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Abstract
Atomically-precise gold clusters have gained attraction in catalysis due to high fraction of low-coordinated gold atoms, 
unique structural geometry and ligand effect. Phosphine-ligated gold clusters offer an advantage in the light of the labile 
gold-phosphorous bond for easy ligand removal. Here, heterogeneous gold catalysts were prepared by depositing atomically-
precise phosphine-ligated gold clusters, Au8(PPh3)8(NO3)2 onto anatase-phase TiO2 nanoparticles. The catalysts were then 
calcined under two different conditions: O2 (Au8/TiO2:O2) and O2 followed by H2 (Au8/TiO2:O2–H2) at 200 °C, to dislodge 
phosphine ligands from the Au core. It was found that Au8/TiO2:O2–H2 catalyst showed a decent catalytic activity in benzyl 
alcohol oxidation while Au8/TiO2 and Au8/TiO2:O2 were completely inactive. Such results imply that small-size gold clusters 
(2–3 nm) alone do not always contribute to high catalytic activity of gold catalysts. It is suggested that the presence of NO3

− 
species defines the catalytic activity of supported gold clusters in benzyl alcohol oxidation in the case of these catalysts and 
reinforces our initial claim in the previous work.
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1  Introduction

The discovery of catalytic activity of small gold particles 
on metal oxides in CO oxidation 1987 by Haruta et al. has 
triggered a gold rush in catalysis [1] Since then, numerous 
works on catalytic activity of gold nanoparticles, both sup-
ported and unsupported, have been reported in the litera-
ture [2–6]. More importantly, the catalytic activity of gold 
nanoparticles have been extended into a range of chemical 
reactions such as hydrogenation of alkenes, aldehydes and 
ketones, reduction of nitro compounds and photodegrada-
tion of pollutants [7–14].

Recently a class of atomically precise gold clusters 
gained attention because of their high yield synthesis, 
low coordination number of gold atoms and well-defined 
crystallographic structure [15, 16]. Phosphine-ligated 
gold clusters are preferred over thiolate gold analogues 
because of facile removal of phosphine ligands due to the 
labile Au-P bond and the absence of catalytic poisoning 

sulphur-containing ligands. For example, Golovko et al. 
have reported the use of phosphine-stabilized gold clusters 
on metal oxides in cyclohexene and benzyl alcohol oxida-
tion [17–19].

Despite promising catalytic activity of gold clusters and 
nanoparticles, the genesis of their catalytic activity and the 
nature of the active sites are still under debate. Haruta high-
lighted that three major factors define the catalyst perfor-
mance of gold catalysts: contact structure at the interface 
between gold nanoparticles and the support, type of sup-
ports and gold particle size [20]. Hutchings and co-workers 
determined that the active gold clusters on iron oxide for CO 
oxidation is attributed to bilayer clusters that contain only 
~ 10 gold atoms while monolayer clusters containing 3–4 
gold atoms appear inactive [21]. Yoon et al. revealed that 
charging of Au8 clusters resulting from the partial transfer 
of charge from the MgO support is responsible for the cata-
lytic activity in CO oxidation [22]. Zhu et al. and Liu et al. 
observed that the catalytic activity increased as the gold 
cluster size decreased in oxidation of styrene and benzyl 
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alcohol, respectively [23–25]. In contrast, Haider et  al. 
reported that small size Au particle was not necessary for 
high catalytic activity in benzyl alcohol oxidation and found 
that the catalyst with medium particle size (6.9 nm) showed 
the highest activity as compared to the smaller-sized cata-
lysts irrespective of the supports [26]. Interestingly, Donoeva 
et al. observed that the catalytic activity of gold clusters only 
appeared after larger particles (> 2 nm) had formed while the 
smaller ones (< 2 nm) were inactive in cyclohexene oxida-
tion [17].

