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Abstract: Designing a stable and selective catalyst with high H2

utilisation is of pivotal importance for the direct gas-phase
epoxidation of propylene. This work describes a facile one-pot
methodology to synthesise ligand-stabilised sub-nanometre
gold clusters immobilised onto a zeolitic support (TS-1) to
engineer a stable Au/TS-1 catalyst. A non-thermal O2 plasma
technique is used for the quick removal of ligands with limited
increase in particle size. Compared to untreated Au/TS-
1 catalysts prepared using the deposition precipitation method,
the synthesised catalyst exhibits improved catalytic perfor-
mance, including 10 times longer lifetime (> 20 days), in-
creased PO selectivity and hydrogen efficiency in direct gas
phase epoxidation. The structure-stability relationship of the
catalyst is illustrated using multiple characterisation tech-
niques, such as XPS, 31P MAS NMR, DR-UV/VIS, HRTEM
and TGA. It is hypothesised that the ligands play a guardian
role in stabilising the Au particle size, which is vital in this
reaction. This strategy is a promising approach towards
designing a more stable heterogeneous catalyst.

Introduction

Propylene oxide (PO) is a high value-added commodity
chemical, because it serves as a starting material to synthesise
polyether polyols and propene glycol, which are subsequently
used to produce polyurethane foams and polyesters, respec-
tively.[1] The current annual PO production is more than 10

million tons world-wide, and demand is increasing remark-
ably.[2] However, the conventional methods to produce PO
(chlorohydrin and the hydroperoxide process) suffer from
major drawbacks, like toxic waste generation, complicated
multistep processing, and formation of by-products in a fixed
ratio, which rely heavily on market demands to be profit-
able.[1b, 3] DOW-BASF and EVONIK- ThyssenKrupp have
independently commercialised the HPPO (hydrogen perox-
ide to propylene oxide) process, which employs hydrogen
peroxide as an oxidant, using TS-1 as a catalyst, demonstrat-
ing the economic feasibility of utilising hydrogen, provided
the hydrogen is used efficiently as sacrificial reductant in this
hydro-epoxidation.[4] The HPPO process is a ground-breaking
route to produce propylene oxide from propylene, but the
main disadvantage of this method is that it employs multiple
reactors, and requires a separate hydrogen peroxide produc-
tion plant.[3a, 4a, 5]

Ever since Haruta and Hutchings discovered the impres-
sive catalytic properties of gold nanoparticles, the direct gas
phase epoxidation of propylene using H2 and O2 has gained
considerable attention as a green, simple and environmentally
benign route for PO synthesis.[6] It is known that H2 reacts
with O2 over the surface of highly dispersed gold nano-
particles to generate in situ peroxo species, along with
tetrahedrally coordinated Ti4+ sites, which enable subsequent
epoxidation of propylene to PO.[6b,c,7] A single-step route is
highly desirable to achieve a cost-effective and environ-
mentally friendly process. Moreover, using H2 and O2 as
reactants is a step towards a renewable route, as both H2 and
O2 can be produced from renewable electricity by electrolysis.
Numerous reports of various gold nanoparticles supported on
Ti-containing materials showcase good activity and selectiv-
ity; however, they do not exhibit a particularly long catalyst
lifetime.[8] A long catalyst lifetime means that the catalytic
performance, including activity and selectivity, should be
stable over an appreciable time-on-stream, or the catalyst
should easily be regenerated to a similar performance level.
The direct epoxidation of propylene with Au/Ti-containing
catalysts could eventually become an alternative route to
other, indirect or multistep production methods to propylene
oxide, but two significant impediments are poor hydrogen
utilisation and low catalyst stability. There is still a long way
towards commercialisation, but this work represents a step
towards improving catalyst stability, hydrogen utilisation, and
PO selectivity.

