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a b s t r a c t

The complete reaction pathway for the selective alcohol oxidation to aldehyde has been obtained
from periodic density functional theory (DFT) calculations on a series of catalyst models having Au atoms
with different coordination number. A clear trend exists in the reactivity of the surfaces: it increases with
decreasing the Au coordination number, suggesting that a distribution of Au sites with different activity
might exist on the surface of real catalysts. This hypothesis emerging from the theoretical study has been
experimentally confirmed by measuring the kinetics of benzyl alcohol oxidation on a series of Au/MgO
catalysts having different particle diameter and therefore different concentration and distribution of
low coordinated Au sites.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

The selective oxidation of alcohols to carbonylic compounds
over heterogeneous recyclable catalysts is an important process
in green organic chemistry [1–3]. Most efforts in recent years have
focused on the aerobic oxidation that uses molecular oxygen as
oxidant generating water as the only byproduct, and good results
have been obtained with metal-based catalysts containing Ru
[4,5], Ag [6,7], Cu [8,9], Au [10–14] or Pd [15–17]. Different studies
[1–6,11,14] agree that the mechanism for aerobic alcohol oxidation
starts with the formation of a metal-alkoxy species that, in a sec-
ond step, suffers a b-hydride elimination giving rise to the carbony-
lic product and a metal-hydride intermediate. Although it has been
shown that in some cases the alkoxy intermediate is not formed on
the metal particle but on the oxide support [6,10,14], there are
many other examples demonstrating that naked metal particles
in colloidal solutions [18] or supported on carbon [7,19,20], silica
[12,14,16,17] or metal organic frameworks (MOF) [21,22] are
highly active for alcohol oxidation, even in the absence of a base
[21]. Moreover, instead of using molecular oxygen to finally obtain
nontoxic but valueless H2O as a byproduct, it would be more inter-
esting to use the carbonyl compound and metal-hydride species
obtained from oxidative alcohol dehydrogenation in consecutive
reactions yielding products of high added value. In this sense, it
ll rights reserved.
has been recently reported that a bifunctional Pd/MgO catalyst
performs the one-pot selective N-monoalkylation of amines with
alcohols. This occurs through a series of consecutive steps in a cas-
cade mode involving alcohol dehydrogenation, condensation of the
carbonyl compound with the amine yielding an imine, and hydro-
genation of the imine with the hydrogen atoms from the metal hy-
dride obtained in the first step [23]. Thus, it is of interest to
understand the mechanism of the metal-catalyzed dehydrogena-
tion of alcohols in the absence of O2 or of a base.

In the case of gold-catalyzed alcohol oxidation, it has been
found that catalytic activity and selectivity depend on metal parti-
cle size, and that the best performance is exhibited by the smaller
particles [14,22,24]. This observation could be explained by taking
into account that, as the particle size decreases, the number of low
coordinated atoms that are considered to be the active sites in
many gold-catalyzed reactions increases. To confirm this hypothe-
sis, we have attacked the problem from two different and comple-
mentary perspectives. On one hand, the complete mechanism of
ethanol oxidation to ethanal has been theoretically investigated
by means of periodic density functional theory (DFT) based
calculations on a series of catalyst models having Au atoms with
different coordination number. On the other hand, different gold
catalysts with particle size between 2 and 10 nm have been syn-
thesized, and the kinetics of benzyl alcohol dehydrogenation have
been measured. By combining the theoretical and experimental
results, it is shown that the presence of low coordinated Au atoms
enhances alcohol adsorption on the catalyst and decreases the
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activation barrier for dehydrogenation, thus explaining the influ-
ence of particle size on the oxidation activity of gold catalysts.
2. Experimental section

2.1. Catalyst preparation

Au–MgO catalysts were prepared by impregnation of 1 g of a
MgO sample with a surface area of 670 m2/g from Nanoscale Mate-
rials with 10 ml of HAuCl4�3H2O solutions containing different
amounts of gold (0.4%, 0.8%, 1.5%, 3.0%, 5.0%, and 10% weight)
under stirring for 2 h. The solvent was evaporated at reduced
pressure, and the solid was dried at 333 K during 6 h. Finally, the
sample was calcined at 573 K under air flow for 3 h and then under
N2 flow for 3 h.

