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Preface

During several decades, gold has been used as a jewel material, as a decorative material, and
as a metal in medicinal drug. Gold has always been recognized as a metal with special prop‐
erties. Recently gold has attracted significant attention due to its advantageous characteris‐
tics as a catalytic material and since it allows easy functionalization with biologically active
molecules. The importance on the usage of gold catalysts is also clearly evidenced from an
explosion in the number of academic publications in recent times. When gold is prepared as
very small particles, it turns out to be a highly active catalyst. However, such a phenomenon
completely disappears when the gold particle size grows into the micrometer range. There‐
fore, the preparation for obtaining an active gold catalyst is so important. The primary objec‐
tive of this book is to provide a comprehensive overview of gold metal nanoparticles and
their application as promising catalysts.

The present book is the presentation of five in-depth chapters from eminent professors, sci‐
entists, chemists, researchers and engineers from educational institutions and research or‐
ganizations, introducing a new emerging nano-gold face of multidimensional chemistry.
The book addresses different topics in the field of “nano-gold catalysts”. Chapter 1 is con‐
cerned with nanoporous gold films as catalyst, Chapter 2 provides the synthesis of small
gold particles, their characterization and their behavior as heterogeneous catalysts for a vari‐
ety of reactions, and Chapter 3 addresses the formation of supported gold nanoparticles and
its applications.

Another key topic that involves the environmentally friendly or green synthetic methods to
present the synthesize of gold nanoparticles (AuNPs) using only HAuCl4, Milli-Q water,
white light from a xenon lamp and amino acids is addressed in Chapter 4. Finally, this book
presents an overview on size, structure, morphology, composition as well as the effect of the
support on the electrocatalytic properties of gold nanoparticles (AuNPs), and it was found
that the electrocatalytic properties of unsupported AuNPs strongly depend on their size and
shape.

It is clear that many industries and the research of many academics recognize the signifi‐
cance of nano-gold catalysts. However, more work still remains to be done in the field of
gold-nanoparticles as catalysts.

It was impossible to meet all our goals or cover all the topics found regarding nano-gold as
catalysts.. However, we believe that this book will be able to provide both researchers and
scientists with future developments in the field of gold-nanoparticles chemistry.

As an editor, I believe that all the chapters of this book provide a beneficial contribution in
understanding the synthesis, characterizations and application of nano-gold catalysts. Cor‐



dially, I would like to thank all the authors for their contributions and making this book
useful for researchers who are working in catalysis and gold chemistry.
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School of Pharmacy,

Sungkyunkwan University,
Suwon, Republic of Korea
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Chapter 1

Nanoporous Gold Films as Catalyst

Sang Hoon Kim

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64081

Abstract

Nanoporous gold (NPG) is reviewed as a catalyst. Various preparation methods were
first reviewed for NPG and its structure. Applications of this catalyst in CO oxidation,
hydrogen oxidation,  hydrogen production are discussed.  Regarding CO oxidation,
detailed studies on reaction mechanism and density functional theory (DFT) calcula‐
tions were also reviewed. Not only as a model reaction but also practical aspects of
removing CO residue in hydrogen stream are discussed. Beyond those simple reactions,
the application of NPG to more complicated reactions such as alcohol oxidation is
reviewed.  Selective  aerobic  oxidation  of  gas‐phase  alcohols  is  first  reviewed  and
reactions in liquid phase are discussed. Finally, future prospects of NPG as a catalyst
for more complicated reactions such as organic synthesis are briefly discussed.

Keywords: nanoporous gold, catalysis, CO oxidation, hydrogen oxidation, selective
oxidation of alcohol

1. Introduction

Recently, nanoporous gold (NPG) films have attracted significant interest in various fields such
as catalysis, sensors, optics and electrochemistry due to their high catalytic activity, high
conductivity, easy modification, high stability, tuneable porosity and good biocompatibility [1].
Compared to the regular gold films which are dense inside, NPG films have sponge‐like or
reticulate structures with nanometer‐sized pores throughout the body of the film. The nano‐
pores are typically 20–50 nm in size and can be as small as 5 nm depending on the preparation
method (Figure 1).  NPG films are typically prepared by selective etching of a less noble
component from gold‐containing alloys. Early studies on NPG structures could be found as
early as 1960s, but NPG structures in the studies were prepared as a model system for study‐
ing the molecular mechanism of alloy corrosion [2].  From a technological point of view,

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



researchers began to explore and develop the potential of NPG for a variety of technological
applications since the late 1990s.

Figure 1. Scanning electron microscopy images of nanoporous gold film (a) cross sectional and (b) top view. NPG film
was prepared by dealloying of Au32Ag68 (atom%) alloy in nitric acid. Reprinted with permission from Ref. [3]. Copy‐
right 2001 Macmillan Magazines Ltd.

The catalytic activity of gold in the nanometer scale attracted great attention, most notably, in
1987 when Haruta et al. found the unexpected exceptional catalytic activity of nanometer‐sized
gold nanoparticles for CO oxidation even at below room temperature [4]. Before this discovery,
gold was largely known to be very stable and inert. Bulk gold is a precious metal and does not
have catalytic activity. Since then, numerous studies have been devoted to unravelling the
catalytic properties of gold nanoparticles [5]. At the same time, immobilizing gold nanoparti‐
cles on a suitable support was gaining significance as it was apparent that they should be fixed
somewhere to be used as a catalyst. Typically, carbon‐derived materials such as carbon
nanotubes and glassy carbon were used as support [6]. However, it was one of the intrinsic
problems that immobilized gold nanoparticles were being detached from the support during
reaction and it caused degradation of the catalytic activity of gold nanoparticle‐supported
composite catalyst. NPG plays a role in this aspect as it is a one‐body film and there was no
concern regarding the loss of catalyst materials [7]. Consequently, the catalytic activity of the
NPG films drew considerable attention from the late 1990s. CO oxidation was the first model
reaction tested using NPG as was the case for gold nanoparticles.

Catalytic Application of Nano-Gold Catalysts2
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In this chapter, we have reviewed the recent advances in the field of catalytic properties of
NPG films. First, we have briefly discussed the preparation and structure of NPG films. Then,
studies on CO oxidation have been reviewed as this reaction has been extensively on NPG
films. Hydrogen oxidation and production are much less studied on NPG films. Nonetheless,
they are one of the important gas‐phase reactions. Therefore, we have herein discussed studies
regarding hydrogen oxidation and production on NPG films. After reviewing these reactions
with simple molecules, we have reviewed reactions with more complicated molecules such as
the selective oxidation of alcohols in the gas phase. Then, we have reviewed the most compli‐
cated reactions on NPG to date, that is, reactions in the liquid phase. Finally, we have elucidated
the activation and stability of NPG films as a catalyst along with the concluding remarks and
outlook.

2. Preparations of NPG structures

The typical method for NPG preparation involves preparation of a suitable gold alloy wire
with a less noble component by drawing the melted alloy bulk. Then, the wire is immersed in
a suitable etchant, and the less noble component is dealloyed [8]. Dealloying can be performed
under free corrosion conditions, that is, without an applied bias, or it can be done under bias,
typically less than 1 V above the standard electrode potential of the less noble component.
Under free dealloying conditions, complete dealloying takes several hours to tens of hours.
With bias, complete dealloying takes only a few minutes. During dealloying, dissolution and
surface diffusion of surface atoms occur at the metal alloy/electrolyte interface [8]. Silver is the
most commonly used less noble component. For silver, concentrated nitric acid (HNO3) is
commonly used as the etchant, as silver is corroded at all potentials in HNO3 at low pH [8].
Other less noble components are Ag, Cu, Pd, Ni, Zn, etc. [9]. Recently, Si was also used as the
less noble component and NPG structures were successfully prepared by etching Si out of Au‐
Si alloys [10]. We prepared NPG films from Au‐Si alloys [11, 12].

The thickness of the drawn wire from the alloy bulk is typically in tens to hundreds of μm
range. For catalytic applications, the thickness is more than necessary as catalytic reactions
occur on the surface of catalyst. Valuable materials may get wasted if this thickness is main‐
tained for NPG as a catalyst. Au‐Ag leaves are available with a few nanometer thickness, but
they are not easy to handle. Furthermore, after preparing NPG from the drawn wire or thin
Au‐Ag leaves, those free‐standing NPG structures require to be attached to a suitable substrate
for easy handling. If NPG films or leaves are to be used as an electrode, the substrate should
also be conducting. Hence, we recently attempted to prepare a few hundred‐nm‐thick thin
films of gold alloy using sputter deposition. In this case, the less noble component was Si.
AuxSi1-x thin films were prepared on silicon wafers. Si in the alloy was dealloyed by 3% HF
solution [10]. NPG thin films prepared this way minimize the amount of gold in the structure
and they can be readily connected to a measurement device such as an electrode [11, 12]. More
detailed review on the preparation including dealloying and characterization of the prepared
NPG films can be found in [13].

Nanoporous Gold Films as Catalyst
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3. CO oxidation

CO oxidation has been the representative model reaction for investigating the catalytic
efficiency of new catalyst materials due to its simple reactant molecules and a wealth of
literature of the accumulated studies. Therefore, it was natural that researchers first attempted
to test the catalytic activity of the NPG films for CO oxidation. Indeed, CO oxidation is also
the most studied reaction in detail with NPG films. Early studies in 2006–2007 found that NPG
films were very efficient for CO oxidation [14, 15]. The reaction proceeded at as low as -30°C.
NPG films in the studies were dealloyed from Au‐Ag alloy films. This observation was in line
with the superior catalytic efficiency of gold nanoparticles for CO oxidation [16]. However,
the structural difference between the NPG films and gold nanoparticles is enormous. There‐
fore, since the discovery of this superior catalytic efficiency of NPG films for CO oxidation,
numerous studies have been devoted to elucidate the underlying origin of the superior
catalytic efficiency [2, 17–19]. It is widely accepted that these peculiar properties of NPG come
from atomic oxygen species adsorbed on the surface of NPG. Those oxygen atoms activate the
adsorbing reactants on the catalyst surface. Bulk gold is inert because adsorbing molecules
have very low sticking coefficients at typical reaction temperatures. On the surface of bulk
gold, dissociation of oxygen molecules is even more difficult. NPG structures, on the contrary,
do not have a negligible probability of adsorption of oxygen molecules and dissociation of the
adsorbed oxygen molecules. Exact active sites for dissociative adsorption of one oxygen
molecule into two oxygen atoms, however, are debatable. Initially, it was widely believed that
under‐coordinated surface atoms at the kink and step sites of the ligaments in the NPG
structure were the active sites. It was natural to suspect this morphological effect for the high
catalytic activity because numerous studies on the catalytic activity of gold nanoparticles on
metal oxide supports showed that the under‐coordinated surface atoms on the gold nanopar‐
ticles played a central role in the remarkable catalytic activities [18, 20]. However, because
some residual silver atoms on NPG films always remained after dealloying of Au‐Ag alloy,
these residual Ag atoms were also assumed to be responsible for the dissociative adsorption
(Figure 2) [21]. Bulk silver is known to bind oxygen molecules strongly and activate them in

Figure 2. CO oxidation with molecular oxygen supply on NPG with varying silver residue content at 40℃. Reprinted
with permission from Ref. [17]. Copyright 2011 the Royal Society of Chemistry.

Catalytic Application of Nano-Gold Catalysts4
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contrast to the bulk gold surfaces [22]. Furthermore, NPG films dealloyed from Au‐Cu alloy
also showed some activity for CO oxidation which obviously did not contain any silver [23, 24].

An atomic scale TEM study with in situ observation revealed that a high density of atomic
steps and kinks on the curved surface of ligaments of NPG structure were comparable to that
of gold nanoparticles 3–5 nm in size (Figure 3) [20]. They found that these under‐coordinated
surface atoms were catalytically active sites during CO oxidation. Those surface atoms were
also very mobile during the reaction and they rearranged to form {1 1 1} facets after reaction.
This facet formation led to a lower density of atomic steps and structure coarsening accom‐
panying catalyst deactivation (Figure 3a and b). However, when residual silver exists, they
stabilized the atomic steps and kink sites by suppressing the facet formation during reaction
(Figure 3c and d). In another in situ TEM study [25], they revealed coarsening mechanisms in
the atomic scale during CO oxidation and found that chemical reactions stimulate the surface
gold atoms at steps. The residual silver atoms and nanopore coarsening are directly associated
with the rapid diffusion of these gold atoms and the surface segregation of those Ag atoms.
The Ag atoms can suppress the {1 1 1} faceting dynamics and preserve the surface steps and
kinks during reaction. They also found that the planar defects on the ligaments of NPG
structures could hinder nanopore coarsening.

Figure 3. High‐resolution TEM images of curved surface of NPG in atomic scale. (a) low silver‐containing NPG (1.2
atomic%) in 1 vol% CO in an air mixture at 30 Pa at room temperature, (b) blow up image of (a), showing facet forma‐
tion and reduced number of steps and kinks, (c) high silver containing NPG (20 atomic%), (d) blow up image of (a),
showing suppression of facet forming and preservation of high density steps and kinks. Reprinted with permission
from Ref. [20]. Copyright 2012 Macmillan Magazines Ltd.

Kameoka et al. studied the dominant factors for CO oxidation using NPG and found that the
dominant factor can vary depending on the reaction temperature [26]. They prepared NPG
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films by dealloying aluminium from Al2Au with 10 weight% NaOH, HNO3 and HCl. For NPG
films etched by NaOH and HNO3, CO oxidation was dominated by different mechanisms at
low (<320 K) and high (>370 K) temperatures. At low temperature, the perimeter interface of
the residual Al species (AlOx) on NPG was thought to be the main reaction sites, while a large
number of lattice defects such as twins and dislocations were thought to be mainly responsible
for the reaction at high temperature.

CO oxidation on NPG structures can be greatly enhanced by adding a little bit amount of water
to the reactant gas stream. By adding as small as 0.01 vol% water vapour to the gas stream,
CO2 production rate increases by about 100% (Figure 4a) [27]. However, the apparent reaction
order and activation energy did not change after the addition of water vapour (Figure 4b).
Because the reaction stopped immediately when oxygen supply was ceased, it turned out that
water vapour was not the source of oxygen, either. In this case, water was thought to be a co‐
catalyst. It is known that when oxygen atoms are present on gold surfaces at low temperatures
(<200 K), adsorbing water molecules can be activated and form transient OH species [28]. Water
vapour as a cocatalyst could be related to this finding.

Figure 4. (a) Influence of water vapour on the rate of CO oxidation. Water vapour contents are shown in ppm num‐
bers. 5 ppm of water is typical for dry reactant gas and 10,000 ppm corresponds to 0.01 vol.%. (b) Double logarithmic
plot showing the apparent reaction order. It is not dependent on the water content change. Reprinted with permission
from Ref. [27]. Copyright 2010 PCCP owning societies.

Theoretical studies using DFT calculation on the reaction mechanism of CO oxidation on NPG
were mostly focused on how the adsorbing oxygen molecules activate the reaction. The (1 1 
1) and (1 0 0) Au surfaces are the most abundant surfaces on NPG structures and kink Au sites
that connect (1 1 1) and (1 0 0) surfaces on NPG structures are assumed to be major actives sites
[29]. Especially, adsorption and dissociation of oxygen molecules could be enhanced on
residual Ag atoms on NPG structures [22]. However, residual Ag did not lower the energy
barrier of the CO + O reaction [30] and an excessive Ag amount could be harmful for CO
oxidation [29]. As for adsorbed CO species, they can induce O─O scission of the neighbouring
OCOO* intermediates to release CO2 molecules (the CO self‐promoting oxidation effect [31])
(Figure 5).

Catalytic Application of Nano-Gold Catalysts6
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Figure 5. Illustration of adsorbed CO diffusion and reaction with OCOO* intermediate on stepped NPG surface. Re‐
printed with permission from Ref. [29]. Copyright 2015 American Chemical Society.

In most studies regarding CO oxidation on NPG, the reaction was treated as a model reaction
to investigate the catalytic activity of the NPG structures and elucidate the reaction steps
involved. In contrast to these studies, CO oxidation in hydrogen‐rich stream on NPG was
investigated as a practical application [32]. As the fuel of proton‐exchange membrane fuel cells
(PEMFCs), hydrogen is usually produced by steam reforming. The hydrogen produced
contains a small quantity of CO (0.5–2.0%), and it is essential to remove those CO molecules
from the hydrogen produced because CO molecules adsorb very strongly on platinum surface
on the anode of PEMFCs and deactivate the electrode. As a catalyst for this preferential
oxidation of CO (PROX) in hydrogen stream, NPG showed high activity and selectivity (low
H2 oxidation) at room temperature. Furthermore, selectivity of the reaction increased in the
presence of CO2 and H2O. Interestingly, residual Ag did not seem to improve the catalytic
activity of NPG. In this reaction, adsorbed oxygen molecules are assumed to be activated not
by residual Ag atoms, but by reaction with hydrogen molecules to form highly oxidative
intermediates. Adsorbing CO molecules readily react with those intermediates to form CO2

and OH. The adsorbed OH would further react with adsorbing CO to form CO2 and additional
H atoms. Those H atoms on NPG would then react to form H2 and desorb or react with the
adsorbing O2 molecules to form another highly oxidative intermediate. Residual Ag atoms
were assumed to stabilize the catalytic activity and the structure of NPG.

4. Hydrogen oxidation and production

Fewer studies have investigated hydrogen oxidation using NPG as a catalyst compared to
those on CO oxidation [12, 33]. In our lab in collaboration with Prof. Jeong Young Park's lab
at KAIST (Korea Advanced Institute of Science and Technology), we studied hydrogen
oxidation on NPG [12]. Previous studies on gold nanoparticles showed that hydrogen can be
dissociatively adsorbed on low‐coordinated atoms on the edge or corners of the nanoparticles.
In NPG thin films, it is also known that under‐coordinated surface atoms at the steps and kinks
of gold ligaments are catalytically active sites. Then, we can expect that NPG thin films will
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show catalytic activity even for hydrogen oxidation. Another factor for the catalytic activity of
NPG films is the residual foreign atoms, most commonly silver, not etched during dealloying
process. In order to investigate the effect of foreign atoms, we prepared NPG thin films from
Au‐Si alloy instead of the usual Au‐Ag alloy as Si is assumed to be a much poorer catalyst for
hydrogen oxidation. Below 300°C, no hydrogen oxidation was observed on silicon substrates
[34]. In addition, we can remove all of Si from the dealloyed NPG surfaces because Si phases
are segregated from the Au phase during Au‐Si alloy formation [11]. On the contrary, NPG
films with trace amounts of silver were observed to be much more active for hydrogen
oxidation compared to pure NPG films [33].

In our study, the intrinsic catalytic activity of pure NPG dealloyed from Au‐Si alloy was found
to be low as was expected from other studies regarding H2 or CO oxidation in the presence of
H2 [32, 33]. For gold nanoparticles dispersed on metal‐oxide supports, enhanced catalytic
activity is frequently ascribed to the active sites at the interface of gold nanoparticles and metal
oxide surface. Some studies suggest that the interface not only serves as adsorption sites for
reactant molecules, but also enables efficient activation of molecular oxygen [35]. For NPG
films, depositing metal oxide particles was beneficial for improving catalytic activity [17].
Based on those previous studies, we deposited varying amounts of titania on our NPG films
in order to investigate the effects of adding metal oxide particles for the catalytic activity of
NPG (Figure 6). Titania was deposited using liquid‐phase immersion deposition with TTIP
solution in ethanol using 0.1, 0.5 and 1 weight% TTIP. With titania deposition, the overall
catalytic activity of NPG films increased for H2 oxidation, up to four times than that of bare
NPG (Figure 6a). Turnover frequency comparison among NPG films with varying amount of
titania showed that the catalytic activity was lowest for the 0.1 weight% TTIP precursor and
highest for the 0.5 weight% TTIP precursor. Interestingly, the catalytic activity of 1 weight%
TTIP precursor was lower than that of the 0.5 weight% TTIP precursor (Figure 6a). If we assume
that the interface between the NPG surface and deposited titania particles has active sites for
the reaction, it is possible that the reduction in catalytic activity is due to a corresponding
decrease in the active TiO2/NPG perimeter sites due to the higher surface coverage of titania.
Based on this understanding, our proposed reaction mechanism was as follows: hydrogen

Figure 6. (a) Turnover frequency comparison for titania‐deposited NPG films at 443 K under Hydrogen oxidation. (b)
Schematic representation of hydrogen oxidation at the interface along the boundary of titania particles deposited on
NPG surface. Reprinted with permission from Ref. [12]. Copyright 2015 the Royal Society of Chemistry.
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molecules adsorb on the NPG/titania interface sites. They undergo dissociation and the
resultant hydrogen atoms spill over to the titania. O2 molecules adsorbed on the NPG/titania
interface sites form Ti─OOH species that dissociate into Ti─O and Ti─OH species. The
Ti─OH species finally hydrogenate to form H2O molecules (Figure 6b).

Not only hydrogen oxidation, but also hydrogen production using water‐gas shift (WGS)
reaction was reported on NPG decorated with ceria [36]. In WGS reaction, one water molecule
reacts with one CO molecule and produces one hydrogen molecule and one CO2 molecule. It
was shown that gold nanoparticles dispersed on ceria were very efficient for the WGS reaction
[37]. Based on this finding, Shi et al. attempted the WGS reaction with NPG films decorated
with ceria. Decorating NPG structure with metal oxide particles not only enhances catalytic
activity, but also structural stability, which improves at high temperatures without coarsening
of the nanopores and ligaments [7]. This structural stability is essential for the reaction because
in this reaction, water molecules, not oxygen molecules, are used as an oxidant. In order to use
water molecule as an oxidant, elevated temperature is needed. They investigated the catalytic
activity of NPG/ceria at temperatures as low as 150°C and as high as 550°C (Figure 7). Ceria
was prepared on NPG by impregnation and calcination. Ceria‐covered NPG has structural
stability up to 500°C, enabling low‐ as well as high‐temperature WGS reactions. The catalytic
activity was close to the highest ones reported so far. They attributed this exceptional catalytic
activity to facile water dissociation on rich defect sites in ceria.

Figure 7. Comparison of reaction rates for WGS reaction (upper line) and CO oxidation (lower line) on ceria/NPG cata‐
lyst. Gas feeds are 2.9 vol% CO, 47.0 vol% O2 in N2 for CO oxidation and 4.2 vol% CO, 16.0 vol% H2O in N2 for WGS
reaction. Reprinted with permission from Ref. [36]. Copyright 2014 American Chemical Society.
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5. Oxidation of alcohols

The selective oxidation of alcohol is one of the important catalytic conversions in industry for
a wide range of bulk commodity chemicals that are raw materials for various products for
daily lives such as plastics and paints. Alcohols have been traditionally synthesized by
petrochemistry but recently, intensive studies are focused on deriving alcohols from renewable
resources such as landfill gas and biomass [1]. Gold‐based catalysts are of particular interest
in this aspect because molecular oxygen can be used as an oxidant for the selective oxidations,
thereby implying greener processes replacing toxic oxidant chemicals in the conventional
process [38]. With gold‐based catalysts, it is also possible to work under environmentally
benign conditions, that is, at low temperature (<100°C) and under an ambient pressure.
Regarding selectivity or oxidation power, the products of partial oxidations only weakly
adsorb on gold‐based catalysts, desorbing before being further oxidized. This delicate balance
between oxidation power of gold and its relatively weak interaction with the reaction products
provides gold with unique selectivity that cannot be obtained by typical catalytic materials
such as Pt and Pd, on which full oxidation usually occur due to strong oxidation power. In an
early work in 2010, Wittstock et al. showed that the NPG films were very effective for gas‐
phase partial oxidation of methanol to methyl formate with a very high selectivity of 97% at a
temperature as low as 80°C and under an ambient pressure using molecular oxygen as an
oxidant (Figure 8) [39]. The key to this reaction was the ability of the NPG surface to dissociate
adsorbing molecular oxygen into oxygen atoms. In other words, high catalytic activity of NPG
for this reaction was attributed to the atomic oxygen adsorbed on the NPG surface, thus
forming surface‐bound alkoxy species with adsorbing methanol.

Figure 8. Oxidation of methanol on NPG showing (a) the activity and selectivity of the oxidation under continuous
flow conditions at low temperature. The reaction shows high selectivity to methyl formate. In contrast to this, negligi‐
ble amount of CO2 is forming. (b) Temperature dependence of selectivity. For low oxygen partial pressure of 1 vol%,
the selectivity remains high while it decreases for high oxygen partial pressure of 50 vol%. Reprinted with permission
from Ref. [27]. Copyright 2010 PCCP Owner Societies.

In a subsequent study, they extended their study to aerobic oxidation and coupling of methanol
(one carbon), ethanol (two carbons) and n‐butanol (four carbons) on NPG under an ambient
pressure and at a low temperature ( <100°C) [40]. They compared selectivity to coupling vs.
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selectivity to aldehyde formation with an increasing chain length from methanol to n‐butanol
via ethanol and found that selectivity to aldehyde increased with an increasing chain length.
For methanol, 100% product was the coupling product (methyl formate). For ethanol, 50% was
the aldehyde product (acetaldehyde) and 50% was the coupling product (ethyl acetate). For n‐
butanol, no coupling product was obtained and the aldehyde product (n‐butanal) was 100%
(Figure 9).

Figure 9. (a) Chemical formulas of oxidation and self‐coupling of alcohols on NPG. (b) Selectivity towards the alde‐
hyde (self‐coupling product) vs chain length of the alcohol before reaction. Reprinted with permission from Ref. [40].
Copyright 2012 Wiley‐VCH Verlag GmbH.

For higher alcohols, Ding et al. showed that benzaldehyde could be eco‐friendly obtained from
the selective oxidation of benzyl alcohol using molecular oxygen as an oxidant at a low
temperature (<250°C) [41]. The conventional process involved organic chloride or toxic benzoic
acid, thereby contaminating the environment. On NPG, selectivity to benzaldehyde was very
high over 98%. Higher content of residual Ag did not improve the catalytic activity and
selectivity of the reaction. However, NaOH‐treated NPG showed drastically improved
catalytic activity while preserving selectivity (Figure 10).

Figure 10. Comparison of conversion, selectivity and yield among bare NPG, NPG treated by various concentrations of
NaOH for the gas‐phase oxidation of benzyl alcohol. Reprinted with permission from Ref. [41]. Copyright 2012 Wiley‐
VCH Verlag GmbH.
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While studying oxidative coupling of ethanol and 1‐butanol on NPG, Friend et al. found that
the catalytic activity of NPG films did not significantly depend on the ligament size of the NPG
films [42]. This observation means that the under‐coordinated gold atoms on the surface of
NPG structure did not play a significant role for determining the catalytic activity of NPG for
coupling of higher alcohols. Residual Ag did not seem to play a role for this reaction, either.

6. Reactions in liquid phase

As NPG showed excellent catalytic activity for simple alcohols and even for some higher
alcohols in the gas phase using molecular oxygen as an oxidant as discussed in the previous
section, it is natural to apply NPG catalyst for more complicated reactions in the liquid phase.
There are a large number of reviews and monographs regarding reactions in the liquid phase
using gold nanoparticle catalyst [5, 43–45]. Most of them used gold nanoparticles dispersed
on metal oxides, but a recent review dealt with NPG as the catalyst [46]. Asao et al. reported
oxidation of alcohols in the liquid phase using molecular oxygen as an oxidant on NPG [47].
Oxidation of 1‐phenylbutanol was successful with methanol as the solvent under O2 atmos‐
phere (Figure 11). After a 10‐h reaction at 60°C, the yield of the corresponding ketone product
was 96%. For comparison, they also tested the reaction on simple gold film and undealloyed
Au30Ag70 film as catalyst but the reaction did not proceed. This study showed that additives
(bases, stabilizers, ligands, etc.) and cumbersome work‐up procedures (filtration, centrifuga‐
tion, etc.) for aerobic oxidation of alcohols in the liquid phase were not required on NPG.

