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We demonstrate a simple method for preparing highly active Au/TS-1
catalysts for propylene hydro-oxidation, which involves sequentially
impregnating HAuCl, and Cs,COs3 solutions onto TS-1. The Au/TS-1
catalysts synthesized by this method exhibit high Au uptake efficiency
(~100%), high dispersion of Au nanoparticles and superior activity.

The direct gas phase epoxidation of propylene with O, and H,
to produce propylene oxide (PO), simplified as the HOPO
process, has significant advantages, such as simplicity, envir-
onmentally friendliness, high selectivity and cost-efficiency,
and has attracted growing interest.”* Currently, nano Au par-
ticles supported on a titanium silicalite-1 (e.g., TS-1) catalyst are
the most widely used catalyst for the HOPO reaction.>* O, and
H, first react on the surface of the Au nanoparticles to generate
hydro-peroxide species, which then migrate to the isolated Ti*"
sites in TS-1 to form Ti-OOH intermediates that catalyse
propylene to PO consequently.>® That is to say, the Au/TS-1
catalyst is a bifunctional catalyst. From a geometric point of
view, the catalytic performance of Au/TS-1 is significantly
affected by Au particle size, and small Au nanoparticles gen-
erally exhibit superior activity.”® Current works suggest that
gold clusters immobilized within the micropores of TS-1 are the
primary active sites.>"°

Generally, the size of Au nanoparticles is greatly influenced
by the catalyst preparation method." The impregnation
method is one of the mostly used catalyst preparation methods,
which has the advantages of simplicity, and high uptake
efficiency of the precursor.’ Previous literature has found that
Au catalysts prepared by impregnating HAuCl, onto titanium-
containing materials form large Au nanoparticles due to the
high content of residual chloride ion, which can promote the
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agglomeration of Au particles during the activation process,
thus resulting in low activity."> The deposition-precipitation
method (i.e., DP method) can effectively produce gold precur-
sors (ie., [AuCl(OH),_,| ) with less chloride ions by the
hydrolysis reaction between hydroxide ions and chloroaurate
anions.>” As a result, the Au/TS-1 catalysts prepared by the DP
method show a relatively narrower size distribution of Au
particles, which has become the mostly used method for
preparing highly active Au-Ti bifunctional catalysts." However,
the gold uptake efficiency is relatively low (<5%), and the
catalytic performance of the Au/TS-1 catalyst prepared by this
method is highly sensitive to many preparation parameters
(e.g., pH, temperature), which may be the key factors that
hinder the scale-up production of highly efficient Au/TS-1
catalysts.**

Based on the mechanism of the DP method and the advan-
tage of high gold uptake efficiency of the incipient wetness
impregnation method (i.e., IWI method), we propose a strategy
for the preparation of highly active Au/TS-1 catalysts by a
modified incipient wetness impregnation method (denoted as
m-IWI method): the HAuCl, is firstly impregnated onto TS-1,
followed by impregnation of an alkaline solution to promote
the hydrolysis of AuCl,”, thereby reducing the content of
chloride ion. In addition, we also prepared Au/TS-1 catalysts
by the IWI method and DP method as reference catalysts for
comparative studies, aiming at establishing a reliable structure-
performance relationship. FT-IR spectra (Fig. S1, ESIT) show
that the catalyst preparation method shows negligible influ-
ence on the Ti environment, MFI structure and hydrophobicity
of the three Au/TS-1 catalysts, which is confirmed by the similar
intensities of the bands at 550 cm ™" (vibration of double five-
membered ring unit), 960 cm ™' (stretching of Ti-O-Si band)
and 3420 cm ™" (vibrations of hydrogen-bonded silanols).'*"*
This is also in agreement with the similar Ti,;, and Si,, binding
energies over the three catalysts (Fig. S2, ESIT).

The Au loadings and Au uptake efficiency of the Au/TS-1 catalysts
prepared by different methods are shown in Table S1 (ESIf). As
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Fig.1 (a) Conversion of propylene and (b) PO formation rate of the
0.10 wt% Au/TS-1 catalysts prepared by different methods. Reaction
temperature: 190 °C, CsHg concentration: 10% vol.

