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1. INTRODUCTION

Metallic nanoparticles, especially those of Au (and to
some extent those of Ag, Cu, and others) exhibit remark-
able catalytic properties usually attributed to their high
surface-to-volume ratio. Au nanoparticles or “nanogold”
have been reported to promote a variety of catalytic reac-
tions, including oxidation reactions, notably even under
ambient conditions [1, 2]. These observations have given
risc to great anxiety and excitement and to a new awaken-
ing since bulk Au has been conventionally considered and
proved to be inactive for catalysis, due to various reasons,
including its high value of ionization potential. The reasons
for this observed unusual reactivity of gold nanoparticles
have been postulated and these aspects have given rise to
a branch of science called “Au catalysis,” as revealed from
the numerous publications in this area in recent times. Sev-
eral reviews have appeared in the literature, focusing on the
importance of Au nanoparticles in catalysis [3-11]. There are
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various reasons for this interest in catalysis via Au nanopar-
ticles, including the possibility of its relevance to fuel cell
applications—especially, how does an inactive metal like Au
become active in the nanostate and how does it promote
the selective oxidation of CO in the presence of H,, a reac-
tion of relevance for the development of energy conversion
devices such as fuel cells. The central theme in these stud-
1es is to establish that Au clusters of specific sizes (say, <33
atoms or in the range of a few nanometers in diameter) and
shapes alone are active for observed catalytic activity, more
so for the low-temperature oxidation of CO.

The necessity of additives and promoters tends to keep
the particle sizes of these clusters, in addition to acting as
supports for the effective dispersion of the active phase. In
this capacity, the additives have other roles, such as exposing
the active component, increasing the reactive surface, and
geometrically generating and sustaining the so-called “active
sites,” in addition to acting as a heat sink. These aspects have
been emphasized in various publications in the literature.
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2. WHY GOLD NANOPARTICLES?

11 known in eatalvsis, ever sinee the specificity in ammonia
synthesis on Fe111) sonrfaces was shown to be neatly 600x
as active as on other low index plancs, namely (100) and
(110), that there can he some specificity of the surface planes
cxposed in catalysis. This has also been manifested in the
tormulation of demanding and facile reactions, or structurc-
swensitive and  structure-insensitive  reactions,  respectively,
a concept that has been routinely used in this ficld to clas-
sify reactions [15, 16] in the past 3 to 4 decades. In fact,
almost all known catalytic reactions have been classified
under strocture-sensitive or Structure-insensitive categorics.
Therefore, it is not surprising that Au nanoparticles exhibit
size and shape specificity in catalysis. 1f this is so, why are
we 80 concerned with the shape and size specificity of Au
for catalysis if this were to be a natural and possibly univer-
sal consequence of any catalytic system? At this time, these
kinds of philosophical questions have not yet been addressed
extensively, but the focus has been to the exploitation of
gold nanoparticles for a varicty of reactions and one sim-
ple compilation [15-39] of the reactions catalyzed by gold
nanaparticles is given in Table 1. The reaction types include
oxidation [15-28, 37, 38], reduction [21, 29, 30] of organic
substrates and CO, hydrochlorination 31, 32], esterification
[35, 36]. finc chemical synthesis [30], and hydrogenation [39].

From a density functional theory (DFT) study of the clus-
ters of Au, Sankaran and Viswanathan [40] postulated that,
in the case of Au, only particular sizes of its nanoparti-
cles possess spatial orientation and symmetrically allowed
orbitals and thus the corresponding eigenvalues that are
appropriate for interaction with the incoming adsorbate
molecules that undergo transformations on the surface. For
other sizes of nanoparticles the frontier wave functions have
predominant character and hence there are no spatial orien-
tations or eigenvalues that would facilitate the transforma-
tion of the former clusters. Due to these spatially oriented
cigenfunctions, the Au clusters interacted with the support
and the reactant system exhibit altered activity. The authors
argued that only certain sizes of clusters have wave functions
suitable for interaction with the substrate molecules. In this

Table 1. Typical reactions catalyzed by Au nanoparticles.

