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Abstract The reactivity of Cu, Ag, and Au nanoparticles and
of the corresponding (111) surfaces of these elements toward
CO oxidation and NO2 reduction has been investigated by
means of DFT and DFT-D calculations. The co-adsorption
energies of CO and O on Ag and Au surfaces are smaller than
that corresponding to Cu surface but the oxidation reaction is
energetically more favored for the heavier metals. The adsorp-
tion energy of NO2, Eads, is about 50% larger on nanoparticles
than on the metal perfect surfaces, following the almost gen-
eral rule stating that the lower coordinated sites are those
where the interaction is the largest. Interestingly for the co-
adsorption and oxidation of CO an increase of reactivity is
found for the Au nanoparticles, which is attributed to the large
number of low coordinated sites due to the specific shape of
this nanoparticle induced by the adsorbates.

Keywords Adsorption . Catalysts . DFT-D .Metal
nanoparticles

Introduction

Two of the most dangerous and noxious atmospheric pollut-
ants are NOx and COwhich are produced in the combustion of
fossil fuels either through incomplete combustion or because

of the presence of traces of elemental nitrogen. The former is
responsible for acid rain whereas CO is harmful to human
health because it binds to Fe hemoglobin thus hindering
arrival of oxygen to vital organs. For these reasons, NOx

catalytic reduction and CO oxidation reactions have long been
studied and more recently attracted the attention of several
groups investigating the catalytic properties of Au nanoparti-
cles. Catalysis by Au nanoparticles is a field of enormous
interest triggered by the independent works of Haruta [1]
and Goodman [2] and followed by many other groups [3–6].
Today it is very well known that Au in the form of small
clusters or finely dispersed on metal oxides exhibits high
catalytic activity toward oxidation processes at mild tempera-
ture. It has also been found that, compared to the commonly
used oxide supports, Au nanoparticles supported on TiC have
even better catalytic properties for CO oxidation, desulfuriza-
tion, and hydrogenation reactions [7]. Besides, Au, Cu, and Ni
nanoparticles supported on TiC are very active for CO2 hy-
drogenation to methanol and methane [8].

An important question regarding these experiments con-
cerns the reactivity of metallic nanoparticles compared to that
of extended surfaces. This comes from the fact that the exper-
imental studies of Goodman et al. [2, 9] using a variety of
surface science techniques, including scanning tunneling
microscopy/spectroscopy (STM/STS) and elevated pressure
reaction kinetics measurements on Au clusters ranging in
diameter from 1 to 6 nm, show that the structure sensitivity
of this reaction is related to a quantum size effect with respect
to the thickness of the gold islands; islands with two Au layers
are most effective for catalyzing the oxidation of CO. Even
smaller particles are those found to be active when supported
on TiC [7]. Likewise, from theoretical calculations, Hvolbæk
et al. [10] have found that Au nanoparticles with less than 3–
5 nm in diameter are catalytically active for several chemical
reactions. These authors find that the fraction of low-
coordinated Au atoms scales approximately with the catalytic
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activity, suggesting that atoms on the corners and edges of Au
nanoparticles are the active sites. However, theoretical studies
carried out by Roldán et al. [11, 12] for the dissociation of O2

on Au nanoparticles showed convincing evidence that, in
addition to the presence of low coordinated Au atoms, there
is a critical size for Au nanoparticles for this reaction to
happen. They concluded that the catalytic effect observed by
Lambert et al. [13] about the epoxidation of styrene by
dioxygen on Au nanoparticles derived from Au55 supported
on SiO2 is likely to be catalyzed by a minority of smaller
particles. Clearly, a systematic study comparing the activity of
nanoparticles and extended surfaces is needed.

