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Elaboration of composite materials from gold thiolate clusters and
MOFs as catalysts for valorization of hexoses
Zahraa SHAHIN1, Rodica CHIRIAC2, Franck RATABOUL1, and Aude DEMESSENCE1*
(1) Institut de Recherches sur la Catalyse et l’Environnement de Lyon (IRCELYON), UMR 5256,
CNRS / Université de Lyon 1, 2, avenue Albert Einstein – 69626, Villeurbanne, France.
(2) Laboratoire des Multimateriaux et Interfaces (LMI), UMR 5615, CNRS / Université de Lyon 1, 22,
avenue Gaston Berger – 69622, Villeurbanne, France.
Atomically well-defined gold nano-clusters (GNCs), due to their size related properties, are known to
be active in oxidation catalysis at relatively low temperature.1 Besides, Metal-Organic Frameworks
(MOFs) are hybrid materials that have shown interest in various fields from selective adsorption to
catalysis due their large surface area and pore size tunabiliy.2,3 Thus coupling these two materials will
lead to get multisite composite catalysts for the conversion of hexoses. In our study we aim at
combining the properties of both MOFs (texture, stability, acidic features) and GNCs (oxidation
abilities) in one composite solid to generate two catalytic sites and synergetic effects, for the selective
valorization of biomass into value-added products.4,5
Thus we prepared nanoparticles of a Lewis acid-based MOF: the MIL-101(Cr), made of terephthalate
and Cr(III) cations, and different thiolate functionalized Au25(SR)18. The new composite materials
(GNC@MOF) have been synthesized to support the clusters on the surface or inside the pores of the
MOFs (see Figure 1). Then the initial results on heterogeneous catalysis will be presented using
hexoses (glucose, fructose) as substrates for their valorization into valuable chemicals in oxidative
conditions. We particularly investigated first the distinct effect of MOFs and GNCs followed by their
synergy on the substrate reactivity. In addition, the effect of calcined and non-calcined GNCs
supported on MOFs will be tested on catalysis, to study the effect of the presence of the thiolate
ligands.

Figure 1. Composite materials for biomass valorization.
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Polyoxometalates (POMs) are molecular metal oxide salts that have attracted considerable attention
and the preparation of POM-based materials has been studied in various fields. However, there have
been few reports on utilization of POMs as support materials for the deposition of gold.1 However, the
reported procedures for the preparation of Au/POMs have several problems. Many POMs are easily
decomposed in an alkaline condition. Therefore, it is difficult to deposit gold NPs of less than 2 nm in
size (so-called clusters) on the POM by the DP method in an alkaline condition. We used the sol
immobilization (SI) method with thiolate-protected gold colloids to prepare POM-supported NPGCs
under chloride-free and non-alkaline conditions.
SI was performed according to the literature2 with slight modification. A dark brown solution of
thiolate-protected gold colloids dissolved in 15 mL of toluene was added dropwise into a solution of
Cs-SiW (Cs4SiW12O40) dispersed in 10 mL of toluene. The dried catalyst was calcined at 300°C for 2 h
in air. Gold colloids of several sizes (2.0, 4.2 and 10.7 nm = x) were prepared and the size was
determined by HAADF-STEM images. The obtained samples were denoted as Au(x)/Cs-SiW. The
gold loadings determined by atomic absorption spectroscopy were 0.66wt% for Au(2.0)/Cs-SiW,
0.93wt% for Au(4.2)/Cs-SiW and 0.67wt% for Au(10.7)/Cs-SiW. The catalytic activity for CO oxidation
was measured by using a fixed-bed flow reactor. The reactant gas, 1 vol% CO in air (50 mL min−1),
was fed to the catalyst (0.15 g).
The results for CO oxidation over Au(x)/Cs-SiW (x = 2.0, 4.2 and 10.7) are shown in Figure 1.
The activity of Au(2.0)/Cs-SiW for CO oxidation was very high, and the conversion of CO was 100%
even at −20°C. The temperature for 50% CO conversion (T1/2) was −67°C. Au(2.0)/Cs-SiW is a very
active NPGC for CO oxidation compared to previously reported NPGCs such as Au/TiO2, Au/Fe2O3
and Au/Co3O4. The activity of Au(4.2)/Cs-SiW was drastically decreased compared to that of
Au(2.0)/Cs-SiW, and T1/2 was 16°C. Au(10.7)/Cs-SiW showed very little activity for CO oxidation. The
results clearly showed that deposition of smaller gold NPs is essential to obtain an active Au/Cs-SiW
catalyst for CO oxidation reaction. Interestingly,
the activities of Au/Cs-SiW catalysts decreased
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with reaction for at least 840 h (35 days) at 0°C.
The turnover number (TON) was more than Figure 1. Effects of reaction temperature on CO
200,000 based on gold for 35 days.
oxidation over Au(2.0)/Cs-SiW, Au(4.2)/Cs-SiW
and Au(10.7)/Cs-SiW catalysts.
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1,2

1,2

3

1,3

1,2,3

T. Shirman , J. Lattimer , M. Luneau , C. M. Friend , J. Aizenberg
(1) John A. Paulson School of Engineering and Applied Sciences, Harvard University, Cambridge,
USA. (2) Wyss Institute for Biologically Inspired Engineering, Harvard University, Cambridge, USA. (3)
Department of Chemistry and Chemical Biology, Harvard University, Cambridge, USA.
Bimetallic catalysts have been used in various reactions including reforming, pollution control, and
1
selective chemical transformations. In particular, gold-based bimetallic nanoparticles have emerged
2
as promising catalysts for selective oxidation of alcohols, esterification, and amidization reactions.
Control over the composition and morphology, as well as an efficient incorporation of metallic NPs are
critical factors for obtaining efficient catalysts. Herein we describe a material platform based on hybrid
colloid templated porous (CTP) materials featuring a high degree of control over the composition of
3
the various components and placement of the functional nanoparticles. Our approach is based on the
co-assembly of metal NPs-decorated polymer colloids as sacrificial templates and a matrix precursor
material. Removal of the polymer via calcination produces a fully interconnected porous network with
metal NPs present exclusively at the pore-matrix interface, which in turn results in superior mass
transport within the catalyst and improved accessibility of the metal NPs. Importantly, the composition,
morphology and size of the metal NPs can be predesigned for specific catalytic reactions, preserved
during the fabrication processes and maintained by matrix stabilization during operation. The
versatility of these types of materials will be demonstrated for a number of selective chemical
transformations using AuAg and AuPd bimetallic nanoparticles. The presented approach creates
immense possibilities in terms of the catalyst composition towards efficient and selective chemical
transformations in a sustainable and material-efficient way.

Figure 1. (A) Representative TEM image of templating polymer colloid decorated with Au96Pd4
bimetallic nanoparticles. (B) Representative SEM image of CTP SiO2-AuPd. (C-D) Representative
STEM-EDS maps of (C) CTP SiO2-Au90Ag10 and (D) SiO2-Au96Pd4.
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Stable Au-Ag alloy nanoparticles encapsulated in single crystal
multi-hollow zeolites: application to CO removal at low temperature
studied by operando IR spectroscopy
*
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The preparation of well-defined and stable alloy nanoparticle remains a challenge. We have shown
that it was possible to prepare well-defined alloy nanoparticles encapsulated in single crystal hollow
1
zeolite nanoboxes that were stable at 500°C in the presence of steam . The overall metal loading in
these single hollow nanoboxes had yet to be kept low if the preparation of small particles was sought.
We have recently reported a novel method to prepare well-dispersed nickel nanoparticles at high
2
loading (i.e. 6 wt.%) using multi-hollow single crystal zeolites .
The present contribution reports for the first time the preparation of Au and Au-Ag nanoparticles
2
dispersed in multi-hollow silicalite-1 single crystals, derived from the method reported earlier . Highly
dispersed Au (not shown) and Au-Ag (Fig. 1, left) nanoparticles with a diameter around 3 nm were
obtained, even after calcination at 550°C.
The CO oxidation activity and the species present at the surface of the catalyst were evaluated using
3
a diffuse reflectance FT-IR spectroscopic (DRIFTS) cell described elsewhere . The Au and Au-Ag
1
materials exhibited a maximum of activity (Fig. 1, Middle), as expected . Surprisingly, the Au-only
sample was as active as the Au-Ag sample at lower temperatures, possibly due to a large fraction of
low coordination sites that are able to adsorb and activate CO. This was confirmed by the operando
-1
DRIFTS data (Fig. 1, Right), which showed a significantly higher band at 2134 cm , corresponding to
4
CO adsorbed on step and corner sites . The proportion of these sites was lower on the Au-Ag sample,
-1
but the alloy exhibited partially oxidised Ag sites (bands at 2189 and 2172 cm ) that could too adsorb
CO. The activity of an Ag-only sample was significantly lower over this temperature range (Fig. 1,
Middle), stressing again the synergy existing between Au and Ag for CO oxidation.
This work shows that it is possible to prepare highly dispersed and stable Au and Au-Ag nanoparticles
in multi-hollow zeolites that exhibit interesting activity for CO oxidation at room temperature.

Figure 1. (Left) TEM picture of the 2 wt.%Au+0.2wt.%Ag@silicalite-1 sample calcined at 550°C.
(Middle) CO conversion as a function of temperature. Feed: 2.8% CO + 40% O2 in He, total flow rate
-1
50 mL min , 10 mg of catalyst. (Right) Operando DRIFTS spectra at 100°C corresponding to the
catalytic data reported the previous figure.
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Highly catalytic performance of porous gold with twin boundary
defects
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Since discovery of extraordinary catalytic properties such as CO oxidation [1] of porous gold (PG)
this remarkable material has become a new class of catalysts with potential applications in a wide
range of fields [2]. Samples of PG can be prepared, e.g., by leaching from alloys of Au with less noble
elements such as Ag, Cu or Al. The origin of the catalytic activity of porous gold has been in literature
widely discussed. To date, it is generally accepted that just the residual elements as, e.g., Ag which
binds oxygen and its traces always remain in samples of porous gold play very important role in
explanation of the extraordinary catalytic activity of porous gold. Recently, we reported that porous
gold (PG(Al2Au)) prepared by de-alloying the Al2Au compound (i.e., despite missing Ag) with 10%
NaOH aqueous solution which exhibited highly active for CO oxidation [3]. The mechanism of
formation of the catalytically active sites described in our work represents thus a different contribution
to the catalytic activity of porous gold than the effect of the residual elements. At this presentation, we
will report high catalytic performance of PG(Al2Au) for CO oxidation and selective hydrogenation of
acetylene and propose their possible reaction mechanism.
As shown in Fig. 1(a), PG(Al2Au) exhibited the higher catalytic performance than a conventional
supported gold nanoparticles catalyst (Au/TiO2 (WGC)). The origin of these high activities of PG(Al2Au)
is attributed to the high density of defects in the three-dimensional network of nanoscale ligaments
(Fig. 1(b)). In high-resolution TEM images of the ligaments we observed high density of twin
boundaries (TB) with nanoscale domain sizes (ca. 3 -10 nm). As shown in Fig. 1(c), these TB defects
in the fcc lattice of PG(Al2Au) are able to form active sites for the catalytic reaction on the surface
because low-coordinated Au sites created by the TB defects (Colors indicates the coordination
numbers (CN) of surface atoms). The twinning defects on the {211} surfaces of PG(Al2Au) can create
highly reactive closed-packed
rows
of
Au
sites
with
coordinations CN = 6 and CN =
5 as the W-chains (Fig. 1(c):
see Top view). Using DFT
methods, it is shown that on
these under-coordinated atomic
sites oxygen or hydrogen
adsorption, and subsequent
reaction can proceed via
Langmuir-Hinshelwood
(LH)
mechanism. The reactivity of
the W-chains in the PG(Al2Au)
can thus explain not only the
catalytic activity toward the CO
oxidation but also toward the
semi-hydrogenation of C2H2.
Twinning in the fcc lattice is a
new systematic mechanism for
formation of highly reactive
Figure 1. (a) Catalytic properties of various gold catalysts, (b) HRTEM
under-coordinated
surface
and SEM images of PG(Al2Au) and (c) Schematic views of the fcc
atoms (i.e., CN = 6 and 5) in
Au(11-2) surface with the twin boundary (TB) defects.
nanostructured catalysts.
References
1- V. Zielasek et al., Angew. Chem. Int. Ed. 45, 8241 (2006); C. Xu et al., J. Am. Chem. Soc. 129,
42 (2007).
2- For example, J. Biener, M. Biener, R.J. Madix, C.M. Friend, ACS Catal. 5, 6263 (2015).
3- M. Krajčí, S. Kameoka, A.P. Tsai, J. Chem. Phys. 145, 084703 (2016); 147, 044713 (2017).
Corresponding author email: satoshi.kameoka.b4@tohoku.ac.jp

Controlled growth of high-density nanoparticles on zinc oxide thin
films by photo-deposition
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Since Faraday in the 1850s, gold nanoparticles (AuNPs) have been the subject of growing interest.
AuNPs are now commonly used in many applications such as such as sensors, photocatalysis,
photovoltaic devices, and biological labeling.
The deposition of gold nanoparticles (AuNPs) on zinc oxide films a key step for
(photocatalysis)catalysis or photovoltaic applications, still remains difficult to master.
The deposition of Au NPs on ZnO films was explored to achieve small AuNPs size and homogeneous
shape, high areal density, high purity, and good chemical grafting with the metal oxide film. Among
three possible methods to deposit AuNPs on ZnO−spin coating, deposition precipitation with urea and
photodeposition (P-D) only P-D achieved good enough results to be useful for most applications. The
modified P-D technique developed herein produces homogeneously and dispersed spherical Au NPs
2
(7.5 ± 3 nm in diam.) with a high packing density (3500 ± 10 NPs/μm ). The high density of AuNPs has
a direct impact on the activity of photocatalytic reactions. We demonstrate that high densities of Au
NPs embedded within ZnO film enhance the production of hydrogen by photo- reduction of water.
Furthermore, most of the AuNPs are intercalated into the 25 nm ZnO layer with only 1/5 of their
2
volume emerging out of the metal oxide layer . While the confinement of nano-objects in small volume
remains a great challenge in nanotechnologies in general, the photodeposition process is able to
deposit AuNPs on ZnO thin films. This photodeposition process makes it of great interest for many
applications needing high purity materials such as photovoltaics, photocatalysis, water purification, or
biosensors.