Besides size effect, other factors such as ligand and coun-
ter ions effects have been investigated. A recent work by 
Wan et al. investigated the ligand effect of gold clusters on 
hydrogenation of alkynes using the Au38 gold clusters [27]. 
Despite similar, sub-2 nm size Au clusters (~ 1.4 nm), alky-
nyl-ligated Au clusters displayed superior catalytic activity 
(conversion > 97%) than thiolate-ligated ones (< 2%). Yuan 
et al. prepared gold catalysts from gold-phosphine com-
plexes containing nitrate (NO3

−) counter ions for CO oxi-
dation [28]. The catalyst only showed decent activity after 
heat-treatment under CO2 and H2/Ar atmosphere, which may 
cause decomposition of NO3

− species. Contrary to work of 
Yuan et al., Solsona et al. reported that NO3

− anions had a 
beneficial effect that promoted catalytic activity for CO oxi-
dation when the anions were added by impregnation method 
and without heat treatment [29]. Adnan et al. reported the 
effect of counter ions (NO3

− and Cl−) in phosphine-ligated 
gold clusters (Au9 and Au101) supported on TiO2 and SiO2 
in benzyl alcohol oxidation [19]. The authors observed a dis-
tinct effect of counter anions present in the gold clusters with 
NO3

− diminished the catalytic activity of gold catalysts. It is 
clear that different, incoherent findings from different groups 
of authors/researchers lead to lack of agreement about the 
nature of the active site of gold catalyst.

Herein, we reported the catalytic activity of another type 
of phosphine-stabilized gold cluster, Au8(PPh3)8(NO3)2 
(referred to as Au8) in benzyl alcohol oxidation. The aim 
of this work is to study the effect of post deposition heat 
treatment (post-treatment) conditions on the catalytic per-
formance of Au8 cluster-derived catalysts in benzyl alco-
hol oxidation. Three different materials were produced: 
as-deposited without any post-treatment (Au8/TiO2), and 
post-treated—calcined under O2 (Au8/TiO2:O2) and calcined 
under O2 followed by H2 (Au8/TiO2:O2–H2). It was found 
that the most active catalyst was Au8/TiO2:O2–H2 while the 
former two were completely inactive.

2 � Experimental

Au8 clusters were prepared according to the published syn-
thetic method elsewhere [30, 31]. The yield of Au8 clusters 
produced was 180 mg (85%). Elemental analysis gave the 

result: %C: 45.7 (45.5), %H: 3.27 (3.16) and %N: 0.81 (0.74) 
with the calculated values in parentheses. Thermogravimet-
ric analysis (TGA) of pure microcrystalline Au8 (Fig. S1 in 
ESI) onset of the ligand loss at 239 °C, with overall loss of 
60% corresponding to loss of ligands and nitrate counter ions 
and residual ca. 40% correlating with calculated 41.5 wt% 
of gold. Deposition of Au clusters onto TiO2 nanopowders 
(SkySpring Nanomaterials, 99.5%, 10–30 nm particle size, 
ca. 70 m2/g) was reported in our previous works [19, 32]. 
Calcination was performed using Schlenk line techniques 
under pure O2 atmosphere at 200 °C for 2 h (labelled as 
Au8/TiO2:O2) and under pure O2 followed by H2 atmosphere 
at 200 °C for 2 h (labelled as Au8/TiO2:O2–H2). All cata-
lysts were stored in the fridge at 4 °C fur further use and 
characterization.

High-resolution bright field transmission electron micros-
copy (HRTEM) imaging was performed using a Philips 
CM200 TEM operating at 200 kV. TEM samples were 
prepared by drop-casting two drops of catalyst suspension 
(0.1 mg/mL in methanol) onto Cu (300 mesh) grids coated 
with a holey carbon film. UV–Vis diffuse reflectance spec-
troscopy (UV–Vis DRS) spectra were recorded using a Cin-
tra 404 (GBC Scientific Equipment) spectrophotometer.

Catalytic testing was performed according to our previ-
ous publication [19]. Typically, a mixture of benzyl alcohol 
(0.270 g, 2.50 mmol), anisole (0.135 g, 1.25 mmol) as inter-
nal standard and methanol (25 mL) as solvent were charged 
into a Teflon liner. Then, K2CO3 (0.345 g, 2.50 mmol) and 
catalyst (50 mg) were added. The autoclave was pressurised 
with 5 bar of oxygen and heated to 80 °C for 4 h. Each 
catalytic test was repeated at least in triplicate giving lower 
than 5% differences in conversion and selectivity. Product 
mixtures were identified and quantified using a high-perfor-
mance liquid chromatography (HPLC) Dionex Ultimate 300 
system and eluted with a mixture of 0.05 v/v% trifluoroacetic 
acid in water (70%) and acetonitrile (30%).