S. No. Reaction Refs.
1 Alcohol oxidation [15-17]
2 Omdation of glucose and hexoses [18-21]
3 Oxidation of CO [22-24]
4 Oxdation of glyeerol [25, 26)
5 Oxdation of styrene, ethylbenzene, [27, 28]
allylic oxidation
6 Reduction of nitrophenols (21, 29, 30]
7 Hydio-chlorination of ethylene (31, 32]
r Hydrogenation of alkyne [33)
9 Gluconic aad from glucose [34]
10 Methyl glycolate from cthylene glycol |35)
11 Vinyl scetate monomer {rom |36]
ethylene, accuc aod, and oxygen
12 CO elecuro-oxidation 137)
13 Fine chemical synthesis [30]
14 Oudasuon of propylene 1o propylene onde |38)
15 Alkene and arene hydiogenation [39)

Catalysis by Metallic Nanoparticles: §h

:\“t f'll'l".h‘r

é

Ane Cluster

Ang Cluster

b

Pe and Size ¢
: }“l"fnﬂ,_.
")

4

Any Clogtey

Aug Claster

Any Cluster

o

Aug Cluster  Amyg Clugge,

&

Aujg Cluster  Aup; Cluster

Figure 1. The frontier wavefunction contours for varigyg Au g
ters (Au),, where n = 2-12. Reproduced with permission oo [u.r..
M. Sankaran and B. Viswanathan, Bull Catal. Soc. [y *‘zl.
(2006). © 2006, Bulletin of Catalysis Society of India by Catajyg;g &1;;5
of India.

connection they quote (Au), system as one of the
clusters. A similar conclusion was also drawn by Pyjjg, i:
his presentation [41]. The data generated by Sankarg,
Viswanathan [40] on the nature of frontier wave fuﬂuinm
of the clusters of varying sizes are reproduced in Figur |

A more comprehensive study has been publisheg

Visikovskiy et al. [17], with clusters varying in size, cop.
taining number of Au atoms n, in the range 11 <, .
1600. They showed that the d-band parameters as wel| g
the binding energy of Au 4f core levels undergo dras.
tic changes for 2.6-nm-diameter nanoparticlesor n, < 150
atoms. The smaller number of wave functions of valence
electrons undergo effective hybridization (like in molecular
systems) and hence results in narrowing the d-band width.
These effects can be reflected in the shift of the d-band
center with respect to the Fermi level (the concept of the
position of d-band center has some consequence in catal
ysis and has been recognized in earlier literature). Even
though the authors recognize certain limitations in their cal-
culations of the parameters, they believe that the results
provide “prominent insight into dramatic changes of the d
band parameters of gold nanoclusters,” and that the d-band
parameters like the width and the spin—orbit splitting posst
bly scale almost linearly with the average coordination num-
ber of the clusters.

Other DFT calculations by Fenger et al. [42] have shown
that adsorption of the molecule to the Au cluster is accon”
panied by a significant charge transfer from the surface ¥
the N atom of the reactant nitrophenol molecule 0f “"
reduction to aminophenol, It may be presumed that the m’f:.
sage from this study is that Au clusters possibly behave “,‘;;ru';
like molecular systems rather than like bulk syrfufc:.. o
point has not yet come out explicitly in the 1““'““ff.n:m
one can hope that this will be the destination of the [?1?:111 o
efforts. Lin ¢t al. [18] have also examined the H-‘dﬂ‘*m alu-
f-nitrophenol with NaBH, on Au clusters supporte L talytic
mina (Al,0,). Their main contention is that the ¢

ke i
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Table 2. Au nanoparticle size and the corresponding turnover fre-

quency for the 4-nitrophenol reduction (reaction time is fixed at 60 s),
Particle size of the Au Turnover frequency
nanoparticle [nm] Conversion | %] [mol g 's ')
1.7 73.0 1.83 x 10?
34 82.5 2.06 % 102
5.7 713 1.78 x 102
8.2 62.3 1.56 x 10°°

Source: Reproduced and adopted from [18], C. Lin et al., Molecules 18, 12609
(2013). Permission not required due to open access policy of the publisher,

activity depended on the size of the Au nanoparticle, the
activity being highest when the average size of the cluster is
~ 3.4 nm. The essence of their results is given in Table 2.
. In another detailed study, Landman et al., have claimed ;
in a combined experimental and first-principles quantum- t )4 o 7 e
mechanical calculations and simulation formulation of the
detailed mechanism, that the barrier for the various steps,
especially for the interaction of adsorbed CO and adsorbed
L oxygen and that for the desorption of product CO, are con-
siderably reduced for a 20-atom Au cluster on MgO surface.
Alves et al. [44] have considered the activation and dissoci-