Figure 11. Chemical formula for the oxidation of 1‐phenylbutanol on NPG with methanol as solvent under O2 atmos‐
phere. Reprinted with permission from Ref. [47]. Copyright 2012 the Royal Society of Chemistry.

They continued to report more complicated reactions such as the direct synthesis of amides
and amines through the selective oxidation of alcohols, which is very challenging with
conventional transition‐metal catalysts [48]. Amides are one of the most important functional
groups in biological systems and they are the basis of synthetic polymers and modern
pharmaceutical molecules. The direct amidation of an alcohol would be ideal and the most
economic pathway [49]. By conducting selective aerobic oxidation of methanol in the coexis‐
tence of amines on NPG, they synthesized formamide products directly (Figure 12). It was
noteworthy because formamide products were obtained from cheap and abundant materials
(methanol, oxygen molecules) and without toxic CO gas and under mild conditions (ambient
pressure, neutral pH). For the reaction, residual Ag was essential.
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Figure 12. Scheme of aerobic oxidation of the mixture of methanol and alkylamine. High selectivity is achieved on
NPG to form formamide (bottom line). Reprinted with permission from Ref. [48]. Copyright 2013 Wiley‐VCH Verlag
GmbH.

Wichmann et al. also reported direct coupling of primary alcohols and amines to correspond‐
ing amides using NPG in the liquid phase [49]. They showed that reaction of methanol and
dimethylamine produced industrially relevant dimethylformamide at 40°C. In this reaction,
the activation of molecular oxygen was also the key reaction. The reaction was facilitated by
doping NPG with an admetal such as Ru and Ag.

Most liquid‐phase reactions using NPG were oxidation. Reduction reaction or hydrogenation
is more difficult because H‐H dissociation is not easy on gold. But recently, some studies were
reported. Yamamoto have provided a more detailed review on the reduction reaction along
with some reactions of C─C bonding formation on NPG [46].

7. Stability and activation of NPG catalyst

Due to the robust three‐dimensional (3D) network structure composed of ligaments, NPG films
show much higher durability compared to the gold nanoparticles dispersed on metal oxide
particles. The supported Au nanoparticles are in powder form and easy to lose. Gold nano‐
particles are also prone to agglomeration upon heating and easily deactivated. However, NPG
structure is of nanometer size and it is also prone to coarsening upon heating. Researchers
tried to enhance the thermal stability by coating the structure with metal oxide [50] or ozone
[51]. Wichmann et al. compared the thermal stability of pristine NPG and NPG coated with
titania. They also compared the changes in catalytic activity at an elevated temperature [7].
They found that titania‐covered NPG maintained its structure up to 600°C, and the loss of
activity was only 4% for CO oxidation at 250°C and under high CO concentrations for more
than 72 h (Figure 13). They explained this enhanced stability with the pinning of surface gold
atoms, especially at step edges by deposited titania [51]. Coating NPG with metal oxide
generally increases the catalytic activity of uncoated NPG as boundaries of metal oxide
particles deposited on NPG surface are presumed to be active sites for the dissociation of the
reactant molecules [12].
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Figure 13. Scanning Electron Microscopy images of bare NPG and titania deposited NPG structures. Annealing com‐
parison shows structural stability of titania‐deposited NPG structures. Reprinted with permission from Ref. [7]. Copy‐
right 2013 Wiley‐VCH Verlag GmbH.

Depending on the preparation method, NPG is sometimes not catalytically active or the
catalytic activity is not reproducible. It is believed to be caused by contaminants during the
preparation. Therefore, finding a way to reliably activate NPG as the catalyst has been
recognized as one of the important issues for applying NPG in real applications. Therefore,
finding a reliable way to activate NPG films for catalytic activation is drawing more and more
attention. Activation is usually done by flowing reactant gases at an elevated temperature for
some time until NPG becomes catalytically active [14, 15, 39]. However, this process is often
not reproducible and inconsistent [52]. Recently, Friend et al. reported a reliable way to activate
NPG for the catalytic partial oxidation of alcohol using ozone at atmospheric pressure [53].
After preparing NPG films from Ag70Au30 ingot by conventional dealloying in nitric acid, they
inserted the NPG films in a flow reactor and raised temperature from 30 to 150°C in a flow of
30 g/Nm3 of ozone in a 50% O2/He gas mixture. The temperature was held at 150°C for 1 h and
lowered to 50°C. Then, again the temperature was raised to 150°C in a flow of 10% methanol
and 20% O2. They tested the catalytic activity of ozone‐activated NPG with the oxidation of

Figure 14. Comparison of conversion to methyl formate (black squares) with that to CO2 (red circles) vs. time after
ozone treatment of NPG. The catalytic activity is maintained for 4 months after exposure to air (blue triangles). Re‐
printed with permission from Ref. [53]. Copyright 2015 American Chemical Society.
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methanol to methyl formate, as this reaction is already studied on NPG in detail [39]. The
ozone‐activated NPG films showed good catalytic activity for the reaction and more impor‐
tantly, they maintained stable catalytic activity for at least 1 week (Figure 14). But, their
catalytic activity for other reactions was different from that of O2– or CO‐activated NPG [14,
15, 39]. For example, the ozone‐activated NPG films were not active for CO oxidation.

8. Conclusion

In this chapter, we surveyed the studies on nanoporous gold (NPG) as a catalyst. First, we
discussed various preparation methods of NPG and its structures. NPG catalysts are initially
applied to CO oxidation and found to be very effective at temperatures as low as -30°C. Since
then, CO oxidation was the most studied reaction using NPG catalyst. Studies on the reaction
mechanism and related DFT calculations were also reviewed. The model reaction as well as
the practical aspects of removing CO residue in hydrogen stream were also discussed. As
dissociation of hydrogen molecule is difficult on gold surface, few studies reported reactions
regarding hydrogen. However, we also discussed those few reported hydrogen oxidation and
generation studies. Beyond those simple reactions, researchers have great interest for applying
NPG to more complicated reactions such as alcohol oxidation. Initially, aerobic oxidations of
gas‐phase alcohols were reported. Liquid‐phase reactions with more complex molecules were
also reported. For those reactions, numerous studies already reported that gold nanoparticles
supported on metal oxide supports have good reactivity and selectivity. However, those
catalysts are in powder form and have problems of loss and recovery. Gold nanoparticles are
also prone to agglomeration during reaction, losing catalytic activity. NPG can be a potential
solution for those problems as it is an extended body of porous structure and metal oxide
particles can be deposited on them and used as an inverse catalyst. Moreover, as it does not
need any support, there is no problem of particle agglomeration. Besides, NPG has a potential
application in green chemistry and controlling selectivity because molecular oxygen can be
used as an oxidant and it maintains a delicate balance between oxidation power and interaction
with intermediate products. Therefore, the scope of reactions is expected to grow using NPG
as a catalyst to more and more complex reactions in organic synthesis beyond those simple
and gas‐phase reactions. Especially, studies on complex catalyst systems of NPG with
deposited metal oxide particles will grow as the interface between NPG surface and metal
oxide particles can provide additional important controls over reactivity and selectivity.
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Abstract

In recent years, there have been three significant pieces of research which helped propel
gold catalysis research into the forefront: the discoveries that gold/silica can catalyse the
hydrogenation of pentene, that gold on carbon can be used in the hydrochlorination of
acetylene  and  that  deposition-precipitation  (DP)  methods  can  be  used  to  prepare
nanogold on titania capable of enabling the oxidation of CO at very low tempera‐
tures.  The  synthesis  of  small  gold  particles,  their  characterisation  and  peculiar
properties are considered together with their behaviour as heterogeneous catalysts for
a variety of reactions. Some of the issues concerning the practical application of gold
catalysts are also discussed.

Keywords: gold, catalysis, nanogold, CO oxidation, VOC oxidation, fuel cells, deacti‐
vation, regeneration, emissions control

1. Synthesis of gold nanoparticles

Nanosized gold particles are conveniently synthesised for practical applications in solution or
on surfaces. In the latter case the use of supports to derive supported gold catalysts is the most
widespread  approach.  An  intermediate  method  comprises  the  use  of  polymerisation  to
accompany the development of  metallic  gold from gold salts  exemplified by the use of
simultaneous polymerisation of polyaniline where very fine control over the mean gold particle
size in the range 3–10 nm can be exerted [1].

For solution, an excellent summary was recently published [2]. Examples of the synthesis
include the formation of well-defined gold clusters, small nanoparticles of direct interest for
catalysis and especially shaped particles such as polyhedra, rods, wires and plates. Very often
protecting organic layers are used [3–7] such as thiols, citrate and polyvinylpyrrolidone (PVP)
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and can act as capping agents. For gold, reduction is relatively easy, so mild reducing agents
such as citrate, ascorbic acid or diols can be used. The use of sodium borohydride is also found
as well as cases where no additional reductant is used, such as the simultaneous polymerisation
of aniline where the hydrogen atoms released by polymerisation effectively do the work [8].
The growing polymer is thereby in intimate contact with the nanogold particles being formed
and so electronic effects and nanoparticle stability are considerably enhanced.

The final size distribution often reflects the transport control mechanisms that occur and these
have been well discussed [9, 10]. A degree of additional control can be provided by the use of
photochemical, electrochemical or sonochemical methods as well as the use of microwave
synthesis [2].

The vast majority of work has employed hydrogen tetrachloroaurate as the gold source.

The use of silica-coated gold has been discussed [11–13]. Use is made of tetraethyl orthosilicate
and the method is a useful way of preparing unsupported heterogeneous catalysts. The
nanoparticles are present in an essentially homogeneous environment by the silica shell, which
also assists in providing a physical barrier to particle agglomeration. For solids, much use has
been made of the deposition-precipitation (DP) method adopted by the Haruta group. A
solution of HAuCl4 is adjusted to the desired pH and gold precipitated onto a slurried support
material by controlled addition of a base, usually sodium hydroxide. The point of zero charge
of the support is critically important in controlling the interaction with the gold anions, so that
the interactions with titania and silica, for example, are very different. Anionic gold entities
are easy to adsorb onto titania at pH values above 7–8, for example. Again, a recent review
summarises a lot of the essential information [14]. For materials capable of ion exchange, an
alternative approach is to use gold in a cationic form and AuHY zeolites have been successfully
synthesised in this way [15]. These zeolites have demonstrated activity in CO oxidation and
ethylene hydrogenation, depending on the extent of the reduction of the gold, gold in higher
oxidation states favouring the olefin hydrogenation reaction [15]. A degree of autoreduction
has been observed, and as the ethylene hydrogenation falls, the CO oxidation increases. Once
gold forms small particles, these are no longer stabilised as much by electrostatic forces and
the gold moves out of the constraints of the ion-exchange sites. The state of gold in the DP
samples in the case of titania as support is not simple. Gold in the +3, +1 and 0 oxidation states
are found to coexist, revealed by using Mössbauer effect spectroscopy, even when no external
reducing conditions have been applied [16]. The +1 state appears to correlate best with CO
oxidation activity. The careful retention of all gold in the +3 state has been demonstrated using
titania, as evidenced by EXAFS work [17]. The simultaneous reduction of gold and develop‐
ment of activity for CO oxidation has been demonstrated using a combination of reactor
studies, EXAFS and TPR, and again Au(+1) seems to be implicated in catalysis, though a role
for Au(0) cannot be ruled out entirely.

After DP the samples are typically hot water washed. It has been shown that extraneous anions
and cations can exert an effect on gold catalysis [18]. Anions in particular appear to promote
catalysis via some sort of electronic effect and exert an electron-withdrawing effect on the gold
centres [18, 19]. The use of urea to give a gradual rise in pH during DP has been recorded [20,
21] and examples of high gold loadings up to about 8 mass% have been given [14]. In studies
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by the Gates group, the use of organometallic gold precursors under dioxygen-free conditions
is used to give a controlled formation of ligand-free small clusters on oxide supports [22, 23].
Further, a simple preparative method was reported by Haruta group who ground supports
with solid gold acetylacetonate to yield solid samples [24].

Co-precipitation methods have not been entirely neglected and have been applied to the
synthesis of transition metal oxide-supported gold [25–28]. Sol-gel methods have also been
used, but appear to result in solids with rather large Au particles [14] when tetraethoxysilane
or tetrabutoxytitanate is used.

Very recently the incorporation of gold into nanorods of rutile, especially prepared in a flower-
like structure, has been reported as having very high thermal stability (of the gold), presumably
due to substantially reduced gold-gold nanoparticle interactions [29]. Particles as small as 8
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sense, behaving as catalytic poisons, partial removal by mild thermal treatment may be
sufficient in practice to expose active sites. The use of planar model systems to monitor and
understand surface structures in gold systems has been well discussed very recently [35].
Electron spectroscopy, low-energy ion scattering, secondary ion mass spectrometry, high-
resolution electron loss spectroscopy, infrared spectroscopy, low-energy electron diffraction,
small angle X-ray scattering and scanning tunnelling and atomic force microscopies have been
particularly useful. These studies help to understand why small clusters of gold behave in a
very different manner to bulk gold. Substrate effects can also be monitored with the aid of
these methods and underlying film influences can be used to understand how metal-support
effects may manifest themselves in practical catalysts. Spectroscopic methods have also been
widely used to monitor surface plasmon effects in gold [36], Raman effects, especially en‐
hanced Raman scattering [37] and infrared methods in studying chemisorption and surface
reactivity of IR-active molecules such as CO and NO [38, 39]. X-ray photoelectron spectroscopy
has often been used to assess gold oxidation states [40, 41], but beam-induced decomposition
is well known to result in a gradual drift toward a zero-valent gold states regardless of the
nature of the original sample. Low beam energies and short exposure times seem to be the key
to help overcome these effects. The example of simultaneous presentation of gold in various
oxidation states [16] serves to illustrate that gold may not be homogeneously present in solid
catalysts. Careful studies have argued that the activity of gold is proportional to the gold
content of gold-titania catalysts for CO oxidation [41] but elsewhere it has been shown that
unit gold activity can be made to increase as the gold content falls by removal of less active
gold by reaction with cyanide solutions [42]. Cyanide removal of gold from gold-ceria also
seems to result in the retention of almost all the original activity for the water-gas shift reaction
[43], an observation considered to reveal the importance of Au(+1) entities in catalysis. Cyanide
treatment might therefore be useful in the thrifting of gold, but the interaction of cyanide with
gold is undoubtedly multifaceted. Cyanide may bind to the gold; rendering active sites useless,
it may preferentially dissolve metallic gold (an oxidative process), or it may react preferentially
with Au(+1) centres since no oxidation is then required. Indeed the use of cyanide in the
absence of dioxygen may be a useful way of enhancing interaction selectively with Au(+1)
species [44]. Partial or total removal of cyanide after cyanidation treatments by thermal means
seems to be necessary for the resulting solids to display catalytic activity [45]. The complicated
action of cyanide makes it difficult to unambiguously decide on the nature of the gold entities
being removed or deactivated and hence makes interpretation of the results difficult.

Several studies [46, 47] have suggested that anionic gold species on titania are essentially
pinned to defect sites associated with oxygen loss from the oxide lattice. Thus gold inhibits the
anatase to rutile phase transition by an appreciable amount. Nevertheless for high-temperature
applications, it seems sensible to avoid anatase or anatase-containing samples as supports [29].
A lot of the titania-based gold catalysts examined for low-temperature reaction are predictably
unstable at higher temperatures due to the gross structural changes encountered.

A compilation of data [48, 49] for the specific activity of gold systems for the CO oxidation
reaction reveals that Au/titania is particularly active. Steyn et al. [50] have recently shown that
gold-perovskites can exhibit activities essentially equal to those shown by Au/titania for CO
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oxidation, depending on the nature of the A and B elements in the Au/ABO3. Perovskites are
interesting because they themselves tend to exhibit some oxidation activity and their properties
can be tuned by choice of A and B elements.

3. Oxidation of carbon monoxide

One reaction that has attracted a lot of research interest in the catalysis by gold is the oxidation
of carbon monoxide to carbon dioxide at ambient or lower temperatures. Although the
pioneering discovery of the catalytic activity of Au for CO oxidation was based on Fe, Ni and
Co oxides as support for Au [51], over the years Au supported on TiO2 has been extensively
studied because although neither Au nor TiO2 is active independently, their combination
generates surprisingly high scatalytic activity for CO oxidation [52–54]. Several factors
influence the activity of this class of catalysts which include the type and nature of the support,
the gold crystallite size and the method of preparation [53, 55]. Although the Au/TiO2 catalyst
is known to be very active for CO oxidation, a major setback is that the catalyst tends to
deactivate with storage and/or time on-line at low temperatures [56]. Also controversial is the
nature of the active species. Various authors have claimed different states of Au to be respon‐
sible for catalytic activity in CO oxidation. Some have claimed ionic gold to be responsible for
the active sites [57, 58], whilst some report metallic gold to be the active species [59, 60]. Another
group of authors claim that a combination of both ionic and metallic gold is necessary for
catalytic activity [61]. We draw attention to these uncertainties concerning the active metal
species and deactivation mechanisms resulting from both storage and time on-line as well as
to areas involving the support such as use of promoters, mixed metal oxides supports, various
types of TiO2 and some unconventional supports (e.g. zeolites and perovskites). We also look
at some parameters involved in the preparation of the catalysts and how these influence the
activities of the catalysts. Some practical applications of gold catalysts in carbon monoxide
oxidations can also be expected.

3.1. Nature of support

Although it is generally agreed that the role of the support of gold-supported catalysts is to
stabilise the active gold particles, the nature of the interaction between the support material
and the gold particles is very important for catalytic activity [55, 62–64]. For example, for the
oxidation of carbon monoxide, exceptionally high activities have been reported for reducible
metal oxide supports such as TiO2, Fe2O3 and CeO2 suggesting that the support supplies oxygen
to form active oxidic gold sites [64]. It has also been suggested that sites at the gold-support
interface are responsible for the activity in CO oxidation [57, 65].

Taking these into account, we have been tempted to assume that the contact structure between
Au particles and the support is the most important factor for the origin of the activity of gold
catalysts and have studied CO oxidation on gold-supported catalysts over a number of
supports with different properties.
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3.1.1. Mixed metal oxide supports

Although TiO2 has been one of the most investigated supports for Au for CO oxidation, the
catalyst tends to lose its activity with time on stream. This deactivation process has been
ascribed to various factors such as the change in the oxidation state of Au [61, 66] and ag‐
glomeration/sintering of the gold nanoparticles [67], the presence of moisture [68] as well as
other structural changes that may occur on both the support and the metal [69]. Carbonaceous
(carbon containing) species such as carbonates, bicarbonates and formates formed as inter‐
mediates during the reaction may also accumulate on the catalyst surface causing deactivation
[70]. Many studies have been performed not only to improve the activity but also the stability
of the catalyst with time on stream. Many transition metal oxides have also been studied as
supports for Au for CO oxidation. The use of binary mixed oxide supports has been reported
as a possible solution for stabilising the Au nanoparticles and preventing them from sintering,
thus preventing catalyst deactivation resulting from sintering. It has also been suggested that
increasing the basicity of the support may improve the stability of the catalyst by minimising
deactivation resulting from the formation of adsorbed CO, carboxylate and carbonate species
on the catalyst surface [71]. Au/TiO2 catalysts modified by Al2O3, CaO, ZnO, NiO, ZrO2 and
rare earths were found to be beneficial to the reaction for CO oxidation whereas MoO3 and
WO3 had a negative effect on the stability [72]. Moreau and Bond also reported a lowering of
the rate of deactivation of Au supported on TiO2, SnO2 and CeO2 when iron was added in the
preparation [73].

Au/TiO2 and Au/FeOx-TiO2 catalysts were examined in order to get a thorough understanding
of the effect of Fe on the Au/TiO2 catalyst and link it to the differences observed in their activities
for CO oxidation. The Fe-containing supports were either only dried at 120°C or dried at 120°C
followed by calcination at 300°C or 500°C prior to Au addition. Activity depended of the
support pretreatment temperature. The Au/FeOx-TiO2 catalysts were more active than the Au/
TiO2 catalyst with the catalyst containing FeOx-TiO2 calcined at 300°C showing the highest
activity. The FeOx-containing catalysts showed smaller Au particles on average; hence they
have higher metal surface area which could possibly lead to the superior activities observed.
Our study went further than considering particle size effects alone and examined other effects
that the FeOx brought to improve activity. For example, although all the FeOx-containing
catalysts had similar Au particle sizes, there were clear differences in the Au-normalised
activity shown. From the CO and CO2 desorption profiles of the samples, the activation energy
of desorption of CO and CO2 from the samples was quantified using the Redhead method (Eq.
(1)) [74]:
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where Ed is the activation energy of desorption, Tp is the temperature at peak maximum, β is
the heating rate or ramp rate dT/dt in units of degrees K per unit time and ν is the frequency
factor approximated for first order kinetics to be 1013/s. The calculated desorption activation
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energies showed a significant difference (ca. 24% difference) in the activation energy of
desorption for CO between the samples that contain FeOx and those that do not. This difference
could manifest itself in the observed reaction rates during CO oxidation. For all intents and
purposes, the Ed’s for CO2 of all the tested samples were identical.

XPS data indicated that Au/FeOx-TiO2 catalysts all have similar Fe3+ and Fe2+ ratios implying
that they contain similar FeOx species. TPR data however shows that the FeOx species distri‐
bution is different in the catalysts. The total acid sites in the Brønsted to Lewis site ratio amongst
the Au/FeOx-TiO2 catalysts are also distinctly different. Part of the observed activity trend
results from the final speciation of the FeOx that seems to be dominated by a mixture of FeO
and Fe3O4 with small amounts of Fe2O3 present. The activity and stability increase for the series
as the absolute amount of Brønsted acid sites increases. The Au/FeOx-TiO2 (support calcined
at 300°C) which shows the highest activity and stability has small Au particles, a high total
acid site amount and the highest Brønsted to Lewis site ratio. It is suggested that the increased
Brønsted acidity destabilises carbonate species and prevents them from building up on the
surface of the catalyst. The activity trend may also be related to the Au particle size on the
FeOx-TiO2 supports as it is noted that amongst the three Au-FeOx-TiO2 catalysts the most active
are the ones with the smallest Au particles. In particular, the catalyst with FeOx-TiO2 calcined
at 500°C has a high activity and stability and the smallest Au particles size but has the lowest
amount of acid sites. Thus it is not possible to fully discriminate the effect of the acidity from
the Au particle size influence on the activity of this series of catalysts [75].

3.1.2. Perovskite supports

Perovskites (ABO3 structures where A and B represent metals in the 12- and 6-coordinated
sites, respectively) are promising catalyst materials due to their low cost, thermal and me‐
chanical stability at relatively high temperature, great diversity and excellent redox properties
[76, 77]. They can be manipulated by partial or complete substitution of the cations A and B
and are known to be active for CO oxidation, but only at high temperatures for potential use
in automobile exhaust catalysts, with no activity being shown at temperatures below 200°C
[78–81]. Besides, it is generally known that the addition of a metal to oxides can modify the
intrinsic catalytic properties of the oxides themselves, possibly increasing the activity,
selectivity or stability of the resulting catalytic systems [82, 83]. Palladium-perovskites have
been the subject of studies for potential use in automotive exhaust systems and appear to offer
the property of self-generation, associated with palladium’s ability to move in or out of the
perovskite structure depending on the oxidising/reducing characteristics of the atmosphere
[76, 78]. To the best of our knowledge, only a few reports on the preparation of Au-perovskite
catalysts have been seen in the literature. Addition of Au to LaBO3 perovskite catalysts (B =
Cr, Mn, Fe and Ni) showed significant enhancement in the rate of CO oxidation with 2 wt%Au-
LaNiO3 showing the best performance with CO conversion at temperatures below 150°C [84].
A comparison of the CO oxidation activities of LaCoO3, the mixture of La2O3 and Co3O4 and
the Au-supported Au/La-Co-O catalysts showed that the gold catalyst supported on the
perovskite had higher catalytic activity and stability than that of the simple oxides or the
perovskite [85]. Three-dimensionally ordered macroporous (3DOM) LaFeO3-supported Au
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also showed superior performance for the oxidation of soot compared to the corresponding
perovskite [86]. Despite these, the state of knowledge about Au-perovskite systems is still
limited. In particular, very little characterisation of these systems has been done, being limited
to XRD, textural studies and some XPS work. More detailed characterisation work as well as
the exploration of the powerful ability of perovskites to be modified by substituting other
cations in gold systems for CO oxidation is necessary. We have addressed these issues here.

Two perovskite systems, CaTiO3 and LaCaxFeO3, have been selected to check if any major
differences are displayed for different perovskites when used as a support for gold in catalysis.
The systems investigated include Au-supported LaFeO3, LaMnO3, LaCuO3 and CaTiO3.
However, only catalysts supported on CaTiO3 and LaFeO3 showed activity for CO oxidation
for reaction temperatures below 100°C and the other systems were eliminated from the study.

3.1.3. Modified titania supports

Titania is amongst the most effective supports for gold for carbon monoxide oxidation [51–53,
55, 56, 59, 61, 65–68, 71–73]. The biphasic Degussa P25 (75% anatase and 25% rutile TiO2) is
commonly used as support material. The phase structure, crystal size, surface and textural
properties are important parameters on the catalytic performance of Au/TiO2 for CO oxidation
[87]. We have therefore modified TiO2 with the aim of modifying its properties as support for
Au for CO oxidation.

3.1.3.1. Nitrogen doping of TiO2

Nitrogen doping of TiO2 results in TiO2-xNx which contain more oxygen vacancies than pure
TiO2. According to density functional theory (DFT) calculations, N doping of TiO2 favours the
formation of oxygen vacancies [88] and this finding was confirmed by real-time transmission
electron microscopy (TEM) [89]. The computed energy cost to create oxygen vacancies is
drastically reduced from 4.2 eV in pure TiO2 to 0.6 eV in N-doped TiO2 [89].

In our work [90], we confirm that nitrogen doping of anatase TiO2 creates oxygen vacancies
(point defects). These play an essential role as metal cluster nucleation sites. Theoretical studies
show that electron transfer from defects to the Au clusters facilitates CO oxidation. Centeno
et al. [91] reported that Au/TiO2 catalysts showed higher activity than Au/TiO2-xNx, though our
work shows that care must be taken over the pretreatment conditions used, as we find that for
catalysts pretreated in an oxidising atmosphere, the Au/TiO2-xNx catalyst clearly shows
superior activity over Au/TiO2. Although the Au/TiO2-xNx samples contain smaller Au
particles, they were generally less active than the Au/TiO2 catalysts showing no direct positive
correlation of activity with Au specific surface area. However, for catalysts pretreated reduc‐
tively in hydrogen, the Au/TiO2 catalysts showed an increase in activity by about three fold
whereas the nitrided catalysts showed only a very slight increase.

Moisture plays a major role in promoting the CO oxidation activity of the Au/TiO2 catalyst as
well as inhibits its deactivation when introduced from the start of the reaction. This effect is
not seen for Au/TiO2-xNx where moisture did not either promote the catalytic activity or prevent
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deactivation suggesting that even small amounts of nitrogen doping of TiO2 inhibit any
positive role that moisture might play in the reaction.