2.2. Kinetic experiments

The kinetic experiments were carried out by working at differ-
ent initial concentrations of benzyl alcohol (0.4, 0.8, 1.0, 1.2, and
1.6 mmol/ml) and with a catalyst concentration corresponding in
all cases to 0.0075 mmol of Au. The reactants and the catalyst were
introduced into an autoclave containing 20 lL n-dodecane and
1 ml trifluorotoluene. Once closed, the reactor was purged with
N2 and the reaction mixture was heated to the desired temperature
(413, 423, 453, 463, 473, and 483 K) and stirred at 500 r.p.m.
during the whole experiment. The reaction was monitored by GC.

2.3. Model catalysts and computational details

Perfect and stepped single crystal Au surfaces as well as an iso-
lated Au nanoparticle were represented by the usual periodic slab
model approach, using super cells large enough to avoid interac-
tion either between the periodically repeated gold surfaces (or par-
ticles) or between the periodically repeated adsorbates. The
extended surfaces were modeled by (2 � 2) super cell slabs con-
taining a material thickness of �8 Å and a vacuum region of
�12 Å, as shown in Fig. 1. The slab model for the Au(1 1 1) surface
contains 16 atoms arranged in four layers. The stepped Au(5 1 1)
surface has (1 0 0) terraces and (1 1 1) steps, and the unit cell con-
tains 44 atoms distributed in eleven metallic layers. Another
stepped surface hereafter termed Au-rod and containing 36 atoms
in the unit cell was built from the 4 � 2 unit cell of the (1 0 0) slab
as described in previous work [25]. The Au-rod model has two
types of (1 0 0) terraces (upper and lower) separated by a mono-
atomic step with (1 1 1) orientation, and it has been included in
Fig. 1. Side view of the unit cell of the different gold sur
the study because its behavior in relation to ethoxy adsorption is
not completely equivalent to that of the Au(5 1 1) surface. Finally,
an Au38 nanoparticle having a typical cuboctahedral shape and
�1 nm diameter was placed in a 20 � 20 � 20 Å cubic box, large
enough to allow a separation larger than 10 Å between periodically
repeated particles. In the geometry optimization of the extended
surfaces the uppermost layers were fully relaxed, while the atomic
positions of the two innermost layers were kept fixed as in the bulk
to provide an adequate environment to the surface atoms. In the
case of the Au38 nanoparticle, the positions of all atoms were al-
ways fully relaxed.

Ethanol adsorption on the different Au models described above
was considered and the complete reaction pathway for its oxida-
tion to acetaldehyde was obtained. This includes geometry optimi-
zation of the adsorbed ethanol reactant, the ethoxy reaction
intermediate plus a hydrogen atom, the adsorbed acetaldehyde fi-
nal reaction product plus two adsorbed hydrogen atoms, and the
transition states connecting all these minima. In all calculations,
the atomic positions of C, O, and H atoms, as well as those of the
Au atoms in the uppermost layers of the surfaces as described ear-
lier and all Au atoms in the nanoparticle were fully relaxed.

Total energies were obtained from periodic density functional
calculations using the Perdew–Wang (PW91) implementation of
the Generalized Gradient Approach (GGA) for the exchange–corre-
lation potential [26–28]. The valence electron density was ex-
panded in a plane wave basis set with a kinetic energy cutoff of
415 eV. The effect of the core electrons in the valence density
was taken into account by means of the Projected Augmented
Wave (PAW) formalism [29] as implemented by Kresse and Joubert
[30] in the VASP code [31,32]. Integration in the reciprocal space
was carried out using a 5 � 5 � 1 mesh of special Monkhorst–Pack
k-points [33] for the gold surfaces, while calculations with the gold
nanoparticle were carried out at the Ck-point of the Brillouin zone.
The atomic positions were optimized by means of a conjugate-gra-
dient algorithm until atomic forces were smaller than 0.01 eV/Å.
Transition states were located using the DIMER algorithm [34,35]
and stationary points thus found were characterized by pertinent
frequency analysis calculations. Vibrational frequencies were cal-
culated by diagonalizing the block Hessian matrix corresponding
to displacements of the C, O, and H atoms of the organic fragment,
and the zero point vibrational correction was added to the calcu-
lated energies. Charge distributions were estimated using the
quantum theory of atoms in molecules (AIM) of Bader using the
algorithm developed by Henkelman et al. [36,37]. Calculations
have been carried out without taking spin polarization into ac-
count except when needed, such as in the case of the isolated O2

