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The active sites of catalysts can be tuned by using appropriate
organic moieties. Here, we describe a facile approach to synthesise
gold nanoparticles (AuNPs) using various Au(l) precursors. The core
size of these AuNPs can be precisely tailored by varying the steric
hindrance imposed by bound ligands. An interesting relationship is
deduced that correlates the steric hindrance around the metal to
the final size of the nanoparticles. The synthesised AuNPs are
immobilised onto TS-1 zeolite (Au/TS-1) with minimal change in
the final size of the AuNPs. The catalytic performance of Au/TS-1
catalyst is evaluated for the direct gas phase epoxidation of pro-
pylene with hydrogen and oxygen, an environmentally friendly
route to produce propylene oxide. The results indicate that smaller
AuNPs exhibit enhanced catalytic activity and selectivity. Further-
more, this synthetic approach is beneficial when tailored synthesis
of gold nanoparticles of specific sizes is required.

Gold nanoparticles (AuNPs) have been deployed in a variety of
applications, including catalysis, medicine, electronics, sensing
and labelling."™ The physical and chemical properties of these
nanoparticles can be tailored by changing the particle size,
shape, dispersion, and surface properties.”” Small AuNPs
(<10 nm) increase both the available surface area and the
fraction of gold atoms with low coordination number, often
resulting in enhanced catalytic activity.®'° Since the discov-
eries of Hutchings and Haruta that AuNPs are catalytically
active for several important reactions, their synthesis has
attracted even broader interest.>*'*™** The synthesis of these
nanoparticles and clusters generally involves a capping agent
that provides control over their size, shape, composition,
solubility, stability, chirality and functionality.>'®'*""” The
common capping agents employed in the synthesis are mainly
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amphiphilic surfactants, ionic liquids, polymers and organic
ligands, which are carefully chosen depending on the applica-
tion of interest.'®'®'® The metal-ligand interaction plays a
crucial role in tuning the electronic structures of these parti-
cles, which influences their final properties, especially in
catalysis.>?" Hence, choosing an appropriate stabilising ligand
is a crucial step while designing the synthesis procedure.

The catalytic activity of AuNPs is predominantly governed by
geometric, electronic and steric factors. Geometric effects arise
due to the orientation of Au atoms in space, and electronic
effects originate from metal-ligand interactions or quantum
size.'®?? Organic bound ligands can be used in the synthesis
procedure, to enhance the electronic properties and impart
extra stability to the AuNPs.>"** The chemical and geometric
environment around the gold atoms can be tuned by these
bound ligands to modify the active sites and enhance the
catalytic performance, similar to what is observed with
enzymes.”**® This strategy is robust, scalable and highly reli-
able for the size-selective synthesis of AuNPs. Therefore, this
can be a useful approach to engineer novel functional materials
at the nanoscale, according to the specific needs of the applica-
tion considered.

In this study, organic ligand-bound gold nanoparticles are
synthesised using a series of different gold(r) precursors (Fig. 1) in
a one-step methodology. The different gold precursors are chloro
(triphenylphosphine)gold(i) (P1), chloro(dimethylphenylphosphine)
gold(1) (P2), and chloro(trimethylphosphine)gold(r) (P3). Their sche-
matic structures are illustrated in Fig. 1a. These different gold(i)
precursors lead to varying degrees of steric hindrance and are
selected to study the role of the stabilising organic ligands and their
effect on the final size of the synthesised AuNPs. As is evident from
the chemical structures, phosphorus is surrounded by three phenyl
rings in P1, which is highly sterically hindered, while, in P2,
phosphorus is surrounded by only one phenyl and two methyl
rings, and P3 is the least hindered with three methyl groups bound
to the phosphorus atom. Fig. 1b shows the photographs of glass
vials containing the AuNPs dissolved in ethanol immediately after
the synthesis, using different precursors. AuNPs prepared from P1,
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Fig. 1 Synthesis and characterisation of gold nanoparticles (AuNPs) using
different precursors. (a) Structures of different gold precursors used in this
study. (b) Vials showing AuNPs in ethanol synthesised using different
precursors. (c) UV/Vis spectra of Au-P1, Au-P2, and Au-P3 solutions.