4,_{1-&{'!134.”}['“’ Meae= i pMmE
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Figure 2. Dependence of reactivity for scaling and nonscaling regions
of particle size. Only one particular type of gradient change is shown,
but the gradient changes can have both types of slopes. The trend can
be either upward or downward as particle size increases.

ation of molecular O, on Au nanoparticles of size ~1 nm.
They have shown that surface Au oxidation is energetically
favorable when the nanoparticle size is ~ 1 nm. It therefore
appears that cluster size, cluster support interaction, defects
in support, charge state of the cluster, the dimensionality of
the active cluster, and other parameters are responsible for
the reactivity of the cluster. This aspect has been repeatedly
emphasized in the literature.

3. CATALYSIS BY GOLD NANOPARTICLES

It is generally believed that catalytic reactions experience a
reduced energy barrier route for transformations and these
alternate routes in the potential energy surfaces could have
arisen due to the nanostate of the catalytic particles. The
reactivity of the nanostate has been realized for at least a
century in practical systems although it might have been
known for many centuries as a feature in living beings. This
realization has not been explicitly stated in the literature of
that period even though it has been in the minds of cat-
alyst scientists all through, since they did not have direct
experimental proof for want of the appropriate resolution
with the microscopes available then. This situation has given

rise to many issues in the minds of the interested readers.
They are

* If shape and size have been identified as responsible for
the observed selectivity in catalysis and if this is already
known, then why is this important for catalysis for Au
nanoparticles?

Small nanoparticles of metals such as Au bind strongly
Lo supports such as TiO, and FeO, which are generally
observed to be more effective in making Au nanopar-
ticles active in catalysis than supports such as MgO.
What is the specific reason for this observation? [45]
The thermodynamic stability of adsorbed intermediates
for catalytic reactions can either increase or decrease
with decreasing metal nanoparticle size below 8 nm,

depending on the reactant system. What is the reason
for this limit of 8 nm?

» There is a scaling region above which particle size is lin-
early related to reactivity. There is also a certain range
where scaling is not obeyed at all. The reasons for these
two regions of reactivity have not been explicitly known
although they have been identified, as shown in the
hypothetical plot in Figure 2.

* The reaction to insert O, into the Au-H bond of
adsorbed H on the Au (111) surface to make AuOOH
(0, ,+H,y = OOH,,) is exothermic by — 80 kJ mol™".
This adsorbed hydroperoxyl species is thought to be a
key intermediate in selective oxidation reactions over
Au nanoparticle catalysts, but its production by this
reaction may also provide a route for O, evolution in
possible electrochemical cells.
Au nanoparticles appear to exhibit strong interactions
with the support and hence their reactivity in the sup-
ported state is noticeably different from that of the
unsupported state. This has been repeatedly observed
and recorded in the literature, but deserves much more
attention for its significance. See the second point in
this list for specific cases.
There are variety of other aspects of Au nanoparticles
that deserve attention, such as plasmon resonance and
its dependence on the size and shape of nanoparticles.
These aspects will not be considered in this presenta-
tion except to quote some essential points from the lit-
erature for reference. Haiss et al. [19] have shown that
the peak position of plasmon resonance is a function
of particle size (see Fig. 3) and also the linear depen-
dence of the absorption ratio (A g,/ Aes) as a function
of the logarithm of particle size (see Fig. 4) [24].

Although this type of straightforward relationships of the
behaviour of Au nanoparticles with particle size have been
indicated in some of the published literature, it should be
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* Docs the support partially cover the nanoparticles and
thereby stabilize the hemispherical geometry of the
nanoparticle?

* Doces the interaction between the support and the
active phase induce the generation and sustaining of
the new or otherwise active sites that are responsible
for the obscrved catalytic activity?

* The support/manoparticle interface may give rise 1o
specific active sites that may facilitate some catalytic
rcactions, for example i the oxidation reactions; these
interface sites may facilitate the oxygen relcase involved
in the partial oxidation reaction. This aspect has not so
far been addressed adequately in the literature.