molecule.
faces and Au38 nanoparticle employed in this work.



Table 1
Optimized values (in Å) of the most relevant distances of the structures involved in
the mechanism of ethanol oxidation on gold. The atom labeling is given in Fig. 2.

Au(1 1 1) Au(5 1 1) Au-rod Au38

Etanol
rAu–O 3.231 2.696 2.690 2.468
rOH 0.978 0.978 0.980 0.979
rAu–H 2.820 2.819 2.835 3.054
rCO 1.439 1.449 1.449 1.455

TS1
rAu–O 2.167 2.275, 2.323 2.335 2.087, 3.348
rOH 1.927 1.703 1.587 2.045
rAu–H 1.823 1.671 1.908 1.619
rCO 1.418 1.441 1.440 1.425

Ethoxy + H
rAu–O 2.277, 2.361 2.201, 2.194 2.199 2.198, 2.202
rAu–H 1.875, 1.944 1.780 1.777 1.816
rAu–Hb 2.943 3.312 3.220 3.365
rCO 1.425 1.437 1.441 1.434

TS2
rAu–O 2.411 2.271 2.273 2.202
rC–Hb 1.614 1.616 1.618 1.698
rAu–Hb 1.712 1.689 1.692 1.685
rCO 1.274 1.279 1.280 1.279

Aldehyde + 2H
rAu–O 4.735 2.757 3.010 2.375
rCO 1.223 1.224 1.224 1.235

Table 2
Calculated adsorption, activation and reaction energies (in kcal mol�1) involved in the
reaction mechanism schematized in Fig. 3. The negative values indicate that the
process is exothermic.

Au(1 1 1) Au(5 1 1) Au-rod Au38

Eads �2.9 �4.9 �9.6 �12.1
Eact1 32.7 27.9 24.1 19.2
DE1 27.2 14.0 11.4 2.1
Eact2 5.2 10.2 13.7 9.7
DE2 �16.0 �1.4 �1.3 1.7
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3. Results and discussion

3.1. Theoretical study of the reaction mechanism

The mechanism of selective oxidation of ethanol to ethanal con-
sists of two elementary steps: (1) dehydrogenation of the hydroxyl
group of adsorbed ethanol to give an ethoxy species and a hydro-
gen atom adsorbed on the metal surface and (2) transfer of a sec-
ond hydrogen atom from the C atom bonded to O (Hb) in the
ethoxy intermediate to the Au surface, yielding ethanal and a sec-
ond hydrogen atom adsorbed on the catalyst surface. The struc-
tures involved in the reaction mechanism on Au(5 1 1) surface,
together with a definition of the most relevant geometric parame-
ters to be analyzed, are depicted in Fig. 2. Table 1 summarizes the
optimized values of these parameters on all catalyst models con-
sidered. The calculated adsorption, reaction and activation ener-
gies are given in Table 2, and the energy profiles obtained on the
different catalyst models are schematized in Fig. 3.

