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The NO dissociation on a series of doped gold surfaces (type TMn@Au(111) or TMn@Au(110),
with TMn = Ni, Ir, Rh, or Ag and referring n to the number of dopant atoms per unit cell) was in-
vestigated through periodic density functional theory calculations. Generally, doping of Au(111) and
Au(110) matrices was found to strengthen the interaction with NO species, with the exception of Ag,
and was found to increase the energy barrier for dissociation, with the exception of Ni on Au(111).
The calculations suggest that the NO dissociation is only possible in the case of the Ir@Au(110)
bimetallic surface but only at high temperatures. The increase of the contents of Ir on Au(110)
was found to improve significantly the catalytic activity of gold towards the NO dissociation (Eact

= ∼1 eV). Nevertheless, this energy barrier is almost the double of that calculated for NO dissoci-
ation on pure Ir(110). However, mixing the two most interesting dopant atoms resulted in a catalyst
model of the type Ir@Ni(110) that was found to decrease the energy barrier to values close to those
calculated for pure Ir surfaces, i.e., ∼0.4 eV, and at the same time the dissociation reaction became
mildly exothermic. © 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4790602]

I. INTRODUCTION

The elimination of NOx species from the exhaust gas
emissions is among the priorities nowadays due to the strong
greenhouse effects of some of these gases, with the correspon-
dent environmental implications. In particular, the nitrous ox-
ide (N2O) has a warming potential 310 times larger than that
of CO2 gas and 15 times larger than that of CH4,1 reason why
it was elaborated rigorous normative for the control of their
emissions in the exhaust gas motor vehicles emissions.2 In
the case of motor vehicles the elimination of these species is
usually carried out through its reduction to N2 using the con-
ventional three-way catalysts which presents Pt, Pd, and Rh
in its active phase,3–5 being here a central reaction the NO
reduction with CO (NO + CO → 1

2 N2 + CO2) since
these gases are among the main contaminants emitted by the
motor vehicles. Furthermore, other catalysts based on noble
metals dispersed on a support were also tested for the NOx

elimination6, 7 as those based on Ru,8 Rh,9 Ir,10–12 Pd,13–15

Pt,16–22 Au,23–26 Ag,27–30 and also on alloys of these met-
als with cheaper metals.8, 9, 20, 22, 31, 32 In some cases the no-
ble metal was successfully replaced by other elements.33–37

Two general methods are used for the elimination of the NOx

species from the exhaust gas emissions employing solid cat-
alysts, (i) the Selective Catalytic Reduction (SCR)38 and (ii)
the NOx Storage-Reduction (NSR),39, 40 respectively, used for
stationary and for non-stationary NOx sources.

Concerning to the mechanism for the NOx reduction to
N2, several routes were proposed depending on the inter-
mediates observed in the course of the catalytic reactions,
which are also dependent on experimental conditions and on

a)Author to whom correspondence should be addressed. Electronic mail:
jrgomes@ua.pt. Telephone: +351 234 401 423. Fax: +351 234 401 470.

the catalyst’s nature.6, 8, 13, 25, 26 Formation of N2O during the
NOx reduction reaction is also possible, and catalysts are op-
timized to minimize its formation,19, 31, 41, 42 or its reduction
to molecular nitrogen.10, 17, 29, 43 One of the intermediates ob-
served in the reduction of NO with CO is NCO, suggesting
NO dissociation followed by reaction of an N adatom with
CO. Interestingly, the NCO intermediate was not observed
during the NO adsorption on Au/TiO2;44–47 but the formation
of dinitrosyl complexes attached to the same Au atom, e.g.,
Au(NO)2 species, either in the presence or in the absence of
CO,44, 45 was detected. This suggests that the energy required
to cleave the N–O bond is very high on Au/TiO2 catalysts,
which is in agreement with the results from the density func-
tional theory (DFT) studies by Wang et al.48 for NO adsorp-
tion on the Au(111) surface. They correlated the formation
of (NO)2 dimers with the high activation energy barrier for
the NO dissociation on Au(111) and suggested that the (NO)2

dimers evolve to N2O. Therefore, the cleavage of the N–O
bond seems to be the crucial step during the reaction of NO
reduction.13, 21, 49–51