Catalyst stability is an important parameter that cannot be
neglected, especially in industrial processes. A considerable
amount of time and resources are spent on catalyst replace-
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ment.[9] This process can cost billions of dollars per year to the
industry.[10] The maximum catalyst stability reported for the
direct gas phase reaction in literature so far is ca. 250 h in
a microreactor setup with periodic regenerations, using Au/
TS-1 catalyst prepared by a deposition precipitation (DP)
method.[5a] Thus, low catalyst stability and poor hydrogen
efficiency are key issues that still need to be addressed to
make the single-step process using Au-based catalysts eco-
nomically viable. The deactivation of these catalysts mainly
originates from blocking of active sites by adsorption of
oxygenate species or metal particle sintering.[5a, 11] Although
catalyst deactivation is inevitable, it can be delayed or
reduced, by carefully designing the catalyst architecture using
different synthetic approaches and tuning the metal-support
interaction to impart extra stability.[12] The DP method is
commonly employed to deposit gold on supports and is based
on the isoelectric point of the support material.[13] This
catalyst synthesis strategy also presents some disadvantages,
such as nanoparticle aggregation, non-homogeneous particle
size distributions, and weak affinity toward the support,
making it a difficult to reproduce technique.[13, 14] Therefore,
designing a stable, yet selective catalyst becomes an area of
key importance from both academic and industrial points of
view.

Herein, we report a facile one-pot methodology to
synthesise very stable, sub-nanometre gold clusters (ca.
0.8 nm core size) using triphenylphosphine as a stabilising
ligand. These pre-formed gold clusters can be directly
immobilised onto the zeolitic support (in this work, TS-1)
without any notable change in the shape and size of the
clusters. We demonstrate a non-thermal plasma technique as
a fast, efficient, and effective treatment for the removal of
bound ligands that provides considerable advantages over
thermally driven oxidative procedures. The catalytic behav-
iour of this catalyst and untreated Au/TS-1 catalysts are
subsequently compared in direct propylene epoxidation with
H2 and O2. The catalyst demonstrates a good activity and
selectivity over several regeneration cycles; however, longer
testing will be required in a pilot scale reactor to assess its
total lifetime in the future.

Results and Discussion

Figure 1a illustrates the synthesis procedure for Au
nanoclusters. These nanoclusters are prepared using gold
(III) chloride trihydrate (HAuCl4·3 H2O) as gold precursor.
The gold precursor is dissolved in ethanol and stirred for
15 minutes. Afterwards, an ethanolic solution of triphenyl-
phosphine (TPP) is added to the gold solution. TPP ligands
are nucleophiles, which possess a lone pair of electrons; they
play an important role in this reaction, acting as a reducing
agent before helping to stabilise the Au nanocluster inter-
mediate.[15] The gold precursor, which is yellow in colour,
changes to colourless after the addition of TPP, due to
reduction of AuIII to AuI, leading to formation of a coordina-
tion complex (Cl-AuI-PPh3) with TPP ligands. Subsequently,
sodium borohydride (NaBH4), a strong reducing agent, is
added to the above AuI complex, converting AuI to Au0, and

resulting in the formation of sub-nanometre Au clusters
stabilised by phosphine ligands. Various concentrations of
NaBH4 (1, 4, 10 and 20 equiv.) are tested for optimisation and
4 equivalents proves to be the most suitable concentration for
the synthesis of the smallest gold clusters, as confirmed by
UV/Vis spectroscopy (Supporting Information, Figure S1).
Figure S1 shows photographs and UV/Vis spectra of different
Au nanoparticle solutions recorded immediately after syn-
thesis. A sharp peak at 420 nm (Figure 1b, Figure S1)
confirms the presence of sub-nanometre clusters, containing
approximately 11 Au atoms, indicating the quantized elec-
tronic structure, while other spectra contain a broad peak at
higher wavelengths (500–600 nm), due to polydispersity of the
Au nanoparticle size distribution.[12a, 16] The gold clusters
formed are stable for at least 30 days. To validate these results,
the size of the Au clusters is confirmed by high resolution
transmission electron microscopy (HRTEM). The HRTEM
micrograph and corresponding particle size distribution (Fig-
ure 1c, d) demonstrates that the average core diameter of the
phosphine stabilised gold clusters is ca. 0.8 nm. This method-
ology does not require any complicated purification of the AuI

precursor and directly produces in situ phosphine-stabilised
Au clusters.