3.1.3.2. Potassium titanate: KTiO2(OH)

Titanate materials have been synthesised recently and used in catalytic applications [92–94].
However, only few reports exist where these have been exploited as support for Au for CO
oxidation. We find that gold supported on potassium titanate can, under some circumstances,
exhibit superior performance for CO oxidation relative to that obtained with titania as a
support [95]. The specific surface area of the titanate material KTiO2(OH) was three times more
than that of the commercial TiO2 (Degussa P25), whilst the average Au particle sizes for the
Au-supported catalysts were 4.7 and 5.1 nm, respectively. An oxidative pretreatment of both
catalysts Au/TiO2 (P25) and Au/KTiO2(OH) generally results in Au/KTiO2(OH) being signifi‐
cantly more active than Au/TiO2 (P25). Au/KTiO2(OH) catalyst pretreated in a reducing
atmosphere was also more active than the Au/TiO2 (P25) catalyst treated under the same
conditions but it was noted that deactivation of the Au/TiO2 (P25) was more rapid. In general,
the treatment conditions that a catalyst is subjected to ultimately affect its composition and in
this case the contribution of ionic Au species may have played a significant role. Although we
have not fully established whether the enhancement in activity with the titanate support is
due to a particle size effect or chemical effects, the fact that both catalysts show similar Au
particle size distributions makes it more likely that chemical effects have a major contribution
to the differences in activity observed. Generally, KTiO2(OH) is a more basic support than
TiO2 and the basicity of the support has to be taken into account as well. Basic oxides such as
magnesia have been shown to be particularly active for supported gold for CO oxidation [55,
96, 97], and more acidic supports such as zeolites, for example, are generally less active [16].
Modification of TiO2 by the addition of Group 1 metal ions has been shown to either increase
or decrease the activity of the resulting Au-supported catalysts subsequently prepared from
the treated support depending on the amount of the Group 1 metal ions added. This effect
appears to be related to the electronic environment of the Au in the catalysts [18]. A further
factor may well be the detailed structure of the support at the nanoscale. Nanosized ceria, for
example, appears to lead to a higher activity when used to support gold [98] than other forms
of ceria. Nevertheless, our work adequately demonstrates that titanate materials may well be
used in offering a further support system for gold-mediated catalysis.

3.1.3.3. Rutile nanorod dandelion structures

The stabilisation of gold nanoparticles is of immense importance when nanogold catalysts are
considered, as catalytic activity is directly related to gold particle size [51–55, 59, 61, 72]. For
example, gold catalysts for potential use in the automotive industry must be able to withstand
high temperatures from exhaust gases, where sintering of the gold nanoparticles results in
catalyst deactivation. Sintering of gold particles not only occurs at high temperatures but
occurs slowly over time at ambient temperatures that can result in the deactivation of the
catalysts over extended time [55, 99]. Very few gold catalysts have the durability to withstand
temperatures over 400°C for extended periods of time without complete loss of activity [100–
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103]. Almost all of these catalysts, whilst showing activity after exposure to moderately high
temperatures, are not durable enough for long-term catalytic applications. If gold catalysts are
to be used in applications above 400°C, such as in automotive catalysts, thermal stability of
not only the gold nanoparticles but also of the support is crucial for long-term stability. We
carried out a thorough search of the literature to understand the reasons for deactivation of
catalysts at high temperatures and used the information gained to develop a support that can
combat the deactivation processes.

We have been able to synthesise titanium dioxide catalyst support material comprising rutile
nanorods extending radially from a central point, each rod having a free end spaced from
adjacent nanorods [104]. The material has a high surface area of ca. 100 g/m2. When gold
nanoparticles are deposited on the support, they preferentially locate at or near the free ends
of the nanorods. At low gold loadings on the support, the orientation of the gold particles on
the support prevents sintering of the particles when heated at high temperatures. The catalysts
exposed to temperatures of 550°C for up to 120 hours show very insignificant changes in the
catalyst activity for CO oxidation as opposed to a standard Au/TiO2 (P25) catalyst which almost
completely loses its activity after exposure to 550°C for only 24 hours as a result of sintering
of the gold nanoparticles. When CO oxidation is carried out at 250°C, the heated catalysts show
similar performance with the fresh catalysts. Storage of the catalysts at ambient conditions for
several months showed no effect on the Au particle sizes demonstrating the long-term stability
of the catalyst.

3.1.3.4. Modification of TiO2 with ions

The interface between gold and the support in gold-supported catalysts is crucial for catalytic
activity in CO oxidation [105, 106]. Charge transfer between the support, particularly involving
negatively charged defect sites, and the Au particles has also been connected with catalytic
performance [107]. The addition of anions and cations has been reported to act as promoters
for some heterogeneous. The poisoning effect of residual chloride ions on gold-supported
catalysts prepared using HAuCl4 solution is well documented [108, 109]. Residual chloride is
found to affect activities by facilitation agglomeration during heat treatment and also poison‐
ing the active sites. The addition of low levels of nitrate ions to Au/TiO2 catalyst has been shown
to enhance the catalytic activity towards CO oxidation, with high levels leading to a decrease
in activity [19]. Our comprehensive study on the effects of the incorporation of varying levels
of a number of anions and cations into Au/TiO2 catalysts for CO oxidation [18, 110] reveals
activity enhancement in some cases, whilst in others activity is depressed. The effect seen
depends on the concentration levels of the ions added and the manner in which they are added.
In order to gain an understanding into the nature of the effects operating between the added
ions and the support and/or Au, we incorporated these ions into the support before gold
introduction and into the catalyst after catalyst preparation. For the sulphate-modified sample,
there is a direct evidence that entities containing both Au and S exist on the surface of the final
catalyst and it may well be that the promoting effect of sulphate is due, at least in part, to a
direct interaction occurring between gold centres and sulphate or sulphate-derived entities.
The evidence points strongly to the fact that the enhancement is associated with gold centres
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having a relatively high electron deficiency. For the anions and cations other than sulphate, it
appears that these exert an influence on catalytic activity via the interaction with the support,
rather than by direct interaction with the gold centres. Our findings here generally support
the idea that the performance of gold catalysts can be extremely sensitive to parameters
involved in the catalyst preparation which may include exposure to “foreign” ions [19] and at
the same time suggests that the specific activity of gold can be improved through the judicious
use of such ions.

3.1.4. Zeolites

An important feature of gold-based catalysts for CO oxidation is the size of the gold particle
of which 3 nm is reported as optimum [111]. Various methods have been used for controlling
the size of the gold nanoparticles amongst which is to embed the Au nanoparticles within the
pores of zeolites. The strong confinement of the nanopores of zeolites can result in a very
uniform size distribution of gold nanoparticles. Zeolites have the advantages of high surface
area (typically 1000 m2/g) [111], tunable uniform pores (2–10 nm) which can be used to stabilise
the small gold particles by inserting them into the small cages and also ion-exchange ability.
However, traditionally zeolites are considered to be an “inert” support resulting in poor
catalytic activity for gold nanoparticles [64]. This poor activity was generally considered to be
due to sintering of the gold nanoparticles as SiO2 is known to have a relatively weak metal-
support interaction with Au [112]. We however showed that partial reduction can lead to
higher activity of gold-zeolite-Y [16] consistent with the work of Chiang et al. [113]. For gold-
HY zeolites, in which gold is initially introduced as Au(III) by ion exchange from [Au(en2)]3+,
samples become catalytically active only after a considerable induction period has been
exceeded. The induction period is substantially shortened by carrying out a mild reductive
pretreatment of the AuHY with reducing agents such as sodium borohydride. This signifi‐
cantly also increases the activity of the catalyst. This behaviour is consistent with the suggestion
that gold in a partly reduced state is required for activity. The reduction of Au(3+) in AuHY
would result from a sufficiently long exposure of the catalyst to the reacting CO mixture. There
is however compelling evidence that the majority species in most active catalysts is in the zero-
valent state, the obvious conclusion being that most of the gold might well be considered as a
spectator species and do not take part in the catalysis. This has been shown for gold-ceria
catalysts where after removing a large fraction of the gold present in the catalysts by oxidative
cyanide leaching, no fall in activity for the water-gas shift reaction was observed and that the
remaining gold was essentially present as Au(1+) [43].

3.2. Influence of the preparation method

Since the activities of gold-supported catalysts for CO oxidation can be ascribed to a significant
metal-support interaction, the degree of interaction and thus the method of preparation of the
catalysts will largely affect the properties of the resulting catalysts. Numerous papers have
been published describing various methods to incorporate gold nanoparticles on various metal
oxide supports including TiO2, Al2O3, CeO2, Fe2O3, Co3O4, ZrO2 and SiO2. Depending on the
choice of the metal oxide support, the main synthesis methods include deposition-precipita‐
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tion, co-precipitation, colloidal dispersion, chemical vapour deposition and photodeposition.
Conventional incipient wetness impregnation yields large Au nanoparticles due to weak
interaction of the most commonly used Au precursor (HAuCl4) with the metal oxide support.
This method also results in a large amount of residual chloride in the catalyst which promotes
sintering of the Au nanoparticles and may poison the catalyst active sites [59, 60]. Deposition-
precipitation has been most widely used especially for support metal oxides with high IEP,
such as TiO2, Fe2O3, CeO2 and Al2O3. Deposition-precipitation is however not suitable for
incorporating Au nanoparticles onto supports with low IEP such as SiO2, because under the
high pH conditions required to hydrolyse the HAuCl4, which is the most common Au
precursor used, there is weak interaction between the negatively charged support surface and
the [Au(OH)nCl4-n] species which hinders the gold adsorption and facilitates the mobility of
the Au nanoparticles. This can lead to the Au nanoparticles sintering easily during the
synthesis process, yielding low gold loadings and inactive catalysts [114]. Particular attention
has also been given to TiO2 since Au supported on this oxide has been found to be more active
for CO oxidation than many other supports.

It has been shown that the acidity of TiO2 can be strongly increased by treatment with sulphate
ions, with the formation of S-O and O-S-O bonds in bulk and surface, creating unbalanced
charge on Ti and vacancies and defects in the TiO2 network [115, 116]. Au/TiO2 samples
prepared from TiCl4 were inactive up to 100°C, but when sulphated with 2.5 mass%SO4

2−, the
CO oxidation initiation temperature was lowered to 30°C. In the case of the Au/TiO2 when the
titania support was prepared from titanium isopropoxide, the CO oxidation activity started at
30°C and gradually increased to 40% at 150°C. But when the sample was impregnated with
2.5 mass%SO4

2−, the CO conversion increased to 98% at the same temperature. The sample
prepared in the presence of sodium dodecyl sulphonate containing sulphate (1.5 mass%)
showed 84% conversion without further addition of sulphate. However, the CO conversion is
reduced to 42% when loaded with 2.5 mass%SO4

2−. This showed that low amount of sulphate
is responsible for enhancing the activity of the Au/TiO2 catalyst and high amount of sulphate
is detrimental for CO oxidation. An examination of a series of low sulphate-loaded 1 wt%Au/
TiO2 samples revealed a dramatic effect of sulphate treatment on CO oxidation activity
recorded at room temperature where an over 5-fold higher activity was found for relatively
low sulphate loadings. The promotional effect of sulphate on CO oxidation was found to be
unlikely due to physical or textural changes in the catalyst but more likely that chemical effects
are responsible. The source of TiO2 was also found to have a considerable influence on the CO
oxidation activity of gold-supported catalysts on the supports [117].

One of the practical routes used to prepare gold catalysts especially for CO oxidation, which
achieves high activity and a high gold dispersion, is the deposition-precipitation method [52].
Deposition-precipitation, usually a two-step procedure of deposition of the gold precursor in
aqueous phase onto the support, followed by reduction of the gold precursor using a reducing
agent is typically carried out at a controlled pH (usually in the range 6–10) and uses HAuCl4

as gold source. The HAuCl4 is often added at a carefully controlled and low rate with vigorous
stirring and with pH control, and frequently solutions are heated to 60–70°C to affect the
process. A key aspect of the use of high pH appears to be associated with the removal of
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chloride entities from the coordination sphere of the Au atom which would otherwise tend to
deactivate the gold centres and contribute to sintering of the gold nanoparticles during
catalytic operation and/or heat treatment. A simple single-step method for preparing Au/
TiO2 was reported which proceeds without pH control during the contacting of the support
with the gold source HAuCl4 solution, followed by washing with water only, and leads to a
highly active and stable CO oxidation catalyst. The method makes use of a suitable reducing
agent such as an aqueous solution of sodium borohydride and the number of variables
involved in the catalyst preparation is drastically reduced and there is no need to rigorously
control the pH. The particle diameters of the gold in the catalyst are in the range 2–5 nm as
obtained by the deposition-precipitation method, and no residual sodium- or boron-contain‐
ing species are present in the vicinity of the gold particles in these catalysts as any residual
sodium borohydride is easily washed out during the washing procedure. It is however noted
that an excess of the sodium borohydride calculated on the reductive stoichiometry of sodium
borohydride undergoing conversion to sodium metaborate and all the gold in HAuCl4 being
reduced to the zero-valent state is used. The pH of the system upon the sodium borohydride
addition rises to over 8 and so the beneficial effects of an alkaline medium on chloride removal
from the coordination sphere of the gold may still be achieved [118].

3.3. Active metal species

Although there is a general agreement on the high activity of gold catalysts for CO oxidation,
the need for small Au nanoparticles, and the catalyst preparation methods, the nature of the
active Au species in relation to its oxidation state has been quite controversial. Determination
of the active oxidation state (Au0, AuI and AuIII) or establishing whether some combination of
them is needed turns out to be very difficult because of the extreme sensitivity of supported
gold catalysts to their surroundings and the fact that the mere act of examining them may
change their composition. Examining the state of the catalyst before and after a catalytic
reaction may not necessarily reveal its state during the reaction [119]. This is made even more
complicated by the fact that sometimes most often the active sites are present in very low
amounts on the catalyst surface as most of the atoms present in the solid sample are located
in the bulk. This makes it more difficult to understand the nature of the active sites and has
led to the design of model systems using single crystals and well-defined surfaces as these can
be interrogated using modern surface spectroscopy. Such surfaces may not be representative
of a working catalyst [120]. Another difficulty lies in the fact that gold catalysts contain a
multiplicity of Au species in one catalyst and their activation under different conditions can
lead to various distributions of the various species. This makes it possible that working with
the same catalyst under different conditions will lead to the activation of different sites. It is
therefore important to consider which active sites are activated in a given catalyst under
applied conditions and not just what the nature of the active sites is, in the catalyst. So, in some
cases probably the results of different groups do not contradict but supplement each other
[121].

A number studies [17, 122–126] have concluded that just the metallic form of gold is active.
On the other hand, gold cations have been found to be the catalytically active sites for CO
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oxidation [127–130]. Other studies reveal that a combination of both metallic and cationic gold
is necessary for CO oxidation activity. Using EXAFS and XANES, it was reported that for Au/
MgO catalyst under reaction conditions, both Au+ and Au0 were present and that higher
concentrations of cationic Au resulted in higher catalytic activity [131]. Similar results were
reported for Au/Fe2O3 where both Au+ and Au0 coexisted upon exposure to the reaction gas
mixture with the conclusion that the cationic Au species was more active but less stable than
the metallic Au [132]. Different electronic states of ionic and metallic Au species were detected
in Au/H-mordenite (zeolite)—Au+ and Au3+ ions, charged Aun

δ+ and neutral nanoparticles
Aum and catalytic tests in CO oxidation revealed the coexistence of several types of active
species; gold clusters <1.5 nm were responsible for low-temperature activity whilst gold
nanoparticles were responsible for high-temperature activity [121].

The oxidation state of Au can be characterised by several experimental and theoretical
techniques, amongst which spectroscopic methods are most commonly used. These include
diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS), X-ray photoelectron
spectroscopy (XPS), X-ray absorption near-edge structure spectroscopy (XANES), extended X-
ray absorption fine structure spectroscopy (EXAFS), infrared (IR) spectroscopy and Mössbauer
spectroscopy. Temperature-programmed oxidation and reduction (TPO and TPR) can also
provide quantitative oxidation state information by determining the uptake of oxidising (e.g.
O2) or reducing (e.g. H2, CO) agents.

For Au/TiO2 catalyst system for CO oxidation, DRIFTS was used to show a synergy between
positively charged and metallic gold nanoparticles whereby, on the reduced catalyst, CO is
weakly adsorbed on Au0 species and, in the presence of oxygen, CO is adsorbed on the Au
particle associated with oxygen. Metallic Au particles are believed to be activating an oxygen
molecule into two oxygen atoms [133]. In a separate study, using XAS (X-ray absorption
spectroscopy) and FTIR (Fourier transform-infrared spectroscopy), it was found that during
CO oxidation on Au/TiO2, the activity of the catalyst increased with the degree of reduction
up to 70% reduction and then decrease slightly beyond 80% reduction due to an increase in
the Au particle size and changes in particle morphology consistent with metallic Au being
responsible for catalytic activity [17].

From the suggestions found in the literature, one might conclude that the choice of the nature
of the active Au species for CO oxidation on gold-supported catalysts depends on the techni‐
que used for the determination and that different supports may have different active gold
species as defect formation is more facile in some supports than others.

3.4. Catalyst deactivation and regeneration

One of the major drawbacks of gold catalysts is the fact that they tend to lose their activity
during reaction (on-line) [48, 68, 71, 98, 109, 122, 126, 134–138] as well as during storage [139,
140].
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3.4.1. On-line deactivation

The main reason for the loss of activity during reaction is a growth of the gold particles
(agglomeration/sintering) [135, 136, 140]. Prior to the reaction, the agglomeration of gold
particles may also occur from the conditions of thermal treatment used to reduce AuIII to Au0.
The removal of hydroxyl groups from the active sites during thermal treatment may also be
responsible for deactivation during thermal treatment [48, 137]. It was found for Au/TiO2 that
a lowering of the pretreatment gas flow rate as well as an increase in the amount of sample
being pretreated may lead to the gold particle size increasing. Also pretreatment in air instead
of hydrogen or argon led to an increase in the gold particle size [140]. Residual chloride in
catalysts prepared using HAuCl4 as Au precursor may also promote the sintering of the Au
particles during thermal treatment [99].

Intermediate carbonate formation during the formation of CO2 also results in loss of catalyst
activity by blocking some of the catalyst active sites [135–137].

The on-line deactivation characteristics of Au/TiO2 were studied in an unconventional PROX
system using dry, cylinder-stored CO-contaminated hydrogen for fuel cell applications. The
results obtained suggest that as opposed to CO removal from air, the accumulation of
carbonate species and surface hydration have minor, if any, effect on the on-line deactivation
of the catalyst. The deactivation is more likely to be due to an intrinsic transformation in the
catalytic properties of the catalyst, by distorting the balance between Au0 and Aux+ through
reducing Aux+ to Au0 [50].

3.4.2. Deactivation during storage

The main reasons purported for the loss of activity of gold catalysts during storage are gold
particle sintering and change in oxidation state. Indoor light has been reported to cause the
slow reduction of ionic gold to metallic gold in Au/TiO2 catalysts during storage. A substantial
drop in the gold content on the TiO2 surface was also observed, as light causes the migration
of gold on the Au/TiO2 surface into TiO2 solid. However, no growth in the gold nanoparticles
was observed in this case. It was recommended that the catalysts be stored in a well-defined
dark environment under ambient conditions to preserve catalytic performance even after 5
months [139]. In addition to light, water in ambient air is also reported to lead to deactivation
of gold catalysts by causing the reduction of unreduced gold and the sintering of metal gold
nanoparticles with a proposal for the catalysts to be stored in a desiccator under vacuum and
in the dark [140]. Impurity gases in air or occasionally the accumulation of products on their
surface during ambient storage may also lead to deactivation of gold catalysts [141].

In a systematic study of the effect of various storage conditions on Au/TiO2 (refrigeration,
vacuum, light, dark and inert gas storage) stored over 12 months, we found that a number of
factors contribute to the deactivation of the catalysts. These factors include reduction of ionic
gold, agglomeration of Au nanoparticles, loss of hydroxyl groups and moisture as well as
formation and accumulation of carbonate and formate species on the catalyst surface. When
the catalyst was stored in the refrigerator, the extent of Au reduction and Au particle agglom‐
eration as well as the formation of carbonate species was reduced compared to catalysts stored
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at ambient temperature in light or dark conditions. Storing the catalyst in vacuum accelerated
catalyst deactivation quite drastically caused by Au reduction and agglomeration of the Au
nanoparticles, loss of surface hydroxyls and moisture as well as accumulation of carbonates
and formates. From the findings of the work, we recommended that gold catalysts be thor‐
oughly purged with inert gas to remove all the atmospheric and adsorbed CO2 from the catalyst
and the catalysts stored in a refrigerator or at least a cool and dark place to minimise the effects
of temperature and light [142].

3.4.3. Catalyst regeneration

Deactivation caused by the adsorption of CO and its accumulation as carbonates and formates
may be reversed by heating the catalyst to evolve CO2 from the surface [135, 136]. Activity loss
caused by the depletion of hydroxyl groups from the active sites may be restored by treatment
with hydrogen or water [48, 137]. Deactivation caused by agglomeration of Au particles is
weak but however irreversible. Deactivation of Au/TiO2 catalysts in selective oxidation of CO
in the presence of hydrogen caused by a distortion of the balance between Au0 and Aux+

through reducing Aux+ to Au0 was reversed by exposing the catalysts to oxidising atmospheres
[50].

An atmospheric pressure non-thermal plasma method using oxygen plasma and O3 injection
has been reportedly applied to regenerate Au/TiO2 catalyst deactivated by the adsorption of
VOCs. Deactivation of Au/TiO2 exposed to environmental conditions resulting in the blocking
of the active sites for CO adsorption was regenerated by irradiation of light (photo-cleaning)
without heat treatment [141].

3.5. Practical applications of Au catalysts

Gold has come up to take a place alongside the other precious metals (platinum group metals
and silver) as a key catalyst in a range of industrial processes and uses. Project AuTEK hosted
by Mintek in South Africa is the leading organisation in the commercialisation of important
new catalytic applications for gold. Project AuTEK makes kilogram quantities of gold catalysts
under the trade name AUROlite™ (1 wt% gold on titania, alumina and zinc oxide supports).
The advantages of these Au catalysts over other precious metal catalysts are being demon‐
strated by achieving high activities and selectivities in both liquid- and gas-phase reactions
which have commercial potential. This is likely to result in new industrial applications for gold
catalysts in chemical processing and pollution control. Selective oxidation of carbon monoxide
in the hydrogen streams used for fuel cells has been achieved using AuTEK catalysts, as is the
use of this ambient temperature oxidation process for use in gas masks for protection from CO
poisoning and for CO removal from room atmospheres [143, 144].

3.5.1. Chemical processing

Vinyl acetate monomer is used in emulsion-based paints, wallpaper paste and wood glue and
has a worldwide annual production of 5 million tonnes. 80% of this is produced by the
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may be reversed by heating the catalyst to evolve CO2 from the surface [135, 136]. Activity loss
caused by the depletion of hydroxyl groups from the active sites may be restored by treatment
with hydrogen or water [48, 137]. Deactivation caused by agglomeration of Au particles is
weak but however irreversible. Deactivation of Au/TiO2 catalysts in selective oxidation of CO
in the presence of hydrogen caused by a distortion of the balance between Au0 and Aux+

through reducing Aux+ to Au0 was reversed by exposing the catalysts to oxidising atmospheres
[50].

An atmospheric pressure non-thermal plasma method using oxygen plasma and O3 injection
has been reportedly applied to regenerate Au/TiO2 catalyst deactivated by the adsorption of
VOCs. Deactivation of Au/TiO2 exposed to environmental conditions resulting in the blocking
of the active sites for CO adsorption was regenerated by irradiation of light (photo-cleaning)
without heat treatment [141].

3.5. Practical applications of Au catalysts

Gold has come up to take a place alongside the other precious metals (platinum group metals
and silver) as a key catalyst in a range of industrial processes and uses. Project AuTEK hosted
by Mintek in South Africa is the leading organisation in the commercialisation of important
new catalytic applications for gold. Project AuTEK makes kilogram quantities of gold catalysts
under the trade name AUROlite™ (1 wt% gold on titania, alumina and zinc oxide supports).
The advantages of these Au catalysts over other precious metal catalysts are being demon‐
strated by achieving high activities and selectivities in both liquid- and gas-phase reactions
which have commercial potential. This is likely to result in new industrial applications for gold
catalysts in chemical processing and pollution control. Selective oxidation of carbon monoxide
in the hydrogen streams used for fuel cells has been achieved using AuTEK catalysts, as is the
use of this ambient temperature oxidation process for use in gas masks for protection from CO
poisoning and for CO removal from room atmospheres [143, 144].

3.5.1. Chemical processing

Vinyl acetate monomer is used in emulsion-based paints, wallpaper paste and wood glue and
has a worldwide annual production of 5 million tonnes. 80% of this is produced by the
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acetoxylation route employing Pd:Au/SiO2 catalysts. The presence of Au leads to a fourfold
increase in space time yield compared with use of Pd alone [144].

Gluconic acid is used as a food and beverage additive, metals cleaning and applications in
pharmaceuticals with a worldwide production of 100,000 t/a. It is produced catalytically from
glucose.

Au/Al2O3 shows stable activity and selectivity for up to 110 days using a continuous stirred
tank reactor. Four tonnes of gluconic acid were produced per gram of Au with no significant
deactivation observed [145]. Au has greater activity, selectivity and resistance to deactivation
compared to PGM systems. It is also more environmentally friendly and economical compared
to the biological, chemical and electrochemical methods [145].

3.5.2. Pollution control

The low-temperature CO oxidation ability of gold catalysts makes them ideal for air-quality
applications. Industrial Technology Research Institute (ITRI), Taiwan, has developed a
nanogold catalyst for use in CO oxidation fire escape hood [146]. This is available commercially
from Taiwan-based Novax Material and Technology.

Project AuTEK’s Au/TiO2 catalysts tested under typical EN403 (fire escape mask) test condi‐
tions are more active and durable than the established commercial technology, namely,
Hopcalite (CuMnOx). The activity of the catalyst is amplified by the presence of moisture,
unlike Hopcalite which experiences rapid deactivation.

Nanostellar has developed an oxidation catalyst for cleaning diesel exhaust gas based on Au-
Pt-Pd catalysts. The material increases hydrocarbon oxidation by 40% compared with con‐
ventional platinum converters at equivalent precious metal cost.

3.5.3. Fuel cells

Project AuTEK has developed a new system for hydrogen purification for PEM fuel cells
trademarked AuroPureH2 designed to purify cheap hydrogen on board vehicles, drawing the
hydrogen feed for fuel cell directly from a cylinder. The system makes use of Au/TiO2 catalyst
which is very selective for CO oxidation and can remove high levels from the hydrogen. The
low operating temperature gives high selectivity and no additional energy is required to heat
the reactor. Fuel efficiency is essentially maintained. The AuroPureH2 system outperforms the
PtRu and PtMo CO-tolerant technologies [144].

4. Gold catalysts for the oxidation of volatile organic compounds (VOCs)

Palladium and platinum catalysts are generally more active for the complete oxidation of
hydrocarbons. However, due to the high activity of gold catalysts for CO oxidation at low
temperatures and the fact that catalytic performance can be tuned by the choice of the support,
a number of reports now exist attempting to develop Au catalysts for the complete oxidation
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of VOCs. A large number of metal oxides have been reported as support for gold in various
VOC oxidation reactions.

