
J. Chem. Sci. Vol. 125, No. 4, July 2013, pp. 859–867. c© Indian Academy of Sciences.

Synthesis, characterization and photo-epoxidation performance
of Au-loaded photocatalysts

VAN-HUY NGUYEN, HSIANG-YU CHAN and JEFFREY C S WU∗
Department of Chemical Engineering, National Taiwan University, Taipei 10617, Taiwan
e-mail: cswu@ntu.edu.tw

MS received 7 November 2012; revised 11 February 2013; accepted 5 April 2013

Abstract. Titanium silicalite-1 (TS-1) was synthesized by hydrothermal crystallization. Au-loaded TS-1
(Au/TS-1) was prepared by the photo-deposition method. The prepared photocatalysts have been fully char-
acterized by Raman, Brunauer–Emmett–Teller (BET), transmission electron microscopy, scanning electron
microscopy, X-ray diffraction, X-ray photoelectron spectroscopy, and ultraviolet visible light spectroscopy to
reveal their structure, surface morphology and chemical composition. Photocatalytic activity of these photo-
catalysts was ascertained by gas phase photo-epoxidation of propylene-to-propylene oxide in the presence of
molecular oxygen only under light irradiation. No sacrificial reductant such as hydrogen was used during the
photoreaction. Au/TS-1 photocatalyst remained highly stable under reaction conditions. It is found that the
increased Ti3+ sites due to the incorporation of Au will not only enhance the selectivity of the photocatalyst to
form epoxide but also its stability during C3H6 conversion.

Keywords. Photo-epoxidation; propylene oxide; molecular oxygen; Au-loaded photocatalyst; titanium
silicalite (TS-1).

1. Introduction

For the last 60 years, the demand for chemicals world-
wide has reached an unprecedented level as deve-
lopment of the third world countries continues. For
instance, propylene oxide (PO), the second-most valu-
able chemical intermediate, has become increasingly

important to the chemical industry.1–3 It has been esti-
mated that the global PO consumption reached 6.0
million tons (2009) from 3.9 million tons (1991). An
annual average growth of over 7% was forecasted from
2009 to 2014 as demand recovered after the economic
crisis.4

CH3CHCH2 + O2 + H2
Thermocatalyst

hightemp., highpressure
CH3CHCH2O + H2O

(1)

It is realized that propylene epoxidation with H2–O2

mixture using mesoporous and nanoporous Ti sup-
port modified by noble metals such as Au and Ag has
received more and more attention due to its excellent
catalyst stability as well as activity (eq. 1).5–10 Ear-
lier efforts using Au/TiO2 catalyst by Hayashi et al. 6

have demonstrated high selectivity (>90%) towards
PO at low propylene conversion (∼1%) at 303–393 K.
Cumaranatunge and Delgass7 found that Au-loaded
titanium silicalite-1 (Au/TS-1) catalyst can improve the
reactivity which achieved 5–10 % propylene conversion
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with a selectivity of 75–85 % towards PO at 473 K.
However, it is important to mention that the extra ther-
mal energy needed for the reaction and the safety
concern of hydrogen will make such a route only a
provisional solution.

2CH3CHCH2 + O2
Photocatalyst

mildconditions
2CH3CHCHC2O

(2)

Recently, there is an increasing interest in the direct
gas-phase photocatalytic epoxidation (eq. 2).11–15 In this
approach, the concept of green chemistry, the most
desirable process, is adopted in which light energy is
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used as a driving force to activate the epoxidation reac-
tion in the presence of molecular oxygen only. Photo-
epoxidation process holds the key for sustainable deve-
lopment because it has several advantages such as low
energy consumption, free pollutant emission, and gene-
ration of eco-friendly end products since the process
can be activated by photons at ambient temperature.

Much effort has been devoted to improve selective
photo-epoxidation by using noble metal loaded photo-
catalyst in mild conditions. Recently, we have reported
the use of TS-1 photocatalyst to promote photo-
epoxidation of propylene using only molecular oxygen
in a flow reactor system.11 In this study, Au-loaded TS-1
and TiO2 were synthesized and fully characterized by
Raman, BET, transmission electron microscopy (TEM),
scanning electron microscopy (SEM), X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS) and
ultraviolet visible light spectroscopy (UV-vis). Selec-
tive photo-epoxidation of propylene was performed
over P25, TS-1, Au/TiO2 and Au/TS-1 with only molec-
ular oxygen.

