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1. INTRODUCTION

There is much evidence in the literature showing that surface
reactivity of nanoparticles dramatically changes when the size goes
below a critical value.1�7 This is the case for gold, which while inert
as a metal can strongly interact with a variety of molecules when in
the form of small nanoparticles,8,9 becoming an active and selective
catalyst for oxidations,10�14 hydrogenations,15�20 carbamoyl-
ation,21 water gas shift,22,23 hydrodechlorination, and carbon�
carbon bond formation24�27 reactions among others.

In the case of oxidation reactions, it is a matter of discussion as
to how gold nanoparticles can activate oxygen. Some reports claim
that bulk gold is not active to dissociate oxygen, though it can
adsorb atomic oxygen delivered by molecular dissociation of NO2

or O2 on a hot filament or radicals provided by an oxygen
plasma,28�31 then being an effective catalyst.32�34 Recent calcula-
tions based on density functional theory with unsupported Au
nanoparticles indicate that there can be a critical size for gold
nanoparticles to dissociate oxygen.35�37 and that this is related not
only to the larger amount of highly reactive low coordinated atoms
in smaller particles, but also to differences in the metal electronic
structure as particle size decreases.38�40 Particle morphology also
plays a role, as demonstrated by Herzing et al.,41 who showed that
small bilayer clusters of gold are active for CO oxidation, while
monolayers of the same size are not. Experimental results from
Goodman et al.42 with a bilayer structure of gold that completely

wets the TiO2(100) surface concluded that gold can be directly
involved in the bonding and activation of O2 without any influence
of the support. In the case of Au55 clusters deposited on an inert
support, Lambert et al.43 concluded that small nanoparticles, and
more specifically gold particles derived from 55 atoms, could
dissociatively chemisorb O2 to yield O adsorbed atoms. Very
recently, Davis et al.44 have demonstrated by means of 18O2 and
H2

18O labeling experiments that the oxygen atoms that are
incorporated into the alcohol in the gold-catalyzed oxidation of
ethanol and glycerol originate from hydroxide ions, and not from
molecular oxygen.

EXAFS�XANES, as well as other evidence, indicates that
partial oxidation of small gold nanoparticles (∼1.7 nm) can
occur.45�47 If this was the case, it appears to us that if one was
able to synthesize very small gold nanoparticles (e1 nm) within a
very narrow crystallite size distribution, it should be possible not
only to dissociate O2 but to form a surface oxide-like layer that
would be the interface where the catalytic oxidation process would
occur. Furthermore, if this oxidized surface could undergo rever-
sible oxidation�reduction cycles, one could assume an additional
oxidation pathway on very small gold nanoparticles that could be
assimilated to a Mars van Krevelen (MVK) mechanism,48 where
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the oxygen from the oxide overlayer would be transferred to the
reactant to be oxidized, while molecular oxygen would dissociate
on the very small gold nanoparticles, regenerating the surface gold
oxide-like layer (see Scheme 1).

Therefore, it can be of interest to prove the ability of gold to
perform the dissociation of oxygen, the existence or not of a
critical size for formation of a surface oxide layer, the occurrence
of oxygen transfer from the surface oxide to the reactant, and the
reversibility of the redox cycle. To help answer the above
questions it would be required to prepare very small nanoparti-
cles with a very narrow size distribution, on a support that avoids
particle agglomeration during the catalytic process. This is a key
issue since, up to now, gold nanocluster stabilization methods
based on chemical routes49,50 suffer from a partial poisoning of
the catalytic active sites by the stabilization agent. Other attempts
have relied on gold evaporation methods on substrates, but the
scaling up of the process is difficult.51

In the present work we have developed small gold nanoclus-
ters in a very narrow size distribution (1.1 ( 0.5 nm) onto
multiwalled carbon nanotubes (MWCNT). We show that, in the
presence of oxygen, oxidation of gold at the surface of the
nanoparticles occurs at low temperature in a reversible way,
and this could be used for performing catalytic oxidations.
However, the above-mentioned phenomena were not observed
on larger particles (4 nm). The combination of spectroscopic,
kinetic, and theoretical studies has allowed us to investigate
and explain the phenomena occurring at the surface of gold
nanoparticles.