3 � Results and Discussion

Representative TEM images of Au8 clusters on TiO2 are 
shown in Fig. 1a–c; the cirlces indicate the gold clusters 
on TiO2 supports. For the as-deposited Au8/TiO2 sample, 
majority of gold clusters exist as small clusters or minimally 
aggregated clusters aroud 1.2 nm. Due to the resolution 
limit of the conventional HRTEM (Philips CM200 TEM) 
and poor contrast of these clusters over support material, 
imaging such small clusters is very challenging [17]. Addi-
tionally, the low gold loading (0.17 wt%) adds difficulty in 
imaging such small clusters and constructing a statistical 
histogram, and thus we infer that the size of Au8 clusters 
in the Au8/TiO2 sample is below 2 nm. Nonetheless, the 
absence of larger gold particles which are visible in TEM 
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Fig. 1   Representative TEM image of a Au8/TiO2, b Au8/TiO2:O2 and c Au8/TiO2:O2–H2 catalyst samples
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(from imaging different areas on the Cu grid) suggests that 
the dominant population is small gold clusters. Upon calci-
nation under O2 Au8 clusters aggregate to form larger gold 
particles with a mean size of 2.2 ± 1.5 nm. It is worth men-
tioning that the uncertainty in the mean particle size is the 
standard deviation of particle size distribution, not the width 
of particle size distribution itself. Figure 1b displays repre-
sentative TEM images of Au8/TiO2:O2 catalysts. It can be 
clearly seen the presence of small Au8 clusters around 3 nm 
(Fig. 1b, left) and 8 nm (Fig. 1b, right), however 5–6 nm 
particles are hardly observed under TEM imaging. Further 
calcination under H2 at 200 °C increased the mean particle 
size to 2.5 ± 1.7 nm. Representative TEM images show an 
Au particle with 5 nm size (Fig. 1c, left) and 10 nm size 
(Fig. 1c, right). A large fraction of Au particles in both 
calcined (under O2 and O2–H2) are below 4 nm. Statistical 
histograms for particle size of both calcined catalysts are 
provided in Electronic Supplementary Information (Figs. 
S2, S3).

To further verify the TEM imaging results, UV–Vis DR 
spectra were recorded for all catalysts (Fig. 2). The as-depos-
ited Au8/TiO2 sample (Fig. 2, black, bottom curve) displays 
a molecular-like optical properties with a few distinct peaks 
below 500 nm and absence of localized surface plasmon 
resonance (LSPR) band, characteristic of larger gold nano-
particle with metallic state [33]. The transition from non-
metallic clusters to nanoparticles has been reported to occur 
around 2.25 nm [34]. Thus, it is sufficient and reasonable to 
conclude that gold clusters in the as-deposited Au8/TiO2 cat-
alysts have a dominant population with size below 2.25 nm. 
Similarly, Al Qahtani et al. also reported that as-deposited 
Au9 clusters on TiO2 nanosheets were predominantly unag-
gregated clusters and some minimally aggregated clusters 
with particle size below 2.25 nm  [35]. Spectra of both 

heat-treated Au8 catalysts show loss of peaks associated 
with gold-phosphine clusters, comfirming ligand removal 
from the cluster cores. Yet, both heat-treated Au8 catalysts 
displayed the presence of LSPR bands at 552 nm (for Au8/
TiO2:O2) and 555 nm (for Au8/TiO2:O2–H2) respectively, 
which indicated that there are larger, metallic gold parti-
cles present in such samples with particle sizes larger than 
2.25 nm. The red-shift of the LSPR band in the UV–Vis DR 
spectrum from Au8/TiO2:O2 to Au8/TiO2:O2–H2 catalysts 
revealed there was an increase in the gold particle size [36], 
consistent with the finding from HRTEM imaging. While 
the LSPR red-shift is indicative of an increase the gold par-
ticle size, the position of the LPSR peak maximum cannot 
be used to estimate the particle size because it depends on 
a number of factors: size, shape/morphology, stabilizing 
ligands, composition (core–shell structure, doping), solvent 
and dielectric constant of surrounding medium e.g. sup-
port [37–39]. A significant example is the position of LSPR 
peak maximum for thiolated-protected Au clusters reported 
by Zhou et al. [40]. The LSPR peak for Au333, Au~520 and 
Au~940 clusters are 540, 525 and 525 nm, respectively. The 
broad LSPR peak for both calcined Au8 catalysts reflects the 
broad size distribution which is consistent with the finding 
from TEM imaging.