In the case of extended surfaces there is abundant literature
regarding the adsorption of CO and NO. Hence, the interac-
tion of NOwith the (111) surface of transition metals has been
studied by Gajdoš et al. [14] who found that the adsorption on
Cu and Ag occurs preferentially on hcp-hollow sites whereas
on Au(111) the authors found a very weak adsorption only on
bridge-sites. These authors also studied NO dissociation and
report a relationship between adsorption and activation energy
[15]. Torres et al. [16] studied the adsorption of NO on two
models of Au(111) substrate, one slab with four layers and the
other with two layers, to account for effects of the reduced
thickness of the substrate. They found an adsorption energy of
NO on a clean regular Au(111) surface of about 0.21 eV. They
also suggested that NO2 formation fromNOon regular sites of
Au(111) surface will be limited by the lifetime of the weakly
bound NO species. Moreover, these authors found that O
atoms preadsorbed on the surface enhance adsorption of NO
and the (NO + O)/Au(111) complexes and transform into
NO2/Au(111) products without an activation barrier. The elec-
tronic properties with respect to the adsorption and oxidation
of NO found on a regular Au(111) surface and a supported
thin film are qualitatively the same, which was also shown
experimentally in the case of CO adsorption [17]. The mag-
nitude of the interaction between NO and/or O and the under-
lying surface is very important since it determines its potential
chemical activity. This is clear from the kinetic Monte Carlo
simulations of NO oxidation on Pt(111) using DFT parameters
[18]. These calculations have shown that the NO + O/NO2

reaction is inhibited rather than promoted on Pt(111), due to
strong oxygen–platinum bonds. Only at sufficiently high ox-
ygen chemical potential does Pt become an efficient oxidation
catalyst, as Pt-O bonds are weakened with increasing cover-
age, and the NO2 formation reaction becomes exothermic. At
that point, Pt catalyzes the reaction by lowering the activation
barrier for the kinetic reaction. These results are congruent
with flow-reactor experiments [18].

From a fundamental point of view, the reactivity of metallic
nanoparticles has beenmuch less studied even if they are a key
component in supported heterogeneous catalysts [19–21].
These systems exhibit physical and chemical properties which
are significantly different from those of the bulk and of the

perfect extended surfaces [22]. One of the main conclusions
extracted from the specific literature is that the particle size
plays an important role in improving their catalytic activity. In
order to better understand the effect of the lower coordination
sites present on nanoparticles, NO2 decomposition to NO + O
and CO + O oxidation to CO2 catalyzed by small octahedral
nanoparticles of Cu, Ag, and Au has been theoretically studied
and the energy profile compared to that corresponding one for
extended (111) surfaces. From this comparison we will show
that, as expected, all species interact more strongly with the
nanoparticles, a behavior which is attributed to the larger
reactivity of the low coordinated sites. Moreover, the activity
of the Au nanoparticle is significantly different, the reason
being the facility to change its shape in response to the
presence of adsorbed species.

Computational details

In this work, the geometrical structure and reactivity of Cu19,
Ag19, and Au19 octahedral nanoparticles toward NO2 decom-
position and CO oxidation is studied and compared to that of
the corresponding (111) perfect surfaces. Based on the empir-
ical Brønsted–Evans–Polanyi relationship [23, 24], which
establishes a linear relationship between the activation energy
and the reaction energy, we consider the reaction energy
values as a good descriptor of the substrate activity. In this
way, we follow previous works which have established the
validity of these BEP relationships in a variety of heteroge-
neously catalyzed reactions taking place on a range of differ-
ent substrates [25–27]. These BEP relationships are also use-
ful in providing accurate, simple descriptors of the catalytic
activity [28–30]. To further check the validity of the BEP
relationships in the cases studied in the present work, we have
explicitly considered the energy barriers for NO2 reduction
reaction on the three perfect surfaces by appropriate transition
state structure location and characterization by frequency
analysis. The results from these calculations fully validate
the hypothesis behind the BEP relationships.

The overall study is supported on periodic density func-
tional theory (DFT) based calculations carried out using the
Vienna Ab-Initioo Simulation Package (VASP) [31–35]. This
code solves the Kohn-Sham equations for the valence electron
density within a plane wave basis set and makes use of the
projector augmented wave (PAW) method to describe the
interaction between the valence electrons and the atomic
cores, including scalar relativistic effects for the metal atoms
[36]. A cutoff of 415 eV for the kinetic energy of the plane
waves in the basis set has been used which allowed a conver-
gence up to 10−3 eV in the total force. The calculations of N or
O atoms were always performed at the spin-polarized level.