The titanium silicalite-1 (TS-1, Si/Ti = 60) zeolite support
is hydrothermally synthesised according to Nijhuis et al.[1a]

Figure 2a shows a typical HRTEM image of TS-1, indicating
a highly crystalline material. The nitrogen sorption isotherm
(Figure S2) is of IUPAC Type I, characteristic for purely
microporous materials, and both micropore volume and BET
surface area are typical for TS-1 zeolites.[17] The UV/Vis
spectrum shown in Figure 2 c reveals that the titanium present
in the zeolite sample is mostly in tetrahedral coordination, as
evident in the peaks at 205 nm attributed to tetrahedral
titanium species.[18]

Figure 1. Synthesis and characterisation of Au nanoclusters. a) Illustra-
tion of the synthesis of Au nanoclusters using a one-pot approach.
b) UV/Vis spectrum (inset shows vial containing Au clusters in
ethanol). c) Transmission electron microscopy image. d) Particle size
distribution histogram.
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Sub-nanometre Au clusters are prepared in ethanol and
mixed with TS-1 in a round bottom flask to obtain 1 wt. % Au
loading. The ethanol solvent is evaporated, and an orange
coloured powder is obtained after drying and purification.
The final size of the clusters after immobilisation is calculated
using HRTEM and the average particle size of the clusters
remains ca. 0.8 nm after immobilisation, as illustrated in
Figure 2b. After deposition of the gold clusters on the TS-1,
no significant structural changes in the zeolite are evident in
XRD (Figure S3) and DR-UV/Vis spectroscopy (Figure 2c).
The DR-UV/Vis spectrum shows a sharp peak at 420 nm,
indicating the presence of sub-nanometre gold clusters, and
the lack of a surface plasmon resonance band at 500–600 nm
further confirms the absence of any larger gold particles
(aggregates).[12a, 16] Furthermore, the colour of the powder
does not change to purple or black after immobilisation, as
shown in Figure S4.[19]

The Au clusters are stabilised by triphenylphosphine
ligands and, in order to increase accessibility to the Au
surface, it is important to remove the stabilising agent. These
capping agents prevent the aggregation of the nanoparticles
but at the same time block the access to the active sites.[20] The
traditional routes employed for the removal of ligands are

thermal and oxidative treatments.
These techniques induce inevitable
mobility of metal atoms on the sup-
port, which leads to an increase in
particle size and loss of monodisper-
sity.[21] This makes it very difficult to
control catalytic activity through
a specific particle size. It is well known
that small Au nanoparticles, and par-
ticularly those with a core diameter
below 5 nm, are crucial to achieve
catalytic activity in propylene epox-
idation.[7a, 22] Thus, in an effort to avoid
harsh ligand removal methods, we
demonstrate a simple way to remove
ligands by using a non-thermal O2

plasma technique that does not induce
an increase in the size of the Au
nanoparticles.[23] Figure 2d schemati-
cally illustrates the O2 plasma removal
procedure for Au/TS-1 materials. Au/
TS-1 powder is placed in a vacuum
chamber and irradiated with a plasma
for 30 minutes. The energetic O2 plas-
ma species remove the triphenylphos-
phine ligands under vacuum. To mon-
itor any particle size changes of Au/
TS-1 after plasma treatment, particle
size is measured via TEM. A TEM
image of Au/TS-1PT is shown in Fig-
ure 2e and the corresponding particle
size distribution (Figure 2 f) confirms
that the average particle size has
increased slightly to 1.5 nm, which is
considered an appropriate size for
catalytic applications.[24]