2. Experimental

2.1 Preparation of photocatalysts

TS-1 support material was synthesized according to the
literature.16 Basically, it was obtained from hydrother-
mal crystallization of gel which was formed from
the reaction of tetraethylorthosilicate (TEOS, Aldrich,
98%) and titanium (IV) tetrabutoxide (TBOT, Alfa
Aesar, 98%) in the presence of tetrapropylammonium
hydroxide (TPAOH, 20% in water, Fluka).

Au-loaded photocatalysts were prepared by photo-
deposition method, which was adopted by Yang et al. 17

TS-1 and Degussa P25 titania were used as support pho-
tocatalysts. First, HAuCl4 solution and support photo-
catalysts were mixed together and adjusted to pH=5.5
by using 0.1 M of Na2CO3. Then, 200-W mercury-arc
lamp (filter: 320–500 nm, intensity: 0.1 W.cm−2) was
used to irradiate the mixture for 120 min with stirring.
The photo-deposition reaction was conducted under
room temperature to avoid aggregation of gold.18 The

Figure 1. Apparatus for gas-phase photocatalytic epoxidation of propylene.

Au loading was 0.5 and 0.1 wt% for TiO2 and TS-1 pho-
tocatalysts, respectively. The colour of the solution, ini-
tially deep purple, became clear after photo-deposition
indicating that Au was almost loaded on TiO2 and TS-1.
Finally, the mixture was filtered and washed in de-
ionized water before drying in an oven at 393 K and
calcining in air at 773 K for 5 h.

2.2 Photocatalyst characterization

The prepared photocatalysts were fully characterized
by powder XRD (X-ray-M03XHF, Ultima IV) to verify
their crystalline structure. All XRD peaks were checked
and assigned to known crystalline phases. Light absorp-
tion of the photocatalyst was revealed by UV-vis (Var-
ian Cary-100). BaSO4 was used as a standard base-
line sample. XPS was carried out on the Thermo Theta
Probe instrument to determine the chemical compo-
sition of the photocatalyst and the chemical state of
various species. SEM was conducted on the Nova
Nano SEM 230 instrument. TEM was performed on
the Hitachi H-7100 electron microscope instrument.
BET surface area was measured with the Micromerit-
ics, ASAP 2000. Raman spectra of the photocatalysts
were obtained by the single-monochromator Renishaw
Raman System 1000 equipped with a thermoelectri-
cally cooled charge coupled device (CCD) detector
(−73◦C) and holographic edge filter. The samples were
excited with 514-nm Ar line. Spectral resolution was
2 cm−1, and spectrum acquisition time was 300 s for
each sample.

2.3 Photo-epoxidation reaction

Figure 1 shows the apparatus for carrying out photo-
epoxidation of propylene-to-propylene oxide. First,
0.02 g of photocatalyst was packed in a photo-reactor
with a quartz window for light transmission. The UV-
A (320–500 nm) in 200-W mercury-arc lamp was used
as the irradiation source and guided to the photo-
reactor by an optical fibre. The photo-reactor was
placed on a hot plate in case heating was required. The
reaction was carried out with a reactant gas mixture
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of C3H6:O2:N2=1:1:18, and GHSV=6,000 h−1. The
stream was analysed online and periodically using a
gas chromatograph (Young Lin, YL6100 GC) equipped
with a flame ionization detector (FID), a thermal con-
ductivity detector (TCD) and both Molecular Sieve-
5A and Porapak-N columns. Propylene conversion rate
and product selectivity in the reaction were calculated
directly by eqs (3) and (4) as defined below.

C3H6conv. rate =
∑

rate of products converted to C3

(3)

Product selectivity = 100% × product converted to C3/

all products converted to C3 (4)

3. Results and discussion

3.1 Photocatalyst characterization

3.1a Morphology and crystal structures: Crystalline
structure of the photocatalysts was identified by using
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Figure 2. X-ray diffraction patterns of photocatalysts:
(a) P25 and Au/TiO2; (b) TS-1 and Au/TS-1.

XRD. In figure 2(a), photocatalysts containing TiO2

show obvious XRD peaks corresponding to anatase and
rutile phase as expected in P25. The obtained diffrac-
tion patterns as seen in figure 2(b) are consistent with
those reported in literature.11,16 The presence of sin-
gle diffractive peaks at 2θ = 24.3◦ in the XRD pat-
tern indicates a change from monoclinic symmetry of
Silicalite-1 (S-1) to orthorhombic symmetry of titanium
silicalite-1 (TS-1). The 2θ values at which major peaks
appear for both Au–TiO2 and Au/TS-1 are found to be
almost the same as those of P25 and TS-1, respectively,
except for the intensities of the peaks. It suggests that
loading of Au does not affect crystal structure, but it
may alter crystallinity of the photocatalysts. In addi-
tion, no peak corresponding to gold can be observed
from XRD analysis. This may be explained by the fact
that Au concentration used in this study is extreme low
(≤ 0.5%), making the signal of gold peaks too weak to
be detected.

