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ABSTRACT: Gold nanoparticles prepared by colloidal methods are effective
catalysts for selective glycerol oxidation under basic conditions. Large-scale synthesis
of catalysts by wet chemical methods leads to large amounts of waste and can result
in polymer or salt residues remaining on the catalyst. In contrast, gas-phase cluster
deposition (cluster beam deposition) offers a solvent-free method to synthesize
controlled nanoparticles/clusters. We show that the deposition of bare gas-phase
gold clusters onto carbon powder leads to a catalyst comparable to that prepared by
colloidal methods. This shows the feasibility of the synthesis method to produce
oxidation catalysts with reduced waste.
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The selective oxidation of glycerol, a byproduct of biodiesel
production, represents a large-scale route to biomass

upgrading and a model for selective polyol oxidation (Scheme
1a).1,2 Supported gold nanoparticles prepared by wet chemical
methods, such as incipient-wetness impregnation and deposi-
tion precipitation, can be effective catalysts for glycerol

oxidation.3 Gold catalysts can achieve high selectivity to C3

products (glycerate and tartronate) under basic conditions
with low rates of C−C scission compared to oxidation catalysts
containing palladium or platinum.4,5

An alternative method to produce catalysts containing metal
nanoparticles (2−5 nm) is the immobilization of colloidal gold
particles onto activated carbon (Scheme 1b). This approach
involves the rapid reduction of a gold precursor using NaBH4

to initiate colloid formation with polymer additives such as
poly(vinylpyrrolidone) (PVP) providing steric stabilization.6,7

The synthesis of catalysts prepared in this way can produce
aqueous waste containing chlorides and residual salts because
of the low gold concentrations needed to stabilize small gold
particles. In addition, catalysts prepared in this manner
typically retain polymer residues on the gold surface, which
can potentially be removed by high-temperature oxidative
treatments or washing with a suitable solvent, leading to
possible particle agglomeration or leaching.8,9 These residues
can affect the reaction pathways and catalyst activity through
interaction with the substrate or blocking of active sites.9

Recently, the preparation of catalysts with similar glycerol
oxidation activity in the absence of polymer stabilizers was
demonstrated; however, the absence of a polymer additive led

Received: April 27, 2020
Accepted: May 28, 2020
Published: May 28, 2020

Scheme 1. (a) Reaction Scheme Showing Possible Glycerol
Oxidation Pathways and Schematic Representations of
Catalyst Fabrication Methods via (b) Immobilization of
Gold Colloids and (c) CBD
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to an increase in selectivity toward tartronate versus the
primary oxidation product glycerate.10

It is highly desirable to develop catalyst manufacturing
methods that produce less waste and give control over the
metal particle size without residues remaining on the catalyst
surface. The deposition of pregrown metallic gold clusters from
the gas phase onto powder supports can achieve this.11,12

Metallic materials can be vaporized by methods such as
magnetron sputtering and then condensed in rare gas to form a
cluster beam that can be deposited onto supports. As the
clusters are formed in an ultrahigh-vacuum chamber, they are
produced without detrimental contamination or residues.13

This approach is termed “cluster beam deposition” (CBD)
(Scheme 1c). The mean cluster size can be tuned by the
condensation parameters such as inert gas pressure and
aggregation length.14 Moreover, by combination with a time-
of-flight mass filter, single-atom precision can be achieved,
which allows controlled exploration of the size-dependent
nanoparticle properties.15−17