Vinod et al.52 considered the Au(310) surface model cat-
alyst for investigating NO reduction on gold, concluding that
the reaction mechanism based on bond dissociation of NO
species is more plausible, which is surprising taking into ac-
count the high activation energy barrier (Eact = ∼3.9 eV)
associated to the reaction of NO dissociation on the Au(111)
surface.48 This is a very large value, especially, when com-
pared with the NO dissociation energy barriers on sur-
faces of more reactive metals such as Ir(100),53 Rh(111),54

Rh(100),55, 56 or Rh(211),54 surfaces, with Eact = ∼0.5 eV,
∼1.4 eV, ∼0.4 eV, and ∼0.7 eV, respectively. However, other
factors, such as the presence of promoters on the catalytic
surface, may have an important role in reducing the large
activation energies associated with the cleavage of the N–O
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bond on Au surfaces. We have found that H adatoms on the
Au(321) model surface can react with NO and leads to a
series of alternative reaction paths with concomitant lower
activation energy barriers for the dissociation of the N–O
bond.57 Our findings are in agreement with previous exper-
imental studies where it was found that the NO reduction on
gold based catalysts at moderate temperatures started only
if hydrogen species were available.51, 58, 59 All of these sug-
gestions must be handled with caution since the reaction of
NO dissociation, as other steps in the reaction of NO re-
duction, was found to be structure sensitive,21, 50, 60–67 i.e.,
is influenced by intrinsic specificities of the catalyst sur-
faces considered (e.g., special sites close to undercoordinated
atoms).

A very recent exhaustive DFT study was devoted to the
mechanism of the NO reduction by CO on gold based cata-
lysts where several different reaction paths were considered
on the clean or on the hydrogen covered Au(321) model
surface.68 It was found that in the presence of H atoms on the
catalyst surface, the reaction evolves through the N–O bond
break after successive hydrogenation reactions of NO. These
reaction steps have to compete with the formation of NH3. If
H species are not available on the catalyst surface, the reac-
tion evolves through the ON2O and N2O intermediates. The
dissociation of the N–O bond in the N2O molecule leads to
the formation of N2.

Herewith, we would like to understand if the reaction of
N–O bond dissociation is indeed possible on gold surfaces
without the presence of adsorbates able to promote this re-
action. This information is very important to understand the
NOx reduction on gold based catalysts. Thus, the NO dis-
sociation, a key step in the NOx reduction by noble metal
based catalysts,13, 21, 49–51 is studied here on a series of doped
Au(111) and Au(110) surfaces. The latter surface presents un-
dercoordinated atoms and, upon comparison with the results
for the flat Au(111) surface, will allow the understanding of
the structure sensitivity of the NO dissociation reaction. The
doped gold surfaces were obtained by substitution of one or
two gold atoms in the topmost gold layer in a (2 × 2) unit cell
by Ni, Ir, Rh, or Ag atoms. The choice of the Ir and Rh doping
elements is based on previous works where it was found that
these elements are able to stabilize the adsorption of the re-
actants and to reduce the activation energies barriers for N–O
bond dissociation.53, 54, 69 The choice of the Ni (cheap metal)
and Ag (frequent metal in catalysts) elements is also based on
previous studies where it was found that these metals seem to
be good catalysts for the dissociation of O–X bonds (X = H,
N, or O).70–72

II. CATALYST SURFACE MODELS
AND COMPUTATIONAL DETAILS

A. Slab models

The reaction of NO dissociation was proposed to be a
crucial step in the NOx reduction on gold based catalysts.49, 51

Surfaces from transition metals such as Ir53 or Rh54–56 were
found to be quite active for the reaction of NO dissociation.
These two metals and also Ag and Ni will be used to replace
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FIG. 1. Notation for the adsorption positions considered in the adsorption
on the (a) Au(111), (b) Au(110), (c) TM@Au(111), and (d) TM@Au(110)
surfaces. Yellow and blue spheres stand for Au and TM atoms, respectively.
Adsorption sites are: b—bridge; d—hollow 3 (down); f—hollow fcc; h—
hollow hcp; lb—long-bridge; sb—short-bridge; t—top; u—hollow 3 (up).