It is evident from the TEM images that the particles
remain uniformly dispersed onto the zeolite after the ligand
removal. To quantify the amount of TPP removed from the
sample, thermogravimetric analysis (TGA) is performed
(Figure 2g). The TGA curves show that the total weight loss
of the plasma treated Au/TS-1 (1.8%) is lower than that of the
untreated sample (7.3%), further suggesting that 74 wt.% of
the total amount of ligands have been removed. The
tetrahedrally and octahedrally coordinated Ti sites in the
TS-1 framework remain unchanged after ligand removal,
which is confirmed using DR-UV/Vis spectroscopy (Fig-
ure S5). The UV/Vis spectrum also shows the peak at 420 nm,
which indicates that the characteristic absorption band of
small gold NPs remains unchanged after the plasma treat-
ment. For comparison with thermal methods, a Au/TS-
1 catalyst was also calcined at 300 88C in air to remove
triphenylphosphine ligands. Figure S6a illustrates the TGA
curve, showing 80 % ligand removal after calcination. DR-
UV/Vis spectroscopy (Figure S6b) and TEM (Figure S6c,d)
further confirm that the particle size increases to 11.7:
3.7 nm, which shows that high temperature leads to an
increased particle size, due to agglomeration of the gold
nanoparticles. Hence, it can be concluded from the employed

Figure 2. Characterisation of immobilised gold clusters onto TS-1 (Au/TS-1) and non-thermal
plasma removal. a) TEM image of TS-1. b) TEM image of Au/TS-1 (inset shows the particle size
distribution histogram). c) DR-UV/Vis of TS-1 and Au/TS-1. d) Schematic illustration of non-
thermal oxygen plasma treatment on Au/TS-1. e) TEM of Au/TS-1PT. f) Corresponding Au particle
size distribution histogram. g) Thermogravimetric analysis (TGA) of TS-1, Au/TS-1 and Au/TS-1PT.
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characterisation techniques that the non-thermal plasma
treatment removes a substantial amount of bound TPP
ligands from the gold nanoparticles without greatly altering
their particle size and morphology, both factors having
important implications on catalytic performance.[25]

The Au/TS-1PT (plasma treated, 1 wt. % Au) catalyst is
tested (Figure 3a) in a quartz tubular reactor for 5-hour cycles
at a reaction temperature of 200 88C. The catalyst is regen-
erated after every cycle by heating at 300 88C under 10%
oxygen in helium for 1 h to remove organic species which

accumulate on its surface over time.[8b, 26] For comparison,
a more conventional Au/TS-1 (1 wt.% Au) catalyst is
prepared as well, in which Au is directly dispersed on the
support using the deposition precipitation (DP) method
(characterisation data in Figure S7) and tested under the
same reaction conditions.[1a] The catalytic performance of
both catalysts is compared in Figure 3b–d. In Figure 3b, the
Au/TS-1DP catalyst shows a higher initial PO formation rate
(22 gPO h@1 kgcat

@1) compared to the Au/TS-1PT

(10 gPO h@1 kgcat
@1), which could be because of the ligand-free

Figure 3. Catalytic performance of Au/TS-1 catalysts. a) Direct propylene epoxidation reaction. Comparison studies of Au/TS-1PT and Au/TS-1DP

catalyst. b) Propylene oxide (PO) production rate. c) PO selectivity. d) Hydrogen efficiency. e) TEM image of spent Au/TS-1PT catalyst. f) Particle
size distribution histogram of spent Au/TS-1PT catalyst. g) TEM image of spent Au/TS-1DP catalyst. h) Particle size distribution histogram of spent
Au/TS-1DP catalyst. Stability test for Au/TS-1PT catalyst. i) Propylene oxide (PO) production rate. j) PO selectivity. k) Hydrogen efficiency.
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Au nanoparticles incorporated into active TiIV sites. The
initially low PO formation rate of Au/TS-1PT can be attributed
to the lower accessibility of the active sites, due to partial
coverage of the Au surface with TPP ligands; however, as the
time-on-stream (TOS) increases, there is an appreciable
increase of the PO formation rate (from 10 to
20 gPO h@1 kgcat