The calculations have been carried out using the PW91,
[37, 38] and/or PBE [39] forms of the exchange correlation
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potential. Note that both forms of the generalized gradient
approximation (GGA) provide a good compromise for accu-
racy versus computational cost and have shown to lead a
robust description of all transition metal elements series [40].
In spite of the good performance of these functionals in
describing bulk metals, one can still claim that hybrid func-
tionals are needed to describe the thermochemistry of reac-
tions involving main elements as is the case for CO, NO, or O
adsorption here (see [41] and references therein). These argu-
ments are no doubt correct but one must realize that using
hybrid functionals to describe the metallic systems also faces
important problems [42]. In fact, in a very recent work it has
been shown that hybrid functionals do not overcome the
performance of GGA in describing the properties of bulk
metals which constitutes a clear challenge in the search of
universal functionals [43]. Hence, the choice of the GGA
functionals in this work represents a compromise between
accuracy in the description of the main elements chemistry
and of metallic systems and most often constitutes the com-
mon choice in the literature regarding these systems.

In order to investigate the influence of dispersion, the
structures and energies for the CO oxidation were also evalu-
ated at the DFT-D level with the approximation suggested by
Grimme [44] added to the PBE calculated energy. In the DFT-
D approach, the total energy is given by:

E DFT−Dð Þ ¼ EDFT þ Edisp ð1Þ

where EDFT is the Kohn–Sham total energy as obtained
from genuine PBE and Edisp is an empirical dispersion cor-
rection given by:

Edisp ¼ −s6
X

i; j

f Rij

� �
Cij

6 Rij

� �−6 ð2Þ

where f (Rij)represents a damping function and the C6
ij

coefficients are obtained from atomic polarizabilities and ion-
ization potentials. On the other hand, s6 is a scaling factor
which was optimized in 0.75 for PBE [44].

Octahedral nanoparticles containing 19 atoms (M19) were
employed as suitable realistic models because these exhibit
atoms with low coordination number, exhibit well defined
(111) facets, contain core atoms with bulk coordination and
have an overall size that maintains calculations feasible with a
reasonable computational cost. It is also important to point out
that the structure of the particle is cut from the bulk as in
previous works dealing with coinage nanoparticles [45] and,
accordingly, it may not represent the global minimum for this
number of atoms. Precisely, cutting the structure from the bulk
and relaxing it guarantees that the particle mimics larger
octahedral particles and not the most stable structure of a gas
phase cluster [22].

Possible adsorption sites for all the studied species on the
nanoparticles are shown in Fig. 1. The M(111) surfaces were
represented by slabs with a periodic structure along the surface
including five layers. The sizes of the surface unit cells were
chosen of 2×2 and 3×3 to represent coverage values of 0.25
and 0.11, respectively. Numerical integration in the reciprocal
space was carried out using 5×5×1Monkhorst-Pack special k-
points grids [46] for the two supercells representing the perfect
(111) surface, whereas calculations for the nanoparticles have
been carried out at the Γ point only.

Results and discussion

CO+½ O2→CO2reaction

In order to compare the different performance of DFT and
DFT + D we first consider CO adsorption on the (111) metal
surfaces with a coverage Θ=0.25. Table 1 reports the calcu-
lated adsorption energy values (Eads) obtained by PBE-vdW
and PW91 (between brackets). Note that both PBE and PW91
functionals provide almost the same results for the properties
of the three transition metal series providing the best agree-
ment with experimental data [40]. It is also worth pointing out
that the energy profile for water dissociation predicted by
these two GGA type functionals is almost the same. There-
fore, one could safely argue that comparing PW91 with PBE-
vdW is almost the same as comparing PBE with PBE-vdW
[47].

From Table 1 we can observe that, not unexpectedly, the
calculations without dispersion corrections give values close
to zero incorrectly predicting that CO would not adsorb on
these surfaces. However, the results absolutely change when
the dispersion correction is included. Since experimental

Fig. 1 Possible adsorption sites for all studied species on the metal M19

nanoparticles

J Mol Model (2014) 20:2448 Page 3 of 11, 2448



results for CO adsorption on Cu(111) [48, 49], on Ag(111)
[50], and on Au(111) [51] consistently report adsorption en-
ergy values in the 0.3–0.5 eV range (see Table 1), we conclude
that these calculations must be carried out including the van
der Waals corrections even if the empirical approach by
Grimme [44] slightly overestimates the adsorption energy
values. Nevertheless, this approach agrees with the experi-
mental results on the order of adsorption strength toward CO;
Cu>Au>Ag. Therefore all following calculations about the
CO oxidation were carried out using dispersion corrections.