2. EXPERIMENTAL SECTION

2.1. Synthesis. The synthetic route to obtain stable CNT-sup-
ported gold nanoclusters starts by wrapping the CNTs with the
polyelectrolyte polyallylamine hydrochloride (PAH). Multiwalled
CNTs (Nanocyl NC3100) are dispersed in a 1 wt % aqueous solution
of PAH (Sigma-Aldrich) at pH = 9 to a concentration of 1 mg/mL.
A combination of rapid stirring and ultrasonication is used to ensure the
presence of dispersed individual nanotubes. Excess PAH is removed by
vacuum filtration and successive washing with ultrapure water. Then, the
CNTs are resuspended in water at pH = 9. The reaction to synthesize the
gold nanoclusters consists of adding to 50 mL of CNT�PAH solution
the adequate amount of HAuCl4 aqueous solution (Sigma-Aldrich) to
yield the desired metallic gold content, i.e., from 0.3 to 15 wt %. Finally,
sodium citrate (Sigma-Aldrich) is also used as stabilizer and soft
reducing agent. The presence of citrate in the final catalyst is crucial
for the stability of the gold nanoparticles in order to avoid their
aggregation under catalytic reaction conditions. However the amount
of citrate ions should be optimized, since an excess of citrate ions lowers
the accessibility of the reactants to the catalytic active sites, while a defect
favors aggregation of the nanoparticles. In this sense, a molar ratio of
citrate/gold of 2000 has been proved to be optimum under our reaction
conditions. Notice that the whole synthetic process takes place at room
temperature.

2.2. Characterization. HRTEM images were acquired using a
JEOL JEM-2011 microscope operated at 200 kV. The FTIR spectra
were collected with a FTS-40A Bio-Rad spectrometer equipped with a
DTGS detector (4 cm�1 resolution, 32 scans). A quartz cell connected
to a vacuum system with gas dosing facility has been used. Blank run
experiments without sample have been performed in the IR cell in order
to reject the contribution of gaseous CO2. The samples were activated in
vacuum (10�3mbar) at 120 �C prior to the IR experiment. X-ray
photoelectron spectroscopy (XPS) measurements were performed on
a SPECS spectrometer equipped with a Phoibos 150 MCD-9 analyzer
using non-monochromatic Mg KR (1253.6 eV) X-ray source working at
50 W. The XPS spectrometer was calibrated by using the BE of the
Ag3d5/2 line at 368.2 eV, the Cu2p3/2 line at 932.6 eV, and the Au4f7/2 line
at 84.0 eVwith respect to the Fermi level. As an internal reference for the
peak positions in the XPS spectra, the C1s peak has been set at 284.5 eV.
The samples for IR and XPS analysis were prepared by dropping a
Au�CNT�water suspension onto a germanium disk (for IR spectro-
scopy) and onto a molybdenum plate (for XPS analysis) followed by air
drying. Oxygen isotopic-exchange experiments were conducted using a
quartz microreactor coupled to a quadrupole mass spectrometer
(Omnistar, QMG 220 M1). The experiments were performed on 60
mg of the sample using 22 mL/min of a 16O2:

18O2:Ar mixture (2:2:18).
Prior to the experiment, the samples were activated in argon at 120 �C.
The concentration profiles of the exit gas composition were obtained by
acquiring the mass spectra signals relative to 16O2 (m/e = 32), 16O18O
(m/e = 34), and 18O2 (m/e = 36). Blank run experiments were
performed using an empty reactor in order to check contributions of
the gas-phase reactions and stability of the mass spectrometer.

Styrene epoxidation was carried out in a reinforced glass batch reactor
(2.5 mL, SUPELCO) closed with Teflon septum and equipped with a
pressure gauge and a side arm with an on�off lock. A microsyringe can
be allowed to inject and withdraw liquid or gas through the lock. A 2 mg
portion of the catalyst was added to a mixture of 2 mmol of styrene and
10 mL of toluene and kept under vigorously stirring. The reactor was
sealed and evacuated three times withO2. The reaction was performed at
100 �C and 0.5 bar overpressure of O2. Reaction products were analyzed
by gas chromatography using a Carbowax 20 M column.
2.3. Computational Details. A Au38 cluster having a typical

cuboctahedral shape and 1 nm diameter was used as a model for the gold
nanoparticles. It was placed in a 20 � 20 � 20 Å cubic box, and the
positions of all atoms were fully relaxed. Then, an increasing number of
oxygen atoms were placed in different positions on the surface of the
Au38 cluster, and in all cases, the positions of all gold and oxygen atoms
were fully relaxed. Interaction energies were calculated by subtracting
the energy of the relaxed Au38 cluster, E(Au38), and of nO atoms, E(O),
from the total energy of the cluster with adsorbed oxygens, E(Au38On),
according to

Eint ¼ EðAu38OnÞ � EðAu38Þ � nEðOÞ
All calculations are based on density functional theory (DFT) and

were carried out using the Perdew�Wang (PW91)52,53 exchange-
correlation functional within the generalized gradient approximation
(GGA) as implemented in the VASP code.54,55 The Kohn�Sham
orbitals used to obtain the electron density were expanded in a plane
wave basis set with a kinetic energy cutoff of 500 eV, and the effect of the
core electrons was taken into account by means of the projected
augmented wave (PAW) method.56 All calculations were carried out
at the Γ k-point of the Brillouin zone. The atomic positions were
optimized by means of a conjugate-gradient algorithm until atomic
forces were smaller than 0.01 eV/Å. Transition states were located using
the DIMER algorithm57,58 and the stationary points were characterized
by pertinent frequency analysis calculations. Vibrational frequencies
were calculated by diagonalizing the block Hessian matrix correspond-
ing to displacements of the O atoms and the Au atoms in direct contact