Formaldehyde is one of the most common and most noxious indoor gaseous pollutants
commonly emitted from materials used for building construction as well as decorative
materials. Long-term exposure to indoor air containing formaldehyde even at low concentra‐
tions is adverse to human health. Supported base metals and precious metals have been
applied for catalytic oxidation of formaldehyde. However, base metals require high temper‐
atures [147]. Noble metal catalysts can, however, completely oxidise formaldehyde at ambient
temperatures. Fe2O3-, ZrO2- and CeO2-supported Au catalysts have been found to be able to
completely oxidise formaldehyde, but at temperatures above 100°C [148, 149]. Room temper‐
ature removal of formaldehyde has been reported over Au/TiO2 and Au/CeO2 [147]. For
Au/CeO2, it was found that the method of preparation played an important role on the catalyst
performance with deposition-precipitation using urea offering a more active system than using
NaOH.

Hydrocarbons are amongst the most prevalent environmental VOC emissions due to their use
as transportation fuels as well as being essential feedstocks for chemical production. For
hydrocarbons, Co3O4 as support for gold has shown the highest catalytic activity amongst other
supported metals [150]. Addition of gold to CoOx, MnOx, CuOx, Fe2O3 and CeO2, which on
their own catalyse the oxidation of alkanes, but at high temperature, was found to increase the
activity of the catalysts by reducing the temperature at which the reaction occurred. The most
effective catalyst for alkane oxidation was Au/CoOx which retained a constant high activity
for a 48-h test period; the highest activity catalysts were prepared by coprecipitation rather
than impregnation [27]. A detailed study of methane combustion over transition metal oxide-
supported gold catalysts prepared by coprecipitation also concluded that the best catalytic
performance was obtained with Co3O4 as the support [151].

Au/V2O5 supported on titania and zirconia were used for the oxidation of benzene and a strong
synergistic effect was observed between Au and V2O5 especially with titania. In this case,
activation of oxygen was thought to occur on the gold nanoparticles whilst benzene was
activated on vanadium oxide surface [152]. High-surface area ceria prepared by precipitation
and calcined at only low temperatures showed surface reducibility and high activity for
benzene oxidation at low temperatures. The high-surface area ceria stabilised gold at high
dispersion and gold promoted the oxidation of benzene [153].

Au supported on ceria or ferric oxide was found to be very active for oxygenated VOCs, e.g.
methanol, ethanol, 2-propanol and acetone as well as for aromatic molecules like toluene
although for toluene, gold catalysts showed lower activity compared to oxygenated com‐
pounds due to the much lower strength of the organic substrate adsorption on the catalyst
[154]. The use of various forms of manganese oxide materials in combination with gold for the
target total or partial oxidation of 2-propanol, 2-butanol and toluene and the direct comparison
made with gold catalysts from the AUROlite™ series (based on the use of alumina, zinc oxide
or titania supports) with a further examination of Au-ceria systems has been reported [155].
Amorphous manganese oxides prepared by co-precipitation showed excellent activity due to
the mixed oxidation states present. The surface structure of the support was found to play a
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role in the oxidation reaction. Au//γ-MnO2 was found to be a more superior catalyst than the
Au/β-MnO2 catalyst. The gold-based catalysts proved to be superior to Ce/MnO2 catalysts. Ce-
based catalysts were less active for the oxidation of 2-propanol than the Au-based samples.
Overall, it was determined that the catalytic activity of gold-based catalysts depends on the
nature of the support and the nature of the VOC. The order of reactivity observed over the
same catalyst was 2-butanol > 2-propanol > toluene. The Au/CeO2 catalyst was found to exhibit
superior catalytic activity towards aromatic VOC oxidation. Au/MnOx catalysts showed better
CO2 selectivity than Au/Al2O3 and Au/ZnO catalysts.

5. Automotive applications

One of the applications for which low-temperature oxidation is important is automotive
pollution abatement. The three major pollutants emitted by internal combustion engines are
carbon monoxide, non-methane hydrocarbons and nitrogen oxides (NOx). Environmental
legislation governing the emission of these pollutants is becoming increasingly stringent. To
comply with these regulation standards, highly efficient catalysts for complete elimination of
these compounds are needed. Catalysts that are capable of removing these pollutants simul‐
taneously are generally referred to as three-way catalysts (TWCs) and the design of these
catalysts is continually evolving to meet lower emission requirements. For the cleaning of
exhaust from diesel engines, particulate matter, especially carbonaceous particulates, also
needs to be considered. The platinum group metals (platinum, palladium and rhodium) are
the essential constituents of automotive catalysts in the catalytic converter. The support
consists of zirconia-stabilised ceria, zirconia and γ-Al2O3 with barium oxide and zinc oxide as
promoters [102]. However, low-temperature start-up of catalysts remains an area in which
there is need for improvement. PGM-based TWCs are not very efficient during low-tempera‐
ture start-up and prolonged idling mainly because the catalyst monolith does not operate until
light-off temperature (∼300°C) required for oxidation of hydrocarbons is attained. Gold-based
catalysts have the ability to be active at relatively low temperatures and be used in conjunction
with the TWCs in automotive catalysts systems to overcome the cold engine problem. In
addition, Au-based catalysts have shown activity for the lean-burn reduction of NOx, at both
high and relatively low temperatures.

6. Hydrogen economy

The most common industrial-scale process for the production of hydrogen and synthesis gas
is steam-methane reforming (SMR) [156]. The main products of SMR are CO, CO2 and H2,
which are produced according to Eqs. (2) and (3). The hydrogen and syngas obtained from
SMR are used as raw materials in the ammonia, methanol and Fischer-Tropsch syntheses, as
well as reducing feed in steel production [156–158].
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1
4 2 2 253 206  -+ « + D ° = +CH H O CO H H kJ mol (2)

1
2 2 2 252 41.1  -+ « + D ° = -CO H O CO H H kJ mol (3)

The reaction represented in Eq. (2) is a composite reaction: first, methane is dissociated on the
surface of a catalyst leading to hydrogen formation; second, the remaining carbon is oxidised
by water to form additional molecular hydrogen and carbon monoxide [158]. This multistep
process is highly endothermic and hence is favoured by high temperatures. It has been
reported that with H2O/CH4 feed ratios in the range 3–4, up to 80% of methane conversion can
be achieved at 850 °C [159]. However, although these elevated temperatures are desirable for
improved reaction rates without being limited by thermodynamics, simultaneous dispropor‐
tionation of carbon monoxide (Boudouard reaction) and CH4 decomposition can take place
[160]. The disproportionation reaction is highly thermodynamically favoured. These two
processes are represented by Eqs. (4) and (5), respectively.

1
( ) 2 252 1724  -« + D ° = -sCO C CO H kJ mol (4)

1
4 ( ) 2 252 749  -« + D ° = +sCH C H H kJ mol (5)

These reactions are undesirable because they lead to the formation of whisker carbon and other
kinds of carbon deposits which are detrimental to the activity of SMR catalysts [161]. A lot of
research has been done in the past three decades in trying to solve the problem of coke
formation over SMR catalysts [158, 162–167]. Most of these studies focused on Ni-based
catalysts since Ni exhibits high activity for SMR and Ni is cheaper (albeit less active) compared
to the traditional platinum group (Pt, Ru, Rh and Pd) metals.

Several ways of alleviating the problem of coking of Ni surfaces have been explored experi‐
mentally and theoretically. Based on density functional theory (DFT) calculations, boron was
proposed as a viable promoter for improving coking resistance of Ni-based catalysts [168]. The
addition of alkali metal salts also improves coking resistance, although at the expense of
reforming rate [169–171]. Alloying Ni with slight amounts of Au was proposed to be another
viable method of improving resistance towards graphitic carbon formation [171, 172]. Ben‐
gaard et al. [171] concluded that there are at least two kinds of active sites with different
reactivities for SMR on a Ni-based catalyst: a more active site associated with defect (step) sites
and a less active one associated with close-packed facets. The step sites were suggested to be
the nucleation sites for graphite formation and these sites could be blocked by additives such
as K, S and Au, which preferentially bind to the step sites of Ni.

In order to elucidate how Au can influence the reactivity of Ni catalysts, we have used carbon
monoxide as a probe molecule in both Monte Carlo simulations and combined quantum
mechanical (QM) and molecular mechanics (MM) force field calculations on a Ni particle with
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close-packed facets and defect (step) sites. The Ni nanocluster used to mimic a Ni catalyst was
made up of 393 atoms (diameter ≅ 2.5 nm) with pyritohedral symmetry (Th). The cluster was
alloyed with 24 gold atoms on the step sites without distorting the Th symmetry. Figure 1
shows the Ni393 cluster as well as the alloy Au24Ni369 cluster. In this geometry the clusters have
three possible adsorption sites: the step site and two low index close-packed, (1 1 1) and (1 0
0), facets.

Figure 1. CPK and wire-frame models of Ni393 (left) and Au24Ni369 (right). All the atoms on the Ni393 cluster are Ni—the
different colours are just for illustration purpose: brown atoms show (1 0 0); pink atoms show the (1 1 1) facet. The step
sites are also shown.

All calculations were done using commercially available software programs from Dassault
Systèmes Biovia Corp. and graphical displays generated with Materials Studio. The Forcite
module in Materials Studio was used to optimise the geometry of the clusters (and CO) prior
to the Monte Carlo simulations and QM/MM calculations. The universal force field was used
in all calculations to describe approximately the potential energy hypersurface on which the
atomic nuclei move. In order to find low-energy adsorption sites on the clusters, the meta‐
heuristic simulated annealing algorithm, which uses a canonical Monte Carlo sampling of the
search space, was applied using the Adsorption Locator module within Materials Studio. The
annealing simulation predicted the step site as the preferred adsorption site for CO on both
clusters. The QMERA module, at fine setting, was used to further optimise the geometry of
the adsorbed CO molecule. QMERA employs DMol3 as the QM server and GULP for the MM
calculations. The CO ligand was treated at LDA/PWC level of theory (with DNP basis set) as
the QM part of the calculation. All the metal atoms were treated as the MM part of the
calculation with the universal force field. Figure 2 shows the final configuration of the adsorbed
CO ligand as optimised by the QM/MM settings in QMERA.

Figure 2. Optimised configuration of CO on step (bridge) site of Ni393 (left) and Au24Ni369 clusters.
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The binding energy and vibrational frequency of CO are summarised in Table 1. Binding
energy was described as

( )= - +tot cluster COBE E E E (6)

where BE is the binding energy and E_tot is the total energy of the fully relaxed CO adsorbed
on the cluster. The binding energy results indicate that CO binds slightly more strongly on the
step site of the pure Ni393 cluster than on the same site of the Au24Ni369 alloy. However, the DFT
that predicted stretch vibrational frequency of CO (ωCO) adsorbed on the step site of the
Au24Ni369 alloy is less than that of its counterpart on the pure Ni393 cluster by 31 cm−1. The
implication is that the C–O bond is weaker when it is adsorbed on the step site of the Au24Ni369

alloy than when the molecule is adsorbed on pure Ni393 cluster. This result, where the same
ligand exhibits different electronic characteristics as a result of adsorption site modification,
indeed indicates that Au can influence the reactivity of Ni if the two metals are alloyed where
Au is more of a promoter (i.e. only small amounts of Au used).

Adsorption site Ni–CO bond Å C–O bond Å ωCO (cm−1) Binding energy (kcal/mol)

Ni393 Step (twofold) 1.722 (bond 1)

1.763 (bond 2)

1.203 1905 176

Au24

Ni369

Step (twofold) 1.892 (bond 1)

1.892 (bond 2)

1.211 1874 174

Table 1. Binding energy and C-O stretch vibrational frequency.

Indeed, Nørskov and co-workers [172–174] have carried out surface science, theoretical and
microkinetic studies whose findings suggested that alloying Ni with Au was the main reason
for the observed suppression of graphite formation in their systems. The recent work of Lazar
and co-workers [175–177] has further strengthened the argument that alloying Ni with Au
leads to improved CH4 conversion, higher selectivity to CO2 and an improved H2 yield at low
temperature (T < 873 K). At a higher temperature, ca 973 K, the Au additive had no significant
effect in H2 production and deactivation was accelerated under their testing conditions. This
result is in agreement with the earlier findings of Chin et al. [178], who found a lower initial
activity and deactivation rate resulting from Au promotion of their Ni catalyst. Our QM/MM
findings in this work have shown that alloying Ni with Au on the step sites weakens the CO
bond (relative to pure Ni) and this system might accelerate CO disproportionation (Eq. 3) at
high temperatures, which would explain the negative effect of high temperature on AuNi
systems for SMR. In conclusion, a lot of studies report positive effects of Au promotion of Ni-
based SMR catalysts; however, only a few report negative results which can be linked to
accelerated graphite formation as a direct consequence of Au presence. Our conclusion is that
whether or not Au acts as a promoter for SMR or a catalyst for accelerating the competing
disproportionation reaction is partly dependent on the process conditions.
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7. Concluding remarks

The research efforts in gold catalysis continue at an impressive level. It is true that a more sober
view is now being taken concerning the commercial exploitation of gold catalysts as issues
such as cost, longevity, stability in storage and others are being more seriously considered.
Our increasing understanding of the way in which gold catalysts operate and our ability to
manipulate particularly the activity and stability of nanogold could pave the way for realising
improved commercialisation. An ever widening array of support materials is now being
studied together with very important aspects such as the promotion of gold and also the use
of gold in bi- or multi-metallic systems. The debate as to whether high-temperature uses of
gold catalysis can be realised continues and it is suggested that recent advances in arriving at
formulations that are catalytically active and that exhibit very high thermal stability have
thrown this field wide open again for critical examination and further exploration.
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Abstract

In recent times, gold nanoparticles (AuNPs) either in the form of colloids or as supported
nanoparticles are being extensively used as efficient redox catalyst materials. Cataly‐
sis particularly using supported gold nanoparticles (AuNPs) has attracted immense
research interest due to their unique properties and greater potentiality that is directly
related  to  their  particle  size.  The  primary  objective  of  this  chapter  is  to  provide
comprehensive overview about gold metal nanoparticles (AuNPs) and their applica‐
tion as promising catalysts. This chapter contains six sections in total. Section 1 starts
with a general introduction, recent progress, and brief summary of the application of
supported AuNPs as promising catalysts for different applications. Section 2 briefs the
properties  and  stability  of  gold  nanoparticles.  Section  3  reviews  the  preparation
methods of supported AuNPs for a wide range of catalytic applications.  Section 4
describes briefly some of the most commonly reported supported AuNPs for different
applications. Section 5 concentrates on our own results related to the application of
supported AuNPs in heterogeneous catalysis. In this section, the oxidation of cyclo‐
hexane (CH) and benzyl alcohol (BA) to adipic acid (AA), benzaldehyde (BAl), and
ammoxidation of 2-methylpyrazine to 2-cyanopyrazine are discussed. Finally, Section
6 describes, main points and outlook are summarized.

Keywords: gold nanoparticles, gold catalysts, benzyl alcohol oxidation, cyclohexane
oxidation, 2-methylpyrazine ammoxidation
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1. Introduction

Gold (Au) has traditionally been considered to be catalytically inactive, like its other group
VIII counterparts, Cu and Ag. The catalytic characteristics of these metals may be deter‐
mined by the extent of its d-band vacancy [1]; in the cases of Au, Cu, and Ag, is completely
occupied.  Unlike  Au,  however,  Cu  and  Ag  are  characterized  by  comparatively  modest
ionization potentials, with the result that Cu and Ag are able to shed electrons, thereby creating
d-band holes  and,  therefore,  becoming catalytically  active.  This  means  that  Cu may,  in
chemistry applications, be utilized in the synthesis of methanol, while Ag may similarly be
utilized in the synthesis of ethylene oxide.  Au, on the other hand, is  characterized by a
comparatively high degree of ionization and, therefore, has low molecular attraction [2]. Early
empirical research concerning surface characteristics and associated calculation of density
functions shows that, for Au, dissociative adsorption of H2 and O2 does not take place at
temperatures lower than 473 K, and so it would not be expected to exhibit catalytic activity in
respect of hydrogenation and oxidation reactions [3]. This is why heretofore Au has not been
of interest in terms of catalysis. Bond et al. [4], however, found in the late 1979s that alkene
and alkyne hydrogenation by means of an Au/SiO2 catalyst delivered results that merited
further  exploration,  which  when carried  out  obtained  oxidation  utilizing  supported  Au
catalysts. This research suggested for the first time that Au may exhibit enhanced activity when
in small (<5 nm) dispersed particulate form. Further research conducted in the 1980s by
Hutchings et al. [5] and Haruta et al. [6] yielded two discoveries that significantly changed the
opinions of researchers about Au. Such newly discovered characteristics suggest that it may
indeed offer good potential in terms of heterogeneous catalytic applications. The specifics of
these discoveries  concerned the use of  Au as  a  superior  catalyst  in  respect  of  acetylene
hydrochlorination  [6],  and  supported  gold  nanoparticles  (AuNPs)  exhibiting  enhanced
activity in low-temperature CO oxidation conditions [6].

The importance on the usage of gold catalysts is also clearly evidenced from an explosion in
the number of academic publications dealing with AuNPs in recent times. In other words, the
number of publications appeared in the 1980s is just <100, which is remarkably increased to
almost 2000 publications until 2015 (Figure 1). In the year 2016 alone (till March), there have
been over 800 publications, which undeniably indicate extreme importance of gold in catalysis.
In addition, some books and several comprehensive reviews have also been published on this
topic. Besides, patents activity was not much before the 1990s but has increased noticeably
since then and is now fairly steady at about 500 patents per annum.

Furthermore, conventional knowledge was that Au exhibits the lowest degree of reactivity
among other metals, with this opinion, it is acquiring the reputation for being the most “no‐
ble” [7]. This very low reactivity arises as a result of its entirely occupied 5d valence shell
and its relatively high first ionization potential value. In consequence of this, Au catalysts
exhibit poor chemisorption characteristics [8]. Such a conventional perception, however, has
not discouraged researchers from further investigating Au in the context of developing new
heterogeneous catalysts. Surprisingly, the results achieved from such a research have lately
seen exponential growth. The basis for such a recent interest has, however, been largely em‐
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pirical, centered typically on the oxidation of CO at low temperatures [6]. Consequently, the
actual processes that generate the observed effects are a matter of heated debate. To achieve
some resolution in this regard, Goodman et al. [9] examined the size of Au clusters in model
catalysts, focusing on the influence of quantum size as a means by which the commence‐
ment of catalytic activity and the band gap that becomes apparent in the clusters may be
explained (Figure 2(a)). Subsequent research indicated that the bilayered morphology of the
electron-laden Au cluster enables the dissociation of O2, and that these effects are consid‐
ered to be determinants of enhanced reactivity [10]. Bokhoven [11] additionally suggested
that alteration of the electron structure resulting from Au-Au bond contraction in nanoparti‐
cles could also explain the observed enhanced reactivity. Yet more recent research has sug‐
gested that correlations may exist between the active site and the low-coordinated Au atoms
(Figure 2(b)) [12], particularly at corner sites [13]. Varying reactions produced using Au cat‐
alysts have also been explored by Mason [14] and Bond [15]; as a result of this, they postu‐
late that the active site is situated at the Au/support edge junction and that cationic Au is
present (Figure 2(c)). Spectroscopic measurements obtained using IR techniques in respect
of cationic Au and zerovalent Au0 being present during CO oxidation suggest that the active
site is made up of Au0 and Au+ species at the junction outer limit (Figure 2(e)). Additionally,
other research suggests that Au nanoparticles lodge themselves within defective areas such
as those created by the presence of O2 holes (F centers), the effect of which is to assign elec‐
tron density to the AuNPs or atoms (Figure 2(d)). The resultant negative charge is said to be
responsible for the enhancement of catalytic activity in respect of low-temperature CO oxi‐
dation through enabling the adsorption of CO and the dissociation of O2.

Figure 1. Publications on gold catalysis in the academic literature (source: SciFinder Scholar).
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Figure 2. Models proposed for explaining the catalytic activity of Au/oxide catalysts: (a) cluster size effects, (b) low-
coordinated Au atoms, (c) cationic gold, (d) electron transfer from F centers of the support to the Au particle, and (e)
ensembles of Au0, Au+, and support-bound OH groups.

2. Properties and stability of gold nanoparticles

2.1. Physical, chemical, and optical properties of AuNPs

The characteristics of Au in terms of its noncorrosive and nonoxidation properties have
made it an attractive – perhaps the most attractive – raw material in the production of jewel‐
ry. It is known as a “late transition” metal that belongs to group VIII in the periodic table,
together with Cu and Ag. Its atomic mass is 196.97 amu, its M.P. is 1064°C, and its density is
19.6 g/cm3. The electronic attraction of Au exceeds that of O2 and the redox potential of the
Au+/Au(0) coupling is +1.5 V. Au’s characteristic yellow coloring is the result of optical ab‐
sorption in the visible portion of the electromagnetic spectrum, which arises as a result of
the relatively low band gap apparent between the 5d band and the Fermi level [16]. Au is
chemically characterized by a broad variety of oxidation states. Both the +1 and +3 states are
usual, although this characteristic differs from other similar metals. Au’s +5 state may also
be found in [AuF6]−. There are three monohalides in Au, although fluoride is absent as this
ion exhibits electronegativity that is too prominent for stable bonding to take place. The
high degree of electronegativity present in Au also produces another feature that is unique
to the chemical composition of Au; the presence of the auride anion (Au−) is also known as
the compound CsAu since the late 1970s [17], and for this reason Au does not exhibit direct
reactions in relation to other electronegative elements such as O2 and sulfur, and may only
be dissolved by aquaregia (HCl:HNO3 = 3:1 v/v). AuNPs’ optical characteristics are also
strongly dependent upon the dimensions and shape of the Au nanoparticles. An unusual
characteristic pertaining to colloidal AuNPs is the concentration of their coloring. In large
masses, Au is yellow, an effect resulting from reduced reflectivity of blue light in reflected
light conditions, whereas Au in thin-film form appears to be blue in color. This blue color‐
ing progressively changes to orange as the particle size reduces; this effect is caused by
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changes occurring in what is known as its surface plasmon resonance (SPR). These charac‐
teristics in Au are particularly dependent on the overall oscillation that takes place within
the conduction electrons in consequence of the influence exerted by electromagnetic radia‐
tion – an effect termed surface plasmon resonance, SPR or localized surface plasmon reso‐
nance [18].

2.2. Stability of gold nanoparticles

AuNPs’ stability has become a significant focus of attention during the past 20 years as a result
of growing appreciation that AuNPs’ catalytic activity is significantly dependent upon AuNPs’
dimensions. Colloidal nanoparticles are usually thermodynamically unstable, and hence do
not possess good long-term stability primarily as a result of agglomeration. This is especially
the case with AuNPs due to their inherent particulate attraction, and so establishing and
maintaining stability is of particular importance. Long-term agglomeration prevention may
be achieved by surface support techniques or through co-ordinating with ligands/anionic
species. Two basic approaches are available for achieving stability in colloidal AuNPs through
utilization of ligands/anionic species. These are known as steric and electrostatic stabilization
[19]. The steric approach is based on the addition of organic moieties to the system to be
adsorbed onto the particle surface. It works by ensuring that individual Au nanoparticles are
not permitted to come into close proximity. The organic moieties used for this purpose are
usually polymers, e.g., polyvinyl alcohol (PVA) [20]. The electrostatic, or charge stabilization,
approach makes use of interactivity between anionic species such as halides or polyoxoanions
and co-ordinatively unsaturated atoms present at the surface of the metal, the outcome of
which is the creation of a scattered dual electrical layer that facilitates coulombic repulsion
among the Au nanoparticles. These approaches both have individual advantages and draw‐
backs: the steric approach is relatively straightforward, requiring the sole addition of poly‐
meric stabilizers; however, in some scenarios stabilizers can be problematic as they exert
influence on the dimensions and shape of the created colloidal MNPs. Additionally, the
presence of stabilizers may passivate the surfaces of the nanoparticles, thereby engendering

Figure 3. Schematic representation of colloidal AuNPs system stabilization modes.
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serious and sudden catalytic inactivity. The electrostatic approach is advantageous in that it
can achieve stabilization through simple adjustment of the extent to which ions are concen‐
trated – a technique which is both reversible and economical. The contrasting interactivity
achieved by these approaches is illustrated in Figure 3.

3. Synthesis and characterization of gold nanoparticles

3.1. Synthesis of gold nanoparticles

AuNPs may be defined according to two broad classifications, known as unsupported particles
and supported particles as are illustrated in Figure 4. Some selected approaches are explained
in detail in the following paragraphs.

Figure 4. Preparation techniques for unsupported and supported gold nanoparticles.
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3.1.1. Unsupported AuNPs

3.1.1.1. Chemical reduction

The production of AuNPs by means of chemical processes involves the reduction of gold ions
either by the use of chemical reductants or by the use of externally sourced energy. Turkevich
[21] first succeeded in achieving Au suspension through a single-step reduction process of
[AuCl4

−] with sodium citrate being used as the reducing agent [22]. It is also possible to use
more than one reductant whenever necessary. Other examples of chemical reductants include
molecular hydrogen, ascorbic acid, various forms of alcohol, tannic acid, hydrazine, citrate,
and so on. Externally sourced energy may be in the forms of photoenergy such as ultraviolet
and visible light, electricity, and heat or sonochemical energy. Using these approaches,
nanoparticles with closely similar dimensions may be produced and colloidal dispersions may
be achieved. However, it is necessary to use a stabilizer, and this is particularly crucial in the
case of Au. There are a number of advantages of using chemical reduction techniques to
synthesize AuNPs. Some of the most important advantages are as follows.

• Simplicity of process.

• Easy to produce metal colloids that are stable and may be easily isolated in dry powder
form.

• The nanoparticles created are of closely similar dimensions.

• Readily applicable to multigram synthesis and scaling-up while delivering reproducible
results.

3.1.1.2. Coreduction of mixed ions

This technique bears comparison with the chemical reduction technique, although this
coreduction technique is primarily applicable to the production of bimetallic nanoparticles.
Colloidal dispersion of bimetallic nanoparticles partially constituted of Au may be achieved
by chemical means [23]. By these means, metal ions consisting of more than one metal are
typically reduced using a reductant, for instance, citrate [24], with the dimensions of the
bimetallic nanoparticles produced however depend upon the composition of the metal. In
general, coreduction is the most straightforward means of producing bimetallic nanoparticles.

3.1.2. Supported AuNPs

3.1.2.1. Impregnation method

Impregnation is a widely used preparation method for the synthesis of heterogeneous
bimetallic catalysts. The impregnation methodology, where the support is contacted with an
aqueous metallic solution (one or more metals), which is then oven dried and calcined under
suitable thermal conditions. Two types of impregnation methods can be used: (i) based on the
volume of metallic solution with respect to the pore volume of support, namely incipient
wetness and (ii) wet impregnation method using excess solvent. In the case of incipient
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wetness, the active component solution volume is equal to the total pore volume of the support
and in the case of the wet impregnation methodology the volume of solution can be much
higher than the total pore volume of the support [25]. Temperature, time of heating, calcination
temperature, and supporting material are some of the crucial conditions that control the
characteristics of the final catalyst. Chemical reaction between the precursor solution and the
metal support may occur during the calcination phase of the period, under particular condi‐
tions causing various active phase-support interactions. The advantage of this method is that
highly dispersed metal particles loaded on the surface of metal oxides (as supports) can be
obtained.