To compare this new CBD method with commonly used
colloidal methods, we aimed to prepare analogous carbon-
supported gold nanoparticle materials (1 wt % Au/C) and

compare the performance for glycerol oxidation under basic
conditions. Detailed experimental procedures for catalyst
preparation, testing, and characterization are available in the
Supporting Information. A colloidal catalyst was prepared
using the commonly reported literature procedure, with
NaBH4 as the reductant (NaBH4/Au = 5 by mole) and PVP
(PVP/Au = 0.65 by weight) as the steric stabilizer.10 The
colloid was subsequently immobilized on a high-surface carbon
(Vulcan XC72R; 250 m2/g), washed, and dried (110 °C 16 h)
without high-temperature oxidative treatments to combust the
remaining polymer residues from the catalyst surface. The 1 wt
% Au/C prepared by colloidal methods on a 2 g scale was
characterized by scanning transmission electron microscopy
(STEM) in high-angle annular dark-field (HAADF) mode,
which shows gold nanoparticles on the carbon support with a
mean particle size of 2.7 ± 0.8 nm, as seen in Figure 1, and is
consistent with previous reports.10

CBD was employed to deposit gold clusters onto the same
carbon powder support. Detailed information about the
magnetron sputtering gas condensation CBD equipment can
be found in a previous report.18 By tuning of the sputtering
power and pressure in the condensation chamber, small gas-

Figure 1. (a−c) Typical HAADF-STEM images (with different magnifications) of Au/C prepared by colloidal methods. (d) Cluster size
distribution histogram with a mean particle size of 2.7 ± 0.8 nm.

Figure 2. (a) Gas-phase cluster mass spectrum obtained during the deposition procedure. (b−e) Typical HAADF STEM images (with different
magnifications) of the Au/C catalyst prepared by CBD. (f) Cluster size distribution histogram with a mean particle size of 2.1 ± 0.8 nm.
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phase gold clusters (∼2 nm) were produced in a vacuum
chamber before acceleration and deposition (without mass
selection) onto carbon powder being agitated in a stainless-
steel cup. The cluster mass distribution (mass spectrum) was
obtained with a time-of-flight mass filter shown in Figure 2a.
The main cluster peak is located at ∼5 × 104 amu, which is
equivalent to a gold cluster containing ∼250 atoms (Au250).
On the basis of the bulk density of gold, the cluster diameter at
the peak assuming a spherical shape can be calculated to be
∼1.9 nm. To clarify whether the clusters retain their size after
deposition, HAADF-STEM imaging was employed to obtain
the corresponding diameter distribution. Parts b−e of Figure 2
show typical HAADF-STEM images with different magnifica-
tions. Clearly, a dense array of gold clusters is observed on the
support without severe surface aggregation. The cluster
diameter distribution in Figure 2f shows that most of the
clusters have a diameter of 2.1 ± 0.8 nm, similar to the
calculated cluster diameter. Therefore, no severe surface
aggregation took place during the deposition process.
X-ray photoemission spectroscopy (XPS) characterization of

the sample prepared by CBD methods was carried out to
determine the oxidation state of the metal clusters deposited.
XPS consistent with the Au 4f7/2 binding energy of metallic
gold nanoparticles was observed at 84.1 eV and is shown
Figure 3. This supports the hypothesis that the material is an
analogue of the colloidal catalyst, which contains metallic gold
nanoparticles following synthesis in the presence of a strong
reductant (Figure 3).19,20 The metal loading of the CBD
sample was determined by inductively coupled plasma mass
spectrometry (ICP-MS) after acid digestion to be 0.17 wt %.
This was lower than the target 0.3−0.5 wt %, likely because of
deposition of a portion of the clusters onto the vibration cup or
charging of the deposition cup under the ion beam, which can
lead to deflection of the clusters prior to deposition. The
sample prepared by colloidal methods had a gold loading of
1.21 wt %. We also found a high particle deposition density on
some grains of carbon on samples prepared by CBD (Figure 4)
compared with others with little gold deposition. This likely
occurs because of inadequate powder agitation by the vibration
cup. Despite this, significant particle agglomeration was not
observed, as evidenced by representative STEM images
(Figure 2) and repeatable catalytic results over multiple
experiments. This observation, in addition to the smaller gold
particle size, also accounts for the different signal-to-noise