Figure 1. Representation of the high density of AuNPs obtained by deposition-precipitation (DP) for
catalysis used for photocatalytic activity
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Studies of oxygen-assisted coupling of methanol on single crystal gold were used to reveal the
catalytic cycle responsible for the oxygen-assisted coupling of alcohols to form their
corresponding ester. This reaction is initiated by adsorbed oxygen atoms - so-called “active”
oxygen. These model studies correctly predict the patterns of reactivity observed under catalytic
conditions over nanoporous gold catalysts at 1 atm and 100-150 C. To understand more
precisely the connection between the UHV studies and the reactor performance, fast, metered,
pressure pulses of methanol were passed over a small amount of the catalyst at 100-150 C (TAP
reactor) over a wide range of prescribed oxygen coverages, and the transient responses of the
products utilized to determine the product selectivity. The dependence of the selectivity on
oxygen coverage and temperature were assessed using rate constants obtained from the studies
in UHV in combination with theoretical computations. Regression of the transient response
information using the mechanism obtained from UHV reproduced the selectivity patterns precisely
with modest adjustments to the rate constants. Differences in selectivity with respect to steady
flow reactor results at 1 atm and 150 C were observed, however. These differences were
explained entirely by a pressure effect, the origin of which is the variation in the surface
concentration of adsorbed methoxy due to the kinetics of the elementary steps of the mechanism.
When adjusted from the TAP conditions to 1 atm pressure, the mechanistic analysis accounts for
the reactor performance exactly. The relationship between these kinetic studies and the
mechanistic determinations from the model studies will be discussed.

Figure 1. Selectivity contours for increasing reactant pressure (methanol) at varying active
oxygen coverage on npAu catalysts from mechanistic analysis and fundamental rate constants
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Atomic Observation of Praseodymia-Titania Mixed Oxides
Functionalized Nanoporous Gold as Stable Catalysts for Water-Gas
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Dealloyed nanoporous metals hold great promise in the field of heterogeneous catalysis, however
their tendency to coarsening at elevated temperature or under catalytic reaction conditions limit their
1-4
further applications. Here, we report highly stable praseodymia-titania mixed oxides functionalized
2
nanoporous gold synthesized by a sol-gel method. Speciﬁcally, we used aberration-corrected
transmission electron and energy-filtered TEM imaging (EFTEM) to study the morphology and
interface of the oxide and npAu substrate from an atomic-level. The further electron energy loss
spectroscopy (EELS) point Pr-TiOx mixed oxides can form a solid solution. The ﬂow reactor tests show
that the Pr-TiOx functionalized nanoporous gold are not only highly active but also distinctively stable
for water gas shift reaction in both low and high temperature range. Our atomic-scale observations
provided compelling evidence that the formation of Pr-TiOx mixed oxide solid solution on the stepped
surface of npAu play a key role in preventing the nanopore coarsening by lowering the free energy of
the catalyst. The results demonstrate the potential of engineering the compositions of oxides coatings
for advanced functional systems. We expect that such a catalyst design methodology will open the
door to a new area of catalyst development.

Figure 1. Surface atomic structure of oxides
covered nanoporous gold.

Figure 2. Water-Gas Shift activity of Pr1Ti2Ox/npAu
and PrOx/npAu as a function of temperature.
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In-situ E-TEM study of the morphology of TiO2 supported gold
nanocatalysts under oxidizing (O2) and reducing (H2) atmosphere
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Since the discovery of the capabilities of nanometer sized gold clusters for the oxidation of carbon
monoxide by Haruta et al. [1], supported-gold nanoparticles (NPs) are being intensively studied in the
field of heterogeneous catalysis. Despite this on-going interest, the link between catalytic activity and
morphology of the NPs is still not completely clear. This results from the lack of direct observations of
these NPs in their reaction environments. In this contribution, we present in situ gas TEM studies of
the morphological transformation of Au NPs supported on rutile-TiO2 nanorods under oxidizing (O2)
and reductive (H2) atmospheres as function of gas pressure and temperature.
Monometallic gold NPs were fabricated by pulsed laser deposition and deposited on rutile-TiO2
nanorods. In-situ gas TEM up to atmospheric pressure and 400 °C was performed in an environmental
gas-cell from Protochips Inc. Figure 1 shows a series of dark-field images of TiO2-supported Au NPs
under 750 Torr of O2 between room temperature and 400 °C. Above 200°C, the NPs present
truncated octahedron-like shape bounded by (100) and (111) facets. Below 200°C, the NPs present
more rounded-like shape. This implies a change in surface energies of the (111) and (100) facets that
form the truncated octahedron shape as well as a growth of (110) facets that make the NPs look more
rounded.
The influence of the reaction medium (O2, H2) as well as the gas pressure and the temperature on the
morphology of Au NPs will be discussed in this presentation.

Figure 1. TiO2 supported gold NPs under 750 Torr of O2 at 400°C, 300°C, 200°C, 100°C and RT.
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Pd and CO oxidation on Au30Pd70(110) upon O2 and CO elevated
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The pioneering work by Haruta et al on low-temperature CO oxidation catalyzed by supported Au
nanoparticles has stimulated numerous studies, among them the choice of AuXPd1-X alloy to improve
the catalytic performance of both elements.
It was shown that Pd preferential segregation to the AuPd surface allows to form contiguous Pd sites
that are necessary to O2 dissociation and the presence of gold in the Pd neighboring facilitate CO
2
desorption; therefore the PdAu alloys reactivity is superior compared with pure Pd below 200°C .
In this frame, we performed a detailed structural study of Au30Pd70(110) surface from UHV up to near
ambient pressure of oxygen and CO as well as reactive conditions for CO oxidation (CO + O2) at
moderate temperatures (from RT to 200°C). We coupled in situ by GIXRD (grazing incidence x-ray
3
diffraction) to gas analysis by mass spectroscopy, thanks to an homemade setup . This was
completed by chemical analysis by AES for each of the mains state of the system and by STM
measurements.
The (1x1) Au rich surface in UHV, at room temperature, strongly evolves under oxygen when
increasing the pressure up to 500 mbar. It induces the Pd enrichment with structural modifications with
several (P,T) domains : two kinds of (1X2) reconstructions were identified, then the oxygen insertion in
subsurface region before the growth of a fairly well defined film of strained PdO(100).
4

High pressures of CO also induce palladium segregation therefore it appears that under (semi)
realistic conditions gold tends to disappear from the Au30Pd70(110) surface. It was followed under
reactive conditions at moderate temperature. The strained PdO was found highly active in oxygen-rich
conditions and it turns out to be a very interesting model to study the mechanism of the CO oxidation
5
on pure palladium surface that remains still very debated .
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Bimetallic Au-based nanoparticles receive much attention for their application in gas-phase catalysis
[1,2]. Generally, the catalytic properties of such bimetallic nanoparticles critically depend on the
distribution of the two metals. However, it remains very challenging to characterize the evolution of the
atomic distribution within the particles under catalytic reaction conditions and at elevated
temperatures. To study thermally driven metal redistribution in bimetallic nanoparticles in situ, we
developed a well-defined model system consisting of Au-core Ag-shell nanorods encapsulated in a
mesoporous silica shell [3,4]. This allowed us to control the Ag-Au ratio, shape and size of the
nanoparticles, while the silica shell prevented deformation and sintering of the rods at elevated
temperatures. We specifically chose Au-Ag based nanoparticles to study the kinetics of the metal
redistribution, since Au-Ag alloy formation is thermodynamically favourable at all compositions. We
studied the influence of the Au-Ag ratio on the alloying process in situ in the electron microscope and
with EXAFS, and with electron microscopy ex situ after heating in an oven. We show that the alloying
kinetics in the nanorods are, just as in bulk crystals, strongly influenced by the Au-Ag ratio, whereby a
higher Ag-content leads to higher alloying temperatures. In addition, smaller particle volumes lead to
lower alloy temperatures. Based on our experimental results a theoretical model was developed which
accurately describes the alloying temperatures of Au-Ag based nanoparticles as a function of
composition and volume.

Figure 1. In situ heating of silica coated Au-core Ag-shell NRs in an electron microscope.
A) EDX maps with Au in red and Ag in green acquired at 25, 400, 450 and 475 °C. B) Plot of the
degree of alloying for NRs as a function of particle volume and C) Ag/Au ratio
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Catalytic removal of formaldehyde at room temperature over
supported gold catalysts
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Formaldehyde (HCHO) as a common indoor pollutant exposes great threat to human health. Long
term inhaling of air with HCHO even at ppm level could lead to severe body diseases. With the
strengthened environmental consciousness as well as the stricter regulations, HCHO abatement has
been attracted more and more attention1,2. Catalytic removal at room temperature remains as a big
challenge.
Series of gold nanoparticles stabilized on various supports3-6 (CeO2, FeOx, γ-Al2O3 and SiO2) were
studied in our group as active catalysts for HCHO oxidation at room temperature under high GHSV of
600000 ml/(g·s). The results shown that the particle size of Au NPs plays crucial role in determining
the initial activity. Au/γ-Al2O3 and Au/SiO2 catalysts with the higher Au dispersion and smaller Au
particle size render better catalytic HCHO oxidation activities. While the support has more significant
influence on catalysts’ stability. Owing to the strong surface interactions between Au NPs and the
reducible oxides (like CeO2), the gold NPs could be anchored over the oxides through the abundant of
surface oxygen species (Oads) and therefore exhibits a better stability for HCHO oxidation. However,
due to the weak interaction between Au NPs and SiO2, the aggregation of gold particles occurred
during the reaction, which results in the fast deactivation7.
By employing the technique of in situ DRIFTs, we investigate the reaction mechanism of HCHO
oxidation over supported gold catalysts. The rate limiting step is oxidation of HCOO-(s) into CO2 and
H2O, which was catalyzed by Au NPs and being promoted by the presence of humidity.

Figure 1. Catalyze the HCHO oxidation on various supports
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Nano-alloy catalysts typically operate under high-pressure and high-temperature conditions, and this
reactive environment may substantially influence the structure and the surface composition and
therefore the reactivity of these nano-materials. Theoretical studies of catalytic properties are often
investigated on model systems (extended surfaces and/or small nanoparticles) where the effect of the
oxide support is neglected and where no account is taken for the possibility that the catalyst surface
composition can be modified after the gas exposure [1]. This is a serious drawback that may prevent
reliable description of the catalyst reactivity that mainly depends on the configuration of the surface.
Nowadays, modeling the equilibrium structure and the shape of nano-alloys in a “realistic” reactive
environment is still a barely studied subject and remains an extremely challenging task.
Recent works in the group have been focused on the study of the structural changes of gold-based
nanocatalysts under reactive gas and on their related catalytic properties [2-5]. Different theoretical
approaches from Density Functional Theory (DFT) calculations combined with Monte Carlo
simulations (MC) to multiscale structure reconstruction (MSR) methodology were developed to predict
and to reproduce the effect of adsorbed gas on the surface. Based on DFT-Ising model, CO
adsorption induced segregation phenomenon in bimetallic Au-Pd systems (Figure 1) was explained
and the different chemical ordering on the surface as a function of the temperature and the gas
pressure were predicted [2]. In addition, to compare with experimental data, a complete phase
diagram of the formed ordered phases as well as the overall reaction pathways toward CO oxidation
reaction were predicted [3]. From MSR model, quantitative predictions of the equilibrium geometries of
free monometallic gold nanoparticles [4] (Figure 2) and more recently on free and supported bimetallic
ones were achieved at different temperatures and gas pressures. Simulation results of the shape
evolution changes under reactive media have shown high concordance with experimental
observations.

Figure 1: CO adsorption-inducing Pd segregation in Au-Pd
surface and formation of stable ordered phases [2]. Pd
linear chains (big grey balls) separated by Au linear chains
(big yellow balls) with CO bridging Pd atoms. Carbon and
oxygen atoms are represented by small blue and red balls,
respectively.