3.1.2.2. Deposition-precipitation method

Deposition-precipitation (DP) technique is one of the most successfully used methods to obtain
high dispersion and homogeneous deposition of bimetallic particles on the surface of support.
The DP method is used where the solution creates an insoluble form of supported active phase,
and this in turn accumulates on the solution connected to the support. Strong precursor-
support interactions are expected using this method which enhances the catalyst efficiency
and stability of the catalyst. In this method the metal salt precursors are typically carried out
of solution in the presence of a suspension of the support by increasing the pH value to obtain
immediate precipitation of different metals. For instance, this method is a widely used
methodology for creating precursors of highly active supported gold catalysts [26]. Hydrox‐
ides or carbonates are created using this methodology and they accumulate on the support [27].

3.1.2.3. Coprecipitation method

Generally metal ions are soluble in acidified aqueous solution and they precipitate as their
hydroxides, oxyhydroxides, which upon calcination leads to the formation of suitable metal
oxide phases. A mixed oxide in solid-solution form is generated by the coprecipitation of base
metal cations. Coprecipitation of bivalent cations in the form of hydroxycarbonate, hydroxyl-
chloride, or hydroxyl nitrate is generated by precipitating hydrotalcite of bivalent cations [28].
This process usually produces contamination of the precipitate in the final product and this is
restricted through a complex process of washing.

3.1.2.4. Liquid preparation method

This method is the most ancient but widely used chemical method for the synthesis of
nanoparticles by the reduction of bimetallic ions in solution. In this method, bimetallic ions
are reduced by providing some extra energy and using the different type of chemical reduc‐
tants. The provided energy is used to decompose the material, and usually, photoenergy,
electricity, or thermal energy used. It is most frequent chemical method used for the production
of stable bimetallic nanoparticles. The advantage of this method is the ability of controlling the
size of the bimetallic nanoparticles. This process is normally operated at low temperature,
automatically reducing the production costs of large amounts of bimetallic catalysts [29]. For
instance, the synthesis of the colloidal bimetallic nanoparticles containing gold can be achieved
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using this method. For instances, metal ions of bi- or trimetals can be reduced by a suitable
reductant, e.g., citrate.

3.2. Characterization methods

A comprehensive knowledge of the chemical and physical properties of supported AuNPs as
heterogeneous catalysts is needed to understand the nature of active sites, which in turn can
help to find and tune the performance. It is essential to realize the catalytic behavior of these
materials including deactivation phenomena in such a way that their performance can be
further improved. More profound insights on the metal particle structure, size, shape, and
catalytic properties of the materials can be gained through a range of methodologies that can
be used to categorize them. A range of characterization techniques for identification and
characterization of the gold catalysts are illustrated in Figure 5. These techniques can be used
either individually or collectively applied to understand and analyze the properties of
supported AuNPs. The data outlining the structural properties can be given by a range of
methods such as X-ray diffraction, UV-vis and vibrational spectroscopies, and neutron and
electron diffraction methods. The list of characterization methods and the information that can
be obtained from these techniques is illustrated in Figure 5. X-ray fluorescence [XRF], atomic
absorption spectroscopy [AAS], inductively coupled plasma [ICP], and energy-dispersive X-
ray [EDX] are some of the other methods that can provide the elemental composition. The
magnitude and morphology of the bimetallic catalysts can be better understood by utilizing a
range of different kinds of microscopic methods [e.g., TEM and SEM]. The surface structure
and composition of bimetallic catalysts can be achieved using spectroscopic methods [e.g., X-
ray photoelectron [XPS], Raman spectroscopy.

Figure 5. Some selected characterization methods of supported AuNPs’ catalysts.
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4. Factors affecting the catalytic activity of the gold catalysts

Particle size and shape, structure, composition, surface area, and porosity are found to be
among the most important factors that affect the catalytic properties of supported AuNPs in
different reactions. Figure 6 represents the summary of these factors on the catalytic properties.
Additionally, the effects of some other selected factors are also discussed in the following
section.

Figure 6. Relation between the size of AuNPs with their surface area (a) and catalytic activity (b).

4.1. Effect of particle size

An increase in the catalytic performance using metallic catalysts can be obtained by tuning the
size of the metal particles. The effect of particle size on the catalytic activity and selectivity of
supported metal nanoparticles were investigated extensively by Toshima et al. [30]. The
surface area will normally increase with decreasing size of metal particles as the total surface
area of metal particles is contrariwise proportional to the square of the diameter of nanopar‐
ticles. As shown in Figure 7, with decreasing size of particles there is an increase in catalytic
activity [31]. Slower reactions are caused by continuously decreasing the size of the nanoca‐
talysts whereas increasing the size of the catalyst will decrease the rate of reaction. There is a
critical size of metal particle (usually 3 nm) in photochemical hydrogen generation using
nanocatalysts of Pt and any size above or below will slow down the chemical reaction [32].
Lopez et al. discovered that particle size is a determining factor of catalyst performance [33].

4.2. Effect of preparation method

Existing research, for example [34], illustrates how the preparation method is influential in
terms of the characteristics of supported Au catalysts. This is consequently influential on
catalytic activity. A number of approaches [35] concerned with the preparation of Au catalysts
have been described elsewhere in this thesis, a most widely used example being impregnation
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[36]. Impregnation involves the reduction of HAuCl4 to AuNPs, after which it is impregnated
onto the support. This approach is capable of delivering an Au average nanoparticle diameter
in the order of 1–2 nm. This approach has a significant shortcoming in that chloride ions are
apparent, having their origin at the Au precursor, for example, HAuCl4. To prevent the chloride
ions from becoming contaminated, a gas phase grafting approach that makes use of mono‐
dispersed colloidal AuNPs that have been subjected to stabilization by an appropriate polymer
may be used [37]. This, however, results in the dimensions of the AuNPs becoming larger than
is desirable – something in the order of 10 nm. There are other means of preparing Au catalysts
that are characterized by high levels of activity, for instance, deposition-precipitation and
coprecipitation being the examples of such a type. In these precipitation techniques, specifying
an appropriate pH level is crucial. Au nanoparticle diameters of the order of 1–2 nm may be
produced by these means. Whichever approach is adopted for preparing Au catalysts, the
application of heat is of significance in respect of catalytic activity [38]. Existing research
suggests that Au catalysts are typically calcined at moderate temperatures of 100–200°C (e.g.,
Au/TiO2 [39] and Au/Fe2O3 [40], to preclude the occurrence of sintering and thereby enhance

Figure 7. Factors affect the catalytic properties of bimetallic catalysts in different reactions.
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the performance of these catalysts with respect to those subjected to higher temperature
calcination.

4.3. Effect of support

Support enhances the thermal stability of the catalyst, reducing costs, and provides improved
surface area characteristics, high dispersion of active component, etc. All these factors are
necessary in the production of catalysts that are characterized by high activity and selectivity.
Previous research also indicates that the nature of support and AuNPs’ interactivity is
influential on catalytic activity [41]. By way of illustration, CO oxidation by means of pure Au
particles or pure titania exhibited no catalytic activity at 227°C. When Au nanoparticles are
dispersed on a titania support, acceptably high catalytic activity was evident at temperatures
as low as 25°C. This fact shows that the support is clearly beneficial [42]. It is also important
to note that the type of support used is influential in the nature of reactivity in Au nanoparticle
catalyzing reactions. By way of illustration, oxidation of CO may be accomplished using
AuNPs in combination with various supports such as TiO2 and CaO, although acidic supports
such as Al2O3 and activated carbon do not produce similar results. Research shows that in the
cases of CO oxidation, Mg(OH)2 is optimal support for Au at sub-ambient temperatures [43];
however, this undergoes deactivation after 3 months. The influence of the support in this
instance is explained in terms of the structure of the modified catalyst.

5. Own results

As mentioned elsewhere, support is highly influential on the catalytic activity/selectivity of
AuNPs. It is important for the support to exhibit strong metal-support interaction (SMSI), an
enhanced surface area, good thermal stability, and high dispersion of active sites that are able
to effectively perform their reactive role [44]. This section examines the ways in which
supported AuNPs may be used in cyclohexane (CH) to adipic acid (AA) oxidation, and benzyl
alcohol (BA) to benzaldehyde (BAl) oxidation, respectively. The success of these reactions may
be appraised by situating AuNPs on different types of metal oxide supports. Such supports
are designed to deliver beneficial metal surface areas in addition to stabilizing the small AuNPs
that have inherently high dispersion degree values [45]. The support material features, type
of catalyst preparation, metal loading, and particle size are also important for obtaining
enhanced catalytic performance. As a result of this, supported noble metals, for instance gold
will exhibit catalytic characteristics that are significantly influenced by the support used [45].
In comparison with the performance of basic supports, acidic ones add to electron shortfalls
in noble metals, and good SMSI performance is evident in metals with reducible oxide
supports, such as TiO2 and CeO2 [44]. When interactivity between metallic components is
vigorous, significantly enhanced catalytic activity is exhibited with respect to those catalysts
consisting of just one type of metal, contrasting with the situation apparent in relatively inert
irreducible oxides such as Al2O3 and SiO2. This section considers five different kinds of
supports, bearing in mind benefits resulting from the use of metal oxide supports. Each of
these types of support has varying characteristics that include particle size, dispersion, and
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performance. In the course of these examinations, benzyl alcohol and cyclohexane oxidation
were carried out using five different supports. It should be noted that these reactions were
tested in the liquid phase. The results emergent from these tests are set forth in the following
paragraphs.

5.1. Oxidation of benzyl alcohol to benzaldehyde

The principles of “green” chemistry put great store by oxidation as the correct means by which
chemical intermediates and fine chemicals characterized by enhanced selectivity are to be
produced [46]. This is applicable in the context of this research to the oxidation of benzyl
alcohol (BA) to produce benzaldehyde (BAl) (Scheme 1). The solution produced by this process
is often found in pharmaceutical, agrochemical, and perfume-manufacturing applications. The
reaction of benzyl alcohol and excessive ammonium permanganate or potassium in aqueous
acidic medium may be used to form benzaldehyde (BAl). This process, however, produces
appreciable quantities of toxic by-products, and so is problematic in terms of the environment.
There have been attempts made to improve the process through the oxidation of benzyl alcohol
with a green oxidant (e.g., H2O2 or O2) and an organic solvent, and then applying catalysts
such as Pd/C, Pd(II) hydrotalcite, Pd-Ag/pumice, Ru-Co-Al hydrotalcite, and Ni-containing
hydrotalcite [47], but all these alternatives still involve the use of solvent, and hence their use
is environmentally problematic. It is possible to perform solvent-free oxidation using tert-
Butylhydroperoxide (TBHP) over MnO4

2− exchanged hydrotalcite and a transition metal
containing layered double hydroxides and/or mixed hydroxides, although this itself is not
environmentally friendly as TBHP generates tert-butanol. If the process is to be clean and
environmentally friendly, solvent use must be expunged from it and clean and economical
molecular oxygen should be used as the oxidant. A process that uses Au/C catalysts to
selectively oxidize alcohols and polyols has been developed by Prati et al. [48]. Rossi et al.
claimed that gas-phase oxidation of volatile alcohols into aldehydes and ketones may be
accomplished by the use of Au catalysts [49, 50]. Schuchardt et al. [51] developed a process
that bears comparison with that of Rossi et al. [49] that succeeded in oxidizing glycerol to
glyceric acid by the use of Au/graphite catalysts; this was accepted as a viable means that was
fully selective in terms of the target output. The precise selectivity of Au/CeO2 was also
confirmed by Abad et al. [47], where benzyl alcohol is to be oxidized to produce benzaldehyde,
Prati et al. [48] made use of supported Au on a TiO2 catalyst [48]. Enache et al. [48] also explored
selective oxidation performed by means of Au-Pd alloy particles supported on TiO2. Ulti‐

Scheme 1. Oxidation of benzyl alcohol with O2 using supported AuNPs’ catalysts. Reaction conditions: 30 mL BA, 0.15
g catalyst, 140°C, 5 bar O2, 4 h.
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mately, benzyl alcohol may be oxidized to benzaldehyde in an environmentally friendly and
efficient way using molecular oxygen. This process additionally makes use of separable and
recyclable supported gold nanoparticles over a variety of metal oxide supports to contribute
enhanced end-product selectivity.

Figure 8. Influence of support on oxidation of benzyl alcohol to benzaldehyde over 1% Au/M catalysts (M = MgO,
CaO, ZrO2, TiO2, Al2O3). Reaction conditions: 30 mL BA, 0.15 g catalyst, 140°C, 5 bar O2, 4 h (X = conversion; Y = yield;
S = selectivity).

Recent research has focused on the oxidation of benzyl alcohol in respect of its reactions to a
variety of supported MNPs such as Au nanoparticles on a variety of metal oxide carriers [49].
For this purpose, different oxide supports (MgO, CaO, ZrO2, TiO2, Al2O3) were used for AuNPs
that were prepared using impregnation method [49]. A number of spectroscopic and micro‐
scopic methods were used to characterize these catalysts and acquire information concerning
their individual characteristics. The catalytic performance of supported AuNPs was appraised
using solvent-free oxidation of benzyl alcohol using oxygen (5 bar) as an oxidant in a Parr
autoclave reactor set to a reaction temperature of 140°C. It was shown that Au catalyst
performance is found to depend significantly on the type of support used, as shown in
Figure 8. While BAl is the principal product to emerge from this process, at the same time,
some by-products were also formed. However, they are estimated to be in small quantities,
e.g., benzyl benzoate, benzoic acid, and acetal. The production of benzyl benzoate was the
result of additional esterification reactions arising from the presence of benzoic acid and benzyl
alcohol. Benzoic acid production is a natural consequence of benzaldehyde overoxidation, and
acetal production is a consequence of benzyl alcohol nonreaction and resultant formation as
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hemiacetal, which ultimately forms acetal by protonation and deprotonation reactions. The
production of acetal in this instance was very small or negligible. In this research the most
active catalyst was TiO2-supported AuNPs (at X-BA = 81%), and the least active catalyst was
MgO-supported AuNPs (at X-BA = 16% and S-BAl = 17%) as shown in Figure 8. The superior
performance of the former is the result of a number of factors including the high dispersion of
Au, smaller Au size, and a relatively high surface enrichment of Au. These results were wholly
negated in the instance of an inferior catalyst. These results have been subjected to validation
by TEM and XPS.

5.2. Oxidation of cyclohexane to adipic acid

The synthesis of dicarboxylic acids from cycloaliphatic hydrocarbons has many applications
in industry that include the generation of adipic acid (AA) from cyclohexane (CH) (Scheme 2).
The production of polyamides, for example, nylon, and others include plasticizers, for
example, PVS, and carpets, polyurethane and polyester of various types also make use of this
process. It also finds application in the production of agrochemical pest controls [50], the
pharmaceutical industry, medicine manufacture, and others. Producing AA commercially is
accomplished by means of two stages. The first step involves oxidizing CH to produce
cyclohexanone (−One) and cyclohexanol (−Ol), which is achieved by a process using ketone
and alcohol, known as “KA-oil”, which operationalizes a cobalt or manganese catalyst at a

Scheme 2. Summary of the different pathways for AA production.
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pressure between 10 and 20 bar at a temperature of approximately 150°C. The second stage
produces AA from the KA-oil of the first stage by the application of nitric acid, as an oxidant
[51]. This is the most generally favored means of manufacturing AA commercially, although
it involves recycling in excess of 90% of the unreacted cyclohexane. This process operates at
low conversion rate of only between 5 and 10%. This conversion rate is kept low to achieve
enhanced KA product selectivity of around 70–85%. The aforementioned recycling is expen‐
sive and raises questions of environmental unfriendliness with regards to the second stage use
of nitric acid and the consequent production of NOx, which is instrumental in respect of
undesirable environmental effects that include smog, acid rain, and damage to the atmos‐
phere’s ozone layer. Hence there is a real need for research into environmentally friendly way
of AA production. An important aspect of this research concerns the discovery of environ‐
mentally friendly means of using AuNP catalysts. Keeping this aspect in view, some options
are presented here (Scheme 2). While a number of potential options are available, the direct,
single-stage synthesis of CH to produce AA using O2 is the desired solution from the perspec‐
tives of both the environmental and commercial viability.

This research considers the oxidation of AA from cyclohexane, together with the resultant
catalytic activity, as well as the oxidation of benzaldehyde from benzyl alcohol using sup‐
ported AuNPs. The catalysts used in this process are considered in the following section. Before
carrying out the catalytic tests, a number of blank tests were performed under similar condi‐
tions to establish whether CH oxidation will take place without a catalyst or TBHP being
present, especially in respect of a radical mechanism. These blank tests, conducted without a
catalyst but with TBHP, and also without both (a catalyst and TBHP), exhibited negligible
instances of CH conversion (merely ~2% after 4 h of reaction) and no AA was discernible within
the product output. This outcome shows that (i) no significant reaction occurs in these
conditions and (ii) the type of catalyst is significantly influential in terms of performance [50].
Support influence in respect of AuNPs’ catalytic performance was initially appraised; Figure 9
shows the results obtained. These results demonstrate that the type of support used is indeed
a key performance indicator in achieving acceptably high CH conversion and product
selectivity. It should be noted that small amounts of some by-products such as cyclohexylhy‐
droperoxide, CO and CO2, glutaric acid, succinic acid were also formed. It was found that from
all of the tests performed, AuNPs supported on TiO2 delivered the best performance in respect
of CH conversion and AA production. This was due to the presence of the smallest AuNPs
and their enhanced dispersion over this support. In consequence of this result, it is possible to
reaffirm the need for small AuNPs and their important influence on AuNPs’ catalyst per‐
formance. CH conversion and AA selectivity achieved using a TiO2 supported catalyst were
16.4 and 21.6%, respectively. The resultant by-products from this reaction are cyclohexanone
and cyclohexanol, and their overall selectivity varies between 45 and 70%. This selectivity is,
however, contingent upon the reaction conditions and the type of catalyst support used.
Among all of the catalysts, the MgO and CaO supported solids have shown the poor perform‐
ance, and the largest quantities of unwanted by-products including CO and CO2 (total
selectivity of up to 35%) were found over these supports. On this basis, MgO and CaO may be
considered as inappropriate supports for this reaction. Concerning AA selectivity, perform‐
ances obtained in decreasing order are as follows: TiO2 > Al2O3 > ZrO2 > MgO > CaO.
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Figure 9. Effect of different oxide support on the oxidation of cyclohexane over Au/X catalysts (X = MgO, CaO, ZrO2,
TiO2, Al2O3). Reaction conditions: (10 ml CH, 20 ml solvent, 0.3 g catalyst, 0.1 g TBHP, pO2 = 10 bar, t = 4 h, 1500 rpm, T
= 130 °C). X-CH = conversion of cyclohexane; S-AA = selectivity of cyclohexane; S-One = selectivity of cyclohexanone;
S-Ol = selectivity of cyclohexanol [50].

The influence of reaction temperature on catalytic performance was examined in this research,
and the results are depicted in Figure 10. This shows that temperature is positively influential
in CH conversion, with an enhancement from 2.4 to 28% as the temperature is increased from
100°C to 170°C. AA selectivity also increased from 6 to 26% as the temperature was increased
to 150°C. This then remained mostly constant even when the reaction temperature was further
increased to 170°C. Cyclohexanol constituted the primary product at low reaction tempera‐
tures (S-Ol = 66.5% at 100°C), suggesting that “-Ol” was the primary reaction product. As the
temperature was increased, however, the oxidation process rate increased, which consequent‐
ly increased the conversion of “-Ol” to “-One” and then to AA. As a result, AA selectivity
improved as the temperature rose to 150°C. Increasing the temperature to 170°C caused decline
in the production of desired products and enhanced the production of the undesirable ones –
primarily those resulting from total oxidation – so it is evident that 150°C is the temperature
at which the optimal balance of desired product selectivity and efficient conversion is achieved.
In consequence of this, 150°C has been selected as the temperature for further research. In
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respect of other influences on the reaction including, catalyst amount, reaction time, stirring
speed, and reaction pressure, these were appraised and the resultant findings have been
reported elsewhere [50].

Figure 10. Effect of the reaction temperature on the oxidation of cyclohexane over Au/TiO2 catalyst; reaction conditions
are similar to the ones given in Figure 9 [50].

Figure 11. Effect of catalyst amount on the oxidation of cyclohexane over Au/TiO2 catalyst; reaction conditions are the
same as given in Figure 9 [50].

Catalytic Application of Nano-Gold Catalysts74



respect of other influences on the reaction including, catalyst amount, reaction time, stirring
speed, and reaction pressure, these were appraised and the resultant findings have been
reported elsewhere [50].

Figure 10. Effect of the reaction temperature on the oxidation of cyclohexane over Au/TiO2 catalyst; reaction conditions
are similar to the ones given in Figure 9 [50].

Figure 11. Effect of catalyst amount on the oxidation of cyclohexane over Au/TiO2 catalyst; reaction conditions are the
same as given in Figure 9 [50].

Catalytic Application of Nano-Gold Catalysts74

Figure 12. Recycling results of Au/TiO2 catalyst for the oxidation reaction of cyclohexane; reaction conditions are the
same as given in Figure 9.

Figure 13. Correlation between cyclohexane conversion (X-CH), selectivity to adipic acid (S-AA) and to KA oil (S-KA)
and catalyst properties of supported AuNPs.
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This outcome shows that AA production results from cyclohexanone overoxidation. Addi‐
tionally, “-Ol” selectivity changes between 46 and 58% as the catalyst quantity is increased
from 200 to 400 mg (Figure 11). Amount of catalyst used has also shown significant influence
on the catalytic performance. Usage of relatively high amount of catalyst (500 mg) results in a
decrease of “-Ol” selectivity and an increase in “-One” selectivity. “-Ol” oxidation, therefore,
produces “-One” by means of a simple oxidation process. It is, however, evident that this
relatively high catalyst quantity produced deleterious influence in terms of performance,
leading to consequent deterioration in selectivity for the desired products and increased
selectivity in respect of unwanted by-products. This research indicates that a catalyst quantity
of 400 mg achieves optimal performance.

To establish how stable and reusable the catalyst was, a number of recycling and catalyst
washing experiments were conducted using the best catalyst identified from previous tests
(i.e., 1% Au/TiO2). The results of these experiments are shown in Figure 12. After the initial
experiment, the catalyst was filtered, washed, and dried at 120°C and then a second experiment
was conducted using the same reaction conditions. This process was repeated until a total of
four such experiments had been completed. A small deterioration in CH conversion was noted
for the catalyst that had been subjected to the whole experiment process. It is notable that “-
Ol” selectivity decreased for catalyst tested between the first and second experiments;
thereafter its performance was more or less constant. In summary, the catalyst’s effectiveness
deteriorated somewhat as a result of the four experimental cycles, which could be the result
of leaching, deactivation, or marginal loss of catalyst arising due to work up process. Between
experiments a small loss of catalyst weight was also observed. Analysis by XPS of the pre- and
post-experiment cycle catalyst revealed a degree of Au loss, which is believed to be due to
leaching. Also, TEM analysis of the post-experiment cycle catalyst suggested that agglomera‐
tion had taken place and that the AuNPs’ dimensions were inconsistent.

This research also examined whether the superior performance of the TiO2-supported catalyst
could be correlated to that of other materials. Interestingly good correlations were found
between AuNPs’ dimensions (from TEM), surface Au-to-support atomic ratio (Au/SU)
obtained from XPS and catalytic performance, which is illustrated in Figure 13. The results
obtained correlate significantly with AuNPs’ size, and hence CH conversion and AA selectivity
vary largely according to AuNPs’ dimensions. As expected, the small AuNPs performed better
than the larger ones. CH conversion decreased from 26% on TiO2 supported AuNPs to 9% on
CaO-supported AuNPs, while the AuNPs’ diameter increased from ca. 2 nm (TiO2) to 6–8 nm
(CaO). The XPS results also indicated that performance is enhanced as Au is enriched at the
near-surface area. TiO2-supported AuNPs exhibited the comparatively highest surface Au/SU
atomic ratios (SU = different supports) and therefore exhibited the most superior performance.
Also, the superior qualities of TiO2 are indicated by high Au dispersion and a highly active Au
metal area. It is, therefore, clearly indicated that the TiO2 superior performance is undoubtedly
dependent upon small AuNPs’ dimensions, high Au enrichment in the near-surface-region,
high dispersion, and a higher active metal area. Other influences including, inter alia, surface
acidity and reducibility cannot be disregarded. Further research needs to be done yet to
ascertain the effect of these influences in a more precise way.
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6. Conclusions

Nanoscience and nanotechnology are driven by the ambition of fabricating new materials with
improved properties and their further application in different sectors. Metal nanoparticles in
particular have been the subject matter of immense interest in recent times due to their unique
and extensive applications in various fields including catalysis. The gold nanoparticles
(AuNPs) can be applied either in the form of colloidal gold nanoparticles or supported
nanoparticles in the form of powdered solid catalysts. Catalytic properties of AuNPs strongly
depend on their size, shape, morphology, etc. A comprehensive investigation on the formation
mechanism of gold nanoparticles (AuNPs) in colloidal mixture obtained from the reduction
of chloroauric acid (HAuCl4) solution using a single reducing agent (e.g., sodium citrate and
tannic acid) or a combination of two reducing agents (e.g., sodium citrate plus tannic acid) is
possible. It is also possible to monitor the growth steps of AuNPs at different time intervals
during synthesis either through in-situ and/or ex-situ methods. Besides the small particle size,
atomic flexibility of metal clusters can also play a vital role on the adsorption and catalysis.
The measurement of changes in the surface plasmon band position of colloidal AuNPs, along
with dynamic light scattering results provide important information on the particle size, shape,
and distribution. Besides, the size and morphological changes at different stages during
different processes can also be analyzed by transmission electron microscopy. The Au particles
exhibit different shapes (spherical and nanowires) with varying particle size and nanowire
diameter that depends strongly on the method of preparation and nature of reducing agent
applied. In our study, the combination of two reductants surprisingly led to a drastically
reduced size (ca. 3 nm) with spherical morphology compared to their parent solutions with
either of single reducing agent. This result clearly indicates that the combination of reductants
has a significant influence on the particle size, morphology, and formation mechanism.

On the other hand, highly dispersed metal nanoparticles on various catalyst supports are
indeed an important class of heterogeneous catalysts that are being extensively used in various
fields related to energy, environmental as well as chemical industries. The catalytic perform‐
ance of nanoparticles in various catalytic reactions depends strongly on their size, shape, and
the metal-support interactions. Dopants and surface modifiers can also play a key role on
catalytic performance. Own investigations revealed that the nature of support exhibits strong
influence on the catalytic performance. From our results on the direct oxidation of cyclohexane
to adipic acid, the TiO2 (anatase) support is found to display the best catalytic performance
among other oxide supports applied. The best performance of TiO2 is attributed to the
formation of small AuNPs (2–3 nm), high dispersion of nanoparticles on its surface, high
enrichment of Au in the near-surface-region, and high active metal area of Au over the support
compared to others. Nonetheless, fully rational design of catalysts based on an atomic-level
understanding of surface processes involved still remains highly challenging in the field of
heterogeneous catalysis research. Scientists have to yet adopt and utilize surface science
techniques to explore the elementary steps involved in heterogeneous catalysis particularly
using gold nanoparticles. Furthermore, the discovery and subsequent research efforts should
focus on improving the fundamental understanding on the dynamics of formation mechanism
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of nanostructured AuNPs and extend their applications into different areas beyond catalysis
such as biomedicine, optics, and electronics.
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Abstract

The synthesis of nanoparticles is generally carried out by chemical reduction, which is
effective but uses a number of toxic substances, making the process potentially harmful
to the environment. Thus, as part of the search for environmentally friendly or green
synthetic methods, this chapter aimed to present the synthesis of gold nanoparticles
(AuNPs) using only HAuCl4, Milli-Q water, white light from a xenon lamp, and amino
acids. A total of 21 amino acids were studied, and the shapes and sizes of the resul‐
tant nanoparticles were evaluated. The products were characterized by ultraviolet-
visible  (UV-Vis)  and  fluorescence  spectroscopy,  zeta  potential  measurements,  and
transmission electron microscopy. The synthesis of the AuNPs was successful with 18
amino acids, and the best results were obtained with aspartic acid, arginine, threo‐
nine, tryptophan, and valine. The nanoparticles were spherical and their sizes ranged
from 5 to 100 nm. Changes in pH were required to improve the stability of the colloidal
suspensions.