@1), which reaches a maximum of
22.5 gPO h@1 kgcat

@1 (propylene single pass conversion ca.
1.3%, hydrogen single pass conversion ca. 8.2%, oxygen
single pass conversion ca. 6.2%) by the 11th cycle. As the
reaction temperature is 200 88C, the residual protecting ligands
present in the catalystQs vicinity are removed during reaction,
since the decomposition temperature of triphenylphosphine is
around 180 88C.[16] The TPP removal under reaction conditions
leads to increased accessibility of Au-Ti active sites, which
results in higher activity. On the other hand, the Au/TS-1DP

catalyst starts to deactivate with increasing time-on-stream,
with the rate decreasing from 22 to 18.8 gPO h@1 kgcat

@1

(propylene single pass conversion ca. 1.2% hydrogen single
pass conversion ca. 11.6 %, oxygen single pass conversion ca.
7.7%).[27]

Apart from the activity, the PO selectivity and H2

efficiency are the two other important factors defining the
catalytic performance.[28] The selectivity towards PO for both
catalysts are shown in Figure 3 c. The Au/TS-1DP catalyst
exhibits PO selectivity of ca. 82%, whereas the Au/TS-1PT

catalyst shows a higher selectivity of ca. 88% over the time-
on-stream. Figure 3d shows the hydrogen efficiency for both
catalysts, and it can be easily seen that Au/TS-1PT has, overall,
a much higher H2 efficiency than the traditional catalyst. The
initial increase of H2 efficiency from 15 to 23 % in the case of
Au/TS-1PT is related to the availability of Au active sites over
time, which are partially obstructed in the beginning. On the
contrary, the H2 efficiency value constantly drops for Au/TS-
1DP from 12 to 8%, indicating that a large amount of H2 is
directly converted to water, hence making the process
economically unviable. It can be concluded that Au/TS-1PT

exhibits better hydrogen efficiency, high PO selectivity, and
remarkably improved stability between subsequent cycles, as
compared to the Au/TS-1DP catalysts.

Two factors contribute to deactivation in this reaction:
one is the adsorption of carbonates/carboxylate species on the
catalyst surface, which is easily reversible by periodic
regenerations to remove such species, while the second is
the sintering of gold nanoparticles to form larger aggregates,
which is an irreversible phenomenon.[5a, 29] Although most of
the deactivating species are removed by regeneration, sinter-
ing can still occur during the reaction, which is irreversible
and thus could account for a decreasing activity. To assess this,
both spent catalysts are analysed using TEM (Figure 3e–h) to
observe changes in catalyst morphology. It is evident from
Figure 3g, h that gold particles in the Au/TS-1DP catalyst are
sintered to a higher degree over the total time-on-stream,
with an average particle size of ca. 7.3 nm. On the other hand,
the average particle size of the gold in the spent Au/TS-1PT

catalyst (Figure 3e, f) is only ca. 3 nm and large agglomerates
are not observed, which is one of the possible reasons for the
enhanced catalytic stability. Therefore, the main reason
behind the decreased activity can be attributed to the

sintering of gold particles, due to the absence of protecting
agents, which play an important role in stabilisation during
the catalyst synthesis.[30] The results show that Au/TS-1PT

outperforms the Au/TS-1DP in terms of activity and hydrogen
efficiency over a longer time in the direct gas-phase epox-
idation of propylene.

In the above study, it is observed that the Au/TS-1PT

catalyst possesses improved catalytic performance compared
to the Au/TS-1DP catalyst. The conventional catalyst gradually
deactivates over time-on-stream, losing activity, selectivity,
and hydrogen efficiency, in accordance with previous reports
in the literature.[6e, 29a] In contrast, the Au/TS-1PT does not
show any deactivation under the same reaction conditions.
Subsequently, Au/TS-1PT is tested for a longer time-on-
stream, without the periodical regeneration, to evaluate its
durability and stability, which are crucial indicators for
industrial catalysts. The catalytic results of Au/TS-1PT