Scheme 1. Schematic Representation of the Mars van
Krevelen Mechanism



10253 dx.doi.org/10.1021/ja202862k |J. Am. Chem. Soc. 2011, 133, 10251–10261

Journal of the American Chemical Society ARTICLE

with O. Charge distributions were estimated using the theory of
atoms in molecules (AIM) of Bader using the algorithm developed by
Henkelman.59,60

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization of Gold Nanoparticles.
To clarify if gold oxide nanoparticles can be stabilized and if there is
a critical nanoparticle size for formation of the oxide, it was
necessary to first synthesize supported stable small nanoparticles
within a very narrow size distribution. This was achieved by driving
the gold nucleation and reduction on functionalized multiwalled
carbon nanotubes (MWCNT), as described in the Experimental
Section. In that way, small gold nanoclusters of 1.1( 0.5 nmwere
produced. Figure 1a shows a high-resolution transmission electron
microscopy (HRTEM) image of the functionalized MWCNT
with gold nanoclusters. The carbon atomic layers of theMWCNT
and a large number of gold nanoclusters attached to their walls can

be clearly identified. Notice the high density and homogeneous
distribution of clusters onto the anisotropic carbon-based struc-
tures, which can be attributed to the heterogeneous nucleation
caused by the presence of amino groups at the surface of the
polyallylamine hydrochloride (PAH) coating the MWCNTs.61 It
is worth noting that the nanoclusters only form in the presence of
sodium citrate, which is generally used as stabilizer and soft
reducing agent. It should also be remarked that polymeric wrap-
ping agents not containing amino groups, such as poly(4-sulfona-
te)styrene, hinder the formation of gold nanoclusters, even in the
presence of sodium citrate, underlining the importance of the
amino groups distribution on the surface of the supporting
structure.
The particle size distribution for a sample containing 3% wt

gold is shown in Figure 1b. A narrow size distribution with very
low dispersion, on the order of (0.5 nm, is observed. Another
interesting aspect of the preparation protocol is that the gold
nanocluster size can be tailored from 0.9 to 1.7 nm by simply
varying the amount of gold precursor between 0.3 and 15 wt %
(see Table 1). For comparative purposes, AuNPs with a particle
size of 4 nm have also been prepared. In this case, the nano-
particles were previously synthesized and then attached to the
MWCNTs wrapped with PAH, as described in ref 62.
The electronic properties of the gold nanoparticles supported

on MWCNT have been analyzed by XPS spectroscopy. The Au
4f7/2 binding energy (BE) of the Au�CNT samples with
different gold contents, i.e., different particle size distributions,
are given in Table 1. As observed, the BE increase by ∼2 eV
relative to the bulk value of 84.0 eV when the gold particle size
decreases to 0.9 nm. On the basis of the results with gold
�organic compounds, a linear correlation between BE and
oxidation state of Au could be established. Thus, BEs of 84.0,
84.6�85.1, and 85.9�86.3 eV have been assigned to Au0, Auþ,
and Au3þ species, respectively.63 However, in the case of
adsorbed metal particles on a metal oxide support, a shift to
high binding energies at small cluster size has already been
observed as a result of final state effects (reduced screening of
the core hole, decreasing the kinetic energy of the ejected
electrons).64�66 Thus, in order to eliminate possible contribu-
tions due to final state effects, the Au auger parameter (R) has
been calculated according to

R ¼ BEðAu 4f 7=2Þ þ KEðAu M5N67N67Þ ð1Þ
where BE(Au 4f7/2) is the binding energy of the Au 4f7/2
electrons and KE(Au M5N67N67) is the kinetic energy of the
Au M5N67N67 Auger electrons, and it has been included in
Table 1. The value of R is independent of substrate charging and

Figure 1. High-resolution TEM image of MWCNTs decorated with
gold nanoclusters (a) and particle size distribution histogram for the
3Au�CNT sample containing 3% wt Au (b).

Table 1. Metal Loading (wt %), Mean Particle Diameter
(nm), and XPS Data (eV) of Au�CNT Samples

sample Au (wt %)a D (nm) BE Au 4f7/2 (eV) R (eV) Δε (eV)

0.3Au�CNT 0.3 0.9 86.3 n.d.b

3Au�CNT 3 1.1 85.8 2096.3 0.45

6Au�CNT 6 1.5 85.6 2096.7 0.45

15Au�CNT 15 1.7 85.2 2096.4 �0.10

Au�CNTc 3 4 84.2 n.d.d

Au foil � 84.0 2099
aTheoretical gold weight percent in the samples. bBecause of the small
signal for the Au M5N67N67 Auger peak, reliable values cannot be
obtained. c Prepared according to ref 62. dNoisy spectra.
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it is a very sensitive probe of the physical and chemical environ-
ment of the analyzed atoms. Analyzing both the Au 4f7/2 BE shift
(ΔBE) (relative to some reference state, typically the bulk metal)
and the respective Au Auger parameter shift (ΔR), initial state
contributions (Δε) can be estimated with several approximations
according to eq 262