Figure 2: The shape evolution of
gold nanoparticles in presence of
mixed gas pressure from MSR
model [4].
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Role of Water on CO oxidation over Boron-Nitrogen sheet
supported Gold Clusters (Au9) -A First Principles study
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Carbon monoxide (CO) is a highly toxic gas for human because of its high affinity with
hemoglobin, and it causes many illnesses, suffocation, and sudden death. Therefore, the elimination
of CO is attracted practical importance to control the environment. In many processes, the catalytic
oxidation of CO to CO2 over a heterogeneous catalyst surface is the suitable method in CO elimination.
Due to the groundbreaking work of Haruta et al., [1] the use of gold nanoparticles as a catalyst to
oxidize CO to CO2 has become an interesting topic. Previously, many theoretical and experimental
studies have explored the catalytic activity of Au clusters on pure metals and metal oxide surfaces. [2]
Here we considered Au9 clusters supported on a boron-nitrogen sheet (BN) and investigated its
catalytic activity towards CO oxidation using first-principles calculations. Furthermore, we also
explored the effect of water on the CO oxidation on Au clusters supported on the boron-nitrogen sheet.
Our results indicate that Au9 cluster is stably adsorbed on BN surface and the catalytic activity of Au9
cluster is enhanced through electron transfer from BN to Au9 cluster. We found that the stretching
vibration of adsorbed CO on Au9/BN surface is blue-shifted with the increase of water content, which is
in agreement with the previous experimental observation. [3] By exploring the all possible CO
oxidation pathways, we found that in presence with water on the Au9/BN surface, the reaction barrier
of rate determining step of CO oxidation is only 0.40eV, which is significantly lower than the previously
studies. Our calculated results suggest that Au9 clusters supported on BN surface could be a
promising catalyst for CO oxidation at low-temperature conditions.
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Vinyl chloride monomer (VCM) is a major commodity chemical with over 30 million tons produced
annually; ca. the 90% of the VCM production is used in the manufacture of polyvinyl chloride (PVC).
One of the main route for the production of VCM is the direct hydrochlorination of acetylene, a single
step process, traditionally catalysed by carbon-supported mercuric chloride.
In 2013, the “Minamata convention on mercury”, prohibited the use of mercury in VCM plants
constructed after 2017, while the already existing reactors must be mercury-free by 2022.
Following the prediction of Hutchings in 1985,1 Au supported on carbon has recently been validated as
a replacement catalyst for this large scale industrial process.2 Even though it was predicted and
demonstrated in 1985 that gold supported on activated carbon is the most active catalyst for the
acetylene hydrochlorination reaction, so far, the absence of operando studies of the acetylene
hydrochlorination reaction has hindered the understanding of these systems.
In this study, the nature of the active species in carbon-supported gold catalysts has been investigated
using X-ray Absorption spectroscopy (XAS) and Transmission Electron Microscopy (TEM).
We show that the active species comprise single-site cationic Au entities. In particular, during the time
online studies, distinct changes in the X-ray Absorption Near Edge Structure (XANES) were observed
(Figure 1 A), which clearly correlate to the reaction profile. 3 This observation, together with the analysis
of the Extended X-ray Absorption Fine Structure (EXAFS) and supported by TEM, lead us to the
conclusion that the active site for this reaction is a supported gold cation, including both Au (I) and Au
(III), showing analogies with the single-site homogeneous catalysis.
The role of reactants was also taken into consideration in the deactivation mechanism of gold on
carbon catalyst via an in situ XAS sequential gas flow experiment. Finally, tests performed on high
metal loading catalyst allow to observe the deactivation of the catalyst due to the formation of inactive
nanoparticles (Figure 1 B).
Finally, we reaffirm that in situ XAFS is important for studying the properties of this single site Au catalyst
under various gas compositions and during deactivation.

A)

B)

Figure 1. A) Three-dimensional profile plot of successive Au L3 edges from XANES spectra acquired in
situ as a function of reaction time. B) In situ EXAFS Fourier transform of the same catalyst compared
to the refence material (Gold foil)
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Single-atom catalysis is a hot topic recently in the field of heterogeneous catalysis [1,2]. Fundamental
understanding of support effects and metal–support interaction is critical in single-atom catalysis and
general heterogeneous catalysis as well. In this work, theoretical investigations are carried out to
study the nature of support effects of different tetravalent-metal dioxides of MO2 (M = Ti, Zr, Ce, Hf,
Th) in gold SACs using density functional theory with on-site Coulomb interactions (DFT+U). The
properties of gold adatom on the stoichiometric (MO2) and reduced (MO2–x) surfaces as well as CO
adsorption on Au1/MO2 and Au1/MO2–x have been studied systematically. The fundamental quantum
primogenic effect that causes the radial contraction and low orbital energies of 3d and 4f orbitals in
these MO2 oxides is found to play a vital role in determining the valence states and charge distribution
of gold single atoms (SAs) as well as the adsorption modes of CO on Au SAs with various
MO2 supports. We find that gold SAs supported on different surfaces exhibit oxidation states from
Au(−I) to Au(0) to Au(I), depending on the nature of the metal oxide supports. The support-dependent
oxidation states and charge distribution of Au can further influence the adsorption mode of CO. These
results provide essential understanding on the nature of support effects of metal oxides in
heterogeneous catalysis [3].
We have constructed a general thermodynamic model of chemical potentials and applied DFT
electronic structure and ab initio molecular dynamics simulations, as well as kinetic Monte Carlo
analysis, to probe the dynamical, reactive, and kinetic aspects of metal SACs on oxide support [4]. It is
shown that, under realistic conditions, various factors such as temperature, pressure, particle size,
and the reducibility of the support can strongly affect
both the stability and the reactivity of SACs by altering
the relative chemical potentials between SAs and
metal nanoparticles (NPs). Remarkably, under
reaction conditions, Au SAs can be dynamically
created at the interface of small-size Au NPs on ceria
support even without step sites, which accounts for
the puzzling significant size effect in gold catalysis [5].
Our work underscores an unrecognized critical role of
dynamic Au SAs in gold nanocatalysis and provides a
general methodology for designing the metal SACs
on oxide supports.
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The influence of gold and copper on activity and selectivity of
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In recent years a lot of attention has been paid to development of active and selective catalysts for
photocatalytic methanol oxidation. So far, detailed studies on this reaction allowed the investigation of
the mechanism of photocatalytic process and to determine the factors affecting the catalyst activity
and selectivity [1]. Our studies are part of these efforts due to investigation of the influence of gold and
copper, as well as gold-copper interaction on the photocatalytic activity of semiconductors. The
selection of Nb2O5 as a model support resulted from its high Brønsted acidity that is important factor
for the obtainment of high selectivity towards the most valuable products, e.g. dimethoxymethane [2].
The studies included synthesis of mono (Au, Cu) and bimetallic (Au-Cu) photocatalysts supported on
Nb2O5. Copper was deposited by wet impregnation, while for the deposition of gold two different
approaches
were
applied,
i.e.
deposition-reduction
(DR)
and
grafting
with
(3Aminopropyl)trimethoxysilane (APTMS). The catalysts prepared were characterized with ICP-OES,
XRD, N2-adsortion/desorption, UV-vis, XPS, STEM-EDX, and in situ adsorption of pyridine and
methanol. Photocatalytic activity of materials was studied in operando system under the irradiation
with different light sources (monochromatic UV light, λ = 365 nm; polychromatic UV light with different
intensity and polychromatic visible light, λ > 390 nm).

Fig. 1. Activity of catalysts in photocatalytic methanol oxidation depending on light source.
The results of photocatalytic activity of materials are shown in Fig. 1. From among all the catalyst
prepared the highest activity in methanol photooxidation under polychromatic UV irradiation showed
unmodified Nb2O5. The method of gold deposition has not affected the catalyst activity, but had
significant impact on products distribution. Deposition of gold by anchoring allowed obtainment a high
selectivity to dimethoxymethane, while deposition of gold by deposition-reduction led to the formation
of CO2 as the main product. It was observed that copper-containing catalysts (Cu/Nb2O5 and
AuCu/Nb2O5) exhibited the lowest activity in MeOH oxidation under UV irradiation. Very interesting
phenomenon was observed under visible light irradiation. From among all the catalysts prepared the
highest activity was observed for bimetallic Au-Cu catalysts, while Cu/Nb2O5 and Au/Nb2O5 were
almost inactive. The detailed analyses of relationship between the activity and selectivity of catalysts
and their surface and physicochemical properties are the main issue of our presentation.
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Hydrogen-promoted CO oxidation over hydrophobic Au/FLG
catalysts
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Gold catalysts have been considered for the low temperature purification of hydrogen feeding protonexchange membrane fuel cells via CO preferential oxidation (PROX) [1] for over a decade. In these
catalysts, gold nanoparticles (Au NP) are generally supported over oxides of transition metals. High
activity is ensured by a synergy between oxygen activation mediated by the support (or more precisely
by the gold/support interface) [2] and oxygen activation mediated by hydrogen [3]. These OHterminated catalysts however quickly deactivate with time-on-stream, via OH-mediated carbonate
formation [4]. Methyl-terminated oxide supports have allowed us to evidence (1) the intrinsic activity of
Au NP for hydrogen-mediated CO oxidation with no involvement of the support [5], and (2) the
superior selectivity and durability of these hydrophobic materials, due to their low reactivity towards
the water by-product [6]. More efficient PROX catalysts based on gold could thus be developed by
optimizing hydrogen-mediated oxygen activation catalyzed by such hydrophobic materials.
In this communication, we will show that Au NP supported on highly graphitized, unfunctionalized fewlayer graphene (FLG) [7] can activate oxygen at low temperature (< 300°C) in the presence of
hydrogen. The kinetics of hydrogen oxidation exhibit a higher H2 partial order (close to 1, Figure 1a),
associated with lower O2 partial order (0.16), as compared with those observed over OH-terminated
gold catalysts. The implications for H2-mediated CO oxidation will be discussed, as a function of the
chemical composition of the catalyst, i.e. the type of heteroatoms present in the material (Figure 1b).
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Figure 1. (a) Influence of H2 partial pressure on Au/FLG-catalyzed oxygen activation and (b) PROX
behavior of Au-FLG catalysts containing Na ( ) or not ( )
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The low-temperature water-gas shift (LTS) reaction has seen renewed interest in recent years in the
context of fuel cell technology as a method of reducing the CO concentration in reformate streams.
Au/CeZrO4 is one of the most active catalysts reported for this reaction to date, but undergoes rapid
[1]
deactivation on-stream. The origin of the deactivation was previously studied it was inferred from
EXAFS and XPS that particle de-wetting was the primary deactivation process and particle
[2]
agglomeration was not considered an important deactivation process. However, direct evidence for
particle de-wetting has not been reported and detailed microscopy has not been carried out on this
catalyst. Using stop-start scanning transmission electron microscopy (STEM) we were able to follow
the exact same nanoparticles at different intervals of the reaction. Additionally, complementary X-ray
photoelectron spectroscopy (XPS) was carried out to monitor changes in the Au oxidation state and
speciation.
The time-on-stream profile of 2 wt% Au/CeZrO4, prepared by deposition-precipitation, (Fig. 1, left),
illustrates the rapid catalyst deactivation over the first 6 h. After this time, the rate of deactivation
decreases but the activity continues to drop over 48 h.

Fig. 1. Left: Time-on-stream profile of 2 wt% Au/CeZrO4 under LTS conditions showing the intervals
(1-6) at which the catalyst was characterized. Right: Systematic set of stop-start STEM-HAADF
images of the same area in a 2 wt% Au/CeZrO4 catalyst at different stages of the LTS reaction (150
3
-1
mg, 2% CO, 2% CO2, 7.5 % H2O, 8.1% H2 and 80.4% N2.Total flow rate = 100 cm min ).
The formation of small Au nanoparticles was observed during the heating up of the catalyst to reaction
temperature, from Au species that were not resolvable by HAADF STEM. Additionally, particle
agglomeration under reaction conditions was observed using stop-start HAADF STEM (Fig. 1, right).
3+
Complementary XPS revealed a decrease in Au and a species ascribed to small Au nanoparticles
after exposure to LTS reaction conditions. The stop-start STEM and XPS studies were fully consistent
with the hypothesis that particle agglomeration is the primary mechanism of catalyst deactivation in
the LTS reaction over Au/CeZrO4.
These findings highlight the importance of a strong metal-support interaction in preparing stable
catalysts, and will aid the future design of LTS catalysts. Additionally, the novel methodology of stopstart STEM has been shown to be a highly effective means of observing deactivation processes in
catalytic reactions, while bypassing the challenge of conventional microscopy, which doesn’t allow the
same region of sample to be analyzed.
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Atomic-layered Au clusters on α-MoC as catalysts for the lowtemperature water-gas shift reaction
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Republic of China.
The water gas shift（WGS）reaction (CO + H2O ↔ CO2 + H2) is an essential step in the purification
process for on-board fuel reforming and hydrogen production. From thermodynamic points of view,
WGS is an exothermal reaction, low temperatures favor this process. However, the current industrial
CuO/ZnO/Al2O3 catalysts exhibit poor activities under working temperatures lower than 250oC.
Therefore, considerable work has been focused on developing efficient catalysts for low temperature
WGS reaction. Herein, we successfully synthesized layered gold (Au) clusters on a face centered
cubicrystal (FCC) structured alpha-phase molybdenum carbide (α-MoC) substrate to create an
interfacial catalyst system for the ultralow-temperature WGS reaction1. In this paper, we firstly
compared the substrate properties of α-MoC with beta-phase molybdenum carbide (β-Mo2C) which
has a hexagonal closed packed (HCP) unit cell. As shown in Figure 1A, β-Mo2C exhibited very poor
WGS activity at whole temperatures. While α-MoC substrate could effectively catalyze the WGS
reaction, exhibiting 65% CO conversion at 473 K. Surprisingly, the 2% Au/α-MoC shows 98% CO
conversion at only 423K in the product-free gas feed, reaching 1.05 molCO/molAu/s, which was 20 times
higher than the best activity previously reported in literature. In a single-run reaction (more than 140 h)
under the full reformate gas feed, the 2% Au/α-MoC catalyst shows an excellent total turnover number
(TTN), reaching up to 385,400 molCO/molAu.
Structural characterizations of 2% Au/α-MoC catalyst were further performed. HR-STEM images
revealed layered Au clusters epitaxially grown on the substrate (Figure 1B, average diameter of 1-2
nm; thickness of 2-4 atomic layers (<1 nm)), which were in good agreement with the EXAFS fitting
results (Figure 1C). Detailed crystal structure analysis also showed that these epitaxial Au clusters
strongly aligned with the (111) planes of the α-MoC support. More astonishingly, no obvious structural
difference was observed when the catalyst undergoes the high temperature activation (700oC) process
for 2h and the long-term reaction in WGS (more than 100h). Electron diffraction pattern proved that
the contact angle of Au (200) and α-MoC (111) was calculated to be 42.7º, much smaller than Au
particles over oxides surface, which implies the existence of strong Au-α-MoC interactions between
the particles and the substrates. Benefiting from the strong metal-support interaction, water was
activated over α-MoC at 30oC. Adsorbed CO on adjacent Au sites were apt to react with surface
hydroxyl groups formed from the water dissociation, leading to the high WGS activity at low
temperatures.