P2, and P3 exhibit different colours: dark brown, pink, and purple,
respectively. It is well known that the observed colour of the solution
depends on the final size and shape of the AuNPs, because of
surface plasmon resonance (SPR), a phenomenon that occurs due to
collective oscillation of conduction electrons as induced by an
electromagnetic field.***” In order to study the SPR and interaction
of these particles with light, these solutions are analysed with UV/Vis
spectroscopy. Characteristic peaks of SPR vary, depending upon the
core diameter of AuNPs.” Fig. 1c represents the UV/Vis spectra of
the gold nanoparticles synthesised using different precursors. The
UV/Vis spectrum of Au-P1 consists of a broad band around 450 nm,
which indicates that the diameters of the AuNPs are slightly larger
than 1 nm. The UV/Vis spectrum of Au-P2 and Au-P3 shows SPR
bands at 515 nm and 560 nm, respectively. The shift of the peak
towards longer wavelengths (red shift) indicates that the size of the
synthesised gold particles increases.*®

To confirm the final size of the particles, electron micro-
scopy studies are performed on the samples; TEM images,
along with corresponding particle size distributions are illu-
strated in Fig. 2a-f. The particle size of AuNPs synthesised from
P1, P2 and P3 is found to be ~1.5 £+ 0.5 nm, 3.0 = 1 nm and
9.8 &+ 3 nm, respectively, which reveals that the degree of steric
hindrance around the phosphorus atom plays an important
role in steering the final size of the nanoparticles. Taken
together, these data suggest that as the steric hindrance around
the phosphorus atom decreases (P3), particles experience more
freedom to aggregate and coalesce, forming larger particles that
precipitate over time. The more hindered phosphorus (P1)
assists in the stabilisation of the nanoparticles. Hence, a
correlation is found relating the steric hindrance around phos-
phorus with the final size of the AuNPs. An ability to control
and tune the size-dependent properties of the AuNPs according
to the desired application is an important tool in materials
synthesis.

Metallic nanoparticles are often deposited onto support
materials to be utilised in different applications where liquid
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Fig. 2 Bright-field TEM micrographs, along with the corresponding
particle size distribution histogram of (a) and (b) Au-P1, (c) and (d) Au-P2
and (e), (f) Au-P3 solutions.

solutions are undesired, e.g., to be reused in heterogeneous
catalysis.>*® Here, we focus on propylene epoxidation as a
catalytic application of these AuNPs. To further elucidate the
effect of AuNPs size with varied ligands on the catalytic acti-
vity, the as-synthesised AuNP are directly immobilised on an
untreated titanium silicalite-1 (TS-1) support (referred as
Au-Pn/TS-1; Pn = precursor P1, P2 or P3; Au loading 0.5 wt%).
Different coloured powders are obtained after immobilisation
(Fig. 3a and b; inset). Direct immobilisation facilitates higher
dispersion of Au and precise control over the particle size,
which is critical for heterogeneous catalysis.>! The Au loading is
determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES). The presence of Au on the TS-1 is
confirmed using DR-UV/Vis spectroscopy and TEM. The
DR-UV/Vis spectrum (ESI,T Fig. S6) consists of a surface plas-
mon band near 450 nm for Au-P1/TS-1, 540 nm for Au-P2/TS-1
and 550 nm for Au-P3/TS-1, confirming the presence of Au
nanoparticles dispersed onto the TS-1 surface.>® The peak at
around 350 nm reveals a small fraction of extra framework TiO,
and anatase species in the TS-1 sample.*® Furthermore, XRD
patterns of these supported catalysts shown in ESI,{ Fig. S7,
confirm no change in the crystal structure of TS-1 after immo-
bilisation. However, it was not possible to obtain clear Au peaks
due to the small size of the particles.’* TEM images in Fig. 3a-c
provide quantitative information on the final size of the clus-
ters after immobilisation. Gold can be clearly seen on the
external surface of TS-1, and the average particle size of the
AuNPs is determined as ~2.0 nm, 3.2 nm and 9.6 nm for
Au-P1/TS-1, Au-P2/TS-1, and Au-P3/TS-1 after immobilisation,