ratios in the XPS spectra. Because both preparation methods
deposit preformed gold particles, we consider that the particle
size will not change substantially as a function of the metal
loading of the two samples, and therefore a comparison of the
two samples is possible when normalized to take into account
active gold surfaces determined by particle size distribution.
Both samples were tested for glycerol oxidation (Table 1)

under basic conditions at 60 °C and 3 bar of O2 pressure. After

4 h of reaction, glycerol conversion for the sample prepared by
colloidal methods reached 95% when 10 mg of catalyst was
used, with glycerate the major product observed (55%
selectivity). In addition, significant amounts of tartronate
(10% selectivity), resulting from the further oxidation of
glycerate, and glycolate (15% selectivity), resulting from C−C
scission, were observed. Selectivity profiles are reported in
Table 2. The remaining reaction products included oxalate,

Figure 3. Au 4f XPS spectra of freshly prepared Au/C by cluster deposition and colloidal methods.

Figure 4. SEM image of a carbon particle with a high density of gold
particle deposition prepared by CBD methods.

Table 1. Comparison of Colloidal- and Cluster-Deposited
Au/C Catalyst Activities toward Glycerol Oxidationa

catalyst

gold
content
(wt %)

catalyst
mass
(mg)

conversion
(%)

TON (mol of
GLYconverted/mol of

Au)

Au/C colloid
deposition

1.21 10 95 4610

Au/C cluster
deposition

0.17 20 52 8990

aReaction conditions: 10 mL of glycerol (0.3 M) and NaOH (0.6 M),
4 h, 60 °C, 3 bar of O2, 1200 rpm.
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lactate, acetate, and formate, with selectivities below 10%.
Because of the lower metal loading, the catalyst prepared by
CBD was tested at higher catalyst mass (20 mg) over the same
4 h reaction time. The sample achieved significant glycerol
conversion (52%). Despite the differences in the conversion
levels, the CBD catalyst showed similar selectivity trends, with
a selectivity of 64% to glycerate as the main reaction product.
The lower selectivity to tartronate (3%) and higher selectivity
to glycerate are consistent with lower glycerol conversion and
reduced overoxidation of the glycerate produced in the
presence of the remaining glycerol. This is consistent with
previous studies showing that product selectivity remains
constant over a wide range of glycerol conversion until glycerol
is fully consumed.10

Comparing the turnover number (TON) for glycerol
conversion between the catalysts prepared by colloidal and
CBD methods demonstrates that the sample prepared by
cluster deposition has around twice the glycerol conversion per
mole of gold (Table 1) over the reaction time. Moreover, the
particle size determined by STEM for the gold clusters in the
colloidal sample (2.7 nm) is slightly larger than that for the
CBD samples (2.1 nm). On the basis of a surface area
calculation assuming spherical particles, the total surface area,
S, is proportional to 1/d (d = cluster diameter). Therefore, the
total surface area rat io for these two samples ,
Scluster deposition of gold/Scolloidal deposition of gold, is around 1.3:1
based on their mean particle size. This suggests that additional
factors, such as the absence of polymer residue at the
nanoparticle surface or enhanced activity on smaller structures,
could contribute to higher glycerol conversion per mole of
gold. This indicates that, on average, surface atoms of the CBD
clusters are more active than the colloidal clusters within our
approximation. Although further work is needed to fully
disclose the effect of chemical ligands (PVP in this case) on the
reaction kinetics, these results demonstrate that the CBD
method can produce catalysts with activities at least similar to
those produced by colloidal routes.
The high glycerol conversions observed per mole of gold

demonstrate that effective catalysts for liquid-phase oxidation
can be prepared by the deposition of gas-phase clusters.
Moreover, the ability to stabilize smaller particle sizes in the
absence of residual contaminant such as polymers on the metal
particles should be beneficial for catalysis and is an advantage
of the CBD approach over wet chemical methods. Our future
studies will further explore the performance of this class of
catalysts compared with colloidally prepared materials, in terms

of activity, selectivity, and stability for a range of catalytic
reactions.
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