Figure 1. Catalytic properties and structural characterization of 2% Au/α-MoC catalyst. (A) The CO
conversion of 2% Au/α-MoC and reference catalysts at various temperature. (condition: 10.5% CO,
21% H2O, 20% N2 in Ar; WHSV = 90,000 ml/g/h); (B) The HAADF-STEM images of 2% Au/α-MoC
catalyst; (C) Fourier transformation (FT) EXAFS spectrum and fitting results of 2% Au//α-MoC catalyst.
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Synergetic Effect of Bimetallic Au-Ru/TiO2 Catalysts for CO and
Methanol Complete Oxidation
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It is well known that gold nanoparticles supported on metal oxides are active in various reactions of
1
environmental importance. Particularly, supported Au nanoparticles is well known as very efficient
1
catalysts for CO oxidation at low temperature. It is also possible to perform the oxidation of some
volatile organic compounds (VOCs) such as light hydrocarbons and alcohols at room temperature.
The most efficient and low-cost method for their abatement is the catalytic combustion to CO2 and
H2O, preferentially at low temperatures. On the other hand, the preparation of bimetallic catalysts has
been proposed as an alternative to improve the activity, stability and/or selectivity of gold catalysts. In
this way, the addition of a second metal could modify the physicochemical and electronic properties of
2
the first metal. Ruthenium-based catalysts have been studied in VOCs oxidation reaction, and in
3,4
conjunction with gold, they exhibit an improvement in catalytic activity.
Methanol is frequently employed as one of the model molecule for the total oxidation of VOCs; it has
4
been investigated using gold catalysts supported on metal oxides.
To study the effect of the addition of Ru to Au/TiO2 catalysts, three types of Au-Ru/TiO2 catalysts were
prepared using methods involving deposition-precipitation with urea, with 3 wt% Au and 1.6 wt% Ru,
i.e., with a 1:1 atomic ratio:
- co-deposition-precipitation,
- sequential deposition-precipitation with gold deposited first, then ruthenium,
- sequential deposition-precipitation with ruthenium deposited first, then gold.
They were tested in the reaction of CO oxidation performed at increasing temperature, from RT to 300
°C, and compared to monometallic 3 wt% Au/TiO2 and 1.6 wt% Ru/TiO2. Depending on the
preparation method and the activation temperature, i.e., the temperature at which the samples were in
situ reduced under H2 before the reaction, the Au-Ru/TiO2 (1:1) catalysts exhibited catalytic activity,
either close to Au/TiO2 or close to Ru/TiO2, i.e., high or poor activity at low temperature, respectively.
The most active catalyst was the one prepared by sequential deposition-precipitation with gold
deposited first, then ruthenium, and HAADF and microEDS analysis showed that Ru core-Au shell
type particles were formed. In contrast, for the poorly active catalysts, gold was in the core and Ru in
the shell. For the most active sample, the Au:Ru atomic ratio was varied (1:1, 1:0.75, 1:0.5 and
1:0.25). The catalyst with the 1:0.75 atomic ratio exhibited the highest catalytic activity showing a
synergetic effect due to the addition of ruthenium.
These catalysts (sequential deposition-precipitation (gold first then ruthenium)), thermally treated at
300 °C in H2, were also tested in the total oxidation of methanol. The catalytic activity showed a
5
synergetic effect at room temperature mainly for the 1:1 and 0.75:1 atomic ratio. TPR, UV-Vis
spectra, XPS and DRIFTS-CO results also confirm the interaction between Ru and Au. Operando
FTIR spectroscopy, performed during the oxidation of methanol as a function of the reaction
temperature, showed that formates were the main reaction intermediates of the reaction, that they
were already formed at RT on bimetallic Au-Ru/TiO2 catalysts and that they were oxidized at lower
4
temperatures than the monometallic Ru and Au counterparts.
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Au-Pd alloy catalysts for the oxidation of organic compounds
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The use of natural gas as a feedstock for chemical synthesis or for the synthesis of fuels currently
relies on conversion to syngas and then further processing via Fischer-Tropsch catalysis.1 A more
elegant and lower cost route2 would be possible if the partial oxidation of methane (the main
component of natural gas) to more C1 molecules such as methanol were available. Noble metals such
as gold and palladium have been shown to be highly efficient catalysts for the partial oxidation of
methane using H2O2 as the oxygen source.3 Very recently it has been realised that once this catalysis
is initiated with H2O2, it is possible to incorporate oxygen directly from O 2, which makes the economics
of a process based on this reaction much more attractive.4
Aside from methane, Au-Pd alloy nanoparticles are highly efficient catalysts for the in-situ production
of hydrogen peroxide and the partial oxidation of various organic substrates using hydrogen
peroxide.5, 6 However, the exact mechanism and reactive species in this reaction are unclear. It has
been proposed that these oxidation reactions involve radical mechanisms where the oxygen is
delivered via a hydroperoxide radical species. The exact form of this species is unclear as is the role
of protonation by water to form the species from dioxygen. This project studies the partial oxidation of
organic molecules using supported Au-Pd alloy catalysts. The aim is to use quantum chemical
calculations to study the activation of oxygen and the role of the peroxide intermediates that are
formed in the proposed mechanism. Moreover, the synergistic effect of Au and Pd in this reaction is
investigated to rationalise the enhanced performance of the alloy catalyst. In this project, calculations
on slab model surfaces of Au, Pd, and Au-Pd alloy are performed using the Vienna Ab Initio
Simulation Package (VASP) code.

Adsorption of methyl hydroperoxide which is proposed to be the crucial intermediate of this reaction on
the (111) and (100) surfaces of pure Au and Pd as well as an alloy surface is evaluated and
compared. Based on these results, the cleavage of the O–O bond of the hydroperoxide on the metal
surface is investigated by calculating the according transition states and activation energies to
determine the activity of the different facets of the pure metal and alloy catalysts.
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Oxidative dehydrogenation of cyclohexanol to cyclohexanone over
Au/MgCuCr2O4 catalyst
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Dehydrogenation of cyclohexanol (CH-ol) to cyclohexanone (CH-one) is an important industrial
process, as cyclohexanone is an intermediate used in the production of caprolactam. Currently, in the
industry Cu-based catalysts are widely used in the direct dehydrogenation process [1-2]. However,
this reaction is endothermic and thus restricted by reaction equilibrium. In addition, catalysts used also
suffer from serious deactivation. In contrast, oxidative dehydrogenation of CH-ol to CH-one is
exothermic, therefore, in principle this process can reduce energy consumption and overcome the
reaction equilibrium. More importantly, the introduction of oxygen can help remove some intermediate
species which otherwise would lead to deactivation. Gold catalysis has attracted great interest in the
past two decades because of its surprisingly high activity and selectivity in many reactions, especially
in selective oxidation reactions [3]. However, to our knowledge there has been no report of a highly
active, selective and stable catalyst for the gas-phase oxidative dehydrogenation of CH-ol to CH-one.

Figure 1. TEM images of fresh Au/MgCuCr2O4 catalyst (left) and catalytic performance of
Au/MgCuCr2O4 catalyst in oxidative dehydrogenation of cyclohexanol (right)
In the present work, Au/MgCuCr2O4 catalyst was successfully prepared by deposition-precipitation
method. TEM image (Fig.1) shows that gold nanoparticles are in the range of 2-4 nm and welldistributed. In the oxidative dehydrogenation of CH-ol to CH-one, there was an induction period at the
initial stage of the reaction, probably due to surface reconstruction. At stable stage, CH-ol could be
selectively converted to CH-one with CH-ol conversion of 71% and CH-one selectivity of 96% at 260
°C. Surprisingly, there was no deactivation even after 100 h of reaction, indicating the great advantage
of oxidative process. The good catalytic performance can be attributed to the presence of welldispersed and sinter-resistant nm-sized gold nanoparticles and a strong Au-Cu synergy. The effect of
Mg/Cu ratio and residual Na in support were also studied systematically in our research in order to
better elucidate the Au-support interaction and the underlying reaction mechanism.
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Ammonia is a well-known pollutant with the characteristic pungent smell which has adverse effects on
human health and environment. Selective catalytic oxidation (SCO) of NH 3 with O2 to harmless N2,
H2O is a potentially efficient method to remove NH3. Gold catalysts are well known for their high
catalytic activities in ambient air at low temperatures1. It has been reported that the addition of Au can
lead to a significant enhancement in NH3-SCO because Au can enhance the band intensity of imidelike adspecies. Besides, acidic metal oxides can adsorb NH3. Therefore, acidic metal oxides supported
gold catalysts are the promising candidates for realizing NH3-SCO at low temperatures. Niobium
oxides (Nb2O5), which is a solid acid with a low isoelectric point, is attractive as an acidic support.
However, it is very difficult to prepare nanoparticulate gold catalysts if the support’s isoelectric point is
below 5. We have recently developed a sol immobilization method2 to deposit Au nanoparticle
(diameter < 3nm) on Nb2O5 which will provide a new possibility for low-temperature SCO of NH3.
Three Nb2O5 crystal structures3 (layered-structure-type, orthorhombic and amorphous, denoted as
Nb2O5-L, Nb2O5-T and Nb2O5-A) and different Au loading amount were synthesized and evaluated for
selective catalytic oxidation of NH3. As shown in Fig.1, Nb2O5-L showed no catalytic activity for NH3
oxidation even at 250oC. In contrast, the catalytic activities of Au/Nb 2O5 for NH3 oxidation were greatly
enhanced. The lattice oxygen species on Au/Nb2O5-L is good for the formation of active atomic
oxygen species which may give an explanation of its high catalytic activity for NH3 oxidation. In
addition, the Au loading amount would greatly influence the catalytic activity of Au/Nb 2O5-L for NH3
oxidation. The catalytic activity increased with the increase of Au loading amount from 1wt% to 5wt%
while the size of Au nanoparticles remaining the same. Au(5wt%)/Nb2O5-L showed a 60% conversion
of NH3 at 25oC which is the highest conversion of NH3 oxidation reported yet at room temperature.
In conclusion, different kinds of Nb2O5 were used as supports for the preparation of Au/Nb2O5.
Nb2O5-L was inactive for NH3 oxidation. However, the catalytic activity was significantly enhanced by
the deposition of Au nanoparticles. Moreover, the catalytic activity of Au/Nb2O5-L was much higher
than other two kinds of Nb2O5 supported gold catalysts because of its large surface area and surface’s
lattice oxygen species. The effect of Au loading amount on the catalytic activity of Au/Nb2O5-L
indicated that the periphery interface between Au and Nb2O5-L may be the active sites for NH3
oxidation.
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Figure 1. Effect of reaction temperatures on NH3 conversion over different Nb2O5 supported gold
catalysts. The Au loading amount was 1wt%. The amount of catalyst was 0.15 g. The reactant gas
contained 50 ppm NH3 and 20% O2 balanced with Ar.
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Non-Metallic Gold Clusters for Oxygen Activation and Aerobic
Oxidation
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Non-metallic Au nanoclusters of atomic precision (AunLm, where L = organic ligand: thiolate and
phosphine) have been shown as a new promising nanogold catalyst. The well-defined AunLm catalysts
possess unique electronic properties and frameworks, providing an excellent opportunity to correlate
the intrinsic catalytic behavior with the cluster’s framework as well as to study the catalytic
mechanisms over gold nanoclusters.1
Here, we only demonstrate the important roles of the gold nanoclusters in the oxygen activation (e.g.,
3
O2 transfer to 1O2 in the irradiation of light)2 and their oxidations in the presence of oxygen, such as
CO to CO2, sulﬁdes to sulfoxides, alcohol to aldehyde, styrene to styrene epoxide, amines to imines,
and glucose to gluconic acid (Figure 1).3-5 The size-specificity (Au25 (1.3 nm), Au38 (1.5 nm), Au144 (1.9
nm), etc), ligand engineering (e.g., aromatic vs aliphatic), and doping effects (e.g., copper, silver,
palladium, and platinum) are discussed. The partial removal of protecting ligands to expose the gold
atoms for reactants can largely improve the cluster’s activity.6,7 Finally, the proposed reactions’
mechanism and the relationships of clusters’ structure and activity at the atomic level also are
presented.