Au atoms on Au(111) or Au(110) in order to understand if
it is possible to improve the activity of gold towards the re-
duction of NOx by doping. The bimetallic surface models ob-
tained are of the type TMn@Au(111) or TMn@Au(110), with
TM = Ni, Ir, Rh, or Ag, and where n refers to the number of
atoms of the doping element per unit cell. The Au(111) sur-
face is flat and is the most stable termination for gold while
the Au(110) surface possesses low coordinated atoms, which
are highly relevant to catalyze some reactions. Also impor-
tant for supporting the choice of the Au(110) surface are the
previous reports on the structural sensitivity of the reaction of
NOx reduction on metallic catalysts.21, 50, 60–66 The (111) and
(110) slab models used in this work consist of 2 × 2 unit cells
with respect to the minimal unit cell and have a thickness of
four metallic layers.73 The convergence of the results with the
number of atomic layers in the slab was checked in previous
works.71, 73 Some gold atoms in the topmost layer of these
surfaces were substituted by atoms of Rh or of Ir, or also by
atoms of Ni (a cheap metal) or of Ag which is usually used
for the elaboration of catalysts for the NOx elimination.27–30

In the case of the Au(110) surface, only Au atoms at the ridges
(from now on named combs as in Ref. 71) were replaced
by the dopant elements (see Figure 1). Bimetallic surfaces
with higher concentration of dopant species per unit cell were
also considered. In this case, two gold atoms were replaced
by iridium resulting in the Ir2@Au(110) model surface. De-
pending on the relative positions of the replaced atoms in the
topmost layer of the Au(110) surface, three different combi-
nations are possible for this doped surface (Figure 2). Dop-
ing with two Ir atoms at nearest-neighbor positions of adja-
cent combs results in the IrcombIrcomb@Au(110) surface model
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FIG. 2. Notation for the adsorption positions considered in the ad-
sorption on the (a) Ir2,comb@Au(110), (b) IrcombIrcomb@Au(110), and
(c) IrvalleyIrcomb@Au(110) surfaces. Color code and adsorption site labeling
as in Figure 1.

(Figure 2(a)), doping at the nearest-neighbor positions at the
same comb results in the Ir2,comb@Au(110) surface model
(Figure 2(b)) while doping at adjacent valley-comb positions
yields the IrvalleyIrcomb@Au(110) surface model (Figure 2(c)).
Other possible combinations of doping positions exist but the
ones proposed above are those where at least one of the dop-
ing elements is at the more exposed comb sites, which in prin-
ciple are those able to bind directly to the NO species and
other possible adsorbates.

Since the metals above are very expensive, a bimetallic
catalyst based on the Ni(110) surface was also considered in
this work. Nickel was considered since it is cheaper than Ir,
Rh, Au, or Ag and since it seems to have some activity to-
wards the reaction of NO dissociation.70 The Ni(110) surface
was doped with Ir atoms resulting in the Ir@Ni(110) bimetal-
lic model surface.

The optimized lattice constants for the bulk metals con-
sidered in this work were taken from previous works.57, 74

The stabilities of the different bimetallic surfaces are con-
ditioned by the relative concentration of each metal and by
the temperature but they can be also dependent on the nature
of the adsorbates.75 These parameters are relevant to deter-

mine the tendency of metal pairs to mix at the catalyst surface
or to assist the diffusion of the admetal into the bulk system,
i.e., the surface composition of a transition-metal alloy is very
sensitive to the external conditions of the experiment.76 Even
if the dissolution of the admetal into the bulk is favorable,
this dissolution will dependent on the global thermodynamic
equilibrium which may not be established immediately for ki-
netic reasons.77 In general, the bimetallic surfaces considered
in this work are stable but segregation may be affected by
several different factors as referred above and its influence
on the bimetallic catalysts considered here is difficult to be
ascertained.