Keywords: amino acid, gold, light, nanoparticle, photo reduction

1. Introduction

Over the past three decades, a significant growth in research involving nanotechnology has
occurred worldwide. With the increased attention in this field, new perspectives have emerged
for solving the major challenges faced by modern society, such as the treatment of cancer [1]
and  acquired  immune  deficiency  syndrome  (AIDS).  These  developments  can  also  help

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution,
and reproduction in any medium, provided the original work is properly cited.



overcome obstacles in conventional microtechnology through the design of protein mole‐
cules for the fabrication of devices according to complex atomic specifications [2, 3].

Recently, gold nanoparticles (AuNPs) have attracted significant attention due to their advan‐
tageous surface characteristics that allow easy functionalization with biologically active
molecules. The composition of the nanoparticles may vary. Materials for nanoparticles surface
modification may be of biological origin, such as plants [4], bacteria [5], or peptides [6]. Amino
acids have been shown to be useful in the synthesis of AuNPs, as first reported in the early
2000s. Mandal et al. [7] described the synthesis of AuNPs by the reduction of chloroaurate ions
using aspartic acid. In 2003, Selvakannan et al. [8] showed that capping AuNPs with lysine
enabled the storage of the lysine-stabilized AuNPs as a stable powder that could be readily
redispersed in water. In 2004, Selvakannan et al. [9] demonstrated the spontaneous reduction
of aqueous chloroaurate ions using tryptophan. The Bhargava and Wangoo groups also
reported the synthesis of AuNPs using amino acids [10, 11]. Recently, Maruyama et al.
demonstrated that 20 amino acids can act as reducing and capping agents for AuNPs [12]. The
AuNPs were produced from the incubation of AuCl4

− solution with the amino acids at 80°C
for 20 min. The authors showed that the reaction conditions strongly affected the sizes of the
AuNPs and their aggregates. Using that method only arginine, cysteine, and threonine did not
form gold colloidal solutions. Further, although methionine, phenylalanine and tryptophan
produced colloids, the products were easily precipitated.

AuNPs synthesized in water and subsequently capped with amino acids can contribute
immensely in various applications such as drug delivery and gene transfer. Recently, Dubey
et al. strategically synthesized stable gold and silver nanoparticles that were surface-function‐
alized with either tyrosine or tryptophan residues and examined their potential to inhibit the
amyloid aggregation of insulin [13]. This result offers significant opportunities for developing
nanoparticle-based therapeutics against diseases related to protein aggregation.

Ramezani et al. [6] investigated the adsorption of amino acids on AuNPs via molecular
dynamics simulations and offered the following observations: all amino acids containing
hydroxyl groups in their side chains (tyrosine, threonine, and serine) were adsorbed on the
surface through Au–OH interactions. Alanine, valine, isoleucine, and leucine, having linear
side chains, were adsorbed on the AuNPs surface by their methyl groups, and glycine was
adsorbed through its carboxyl group. Histidine, arginine, asparagine, glutamine, and lysine
adsorption on the AuNPs surface were enabled by the amino groups in their side chains. The
interaction of AuNPs with the negatively charged amino acids, aspartic acid, and glutamine
occurred through the side-chain carboxyl groups. The aromatic ring of phenylalanine partici‐
pated in the adsorption on the AuNPs surface. Cystine, cysteine, and methionine were
adsorbed on the AuNPs through their sulfur atoms. Proline interacted through its amine (Au–
N) and carboxylic groups (Au–O and Au∙∙∙H–O).
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in suspension. Tomita et al. obtained AgNPs using tryptophan and light and observed their
lethal effects against bacteria [16].

This study was aimed at reporting a simple, fast, cheap, and environmentally benign method
for the synthesis of spherical AuNPs using aqueous solutions of amino acids, Au3+, and white
light (xenon lamp). No additives such as organic solvents, surfactants, or specific reducing
agents were used.

2. Amino acids

Amino acids are natural molecules characterized by a chiral carbon that makes bond with a
carboxylic acid group, an amine group, a hydrogen atom, and a side chain that is specific to
each amino acid. As a quaternary compound, amino acids are a combination (primarily) of
carbon, oxygen, hydrogen, and nitrogen. The general amino acid structure is shown in Figure
1 [17].

Figure 1. General amino acid structure.

There are 22 standard amino acids but only 21 are found in eukaryotes (Table 1). Amino acids
play important roles both as building blocks of proteins and as intermediates in metabolism
[18].

Amino acids are usually classified by the properties of their side chain into four groups: (1)
weak acid, (2) weak base, (3) hydrophile if the side chain is polar, and (4) hydrophobe if the
side chain is nonpolar [17].
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Table 1. Amino acids. The 21 amino acids found in eukaryotes [19].
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The reagents used in the amino acids gold nanoparticles synthesis are described in Tables 1
and 2.

Gold nanoparticles
Aspartic acid Arginine Threonine Tryptophan Valine
T = 21°C/1’ light T = 21°C/1’ light T = 75°C/5 light T = 21°C/0’ light T = 75°C/5’ light
pH final = 2.5 pH final = 6.8 pH final = 2.7 pH final = 3.2 pH final = 2.9
[Au]
mmol/L

[Asp]
mmol/L

[Au]
mmol/L

[Arg]
mmol/L

[Au]
mmol/L

[Tre]
mmol/L

[Au]
mmol/L

[Tri]
mmol/L

[Au]
mmol/L

[Val]
mmol/L

1.78 10.15 1.78 10.05 1.77 8.59 1.78 9.75 1.69 8.74
Ratio: 5.70 Ratio: 5.65 Ratio: 4.85 Ratio: 5.48 Ratio: 5.17

Table 2. Synthesis of AuNPs. For the synthesis of the nanoparticles, each amino acid was mixed with HAuCl4,
followed by the addition of Milli-Q water. The solution was then stirred in a Fisatom vortex mixer (São Paulo, Brazil)
for 5 min and exposed to a 400-W Cermax xenon lamp (Excelitas Technologies, Waltham, MA, USA).

The effects of the amino acid/metal concentration ratio, irradiation time, temperature, and pH
were evaluated by ultraviolet-visible (UV-Vis) spectroscopy and transmission electron
microscopy (TEM) for each of the 21 amino acids (and gold) as shown in Table 3.

Factors evaluated Values (approximate)
Molar ratio amino acid/X (X = Au3+) 0.5–1‒2‒5
Time of illumination with white light 30″–1′–2′–3′–5′–10′
Temperature 25–75°C
Medium Acid (pH ~ 4.0) and basic (pH ~ 9.0)

Table 3. Factors evaluated for the synthesis of gold nanoparticles.

A preliminary sorting study was carried out to select the most appropriate amino acids for the
nanoparticle synthesis. The five best amino acids for gold were selected based on an evaluation
of their stability after synthesis (as evaluated by zeta potential measurement) and the intensity
of their UV-Vis spectra.

3. Nanoparticles synthesis with amino acids

3.1. Spectral behavior of HAuCl4 in water

The spectral behavior of low and high concentrations of HAuCl4 in Milli-Q water was analyzed
by UV-Vis spectroscopy and the results are presented in Figure 2. In aqueous media, hydrogen
tetrachloroaurate(III) is hydrolyzed, resulting in various species with differing chloride, aqua,
and hydroxyl ligand complements (e.g., [AuCl4]−, [AuCl3(H2O)], [AuCl3OH]−, [AuCl2(OH)2]−,
[AuCl(OH)3]−, and [Au(OH)4]−). The composition of the species depends on the pH and
chloride concentration [20].
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Figure 2. UV-Vis spectra of HAuCl4 at different concentrations in water. The absorption measurements were carried
out on a UV-Vis spectrophotometer (Shimadzu Multispec-1501). The samples were analyzed immediately after shak‐
ing at room temperature using quartz cuvettes with 10 mm optical paths.

The absorption spectra obtained after mixing HAuCl4 with water at low concentrations (~0.1–
0.5 mM) show a peak around 300 nm, which does not interfere with the absorbance of the
AuNPs (~520 nm). As expected, there is a linear relationship between the absorbance and
concentration. The 300 nm band is formed because of the replacement of the chloride ligands
of the complex with hydroxyl groups; on increasing the concentration of the solution (>1.5
mM), the band is redshifted to ~311 nm because less hydrolysis of the chlorides in the initial
complexes takes place [20].

3.2. Amino acids and HAuCl4 in water and light

During the AuNPs syntheses, illumination with white light induces a color change from a
slightly yellow to wine or purple, depending on the amino acid, as shown in Figure 3 for five
of the amino acid substrates. These color changes indicate the successful formation for the
AuNPs.

Figure 3. Color of the synthesized AuNPs prepared with (A) Asp, (B) Arg, (C) Thr, (D), Trp, and (E) Val.
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The absorption spectra obtained after mixing the amino acids and HAuCl4 in water followed
by illumination with a xenon lamp are shown in Figures 4 and 5.

In the absorption spectra, the presence of a band at ~520 nm (surface plasmon resonance (SPR)
band) indicates the formation of spherical AuNPs. From Mie theory, it is known that the
maximum absorption wavelength is related to the size of the nanoparticle, wherein the smaller
the wavelength, the smaller is the diameter of the nanoparticle [21]. The main parameters for
the UV-Vis spectral analysis were the intensity of the band (which indicates the formation of
large quantities of nanoparticles) and the full-width at half maximum (FWHM). The FWHM
of the UV-Vis spectral bands indicates the size distribution of the colloidal dispersion [21]. The
smaller the FWHM, the lower the polydispersity and more homogeneous the nanoparticle size.

From Figure 4 we ascertained that AuNPs were obtained for 18 amino acids, each one under
particular conditions such as the concentration ratio between the HAuCl4 and the amino acids
and the illumination time. AuNPs were not produced with L-cysteine hydrochloride, L-
isoleucine hydrochloride, or L-lysine hydrochloride, which contained HCl as a stabilizer
(because of excess of chloride ions) [22]. The best results considering stability, absorption
intensity, and the FWHM were obtained with aspartic acid (Asp), arginine (Arg), threonine
(Thr), tryptophan (Trp), and valine (Val).

Figure 4. UV-Vis spectra (amino acid + HAuCl4 + xenon light) of the reaction mixtures for the 18 amino acids that
formed AuNPs and the three that did not. Each sample solution was prepared under different conditions depending
on the amino acid, such as dilution, concentration ratios, and illumination times. Only the best results are shown.
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The UV-Vis spectra obtained with Asp, Arg, Thr, Trp, and Val are shown in Figure 5. The
position of SPR band was 554 nm for Val, 547 nm for Trp, 546 nm for Arg, 544 nm for Asp,
and 540 nm for Thr, indicating that the sizes of the nanoparticles synthesized for these amino
acids fall in the following order: Val > Trp > Arg> Asp > Thr.

TEM analyses were carried out to evaluate this size order and the results are presented in
Figure 5. Microscopic analyses showed the formation of spherical AuNPs with the five selected
amino acids, but the order of size was slightly changed: Asp > Trp> Val> Arg > Thr. Such

Figure 5. UV-Vis spectra, TEM images, and the average size of the AuNPs prepared with (A) Thr, (B) Arg, (C), Trp, (D)
Val, and (E) Asp. Microscopic analyses were performed on a LEO 906E transmission electron microscope (Zeiss, Ger‐
many).
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discrepancies may be due to variations in the refractive index of the medium [23], which
directly influences the SPR band (cf. Mie theory) and can shift the wavelengths in the UV-Vis
spectra. Alternatively, larger particles (or other shapes) may be present, as evidenced by the
band near 750 nm observed for Val and Asp.

Three steps are required to completely reduce trivalent gold (Au3+); each step involves the gain
of an electron [24]:

3 2 0Au Au Au Au+ + +® ® ®

After Au3+ is reduced to Au0 gold clusters are formed with the subsequent nucleation and
growth of the nanoparticles. It has been reported that ultraviolet radiation when interacting
with a complex can make it more reactive and accelerate the reduction of ionic gold [24].
Therefore, for reducing Au3+ ions and forming nanoparticles, the presence of an auric complex
with hydroxyls and the absence of chloride ions are essential. On the other hand, the oxida‐
tion of the amino acid is still required, and this reaction is catalyzed by light.

Illumination with white light is essential for the formation of nanoparticles. A xenon lamp
radiates over a wide spectral range, from the ultraviolet to the infrared. The solution temper‐
ature also increases with the irradiation time. These interactions cause changes in the energy
levels of the amino acids, leading to greater polarizability, even if temporary, and facilitat‐
ing oxidation. There is a direct relationship between the oxidation potential and polarizabili‐
ty of an amino acid: the higher its polarizability, the greater its ease of oxidation and
nanoparticle formation upon irradiation. In the cases of Trp, Arg, Thr, Val, and Asp, the
polarizabilities are 54.1, 42.2, 40.3, 27.9, and 24.9 cm−3, respectively. Thus, irradiation with light
acts as a catalyst for the oxidation of the amino acids, which results in metal reduction (photo-
oxidation/reduction).

Tryptophan does not require lighting; its color changes immediately after the mixing of
reagents, confirming the results obtained by Selvakannan et al. [25]. In their paper, Maruya‐
ma et al. [12] observed that of the 20 amino acids Arg, Cys, and Thr did not result in a gold
colloidal solution. Although Met, Phe, and Trp produced colloids, the products were easily
precipitated. Our method realizes the possibility of producing stable nanoparticles with Arg,
Cys, Thr, Met, Trp, and Phe. For the synthesis with Thr and Val, longer illumination times
were required to produce AuNPs. Consequently, additional heating was required to facili‐
tate the release of electrons (oxidation).

3.3. Importance of pH in nanoparticle stability

Once the colloidal nanoparticle suspensions are synthesized, their stability must be ensured.
In this regard, the interaction of each amino acid with the metallic surface is very important.
The excess amino acids are adsorbed on the metal surface; since amino acids are amphoteric,
they can become electrically charged by gaining or losing electrons. The solutions become more
acidic after synthesis because of the release of H+ by the oxidation of amino acids. The evolution
of pH before and after exposure to light is shown in Table 4.
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pH (before light) pH (after light)

Aspartic acid 3.0 2.5

Arginine 8.9 6.8

Threonine 4.6 2.7

Tryptophan 6.9 3.2

Valine 5.0 2.9

HAuCl4 2.0

Table 4. Evolution of pH with the formation of AuNPs.

The stability of the colloidal suspensions was satisfactory in acidic medium, with no precipi‐
tate formation or agglomeration over a period of 30 days. It was observed, in some cases, that
the AuNPs reacted with the material of the Eppendorf tube (polypropylene) used for the
samples producing a gold film and probably consuming the AuNPs. To resolve this issue,
sodium hydroxide was added after the synthesis. This improved the stability of the colloidal
suspension and avoided reaction with the Eppendorf tube, which increased the storage time
(more than 30 days). To determine the stability of the colloidal suspensions, the surface charge
of the nanoparticles was estimated by zeta potential measurements; the results are present‐
ed in Figure 6.

Figure 6. Zeta potentials of the AuNPs. Zeta potential measurements were performed on a Malvern Zetasizer NanoZS
by focusing a 633 nm laser on the colloidal suspension. During analysis, the changes in the pH and zeta potential (mV)
of the nanoparticles were measured.
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From the figure, the zeta potentials for the five selected amino-acid-based AuNPs are always
higher than |30 mV|, for pH values ranging from ~3 to 11, showing that the colloidal suspen‐
sions are highly stable with a low tendency to aggregate.

The stabilization of a colloidal suspension depends on the electrostatic repulsion due to surface
loads (load factor) and the electrostatic interactions with the amino acids (capping factor).
Apart from the electrostatic interactions, ionic/hydrogen bonding between –NH3+- and COO
−-functionalized surfaces is also possible. The typical binding energies for such bonds are in
the 10–30 kcal/mol range [11].

With an excess of chloride ions in the medium, hydroxide ligands are displaced by chlorides
around the metal center, giving [AuCl4]−, which does not undergo reduction to form the
AuNPs [22]. This effect was observed tentatively in the synthesis of AuNPs with Cys, Iso, and
Lys (as their hydrochloride salts). The addition of chloride in the medium renders the
formation of metal nanoparticles impossible. To prove this hypothesis, NaCl was added during
the synthesis of AuNPs with aspartic acid. The addition of NaCl not only inhibited the
formation of the AuNPs, but also modified the position of the auric complex band (redshift),
as shown in Figure 7.

Figure 7. UV-Vis spectra of: (i) a hydroxylated gold complex with a small band at 550 nm (incipient formation of
AuNPs with ambient light) (red/squares); (ii) AuNPs formed from the hydroxylated gold complex, Asp, and light
(catalyst) (blue/balls); and (iii) addition of NaCl (chlorinated gold complex, in which the band position is changed and
the formation of AuNPs is prevented) (black).
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3.4. Tryptophan fluorescence

Of the 21 amino acids studied three are fluorescent (Tyr, Trp, and Phe). In the presence of the
nanoparticles, only the fluorescence features of Trp are observed with a good signal-to-noise
ratio for excitation at 280 nm. We varied the concentration of Au3+ while the concentration of
tryptophan remained fixed (along with the irradiation time), and evaluated the changes by
emission spectroscopy. The results are presented in Figure 8.

Figure 8. Fluorescence spectroscopy studies of AuNPs with Trp (12 mM) obtained by exciting Trp-AuNPs solution at
280 nm. Fluorescence measurements were performed on a fluorimeter (Horiba Jobin Yvon 3 Fluorolog) using quartz
cuvettes with 10 mm optical paths. The analyses were carried out at room temperature after agitation of the samples.

Clearly, the Trp emission decreases with an increase in Au3+ concentration, indicating that in
the synthesis of the nanoparticles part of the Trp is consumed or modified. Trp oxidation may
occur at the nitrogen ring, forming kynurenine (reported as the largest product due to
oxidation) [26]. Dimerization to form ditryptophan may also occur [26].

The spectra shown in Figure 9 indicate the formation of AuNPs by varying the concentra‐
tion of the species. The increase in HAuCl4 concentration is observed to be linearly propor‐
tional to the area of the SPR band, with a high correlation, i.e., more nanoparticles are formed
with more metal ions.
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Figure 9. UV-Vis spectrum of AuNPs prepared with [Trp] = 12 mol/L.

4. Conclusions

AuNPs were obtained with 18 of the 21 studied amino acids under ideal synthetic condi‐
tions. The best results were obtained with aspartic acid, arginine, threonine, tryptophan, and
valine. These amino acids reduced the metal ions (Au3+) and prevented the agglomeration of
nanoparticles adhering to the surface (steric effects and load). For the formation of the
nanoparticles, the reduction of the metallic species in solution (Au3+), with subsequent
nucleation and growth of the metal crystals, was required. However, for reduction occur with
the amino acids, their oxidation is required. Each amino acid has a different oxidation potential
which depends on its size and the spatial arrangement of its atoms. In order to facilitate and/or
accelerate the oxidation process, the use of electromagnetic radiation (xenon lamp) was
necessary (tryptophan did not require lighting and the color changed immediately after mixing
the reagents). The combination of the photons and temperature increase supplied by the xenon
lamp facilitated the loss of electrons (oxidation), enabling the reduction of the metal species
and nanoparticle formation. Thus, light was a catalyst for the formation of the AuNPs. From
these experiments, a direct relationship was found between the oxidation potential and
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polarizability of an amino acid: the higher its polarizability, the greater its ease of oxidation
and nanoparticle formation upon irradiation. Zeta potential measurements indicated that the
stability of the colloidal suspensions was higher in basic medium, wherein there is greater
surface charge formation, particularly negative charge. The zeta potential, which exceeded |
30 mV|, is due to the deprotonation of the amino acids adsorbed on the nanoparticle surfa‐
ces in basic medium, leading to electrostatic repulsion between the particles. The presence of
chloride ions was detrimental to the formation of nanoparticles. In the presence of chlorides,
it was not possible to form nanoparticles.

As previously reported, the reactions with Arg, Cys, and Thr did not result in a gold colloi‐
dal solution. Although Met, Phe, and Trp produced colloids, the products were easily
precipitated. Our method realizes the possibility of producing stable nanoparticles with Arg,
Cys, Thr, Met, Trp, and Phe.

In short, the synthesis of AuNPs by the photoreduction of amino acids in water was simple,
cheap, and fast. This study opens up the possibility of applying such nanoparticles in biological
systems due to the biocompatibility of the amino acids, e.g., the in situ synthesis of nanopar‐
ticles or the functionalization of metal nanoparticles with amino acids/proteins. This could
portend advances in areas such as biological markers and the detection/treatment of disease.
With this study we can better understand the synthesis of nanoparticles with organic materi‐
als such as natural proteins and saliva secreted aspartyl proteinases (SAPs), which have been
increasingly employed in the synthesis of metal nanoparticles.
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Abstract

This chapter presents an overview on size, structure, morphology, composition as well
as the effect of the support on the electrocatalytic properties of gold nanoparticles
(AuNPs).  It  was  found that  the  electrocatalytic  properties  of  unsupported AuNPs
strongly depend on their size and shape. Consequently, the electrocatalytic properties
of AuNPs can be tuned. Furthermore, to design high-performance electrocatalysts with
minimal precious metal content and cost, the direct immobilization of metal NPs onto
carbon-based substrates during their synthesis constitutes another elegant alternative
and has  been thoroughly examined.  These  “easy-to-use” supports  as  scaffolds  for
AuNPs, namely carbon black, carbon paper, etc., offer beneficial contributions. Indeed,
thanks to their high available surface area, good electronic conductivity and synergis‐
tic effect between the chemical species present on their surface and the loaded NPs,
carbon-based  supports  enable  maximizing  the  efficient  utilization  of  the  catalysts
toward drastic enhancement in both activity and durability. We also examined different
judicious combinations of (electro)analytical techniques for the unambiguous determi‐
nation of the reaction product(s) over the Au-based nanocatalysts, using glucose as
model molecule given its importance in electrocatalysis. The performances of carbon-
supported AuNPs as anode materials in direct glucose fuel cell in alkaline medium were
also discussed.

Keywords: gold nanoparticles, electrocatalysis, oxidation, glucose, fuel cells
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1. Introduction

During  several  decades,  bulk  gold  has  been  considered  as  less  active  material,  but  at
nanoscale, it exhibits surprisingly physicochemical and catalytic properties. Such properties
depend on the size, the morphology, and the surface structure of the nanoparticles. Different
synthesis approaches have paved the way of controlling the size, shape, and crystallograph‐
ic structures of gold nanoparticles (AuNPs) in order to tune their (electro)catalytic activity.
The control of these key parameters enables designing highly effective and durable gold
catalysts for potential applications not only in sensors, electrochemical reactors, and fuel cells
but also over electrochemical field. In electrocatalysis, the surface structure of the electrode
material  plays a key role.  Thereby, the preparation of active and efficient nanomaterials
becomes a challenge to be taken up. It is known that various gold nanomaterials exhibit
relevant ability toward the oxidation of organic molecules. Therefore, the electrocatalytic
activity of different AuNPs toward the glucose oxidation in alkaline electrolyte was descri‐
bed in the literature [1–5]. On AuNPs, this reaction is size, shape, and structure dependent.
The goal of this chapter was to address the recent advances in the preparation of free and
carbon  supported  AuNPs  and  their  performance  in  electrocatalysis.  Precisely,  factors
affecting the growth mechanism and the synthesis processes are presented. Furthermore,
discussion on the electroactivity of synthesized AuNPs toward biomass-based compounds
(glucose…) and their performances in fuel cells and/or the production of sustainable added-
value chemicals from selective oxidation will be extensively reported.

2. Electrochemical reactivity at free and supported gold nanocatalysts
surface

2.1. Growth of gold nanoparticles in solution

The preparation of metal nanoparticles in solution involves systematically two important
processes, which are the nucleation followed by the growth of the nanoparticles.

2.1.1. Theoretical aspects: nucleation and reaction-limited growth

Key concepts that enable the understanding of reactions limiting the nucleation and the growth
processes need to be reminded. On the kinetic point of view, it is recognized that the nuclea‐
tion step is very fast and cannot be observed by a usual transmission electron microscope. In
a typical metallic nanoparticles synthesis, the precursor compound containing the metal cation
is reduced or decomposed to metallic atoms (zero oxidation state) that will coalesce to form
nanoparticles. La Mer and Dinegar proposed a mechanism for explaining the nucleation
process as follows [6] (Figure 1).
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Figure 1. Schematic illustration of La Mer’s nucleation condition. Reprinted and adapted with permission from [6].
Copyright © 1950, American Chemical Society.

According to this mechanism, the concentration of metal atoms increases rapidly during the
nucleation, as regularly as the precursor is reduced. The reduction reaction can be promoted
by ultrasonication or by raising the temperature. Once the concentration of nuclei reaches a
critical point so-called point of supersaturation, they start aggregating into small clusters via
a self-nucleation process in the case of homogeneous nucleation. Then, the nuclei grow rapidly
by consuming the metal atoms present in the bulk solution. Thereby, a decrease in the
concentration of the single atoms in the solution is observed. If the monomer concentration
falls rapidly below the supersaturation, the nucleation ends, and only the nuclei already
present in the reaction mixture will grow to nanoparticles with homogeneous size distribu‐
tion. With the continuous supply of the atoms due to the reduction in the metal precursor, the
nuclei grow to larger nanoparticles until the establishment of an equilibrium state between the
atoms at the surface of the nanoparticles and those in the solution. Once the clusters reach a
critical size, structural changes require significant energy input so that the clusters grow in a
well-defined structure leading to the formation of seeds. The key strategy in synthesizing
nanoparticles with controlled-shape is to ensure meticulous monitoring of the seeds popula‐
tion with different internal structures. Thermodynamic and kinetic factors are important for
controlling the nucleation process. The heterogeneity of nanostructured seeds is determined
by the surface free energies of the different species in combination with the kinetic effects on
the generation and the addition of metal atoms to the nuclei. Different theories have been
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developed for understanding the mechanism of nanoparticle growth process [7, 8]. Due to the
small size of the clusters, they have high surface-to-volume ratio. As a result, very small
particles exhibit a significant surface excess energy, which is a non-negligible percentage of
the total energy. Therefore, the formation of larger particles results from a solution, which is
not initially at thermodynamic equilibrium and leads to a decrease in the surface energy.
Thereby, it plays a crucial role in the growth of nanocrystals. A colloidal particle grows by a
sequence of monomer diffusion toward the surface followed by the reaction of the mono‐
mers at the surface of the nanocrystal. The classical theory by Lifshitz and Slyozov [9] and
Wagner [10] (referred as LSW) has dominated researchers thinking about precipitate coars‐
ening. In fact, the LSW theory driven by the reduction in the surface energy was proposed by
Ostwald in 1901 [11]. A key idea of this theory is that coarsening or Ostwald ripening results
from the interaction of particles embedded within a matrix phase. Coarsening effects,
controlled by the mass transport (most frequently the diffusion), are often termed the Ostwald
ripening process. The diffusion process is dominated by the surface energy of the nanoparti‐
cle. The interfacial energy is the energy associated with an interface due to the difference
between the chemical potential of atoms in an interfacial region and atoms in neighboring bulk
phases. The LSW theory, considering a diffusion-limited growth, was able to make quantita‐
tive predictions on the long-time behavior of the coarsening process. The LSW approach
examines the growth of spherical particles in a supersaturated medium and is based on basic
assumptions extensively described in the literature [7–10].

