas
chromatograph (GC) equipped with thermal conductivity detector (TCD) and flame ionization
detector (FID). Oxygenates such as propylene, acetaldehyde, PO, acetone, acrolein and propanal
were separated using a PLOT Q capillary column (0.35 mm %30 m) and analyzed via FID. The
hydrogen, oxygen and CO2 were separated using a Porapak T packed column (3 mm x 1 m) and
analyzed via TCD, where N2 was used as the carrier gas due to good H2 signal.'?!3!7 The
propylene conversion, PO selectivity and hydrogen efficiency were calculated as follows:

Propylene conversion = moles of (Cs-oxygenates + 2/3 ethanal +1/3 CO2) / moles of propylene
in the feed.

PO selectivity = moles of PO / moles of (Cs-oxygenates + 2/3 ethanal +1/3 COz)



Hydrogen efficiency = moles of PO / moles of hydrogen converted

Results and Discussion

Outstanding performance of the Au/TS-2-B catalyst

The crystal structures and Ti species of the as-synthesized TS-2 together with our previously
obtained uncalcined TS-1 were characterized by XRD and UV-vis, respectively, where the
uncalcined TS-1 was used as a reference to understand the underlying nature of the synergy
between the uncalcined titaniumsilicalites and Au nanoparticles for direct propylene epoxidation
with H2 and Oa. Figure la shows XRD patterns of the two samples, which are indicative of
typical diffraction peaks of TS-2-B and TS-1-B, respectively.'>!73° It can be clearly seen in
Figure 1b that both samples present the main absorption bands around 210 nm, assigned to be
isolated tetrahedrally coordinated Ti (i.e., Ti*") species substitution into the zeolite framework,
which indicates similar Ti species in the TS-2-B and TS-1-B.!317:3031 These two uncalcined
titaniumsilicalites were then employed to immobilize Au nanoparticles for the synthesis of
Au/TS-2-B and Au/TS-1-B bifunctional catalysts. As shown in Figure Ic and 1d, these two
catalysts exhibit similar Au average particle sizes, i.e., 2.9 nm for the Au/TS-2-B catalyst and 2.6

nm for the Au/TS-1-B catalyst.
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Figure 1. (a) XRD patterns and (b) UV-vis spectra of TS-2-B and TS-1-B. Representative
HAADF-STEM images and the corresponding Au particle size distributions of Au/TS-2-B (c)

and Au/TS-1-B (d) catalysts.

Subsequently, the two Au/TS-2-B and Au/TS-1-B bifunctional catalysts with similar Au
nanoparticle sizes and typed Ti species were tested for direct propylene epoxidation with Hz and
02, and the results are shown in Figure 2a. Unexpectedly, these two catalysts exhibit
significantly different catalytic behaviors. As the reaction proceeds, the Au/TS-1-B catalyst is
found to undergo a short induction period of 3 h followed by a decline to a steady state, where
the stable PO formation rate is 71 gpo-h'!kgear!. However, the Au/TS-2-B catalyst undergoes
much longer induction period of 18 h and then reaches high stable PO formation rate, i.e., 118

gro-h™!-kgear!, over 100 h, 1.6 times higher than that of the referenced Au/TS-1-B catalyst. This



indicates that the TS-2 could be a better candidate to prepare more stable yet highly efficient

bifunctional catalyst for the reaction.
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Figure 2. (a) PO formation rate, (b) PO selectivity and hydrogen efficiency as well as (c)

byproducts selectivity as a function of time on stream over Au/TS-2-B and Au/TS-1-B catalysts.

In addition to the activity, the products selectivity of the two catalysts is another important

issue. It can be clearly observed in Figures 2b and 2c that in the initial induction period, the



Au/TS-2-B catalyst exhibits much lower selectivity to PO but much higher selectivty to CO2 and
ethanal than the Au/TS-1-B catalyst. This indicates the occurrence of C-C bond cleavage,
possibly resultant from the further cracking reactions of PO.!7-?23° After the induction period, the
two catalysts give rise to relatively high selectivity to PO as well as the suppression of the C-C
bond cleavage, where the Au/TS-2-B catalyst shows higher selectivity to PO compared to the
Au/TS-1-B catalyst. Additionally, during the whole reaction process, there are little change in the
selectivity to acetone and acrolein, but gradually increased selectivity to propanal.