shown, the gold uptake efficiency is close to 100% for the
0.10 wt% Au/TS-1(m-IWI) catalyst prepared by the m-IWI
method, much higher than that of the 0.10 wt% Au/TS-1 (DP)
catalyst (ca. 2.2%) prepared by the DP method. The activity of
the Au/TS-1 catalysts prepared by different methods is shown in
Fig. 1. As shown, though the three Au/TS-1 catalysts have
similar Au loadings (ca. 0.10 wt%, shown in Table S1, ESIY),
the propylene conversion of the 0.1 wt% Au/TS-1(m-IWI)
catalyst exceeds 10% (Fig. 1a), and the initial PO formation
rate is as high as 358 gpo h™" kgeo * (Fig. 1b), which is much
higher than that of the catalysts prepared by the DP method
(97 gpo h™" kgeae ') and the IWI method (48 gpo h™" kgeae ).
Moreover, the 0.1 wt% Au/TS-1(m-IWI) catalyst also displays
high selectivity (Fig. S3a, ESIt) and hydrogen utilization effi-
ciency (ie., hydrogen efficiency, shown in Fig. S3b, ESIt)
compared to the catalyst prepared by the DP method, though
the conversion of the former is much higher than that of the
latter, as well as the 0.10 wt% Au/TS-1(IWI) catalyst prepared by
the IWI method using chloroauric acid as a gold precursor.

To explore the reasons for the superior catalytic perfor-
mance of the 0.10 wt% Au/TS-1(m-IWI) catalyst, HAADF-STEM
was then employed to analyze the Au size distribution in the
Au/TS-1 catalysts prepared by different methods, and the
results are shown in Fig. S4 (ESIT). As shown, the average size
of the Au nanoparticles in the 0.10 wt% Au/TS-1(m-IWI) catalyst
(ca. 2.4 nm) is similar to that of the 0.10 wt% Au/TS-1(DP)
catalyst (ca. 2.7 nm). However, the size distribution of Au
nanoparticles in the former is narrower than in the latter.
Additionally, the size distribution of Au nanoparticles in the
0.10 wt% Au/TS-1(IWI) catalyst is very broad, and a number of
large particles can be clearly observed, thus showing poor
activity. Therefore, compared to the DP method and IWI
method, the m-IWI method shows the advantage of synthesiz-
ing a Au/TS-1 catalyst with narrow Au size distribution, which is
the main reason for the superior activity of the 0.10 wt% Au/
TS-1(IWI) catalyst.

Notably, as shown in Fig. S4 (ESIt), the average Au particle
size of the 0.10 wt% Au/TS-1 (m-IWIW) catalysts prepared by the
M-IWI method and DP method are similar. However, the PO
formation rate of the former is approximately 3.9 times higher
than that of the latter. Therefore, we speculate that a number of
tiny Au clusters may exist in the 0.10 wt% Au/TS-1(m-IWI)
catalyst, which is difficult to be detected by HAADF-STEM
(detection limit ~1 nm). Consequently, aberration-corrected
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Fig. 2 Cs-corrected STEM image of the 0.10 wt% Au/TS-1(m-IWI)
catalyst.

electron microscopy was used to characterize the Au nano-
particles on the 0.10 wt% Au/TS-1(m-IWI) catalyst, and the
results are shown in Fig. 2. It can be seen that many tiny Au
clusters with a size of about 0.5-1 nm are indeed present on the
surface of the 0.10 wt% Au/TS-1(m-IWI) catalyst. In addition to
the tiny Au clusters, a few gold single-atoms can also be
observed on this catalyst. To understand the contribution of
tiny Au clusters and gold single atoms for PO formation, we
further reduced the gold loading and prepared 0.01 wt% and
0.05 wt% Au/TS-1(m-IWI) catalysts by the m-IWI method, and
their activities are shown in Fig. S5 (ESIT). It can be seen that
the PO formation rate of the 0.05 wt% Au/TS-1(m-IWI) catalyst
is ca. 5 times higher than that of the 0.01 wt% Au/TS-1(m-TWI)
catalyst, and the activity of the former calculated on the basis of
per-mass-of-gold is the same as that of the 0.01 wt% Au/TS-1
(m-IWT) catalyst, indicating that the two catalysts have the same
Au active sites. Considering that increasing the gold loading of
the Au/TS-1 catalyst usually leads to inferior dispersion of Au
nanoparticles, more Au clusters or particles rather than single-
atom Au would exist on the Au/TS-1 catalyst with high gold
loading. Therefore, based on the results of aberration-corrected
electron microscopy (Fig. 2) and the catalytic performance of
the 0.01 wt% and 0.05 wt% Au/TS-1(m-IWI) catalysts, we infer
that the tiny gold clusters on the 0.10 wt% Au/TS-1(m-IWI)
catalyst contribute significantly to the activity. Moreover, the
peak intensity of Au 4f over the Au/TS-1 (m-IWI) catalyst is
much weaker than that of the Au/TS-1 (IWI) and Au/TS-1 (DP)
catalysts. Thereby, it is reasonable to postulate that the majority
of Au clusters in the Au/TS-1 (m-IWI) catalyst are located in the
micropores of TS-1.