2.1.2. Free and supported gold nanoparticles for electrocatalysis

2.1.2.1. Size and shape-controlled gold nanoparticles

The electrochemical properties of metal NPs are strongly influenced by their size, shape, and
structure. This dependence has motivated the development of a variety of synthesis meth‐
ods for controlling their size and shape. Thus, the synthesis of most gold nanoparticles
(AuNPs) is established, in terms of degree of control over the size, shape, monodispersion, and
in the understanding of the growth mechanism.

• Spherical gold nanoparticles

In the early 1951, the most popular Turkevich synthesis method, later refined in the 1970s by
G. Frens [12], was developed to yield quasi-spherical and mono-dispersed AuNPs in water
through a small amount of hydrochloroauric acid as a precursor and sodium citrate solution
[13]. The mean size of the particles ranged from 5 to 200 nm. The mixture was heated to boiling.
In this synthesis, the citrate ions adsorb on the surface of the nanoparticles by creating a
negatively charged layer. This stabilizes and prevents the nanoparticles from aggregation by
providing a sufficient electrostatic repulsion between the particles. In the early 1990s, Brust et
al. [14] have developed a method to synthesize AuNPs in organic medium based on the
reaction of hydrochloroauric acid, the tetraoctylammonium bromide (TOAB), and the sodium
borohydride in toluene [14]. The gold nanoparticles were small from 2 to 6 nm. NaBH4 was
the reducing agent, while TOAB played both the role of intermediary transfer phase and
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surfactant. After 24 h of stirring, two phases were separated. The organic phase was succes‐
sively washed with dilute sulfuric acid and distilled water. These clusters have attracted much
attention due to their small size. However, due to the toxicity of organic solvents as toluene
and the surfactant or molecule-like properties (high affinity with catalytic actives sites),
electrocatalytic applications are somewhat limited. To overcome this passivation effect due to
the strong adsorption of surfactant at AuNPs surface, we have recently revisited the synthe‐
sis method initially developed by Slot and Geuze to yield spherical AuNPs [15]. Based on an
empirical Taguchi model, Habrioux et al. [16] adapted this synthetic method to find experi‐
mental conditions and optimal synthesis parameters to yield spherical AuNPs, monodis‐
perse in size ranging from 3 to 17 nm. In this synthesis, two solutions are separately prepared:
one containing the gold salt solution and the second is a mixture of tannic acid and sodium
citrate as reported [15, 16]. Then, AuNSs-10 and AuNSs-4 samples (the number after ANSs
represents the mean particles size) were obtained. Here, due to its long carbon chain, tannic
acid acts as a surfactant for the control of gold particles shape and size, while a trisodium citrate
solution serves as reducing agent. Slot and Geuze [15] indicated that the concentration of tannic
acid in the reducing solution, the temperature and pH of the solution are important parame‐
ters in the size control. When the pH is adjusted between 7.5 and 8 by adding a few drops of
0.1 mol L−1 NaOH solution and the temperature is set at 60°C, monodispersed nanoparticles
can be obtained by varying the amount of tannic acid [15].

In addition, spherical AuNPs can also be synthesized by the reduction in gold salts by sodium
borohydride in the presence of CTAB as surfactant [3–5]. After the appropriated time and
amount of chemicals as reported, AuNPs with different sizes can be obtained in particular
AuNSs-6 and AuNSs-14 samples, respectively. It is important to notice that CTAB has strong
interaction with AuNPs surface. However, we have shown that it is possible to remove it
electrochemically.

Figure 2 shows the TEM and HRTEM images and the corresponding particles size distribu‐
tion of different synthesized spherical NPs. The AuNPs are homogeneous in size and shape.
However, the AuNSs-14 sample is polydispersed in size due to the overgrowth effect of gold
particles during the ageing time of this sample [17]. Characteristically, the average particle
sizes are 4.2 ± 0.7, 6.2 ± 1.2, 10.3 ± 1.4, and 14.7 ± 2.9 nm for AuNSs-4, AuNSs-6, AuNSs-10, and
AuNSs-14, respectively, from the gold solution during the synthesis; AuNSs-10 and AuNSs-4
are spherical AuNPs obtained from the Slot synthesis method with 8 and 12 mL of tannic acid,
respectively.

As can be seen in Figure 2(A–D), the HRTEM images of all AuNSs samples present mostly (1
1 1) facets. In fact, one can consider that the nanoparticles obtained by the Slot method are
mainly decahedron delimited by (1 1 1) facets. The kinetic growth in the {100} direction seems
to be superior to that in the {1 1 1} direction, which promotes the development of (1 1 1) facets.
The measured interplanar spaces for all lattice fringes from high-resolution transmission
electron microscopy images correspond to the values obtained from electron diffraction and
XRD data [18, 19]. As an example, the measured interplanar space of 2.35 Å is in good
agreement with the (1 1 1) lattice plane of face-centered-cubic (fcc) of gold [18, 19]. The surface
energy (γ) associated with different crystallographic facets of fcc metal types is described as

Electrochemical Reactivity at Free and Supported Gold Nanocatalysts Surface
http://dx.doi.org/10.5772/64770

105



follows: γ(1 1 1) < γ(1 0 0) < γ(1 1 0) [20]. This order fully justified from a thermodynamic point
of view the preferential formation of (1 1 1) facets on the surface of seeds. In addition, the (1 0
0) facet is also observed in the AuNSs-14 sample.

Figure 2. Typical TEM, HRTEM micrographs, and corresponding size distribution of spherical AuNPs (A) AuNSs-4,
(B) AuNSs-6, (C) AuNSs-10, and (D) AuNSs-14, (E) AuNRs-E, (F) AuNRs-F, (G) AuNRs-G, (H) AuNCs, and (I)
AuNPoly materials. (A–D) Reprinted and adapted with permission from Ref. [3]; Copyright 2016, John Wiley & Sons,
Inc. (E–G) Reprinted and adapted with permission from Ref. [5]; Copyright © 2013, American Chemical Society. (H–I)
Reprinted and adapted with permission from Ref. [4]; Copyright © 2013, The Author(s).

• Anisotropic gold nanoparticles

Different approaches have been developed to yield anisotropic AuNPs by the wet chemical
method. Among them, the seed-mediated growth was employed to synthesize a wide range
of size and shape controlled nanoparticles [21–23]. The process is generally carried out in two
steps: nucleation followed by the growth step. Both steps may be performed in the same or
separate reactors. In the growth stage of NPs, the reaction conditions for the shape-control‐
led are less severe than those for the seeds preparation. The activation energy for the reduc‐
tion in the metal precursor on a particle already formed is much lower than that required for
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of size and shape controlled nanoparticles [21–23]. The process is generally carried out in two
steps: nucleation followed by the growth step. Both steps may be performed in the same or
separate reactors. In the growth stage of NPs, the reaction conditions for the shape-control‐
led are less severe than those for the seeds preparation. The activation energy for the reduc‐
tion in the metal precursor on a particle already formed is much lower than that required for
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homogeneous nucleation of seeds in the same solution [24]. Therefore, the control of the
morphology can be considered as the process of proliferation of seeds. The growth of particles
is progressively done by the reduction in the metal precursor to the surface of seeds. The metal
atoms formed are deposited onto the surface of the seeds, then diffuse to reach a site where
they will find atoms of low coordination leading to an increase in the particle size. This dynamic
interaction of growth and dissolution conducts the evolution of seeds in nanocrystals. The
general strategy in controlling the shape in the growth of nanoparticles is to stabilize a
particular facet through a molecular interaction by using a surfactant. Chemisorption of a
surfactant has a strong influence on the final shape and structure of the nanoparticle. Actually,
it plays an important role in the growth kinetics of the facets since its adsorption at the surface
of the seeds reduces the surface free energy and promotes the stabilization of the nanocrys‐
tal. Interestingly, surfactant has a preferential affinity with a particular surface orientation,
which can promote interactions between atoms during the growth process [25]. During a
synthesis for example, if the seeds are truncated octahedrons with crystallographic planes (1
1 1) and (1 0 0), the selective adsorption of a surfactant on the planes (1 0 0) will cause the
decrease in the rate of growth of these facets and block their access.

• Case of gold nanorods

A very large number of articles cover the synthesis of gold nanorods (AuNRs) by the seed-
mediated growth [26–28]. The original idea was that surfactants such as cationic micelles could
serve as a template mode to guide the growth and provide colloidal stability [23]. However,
the role of the seeds is also critical. The aspect ratio can be precisely controlled by varying the
amount of seed in the growth solution [26]. Furthermore, the presence of small amounts of
silver nitrate in the synthesis has a dramatic effect on yield, and the final shape of the
particle [29]. Many hypotheses have been advanced to explain the mechanism by which the
Ag(I) ions react and alter the kinetics of growth, structure, and the formation of the AuNRs.
A significant contribution for understanding the roles of the ions Ag(I) and the crystal structure
of the seed was provided by Liu and Guyot-Sionnest [30]. They found that the AuNRs synthesis
yield increases by regulating the pH value of the reaction between 2 and 4 and by increasing
the reaction time from 1 to 2 h. Additionally, it was issued by Jana et al. [23], in the presence
of CTAB, that the bromide anion and Ag(I) precipitate to form AgBr which will adsorb at the
seeds surface during the growth process. When AgBr is adsorbed, the crystal facets are blocked,
and therefore, their growth is restricted. Under acidic pH conditions, the adsorption of Ag(I)
is favored and outweighs the reduction in silver atom [31]. Thereby, the aspect ratio of AuNRs
can be controlled by adjusting the amount of Ag(I) in the growth solution [29, 32]. Sau and
Murphy [33] showed the influence of the amount of seeds on the aspect ratio and the diame‐
ter of AuNRs. Following these observations, Nikoobakht and El-Sayed [29] have proposed that
CTAB forms a flexible template whose size is dependent on its concentration and ionic strength
of the solution. Thus, the Ag(I) ion and the polar heads of CTAB may be considered as pairs
of AgBr. In this way, the charge density of the bromide ions decreases. Therefore, repulsion
between adjacent polar heads on the gold surface leads to the template elongation of CTAB
[29]. Wang [34] showed that CTAB monomers had a higher affinity for the lateral facets which
were particularly favored, compared to the facets at the ends due to the van der Waals

Electrochemical Reactivity at Free and Supported Gold Nanocatalysts Surface
http://dx.doi.org/10.5772/64770

107



interactions between the nonpolar channels tail of CTAB. Unlike the previous mechanism,
Murphy’s group [33, 35] proposed a mechanism whereby a rigid structure of CTAB mono‐
mers helps to maintain a unidirectional growth by "zipping" mechanism. The presence of Ag(I)
ions enables controlling the reduction kinetics of gold salt. Indeed, the adsorption of AgBr on
the surfaces of gold nanocrystals promotes the development of high-energy sides composed
of (1 1 0) facets and allows the growth of monocrystalline rods [30]. According to Liu and
Guyot-Sionnest [30], in the synthesis conditions (acidic media), a silver monolayer can be
deposited onto the lateral (1 1 0) facets driven poisoning of these surfaces. The growth kinetics
of these facets is then slowed down, and the anisotropic growth might not be made from silver
facets. This mechanism is the basis of unidimensional growth of monocrystalline nanocylinder.

Based on the synthesis procedure developed by Murphy’s group [33], AuNRs were pre‐
pared at a constant temperature of 27°C by a modified seed-mediated growth method. The
seed solution was prepared as described in the literature [5]. The AuNRs obtained have an
aspect ratio of 3.3 ± 0.7 for an average length of 33.2 ± 6.0 nm. The AuNRs solution is called
AuNRs-E (Figure 2E).

Based on the seed mediated growth, we have synthesized AuNRs by mixing growth solu‐
tion and NaBH4 in the same reactor [5]. This permits to produce in situ the seeds followed by
the growth of the AuNRs. The obtained AuNRs were named AuNRs-F. The AuNRs-F have an
aspect ratio of 2.54 ± 0.68 for an average length of 14.18 ± 2.93 nm (Figure 2F).

The AuNRs can be also synthesized by one-step method without any use of seeds solution. In
fact, the seeds are generated in situ in the same solution. This method, developed by Tollan et
al. [36], is based on the particular reducing and stabilizing properties of acetylacetone (acac)
and stabilizing properties of CTAB. Thus, in the presence of CTAB, silver ions and at moder‐
ate pH, acac reduces the gold precursor and promotes the growth of nanorods. It is well known
that acac is a good organic diketone chelate ligand [37]. In the presence of gold salt HAuCl4, it
can complex to form a stable chelate Au(III)-acac which can decompose under ambient
conditions to form spherical nanoparticles of variable size (10–40 nm). The kinetics of the
reduction depends on the pH value. It is slower in high pH due to the ease of ligands
transformation into enoles. Under these conditions, the chelates are stable and a smaller
particles size is obtained. In the case of the AuNRs synthesis, chelates Au(III)-acac in a basic
medium that provides enolates may reduce the gold salt. When the pH value is higher than
10, the nucleation is rapid, thereby the formed nuclei will aggregate fast, leading to the
formation of spherical particles. It seems that the seeds generated in situ keeps getting bigger
under the same conditions as those of the seed-mediated growth process in the presence of
CTAB and Ag(I) in AuNRs [36]. The fabricated AuNRs were named AuNRs-G. The AuNRs-
G has an aspect ratio of 4.90 ± 1.06 for an average length of 34.27 ± 7.28 nm (Figure 2G).

Gold nanocuboids (AuNCs) can be synthesized by seed-mediated growth process in the
presence of copper ions. This method is based on the same procedure as for AuNRs-E
preparation, but the Ag(I) cation is replaced by the Cu(II) one. Sun et al. [19] showed that the
formation of AuNCs is related to both preferential (1 1 1) facets poisoning by the cations Cu(II)
and CTAB. Indeed, the presence of these two species affects significantly the surface energy
of the different facets of the crystal due to their preferential adsorption and therefore the
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growth kinetics of the different facets of the crystal. As described in the literature, the seeds
produced in the presence of CTAB have (1 1 1) facets more accessible to the solvent as the (1 0
0) facets appear to have a greater affinity with the CTAB than the (1 1 1) facets [38]. When
introduced into the growth solution, the Cu(II) cations are adsorbed preferentially on the
readily accessible (1 1 1) facets and decrease the kinetics of growth in this direction in
accordance with their concentration. Therefore, nanocuboids and nanodecahedrons are
obtained based on the amount of Cu(II) ions. These authors showed that when the concentra‐
tion of Cu(II) was 0.2 mmol L−1, the copper ions were selectively adsorbed on the (1 1 1) facets
and the kinetics of growth in the (1 1 1) direction is reduced but still remained higher than that
in the (1 0 0) direction, which led to AuNCs. However, when the concentration of Cu(II) ions
increases up to 1.6 mmol L−1, the growth kinetics of the (1 1 1) direction is much slower. The
average particle size is 29 ± 3 nm with mostly (1 0 0) facets at the edges and (1 1 1) facets at the
corners (Figure 2H).

With a procedure similar to that described above, we were able to obtain polyhedrons.
Typically, 12.5 μL of 1.0 × 10−2 mol L−1 silver nitrate and 12.5 μL of 1.0 × 10−2 mol L−1 CuSO4 were
jointly added. Finally, 1.25 μL of the seed solution was added to the growth solution at 25°C.
The combination of silver and copper ions promotes the polyhedrons formation with 37 nm
in size. The average particle size is 36.8 ± 4.9 nm with mostly (1 1 1) facets (Figure 2I).

2.1.2.2. Synthesis of gold nanoparticles supported on carbon substrates

Carbon-supported AuNPs can be synthesized from various bottom-up approaches, includ‐
ing the polyol [39], water-in-oil (w/o) microemulsion [40, 41]. The w/o method has been
initiated by Boutonnet et al. [41] in 1982 when they reported the successful preparation of Pt,
Pd, Rh, and Ir NPs with sizes of 3–5 nm. Then, it has been successfully used to prepare various
metallic nanomaterials such as Au [40] for electrocatalytic tasks. Unfortunately, the nature of
the surfactants (Brij®30, PVP, etc.) and their strong adsorption at the NPs surface constitutes
the main drawback of the w/o and other surfactant-based methods. As the majority of the
methods for synthesizing noble metal NPs involve surfactants, which are undesired for
electrocatalysis application because of their adsorption on catalytic sites, elegant methods for
the direct “printing” of AuNPs onto carbon papers or fibers to be used directly in electroca‐
talysis have been initiated. Figure 3A shows the SEM image of AuNPs embedded in electro‐
spun carbon fibers (CFs) at the metal loading of 26 wt.% [42]. In typical experiment, HAuCl4

is first mixed into preheated N,N-dimethylformamide (DMF) at 70°C, followed by the slow
addition of polyacrylonitrile (PAN, MW = 150,000) and stirred for 3 h. The obtained electro‐
spun felts are stabilized in air at 250°C for 2 h and then carbonized at 1000°C for 1 h under N2.
The resulting sample is composed of pure CFs ~240 nm diameter and Au@CFs ~700 nm. As
displayed in Figure 3A, the gold particle size is heterogeneous from 50 to 250 nm. In addi‐
tion, it was found that 12.2 wt.% of Au particles are located inside the fibers, thus inaccessi‐
ble. Furthermore, the group of Hsin-Tien Chiu has developed several electrodeposition
methods that enable the growth of Au nanostructures on carbon paper: nanoparticles (Figure
3B), nanocorals (Figure 3C), and branched belt (Figure 3D) [43, 44]. The electrodeposition is
achieved by applying a voltage of 1.6–1.8 V for at least 18 h in an aqueous mixture of HAuCl4,
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NaNO3, and cetyltrimethylammonium chloride (CTAC). The surfactant CTAC acts as a
capping agent to reduce the surface energy and controls the growth and shape of nanostruc‐
tures, while NO3

− is expected to increase the conductivity of the solution and oxidize less stable
Au facets back into AuCl4

− [44, 45]. This leads to a high Au amount (>2.5 mg cm−2) [44]. The
electrochemical characterizations combined TEM (Figure 3E) and selected area electron
diffraction (SAED) pattern (Figure 3F) suggested that the surface structure of the nanocorals
resembles that of the branched belt, with highly exposed Au(1 1 0) planes [43]. The presence
of exposed Au(1 1 0) surfaces is known to promote the glucose oxidation [2]. Overall, these
methods allow passing through the intermediate carbon black that leads to NPs detachment
during the reaction. However, it should be noticed that the particles size is relatively high and
the remaining CTAC might limit the accessibility to some active sites.

Notwithstanding these successful demonstrations, carbon paper-based methods remain
questionable since they give high loading of precious metals and larger particles size, which
substantially decrease the effectiveness of the catalyst. On the other side, the retained
molecules at the surface of NPs from chemical methods decrease notably the catalytic
performances of the obtained electrodes due to the inaccessibility of some active sites that are
obviously blocked. Therefore, the exploration of other alternatives to minimize the use of
organic molecules that have an affinity with the NPs surface and decrease the noble metal
content in the catalyst is desired. The so-called bromide anion exchange (BAE) method, a bottom-
up approach, has been initiated since 2012 to meet these requirements by fabricating ad‐
vanced surfactant-free metal NPs for electrochemical energy conversion technologies [46–48].
The main feature of this method lies in its simplicity of implementation by using only
potassium bromide (KBr) as surfactant/capping agent. Halide ions (Cl−, Br−, I−) may serve as
coordination ligands and thus play the role of capping agent for shape and size control of
NPs [49]. In a standard procedure of BAE, Au precursor salt is dissolved in water at 25°C
followed by the addition of KBr. Afterwards, a given amount of carbon black is added under
ultrasonic homogenization for 45 min, followed by the dropwise addition of the reducing
agent. Thereafter, the temperature is raised at 40°C for 2 h. Finally, metal NPs supported on
carbon black are filtered, washed with ultra pure water, and dried in an oven at 40°C for 12 h.
Before the reduction step, the change of the solution color (from a clear yellow to a deep yellow)
can be observed upon the addition of KBr [48]. This change supported by UV-vis measure‐
ments [50] is assigned to the ligand-to-metal charge transfer transition phenomenon in metal
complex ions because of the partial substitution of Cl− by Br−, yielding to [AuCl4−xBrx]−, 0 ≤ x
≤ 4. Br− being bigger than Cl−, a mixed complex ion [AuCl4−xBrx]− is expected to provide more
steric environment than [AuCl4]−. Hence, it could better control the particles size/shape growth
after the reduction. Figure 4A shows the TEM image of Au/C and highlights well-dispersed
3–10 nm AuNPs. The HRTEM image shows an octahedron shape having different degrees,
with crystallographic (1 1 1) and (2 0 0) facets. For supported NPs, the formation of facets (1 1
1) and (1 0 0) is thermodynamically more favorable since the surface energy (γ) associated with
different crystallographic planes is γ(1 1 1) < γ(1 0 0) < γ(1 1 0). Thus, the polyhedron corre‐
sponding to the more stable thermodynamic morphology (Wulff’s theorem) for a nanoparti‐
cle with face-centered cubic crystal symmetry is a truncated octahedron. Furthermore, the
presence of the carbon support undoubtedly influences the final shape. Obtaining high Miller
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indices such as (2 0 0) instead of (1 0 0) suggests that the BAE synthesis method offer favora‐
ble thermodynamic conditions. Figure 4B displays the high-resolution X-ray photoelectron
spectroscopy (XPS) spectrum of the Au 4f core level. The observed doublets are related to spin-
orbit splitting (3 ± 1/2) with binding energies of 83.9 (Au 4f7/2) and 87.6 eV (Au 4f5/2). The
presence of AuOx is indicated by doublets at 85.5 (Au 4f7/2) and 89.1 eV (Au 4f5/2). Energy-
dispersive X-ray (EDX) spectroscopy and X-ray diffraction (XRD) have regardless shown that
the oxide amount is negligible [51]. Indeed, upon exposure to ambient air, a thin protective
layer safeguards the metal surface from deep oxidation. The total metal loading determined
from the thermogravimetric analysis was 21 wt.% on the basis of 20 wt.% and Au/C was
produced with a high synthesis yield greater than 94% [51].

Figure 3. (A) SEM image of AuNPs embedded in electrospun CFs. SEM images of the electrochemically growth Au
nanostructures on carbon paper: (B) nanoparticles, (C) nanocorals, (D) branched belt. (E) TEM micrograph of a
branched belt and its corresponding SAED pattern (E): red circle region shown in (F) and highlighting the superposi‐
tion of two sets of diffraction patterns (blue and the red dotted lines) with [110] zone axis. (A) Reprinted and adapted
with permission from Ref. [42]; Copyright 2016, John Wiley & Sons, Inc. (B) Reprinted and adapted with permission
from Ref. [44]; Copyright 2012, RSC. (C–F) Reprinted and adapted with permission from Ref. [43]; Copyright 2014,
ACS.

Figure 4. AuNPs dispersed on Vulcan XC 72R carbon (20 wt% Au/C, from BAE method). (A) TEM image and (i) inset
the histogram of the nanoparticles size distribution: (ii) overview and (iii) close view that shows HRTEM micrograph
of one nanoparticle ([101] zone axis). (B) High-resolution XPS spectra of the Au 4f core level. Reprinted and adapted
with permission from Ref. [51]; Copyright 2016, John Wiley & Sons, Inc.
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3. Electrochemical characterization of gold nanoparticles surface in
aqueous media

3.1. Cyclic voltammetry in alkaline solution

Among the surface chemistry techniques, cyclic voltammetry is particularly an efficient, size,
and structure sensitive tool in electrochemistry for analyzing and probing the electrode
material surface. Figure 5 displays the typical cyclic voltammograms of the different synthe‐
sized AuNPs electrodes in 0.1 mol L−1 NaOH recorded at 20 mV s−1 and 20°C. As can be seen,
each CV shows three main regions: a large double layer region followed by the adsorption of
hydroxyl OH− species from 0.6 V vs. RHE. Afterwards, the oxidation and reduction regions of
gold oxides can be observed.

During the positive scan, the large capacitive current associated with the double layer region
is typical electrochemical behavior of gold material. This behavior of the gold electrode in the
double layer region as well as the surface oxidation region is structure dependent as evi‐
denced by Kokoh et al. [3, 4] on size and shape controlled gold nanoparticles and Hamelin [52]
on gold single-crystal Au (1 1 1) and Au (1 0 0).

A) B)

Figure 5. Cyclic voltammograms of the: (A) gold bulk and the different spherical AuNPs (AuNSs-4, AuNSs-6,
AuNSs-10, and AuNSs-14); (B) shape controlled AuNPs (AuNSs, AuNRs, AuNCs, and AuNPoly) electrodes in 0.1 mol
L−1 NaOH, recorded at 20 mV s−1 and at controlled temperature of 20°C. (A) Reprinted and adapted with permission
from Ref. [3]; Copyright 2016, John Wiley & Sons, Inc. (B) Reprinted and adapted with permission from Ref. [4]; Copy‐
right © 2013, The Author(s).

At higher potentials than 1.2 V vs. RHE, different oxidation peaks depending on the parti‐
cles shape can be noticed: one oxidation peak is observed for spherical gold nanoparticles at
1.25 V vs. RHE (Figure 5A); two peaks are revealed on the surface of AuNRs and polyhedral
particles at 1.25 V and 1.35 V vs. RHE, respectively (Figure 5B), and one main oxidation peak
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At higher potentials than 1.2 V vs. RHE, different oxidation peaks depending on the parti‐
cles shape can be noticed: one oxidation peak is observed for spherical gold nanoparticles at
1.25 V vs. RHE (Figure 5A); two peaks are revealed on the surface of AuNRs and polyhedral
particles at 1.25 V and 1.35 V vs. RHE, respectively (Figure 5B), and one main oxidation peak
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is observed at 1.25 V followed by shoulder peaks between 1.35 V and 1.50 V vs. RHE for bulk
gold electrode. AuNCs also exhibits two oxidation peaks located at 1.15 V and 1.25 V vs. RHE.
The peak which maximum centered around 1.2 V vs. RHE is typical contribution of (1 1 1)
plans. The nature of the oxides formed depends on the structure of the electrode. Most of the
authors refer to the formation of higher oxides from the following equation (Eq. (1)) [53, 54].

2 3 2Au.H O 3HO Au(OH) H O 3e- -+ ® + + (1)

During the backward potential scan, such oxides are reduced irreversibly from 1.4 to 0.8 V vs.
RHE.

Interestingly, the particle morphology affects the profile of the double layer and oxides
formation regions strongly. Indeed, the increase in size of gold particles diameter from 4 nm
to the bulk leads to a thin double layer and well-defined oxide region on the CVs. Such features
in the change of the CV profile indicate the increase in metallic trend as a function of the particle
size. Additionally, small AuNSs (14.7 ± 2.9 and 6.2 ± 1.2 nm) exhibit high affinity with oxygen
species, which is revealed by the oxygen evolution reaction observed at ca. 1.60 V vs. RHE,
that is, an electrode potential lower than that on the bulk material [3].