(1 wt.% Au) are illustrated in Figure 3 i–k. The propylene
epoxidation involves in situ peroxo species formation from H2

and O2, which can either react with propylene to form PO or
can decompose or be hydrogenated to produce water. Fig-
ure 3 i reveals that there is an initial increase in PO production
rate, related to the higher accessibility of Au sites, due to the
slow removal of the bound ligands at 200 88C that facilitates the
formation of more peroxo species. In small gold nanoparticles
most of the atoms are on the periphery, lying in a close
proximity to Ti4+ sites, allowing easier access to reaction
intermediates to produce PO.[31] PO production rate reaches
a maximum on day 11 (16.9 gPO h@1 kgcat

@1, propylene single
pass conversion ca. 1.1% hydrogen single pass conversion ca.
12.7%, oxygen single pass conversion ca. 9.4%) and then
a slight decrease in the PO production rate is evident. The
catalyst demonstrates a higher PO selectivity ca. 84 % with
a smaller amount of side products (Figure 3 j) than the
untreated Au/TS-1DP catalyst.[1a] The H2 efficiency (Fig-
ure 3k) decreases from 23 to 10% in 6 days. As the time-
on-stream increases, a higher number of Au sites become
available, which produces more peroxo species, causing an
increase in both PO formation and water formation. After
some time, H2O2 formed on the larger Au nanoparticles
travels a longer way to nearby Ti4+ sites, where it rapidly
decomposes to form more H2O, resulting in lower hydrogen
efficiency values.[22b, 31] The epoxidation rate and the hydrogen
efficiency are determined by a delicate balance between the
rate of peroxo formation and its consumption by the
epoxidation reaction. If the peroxo formation becomes too
fast, the epoxidation cannot keep up and the hydrogen
efficiency drops. Lowering the gold loading is, therefore,
a highly effective way to further increase the hydrogen
efficiency, although at the expense of activity.[32] The optimum
gold loading and its spatial location should be determined
based on an economic evaluation of the process.[33] Further-
more, the productivity of the catalyst could be enhanced by
using core–shell structures, alkali metal promoters or employ-
ing bimetallic nanoparticles.[8d, 34] From the previous discus-
sion, it is apparent that there is no significant decrease in
activity and PO selectivity during a long lifetime test without
regeneration, which indicates the remarkable stability of
these catalysts. Notably, there is no change in the TS-
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1 structure during the reaction, which is evident from the
TEM and DR-UV/Vis (Figure S8, S9) measured after the
reaction.

It is well understood from previous reports that Au
catalysts suffer from deactivation because of the agglomer-
ation of particles and accumulation of carbonaceous species
on the catalyst surface over the course of a reaction.[29a,35]

However, the reported Au/TS-1PT material shows remarkable
stability and high selectivity towards PO formation over the
time on stream. To understand the mechanism(s) behind the
enhanced stability of Au/TS-1PT, we utilize multiple character-
isation techniques, such as X-ray photoelectron spectroscopy
(XPS), 31P MAS NMR spectroscopy, TGA, DR-UV/Vis, and

TEM to investigate changes in the catalyst structure and the
deactivation mechanism(s) during the propylene epoxidation
reaction.

X-ray photoelectron spectroscopy (XPS) investigates
changes in the chemical state and the size of gold clusters
deposited on TS-1, since the 4f7/2 orbital of gold provides
a sensitive measure of its electronic state and the full-width-
half-maximum (FWHM) of the gold peak is related to its
particle size.[36] The 4f7/2 signal of the untreated Au/TS-
1 sample is ca. 84.2 eV (Figure 4a), a value characteristic of
gold in metallic state (Au0).[36, 37] After treatment with oxygen
plasma (Figure 4a), the 4f7/2 peak of gold shifts to ca. 83.4 eV,
indicating the coexistence of metallic gold and undecomposed