Figure 3 shows Raman spectra of P25, Au/TiO2,
TS-1 and Au/TS-1 photocatalysts when excited by
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Figure 3. Raman spectra of photocatalysts: (a) P25 and
Au/TiO2; (b) TS-1 and Au/TS-1.
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wavelength of 514 nm. Figure 3(a) shows the presence
of six Raman-active fundamentals in the vibrational
spectrum: three Eg modes centred around 149, 201 and
638 cm−1 (designated here Eg(1), Eg(2) and Eg(3), respec-
tively), two B1g modes at 396 and 514 cm−1 (desig-
nated B1g(1) and B1g(2)), and an A1g mode at 514 cm−1. 19

Figure 3(b) shows Raman spectrum of Au/TS-1, which
is almost identical to that of TS-1. Both of them show
the characteristic Raman bands of MFI structures (290,

380 and 800 cm−1) and two Ti-specific bands (960 and
1125 cm−1), typically found for TS-1. Among the two
Ti-specific bands, the 1125 cm−1 band corresponds to
the totally symmetric stretching mode of the [Ti(OSi)4]
unit, while the 960 cm−1 band is a combination of three
asymmetric stretching modes of the same unit. 20 The
Raman results further confirm that loading of Au does
not affect crystal structure of TS-1 and TiO2 supports,
which is consistent with the XRD results.

(a) (b)

(c)

Figure 4. SEM micrographs of photocatalysts: (a) TS-1, (b) Au/TS-1 and (c) Au/TiO2.

10nm

(a) (b)

Figure 5. TEM micrographs of photocatalysts: (a) Au/TiO2 and (b) Au/TS-1.



Photo-epoxidation performance of Au/TS-1 863

Table 1. Results of propylene photo-epoxidation over various photocatalysts.(a)

Entry Catalysts Au loading BET C3H6 conv. rate(b) PO formation rate Selectivity(c) (%)

(wt%) (m2.g−1) (μmol.g−1.h−1) (μmol.g−1.h−1) AA PO PA AC ROH CO2

1 P25 – 50.0 130.0 0.13 5.3 0.1 1.1 5.9 0.2 87.4
2 Au/TiO2 0.5 47.6 141.8 1.56 14.8 1.1 1.1 7.5 0.4 75.1
3 TS-1 – 369 54.2 23.67 21.5 43.7 26.9 7.9 ND ND
4 Au/TS-1 0.1 377 56.1 30.35 12.7 54.3 27.1 5.9 ND ND

(a)The data is the mean value obtained on stream after 12 h (except 4 h for entries 1 and 2) | Reaction conditions: feed gas,
C3H6:O2:N2=1:1:18 in vol.% at GHSV=6,000 h−1, light intensity: 0.1 mW.cm−2 (except 0.2 mW.cm−2 for entries 1 and
2); reaction temperature: 323 K (except 298 K for entry 1) | PO: Propylene oxide; PA: Propionaldehyde; AC: Acetone; AA:
Acetaldehyde | ND: not detected.
(b)C3H6 conversion rate = ∑

rate of all products converted to C3
(c)Product selectivity = 100% × mol of the formation product converted to C3

mol of all products converted to C3

Figure 4(a) and (b) shows the SEM micrograph of
TS-1 and Au/TS-1 photocatalyst, respectively, indicat-
ing that small amount of TiO2 is aggregated on the SiO2

surface in some regions. Figure 4(c) shows the SEM
micrograph of Au/TiO2 with the average particle size of
roughly 20 nm for TiO2.

TEM was used to identify Au particles loaded on
both TiO2 and TS-1 photocatalysts in this study. From
the TEM results shown in figure 5, Au particles are
observed on both TiO2 and TS-1. The dark-field TEM
image reveals that Au particles were dispersed in TiO2

and TiO2 matrix of TS-1 with a mean particle size of
10–12 nm.

The BET surface areas of TS-1 and TiO2 support
materials, before and after depositing Au, are shown in
table 1. Au loading on these supports does not bring any
significant change in their surface areas.

3.1b UV-vis analysis: UV-vis absorption spectra of
different photocatalysts are shown in figure 6. P25 is
a commercial TiO2 photocatalyst that absorbs only UV
light (< 380 nm). Au loading on TiO2 photocatalysts
significantly affects the light absorption property of
bare TiO2, i.e., the appearance of an absorption band
ranging from 500 to 700 nm, which is attributed to sur-
face plasmon resonance (SPR) effect of noble metals.21

Spectra of TS-1 supports with the absorption at about
200–400 nm are widely used to confirm the presence of
isolated Ti(IV) in the framework position as well as the
extra-framework titanium-containing species.11,22 For
the spectrum of Au/TS-1, a small peak corresponding
to SPR is also observed (inset of figure 6).