Ethanol adsorbs on all surfaces and on the Au38 particle with the
O on top of an Au atom, although adsorption on highly coordinated
Au atoms present at regular surfaces is fairly weak. Therefore, only
sites located at the step edges and having coordination number 7
were considered for ethanol adsorption on the Au(5 1 1) surface
and on the Au-rod model. On the Au38 nanoparticle, ethanol
adsorption was found to occur at corner sites having coordination
number 6. The bond lengths and angles in ethanol are practically
unmodified upon adsorption, but the Au–O distance becomes
shorter as the coordination number of the Au atom with which
ethanol is interacting decreases. The calculated adsorption ener-
gies (Eads in Table 2 and Fig. 3) follow the opposite trend and in-
crease in a continuous way from Au(1 1 1) to Au38. However, the
Eads value obtained on the Au-rod model is considerably larger than
on the stepped Au(5 1 1) surface, indicating that coordination
number is not the only factor determining energies. When compar-
ing the step sites in the Au(5 1 1) and Au-rod models, one can see
that the coordination and local environment around the adsorption
site is similar along the step, but quite different across the step,
Fig. 2. Structures involved in the reaction mechanism on Au(5 1 1): (a) adsorbed ethanol, (b) transition state for the first (TS1) dehydrogenation, (c) co-adsorbed ethoxy and H
and (d) transition state for the second (TS2) dehydrogenation.



Fig. 3. Calculated energy profile for the dehydrogenation of ethanol on different gold catalyst models.

Fig. 4. Structures involved in the reaction mechanism on the Au-rod model (left) and the Au38 nanoparticle (right): (a) transition state for the first dehydrogenation TS1, (b)
co-adsorbed ethoxy and H and (c) transition state for the second dehydrogenation TS2.
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because the (1 0 0) terraces in the Au(5 1 1) surface are larger than
in the Au-rod model. The coordination of the Au atoms next to
those in the step in the Au(5 1 1) surface is 8, while in the Au-rod
model, the Au atoms next to those in the step where ethanol is ad-
sorbed belong to another step and are therefore coordinated to 7
Au atoms. As a result, the Au-rod model is more flexible than the
Au(5 1 1) surface and allows a better relaxation upon molecular
adsorption, which is reflected in larger adsorption energies and
lower activation barriers (see Table 2).
In the transition state for the first elementary step of the etha-
nol oxidation mechanism, TS1, the OH bond is broken and the
hydrogen atom of the hydroxyl group and the resulting ethoxy
fragment bind to different sites on the Au surfaces and nanoparti-
cles. The optimized OH (1.5–2.0 Å) and Au–H (1.6–1.9 Å) bond
lengths summarized in Table 2 reflect the hydrogen transfer
process. Moreover, the Au–O distances become shorter, while the
CO bond remains almost unaltered. After dissociation of the OH
group, the ethoxy fragment adsorbs with the C–O bond almost
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Fig. 5. Plots of: (a) activation energy of the rate-determining step versus energy of
adsorption energy of ethanol on the different gold catalyst models and (b)
adsorption (squares), activation (circles) and reaction (triangles) energies versus
Au coordination number.
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perpendicular to the surface and the oxygen atom on a 3-fold hol-
low position on Au(1 1 1) surface, and with the oxygen atom inter-
acting with two atoms of the step edge in a bridge configuration on
the Au(5 1 1), Au-rod and Au38 models (see Figs. 2 and 4). In all
cases, the calculated Au–O distances are �2.2 Å.

The calculated activation energies reported in Table 2 clearly
show that this dehydrogenation is the rate-determining step of
the reaction. Eact1 values decrease from 32.7 kcal mol�1 for the per-
fect Au(1 1 1) surface to 19.2 kcal mol�1 on the Au38 nanoparticle
and are not equivalent in the stepped Au(5 1 1) and Au-rod sur-
faces. A similar but still more pronounced trend is found for the
reaction energies DE1, which reflect the higher stabilization of
the ethoxy + H intermediate as the coordination of Au atoms on
the active site decrease. As depicted in Fig. 2, after dissociation of
Table 3
Characterization data (gold loading in% weight and measured by ICP-OES analysis, particle d
the different catalysts considered in this work together with calculated adsorption enthalp

Au (%) Au (ICP-OES) Diameter (nm) Area (m2/g)

0.4 0.3784 1.9 212.2
0.8 0.8216 3.3 175.9
1.5 1.4371 4.1 53.3
3.0 2.9360 5.9 52.6
5.0 5.1321 8.1 38.6