Figure 4. Investigations to elucidate structure-stability relationships. a) XPS spectra of gold for Au/TS-1 before reaction. b) XPS spectra of gold for
Au/TS-1PT after reaction. c) TEM of Au/TS-1PT after 2 days of reaction. d) Particle size distribution histogram of (c). e) TEM of Au/TS-1PT after
20 days of reaction. f) Particle size distribution histogram of (e). g) 31P MAS NMR of Au/TS-1PT before and after reaction.
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gold-phosphine complex (Au(PPh3)(Cl)).[38] In the case of Au/
TS-1PT that had twenty days on-stream, additional peaks of
gold appear at ca. 85.1 and ca. 87.8 eV, revealing the presence
of oxidised gold species (Aud+, 0< d< 3).[39] The atomic
percentage of oxidised gold is ca. 41%, suggesting the partial
oxidation of gold clusters after twenty days of continuous
reaction. Furthermore, a decrease in the value of the FWHM
of the 4f7/2 peak of gold is observed (Table 1) for Au/TS-1PT

after reaction, indicating the formation of agglomerates.[36]

This interpretation is verified by DR-UV/Vis spectroscopy
(Figure S9), where a surface plasmon band at 520 nm appears
for both samples, again indicating a larger particle size. TEM
images (Figure 4c, d) show that the size of the Au particle is
ca. 3 nm after 2 days and reaches ca. 4 nm (Figure 4 e, f) after
20 days of reaction. This partial agglomeration and oxidation
of gold clusters results in a slight decrease in catalytic
activity[40] as the time-on-stream increases (Figure 3 i–k).[41]

Furthermore, the comparison of Ti 2p spectra of untreated
and post reaction Au/TS-1 samples (Figure S10) reveals no
shift in the binding energy, indicating the high stability of Ti in
such oxidizing environment.[42] Titania plays a crucial role in
the overall stability of Au/TS-1 catalyst, since there is strong
interaction between Au and Ti via adsorption of Au nano-
particles on Ti defect sites of the TS-1 lattice.[42, 43] These Ti
sites act as nucleating sites for Au nanoparticles (in the range
of 1–10 nm) resulting in a highly stable Au/TS-1 catalyst.[44]

Additionally, the treatment of a Au/TS-1 sample with
oxygen plasma alters its surface properties. The untreated Au/
TS-1 sample has a phosphorus peak at ca. 131.8 eV (Fig-
ure S11a), assigned to phosphine ligands bonded to the gold
cluster.[22a] However, this phosphorus peak shifts to ca. 133 eV
(Figure S11b–d) after treatment of the sample with oxygen
plasma, demonstrating the formation of phosphorus oxide
bonded on the surface of TS-1, due to the dislodging of
phosphine ligands from the gold clusters and their subsequent
binding and oxidation via interaction with the surface of the
metal oxide support.[22a] 31P MAS NMR spectroscopy is
applied to analyse the nature of the phosphorus on TS-1 in the
catalyst, before and after the reaction, to better comprehend
the structure-stability relationship (Figure 4g). The 31P NMR
spectra of all the Au/TS-1 samples are shown in Figure 4g. As
depicted, the Au/TS-1 sample exhibits strong signals at 52 and
36 ppm, which are ascribed to surface bound PPh3 to Au and
a phosphine-gold complex, Au(PPh3)Cl, respectively.[45] After
plasma treatment, there is a decrease in the intensity of the
signal observed at 52 ppm with simultaneous appearance of
a peak at @4 ppm, corresponding to physiosorbed phos-
phine,[46] which indicates that some fraction of the bound PPh3

is moved onto the TS-1 support. The presence of a small
amount of ligand in the catalyst is a plausible reason for the
long induction period for the Au/TS-1PT catalyst. After 2 days

of reaction, the peak at 36 ppm
(Au(PPh3)Cl) completely vanishes,
which is attributed to the decom-
position of the ligand within the
reactor at high reaction temper-
ature. Additionally, the signals ap-
pearing at ca. 13.3 and @3 ppm are
linked to the phosphine species

migrated to the support.[46, 47] The peak at 4.6 ppm is ascribed
to some phosphate species.[48] However, after 20 days of
reaction, most of the phosphine ligands are oxidised to
phosphates, corresponding to the peak at 2.6 ppm, also
confirmed by XPS analysis (Figure S11c, d). This observation
is corroborated by TGA data (Figure S12), where the total
weight loss for the catalyst after 2 days of reaction is double
that of the spent catalyst after 20 days. This indicates that
most of the phosphine species have decomposed, while the
remaining phosphine species migrated and adsorbed onto the
TS-1, and slowly oxidise to phosphates with increasing time-
on-stream. It has been previously reported that phosphate
grafting onto TS-1 can be used to enhance epoxidation.[49]