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Synthesis and characterisation of differently sized AuNPs supported
on TS-1. Representative TEM micrographs and a corresponding vial contain-
ing powder of (a) Au-P1/TS-1, (b) Au-P2/TS-1, (c) Au-P3/TS-1 catalysts. TGA
and DTG analysis profile of (d) Au-P1/TS-1, (e) Au-P2/TS-1, (f) Au-P3/TS-1
catalysts before and after plasma treatment. (g) Bar graph showing different
AuNP sizes calculated from TEM, before and after plasma treatment. (h) DR-
UV/Vis spectra of Au/TS-1 catalysts after treating with plasma.

respectively. The bound ligands impart extra stability to the
nanoparticles, but may lower the catalytic performance by
blocking the access to the active sites and limiting reactant
diffusion to the active sites.'®*> Therefore, it is necessary to
remove the ligands before testing the catalytic activity of the
AuNPs. Non-thermal O, plasma treatment is employed for
the removal of ligands from the supported catalyst.”’** The
removal of ligands and estimation of AuNP size is confirmed
using thermogravimetric analysis (TGA), TEM imaging and
DR-UV/Vis spectroscopy.

Fig. 3d-f shows the TGA-DTG profiles of three different
materials before and after the plasma treatment. From the data
shown in the TGA profile, it can be calculated that 90% of the
ligand is removed after the plasma treatment for each of the
Au-P1/TS-1, Au-P2/TS-1, and Au-P3/TS-1 materials. This deduc-
tion is further supported by analysing the DTG profile. The
broad peak at 100 °C in each curve is due to water loss, and the
peak at around 200 °C corresponds to the organic bound
ligands, which disappears in each material after the plasma
treatment. TEM images of plasma treated Au-NP/TS-1 materials
(ESL T Fig. S8) reveal that there is a slight change in the final
size of the AuNPs. The resulting AuNP size quantified from
TEM are 3.4, 5.4 and 11 nm, synthesised using different
precursors with decreasing steric hindrance around the phos-
phorus atom (P1 to P3, Fig. 3g). In addition to TGA and TEM,
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UV/Vis spectroscopy (Fig. 3h) shows that the peak at ~ 450 nm
for Au-P1/TS-1 shifts to ~500 nm, indicating a particle size
larger than 2 nm. The peaks for the Au-P2/TS-1 and Au-P3/TS-1
materials remain ~520 nm. Along with that, the absorption
peak at ~208 nm, which is a characteristic of an isolated
tetrahedrally coordinated Ti ion in the zeolite framework of
TS-1, remains intact, suggesting no change in the zeolite
structure. Taken cumulatively, these characterisations demon-
strate that non-thermal plasma treatment facilitated the partial
removal of these organic bound ligands from the material
without affecting the catalyst morphology significantly.