XPS studies on as-deposited Au8 clusters on TiO2 
revealed that some phosphine ligands already dislodged from 
the gold core exposing the active site to the substrate [32]. 
Hence, the argument that steric phosphine ligands block the 
active site does not apply in this case. Presence of both clus-
ters and larger, bulk-like gold particles can be monitored 
by XPS [41, 42]. Our earlier XPS study (see Figs. 1A, 2, 
and Table 1 in [32]) revealed presence of clusters and bulk-
like gold particles, with characteristic Au 4f7/2 peak inten-
sity ratio of ca. 1.6 implying prevalence of clusters species, 
already in the “as deposited” Au8/TiO2 [32]. The bulk-like 
species in this case are likely to be closer in properties to the 
Au101, which is non-plasmonic yet did show Au 4f7/2 binding 
energy of 83.9 ± 0.1. Whereas proportion of the bulk-like 
particles significantly increased upon calcination under O2 
(Au4f7/2 peak intensity ratio diminished to ca. 0.9, implying 
majority of bulk-like Au species). After combined O2-H2 
treatment (twice as long at high temperature cf. O2 treatment 
alone) we were unable to detect characteristic signature of 
gold clusters (< 2 nm).

The catalytic activity of the catalysts was tested in benzyl 
alcohol oxidation (summarized in Table 1). The as depos-
ited clusters, Au8/TiO2 catalyst, was completely inactive 
despite having a particle size below 2 nm. This finding is 
in contrast with reports that found the ultra-small clusters 
(< 2 nm) should possess high catalytic activity in benzyl 
alcohol oxidation albeit the reaction condition was different 
(the use of microwave heating and H2O2 as oxidant) [24, 43]. 
The Au8/TiO2:O2 catalyst also did not show any catalytic Fig. 2   UV–Vis DR spectra of the Au8/TiO2 based catalysts
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activity after an increase in the particle size and the presence 
of metallic state (through the appearance of LSPR band). 
However, the Au8/TiO2:O2–H2 catalyst showed a discernible, 
significant catalytic activity at 30% benzyl alcohol conver-
sion to methyl benzoate and benzoic acid.

Considering that the mean particle size and the position 
of the LSPR band are very similar for Au8/TiO2:O2 and Au8/
TiO2:O2–H2 catalysts, we reason that the heat treatment 
under H2 atmosphere changed the nature of the Au cluster 
catalysts. Our earlier XPS study failed to detect the presence 
of N 1s peaks due to the ultra-low loading of Au clusters 
(0.17 wt%) on TiO2 leading to unclear fate of NO3

− anions 
after heat treatment. However, decomposition of NO3

− ani-
ons under the H2 stream into N2 and N2O gases was reported 
by Hirayama and Kamiya [44]. Our earlier work employing 
two different gold clusters, Au101(PPh3)21Cl5 (referred to as 
Au101) and Au9(PPh3)8(NO3) (referred to as Au9) exhibited 
a distinct catalytic activity with Au9 containing NO3

− anions 
was catalytically inactive [19]. The similar trend of catalytic 
activity of Au8 and Au9 clusters, which are derived from 
Au8(PPh3)8(NO3)2 and Au9(PPh3)8(NO3)3, respectively, rein-
forces our initial suggestion that the presence of NO3

− inhib-
its the catalytic activity of gold clusters in benzyl alcohol 
oxidation.

The catalytic activity of Au clusters cannot be attributed 
solely to the gold particle size. Haruta suggested that at least 
three main factors are involved in defining catalytic perfor-
mance of gold catalysts: size of gold particles, contact struc-
ture of gold-support perimeter interface and type of sup-
ports [45]. Very recently Wan et al. reported that stabilizing 

ligands play a crucial role in defining the catalytic activity of 
Au38 clusters for hydrogenation of alkynes [27]. We believe 
that complex contributing factors govern the catalytic per-
formance of gold clusters and further works are under way 
to investigate these factors.

4 � Conclusion

In summary, we have observed that Au8/TiO2 and Au8/
TiO2:O2 catalysts were inactive in benzyl alcohol oxida-
tion. Meanwhile a significant increase in benzyl alcohol 
conversion by 30% was observed for Au8/TiO2:O2–H2 cata-
lysts suggesting that the heat treatment under the H2 stream 
changed the nature of the NO3

− species present in the gold 
clusters. NO3

− anions were suggested to inhibit the catalytic 
activity of gold clusters in benzyl alcohol oxidation.
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