Figure 1. Aerobic oxidation over Au clusters.
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Superior Stability of Au/SiO2 Compared to Au/TiO2 Catalysts
for the Selective Hydrogenation of Butadiene
N. Masoud1, L. Delannoy2, K. P. de Jong1, C. Louis2, P. E. de Jongh1*
(1) Inorganic Chemistry and Catalysis, Debye Institute for Nanomaterials Science,
Utrecht University, 3584 CG Utrecht, The Netherlands
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CNRS 7197, F-75005 Paris, France
Small Au particles are catalytically very active for several reduction and oxidation reactions, including
the low-temperature oxidation of CO. In many cases reducible supports such as TiO2 and CeO2 lead
to higher catalyst activities than when inert supports such as SiO2 are used. Au is also a highly
selective catalyst for the semi-hydrogenation of alkadiene impurities without further hydrogenation of
the alkene stream, which is required for the production of industrial monomers. No large differences in
activity have been observed on different supports, including TiO2, CeO2, ZrO2 and Al2O3.1 In this
contribution we additionally report on using SiO2 as a support, and especially discuss the influence of
support properties on the longer term stability of these catalysts.
We compared supported gold catalysts with similar structural properties and morphology, and
prepared using the same preparation strategy2, but on supports of a different chemical nature: SiO2
and TiO2. We tested the activity, stability and selectivity of these 2−4 nm Au nanoparticulate catalysts
for the hydrogenation of 0.3% butadiene in the presence of 30% propene (Figure 1). At full conversion
of butadiene, only 0.1% of the propene was converted for both supported catalysts, demonstrating
their high selectivity. The TiO2-supported Au catalyst was initially much more active than the SiO2
supported Au catalyst. However, a striking difference in catalyst stabilities was observed (Figure 1).

Figure 1. Left: electron micrograph of 0.6 wt% Au on SiO2 (Aerosil50); Right: butadiene conversion at
200 oC comparing SiO2 and TiO2 (DegussaP25) catalysts, Feed: 0.3% butadiene, 30% propene, 20%
hydrogen and He as a balance
The TiO2-supported Au catalysts showed a steady loss of activity, which was recovered by heating in
air. We found that the deactivation is not due to significant metal particle growth or strong
metal−support interaction. We demonstrated that instead it is due to the deposition of carbonaceous
species under reaction conditions. In contrast, all the SiO2-supported catalysts were highly stable, with
very limited formation of carbonaceous deposits. It shows that SiO2-supported catalysts, despite their
2−3 times lower initial activities, clearly outperform TiO2-supported catalysts within a day of run time.
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Design of gold nanoparticle catalysts for chemoselective
hydrogenations: N-doped carbon as support
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Gold nanoparticles (Au NPs) have attracted a significant amount of interest as catalysts due to their
exceptional selectivity and surprisingly high activity for some reactions, however gold was considered
only a modest hydrogenation catalyst.1 Recently, the combination of Au NPs with amine ligands was
reported as effective way to catalyze the semihydrogenation of alkynes, due to a frustrated Lewis pair
(FLP) interface formation that activates H2 heterolytically allowing an unexpected high hydrogenation
activity.2 The main drawback of the previous catalytic system is the necessity of addition of external
ligands, in large excess, for the activation of gold surfaces via FLP.
Herein, pyrolysis of Au(OAc)3 in the presence of phenanthroline over TiO2 furnishes a highly active
and selective Au nanoparticle (NP) catalyst embedded in a nitrogen-doped carbon support, Au@Ndoped carbon/TiO2 catalyst (Figure 1). Highly selective hydrogenation of numerous structurally diverse
alkynes proceeded in moderate to excellent yield under mild conditions. The high selectivity toward
the industrially important alkene substrates, functional group tolerance and the high recyclability
makes the catalytic system unique. Both high activity and selectivity are correlated the combination of
gold and nitrogen atoms of N-doped carbon that can serve as a basic site to promote the heterolytic
activation of H2 under very mild conditions. In comparison to previous gold hydrogenation catalysts,
where N-containing ligands were added externally, 2 the present “full heterogeneous” and recyclable
catalyst makes the whole process environmentally and economically attractive.

Figure 1. Bright field STEM image (a) of a representative area of the Au@N-doped carbon catalyst
(Au-L1/TiO2 material after pyrolysis at 400 °C) and correspondent EDX elemental maps (b).

(1)
(2)
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Size Effect on Reduction of Aryl Chlorides with PVP-stabilized
Gold/Palladium Bimetallic Nanoclusters Catalyst
1

1

1

H. Sakurai* , S. Mouri , S. Haesuwannakij
(1) Division of Applied Chemistry, Graduate School of Engineering, Osaka University,
2-1 Yamada-oka, Suita, 565-0871, Japan
It is well recognized that the catalytic activity of metal nanoclusters depends on the size, and intensive
1
studies have been carried out in the single-metal cluster system . In contrast, comprehensive study on
the size effect of the bimetallic clusters catalysts is still few partly because of the lack of the
appropriate size-selective preparation of such bimetallic clusters. We prepared various size of Au/Pdalloy nanoclusters stabilized by poly(N-vinyl-2-pyrrolidone) ranging 1 to 8 nm size by several methods
2,3
4
including micro-flow technique . The size effect of Au0.5Pd0.5:PVP nanoclusters on catalytic activity
5
for hydrodechlorination reaction of aryl chlorides was investigated to find that the size effect showed a
volcano shape tendency, and that the 3 nm-sized clusters gave the highest catalytic activity (Figure 1).
Details of newly developed method of preparation, characterization of the clusters, and the possible
reaction mechanism will be discussed in this presentation.

Figure 1. The size effect of Au/Pd NPs for hydrodechlorinaton reaction of p-chloroanisole.
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From biomass to value-added chemicals: microwave-assisted
levulinic acid conversion over gold catalysts
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Microwaves (MW) are currently applied as non-conventional enabling technology to promote fast
chemical transformations producing rapid internal heating, that has been hypothesized to originate
from a direct interaction of the electromagnetic field with specific molecules, intermediates, or even
1
transition states in the reaction medium . Indeed, the debate is still open and focused on discerning
among thermal effects, due to the rapid heating, and high bulk reaction temperatures reached under
MW dielectric heating, and other specific or non-thermal effects. Such effects, which are not linked to
a macroscopic change in reaction temperature, involve the non-uniform heating at the surface of
heterogeneous catalysts and the production of hot spots by MW irradiation, resulting in non2
equilibrium local heating localized at the surface of the metal nanoparticles present on the catalysts .
3
Levulinic acid (LA) is among the most promising platform molecules obtained from biomass and it can
be converted into high value-added molecules that can be used as green solvents, biofuel additives, in
4
pharmaceutical industry and in the synthesis of biopolymers . In this study, we will focus on the MWassisted LA hydrogenation over gold catalysts (commercial 1 wt% Au/TiO2 by AUROlite™ and 1.25
wt% Au/ZrO2 prepared by deposition-precipitation) to obtain g-valerolactone (GVL) and 1,4-propandiol
(1,4-PDO). LA hydrogenation was performed in water or without any solvent either by (i) H-transfer
(using methanol, propanol or formic acid) or (ii) in the presence of molecular H2. In the former case,
Au/ZrO2 gave lower conversion to GVL than Au/TiO2, but higher selectivity, reaching 100 % with formic
acid as H-donor. However, the Au/TiO2 catalyst was able to convert completely the LA and to further
reduce GVL to 1,4-PDO in the presence of 50 bar H2 already at 150 °C (4 h reaction time).
Interestingly, the selectivity to 1,4-PDO was complete at 200 °C. Complete ethyl levulinate reduction to
1,4-PDO was obtained at 160 °C using 1,4-dioxane as solvent (6h reaction time) with 60 bar H2 over a
6
CuAlZn catalyst . Diffuse Reflectance UV-Vis analysis (Figure 1) revealed the presence of Au
5
nanoparticles with similar size (~2 nm ) on the two catalysts, putting in evidence also a role played by
the support. Further characterisation to establish structure activity relationships is ongoing and the
results obtained on both fresh and used the catalysts will be illustrated.
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Figure 1. Diffuse Reflectance Uv-Vis spectra of Au/TiO2 e Au/ZrO2.
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Hydrogenation on gold catalysts made easy: activation of H2
via frustrated Lewis pairs
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The dissociation of molecular hydrogen, a crucial step in hydrogenation reactions, is not
favorable on gold surfaces; though nanostructuring can improve it, high temperature is still
required. The concept of ‘frustrated Lewis pairs’ (FLPs) was introduced a decade ago [1] to
explain the activation of small molecules, such as H2, through an ‘encounter complex’ where a
Lewis acid (LA) and Lewis base (LB) are in close proximity, but prevented from forming a strong
classical adduct. Stephan and co-workers [1] reported the heterolytic cleavage of H2 at room
temperature with FLPs of phosphorus and boron compounds. The concept has expanded
rapidly from main group-FLP to metal-based FLP [2], in which the metal complex promotes the
heterolytic cleavage of H2 producing a hydride (delivered to a metal center) and the proton is
incorporated into the ligand (e.g., amine protonation). FLP are also present in biological
reactions, e.g. hydrogenases, where the heterolytic H2 cleavage occurs under mild conditions.
We recently proposed that heterolytic dissociation of H2 is promoted by ligands adsorbed on
gold surfaces, which expands the FLP concept to gold catalysis [3]. The heterolytic cleavage of
H2 contrasts with the homolytic cleavage of H2 commonly observed on metal surfaces of
traditional heterogenous catalysts (platinum group metals), but opens up the possibility to
explore less active metals that are not prone to dissociate H2. We first found that the addition of
nitrogen-containing bases to silica supported Au NPs made hydrogenation reactions possible to
occur under mild conditions. This activity was not seen in blank experiments with gold catalyst
only. We proposed that H2 is heterolytically activated on the gold-ligand interface and the soformed tight-ion pair could be selectively transferred to an alkyne in a cis configuration
controlled by electrostatic interactions leading to the corresponding Z-alkene. Using DFT
calculations, we were able to show that the catalytic activity correlates with H2 dissociation
energy, which depends on the basicity of the ligand and on the reorganization energy of the
ligand on the surface required to activate hydrogen. We were able to disclose a remarkable
promotional effect of nitrogen-containing bases with two heteroatoms as a new ligand-based
strategy to boost gold activity. After that, the versatile FLP concept applied to gold catalysis
made easy the hydrogenation of many functional groups such as alkyne-to-alkene, epoxyde-toalkene, aldehyde-to-alcohol, N-oxide-to-amine, etc. under mild conditions (Figure 1). Different
ligands were explored and selected examples of successful hydrogenations catalyzed by gold
will be discussed.

Figure 1. Activation of gold catalysts for hydrogenations via FLP.
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Catalytic Cracking of Light Diesel Over Au/ZSM-5 : An Application of
Gold Catalysts Under Severe Conditions
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Over the past decades, the gold based catalysts have become a vital new force in the field of green
chemistry [1] The application of gold catalysts have extended from some simple reactions such as, CO
oxidation, water gas shift[2], to more complex systems such as epoxidation of propylene[3],
hydrogenation of acetylene[4-6]. However, most of the reported reactions are carried out under a
relative mild reaction conditions.
In this study, we have investigated the application of Au modified ZSM-5 for the catalytic cracking of
light diesel oil which is a relatively harsh catalytic reaction system (usually operated at high
temperatures and pressure). Our study shows an improved selective production of propylene was
achieved at a much low operation temperature(300 C) with the maintained realtively high cracking
activity. The adding of small amount of gold don’t destroy the regular structure of the zeolite substrate,
In contrast, it modulated the acidity and pore structure of zeolite to an optimized.condition. It was
found that the strong interactions between gold and ZSM-5 caused the transfer of some gold species
to the aluminum skeleton which results in an increased concentration of the so called B acid.
Therefore, an,increased yields of low carbon olefin can be achieved. Moreover, the introduction of gold
favors the cracking of heavy components, and the longer the chain is, the easier it is to break. In
general, the catalytic cracking of light diesel oil over Au/ZSM-5 shows a bi-catalytic effect of acid and
gold catalysis. We expect that such a novel study will open the door to a new area of gold catalysts for
more severe condition applications..