Δε ¼ BEþ ðΔR=2Þ ð2Þ

where the sign ofΔε indicates whether the Au atommean charge
increases or decreases. From both the BE and the Au R parameters
listed inTable 1, positively charged goldmetal species can be inferred
as having a particle size between 0.9 and 1.5 nm, while above 4 nm
“bulklike” gold species are observed. The influence of the citrate ions,
necessary to stabilize the gold nanoparticles, on the Au4f7/2 binding
energy and on the charge of the gold metal species has also been
investigated (see the Supporting Information). This influence has
been found to be very small. Therefore, the positively charged gold

species observed at small particle size (0.9�1.5 nm) could be
associated with gold bonded to oxygen species. If this is the case
and the oxygen in the “gold oxide” can be transferred in an oxidation
reaction and then regenerated by O2 dissociation on the surface, it
should be able to perform, for instance, a series of cycles following
Scheme 2.
3.2. IR and Isotopic 16O2�18O2 Exchange Studies of the

Reversible Redox Cycle. This cycle was followed by IR spec-
troscopy for the 3Au�CNT sample having 1.1 nm diameter (see
Table 1). The CO2 evolution due to CO titration at different
temperatures is shown in Figure 2a�c. The CO2 IR integration area
decreases when increasing temperature, revealing a different reactiv-
ity of surface atomic oxygen species (Figure 2d). Since the oxygen
coverage decreases with temperature, the different reactivity of the
adsorbed oxygen species could be related to their different coverage.
Thus, a lower reactivity is observed at lower oxygen coverage, as will
be later explained by theoretical calculations. Titration experiments
performed on Au particles above 4 nm do not show any CO2

evolution (Figure 3), suggesting the absence of surface oxygen
species, in agreement with the XPS data (Au BE and AuR similar to
those observed on bulk Au). These results agree with the EX-
AFS�XANES data reported in the literature, showing that a partial
oxidation of gold in air only occurs on small gold particles.41�43

At this point, several cycles of CO titration and sequential
surface oxide regeneration in the presence of O2 were performed
and followed by IR spectroscopy. The CO2 evolution during five
consecutive days is shown in Table 2 for the 3Au�CNT sample
with particle size of 1.1 nm. After exposing the sample to CO for a

Scheme 2. Reversible Oxidation�Reduction of the Gold
Nanoparticle Surfacea

aAus denotes a surface Au atom.

Figure 2. FTIR spectra of CO2 evolution with time (0�60 min) after dosing 31 mbar of CO on the 3Au�CNT sample at reaction temperatures of
(a) 25 �C, (b) 60 �C, and (c) 120 �C. (d) Time-resolved CO2 formation at different reaction temperatures, determined by FTIR integration areas
depicted in parts a�c.
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total of 6.5 h, practically all surface oxygen species had been
titrated, and the CO2 evolution in the last 30 min was very low.
Overnight reoxidation of the sample with molecular oxygen at
25 �C restored practically its initial activity, as deduced from the
CO2 evolution on the following day shown in Table 2. Fluctua-
tions in the amount of CO2 produced are due to small changes in
the average gold particle size (see Figure S4 of the Supporting
Information). These results indicate that, if the gold particle size
remains small (below 4 nm), these gold nanoparticles are able to
dissociate molecular oxygen even at room temperature, this
oxygen being involved in the catalytic cycle. It is important to
note that in the case of Au nanoparticles larger than 4 nm, no
surface oxygen species have been detected neither before nor
after overnight reoxidation under an oxygen atmosphere.
Isotopic 16O2/

18O2 exchange experiments confirm the oxygen
dissociation ability of gold nanoparticles, the extension of the
isotopic exchange being particle-size dependent. In fact, Au nano-
particles of 1.1 nm (see Figure 4) showed oxygen dissociation
(both 16O2 and