Therefore, the increasing trend in the PO production rate is
linked to more accessible Au-Ti sites with the gradual release
of the bound phosphine species at 200 88C from the Au surface.
The subsequent decrease in the PO production rate after
11 days can be associated to partial aggregation of Au
particles caused by the loss of ligands. Overall, the catalyst
exhibited a significantly prolonged lifetime compared to the
conventional Au/TS-1 catalyst, which is hypothesised to be
due to the stabilising effect of residual phosphine ligands on
the gold particles. The residual bound phosphine ligands
prevent sintering and significantly improve its stability in the
harsh reaction environment. Moreover, the importance of
gold particle size and phosphine ligand is further confirmed
on testing a calcined Au/TS-1 catalyst, where 80% of the
ligand was removed prior to the reaction. The calcined Au/
TS-1 samples showed a lower PO production rate of
10.4 gPO h@1 kgcat

@1 (propylene conversion 0.9% hydrogen
single pass conversion ca. 8.2%, oxygen single pass conver-
sion ca. 5%) after 30 h of reaction (Figure S13a). The calcined
catalyst exhibits a low PO selectivity of 56.9% (Figure S13b)
with propanal as the other primary product, along with CO2

and water. This lower PO selectivity is linked to the much
larger gold nanoparticles that favour direct combustion. The
calcined catalyst shows very low H2 efficiency values of ca.
3% (Figure S13c) initially, which is indicative of more water
formation accompanied by low PO production. As the
reaction proceeds, this value increases to ca. 6% on 20 h
time-on-stream.

Conclusion

Sub-nanometre gold clusters with a core diameter of
approximately 0.8 nm, stabilised by phosphine ligands, are
synthesised using a facile one-pot methodology. The clusters
can be easily immobilised onto the support with minimal
change in particle size. A fast technique using non-thermal O2

plasma has been developed to remove around 74% of

Table 1: Position and FWHM of Au 4f7/2 XPS peaks of all Au/TS-1 samples tested.[a]

Au/TS-1 Au/TS-1PT Au/TS-1PT

2 days reaction
Au/TS-1PT

20 days reaction
B.E. FWHM B.E. FWHM B.E. FWHM B.E. FWHM

Au4f7/2 84.2 2.64 83.4 2.03 83.2 1.66 83.3 1.41

[a] All values are in eV.
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phosphine ligands, leading to a highly stable catalyst. The
catalyst prepared using this approach demonstrates better
catalytic performance in direct gas phase propylene epoxida-
tion based on PO selectivity of ca. 89% and stability over
20 days. Comparing these results to traditional Au/TS-1 cata-
lysts in direct gas-phase epoxidation,[29a] there is significant
improvement in overall lifetime, increased selectivity, higher
hydrogen utilisation, and less nanoparticle sintering. Triphe-
nylphosphine plays an important role as a sacrificial labile
ligand in preventing nanoparticle agglomeration, while keep-
ing the overall particle size small (< 5 nm) and simultaneously
improving the size specific catalytic activity. Apart from these
phosphine ligands, an additional factor contributing to the
enhanced stability of Au nanoparticles during the epoxidation
reaction is the presence of Ti defect sites, which act as
nucleating sites for Au nanoparticles, preventing their oxida-
tion and improving the stability of Au/TS-1.[42–44] Although
this work focused on propylene epoxidation, the insights
provided herein can be used to rationally design stable
catalysts with a longer lifetime for other reactions, which is an
important aspect in the design of catalysts for industrial
applications.
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