Moreover, the hydrogen efficiency is also a key aspect for this reaction system, because it
determines such process viability and economy. According to previous studies,'?!3:17:26:5233 there
are two kinds of definitions for the hydrogen efficiency: one is the ratio of the moles of PO
produced to those of H2 converted, the other is the ratio of the moles of PO to those of H20
formed. As shown in Scheme 1, in addition to the main reactions to form PO, there also exist
some side-reactions including hydrogenation of propylene to propane, oxidation of propylene to
acrolein, isomerization of PO to propanal and acetone as well as oxidative cracking of PO to CO2
and ethanal ?*>* In our cases, i.e., the direct epoxidation of propylene with H2 and Oz over the
Au/TS-2-B and Au/TS-1-B catalysts, no propane signal was detected by GC, and the formation
of acrolein, ethanal and COz side-products accompanies with that of water resultant from the
propylene and PO, which would lead to the under-estimation of the hydrogen efficiency
calculated by the second definition. These analyses suggest that the hydrogen efficiency
calculated by the first definition is more reasonable. This can be supported by the comparison
between the hydrogen efficiency calculated by the first definition and that calculated by the
second definition leading to the over-estimated hydrogen efficiency, where more details are

shown in Supporting Information, Table S1, Figure S1 and Figure S2.
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Scheme 1 Plausible reaction pathways of direct propylene epoxidation with H2 and O:. In our

cases, over the Au/TS-2-B and Au/TS-1-B catalysts, no propane signal was detected by GC.

Notably, Delgass et al. reported that the 0.09 wt% Au/TS-1-B (dau > 5.3 nm and Si/Ti molar
ratio =119) prepared by DP method using NaxCOs as precipitation agent exhibits a hydrogen
efficiency of 18.2 %,!” and our previous work showed that the 0.10 wt% Au/TS-1-B (dau= ca.
3.3 nm and Si/Ti molar ratio = 100) prepared by DP method using NaOH as precipitation agent
catalyst exhibits that of 19.5 %.!> This relatively high hydrogen efficiency of the latter catalyst
could be realted to the smaller Au particle size and lower Si/Ti molar ratio."!> Along this line, it
is easy to understand that the 0.09 wt% Au/TS-1-B catalyst (dau = ca. 2.6 nm and Si/Ti molar
ratio = 100) prepared by DPU method has high hydrogen efficiency of ca. 25%. As mentioned in
the Introduction, when employing the DP method with using Na2CO3 or NaOH as precipitation
agent, there would exist the interference of the residual alkaline ions. Probing the effects of the
preparation method is an interesting yet important subject, which is still ongining in our group.
More interestingly, when the TS-2-B was used to immobilize Au nanoparticles by DPU method,
the resultant 0.09 wt% Au/TS-2-B catalyst (dau = ca. 2.9 nm and Si/Ti molar ratio = 100) gives
rise to much higher hydrogen efficiency of 35%. On the one hand, the Au/TS-2-B and Au/TS-1-
B catalysts have similar gold loadings but remarkably different surface area in Table S2, and thus
remarkably different population density of Au nanoparticls, which could be one reason for the

much higher hydrogen efficiency of the 0.09 wt% Au/TS-2-B catalyst.! On the other hand, the



appropriate catalyst electronic properties of the Au/TS-2-B catalyst may be another reason for

the much higher hydrogen efficiency, which will be discussed in detail later.