18O2) even at room temperature, while 16O18O
release occurred at higher temperature (80 �C), probably due to a
higher energetic barrier for desorption. On the other hand, Au NPs
with particle size above 4 nm showed neither oxygen dissociation
nor 16O18O release (see Figure 5).
In conclusion, from the above experimental results it can be

inferred that Au NPs in the range of 0.9�1.7 nm are able to
perform oxygen dissociation and to become oxidized. These
oxygen species are highly reactive toward CO, and their reactivity

is coverage-dependent. Moreover, a cyclic oxidation�reduction
process can be inferred, which is important from the point of view
of their catalytic behavior in oxidation reactions. Once proven
that (a) molecular O2 dissociation occurs on small gold nano-
particles, (b) the particles are easily oxidized, (c) cyclic oxida-
tion�reduction of the surface can easily occur, and (d) O2

recombination and desorption is slower than O2 dissociation, we
have attempted to study the above-described process at the
molecular level by means of theoretical calculations.
3.3. Theoretical Study. Previous theoretical studies have

shown that small Au nanoparticles containing from 25 to 79
atoms and with particle diameter around 1 nm can dissociate
molecular O2 with low activation barriers.35�37 However, these
studies usually consider the dissociation of one isolated O2

molecule into two separated O atoms and do not take into
consideration the possibility of generating a surface oxide layer.
We have now studied the adsorption of an increasing amount of
O atoms on a Au38 nanoparticle having 1 nm diameter consider-
ing different distributions of O atoms for each coverage. The
labeling of the positions considered and some of the structures
obtained are depicted in Figure 6, other structures are depicted in
Figures 7 and 8, and Table 3 summarizes the most relevant
information relative to all systems investigated. The study of the
Au38O model shows that atomic oxygen preferentially adsorbs
on 3-fold hollow positions, with interaction energies (Eint) of

Table 2. CO Titration of Surface “Au�Oxygen” Species on
the 3Au�CNT Sample Followed by FTIR Spectroscopy

day CO2 area
a (au)

1 0.31( 0.08

2 0.50( 0.09

3 0.32( 0.08

4 0.12( 0.06

5 0.44 ( 0.08
aCO2 IR integration areas.

Figure 3. FTIR spectra of CO2 evolution with time (0�74 min) after
dosing 27.3 mbar of CO on the Au�CNT sample with 4 nm diameter at
25 �C.

Figure 4. 16O2/
18O2 isotopic exchange at 25 and 80 �Con the 3Au�CNT

sample with 1.1 nm diameter.
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26�28 kcal/mol, but adsorption on bridge or 4-fold hollow
positions is also energetically very favorable. In all cases, the
oxygen atoms become negatively charged by ∼�0.8 e, and the
Au atoms in contact with the oxygen become positively charged
by ∼0.2 e. The interaction energies calculated for two oxygen
atoms placed on separated 3-fold hollow positions (structures 3f-
A,3f-A and 3f-B,3f-B in Figure 7) are 23�25 kcal/mol and
slightly lower for the 3f-A,bridge structure depicted in Figure 6.
Again, the oxygen atoms bear a negative charge of ∼�0.8 e, and
the Au atoms in contact with the oxygens become positively
charged by ∼0.2 e. When the two oxygen atoms in the Au38O2

model are directly bonded to the same gold atom, their negative
charge is again �0.8 e, but the net positive charge on the shared
Au atom increases to 0.4�0.6 e. Moreover, the structures with a
linear O�Au�O geometry (3f-A,3f-B and 3f-A,3f-A in Figure 6),
similar to that found for AuI complexes, are the most stable, with
calculated interaction energies close to 30 kcal/mol per O atom.
When the number of adsorbed oxygen atoms increases to four in
the Au38O4 model and they are placed close to each other [see
structures 3x(3f-A), 4f and 2x(3f-A),2x(3f-B) in Figure 8], the
interaction energy per O atom decreases to 15�16 kcal/mol, but
the charge distribution is similar to that described for the Au38O2

systems. The same holds for the Au38O16 system depicted in
Figure 6, in which all O atoms are forming the most stable
O�Au�O linear structures. In fact, considering that 32 out of

the 38 atoms of the gold cluster are on the surface, the Au38O16

model describes a nanoparticle covered by a monolayer of gold
oxide. Adding more O atoms to the nanoparticle results in a
decrease in the calculated Eint values and in the appearance of
highly positive gold atoms that are directly bonded to three
oxygen atoms. However, if one compares the calculated average
charge on the gold atoms, ÆqAuæ, it is possible to see a clear trend
that holds for the whole series of models with increasing oxygen
coverage. That is, each adsorbed oxygen creates a positive charge
of 0.02 e on average on the gold atoms of the nanoparticle. This
means that the gold nanoparticles of 0.9�1.7 nm, for which a
mean positive charge has been experimentally obtained from BE
and auger parameters, are covered by an oxide-like monolayer
such as that simulated with the Au38O16 and Au38O24 models.

Figure 7. Calculated energy profile for O2 dissociation and spillover of
atomic O on a clean Au38 nanoparticle.

Figure 5. 16O2/
18O2 isotopic exchange at 25 and 80 �C on the

Au�CNT sample with 4 nm diameter.