The band gap of TS-1 and Au/TS-1 photocatalyst
is calculated by extrapolating the absorption edge onto
the energy axis. First, the absorption data is fitted to
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Figure 6. UV-vis absorption spectra of photocatalysts.

equations for both direct and indirect band gap tran-
sitions. Figure 7(a) shows the [F(R)hv]2 versus hv
plot for a direct transition and figure 7(b) shows the
[F(R)hv]1/2 versus hv plot for an indirect transition,
where F(R) is the absorption coefficient, hv=(1239/λ)
eV is the photon energy, and λ is the wavelength
(nm). The value of hv extrapolated to F(R)=0 gives
an absorption energy, which corresponds to a band
gap Eg. As seen in figure 7(a) for direct transition,
both TS-1 and Au/TS-1 show a perfect fit and the
extrapolation yields band gap (Eg) values of 4.01 and
4.06 eV, respectively. On the other hand, the band gap
estimated from the less-perfect-fit indirect transition is
3.56 and 3.51 eV for TS-1 and Au/TS-1, respectively.
Reddya et al. 23 suggested that a direct band gap transi-
tion would result in a more efficient absorption of solar
energy.
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Figure 7. (a) Plot of [F(R)hv]2 versus hv for direct tran-
sition and (b) Plot of [F(R)hv]1/2 versus hv for indirect
transition. Band gaps Eg are obtained by extrapolation to
F(R) = 0.

3.1c XPS analysis: Figure 8 shows Ti 2p and Si 2p
XPS spectra of both Au/TS-1 and TS-1 photocatalysts
before and after photoreaction. It can be seen that these
two samples before and after the reaction have shown
identical surface chemical composition, suggesting that
the photocatalysts are highly stable during the photore-
action.11 Figure 9 shows Ti 2p XPS spectra for the
photocatalysts. For TS-1 support, peaks corresponding
to the transitions of Ti 2p1/2 and Ti 2p3/2 are clearly
observed. The oxidation state for Ti 2p1/2 and Ti 2p3/2

are 3+ and 4+, respectively, with the former assigned
to extra-framework titania and the latter to framework
titanium.24,25 There is a significant amount of Ti in the
oxidation state of 3+ rather than the oxidation state
of 4+ observed in the Ti 2p XPS spectra of Au/TS-1
(67.4 %) and TS-1 (49.5 %) photocatalysts. Sinha
et al. 26 mentioned that molecular oxygen can be taken
up by a Ti3+ cation site (Ti4+–O–Au0 ↔Ti3+–O–Au+)

and is activated to a negatively charged molecular oxy-
gen species. Hence, the loading of Au on TS-1 in this
study can increase the amount of Ti with oxidation state
of 3+ in TS-1, favouring selective photo-epoxidation.
It suggests that reduced titanium species is crucial
in photo-efficiency, in agreement with the result in
previous studies on photo-degradation of methyl orange
and phenol.25 Furthermore, it is worth mentioning that
the Ti3+ sites in photocatalysts are highly stable in air
under irradiation, which will not induce any activity
degradation.27 This further supports the highly stable
photo-activity results observed in this study. The XPS
spectrum of Au 4f was also measured; however, no peak
corresponding to Au 4f was detected. This may be due
to the weak signal, which is lower than the detection
limit of the XPS (∼1% detection limit).

3.2 Photocatalytic epoxidation of propylene

We re-assessed the direct gas-phase photo-epoxidation
of propylene via molecular oxygen by using various
kinds of photocatalysts. From the results, no acti-
vity was observed either in the absence of photocata-
lysts with UV-irradiation or with photocatalysts in the
absence of UV-irradiation, confirming that the epoxida-
tion that occurs over photocatalysts is mainly photocat-
alytic epoxidation.

Table 1 summarizes the product formation rate and
product selectivity. It was interesting to find that Au
loading not only promoted the conversion rate of
propylene but also improved the selectivity of epox-
ide formation in the photocatalytic epoxidation. Among
the photocatalysts tested, Au/TS-1 shows the best
performance. The PO formation rate of Au/TS-1 is
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Figure 8. X-ray photoelectron spectra of Au/TS-1 and TS-1 photocatalysts before
and after the reaction. Au/TS-1: (a-1) Ti 2p and (a-2) Si 2p; TS-1: (b-1) Ti 2p and (b-2)
Si 2p.