Remarkably different induction periods over the two catalysts

The microstructures of the two uncalcined titaniumsilicates, i.e., the TS-2-B and TS-1-B, were
first characterized by SEM and HRTEM-SAED, and the results are shown in Figure 3. It can be
clearly seen in Figure 3a and 3c that the TS-2-B displays a fusiform-like shape with rough
external surfaces. Additionally, the higher resolution image (Figure 3e) also reveals that the TS-
2-B particles are composed of large numbers of small-sized zeolite. The SAED pattern for TS-2-
B (Figure 3g) shows that these small-sized zeolites are orientated along the same crystalline axis,
which is similar to the case of orientated nano-zeolite aggregates obtained in the previous
work.>-¢ Moreover, as shown in Figure 3b and 3d, the TS-1-B exhibits a coffin-like shape with
smooth external surfaces, and Figure 3f and 3h exhibit that TS-1-B possesses well defined edges
and a SAED pattern with bright spots, which evidences the single-crystalline nature of TS-1-B.>’
The textural properties of the two uncalcined titaniumsilicates were further characterized by N2
physisorption, and the results are shown in Figure 3i as well as Table S2. As obviously observed
in Figure 3i, compared to the TS-1-B, the TS-2-B shows typical type IV isotherm with a H3
hysteresis loop,>> which is indicative of mesoporous characteristic, leading to a most probable
pore size of ca. 12.5 nm. Such mesoporous characteristic is most likely due to the aggregation of
small-sized zeolite, as evidenced by the randomly distributed white fields throughout the whole
crystal (Figure 3e).>® In contrast, no mesopores exist in TS-1-B sample. Moreover, taking into
account the characteristics of the DP urea method involving acidic-basic environments, its
effects on the textural properties of the two fresh Au-Ti bifunctional catalysts, i.e., the Au/TS-2-

B and Au/TS-1-B catalysts, were probed by N2 physisorption. As shown in Figure 31, there are



no legible changes in the textural properties. All of these results almost guarantee that under the
present catalyst preparation conditions, employing uncalcined titaniumsilicates can allow the

deposition of Au nanoparticles on their external surfaces.
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Figure 3. Representative SEM images, HRTEM images and SAED patterns of TS-2-B (a, c, ¢
and g) and TS-1-B (b, d, f and h), respectively. (i) N2 adsorption-desorption isotherms and pore

size distributions of TS-2-B and TS-1-B as well as fresh Au/TS-2-B and Au/TS-1-B catalysts.

Evaluating of the thermal behaviors over the two catalysts is of crucial importance, because
the usage of uncalcined titaniumsilicates may bring about the interference of released template
agents arising from the fresh Au-Ti bifunctional catalysts with residual template agents on the
external surfaces and inside the micropores during the practical reaction system. Along this line,
TGA measurements were carried out, and the results are shown in Figure 4a. The two catalysts

are observed to exhibit legible weight loss lower than 330 °C and remarkable weight loss higher



than 350 °C, which are possibly ascribed to the decomposition of templates on the external

surfaces and those in the micropores, respectively. #8495
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Figure 4. (a) TG and DTG analysis profiles of fresh Au/TS-2-B and Au/TS-1-B catalysts. (b)
TG analysis profiles as a function of time of fresh Au/TS-2-B and Au/TS-1-B catalysts at 200

°C.

Notably, considering that the reaction temperature is 200 °C, the thermal behaviors of the two
catalysts under such reaction temperature were also studied by TGA. As observed in Figure 4b,
the fresh Au/TS-1-B catalyst undergoes a gradual weight loss and then reaches a stable stage
after about 3 h, while the fresh Au/TS-2-B catalyst shows a remarkably continuous weight loss
within 12 h. These trends could be linked to the significantly different induction periods of the
two catalysts mentioned in Figure 2. As the templates release from the catalyst external surfaces,
there are more accessible isolated Ti*" active sites. This could provide a rational explanation for
the gradually increased PO formation rates for the two catalysts.