Figure 6. Different sites for atomic O adsorption on a Au38 nanoparticle.
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Figure 7 shows the energy profile corresponding to dissociation
of one O2 molecule on a clean Au38 nanoparticle following the
reaction path involving the lowest activation barrier.37 As previously
described, molecular O2 adsorbs with a bridge�bridge conforma-
tion on a (100) facet of the nanoparticle. This adsorption mode
results in a large degree of the electron density transfer from gold to
theπ* molecular orbitals of O2, which weakens theO�Obond and
facilitates its dissociation. The calculated activation energy is low, 7.6
kcal/mol, and the process is highly exothermic. The stability of
citrate ions anchored on the gold nanoparticles and their influence
on the adsorption and dissociation of molecular O2 were theoreti-
cally investigated (see Figure S2 and Table S2 in the Supporting
Information). It was found that the main effect of citrate ions is to

block the gold active sites, but not to modify the nature of the
gold�oxygen interaction. After dissociation of molecular O2, the
two oxygen atoms are placed in separated 3f-A hollow positions, but
the activation energy necessary to spill over to a more stable 3f-B
position is not too high, 8.2 kcal/mol, and therefore it can be
assumed that oxygen atoms move easily on the particle surface.
Moreover, according to the reaction path depicted in Figure 6, after
dissociation of a first O2 molecule, the active site consisting of four
gold atoms arranged as in the (100) surface is not occupied by any

Figure 8. Calculated energy profiles for O2 dissociation on a partially O-covered Au38 nanoparticle.

Table 3. Interaction Energies Per Adsorbed Oxygen Atom
(Eint, kcal mol�1), Average Net Atomic Charge on Each
Oxygen Atom (ÆqOæ), Average Net Atomic Charge on Each Au
Atom of the Particle (ÆqAuæ), and Largest Positive Charge on a
Au Atom of the Particle (qAumax, e) Calculated for Adsorption
of One, Two, Four, 16, and 24 Oxygen Atoms at Different
Sites on a Au38 Nanoparticle

system site Eint (kcal/mol) ÆqOæ ÆqAuæ qAumax

Au38O 3f-A �26.0 �0.817 0.021 0.226

3f-B �27.6 �0.826 0.022 0.232

4f �20.2 �0.785 0.021 0.196

bridge �22.9 �0.767 0.020 0.223

Au38O2 3f-A, 3f-A �23.1 �0.830 0.044 0.247

3f-A, bridge �20.0 �0.795 0.042 0.249

3f-A, 3f-B, sharing Au �28.8 �0.836 0.044 0.469

3f-A, 3f-A, sharing Au �26.8 �0.841 0.044 0.560

3f-B, 3f-B �25.4 �0.809 0.043 0.220

3f-B, 3f-B, sharing Au �20.7 �0.797 0.042 0.417

Au38O4 3x(3f-A), 4f �15.3 �0.781 0.084 0.674

2x(3f-A), 2x(3f-B) �16.2 �0.787 0.083 0.505

Au38O16 �15.0 �0.798 0.336 0.574

Au38O24 �8.7 �0.776 0.490 0.838

Figure 9. Calculated energy profiles for CO oxidation on a Au38O16

nanoparticle covered by an oxide layer (top) and on a partially
O-covered Au38O2 nanoparticle (bottom).
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oxygen atom but is free to dissociate a second O2 molecule. As
depicted in Figure 8, adsorption of a O2 molecule on the 3f-A,3f-A
structure is not energetically favorable and its dissociation involves a
large activation barrier. However, O2 adsorption on the 3f-B,3f-B
structure is exothermic by 5.0 kcal/mol, and the activation energy
necessary to dissociate it is only 6 kcal/mol. Thus, there is a
pathway for O2 dissociation on partially oxygen covered nanopar-
ticles that involves a low activation barrier and again leaves the four
Au atoms of the active site free for subsequent dissociations.
Assuming a cuboctahedral shape for the gold nanoparticles of
∼1 nm diameter and considering that there are six active sites on
each nanoparticle and that each active site can dissociate at least
two O2 molecules with low activation barriers, it can be concluded
that it is possible and easy to reach a coverage of one monolayer
oxide (Au38O16) and even more (Au38O24). With respect to
oxygen recombination, the energy profile depicted in Figure 6
indicates that recombination of two O atoms adsorbed on a clean
gold nanoparticle is difficult and involves an activation barrier of
more than 30 kcal/mol. However, the process ismuch easier on the
oxide-covered particles, for which the activation energy necessary
to form a O2 molecule by combining two oxygen atoms is 15.9
kcal/mol. This activation barrier is larger than that calculated forO2

dissociation, in agreement with the experimental 16O2/
18O2 iso-

topic exchange experiments showing that oxygen dissociation
occurs at room temperature while 16O18O release is not observed
at temperatures below 80 �C.
Furthermore, these oxidized particles can be easily reduced, as

suggested by the CO titration experiments. The energy profile for
CO reaction with an oxide-covered Au38O16 nanoparticle and with a
Au38O2modelwas calculated, and the results are depicted inFigure 9.
CO interaction with the Au38O16model is weak,�0.8 kcal/mol, and

the molecule remains at 3.18 Å from the closest O atoms and at
3.78 Å from the closest Au atom, with the CO bond length being
equivalent to that calculated for the isolated molecule. In the
transition state one of the oxygen atoms of the oxide layer is being
transferred to CO, with an optimized O�CO distance of 1.55 Å,
while the CO bond slightly increases to 1.17 Å. The calculated
activation barrier is 18.0 kcal/mol, and the resulting Au38O15þCO2

system is 78.7 kcal/mol more stable than the initial reactants.
The situation is quite different on an almost clean gold

nanoparticle. We considered the most stable 3f-A,3f-B structure
to simulate a gold nanoparticle with only two oxygen atoms
adsorbed on it and studied the adsorption of CO on different