Table 1 Product distributions of the catalytic cracking of light diesel oil at 460 °C over the Au/ZSM5 catalysts
(LPG means liquefied petroleum gas. #: Propylene. $: The actual Au loading measured by ICPAES analysis. &: The ratio of weak acid to strong acid based on NH3-TPD measurement.)
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Supported Gold-Palladium Alloy Catalysts for Highly Efficient
Hydrogen Storage System Based on Ammonium
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Hydrogen (H2) is considered to be an attractive candidate as a chemical energy carrier for a sustainable
energy technology, because the only byproduct of its reaction with oxygen is water, and efficient energy
conversion can be realized by combining with fuel cell technology. Recently, Beller and co-workers
1)
designed a reversible hydrogen storage cycle based on the redox system bicarbonate/formate .
Ammonium formate can storage hydrogen in the high density (3.2 wt%) and safety, and solid
bicarbonates are easy to handle and highly soluble in aqueous media. Several research groups reported
that both the hydrogenation of bicarbonate and the dehydrogenation of formate proceeded on Pd-based
and Ru-based catalysts. However, further improvement in efficiency of catalyst at ambient conditions is
still required, thus the development of a novel catalytic system that can operate at ambient temperature
would be highly demanded. In this work, supported Au-Pd alloy catalysts were prepared and examined
for the bicarbonate hydrogenation and formate dehydrogenation.
Figure 1 shows the result of ammonium bicarbonate hydrogenation over active carbon (AC) supported
AuPd catalysts with various Au/Pd ratio (xAuyPd | x:y=Au:Pd molar ratio). AuPd catalysts showed higher
production rate of ammonium formate than that of Pd catalyst regardless of Au/Pd ratio. Production rate
of HCO2NH4 per weight of catalyst increased with the Au/Pd ratio up to Au/Pd=5. On the other hand,
the turnover number frequency (TOF) increased with the ratio of Au/Pd, monotonically. Figure 2 shows
the result of ammonium formate dehydrogenation over supported AuPd catalysts with various Au/Pd
ratio. AuPd catalysts showed higher activity than Pd catalysts. Both the production rate of H2 per weight
of catalysts and TOF increased with increasing the Au/Pd ratio up to 1 and then decreased.
Structural characterization results by XRD, EXAFS and HADDF-STEM of AuPd catalysts with different
Au/Pd ratio revealed the formation of random Au–Pd alloy nanoparticles with a uniform size of around
3 nm on AC. Au L3-edge XANES spectra and XPS of AuPd catalysts elucidated the charge-transfer from
Pd to Au. These results indicate that the ratio of Au/Pd remarkably affected on the activity of supported
Au-Pd alloy catalyst by the changes in electronic and local structure of Au and Pd.
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Gold Nanoparticles as Soft Lewis Acid Catalysts for Transfer
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Homogeneous Au(I, III) catalysts have been intensively studied as soft Lewis acid catalysts for such
as hydration of alkynes and hydroamination. Recently, supported Au nanoparticles (Au NPs) catalysts
have been reported to be active for hydroamination and oxidative C–H bond coupling that cationic Au
may be involved in the reaction mechanism. In addition, Bistoni et al. reported that Au NPs can work
as soft Lewis acid catalysts by theoretical study, although the acidity is expected to be lower than that
of Au(I, III).1 In this study, we aimed to develop highly active heterogeneous Au catalysts that can be
used as soft Lewis acid catalysts. Transfer vinylation of carboxylic acids with vinyl acetate2 was
chosen as a model reaction (Scheme 1), because vinyl esters are one of the valuable compounds and
frequently used as intermediates in organic syntheses.
Some 1 wt% Au catalysts were purchased from Haruta Gold Inc. and 0.3 wt% Au catalysts were
prepared by deposition-precipitation (DP). To a glass vial, benzoic acid (0.5 mmol), Au catalyst (Au 1
mol%), vinyl acetate (1 mL), and tridecane as an internal standard were charged. After the reaction at
100 °C, the reaction mixture was analyzed by gas chromatography.
A screening test of metal oxide supports revealed that ZrO2 gave the highest yield (82%) of vinyl
benzoate, while basic (ZnO, NiO, and CeO2) and acidic (SiO2) supports showed low catalytic activity.
Moreover, Au on a mixed metal oxide, CeO2-ZrO2, the yield was improved up to 92%. Although the
reaction temperature is relatively higher than that for homogeneous Au catalysts,2 the target product
was obtained in the same yield as the previous report with lesser amount of Au and without any
additives such as silver salt.
Because the basicity of CeO2-ZrO2 was almost similar to that of ZrO2 estimated by a temperatureprogrammed desorption of CO2, the difference in the activity between ZrO2 and CeO2-ZrO2 might by
probably due to the chemical state or the size of Au particles. Therefore, several Au/CeO2-ZrO2
catalysts having different Au(III)/Au(0) ratio were also prepared by changing the reduction conditions
to elucidate the Au active species (Table 1). The Au(III)/Au(0) ratio was estimated by Au LIII-edge Xray absorption near edge structure spectra using Au foil and Au(OH)3 as references. Au/CeO2-ZrO2
prepared by DP followed by only drying contained Au(III) as a major species and showed the lowest
activity. In contrast, Au/CeO2-ZrO2 prepared by DP followed by reduction with H2 contained Au(0) as a
major species and showed much higher catalytic activity than Au/CeO2-ZrO2_dry. In addition, smaller
Au NPs showed higher activity. This result suggests that Au NPs worked as a soft Lewis acid catalyst
as well as Au(I) complexes and its catalytic activity was higher than larger ones.
On the other hand, transfer vinylation of alcohols with vinyl acetate to give vinyl ethers by Au NPs
catalysts were failed due to the alcohol oxidation, which contrasts to the results obtained by
homogeneous Au(I) complexes.

Scheme 1. Transfer vinylation of benzoic acid by gold catalysts.
Table 1. Transfer vinylation of benzoic acid by Au/CeO2-ZrO2.
Au(III) (%)
Au(0) (%)
Au NP size (nm)a)
Vinyl benzoate yield (%)b)
Au/CeO2-ZrO2_dry
65
35
4.9
17
Au/CeO2-ZrO2_air
11
89
5.8
36
Au/CeO2-ZrO2_H2
2
98
3.2
53
a) Estimated by HAADF-STEM and XAFS. b) GC yield after 2 h.
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Assembling Ni2+ complexes and gold nanoparticles on γ-Al2O3 as
visible light photocatalysts for hydrogenolysis of lignin model
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Lignin is a main constituent (15-30% by weight, 40% by energy) of lignocellulosic biomass, which
refers to the most abundantly available raw material on the earth for the production of bio-fuels.
Besides, a large volume of lignin waste is produced annually by the paper industry. However, the aryl
ether bonds of lignin are relatively unreactive, depolymerisation of lignin into small molecules is
challenging, so more than 98% of lignin is currently simply burned to provide heat for other industrial
processes.
The major repeating units of lignin are orthomethoxy-substituted C9 phenolic moieties, which are
cross-linked by relatively unreactive C-O bonds, contributed by β-O-4 (45-62%), α-O-4 (3-12%), and 42
O-5 (4-9%) linkages. The conversion of lignin into high-volume and low-molecular weight aromatic
molecules has become the center of interest for scientists worldwide.
Nickel has been found as an effective element in catalyzing C-O bond cleavage of lignin models by
3-6
o
hydrogenolysis, but the operating temperature (>150 C) is still high that over-reduction could easily
4
happen and by-products like saturated cycloalkanols would be obtained inevitably.
2+
Herein, the photocatalytic performance of the Au-Ni system for the cleavage of benzyl phenyl ether
and 2-phenyl phenyl ether that have α-O-4 and β-O-4 linkages, respectively, is investigated. The
catalytic activity of Ni complexes can be enhanced by the localized surface plasmon resonance (LSPR)
effect of nearby Au nanoparticles under visible light irradiation, thus making the reactions happened at
o
a mild condition (90 C).

2+

Figure 1. The Schematic illustration of the synthesized nAu@Al2O3-silane-NH2-Ni photocatalyst, A)
TEM image and B) EDS mapping of the photocatalyst, C) Comparison of the catalytic performance of
2+
the Au-Ni composite catalyst with the monometallic catalysts (supported Au NPs and immobilized
2+
Ni ) and the mixture (supported Au NPs mixed with Ni salt) for C-O bond cleavage of lignin model
compounds under visible light irradiation (blue) and in the dark (black). Reaction conditions: lignin
model compounds (0.05 mmol), KOH (0.15 mmol), 2 mL of IPA solvent, 1 atm argon atmosphere, 20
o
-2
mg of catalysts, under 90 C for 24 h, halogen light intensity: 0.96 and 1.11 W cm in α-O-4 and β-O-4
reaction respectively.
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It is highly desired to remove sulfur-containing organic compounds such as thiophene/thiol from fuel
oils and organic pollutants such as rhodamine B and phenol from the polluted wastewater. To mitigate
these environmental problems, solar driven catalysis by semiconductors is considered as a promising
route. In particular, surface plasmon resonance (SPR) may contribute greatly to improve the limited
efficiency of photocatalysts.
Herein we synthesized the SPR-mediated visible-light-responsive photocatalyst, 0.5 wt.% Au/SO42-TiO2, which can achieve over 99% conversion of pollutants (thiophene, thiol, rhodamine B and phenol)
during photocatalytic oxidation with air as oxidant under visible light irradiation. The great
enhancement of photocatalytic activity can be attributed to the synergistic effect of Au SPR and SO42-TiO2 acting as a Lewis acid, which are beneficial for the efficient separation and transfer of the photogenerated electrons and holes (Figure 1). Such a strategy would be important to the design and
preparation of highly photocatalytic active semiconductor catalysts.

Figure 1. Schematic description of the mechanism for the photocatalytic oxidation of pollutans (e.g.
thiophene) on 0.5 wt.% Au/SO42--TiO2 photocatalyst.
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Visible light photocatalytic H2 production from water over optimized
Au/TiO2–gC3N4 nanocomposites
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TiO2–gC3N4 composites have recently attracted a lot of attention due to their extended absorption
1-5
properties in the visible range. In particular, their association with plasmonic metal nanoparticles
(NPs) makes them interesting candidates for the photocatalytic production of hydrogen from water
1,5
under visible light. However, large quantities of sacrificial agents, typically >10 vol.%, are still used in
order to obtain a detectable activity. Here we will show that state-of-the-art activities can be obtained
in the presence of a much lower amount of sacrificial agent (<1 vol.%), using optimized Au/TiO2-gC3N4
nanocomposites. In particular, we will discuss the method of synthesis of such composite, which
involves the pyrolysis of C3N4 melamine and dicyandiamide precursors in the presence of pre6
crystallized, high surface area titania and the sonochemical deposition of gold. We will present the
physico-chemical characterizations obtained (BET, XRD, TEM, XPS, UPS, UV-vis.) which clearly
evidence the existence of specific TiO2/C3N4, Au NPs/C3N4 and Au NPs/TiO2 heterojunctions. Finally,
we will discuss the mechanisms involved in solar and visible photocatalytic hydrogen production (see
Figure 1) based on measurement of electrons mobility using time resolved microwave conductivity
(TRMC).

Figure 1. Mechanism of photocatalytic H2 production over optimized Au/TiO2–gC3N4 nanocomposites
highlighting the efficient heterojunction between TiO2 and C3N4 and the role of gold as co-catalyst.
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Bimetallic Gold-Ruthenium nanoparticles for catalysis
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The development of technologies using renewable energy sources becomes a
necessity to reduce our use of fossil fuel and greenhouse gas emissions. However
these renewable sources, whether solar cells or windmills, are intermittent. It is
therefore important to work on ways to store them efficiently.
Sabatier reaction, the transformation of CO2 and H2 in methane, may be a solution to
store chemically renewable energies. This reaction requires a catalyst as well as
temperature higher than 250°C to achieve measurable reaction rates due to the highenergy barrier of the process. Ruthenium NPs, due to their high selectivity towards
CH4, are one of the best candidates to catalyze the conversion of CO2.
In this contribution, we evaluate the role of plasmonic heating1 in this reaction. Two
materials both containing Au2 and Ru nanoparticles supported on a commercial
support have been synthesized. Through light irradiation, Au plasmon band absorbs
energy, which is transferred to the Ru Nps, in contact or in close contact, increasing
locally their temperature and, therefore, the rate of CH4 production.
a)

b)

f)

Au
d)

c)