Consistent with the findings above, the study of the CO
oxidation reaction on nanoparticles of Cu, Ag, Au and on the
respective extended (111) surfaces was carried out at the DFT
+ D level using the PBE [39] form of the exchange correlation
potential with the approximation suggested by Grimme [44].
In all cases, the co-adsorption of CO and O species was
explored by considering all possible combinations of surface
adsorption sites. Tables 2 and 3 show the results found for the
perfect (111) surfaces and for the M19 (M = Cu, Ag, Au)
nanoparticles, respectively. These values were calculated with
respect to gaseous CO and O2 molecules, that is:

Eco−ads COþ Oð Þ
¼ E COþ O=MSð Þ – E MSð Þ − E COð Þ – 1=2 E O2ð Þ ð3Þ

where E(CO + O/MS) is the total energy of CO and O
co-adsorbed on the metallic substrate (MS), E(MS) is the
energy of the clean MS and E(CO), and E(O2) the total energy
of the gas phase molecules in their electronic ground state
(closed shell singlet for CO and triplet state for O2). This is a
common choice for the reference energy which avoids large

Table 2 CO + O co-adsorption energy (in eV) on (111) perfect surfaces
calculated by PBE-vdWas in Eq. 3. The most favorable cases are marked
in bold

COt + Oh COb + Oh COh + Ob

Cu −3.41 – –

Ag −1.76 −1.31 –

Au −1.50 −0.88 −1.18

Table 3 CO + O co-adsorption energy (in eV) on metal nanoparticles
calculated by PBE-vdWas in Eq. 3. The most favorable cases are marked
in bold

COa COd COe

Od Oe Oa Oc Oe Oa Oc

Cu – −3.40 – – −3.19 −1.84 –

Ag −1.49 −1.72 – – – – −0.96
Au −2.04 −2.26 −1.29 −1.53 −2.03 – –

Fig. 2 aCOt + Oh co-adsorbed onCu(111) and bCOa +Oe co-adsorbed
on Cu nanoparticle. C: black sphere, O atoms: red spheres, and Cu:
brown sphere

Table 1 CO adsorption energy (in eV) on (111) perfect surfaces calcu-
lated by PBE-vdW and (PW91) approaches and as in Eq. 3. The most
favorable cases are marked in bold

Θ=0.25 COt COb COh Exp. data

Cu −0.94 (+0.06) −0.99 ( −0.01) −1.07 ( −0.01) −0.49 [48]
−0.52 [49]

Ag −0.38 (0.00) −0.37 (0.00) −0.39 (0.00) −0.28 [50]
Au −0.52 (0.00) −0.53 (0.00) −0.49 (0.00) −0.40 [51]
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error in the dissociation of the oxygenmolecule in the gas phase
as predicted by the PW91 or PBE functionals. However, taking
into account that Eq. 3 does not consider the dissociation energy
of O2, the calculated values can be used to compare the different
systems but do not provide absolute adsorption energy values.
In this way, one can readily see that COt + Oh is the preferred
combination of surface sites for the three metal surfaces and
also for the nanoparticles (see Figs. 2a and b). The existence of
low coordinated sites such as corners and edges on the nano-
particles provides additional adsorption sites. The summary of
results for co-adsorption is reported in Tables 2 and 3. Even
though the reactivity of CO on metal surfaces follows the
Cu>Au>Ag order, as was shown in Table 1, this trend changes
to Cu>Ag>Au when an oxygen is co-adsorbed on these sur-
faces (see Table 2). This change is not unexpected taking into
account that the oxidation potential of Au is larger than that of
Cu and Ag and, therefore, Cu and Ag are easier to oxidize than
Au. However, the co-adsorption energies on nanoparticles fol-
low the Cu>Au>Ag order and here the major increase of
reactivity of Au compared to Ag is due to the appearance of
additional low coordination sites which is triggered by the
presence of the adsorbates. This behavior indicates an interest-
ing restructuration of Au19 nanoparticle, which is in agreement
with previous results obtained by Beret et al. [52] when CO is
adsorbed on Au13 nanoparticle.

Regarding CO2 adsorption on different sites of (111) sur-
faces and on nanoparticles, Tables 4 and 5 report adsorption
energy values calculated from DFT and DFT + D. These
values were calculated as follows:

Eads CO2ð Þ ¼ E CO2=MSð Þ – E MSð Þ − E CO2ð Þ ð4Þ

where E(CO2/MS) is the total energy of CO2 adsorbed on
the metallic substrate MS, E(MS) is the energy of the clean
MS and E(CO2) the total energy of the gas phase molecule. A
CO2 adsorption mode with the O atom pointing to the metal
surfaces is possible and has been explored although the final

situations is highly unstable and, hence, not further
commented.