During the release of the templates, their effects on the selectivity to different products were
also studied. Our preliminary experiments over the two catalysts showed that propylene contact
with Hz is not reactive, but with O2 can generate trace amount of acrolein. Interestingly, co-

feeding propylene, hydrogen and oxygen would significantly enhance the catalytic performance,



because it follows a bifunctional catalysis, i.e., the transport of hydroperoxy species from the
reaction of H2 with O2 on the Au surfaces to oxidize the nearby isolated Ti sites toward the
formation of active Ti-OOH intermediates and subsequent reaction with the absorbed propylene
to form the targeted PO.*” However, the formed hydroperoxy species inevitably lead to over-
oxidation reactions to generate COz and ethanal, which most likely occur on some specific sites
on the titaniumsilicates surfaces.!?3%40-6061 Ag the reaction proceeds, the formation of
carbonaceous deposits from PO ring-opening and polymerization side-reactions may block these
specific sites and thus suppress the occurrence of the over-oxidation reactions.>*%? This would

give rise to the increased PO selectivity and hydrogen efficiency.

Plausible catalyst structure-stability relationship

In order to understand the above significantly different catalyst stabilities after the induction
periods, we resort to multiple catalyst characterization techniques, i.e., HAADF-STEM, TGA
and XPS, for obtaining the structural and electronic properties of the two bifunctional catalysts
and establishing the plausible catalyst structure-stability relationship.

Previous studies showed that the deactivation of the catalysts mainly originates from the
aggregation of the Au nanoparticles and the formation of the carbonaceous deposits.!®232°
HAADF-STEM measurements were carried out to probe whether the Au nanoparticles
aggregation occurs during the long-term testing. As shown in Figure 5a and 5b, the spent Au/TS-
2-B and Au/TS-1-B catalysts give Au average particle sizes of 3.0 and 2.7 nm, respectively,
which are similar to the corresponding fresh catalysts in Figure 1c and 1d. This observation
indicates that there is no legible aggregation of the Au nanoparticles during the long-term testing.

These results indicate that the dramatic difference in the catalytic performance of the two

bifunctional catalysts, i.e., a stable and high PO formation rate of the Au/TS-2-B catalyst and



gradual deactivation of Au/TS-1-B catalyst during long-term testing (Figure 2a), may result from

the difference in the carbonaceous deposits in the two catalysts.
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Figure 5. Representative HAADF-STEM images as well as TGA and DTG profiles of spent

Au/TS-2-B (a and c) and Au/TS-1-B (b and d) catalysts.

Along this line, TGA measurements were further carried out to investigate the difference in
the carbonaceous deposits of the two spent catalysts, and the results are shown in Figure 5¢ and
5d. To exclude the interference from the possible decomposition of the templates in the

micropores during the long-term testing, the fresh Au/TS-1-B and Au/TS-2-B catalysts were



treated under the same reaction conditions without propylene, and the two resultant referenced
samples were also analyzed by TGA. From the data shown in Figure 5c and 5d, the amounts of
the carbonaceous deposits over the spent catalysts were calculated, and the spent Au/TS-2-B
catalyst (i.e., 4.50 wt%) exhibits lower amount of the carbonaceous deposits than the spent
Au/TS-1-B catalyst (i.e., 6.40 wt%). Considering the same Au loadings of the two catalysts with
the similar Au particle sizes and remarkably different external surface areas (Table S2) of the
two titaniumsilicates used here, the two catalysts would exhibit remarkably different Au
densities on the titaniumsilicates surfaces. Further combining the same Ti/Si ratios of the two
titaniumsilicates used, it could be deduced that these results most likely lead to different electron
transfer between Au and titaniumsilicate and thus different properties of the formed
carbonaceous deposits over the two catalysts. This deduction would be supported by the analysis
of the DTG profiles in Figure 5c and 5d. Clearly, the spent Au/TS-2-B catalyst exhibits one
broad DTG peak centered at about 410 °C, while the spent Au/TS-1-B catalyst with three
obvious DTG peaks centered at about 390, 460 and 640 °C, where the two high-temperature
peaks could be attributed to hard coke such as polyalkenes and refractory aromatic species.?>-63
This could provide a rational interpretation for the higher stability of the Au/TS-2-B catalyst
because of the suppressed formation of the hard cokes.