Ru
a)HAADF-STEM image of an individual Au-Ru nanoparticle showing a brighter contrast
Au core and darker contrast RuNPs. b-d), STEM-EDX elemental maps of Au, Ru and superimposed
Au and Ru atome distribution f) Phtotothermal reactor assited with classic heating
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Harvesting Gold Plasmonic Properties to achieve Selective
Hydrogenations under Visible-Light in Au@AgPt Nanorattles
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The efficient use of solar energy has received wide interest due to the increase of energy and
environmental concerns. A promising alternative in chemistry is sunlight-driven catalytic reactions.
Recent scientific reports have shown that plasmonic metal nanoparticles (Au, Ag, and Cu) promotes
1,2
catalytic reactions through photoexcitation of localized surface plasmon resonance (LSPR) .
However, single component plasmonic nanocatalysts can only drive a limited range of chemical
reactions when compared to traditional metal catalysts (Pt, Pd and Rh). In this context, the concept of
plasmon-catalysis hybridization emerges as an intuitive strategy in order to simultaneously achieve
3
efficient light harvesting and widespread catalytic applications . This work seeks to boost the
understanding of the plasmon-catalysis hybridization phenomenon. To accomplish this, we propose to
integrate the active phases in the form of nanorattles (NRT), comprised of Au nanosphere inside a
Ag/Pt with different Pt shell compositions. The NPs were characterized, supported on commercial SiO2
and used for photochemical mediated alkyne semi-hydrogenation reactions.
The NRT synthetic protocol comprises first the obtention of Au seeds follow by deposition of Ag shell
and finally the replacement of silver by platinum through a galvanic reaction. The change of color
observed throughout the synthesis evidences an influence of metals hybridization in the optical
properties of the NPs. LSPR extinction spectra confirm this observation (Figure 1). The Au seeds
displayed a characteristic sharp plasmon band at 525nm. After coating with Ag a broad band
appeared at 402 nm and the band ascribed to Au disappear, suggesting the formation of Au@Ag core
shell. The Ag replacement by Pt red shifted the optical profile and increases the broadness of the
LSPR spectra indicating plasmon resonance hybridization between Au and AgPt shell. Noticeably, for
the sample with higher Pt content (Au@AgPt_3) the maximum of LSPR extinction corresponds with
the observed for Au. TEM micrographs (Figure 1) confirm the formation of the Au@AgPt NRT. The
obtained NPs are form by polyhedral particles with diameter of around 40-50 nm. It can be seen that
increasing the Pt content creates more empty spots which is in agreement with the red shifted
observed in the LSPR spectra by baring the gold extinction contribution. A representative SEM image
of the supported NRT (Figure 1) shows a homogeneous distribution over the SiO2.
Au@AgPt_1
Au@AgPt_2
Catalytic properties of the supported
NPs were evaluated by liquid phase
phenylacethylene hydrogenation. The
conversion and selectivity data for
different catalysts under light on and
Au@AgPt_3
Au@AgPt_3/SiO
light off conditions are shown in
Figure 1. For Au seeds and Au@Ag
no catalytic activity was achieved
after 8h. However, for the Pt NRT the
PA conversion increases as a
function of Pt content independent of
light use. Noticeably, the Au@AgPt_3
sample reached 100% conversion
without light but poor selectivity and
over hydrogenation under light on.
The intermediate NRT Au@AgPt_2
exhibits
the
desired
catalytic
performance, the PA conversion
Figure 1. LSPR extinction spectra, TEM-SEM micrographs and increase from 40% to 98% while
phenylacethylene (PA) selective hydrogenation results.
maintaining the styrene selectivity
>80% when illuminated.
2
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Gold nanoparticles: impact of surface chemistry on photocatalytic
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Because of their unique physicochemical properties, gold nanoparticles (Au-NPs) are studied in the
context of various applications including surface-enhanced Raman scattering, biosensing, and
photocatalysis (Figure 1a). Up to now different parameters, such as the size and shape of Au-NPs
have shown to play a central role for their catalytic activity. Recently, it has been shown that the
catalytic efficiency is also affected by the stabilizing ligands surrounding the Au-NPs. For instance, a
direct relationship between the chain length and packing density of the ligand with respect to the AuNPs catalytic activity was reported1. However, the effect of the Au-NPs surface chemistry on their
localized surface plasmon resonance (LSPR) and interband excitations is presently not understood in
detail. In our group, we recently investigated the relaxation of hot electrons in Au-NPs with different
sizes2 (Figure 1b).

Figure 1. (a) Sketch of a plasmon-induced catalysis. Photoexcited electrons can support a redox
reaction. (b) Time-evolution of the hot electron relaxation monitored by the change in contrast in a
transient absorption experiment. (c) Sketch of 4-NP reduction to 4-AP mediated by Au-NPs.

In this work, we report on the impact of Au-NPs surface chemistry on their catalytic properties, under
light driven excitation. A set of Au-NPs with different surface chemistry (ligand-free, citrate and PEGbased polymers) was prepared using femtosecond laser ablation in liquid3 or chemical reduction
method4. The catalytic activity was evaluated using the model reduction of 4-Nitrophenol (4-NP) to 4Aminophenol (4-AP) in the presence of Au-NPs and NaBH4 (Figure 1c). UV–Vis spectroscopy in the
dark and under the irradiation of light with different wavelengths was employed to evaluate the 4-NP
reduction rate. Transient absorption spectroscopy was used to better understand the processes
related to the Au-NPs hot electron relaxation.
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The direct utilization of solar energy to boost chemical reactions is an attractive approach to address
increasing demand of renewable energy sources. Hot charge carrier extraction from plasmonic metal
nanostructures to semiconductors is key to a number of proposed nanophotonics technologies for
solar harvesting.1 Favourable materials and catalytic properties make systems based on plasmonic
metal gold (Au) and traditional semiconductor TiO2 particularly interesting. However, the efficient
usage of hot carriers in these systems is still challenging, especially in the visible range of solar
sppectrum.2 Therefore, strategies to improve the hot carrier generation rate and the efficiency have to
be developed, which can extend the light harvesting range of the nanostructures to sub-bandgap
photon energies. An emerging class of plasmonic metamaterial is super-absorbers.3 In these systems,
it is found that the mirror/semiconductor/nanoparticle metamaterials could achieve broadband strong
light confinement at the metal interface across the broadband spectrum. These nanostructures
significantly improve the hot carrier generation rate and the collection efficiency.3 However, the
practical realization and application of the super-absorber in organic synthesis have not yet been
developed; a number of open questions still remain regarding the fundamental understanding of the
physics and chemistry of plasmon-induced hot carrier harvesting and how does the harvested hot
carrier boost the efficiency in a photocatalytic organic reaction.
Here we demonstrate that a Au mirror/TiO2/Au nanoparticle super-absorber system can be direct used
in the transformation of organic reactants into desired products in a highly selective manner, through
low intensity visible irradiation.4 The super-absorber capable of absorbing near-unit incident light and
the resulting photocatalyst achieves a significant catalytic rate for the selective oxidation of
benzylamine into corresponding imine, at room temperature and atmospheric pressure. (Figure 1) We
show that using the enhanced light absorbance of our super-absorber leads to ∼29-fold increases in
the photocatalytic efficiency by the plasmonic nanostructures. This study developed a model that
successfully captures the essential physics of the plasmonic hot electron charge generation and
separation in plasmonic super-absorber, and applied this effect in photo-catalytic organic synthesis.
Plausible reaction mechanisms involving hot carrier transfer were discussed.4

Figure 1. Hot carries extraction in super absorber for photocatalysis
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Gold Catalysts for Liquid-Phase Flow Reactor:
Catalytic Oxidation of Glycerol into Functional Molecules
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Gold catalysts are very effective for not only gas phase reaction but also liquid phase one. Here, we
would like to focus on the oxidation of glycerol over gold catalysts. The usages of target molecules,
such as glyceric acid and tartronic acid, are additive of ink, activator of cell, moisturizing agent and so
on. There are many previous studies of the glycerol oxidation. Au, Au-Pd and Pt-Bi catalysts are
1
typical reported catalysts . The catalytic reactions were carried out in a batch-type reactor in almost
cases. We believe that flow reactors are important for biomass conversion, considering large amount
processing in the future. Accordingly, we would like to present the developments of gold catalysts for
liquid-phase flow reactor, including screening of catalysts, long-term tests and microscope analysis.
2
The Au/alumina catalysts were prepared by deposition-precipitation (DP) method . Catalytic reaction
tests were conducted by using a stainless-steel liquid-phase flow reactor (inside diameter = 9.4 mm,
length = 50 mm) with Teflon filters at the inlet and outlet of the reaction chamber. Products were
identified by means of high-performance liquid chromatography.
Table 1 shows the catalytic performances of Au/alumina catalysts prepared under different pH
conditions. The pH value affects the Au contents and activities of the catalysts. Catalyst No. 4
indicates the best performance among the tested catalysts.
Table 1. Catalytic oxidation of glycerol by using flow-type reactor over various Au/Al2O3 catalysts
No.
Au content
Initial pH of
Conversion
Selectivity
Selectivity
a
b
c
(GLY )
(GLYA )
(TA )
(ICP results)
Au solution in
(wt %)
DP method
(%)
(%)
(%)
1
0.27
38.6
36.8
44.5
7.0
2
0.38
33.7
37.6
38.9
5.6
3
0.69
40.4
37.6
35.5
4.6
4
0.88
38.8
41.0
44.3
3.6
5
0.89
21.5
39.2
43.3
3.2
a : glycerol, b : glyceric acid, c : tartronic acid. Temperature =358 K. Reactant solution: glycerol, 0.6 mol/L, NaOH, 2.4 mol/L
(glycerol/NaOH=1/4 (mol/mol)). Flow rate of reactant= 0.25 mL/min. Flow rate of oxygen= 6.0 mL/min. Catalyst weight= 0.5 g.

Figure 1 shows a result of long-term catalytic test using catalyst No. 4 in Table 1. An induction
period was observed. The reason of induction period is considered to be slow reduction of gold
species to more suitable state by mild reductant such as glycerol. Figure 2 shows the scanning
transmission electron microscope (STEM) images of fresh catalyst. There are three types of gold
species, which are nanoparticle (8-12 nm), cluster (1-2 nm) and atomic gold. We are now investigating
the details of the active species. And we would like to present several useful ingenuities about
catalysts for the flow reactor at the conference.
Nanoparticles
Cluster like species

Atomic gold

Figure 1. Long-term catalytic test

Figure 2. STEM images of fresh catalyst (No.4)

Parameters were same as Table 1 except
catalyst weight and temperature.
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Gold-Silver Catalysts: Effect Of Catalyst Structure
On The Selectivity Of Glycerol Oxidation.
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Glycerol constitutes a very useful, renewable platform molecule which can be transformed in a huge
amount of chemicals of industrial interest. Particularly under oxidative conditions in a basic medium it
has been shown that the main product is glyceric acid. Its subsequent oxidation to tartronic acid has
been shown to be promoted by Bi-modified systems (1,2) which however normally present low stability
undergoing easy leaching of the promoter. Therefore, the development of long-life catalysts allowing a
sustainable production of tartronic acid could be not only of scientific but also of industrial interest.
Tartronic acid is indeed used as an oxygen scavenger in food industries.
This contribution deals with the modification of gold catalyst, a well-recognized catalyst for glycerol
oxidation, with silver investigating the impact of the bimetallic structure on the selectivity (and activity)
of the reaction in order to develop a stable, highly selective catalyst.
Three different synthetic methods (namely sol immobilization (3), solvated metal atom deposition (4),
deposition-precipitation (5) have been used to prepared AuAg bimetallic catalysts. Despite a very
similar particle size distribution and composition a strongly different selectivity in glycerol oxidation
(0.3M solution, 50°C, 3atm O2, glycerol/metal 2000 mol/mol, glycerol/NaOH 4 mol/mol) has been
revealed. In particular, we revealed by XPS, Auger and XANES analyses different bimetallic structures
which are promoting different reaction pathway.
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Alcohol oxidation to acid in water catalyzed by Au with O2 as the oxidant is a quite green and ideal
reaction with a high selectivity and conversion up to 90%[1]. However, the reaction necessitates the
addition of a base, which results in carboxylates and disobeys the atom economy. When it is catalyzed
by Pt, the reaction can still occur without base although with a much lower conversion[2], and it also
faces the problem of instability caused by overoxidation and poisoning of the surface[3]. To get rid of
the addition of base, we need to understand the role of base first. We took ethanol as an example and
used DFT method to study oxidation reaction both on Au and Pt to unravel the role of base, and try to
finally propose a way of performing reaction without base.
Electrons from ions are considered as one of the main effects of the electrolyte[4], in basic environment,
the electrons comes from OH-. So in the following calculation, periodic symmetric model with addition
of electrons are taken as the modeling of basic environment as described in Figure 1. All the
calculations are performed at PBE level with dDsC dispersion correction in implicit solvent through
Poisson-Boltzmann continuum approximation. Microsolvation method is used to obtain a proper
adsorption and desorption free energy in water. It is found that the adsorption of OH- both on Au and
Pt are exothermic reactions which confirms the possibility of the electron donation from the base to the
surface.
In our study, the whole reaction pathway both in neutral and basic environment on Au and Pt are
computed, Figure 1 shows the reaction on Au in basic environment. In neutral environment, 4OH
should be produced by O2 activation to assist the oxidation, then the oxidation goes through an
aldehyde intermediate and finally produces acid. Computing the energies of corresponding
intermediates and transition states, we found the rate determining step on Au is O-O cleavage with an
energetic span of 1.22 eV, while the rate determining step on Pt is the desorption of the products with
an energetic span of 1.23eV. These show the neutral environment kills the oxidation on Au at the very
beginning while the main problem for Pt is the poisoning by the product, which are consistent with the
experimental results[2,3]. We also computed reactions in basic environment on Au, the energetic span
decreased to 0.91eV and the reaction energy also decreased by 0.69eV compared to the neutral
environment. This can explain the necessity of base in alcohol oxidation catalyzed by Au. It also
validates the fact that the key role of base lies in the electron donated by OH-.
From the important role of electron in alcohol oxidation, we propose to find electron donors like
support, additives to obtain a base free reaction.