Table 4. Epoxidation of Styrene on Au�MWCNT Samples

% yield

samplea
D

(nm)

t

(h)

conv

(%) benzald epoxide acetoph

benz

acid others

0.3Au�CNT 0.9 2 3.0 2.5 0 0 0 0.5

4 11.7 8.2 0.6 0 0.4 2.5

6 25.2 14.2 2.5 0.1 1.9 6.5

3Au�CNT 1.1 2 2.3 1.6 0 0 0 0.7

4 9.0 5.7 0.8 0 0.3 2.2

6 17.6 9.5 2.0 0.1 1.1 4.9

3Au�CNTb 1.1 2 1.2 0.9 0 0 0 0.3

4 2.5 2.1 0 0 0 0.4

6 11.1 7.3 0.8 0 0.4 2.6

15Au�CNT 1.7 2 1.3 1.1 0 0 0 0.2

4 6. 4.3 0.3 0 0.1 1.3

6 15.4 9.2 1.6 0.1 0.8 3.7

Au�CNTc 4 2 0 0 0 0 0 0

4 0 0 0 0 0 0

6 2.7 2.2 0 0 0 0.5

CNT � 2 0 0 0 0 0 0

4 0 0 0 0 0 0

6 0 0 0 0 0 0
aCitrate/Au molar ratio 2000 in all samples except where noted.
Reaction conditions: 6 mmol of styrene, 10 mL of toluene, 2 mg of
Au�CNT sample, 1.5 bar of O2, and 100 �C. bCitrate/Au molar ratio =
600. c Prepared according to ref 62.

Figure 10. Particle size distributions determined from the TEM study
of the 0.3Au�CNT (top), 3Au�CNT (center), and 3Au�CNTa

(bottom) samples before (black) and after (red) catalytic test.
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positions. The structures and interaction energies shown in
Figure 9, bottom, indicate that CO does not interact with a Au
atom directly bonded to two oxygens (structure Au38O2�CO�A)
but remains above the particle at 3.07 Å from the positively charged
Au atom. However, CO interacts strongly with either a neutral
Au atom not in direct contact with an oxygen atom (structure
Au38O2�CO-B), with a calculated interaction energy of�17.0 kcal/
mol, or with a slightly positive Au atom that is directly bonded to
only one O atom (structure Au38O2�CO�C). In this last case, a
noticeable deformation of the particle occurs and the resulting
structure is the most stable among all the considered systems.
However, the high stability of these structures in which CO binds
strongly to a gold atom (Au38O2�CO�B and Au38O2�CO�C)
also implies a lower reactivity towardCOoxidation. In fact, it was not
possible to find any transition state leading to CO2 formation. This
means that, in gold nanoparticles with a low oxygen coverage, CO
will preferentially adsorb on the nonreactive B and C positions, and
only when the nanoparticle becomes covered by an oxide layer will
the reactivity toward CO oxidation increase.
3.4. Macroscopic Approach. Oxygen activation is an impor-

tant step for catalytic oxidation reactions, and it has been
experimentally and theoretically studied in detail in the above
sections. Going one step further, we have studied their reactivity
toward specific molecules, and in particular, we have considered
the epoxidation of styrene due to its industrial and academic
interest. Furthermore, oxirane groups are highly reactive, which
makes epoxides important organic intermediate compounds in
the synthesis of fine chemicals. Au NPs supported on a range of
oxides have already been used for the epoxidation of styrene
using tertiary butyl hydroperoxide (TBHP) as oxidant.67�69

However, the use of molecular O2 as an environmental friendly
oxidant is highly interesting and will be considered in our case.
The catalytic behavior of different Au�MWCNT samples in

the epoxidation of styrene with molecular oxygen as oxidant is
shown in Table 4. The best catalytic performance has been
observed for the 0.3Au�CNT sample with 0.9 nm particle
diameter, while no catalytic activity has been observed on the
Au�CNT sample with a particle size of 4 nm. The absence of
catalytic behavior in the last case is due to the inability of gold
within larger crystallites to activate molecular oxygen. On the
other hand, TEM studies of the catalysts after reaction show a

great tendency of gold to agglomerate under reaction condi-
tions (Figure 10). This was avoided, or at least minimized, by
using low gold content and optimizing the citrate/Au molar
ratio. While it has been indicated above that citrate ions are
necessary in the synthesis of Au�MWCNT, if their amount is
too high, then citrate ions could block the gold surface,
decreasing its reactivity (Figure 11). Citrate ions have been
shown to be stable under reaction conditions (see Figure S3 in
the Supporting Information). On the other hand, a low amount
of citrate ions favors a fast aggregation of the Au NPs during

Figure 11. Yield to benzaldehyde at 2, 4, 6 h reaction timeon0.3Au�CNT
sample at two different citrate/gold molar ratios (2000 and 20 000).