Once again DFT without dispersion does not show any
noticeable interaction between the surface and the molecule.
Calculations carried out with PBE + vdWapproach show Eads

between 0.2 and 0.3 eVon (111) surfaces and between 0.1 and
0.2 eVon nanoparticles. Therefore, from these results the CO2

desorption is easy on surfaces and even more on nanoparti-
cles. A larger value has been reported for the CO2 adsorption
energy although using a very small Au2. This is not surprising
since the coordination number of Au atoms in Au2 and in the
octahedral Au19 nanoparticle model is very different [53]. For
all (111) surface sites and for most of the sites of the nanopar-
ticles, the O-C-O angle of the adsorbed molecules predicted
by geometrical optimization was practically equal to 180°
which indicates that the CO2 molecule is not activated. How-
ever, on the d and e sites of the Cu nanoparticle this angle
noticeably changes to ~140° (see Fig. 3) and the molecule gets
significantly close to the metallic substrate. This chemical
interaction is not evident looking at the adsorption energy
values only, but this apparent incongruence can be understood
having in mind that to deform the CO2 molecule also implies
an energy cost. A similar behavior has been observed for CO2

adsorbed on Cu/TiC and Au/TiC, [8] on Pd(111) [54] and it
also plays a role in the adsorption of methanol on MgO [55].

Table 4 CO2 adsorption energy (in eV) on (111) perfect surfaces calcu-
lated by PBE-vdW and (PW91) approaches (see Eq. 4). The most favor-
able cases are marked in bold

Θ=0.25 CO2 t CO2 b CO2 h

Cu −0.19(−0.06) −0.17 (+0.03) −0.24 (+0.05)

Ag −0,23(−0.08) −0.17 (−0.09) −0.23 (−0.07)
Au −0.23(+0.01) −0.31 (+0.04) −0.27 (0.00)

Table 5 CO2 adsorption
energy (in eV) on metal
nanoparticles calculated
by PBE-vdWapproach
(see Eq. 4)

CO2 a CO2 d CO2 e

Cu −0.08 −0.13 −0.16
Ag −0.12 −0.18 −0.18
Au −0.10 −0.20 −0.20

Fig. 3 CO2d on Cu19 with an OCO angle equal to 137°. C: black sphere,
O atoms: red spheres, and Cu: brown sphere

Table 6 Oxidation reac-
tion energy (in eV) of
CO on (111) perfect sur-
faces (see Eq. 5). The
most favorable cases are
marked in bold

COtOh CObOh COhOb
Θ=0.25 CO2t CO2b CO2h

Cu −0.57 – –

Ag −2.26 −2.66 –

Au −2.53 – −2.86
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For the oxidation reaction, the thermodynamic balance has
been calculated as in Eq. 5 below and reported in Tables 6 and
7 for the (111) surfaces and nanoparticles, respectively.

Ereac ¼ E CO2=MSð Þ– E COþ O=MSð Þ ð5Þ

FromTables 6 and 7 it clearly appears that the order of Ereac

for the (111) surface follows the Au>Ag>Cu trend on (111)
surfaces whereas it changes to Ag>Au>Cu for the M19 nano-
particles. The Ereac negative values indicate that the CO2

formation is energetically favorable, from CO+O, both on
the metal surfaces and nanoparticles.

As commented before for the Cu surface, the co-adsorption
energies are significantly large on COtOh configuration, ~
−3.4 eV (see Tables 2 and 3), but the respective oxidation
energies corresponding to this initial configuration of the
reactants —~ −0.4 eV/−0.6 eV (see Tables 6 and 7)— are
not the most favorable. On the other hand, even though the co-
adsorption energies on Ag and Au surfaces are smaller than
that corresponding to Cu(111), the oxidation reaction is, how-
ever, much more energetically favored.