Figure 1. Catalytic circle of ethanol oxidation in basic environment
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Gold nanoparticles supported on carbon materials demonstrate remarkable activity and/or selectivity
in various reactions. However, the surface properties of carbon materials can greatly differ depending
on the preparation method and post-treatments. For example, carbon surface can be easily
functionalized by incorporating other elements, such as oxygen and nitrogen, 1,2 which in turn would
affect carbon surface polarity and acid-base characteristics. These parameters are expected to
strongly influence the activity, selectivity and stability of supported gold catalysts.
In this work, we prepared and characterized a set of Au catalysts (2-4 nm particle size) supported on
high surface area graphite (HSAG) materials with different surface characteristics, but the same
morphology.3 The catalysts have been investigated for the oxidation of 5-hydroxymethylfurfural (HMF)
and hydrogenation of butadiene.
Study of the Au catalysts for HMF oxidation showed that the activity (TOF Au) and the yield of
furandicarboxylic acid (FDCA) strongly increased with the point of zero charge (PZC) of the support
(Figure 1). On the other hand, Au catalysts supported on acidic HSAG (HSAG and HSAG-ox, PZC <
7) were highly selective towards the intermediate HMFCA. Gold nanoparticles were substantially more
stable on HSAG supports with lower concentration of surface oxygen groups, while Au nanoparticles
on HSAG and HSAG-ox with oxygen-rich surfaces showed severe particle growth during the reaction.

Figure 1. Activity and selectivity of Au/HSAG-x in the oxidation of HMF.
The observed strong differences in activity and selectivity between catalysts immobilized on the
modified HSAG supports primarily originate from the differences in the reactant and intermediate
adsorption on the surface of the catalysts, as will be discussed in more detail in the conference
contribution. Furthermore, a comparison of a catalyst behavior as a function of carbon surface
properties in a gas-phase reaction (hydrogenation of butadiene), as well as the guidelines for the
rational design/choice of optimal carbon supports for highly active, selective and stable Au catalysts
will be also given in the conference contribution.
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In industry, CH4 is used as a feedstock by first indirectly converting it to methanol (CH 3OH) via the
production of synthesis gas (CO + H2) at high temperatures and pressures, an expensive and energy
intensive process. The direct oxidation of CH4 to CH3OH, which is challenging as over oxidation must
be avoided, has been the subject of intensive study for many decades. CH4 oxidation using supported
AuPd nanoparticles (NPs) under mild aqueous conditions using H2O2 as oxidant at 50°C has been
reported (1). The reaction proceeded through a radical mechanism. However, the relatively high cost
of H2O2 for even stoichiometric oxidation of CH4 makes it difficult to be economically viable.
Incorporation of O2 into the primary oxidation products would represent substantial progress toward a
feasible CH4 to CH3OH process. Thus, this reaction has been performed here under mild conditions
using colloidal AuPd NPs in the presence of both H2O2 and O2, with the selectivity to primary products
reaching >90% with minimal CO2 produced.
Bimetallic Au-Pd nanoparticles were formed by standard colloidal method by using
polyvinylpyrrolidone (PVP) as the stabilizing agent and NaBH4 as the reducing agent. In the methane
oxidation experiments we first used H2O2 as an oxidant at 50oC and we found that when the
unsupported AuPd colloid was used as a catalyst the level of decomposition of H 2O2 was much lower
than when the AuPd colloid was supported on TiO 2. In view of this the products observed with the
unsupported catalyst were substantial (Fig. 1). However, when molecular oxygen was added to the
reaction gases the amount of products observed increased markedly. Use of isotopically labelled 18O2
showed that up to 70% of the methanol contained oxygen from the molecular oxygen. In this reaction
the H2O2 acts as an initiator but more oxygenated products were formed than H 2O2 consumed,
suggesting that the controlled breakdown of H2O2 activates methane which subsequently incorporates
molecular oxygen through a radical process as shown in scheme.

Figure 1. Conversion of methane using unsupported AuPd colloid with oxygen. And proposed reaction
mechanism. Test conditions: 0.5 h, 50ºC, H2O2 amount: 1000 μmol, 1500 rpm, P(CH4) = 30 bar,
P(O2) = 5 bar, 6.6 μmol metal per reaction
Fresh and used catalyst were characterized using electron microscopy and XPS. Particles were found
to be alloyed with icosahedral structure with no size dependent composition variation and no single
atoms or clusters were detected in fresh and used catalyst. The catalyst was found to be stable for
longer reactions and reuse.
The reaction proceeded with same efficiency at room temperature and the activation energy for the
reaction was found to be 39 kJ/mol. Using unsupported AuPd colloids with H2O2 as an initiator
together with O2, methane can be oxidized to methanol where the oxygen in the methanol is derived
from O2.
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Supported gold catalysts for the low temperature solvent-free
oxidation of cyclohexene to cyclohexanediol using molecular
oxygen as oxidant
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The industrial production of adipic acid historically relies on the aerobic oxidation of cyclohexane.
However, the possibility of using cyclohexene as a feedstock has lately become an option due to the
1
recent improvements in the partial hydrogenation of benzene in the Asahi process. The higher
reactivity of cyclohexene allows it to be oxidised at lower temperatures by O2 and hydrogen peroxide,
avoiding N2O formation. Routes to adipic acid based on aerobic oxidation with air as the terminal
2
oxidant are therefore of continuing research interest. Previous work by Ovoshchnikov et al. has
shown the selective formation of the epoxide utilising diatomic oxygen as oxidant. Tungsten oxide was
found to be efficient in the activation of oxygen and selective epoxidation of cyclohexene. In this work,
we demonstrate the modification of this system for production of cyclohexane diol. The use of highly
active supported gold nanoparticles leads to the formation cyclohexanediol, an intermediate to
producing adipic acid. These catalysts were prepared via impregnation and sol immobilisation and
tested using solvent-less, initiator-free conditions using O2 as oxidant. In addition, WO3 was used as a
co-catalyst to improve selectivity towards the epoxide which could then be completely converted to the
diol through the addition of water with minimal effect of activity achieving a selectivity of 30% in
comparison to 4% without WO3. The addition of water to WO3 only systems led to complete quenching
of the reaction due to residence of WO3 in the aqueous phase. Impregnation catalysts suffered from
low reproducibility and a low activity of ~40 % in contrast to the
sol immobilisation catalysts which were highly reproducible and
a
b
showed a high activity of ~75%. However, yield of the epoxide
and therefore cyclohexane diol is ultimately limited to 50 % by the
formation of equimolar amounts of the allylic alcohol. The high
activity of the sol immobilisation catalysts were explained by their
particle size distribution as obtained through TEM imaging and
c
d
some of these images are shown in figure 1. The Au graphite
catalyst had a mean particle size diameter of 4.2 nm with the Au
graphene having a similar mean particle size of 4.5 nm and a
standard deviations 1.1 and 1.2 nm for the graphite and
graphene supported catalysts respectively. The BSE images of
the impregnation catalyst show a much wider dispersion and Figure 1 (a-b) Bright field TEM
distribution of particles. These particles had a mean diameter of images of 1% Au/Graphite via sol
19.3 nm and a standard deviation of 6.6 nm. The narrow size immobilisation
show
mean
distribution and wide dispersion of particles leads to an particle diameter of 4.2 nm,
unprecedented activity for cyclohexene oxidation which has not standard deviation of 1.1 nm. BSE
been observed in previous studies. However, the activity of these images (c-d) of 1% Au/Graphite
prepared by impregnation show
catalysts is offset with a low selectivity to the desired products. mean particle size of 19.3 nm and
This will be the subject of further investigation for the a standard deviation of 6.6 nm.
implementation of a more selective co-catalyst to the diol.
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Table 1. Performance of catalysts in cyclohexene oxidation
Catalyst
1% Au/G +WO3

Prep method

Conv / %

Selectivity / %

Impreg

53.6

Cy-oxide
32.3

Cy-ol
21.7

Cy-one
15.4

CyOOH
11.3

7.6

Cy-diol

SI

78.4

1.5

12.5

36.4

2.4

15.6

Cyclohexene (10 mL), n-decane (1 mL) catalyst (0.1 g) + WO3 (0.1g), O2 (3 atm), 60 °C, 24 h
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Aliphatic esters are important compounds as flavors and fragrance. In industry, esters are produced
by two steps, oxidation of aldehyde to carboxylic acid followed by acid-catalyzed esterification. From
the point of view of green chemistry, oxidative esterification by single step has been attracting
attention. Recently, several groups reported the synthesis of methyl esters from aldehydes by one
step using gold catalysts1-3. In this work, we chose oxidative esterification of octanal with ethanol as a
model reaction to give ethyl octanoate, because they are less reactive than aromatic aldehydes and
methanol.
As catalysts, Au/ZnO and Au/Al2O3 were purchased from Haruta Gold Inc., and Au/SiO2 was
prepared by solid grinding (SG). In a batch, to an autoclave was charged octanal (1.00 mmol), ethanol
(2 mL), 1 wt% gold catalyst (100 mg, Au 0.5 mol%), and tridecane as an internal standard. The
autoclave was purged and filled with O2 until the gage pressure reached 0.5 MPa. The reaction
mixture was stirred at 100 °C for 5 h. The mixture was filtered and analyzed by GC.
In a flow reactor (EYELA, FFX-1000G), catalyst (200 mg) was packed into a stainless column (φ5 x 50
mm bed reactor) that was attached to a heat block. The solution of octanal (0.5 M) in ethanol and
tridecane was fed at a flow rate of 0.08 or 0.02 mL min-1. The oxygen pressure at the inlet of the
reactor and the flow rate of oxygen were set at 0.35 MPa and 3.6 mL min-1, respectively. The reaction
mixture was collected every 20 min and analyzed by GC.
Various kinds of supported gold catalysts
Table 1 Oxidative esterification of octanal over Au
have
been
screened for oxidative esterification in
catalysts in batch and flow reactors.
batch. After reaction for 5 h, ethyl octanoate was
obtained in high yields with high selectivities by
Au/ZnO, Au/Al2O3, and Au/SiO2 (Table 1). To
clarify the role of gold, other noble metals such
as Pt and Pd were deposited on ZnO by SG. In
the case of Pt and Pd, the desired ester was
hardly obtained. The acetal was formed even
though ZnO only was used as a catalyst. In
Support Method
Conv.
Selectivity / %
contrast, the generation of acetal was
/%
2
3
4
suppressed by loading of gold, and the desired
ester was obtained.
ZnO
batch
100
86
5
2
Next, the reaction was carried out in a
a
c
flow
83
95
4
0.1
continuous
flow reactor. The catalytic activity
flowb
97c
94
5
0.6
could be maintained for 6 h. By changing the flow
Al2O3
batch
100
81
9
0.4
rate from 0.08 to 0.02 mL min -1, conversion
a
c
increased in all cases. In the case of Au/ZnO and
flow
66
91
4
0.1
Au/Al
2O3, the selectivity was maintained at 94%,
b
c
flow
98
94
0
1
while the yield of acetal increased by Au on
SiO2
batch
100
80
3
1
acidic SiO2 because the contact time increased.
flowa
70c
97
1
2
In summary, Au/ZnO exhibited the
highest catalytic activity in both batch and flow
flowb
97c
88
4
7
a) Substrate flow rate: 0.08 mL min−1, b) Substrate flow reactors. The selectivities of desired ethyl ester
in flow were higher than those in batch.
rate: 0.02 mL min−1, c) after 1 h.
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Synthesis of organic compounds by biocatalysts such as dehydrogenases is attracting growing
interests for green sustainable chemistry. However, the usage of oxidoreductases is very limited
because stoichiometric amounts of coenzymes are frequently required, increasing the operation costs.
+
Thus the recycling (re-activation) of NADH or NAD is an important theme in biocatalytic organic
syntheses. There are many reports concerning electrochemical or enzymatic conversions between
+
NADH and NAD , but these methods require additional energy or extra-substrates. We studied the
+
utilization of small Au clusters to convert NADH and NAD using O2/H2 as redox agents without
additional energy or substrate.
Au clusters deposited on metal oxides and nanodiamond (ND) were prepared by solid grinding
1)
2)
method using Me2Au(acac) as a precursor, and by simple mixing of colloidal Au:PVP, respectively.
The small Au cluster catalysts (< 2nm) were obtained. The other Au nanoparticle (NPs) catalysts
supported on metal oxides were purchased from Haruta Gold Inc. and used as received.
NADH oxidation was carried out using 15 mg of 1 wt% Au catalysts (1.7 mol%) and 30 mg of
NADH under 0.1 MPa O2 at 37 °C. The NADH oxidation activities were dependent on the size of Au
particles. Smaller Au cluster catalysts showed higher oxidation activities (82% for 1.8 nm Au/Nb2O5,
79% for 1.4 nm Au/ND), which decreased with increasing Au particle size (Fig.1a). This is due to the
fact that the number of active sites (surface Au atoms) in clusters is inversely proportional to the size
+
of Au particles. Similarly, hydrogenation of NAD was strongly dependent on the Au particle size. Only
+
< 2nm Au clusters deposited on basic metal oxides could reduce NAD by H2 (Fig.1b). These redox
+
reactions were affected by pH value because H participated with redox process. Especially, the
+
basicity of reaction site is very important in hydrogenation of NAD , implying that the interface of Au
clusters and supports provides Lewis pair to dissociate H2 heterolytically. Finally, we examined the
glucose oxidation in the presence of glucose dehydrogenase (GDH), NADH, and Au/Nb2O5. We found
+
that NAD was regenerated by the Au catalyst and used for GDH-catalyzed oxidation.

+

Figure 1. Interconversion of NADH and NAD by Au catalysts. (a) Aerobic oxidation of NADH and
+
(b) hydrogenateon of NAD .
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