Based on the above results, we have proposed the following
strategy for the preparation of highly active Au/TS-1 catalysts by the
m-IWI method (shown in Scheme 1): most of the AuCl,” will
strongly adsorb on the surface of TS-1 when HAuCl, is impregnated
into TS-1, as the pH (ca. 2.7) of the HAuCl, solution is close to the
isoelectric point of TS-1 (ca. 2 and 3). Subsequently, the AuCl,~ will
gradually hydrolyse after impregnating Cs,CO; solution to form a
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Scheme 1 Possible pathway for the preparation of Au/TS-1 catalysts by
the modified IWI method and DP method.

[AuCl,(OH),_,]” complex with less chlorine.” Contrary to the
DP method that requires addition of large amounts of H,O
(ca. 44 mL H,O per grs4) during the preparation process, the
modified incipient wetness impregnation method forgoes
the need for additional water and involves smaller amounts
(0.8 mL grs.; ') of solution. As a result, the pH of the solution
absorbed on the surface of TS-1 is relatively higher during the
impregnation of CS,CO; solution, which is beneficial to hydro-
lysing AuCl, ", thus forming adsorbed Au species with fewer
chloride ions. In this way, the catalysts prepared by the m-IWI
method give a narrower Au size distribution and form a
number of tiny Au clusters. Additionally, the pH of the slurry
(7.5-8.3) is higher than the isoelectric point of TS-1 (2 and 3)
during the DP process.” Therefore, to achieve a comparatively
high gold loading, large amounts of HAuCl, are added with the
aim of ensuring that a sufficient number of negatively charged
[AuCl,(OH),_,] ™ are available for adsorption onto the negatively
charged surface of TS-1, thus leading to a lower Au uptake
efficiency compared with the m-IWI method.

Optimizing the catalytic performance of the Au/TS-1 catalyst
synthesized by the m-IWI method is also conducted. Fig. S6
(ESIT) shows the effect of propylene concentration on the
catalytic performance. It can be observed that when the propy-
lene concentration increases from 10% to 20%, the PO for-
mation rate further improved to 417 gpo h™" kgco ', and the PO
selectivity and hydrogen efficiency are also improved. Further-
more, increasing the concentration of propylene is also bene-
ficial to reducing the selectivity of the by-products, especially
for CO, (Fig. S7, ESIf). Taking into account the competitive
adsorption between propylene and PO on the Ti*" sites,'>"°
increasing the concentration of propylene will promote the
desorption of PO, which is beneficial for providing more active
sites for the epoxidation and also inhibiting the isomerization
and deep oxidation of PO. Therefore, the PO formation rate,
selectivity and hydrogen efficiency increase with the increase of
the propylene concentration.®

Fig. S8 (ESIT) shows the effect of reaction temperature on
the catalytic performance. As shown, both the conversion of
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propylene and PO formation rate increase with the increase of
the reaction temperature, while the PO selectivity and hydrogen
efficiency show an opposite trend. Notably, the hydrogen
efficiency seems to be more sensitive to the reaction tempera-
ture, which is due to the significantly enhanced decomposition
of hydro-peroxide species at high reaction temperature, thus
reducing the hydrogen efficiency."” Notably, the PO formation
rate significantly increased with the increase of the reaction
temperature in the range of 160-180 °C. However, the increase
in the formation rate of PO decelerates with further increase of
the reaction temperature, which may be due to the ring-
opening of PO to by-products.'>'” Additionally, the PO for-
mation rate on the 0.10 wt% Au/TS-1(m-IWI) catalyst is ca.
250 gpo h™ " kgeo ' at 170 °C, while a high PO selectivity (95.7%)
and hydrogen efficiency (34%) could also be maintained, better
than the reported Au/TS-1 catalysts with the same gold loading
(ca. 0.10 wt%).*

Fig. S9 (ESIt) shows the influence of gold loadings on the
catalytic performance. As shown, the conversion of C;Hg and
PO formation rate increase with the increase of gold loading,
and the PO selectivity changes slightly with the increase of gold
loading, while the hydrogen efficiency decreases significantly
with the increase of the gold loading. Notably, even for the Au/
TS-1(m-IWI) catalyst with a gold loading as low as 0.05 wt%, the
PO formation rate is still relatively high (ca. 326 gpo h™" kgear ),
approaching the activity of reported Au/TS-1 catalysts with high
Au loadings (> 0.3 wt%).*"® This may be attributed to the fact
that the m-IWI method facilitates the formation of highly active
tiny Au clusters, thus exhibiting excellent activity even at low
gold loading.