For the Cu nanoparticle, the largest Ereac(CO) corresponds
to the COe+Oa configuration of the reactants although this is
not the more likely combination of adsorption sites of the
individual species. A similar situation is found in the case of
the Ag nanoparticle where the largest oxidation energy occurs
from COe+Oc but, again, this does not correspond to the most
stable combination of adsorption sites of isolated species.
However, the oxidation energies arising from the COa+Od
and COa+Oe initial states (Fig. 4a and b) are also quite large
and these effectively correspond to the most probable adsorp-
tion sites. For the Au nanoparticle, the preferential sites are
COa+Od, COa+Oe, and COd+Oe (Fig. 5a, b, and c), as was
displayed in Table 3, and these are also very reactive sites
toward the oxidation (see Table 7).

NO2→NO+½ O2 reaction

The dissociation of NO2 on M(111) (M=Cu, Ag, and Au)
perfect surfaces and on the respective M19 nanoparticles has

been studied following the same approach as for the CO
oxidation reaction. In a preliminary set of calculations, the
NO2 adsorption energies on the (111) surfaces were calculated
as in Eq. 6 below by imposing a coverage Θ=0.25 and with
the N atom pointing toward the surface, the corresponding
results are reported in Table 8.

Eads NO2ð Þ ¼ E NO2=MSð Þ – E MSð Þ − E NO2ð Þ ð6Þ

Table 7 Oxidation reaction energy (in eV) of CO on metal nanoparticles
(see Eq. 5). The most favorable cases are marked in bold

CO2a CO2d CO2e

COa COd COe

Od Oe Oa Oc Oe Oa Oc

Cu – −0.37 – – −0.53 −1.57 –

Ag −2.36 −2.11 – – – – −2.99
Au −2.05 −1.61 −2.70 −2.34 −1.50 – –

Fig. 4 a COa + Od/Ag19 and b COa + Oe/Ag19. C: black sphere, O
atoms: red spheres, and Ag: white sphere
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From these calculations it follows that interaction of NO2

directly at the top site is the most favored (see Fig. 6a). More-
over, for the three metallic surfaces, adsorption energy is larger
at the top site (T) than on the hollow (H) which is larger than at
the bridge (B) site. Considering that T is the preferred site for
the NO2 on these surfaces, the situation with smaller coverage
was also considered, represented by a suitable larger supercell.
Thus, the NO2 adsorption at T was analyzed at the smaller

coverage (Θ=0.11) but the upside-down orientation with the O
atoms pointing toward the surface was also considered
(Fig. 6b) which is referred to as NO2(inv). From the
energy values shown in Table 8, it appears that the
upside-down orientation is indeed the most favorable.
We can see that the adsorption order is Cu>Ag>Au. The
adsorption energies of NO2 on nanoparticles also calcu-
lated as in Eq. 6 are exposed in Table 9. The order of
stability is the same as in the (111) surface. The most
favorable position is also the upside-down sites, but now
two possible stable sites (a and b) are possible for the N-
down orientation (see Fig. 7a and b). These values are
approximately 50 % larger than on the metal perfect
surfaces, following the almost general rule: the lower
coordinated sites are those where the interaction is the
strongest.

Fig. 5 a COa + Od/Au19, b COa + Oe/Au19 and c COd + Oe/Au19. C:
black sphere, O atoms: red spheres, and Au: yellow sphere

Table 8 NO2 adsorption energy (in eV) on (111) metal surfaces calcu-
lated by PW91 approach. The most favorable cases are marked in bold

Eads NO2

NO2 (T) NO2 (B) NO2 (H)* NO2 inv

Θ=0.25 Θ=0.11 Θ=0.25 Θ=0.25 Θ=0.11

Cu −1.11 −1.32 −0.42 −0.71 −1.51
Ag −0.83 −0.95 −0.45 −0.62 −1.18
Au −0.42 −0.52 0.11 −0.23 −0.74

*Hollow HCP and FCC gave the same energies

Fig. 6 aNO2t/Au(111) and bNO2(inv)/Au(111). N: light blue sphere, O
atoms: red spheres, and Au: yellow spheres

Table 9 NO2 adsorption
energy (in eV) on metal
nanoparticles calculated
by PW91 approach. The
most favorable cases are
marked in bold

NO2a NO2b NO2(inv)

Cu −2.03 −2.07 −2.31
Ag −1.47 −1.49 −1.74
Au −1.31 −1.29 −1.50
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From the more stable NO2 adsorption sites the dissociation
toward NO+O was studied for the Θ=0.11 coverage using a
3×3 supercell. The dissociation energy was calculated as in
Eq. 7