3.2. Under-potential deposition of lead adatoms in alkaline solution

The under-potential deposition (UPD) of adatoms on noble metals such as platinum or gold
is also a helpful tool for characterizing the surface structure of electrode materials [55, 56]. In
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However, an increase in the particle size leads to a formation of (1 0 0) facets for the large
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reveal only the low-index facets. Investigations on high-index facets are needed.
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Figure 6. Voltammetric UPD profiles of the different: spherical AuNPs and bulk in 0.1 mol L−1 NaOH + 1 mmol L−1

Pb(NO3)2 recorded at 20 mV s−1 and at controlled temperature of 20°C. Reprinted and adapted with permission from
Ref. [3]; Copyright 2016, John Wiley & Sons, Inc.

4. Glucose electrooxidation on gold-based catalysts

Carbohydrate-based energy converters are emerging as unavoidable powerful, durable,
cheap, and environmentally friendly items. In addition, the selective electrochemical conver‐
sion of these highly functionalized organic molecules (glucose, lactose, etc.) may offer valuable
benefits such as electricity, heat, and added-value chemicals. The total glucose electrooxida‐
tion involves 24 electrons per molecule and enables getting an open circuit voltage of 1.25 V,
which represents a free energy of 2871 kJ mol−1, that is, 4.430 kWh kg−1 [58]. For 2-electron
process, it yields 1.43 V at pH = 13, that is, a specific energy of 0.435 kWh kg−1. Gluconate is a
high added-value product, and its derivatives, such as gluconolactone or sodium and calcium
salts, are used in food, pharmaceutical, and cosmetic industries [59]. The effective develop‐
ment of efficient fuel cells relies on the kinetics of both reactions at the cathode and anode.
Indeed, the anode catalyst must withstand the hard poisoning phenomenon due to strongly
adsorbed intermediates. Up to now, glucose electrooxidation at the anode, or even with the
most active nanocatalyst (Pt), largely occurs with overpotential ≥200 mV. Theoretically, at
pH 13, glucose electrooxidation must start at −0.24 V vs. RHE [51]. Unfortunately, Pt the most
dehydrogenation catalyst is rapidly deactivated. The best compromise relies on gold-based
materials, which play a crucial role in the catalysis of hemiacetal compounds resulting in
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enhanced intrinsic activity and reaction turnover. The capability of gold in oxidizing carbo‐
hydrates can be tuned through its size and morphology during its synthesis. The following
sections focus on the recent efforts that have been devoted for engineering advanced elec‐
trode materials, which can offer a great opportunity of achieving enhanced catalytic perform‐
ances.

4.1. Size effect: case of spherical gold nanoparticles

The assessment of the determining parameters that influence the activity of catalysts is of
paramount interest in electrocatalysis. Figure 7 highlights the effect of the particles size on the
catalytic properties of the unsupported-gold electrode materials for the glucose oxidation in
alkaline solution.

Figure 7. (A) Positive scan of the voltammograms of the gold bulk and the different AuNSs (AuNSs-4, AuNSs-6,
AuNSs-10, and AuNSs-14) electrodes in 0.1 mol L−1 NaOH + 10 mmol L−1 glucose recorded at 20 mV s−1 and at control‐
led temperature of 20°C. Reprinted and adapted with permission from Ref. [3]; Copyright 2016, John Wiley & Sons,
Inc.

On AuNSs-4, the oxidation of glucose begins at ca. 0.35 V vs. RHE followed by three oxida‐
tion peaks. The first one centered at 0.60 V is a broad oxidation peak (peak A) which maxi‐
mum reaches jmax = 2 mA cm−2 and assigned to the dehydrogenation of the anomeric carbon of
glucose in C1-position leading to the formation of gluconolactone as intermediate or final
product [1, 2, 60, 61]. The second peak (B) centered at 1.00 V vs. RHE may correspond to the
oxidation of adsorbed intermediates followed by the main oxidation peak at 1.20 V vs. RHE
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(peak C) as previously observed for other AuNPs, single or polycrystalline gold electrodes [2,
4, 5, 62, 63]. According to the literature, several products such as gluconate or glucuronate can
be resulted in the electrochemical oxidation of the glucose molecule at the Au oxide/hydrox‐
ide species, gluconate being issued from hydrolysis of the lactone in the bulk solution [1, 2, 61,
62, 64]. Nanospheres having average size of 4.2 and 6.2 nm (AuNSs-4 and AuNSs-6) display
similar electroactivities despite the slight difference in size due to the large presence of (1 1 0)
facets for AuNSs-6 compared to AuNSs-4. The effect of the crystallographic structure will
describe in details in the next section.

The current density corresponding to the dehydrogenation process of the glucose molecule
(peak A) is 3.2-, 4.9-, and 11.0-fold higher for AuNSs-4 than those observed for AuNSs-10,
AuNS-20, and the bulk electrode, respectively. Similar comparison shows current densities,
respectively, for the same AuNSs, 2.0-, 2.2-, and 2.1-fold higher than the bulk gold electrode
toward glucose oxidation at peak C.

Based on both the CV results, it can be concluded that the electrocatalytic activities of the
different spherical gold electrodes toward glucose oxidation are size and structure depend‐
ent. The formation of (OH)ads on Au is crucial for the electrochemical oxidation of glucose [60].
Thereby, the oxidation of glucose is assumed to occur through the interaction between the
adsorbed hemiacetal group and (OH)ads. It is generally accepted that the AuOH sites on the
Au surface act as the active species for glucose oxidation [65]. Therefore, the oxidation of
glucose strongly depends on the number of AuOH sites. The first step of the oxidation of
glucose in alkaline media involves the adsorption of glucose on Au surface through the
anomeric carbon leading to the dehydrogenation process via the formation of an adsorbed
radical. This process leads to the formation of gluconolactone [62, 64]. Furthermore, glucono‐
lactone can be hydrolyzed in solution to give sodium gluconate or the gluconolactone
adsorbates can interact with the metal center represented by these AuOH species to give more
than two-electron oxidation products resulting from carbon-carbon bond cleavage [60, 65]. The
second step deals with the oxidation of adsorbed intermediates or gluconolactone with the
adsorbed OH species. Several products can be obtained as indicated in the literature [62].

4.2. Morphology effect

The electrooxidation of glucose has intensively been studied on gold single crystals and gold
nanoparticles in the 1990s [2, 60, 64, 66]. More recently, we have investigated the depend‐
ence of the activity on low-index crystalline surface of AuNPs toward the glucose oxidation
[4, 5]. At this stage of our investigations, electrocatalytic activity of AuNPs is sensitive to their
morphology [2, 67]. It was mentioned that the oxidation of the glucose depends on the surface
structures that determine the adsorbed intermediates [2, 4, 5, 64]. It was concluded that the
glucose oxidative conversion is enhanced according to the crystallographic orientation of the
electrocatalyst as follows: (1 0 0) > (1 1 0) > (1 1 1).

Figure 8 shows the positive potential going profile of different AuNPs recorded during the
glucose oxidation. This reaction begins at ca 0.3 V vs. RHE for all materials followed by the
first oxidation peak, which is associated with the formation of gluconolactone species.
Surprisingly, AuNSs (dot line) and AuNCs (dashed dot line) show high activities for the

Catalytic Application of Nano-Gold Catalysts116



(peak C) as previously observed for other AuNPs, single or polycrystalline gold electrodes [2,
4, 5, 62, 63]. According to the literature, several products such as gluconate or glucuronate can
be resulted in the electrochemical oxidation of the glucose molecule at the Au oxide/hydrox‐
ide species, gluconate being issued from hydrolysis of the lactone in the bulk solution [1, 2, 61,
62, 64]. Nanospheres having average size of 4.2 and 6.2 nm (AuNSs-4 and AuNSs-6) display
similar electroactivities despite the slight difference in size due to the large presence of (1 1 0)
facets for AuNSs-6 compared to AuNSs-4. The effect of the crystallographic structure will
describe in details in the next section.

The current density corresponding to the dehydrogenation process of the glucose molecule
(peak A) is 3.2-, 4.9-, and 11.0-fold higher for AuNSs-4 than those observed for AuNSs-10,
AuNS-20, and the bulk electrode, respectively. Similar comparison shows current densities,
respectively, for the same AuNSs, 2.0-, 2.2-, and 2.1-fold higher than the bulk gold electrode
toward glucose oxidation at peak C.

Based on both the CV results, it can be concluded that the electrocatalytic activities of the
different spherical gold electrodes toward glucose oxidation are size and structure depend‐
ent. The formation of (OH)ads on Au is crucial for the electrochemical oxidation of glucose [60].
Thereby, the oxidation of glucose is assumed to occur through the interaction between the
adsorbed hemiacetal group and (OH)ads. It is generally accepted that the AuOH sites on the
Au surface act as the active species for glucose oxidation [65]. Therefore, the oxidation of
glucose strongly depends on the number of AuOH sites. The first step of the oxidation of
glucose in alkaline media involves the adsorption of glucose on Au surface through the
anomeric carbon leading to the dehydrogenation process via the formation of an adsorbed
radical. This process leads to the formation of gluconolactone [62, 64]. Furthermore, glucono‐
lactone can be hydrolyzed in solution to give sodium gluconate or the gluconolactone
adsorbates can interact with the metal center represented by these AuOH species to give more
than two-electron oxidation products resulting from carbon-carbon bond cleavage [60, 65]. The
second step deals with the oxidation of adsorbed intermediates or gluconolactone with the
adsorbed OH species. Several products can be obtained as indicated in the literature [62].

4.2. Morphology effect

The electrooxidation of glucose has intensively been studied on gold single crystals and gold
nanoparticles in the 1990s [2, 60, 64, 66]. More recently, we have investigated the depend‐
ence of the activity on low-index crystalline surface of AuNPs toward the glucose oxidation
[4, 5]. At this stage of our investigations, electrocatalytic activity of AuNPs is sensitive to their
morphology [2, 67]. It was mentioned that the oxidation of the glucose depends on the surface
structures that determine the adsorbed intermediates [2, 4, 5, 64]. It was concluded that the
glucose oxidative conversion is enhanced according to the crystallographic orientation of the
electrocatalyst as follows: (1 0 0) > (1 1 0) > (1 1 1).

Figure 8 shows the positive potential going profile of different AuNPs recorded during the
glucose oxidation. This reaction begins at ca 0.3 V vs. RHE for all materials followed by the
first oxidation peak, which is associated with the formation of gluconolactone species.
Surprisingly, AuNSs (dot line) and AuNCs (dashed dot line) show high activities for the

Catalytic Application of Nano-Gold Catalysts116

oxidation of glucose. This sharp oxidation peak appears at 0.54 V vs. RHE for AuNCs, 100 mV
lower than for AuNSs. Afterwards, the oxidation covers a large potential range from 0.8 to 1.3
V vs. RHE. AuNRs (solid line) and AuNPolys (dashed line) show an overlap shoulder followed
by a maximum oxidation peak at 1.3 V vs. RHE. However, this peak is observed at 1.2 V vs.
RHE for AuNSs and AuNCs. The high current density observed for AuNSs can be related to
their small size (around 6 ± 2 nm) and their electronic surface structure. The catalytic effect on
AuNCs depends on their structure, that is, the number of sites of low coordination. AuNCs
exhibit the mean (1 0 0) and (1 1 0) facets that promote dehydrogenation of the molecule of
glucose at low potential (0.54 V vs. RHE) compared to the other nanostructured materials.
These facets are the most favorable for this reaction [64]. According to theoretical model
developed by Hammer and Nørskov [68], and Bell et al. [69], the d-band of the orbital plays
an essential role in the adsorption of reactants and intermediates on metal surfaces. As
suggested, the d-orbital occupancy reflects the number of electrons available to participate in
bonding between the metal center and the adsorbate. However, all these explanations do not
elucidate the similar activity between the AuNSs and AuNCs whose surface structures are
theoretically different. Consequently, more investigations combining different techniques are
certainly required.

A) B)

Figure 8. Positive scan of voltammograms of the different AuNPs: (A) AuNRs-E, AuNRs-F, and AuNRs-G; (B)
AuNSs-6, AuNRs-E, AuNCs, and AuNPoly electrodes in 0.1 mol L−1 NaOH + 10 mmol L−1 glucose recorded at 20 mV s
−1 and at controlled temperature of 20°C. (A) Reprinted and adapted with permission from Ref. [3]; Copyright 2016,
John Wiley & Sons, Inc. (B) Reprinted and adapted with permission from Ref. [4]; Copyright © 2013, The Author(s).

4.3. Support effect: performances of carbon supported gold nanoparticles

The direct immobilization of metal NPs onto carbon-based substrates induces a high improve‐
ment in their catalytic performances, assigned to better interaction between NPs and the

Electrochemical Reactivity at Free and Supported Gold Nanocatalysts Surface
http://dx.doi.org/10.5772/64770

117



support [70, 71]. In addition, a support is needed to boost the current in real application such
FCs. Free NPs in solution are used to find out the intrinsic activity of the catalysts, especially
the structure sensitivity [70]. Thus, single crystals and shape-controlled NPs constitute
cornerstones for the fundamental understanding of the catalytic activity and carbon-support‐
ed NPs serve as subgrades for practical use. The electrochemical behavior of different carbon-
based Au electrodes is shown in Figure 9 in the absence and presence of glucose in alkaline
medium. Considering the supporting electrolyte, there is no obvious evidence of Au in the
case of Au@CFs despite the loading of 26 wt.% (Figure 9A). Contrariwise, two major fea‐
tures during the positive scan (A′: metal oxidation) and the negative scan (C′: oxide reduc‐
tion) typify gold at Au nanocorals (Figure 9B) and Au/C (Figure 9C) electrodes. However, all
electrodes show activity toward glucose electrooxidation, marked by several peaks during the
forward (glucose dehydrogenation, oxidation) and only one main peak in backward. The
reaction starts at ca. −0.5, −0.4, and −0.6 V vs. Ag|AgCl (at pH 13, Ag|AgCl|KClsat = +0.96 V
vs. RHE) on Au@CFs, Au nanocorals and Au/C, respectively. Otherwise, Au/C shows
improved kinetics with ca. 100 mV shift toward lower potentials, which is auspicious for
application as anode material. Furthermore, the coincidence of the peak labeled by “C1” in
Figure 9C during the negative scan with the gold oxides reduction one indicates that the main
phenomenon concerns the oxidation of new glucose molecules at the freshly released Au active
sites. By taking into account Au content and the electrolyte composition (see caption), Au/C
exhibits the best performance. Indeed, the Au nanocoral electrode has 35-fold higher Au
content than Au/C. Furthermore, among the nanostructures obtained by the electrodeposi‐
tion (see Figure 3), Au nanocorals exhibit the best electrocatalytic activity that is 1.54- and 2.2-
fold higher than AuNPs and the sputtered Au film electrodes, respectively [44]. This has been
ascribed to its structure, especially the presence of Au(1 1 0) facets [43, 44].

To better evaluate the ability of these electrodes, some direct glucose fuel cell (DGFC) tests
have been performed. Figure 10A and B displays the DGFC performances using the electro‐
chemically grown Au nanostructures on carbon paper as anode materials [44]. The open-circuit
voltage (OCV) is 0.45, 0.61, and 0.64 V for sputtered film, nanoparticles, and nanocorals,
respectively. The achieved maximum output power density (Pmax) is 0.12, 0.34, and 0.85 mW
cm−2 for the same sequence. This tendency, in agreement with the CV data, can be explained
by the high surface area of Au nanocorals electrode and definitely, its structure that may better
facilitate the diffusion of the species. This is supported by AuNPs electrode where the ohmic
drop (IR) is more significant than its Au nanocorals counterpart with similar OCV. Among the
three electrodes, the sputtered film is certainly the densest, which explained the inaccessibil‐
ity to some actives sites and hard mass transport phenomenon. Figure 10C presents the DGFC
performances at different concentrations of glucose using Au/C synthesized from the BAE
method as anode material [51]. The OCV is quite similar, 0.90V (±20 mV); Pmax = 0.86 (0.1 M),
1.43 (0.2 M), 2.02 (0.3 M), and 1.52 mW cm−2 (0.4 M). The achieved Pmax value of 2.02 mW cm−2

for 0.3 M glucose with 0.18 mgAu cm−2 at 25°C surpasses (> two-fold) the reported data, for
example, 1.08 mW cm−2 (1.2 mgPtRu cm−2) [72], 0.52 mW cm−2 (0.45 mgAuPtPd cm−2) [73], and 1.1
mW cm−2 (0.6 mgAu cm−2) [74]. In addition, it outperforms the previous results from the
electrodeposition method [44]. Importantly, a record OCV of 1.1 V has been reached in 0.5 M
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NaOH using Au/C from BAE as anode [51]. In conclusion, the BAE method foreshadows good
prospects for the development of efficient anode materials.

Figure 9. CVs recorded at 50 mV s−1 for evaluating the electrocatalytic activity of different Au-based electrodes. (A)
AuNPs embedded in electrospun CFs (0.1 mol L−1 KOH, 10 mmol L−1 glucose, Au content = 26 wt.%). (B) Electrochemi‐
cally grown Au nanocorals on carbon paper (0.5 mol L−1 KOH, 3 mmol L−1 glucose, Au loading = 2743 μg cm−2). (C)
AuNPs dispersed on Vulcan XC 72R carbon (20 wt.% Au/C, from BAE method) and then deposited onto a glassy car‐
bon electrode (0.1 mol L−1 NaOH, 10 mmol L−1 glucose, Au loading = 78 μg cm−2). (A) Reprinted and adapted with
permission from Ref. [42]; Copyright 2016, John Wiley & Sons, Inc. (B) Reprinted and adapted with permission from
Ref. [44]; Copyright 2012, RSC. (C) Reprinted and adapted with permission from Ref. [51]; Copyright 2016, John Wiley
& Sons, Inc.

Figure 10. (A and B) Plots of direct glucose fuel cell performances in terms of (A) Cell voltage and (B) power density,
from the electrochemically grown Au nanostructures on carbon paper as anode (electrode of 1 cm2, Au loading = ~2.7
mg cm−2; deaerated solution of 0.5 M KOH + 0.3 M glucose) and Pt cathode (metal loading not available, O2-saturated
0.5 M KOH solution). (C) Direct glucose fuel cell polarization curves for different concentrations of glucose: cell volt‐
age (left Y-axis) and power density (right Y-axis) from Au/C synthesized from the BAE method as anode (electrode of
2 cm2, Au loading = 0.18 mg cm−2; deaerated solution of 0.5 M KOH + glucose). Pt synthesized from the BAE method
was used as cathode (electrode of 2 cm2, Pt loading = 0.17 mg cm−2; O2-saturated 0.5 KOH). (A, B) Reprinted and adapt‐
ed with permission from Ref. [44]; Copyright 2012, RSC. (C) Reprinted and adapted with permission from Ref. [51];
Copyright 2016, John Wiley & Sons, Inc.

5. Reaction intermediates/products from glucose electrooxidation

5.1. Spectroelectrochemical investigations on AuNPs

Coupling electrochemistry to spectroscopy enables better understanding of the challenging
anodic reaction. Mostly, in situ spectroelectrochemical experiments consist of coupling either
cyclic voltammetry to FTIRS (CV-FTIRS or SPAIRS) or chronoamperometry to FTIRS (CA-
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FTIRS) [47]. For the mechanistic purpose, the in situ FTIRS in its Single Potential Alteration
Infrared Reflectance (SPAIR) variant was undertaken to study the glucose electrooxidation on
gold nanoparticles in alkaline medium [3, 47, 75]. This study enables the identification of
adsorbed reaction intermediates and/or the final products. Figure 11 shows the SPAIR spectra
obtained for spherical gold catalysts during the glucose electrooxidation reaction.

Figure 11. SPAIR spectra recorded in 0.1 mol L−1 NaOH electrolyte containing 10 mmol L−1 of D-(+)-glucose at 1 mV s−1

on AuNSs-4, AuNSs-6, AuNSs-10, and AuNSs-14 electrocatalysts in the potential domain 0.05–1.6 V vs. RHE. Reprint‐
ed and adapted with permission from Ref. [3]; Copyright 2016, John Wiley & Sons, Inc.

From the SPAIRS spectra, the presence of gluconate is revealed by the three down-going
vibration bands at 1350, 1416, and ca. 1575 cm−1 [3] corresponding, respectively, to CH2

deformation, O─C─O symmetric, and asymmetric stretchings of this compound. The band
at 1732 cm−1 together with the small band at ca. 1385 cm−1 is assigned to the C═O stretching
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and CH2 deformation δ(CH2) vibration modes of δ-gluconolactone [61, 76]. In addition, the
formation of gluconate occurs on the full range of potential, that is, from ca. 0.2 to 1.6 V vs.
RHE as well as during the backward potential scan. Furthermore, the presence of the adsor‐
bed reaction intermediate (δ-gluconolactone) on the electrode surface was confirmed by a
slight downshift of the ν(C═O) band to lower wave numbers. δ-Gluconolactone is the primary
reaction product of the glucose oxidation. After it desorption from the electrode surface, the
lactone diffuses into solution and its cyclic structure becomes carboxylate anion after its
electrolysis. The main product after this process is the gluconate. Finally, the feature vibra‐
tion band of oxalate was identified through a sharp band at 1308 cm−1 which indicated a C─C
bond cleavage of gluconate, as already reported [77]. Therefore, AuNSs electrode materials
prepared herein are the best to convert glucose into gluconate via its corresponding δ-lactone
in alkaline medium; the further dissociative adsorption of this main product at the electrode
surface results in a C─C bond cleavage of the initial six-carbon molecule skeleton.

5.2. (Electro)Analytical investigations

Organic chemistry that consists of breaking and coupling various chemical bonds, for example,
C─C, C─H, C─N, C─O, etc., enables the total synthesis of wide range of organic mole‐
cules and indirectly involves electron-transfer-driven reactions. Thus, electrochemical
methods could serve as straightforward and powerful routes that could inspire the develop‐
ment of numerous elegant approaches to produce chemicals from C─C coupling reactions,
functional-group interconversion, and installation of heteroatom moieties [78, 79]. Other‐
wise, organic electrosynthesis replaces toxic or hazardous reagents, avoids large quantities of
stoichiometric oxidants and reductive reagents, and can be used for the in situ production of
unstable and hazardous reagents [80]. Consequently, the waste originating from the re‐
agents used is almost negligible since only an unconsumed and recyclable electrode material
and electrical current serve as reagents. Thus, electrochemistry complies with all the criteria
of “green chemistry” [79, 80]. One of the keys of the major gate leading to such break‐
throughs is the electrode material that must exhibit high selectivity. Metal nanomaterials from
BAE method have been used as electrodes for the electrochemical conversion of carbohy‐
drates using glucose, galactose, and lactose as models [51].

The high-performance liquid ionic chromatographic (HPLIC) analysis of the sample after
electrolysis at Au/C (BAE method) is depicted in Figure 12A and highlights the presence of
two unresolved peaks at tR = 5.5 and 6.1 min, assigned to gluconate. Importantly, the combi‐
nation of in situ FTIRS and HPLIC unambiguously state that C─C bond cleavage does not
occur, which highlights the high selectivity of the electrode material [51]. The inset shows the
time-dependent experimental number of electrons (nexp) and subsequently the experimental
Faradaic yield (τF). After 7.5 h of electrolysis, nexp = 2.05 and τF = 102%. It was demonstrated
that the catalyst efficiency was nearly 90% [51], which illustrates the excellent capability of Au/
C to overcome the deactivation phenomena and oxidize selectively most of the carbohy‐
drates at the C1-position in two-electron process. To validate previous results, analytical
determination of the reaction products by liquid chromatography coupled with mass
spectrometry (LC-MS) was performed. Figure 12B shows the spectrum of the sample from
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glucose electrolysis and after resin exchange (H+-exchange) neutralization followed by
lyophilization to generate the acid form of the reaction products. It displays a major peak at
m/z = 195 that belongs to the pseudo-molecular ions (M−H)− of gluconic acid, whereas those
at m/z = 129 and 391 are attributed to the fragmentation and simple dimerization processes.
The 13C NMR spectrum of the sample is displayed in Figure 12C. The 13C chemical shifts of
95.9 and 92 ppm are assigned to the carbon at C1-position of the β-glucose and α-glucose
(unreacted) and those at 176.9, 175.8, and 173.6 ppm as attributed to C1-position of gluconic
acid, γ-gluconolactone and δ-gluconolactone [51]. More importantly, the spectrum of the
lyophilized gluconic acid solution (commercial) and that of gluconate (commercial) after H+-
exchange and lyophilization are identical to the electrolysis sample. Consequently, the
electrooxidation of carbohydrates at this Au/C concerns exclusively the carbon at C1-posi‐
tion and involves two electrons, thus underpinning the conclusion that the electrocatalysis can
be used to oxidize selectively carbohydrates. This fundamental understanding of glucose
oxidation taken as model can enable an efficient design of high-output-power co-generation
devices for the energy and chemicals production from selective oxidation of the anomeric
carbon of glucose and its related carbohydrates without any restrictive function protection.

Figure 12. (Electro)Analytical investigations of the reaction products from the electrolysis in 0.1 M NaOH at 0.8 V vs.
RHE using an electrode composed of 20 wt.% Au/C nanocatalyst synthesized from the BAE method. (A) HPLIC chro‐
matograms from the electrolysis of 20 mM glucose: the inset shows the experimental exchanged number of electrons
(left Y-axis, black) and experimental Faradaic yield (right Y-axis, blue) based on the electrolysis of 50 mM glucose. (B)
LC-MS-negative ionization mass spectrum (M-1) of the product. (C) 13C NMR spectrum from the electrolysis of 20 mM
glucose. Reprinted and adapted with permission from Ref. [51]; Copyright 2016, John Wiley & Sons, Inc.

6. Concluding remarks

Wet chemical methods are most versatile and highly flexible to synthesize size and shape
controlled gold nanoparticles. From a fundamental point of view, the growth kinetic of
nanomaterials constitutes a very important field of study in the understanding and design‐
ing of catalysts. This chapter explained nanocrystals growth. It also shows the main role of
such studies in the development of new synthesis routes. The dependence of diameter and the
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form of the size distribution in the reaction-limited regime were well demonstrated. It is
observed that the growth of nanocrystals can be controlled either by diffusion or by the reaction
at the surface.

Such size control processes enable the synthesis of nanoparticles with good size distribution
and well-defined surface structure allowing electrocatalytic reactions with good reactivity and
selectivity. Transmission electron microscopy images and the electrochemical characteriza‐
tion through the sensitive method of UPD of lead allowed to analyze extensively the surface
orientation of different gold nanomaterials. It was found that the as-prepared gold nanoma‐
terials are structurally composed of (1 1 1), (1 1 0), and (1 0 0) index facets.

The electrocatalytic activity of different AuNPs was elucidated. It was shown that AuNPs
exhibited high electrochemical activity toward glucose oxidation in alkaline medium. The
correlation of the physical/electrochemical characterizations leads to show that the glucose
electrooxidation is a size, shape, and crystallographic structure sensitive reaction. Small
spherical gold with mean diameter of 4.2 nm shows higher performance to this reaction than
counterparts. The small particles induced an increase in surface electronic effect, which
enhanced the catalytic activity. In contrast, (1 0 0) facet appeared as the more active facet by
improving the catalytic activity of the materials.

The main reaction product of the glucose electrooxidation was identified by in situ infrared
spectroscopy. It revealed that the adsorption of the reactant started by dehydrogenation of the
molecule to δ-gluconolactone. Further analytical investigations with ex situ techniques such as
LC-MS and NMR permitted to assess gluconic acid as the main reaction product..
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