Figure 12. Yield to benzaldehyde, styrene epoxide, and benzoic acid
versus styrene conversion obtained on 0.3Au�CNT (9), 3Au�CNT(b),
3Au�CNTa([), and 15Au�CNT (2) catalysts. aCitrate/Au molar
ratio = 600.
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catalytic performance, decreasing their activity accordingly (see
entry 3 in Table 4). Indeed, the low catalytic activity observed with
the samples at Au wt % > 0.3 can be associated to a sintering of the
gold NPs under reaction conditions, as observed from the
histograms derived by TEM analysis shown in Figure 10. In the
absence of sintering of gold NPs (sample 0.3Au�CNT), a high
intrinsic catalytic activity can be observed. The rate of 0.038 mol
styrene/h g on the 0.3Au�CNT sample with 0.9 nm gold particle
size is twice more active than the values obtained for the so-called
“magic” Au55 gold particles.

43

With respect to the selectivity of the process, benzaldehyde,
styrene epoxide, benzoic acid, acetophenone, and CO2 are ob-
served together with minor amounts of heavier reaction products,
probably formed by styrene polymerization. By following the yields
of the different products versus styrene conversion (Figure 12),
similar product distributions are observed with all samples. Accord-
ing to the product distribution profile, benzaldehyde is a primary
product, while styrene epoxide, benzoic acid, and acetophenone are
secondary products. Benzoic acid appears simultaneously with
styrene epoxide formation, while acetophenone is formed only at
high styrene conversions.
The reaction mechanism for styrene oxidation on oxygen

preadsorbed Au(111) surface has been studied by DFT
calculations,70 and two possible oxametalacycle intermediates
have been postulated by producing styrene epoxide and phenyl
acetaldehyde as the most stable products and benzaldehyde and a
�CH2� fragment as less stable species. Similar mechanistic
insights into the selective epoxidation of styrene on Au(111)
have been also drawn by Friend et al.,71 who, contrary to our
results, did not detect benzaldehyde in their experiments. On the
other hand, oxidative cleavage of styrene into benzaldehyde and
formaldehyde has been associated in the literature with the
formation of peroxo species on TiO2 and TiO2/SiO2 catalysts

72

or to the formation of metal�oxo radicals on transition-metal
complexes.73 Once formed, the aldehyde acts as a coreactant in
the epoxidation of the alkene (styrene), in the presence of
molecular O2, according to a peracid mechanism and/or acylper-
oxo radical mechanism. In our case, the formation of benzalde-
hyde as primary product and epoxide together with benzoic acid
as secondary products points to the latter possible reaction
mechanism, in which benzaldehyde, once formed, acts as a
coreactant in the epoxidation of styrene. However, the nature
of the active oxygen species responsible for the initial formation
of benzaldehyde from styrene (atomic oxygen involved in the
formation of an oxametalacycle intermediate or a peroxo species)
remains unsolved at the moment, and further work trying to
clarify this point is in progress.

4. CONCLUSIONS

1 A technique has been developed to prepare small (0.9�
1.5 nm) gold nanoclusters in a very narrow size distribution
(1.1( 0.5 nm) onto multiwalled carbon nanotubes at room
temperature.

2 DFT calculations indicate that small Au38 nanoparticles can
dissociate at least 12 O2 molecules with low activation
barriers producing stable Au38O16 and Au38O24 oxidized
particles, this finding being experimentally supported by
XPS spectroscopy.

3 16O2/
18O2 isotopic exchange experiments confirm that small

(0.9�1.5 nm) gold nanoparticles are able to dissociate O2 at
room temperature and to be oxidized, while O2 dissociation

does not occur on larger gold particles (4 nm) and they are
not oxidized.

4 16O2/
18O2 isotopic exchange experiments and DFT calcu-

lations show that O2 dissociation is faster than recombina-
tion and desorption of O2, which explains the possibility to
stabilize small gold oxide particles.

5 It is found from CO titration and DFT calculations that the
small (0.9�1.5 nm) oxidized nanoparticles can reversibly
transfer and uptake oxygen, behaving as an oxide catalyst for
oxidation reactions.

6 The oxidized gold nanoparticles are active for styrene
oxidation with air, giving benzaldehyde and styrene epoxide.
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