10.0 10.1885 9.7 37.9

a Calculated at T = 453 K and [alcohol] = 1 mmol/L.
the OH bond on the Au(5 1 1) surface, the H atom occupies a bridge
position between two Au atoms of the Au(1 0 0) terrace having
coordination number 8. However, the same process on the Au-
rod model leaves the H atom adsorbed on the step edge, in a more
stable situation. The dissociation of the OH group of ethanol on the
Au38 nanoparticle, depicted in Fig. 4, deserves a more detailed
description. Despite all our efforts to find a transition state TS1
equivalent to those obtained on Au(5 1 1) and Au-rod models, in
which OH dissociation occurs through the square formed by the
Au atoms of the Au(1 0 0) terrace, the breaking of the hydroxyl
group on Au38 nanoparticle occurs at the edge of the Au(1 0 0)
upper facet of the particle, and only involves in a direct way two
Au atoms. Thus, the OH distance in TS1 on Au38 is the longest,
the H atom is on top of one Au atom in a corner position, and
the ethoxy fragment is on top of a second corner Au atom. The dis-
tance between these two Au atoms, which were initially bonded
with a Au–Au bond length of 2.824 Å, increases to 3.828 Å in the
transition state and reaches a value of 3.479 Å in the ethoxy + H
intermediate. This large geometrical distortion of the particle is
energetically compensated by the interactions with the organic
fragments, leading to the lowest activation and reaction energies
in the series of model catalysts studied. This is an important point
since it shows that the fluxional structure of the Au nanoparticle is
also a key factor in reducing the activation energy toward O–H dis-
sociation. It is also important to remark that, after dissociation of
the hydroxyl group, the H atom occupies a bridge position between
two Au atoms beside adsorbed ethoxy, but can easily move to the
particle surface or to other more stable bridge positions farther
away from ethoxy. The energy difference between the least and
the most stable structures obtained for ethoxy + H intermediate,
depicted in Fig. 4, is �3 kcal mol�1, and the data given in Table 1
correspond to the most stable system, which has also been consid-
ered as starting point for the second deprotonation step.

The optimized structure of TS2 is almost similar on all surfaces
and particles considered. The ethoxy fragment is displaced from its
bridge position and moves closer to one of the Au atoms to which it
was bonded, leaving the other Au atom free to interact with the Hb

that is being abstracted. The hydrogen atom being transferred to
the Au surface is halfway between the C and the Au atoms, with
optimized C–Hb and Au–Hb distances between 1.6 and 1.7 Å. At
the same time, the CO bond length shortens to �1.28 Å, indicating
that it is being converted into a carbonyl group. Finally, ethanal is
formed and desorbs, leaving two hydrogen atoms occupying 3-fold
hollow positions on Au(1 1 1) surface and bridge positions on the
stepped surfaces and the nanoparticle. The activation barriers in-
volved in the abstraction of the Hb are smaller than those corre-
sponding to the dehydrogenation of the hydroxyl group, and do
not seem to follow any clear trend with the coordination of the
Au atoms or surface roughness.

In order to rationalize the results obtained, we have searched
for relationships between adsorption, reaction and activation ener-
gies for the rate-determining step and the coordination of the Au
atoms involved in the process. As discussed earlier, Au atoms in
iameter in nm and area in (m2/g) and calculated turnover frequencies (TOF in h�1) for
ies of benzyl alcohol (DH) and activation energies (Eact) for benzyl alcohol oxidation.