30.35 μmol.g−1.h−1, an improvement of 28% compar-
ing with that of TS-1. However, in the case of Au/TiO2

photocatalyst, most of C3H6 is still converted to CO2

(75.1% selectivity). In this study, the percentage of
C3H6 conversion is in the range of 0.02–0.03%.

Figure 10 shows the time-dependent behaviour of
selectivity for the formation of various products over
TS-1 and Au/TS-1 photocatalysts. At the initial stage
of the reaction, very high acetaldehyde (AA) selecti-
vity (70% and 55%) can be obtained. It then decreases
and reaches steady state at 20% and 10% for TS-1 and
Au/TS-1, respectively. The initial increase in AA selec-
tivity is probably due to the presence of large amount

of multi-coordinated Ti centres (Ti-O-Ti) in TS-1 sup-
port at the beginning. Stangland et al. 28 mentioned
that when decrease in Ti-O-Ti entities occur, significant
improvement in selectivity towards epoxide will result
due to the reduced cracking of propylene to AA. This
result further supports the enhanced reliability observed
for the photocatalyst. In addition, only photocatalysts
with TS-1 support can provide relatively good stability
in the selective epoxidation for a period of over 12–15 h
to give PO selectivity of 43.7% and 54.3% for TS-1 and
Au/TS-1, respectively. Moreover, a very stable product
distribution is achieved for both photocatalysts after 3 h
of reaction.
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Figure 9. XPS spectra showing Ti 2p XPS peaks for (a)
Au/TS-1 and (b) TS-1 photocatalysts. The spectra also show
Ti3+ and Ti4+ peaks.

It has been known that the major drawback of Au-
loaded photocatalyst, which is effective in epoxidation,
is its fast deactivation.5 However, Au/TS-1 photocata-
lyst still shows good stability in propylene conver-
sion rate (60 μmol.g−1.h−1) after 15 h of reaction as
shown in figure 11, which is in agreement with the
XPS results reported previously. We have mentioned
that the Ti3+ sites in photocatalysts, which favour selec-
tive photo-epoxidation, are highly stable in air under
irradiation and will not induce any activity degradation.
As a result, good stability in C3H6 conversion can be
achieved. This also implies that Au plays a crucial role
in photo-epoxidation over the Au/TS-1 photocatalyst.

Recently, many studies have agreed that hydroper-
oxide intermediate species, which is responsible for
selective epoxidation, are formed in the epoxidation of
propylene using H2–O2 mixtures over Au-loaded pho-
tocatalysts.3,5,13,16 The key factor determining the selec-
tive epoxidation reaction is the size of Au particles,
i.e., very small Au particles (2–5 nm) are the most
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Figure 10. The time-dependent behaviour of selectivity for
the formation of propylene oxide (PO), propionaldehyde
(PA), acetaldehyde (AA) and acetone (AC) over (a) TS-1 and
(b) Au/TS-1 photocatalysts at 323 K, 0.1 mW.cm–2.
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active due to the high coverage of oxygen or oxygen-
derived species, whereas large Au particles (> 5 nm)
are less active and tend to cause complete combus-
tion of C3H6 to CO2.5,29 In this study, we have shown
that noble metal loaded photocatalysts can exhibit good
selectivity towards epoxide formation in the presence
of only molecular oxygen. However, contributions of
Au in epoxidation without a sacrificial reductant such
as H2 are still a matter of debate.30 Rojluechai et al. 31

suggested that oxygen species, which is responsible for
selective epoxidation, are formed at the interface of Au
particles and the supports.31 In this case, larger the size
of Au particles (≥ 2 nm), the more active sites the Au
particles can provide to generate active oxygen species,
which is in agreement with our results. For instance,
photocatalyst with large Au particles (10–12 nm) can
enhance selective epoxidation performance by provid-
ing more active sites for propylene epoxidation.

4. Conclusion

Au-loaded TiO2 and TS-1 photocatalysts are success-
fully prepared and fully characterized. We found that
the Au/TS-1 photocatalysts not only exhibit enhanced
selectivity towards epoxide formation (54.3% selecti-
vity), but also show improved stability in C3H6 conver-
sion in which the products generated do not vary signifi-
cantly with time. The enhancement in PO selectivity is
due to the reduced cracking of propylene to AA, while
the improvement in C3H6 conversion stability is due to
the presence of highly stable Ti3+ sites, which will not
induce any activity degradation. After 3 h of reaction, a
very stable distribution of products can be achieved for
both TS-1 and Au/TS-1 photocatalysts.
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