To obtain more details about the relationship between the carbonaceous deposits and the
catalysts stability, XPS measurements were also performed. Figure 6 shows the Au 4f, Ti 2p and
Si 2p spectra and their deconvolution results of fresh Au/TS-2-B and Au/TS-1-B catalysts.
Clearly, the Ti 2p and Si 2p binding energies show slight peak shifts over the two catalysts,
while the fresh Au/TS-2-B catalyst exhibits higher Au’ 4f7> binding energy than the fresh
Au/TS-1-B catalysts. Notably, the Au 4f spectra were deconvoluted using a non-linear least

squares algorithm with a Shirley base line and a Gaussian-Lorentzian combination, and the Au 4f



spectra of the two catalysts both clearly show that the intensity ratio of Au 4fs2 and Au 4f7 is
3/4 with a splitting of 3.7 eV, which are well consistent with the characteristic of Au’
species.®% According to previous theoretical studies,®¢-% the hydrogen dissociation is suggested
as rate-determining step in the hydroperoxy species generation on the Au catalysts, and the
higher Au binding energy is favourable for the increased Au-H interaction and thus the hydrogen
dissociation. These analyses would explain why under the reaction of 18 h, the Au/TS-2-B

catalyst exhibits higher stable PO formation rate and hydrogen efficiency than the Au/TS-1-B

catalyst.
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Figure 6. Au 4f, Ti 2p and Si 2p spectra of fresh Au/TS-2-B and Au/TS-1-B catalysts.

Additionally, it has been reported that the materials formed by the attachment of small
particles usually generate grain boundaries, which are likely to facilitate the formation of
defects.®®7? According to previous studies,*'*** the Ti 2p spectra were deconvoluted into Ti*" and
Ti** species, and the results are shown in Figure 6. Obviously, the fresh Au/TS-2-B catalyst

exhibits higher Ti**/Ti*" ratio (based on their XPS peak areas) than the fresh Au/TS-1-B, i.e.,



35.85 % versus 22.40 %. This could be understood by the fact that the TS-2-B is formed by an
orientated attachment of small sized crystalline (Figure 3¢) and thus the presence of more defects.
The Ti*" species are known to be the key to form active Ti-OOH intermediates and thus more
targeted PO product,”'32% while the defective Ti*" species are suggested to be active for H202
activation to form peroxide radicals, which may serve as strong oxidant agents to efficiently
eliminate the precursor of hard cokes and thus suppress the formation of hard cokes.****7 This
could be supported by the phenomena that the Au/TS-2-B catalyst exhibits much higher
selectivity to COz than the Au/TS-1-B catalyst, and the former catalyst doesn’t show the obvious
presence of hard cokes. Therefore, it could be deduced that the synergy of Au-Ti*"-Ti** triple
sites plays an important role in our developed Au/TS-2-B catalyst with the higher stability as

well as higher stable PO formation rate and hydrogen efficiency.

Conclusions

In summary, we have successfully developed a stable yet highly active Au/TS-2-B
bifunctional catalyst for direct propylene epoxidation with H2 and Oz by employing uncalcined
TS-2 to immobilize Au nanoparticles using DP urea method. Under no promoter effects, the
Au/TS-2-B catalyst compared to the referenced Au/TS-1-B catalyst exhibited longer induction
period as well as higher stable PO formation rate and hydrogen efficiency. The presence of the
induction period and its remarkable effects on the catalytic performance are attributed to the
decomposition of the template absorbed on the external surfaces of the uncalcined
titaniumsilicates. The synergy of Au-Ti**-Ti** triple sites has been proposed for the Au/TS-2-B
catalyst with the higher catalyst stability as well as higher stable PO formation rate and hydrogen
efficiency, and the presence of abundant Ti*" could be favorable for suppressing the formation of

hard cokes on the catalyst surfaces. These insights demonstrated here could open a new avenue



for the design and optimization of more stable yet highly active Au-Ti bifunctional catalysts for

the direct propylene epoxidation with H2 and Oa.
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