TOF (h�1)a DH (kcal mol�1) Eact (kcal mol�1)

113 7.3 ± 1.3 7.9 ± 1.3
324 6.5 ± 0.9 8.6 ± 1.1

74 5.2 ± 0.3 9.6 ± 0.6
31 4.7 ± 0.6 9.8 ± 0.8
30 4.3 ± 0.5 10.0 ± 1.0
26 3.8 ± 0.3 10.4 ± 0.6



Fig. 6. TEM micrographs and particle size distribution of Au/MgO catalysts with different gold loading: (a) 0.4%wt, (b) 0.8%wt, (c) 1.5%wt, (d) 3.0%wt, (e) 5.0%wt and (f
10.0%wt.
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the step edge of the Au(5 1 1) and Au-rod models have coordination
number 7, but Au atoms next to those in the step and also directly
participating in the mechanism have coordination number 8 on
Au(5 1 1), and therefore an average coordination number of 7.5
has been applied to Au(5 1 1) surface. The relevant relationships
thus found are depicted in Fig. 5. On one hand, we observe that
ethanol adsorption energies and activation barriers are linearly
correlated, evidencing that a Brønsted–Evans–Polanyi (BEP) rela-
tionship [38,39] holds for this elementary step (Fig. 5a). Therefore,
the term reactivity can be in this case associated either to a stron-
ger interaction with adsorbates or to a lower activation barrier in-
volved in the reaction. On the other hand, and as deduced from the
discussion above, there is a clear trend in the reactivity of the mod-
el surfaces; it increases with decreasing the Au coordination num-
ber (Fig. 5b). This means that not all active sites are equivalent and
that real gold catalysts might have heterogeneous surfaces with Au
atoms in different coordination state showing different reactivity
towards alcohol dehydrogenation. In order to confirm this hypoth-
esis, a series of Au catalysts with different particle diameter were
prepared and characterized, and their catalytic activity for the oxi-
dation of benzyl alcohol to benzaldehyde was measured. These
experiments will be described in detail in the forthcoming section.

3.2. Kinetic study of the reaction mechanism

The kinetics of the dehydrogenation of benzyl alcohol to benz-
aldehyde on a series of Au/MgO catalysts containing different gold
loading and particle size were studied using the initial reaction rate
method. The characterization data summarized in Table 3 and the
TEM images shown in Fig. 6 indicate that the amount of gold in the
catalyst determines the particle size, so that the higher the gold
loading the larger the metal particles are.

The kinetic rate equation was deduced by considering that ben-
zyl alcohol adsorbs on the gold nanoparticles with a equilibrium
constant Kads defined as:

Kads ¼
½alcohol�ads

½alcohol�½cat� ð1Þ

and that the mechanism for adsorbed alcohol dehydrogenation
involves two consecutive steps according to:

ðalcoholÞads!
k1 ðalkoxyÞads ð2Þ

ðalkoxyÞads!
k2 ðaldehydeÞads ð3Þ
Fig. 7. Variation of the kinetic constants kc and adsorption constants Kads for b
where k1 is the kinetic constant corresponding to the first dehydro-
genation of the alcohol to give an alkoxy intermediate and a hydro-
gen atom adsorbed on the Au surface and k2 is the kinetic constant
corresponding to the second dehydrogenation step yielding the
aldehyde and a new hydrogen atom adsorbed on the gold surface.
However, in practice, these two steps cannot be measured indepen-
dently and a global kinetic constant kc was employed in the kinetic
rate equation:

r0 ¼
Kadskc½cat�½alcohol�0

1þ Kads½alcohol�0
ð4Þ

which after linearization is converted into:

1
r0
¼ 1

Kadskc½cat�½alcohol�0
þ 1

kc½cat� ð5Þ

Thus, by plotting the inverse of the initial reaction rate versus
the inverse of the initial concentration of benzyl alcohol, a straight
line should be obtained, and from the slope and intercept at the
origin of the fitted equation, the values of kc and Kads can be de-
duced. The fit of the experimental data to Eq. (5) for the different
catalysts considered in this work at different temperatures is good,
as depicted in Fig. S1. The calculated kinetic and adsorption con-
stants are summarized in Table S1 in the Supporting information.