Edis NO2=MSð Þ ¼ E NOþ O=MSð Þ−E NO2=MSð Þ ð7Þ

where the definitions are equivalent to those in Eq. 5. In
order to properly compute the reaction energy corresponding to
NO2 dissociation, all possible combinations of NO and O co-
adsorption sites were considered and analyzed. Several combi-
nations, however, led to the NO2 molecule. The Edis values for
the M(111) surfaces and M19 nanoparticles are reported in
Tables 10 and 11, respectively. Except in the case of the
situation NO2(inv)→NOhcp + Ofcc in Fig. 8, all the reactions
are endothermic. The difference between the Edis value for the
reaction on Cu(111) and on Ag(111) and Au(111) is significant.
For Cu(111), Edis values are between −0.05 and 0.33 eV, de-
pending on the atomic configuration. However, values larger
by 1 eV are found for Ag(111) and Au(111) as clearly seen in
Table 10. Here we must underline that although NO2(inv) on
Cu surface is found to be quite stable (see Table 8), the

Fig. 7 aNO2(inv)/Ag19 and bNO2b/Ag19. N: light blue sphere, O atoms:
red spheres, and Ag: white spheres

Table 10 Dissociation reaction energy (in eV) of NO2 on (111) perfect
surfaces with Θ=0.11 calculated by PW91 approach

Θ=0.11 NO2t NO2(inv)

NOtOfcc NOtOhcp NOtOfcc NOhcpOfcc

Cu 0.19 0.33 0.31 −0.05
Ag 1.26 1.34 1.51 1.47

Au 1.25 1.50 1.48 –

Table 11 Dissociation reaction energy (in eV) of NO2 on metal nano-
particles calculated by PW91 approach

NO2(inv)

NOa + Oe NOc + Oc NOc + Oe NOb + Oe NOe + Oe

Cu 0.50 0.49 0.24 – 0.23

Ag 1.75 – 1.89 2.20 –

Au 1.53 1.51 – – –

Fig. 8 NO2(inv)/Cu(111)→NOhcp+Ofcc/Cu(111). N: light blue sphere,
O atoms: red spheres, and Cu: brown spheres
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calculated Edis value indicates a favorable trend for the disso-
ciation of the adsorbed molecule.

On the M19 nanoparticles a large number of co-adsorption
sites was considered but only those more favorable for the
dissociation reaction are displayed in Table 11. Again the most
reactivemetal resulted to be Cu, with Edis ~0.2 and 0.5 eVin the
cases of NOc + Oe and NOa + Oe (see Fig. 9a and b),
respectively. On the other hand, all the reaction energies
calculated for Ag and Au nanoparticles are between 1.5
and 2.2 eV. Once again, Au nanoparticles show reactivity
higher than Ag (see Table 7 about CO oxidation) which is
due to the higher facility of the former to deform in the
presence of adsorbate.

Conclusions

Periodic density functional theory based calculations includ-
ing dispersion terms reveal that CO adsorption and oxidation
on M(111) surfaces and M19 nanoparticles (M=Cu, Ag, and
Au) should include van der Waals corrections. The preferred
pair of co-adsorption sites for CO and O is on top and on
hollow, respectively, for the three metal surfaces and also for
the nanoparticles. Interestingly, while the co-adsorption ener-
gies of CO+O on Ag and Au surfaces are smaller than that
corresponding to Cu surface, the oxidation reaction is, how-
ever, much more energetically favored. Likewise, an increase
of reactivity is found for the Au nanoparticle which is attrib-
uted to the larger quantities of low coordinated sites on this
particle in the presence of the adsorbates.

In the case of NO2 adsorption and dissociation on the same
systems, the most likely adsorption configuration for the NO2

molecule implies an upside-down orientation with the O
atoms pointing toward the surface or an on top adsorption
with the N atom bound to the surface. The calculated dissoci-
ation energy for adsorbed NO2 on the nanoparticles is 50 %
larger than on the metal perfect surfaces which is at variance
from the trend found for CO2 dissociation, the reverse of the
CO+O reaction. The difference in calculated Edis(NO2) values
on Cu and on Ag and Au provides an indication of the
expected trend for the dissociation. Finally, Au nanoparticles
are found to show higher reactivity than Ag ones as long the
oxidation of CO and the dissociation of NO2. This unexpected
behavior is due to the largest facility of the Au particle to
deform in the presence of adsorbates which results in addi-
tional low coordinated sites.
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