* The interface sites between the support and the
active nanoparticle can facilitate the activation of
the substrate molecule. It is also possible that the
transformation or required rearrangement in the reac-
tant molecule (the so-called intermediates or activated
state) may be formed on these interface sites in a facile
manner.

* Although the nature of the support (e.g., oxides, car-
bides, nitrides) has always been considered, no consen-
sus view has emerged on whether the surface group’s
functionality or the bulk electronic behavior is respon-
sible for the support-metal interaction in these sys-
tems. Cuenya [21] has expressed this concern by stating
that “by now one cannot simply neglect nanoparticle
support interaction especially when a thorough under-
standing of the origin of the catalytic reactivity of the
supported nanoparticles is desired.”

Landman et al. [43] have considered the oxidation of CO
on Au in the nonscalable regime and concluded the fac-
tors responsible for the altered activity are “the role of the
metal oxide support and the defects in them, the charge
state of the cluster, structural functionality of the cluster,
electronic size effects the chemical reactivity of the metal
clusters adsorbed on the support.” It is therefore necessary
to assume that not one single factor appears to be respon-
sible for the altered activity of Au nanoparticles. It is pos-
sible that the presently available information restricts one
from outlining the one single reason for this altered activity
of Au nanoparticles. Turner et al. [22] have reported that
nanoparticles of Au with sizes <2 nm (or a cluster of 55
atoms) alone are active for the selective oxidation of styrene
with O,, which has been attributed to the altered electronic
structure intrinsic to small nanoparticles.

3.2. Insights Into Catalysis by
Gold Nanoparticles

The search for reactivity differences with cluster size of Au
nanoparticles has not yet led to a fixed value or even a nar-
row range of values at which the reactivity shows a max-
imum. Choudhary and Goodman [8] showed that cluster
sizes in the range of 3-4 nm exhibit maximum activity for
CO oxidation. Fenger et al. [42] have shown that particles
sizes in the range of 10-15 nm exhibit highest rates for boro-
hydride reduction of p-nitophenol to p-aminophenol. Geng
and Lu [47] showed that Au nanoparticles of sizes 2-6 nm
were more active than large-sized particles (12-41 nm) for
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Figure 5. Local density of states projected on the orbitals of CO, O,,
and Aug together with that of free CO, to indicate how these clusters
are specific in activating the wave functions of the reactant molecule.

the oxidation of CO in alkaline medium. Landman et al.
[43] have considered reactivity differences between variously
sized nanoparticles from the correlation diagram of local
density of states (LDoS) and showed that the wave functions
of Au, (narrow d-band) cluster give rise to weak binding
with oxygen on top mode due to lack of overlap between
d-states of the cluster and molecular states of oxygen. Their
results are shown in Figure 5.

It can be seen from this figure how the frontier orbitals
of CO, i.e., 50, 17, and 27, are perturbed on adsorption
onto Au (Aug) cluster, and the oxygen also is capable of
interacting with the same cluster, which is shown in the
right side of the figure. Goodman [25] has carried out sur-
face science studies on model systems to understand the
enhanced catalytic activities of nanosized metal clusters. He
has observed a correlation between cluster size, morphol-
ogy, and electronic properties with catalytic activity. Ringe
et al. [20] have studied the size-dependent plasmonic prop-
erties of nanoparticles and concluded that the distance along
which the oscillation occurs is important for the plasmon
resonance and not the intrinsic shape of the nanoparticle.
However, it is not clear if this postulate can be extended to
the catalytic activity also. The catalytic behavior of nanopar-
ticles is dependent on the nature of active sites generated
and these can be different for different shapes of nanoparti-
cles especially due to the fact the coordinative unsaturation
of the sites may be dependent on the shape of the parti-
cle [48-53]. The size and shape of nanoparticles are not the
thermodynamically stable state and hence they can undergo
reconstruction under the influence of process parameters or
interaction with the reacting molecules. This situation may
be particularly applicable to Au nanoparticles. The effect of
the size of Au nanoparticles on the observed catalytic reac-
tivity can still be considered to be an open question. The
essential observations leading to this state of affairs are:

* The quantum size effects generated by the electrons
confined in a small volume.,

» The changes in conducting behavior, especially the
transition from semiconducting to metallic behavior, as
function of particle size.
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