Activation energies Eact were calculated from the measured rate
constants at different temperatures according to the Arrhenius
equation:

kc ¼ Ae�Eact=RT ð6Þ

lnðkcÞ ¼ lnðAÞ � Eact

R
1
T

� �
ð7Þ

where A is the pre-exponential factor, R is the molar gas constant
and T is the reaction temperature. Adsorption enthalpies DH of ben-
zyl alcohol on the different catalysts were calculated using the van’t
Hoff equation:

lnðKadsÞ ¼ �
DH
R

1
T

� �
þ DS

R
ð8Þ

where R is the molar gas constant, T is the reaction temperature,
and DS is the entropy change of the reaction. Fig. 7 shows the var-
iation of the kinetic kc and adsorption Kads constants with tempera-
ture. The fitting of the experimental data to Eqs. (7) and (8) is good
in all cases, and the calculated activation energies and adsorption
enthalpies are summarized in Table 3. Activation energies linearly
increase with increasing particle size, while benzyl alcohol adsorp-
enzyl alcohol oxidation with temperature on different Au/MgO catalysts.
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tion enthalpies follow the opposite trend. This is in complete agree-
ment with the results obtained from the theoretical study described
in Section 3.1 and suggests that the direct relationship between par-
ticle size and catalytic activity cannot only be attributed to a larger
concentration of undercoordinated Au sites in the smallest parti-
cles, but also to the fact that not all undercoordinated Au sites are
equally active. To further confirm this hypothesis, turnover frequen-
cies (TOF) were measured at different temperatures for the series of
catalysts considered, and the results obtained at 453 K are plotted
versus the number of surface metal atoms in Fig. 8. The TOF is de-
fined as the number of molecules reacting per surface active site per
unit time and is calculated by dividing the measured initial reaction
rate r0 by the number of surface metal atoms in each particle. It
indicates the number of sites, among those accessible, that are ac-
tive for the reaction under study. The number of surface Au atoms
was estimated assuming a hemispherical shape for all particles
and a surface density of 13.9 atoms nm�2. The plot of TOF against
the number of accessible sites provides information about the reac-
tivity of the accessible sites. If all active sites were equivalent, a hor-
izontal straight line should be obtained. However, Fig. 8 shows that
the TOF for benzyl alcohol oxidation is high for particles with a
small number of accessible sites, and decreases considerably as
the number of accessible sites increases. This behavior of the TOF
indicates that the reaction is structure sensitive, that is, that the
activity of all the accessible sites is not equivalent, as suggested
by the theoretical study presented in the previous section. There-
fore, by comparing the experimental kinetic values and the results
from calculations, it is found that the design of an active and selec-
tive Au catalyst should involve the synthesis of Au particles with
size and shape that maximize the number of atoms with the lowest
coordination number.

4. Conclusions

The complete molecular mechanism for ethanol oxidation to
ethanal has been elucidated from periodic DFT-based calculations
carried out on different catalyst models including perfect and
stepped single crystal Au surfaces as well as an isolated Au38 nano-
particle, which is a prototype for this kind of systems. A clear trend
exists in the reactivity of the model surfaces, measured either by
the adsorption energy of the adsorbates or by the activation barri-
ers involved in the reaction. These two quantities are indeed line-
arly correlated in a BEP relationship. Hence, the activation energy
decreases (and the adsorption energy increases) with decreasing
the Au coordination number. From the model calculations, it can
be concluded that not all active sites are equivalent, and that real
gold catalysts might have heterogeneous surfaces, with Au atoms
in different coordination state showing different reactivity towards
alcohol dehydrogenation. That is, alcohol dehydrogenation on gold
catalysts might be a structure-sensitive reaction. This proposal has
been experimentally confirmed by measuring the kinetics of ben-
zyl alcohol oxidation on a series of Au/MgO catalysts having differ-
ent particle diameter and therefore different concentration of low
coordinated Au sites. Comparison of the trends observed in DFT
calculated alcohol adsorption energies and activation barriers with
those found in the values obtained from the kinetic experiments,
together with the analysis of the variation of the TOF with the
number of accessible Au sites in different samples, allows us to
conclude that the oxidative dehydrogenation of alcohols to car-
bonyl compounds is structure sensitive and that the activity of
the accessible Au sites is heterogeneous and varies with the coor-
dination number.
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