To evaluate the size-dependent catalytic properties of supported
AuNPs, the above synthesised materials Au-P1/TS-1, Au-P2/TS-1 and
Au-P3/TS-1 (0.5 wt% Au) are tested for direct gas phase epoxidation
of propylene using H, and O, in a fixed-bed quartz reactor at
225 °C. The samples exhibit stable catalytic behaviour, and results
are illustrated in Fig. 4. Furthermore, we can establish a relation-
ship between the AUNP size and the catalytic performance. The PO
production rate of the Au-P1/TS-1 catalyst with the smallest particle
size is observed to be 15 gpoh ' kg, ' (propylene conversion
~1.1%) with moderate PO selectivity of 78% (Fig. 4a and b). The
Au-P2/TS-1 catalyst presented a slightly lower activity with a PO
production rate of 12 gpoh ™" kgeo: " (propylene conversion ~ 0.9%)
and similar PO selectivity of 78%. The PO production rate for Au-
P3/TS-1 exhibits a very low PO production rate of 3.5 gpoh ™" kgear
(propylene conversion ~0.2%), accompanied by a low PO selec-
tivity of 60%, implying that larger sized AuNPs lead to reduced PO
formation. The PO formation rate and PO selectivity decrease
remarkably as the Au particle size increases. This demonstrates
that the smaller AuNPs have a more accessible area on their surface
for the reaction, as compared to the larger AuNPs. The other by-
products formed in this reaction are CO,, H,O, ethanal, and
propanal. The H, efficiency values for Au-P1/TS-1 slightly rise to
4.5% (ESLT Fig. S9) and then gradually decrease to 3% as the time
on-stream increases. The Au-P2/TS-1 and Au-P3/TS-1 display a
steady H, efficiency value of 3.8% and 2%, respectively. It is well
known that highly dispersed small AuNPs, along with tetrahedrally
coordinated Ti*" sites located in the support, are required to
generate in situ per-oxo species to produce PO.** It can be clearly
inferred from the above trends that the catalyst with the smallest
particle size outperformed the catalyst with the largest particle size.
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Fig. 4 Catalytic performance of plasma treated Au-P1/TS-1, Au-P2/TS-1
and Au-P3/TS-1 catalysts. (a) Rate of PO production and (b) selectivity
towards PO; CsHg/H,/O,/He = 1/1/1/7, Temperature: 225 °C, GHSV =
8000 mL geo 1 h7t
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In the case of large AuNPs, there are fewer Au atoms on the
periphery, resulting in reduced proximity to Ti*" sites, which
increases the possibility of non-selective oxidation of propylene,
resulting in a lower production of PO.*® Moreover, these large
particles are active in hydrogen combustion to produce water,
leading to low H, utilisation and low PO selectivity.>® On the other
hand, in smaller AuNPs, most of the Au atoms located on the
surface are beneficial to form in situ peroxo species with Ti sites,
capable of producing more PO and reducing the chance of other
byproducts.®”*® Therefore, it can be confirmed that with decreasing
AuNP size, the PO activity and selectivity increase. Table S1, ESIt
displays a comparison of the catalytic performance of various Au on
untreated TS-1 catalysts taken from the literature. Compared with
the reported catalytic results, this Au-P1/TS-1 catalyst shows similar
catalytic activity. However, overall propylene conversion and hydro-
gen efficiency of the synthesised catalysts is relatively low, which
indicates that the Au-Ti interaction needs further improvement.
The propylene conversion can be further increased by treating TS-1
with alkali metal promoters that has been reported to enhance
Au-Ti interactions.>**

The spent catalysts are analysed using TEM (ESL,t Fig. $10),
and the TEM micrographs shown in the ESIf reveal polydis-
persity of nanoparticles after reaction for all the catalysts. The
structure and the environment of the catalyst have a remark-
able impact on the catalytic performance. The catalytic perfor-
mance strongly depends on the size of the AuNP, which can be
modulated by tuning the geometric environment and steric
hindrance around the gold core.

In summary, a relationship is discovered between the steric
hindrance around the phosphorus atom in the organic ligand
and the final size of the AuNP. It is shown that as the steric
hindrance around the phosphorus decreases in the Au' pre-
cursor, larger particles are formed, and these are less stable
over time. Furthermore, the pre-synthesised AuNPs are success-
fully immobilised onto untreated titanosilicalite-1 (TS-1) sup-
port, with very little change in the final size of the dispersed
AuNPs. It is evident that Au-P1/TS-1, with the smallest gold
particle size and highest stability in solution, shows the highest
conversion and selectivity towards PO, compared to the other
catalysts. Hence, a clear correlation between the final size of
nanoparticles controlled by steric hindrance of ligands and
catalytic activity is demonstrated. The insights provided here
can be used to synthesise better catalysts through particle size
control with organic ligands.
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