Table 1 gives a comparison of the catalytic performance
between Au/TS-1(m-IWI) catalysts and various Au-Ti bifunc-
tional catalysts taken from the literature. Clearly, the 0.10 wt%
Au/TS-1(m-IWI) catalyst exhibits a PO formation rate 1.7 times
higher than that of the reported Au/TS-1 catalyst with similar
gold loading, while the former shows higher selectivity towards
PO and hydrogen efficiency. Additionally, it is worth noting that
the PO formation rate on the 0.05 wt% Au/TS-1(m-IWI) catalyst
is about 3 times higher than that of the 0.05 wt% Au/TS-1
catalyst reported in the literature; meanwhile, this catalyst
displays higher selectivity and hydrogen efficiency.* Moreover,

Table 1 Catalytic performance of various Au-Ti bifunctional catalysts

PO rate Sel. H, eff.
Catalyst (gpo h " kgear V) (%) (%)  Ref.
0.10 wt% Au/TS-1(m-TWI)* 417 91.2 24 This work
0.05 wt% Au/TS-1(m-TWI)* 326 92.7 34 This work
0.05 wt% Au/TS-1” 107 86.0 25 4
0.11 wt% Au/TS-1b 246 86.4 20
0.18 wt% Au/TS—lb 257 86.0 19 4
0.76 wt% Au/TS-lb 315 79.0 19 4
0.12 wt% Au/TS—1b 250 92.5 30 12
0.30 wt% Au/TS-1” 335 93.0 — 18
0.65 wWt% Au/TS-1¢ 477 92.0 11 19

¢ Reaction temperature: 190 °C, C;He concentration: 20% vol.
b Reaction temperature: 200 °C, C3Hg concentration: 10% vol. ¢ Reaction
temperature: 210 °C, C3H, concentration: 10% vol.
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the activity of the 0.05 wt% Au/TS-1(m-IWI) catalyst is also
comparable to that of the reported Au/TS-1 catalysts with high
gold loadings (>0.3 wt%), indicating a high utilization effi-
ciency of Au atoms.®'® This is also beneficial for reducing the
cost of Au-Ti bifunctional catalysts. Therefore, the Au-Ti
bifunctional catalyst prepared by the modified incipient wet-
ness impregnation method not only shows excellent catalytic
performance and high gold uptake efficiency, but also has high
Au atom utilization efficiency. The insights revealed here may
pave a new way for the scale-up production of highly efficient
Au-Ti bifunctional catalysts in the future.

Catalyst stability is also one of the key factors that hinders
the industrial application of the HOPO process. Previous work
has demonstrated that the micropores of the Au/TS-1 catalyst
being blocked by coke is the main reason for the deactivation of
the catalyst.”® Therefore, uncalcined TS-1 (i.e., TS-1-B) with
micropores blocked by TPA" templates was then used to
immobilize gold precursor onto the external surface of TS-1-B
by the m-IWI method, aiming at obtaining good stability. The
stability of the Au/TS-1-B(m-IWI) catalyst is shown in Fig. S10
(ESIT). It can be observed from Fig. S10 (ESIt) that both the
0.10 Wt% Au/TS-1-B(m-IWI) and 0.05 wt% Au/TS-1-B(m-TWI)
catalysts show good stability, with no significant decline in
the PO formation rate observed over a period of 130 h. Addi-
tionally, the size distribution of the Au nanoparticles before
and after reaction over the 0.05 wt% Au/TS-1-B(m-IWI) catalyst
(shown in Fig. S11, ESIt) indicates that there is no significant
aggregation of the Au nanoparticles during the long-term test,
showing good stability of Au particles.

In summary, we have demonstrated that the m-IWI method,
which involves impregnating HAuCl, onto TS-1 and then suc-
ceeded by adding alkaline solution to facilitate the hydrolysis of
the gold precursor, can successfully prepare highly active
Au/TS-1 catalysts for the HOPO reaction. Compared with the
Au/TS-1 catalysts prepared by the IWI method and DP method,
the as-prepared Au/TS-1 catalysts not only exhibit narrower Au
size distribution but also have plenty of tiny Au clusters, as
confirmed by the HAADF-STEM and aberration-corrected elec-
tron microscopy. Consequently, the PO formation rate over the
0.10 Wt% Au/TS-1(m-TWI) catalyst (ca. 417 gpo h™ " kgear ') is ca.
7.0 times and 3.9 times higher than that of the 0.10 wt% Au/TS-
1 catalysts prepared by the IWI method and DP method,
respectively. Notably, the Au/TS-1(m-IWI) catalyst with a low
gold loading (ca. 0.05 wt%) also shows very high PO formation
rate (ca. 326 gpo h™ " kgeo '), showing high Au atom utilization
efficiency. Additionally, the m-IWI method also shows high Au
uptake efficiency (ca. 100%). Moreover, immobilizing Au nano-
particles onto the external surface of uncalcined TS-1 by the m-
IWI method also displays excellent stability (>130 h). The
insights reported here will provide important guidance for
the preparation of highly efficient Au-Ti bifunctional catalysts
and other molecular sieve supported highly dispersed metal
catalysts.
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