B. DFT calculations

The energies and geometries of the most stable configura-
tions for the NO adsorption (reaction initial state, IS) and N +
O pair co-adsorption (reaction final state, FS) on the bimetal-
lic surface models presented above were obtained through
minimization of the calculated energy with respect to the ge-
ometry. Spin-polarized DFT calculations were carried out us-
ing the VASP 5.2 computer code.78–80 All the calculations
considered the PW91 generalized gradient approach (GGA)
exchange correlation potential,81 the projected augmented-
wave (PAW) method as implemented in VASP82, 83 to take
into account the effect of core electrons in the valence elec-
tron density, a cutoff of 415 eV for the plane waves expansion
and a 7 × 7 × 1 Monkhorst-Pack grid of special k-points84

for the numerical integration in the reciprocal space. The con-
vergence of the results with respect to the cutoff and to the
Monkhorst-Pack grid was checked in previous works.57, 71

The search of the transition state (TS) structures for the
NO dissociation on the doped surface models was carried out
using the Dimer approach85 and considering convergence cri-
teria of 10−6 eV for the total energy change and 10−3 eV/Å
for the forces acting on the ions. The TS structures obtained
were confirmed by checking the movement associated with
the imaginary frequency.

The adsorption energies, the energy barriers (energy dif-
ferent between the transition and initial states), and reaction
energy (energy difference between the initial and final states)
were corrected with the zero point vibrational energy (ZPVE)
correction, considering the harmonic oscillator approach.

The rate constants (k) for the NO dissociation on the dif-
ferent surfaces were determined, according to the transition
state theory, from the zero point vibrational corrected energy
barriers and from the vibrational frequencies of the initial and
transition states following Eq. (1):

k =
(

kBT

h

) (
q �=

q

)
e

−Ea
kBT , (1)

where kB is the Boltzmann constant, T is the absolute tem-
perature, h is the Planck constant, and Ea is the activation en-
ergy from the ZPVE corrected calculated energy barrier.86 In
Eq. (1), q�= and q are the vibrational partition functions for
the transition and initial states, respectively, which have been
approximated from the harmonic vibrational frequencies. The
vibrational frequencies were computed numerically allowing
the complete relaxation of all atoms except those from the
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TABLE I. Adsorption energies (Eads, eV) and distances (d, Å) for the adsorption of NO on several metallic and bimetallic surfaces.

Surface Adsorption site Ee
ads

a Eo
ads

a dN-surf
b dN–O

c

Au(111)d Top −0.59 −0.57 2.21(Au) 1.17
Ni@Au(111) Top Ni −1.86 −1.81 1.68(Ni) 1.17
Ir@Au(111) Top Ir −2.86 −2.79 1.76(Ir) 1.18
Rh@Au(111) Top Rh −2.38 −2.34 1.78(Rh) 1.17
Ag@Au(111) Top Au −0.37 −0.36 2.23(Au) 1.18
Au(110) Short bridge −0.53 −0.50 2.24(Au); 2.24(Au) 1.19
Ni@Au(110) Top Ni −2.16 −2.12 1.66(Ni) 1.17
Ir@Au(110) Top Ir −3.32 −3.26 1.76(Ir) 1.18
Rh@Au(110) Top Rh −2.70 −2.66 1.77(Rh) 1.17
Ag@Au(110) Short bridge Ag–Au −0.48 −0.45 2.32(Ag); 2.11(Au) 1.19
Ir2,comb@Au(110) Short bridge (Ir–Ir) −3.65 −3.59 1.95(Ir); 1.95(Ir) 1.22
IrcombIrcomb@Au(110) Long bridge (Ir-Ir) −3.67 −3.61 1.82(N–Ir); 2.08(O–Ir) 1.24
IrvalleyIrcomb@Au(110) Top Ir −2.93 −2.86 1.77(Ir) 1.18
Ir@Ni(110) Top Ir −2.81 −2.75 1.78(Ir) 1.19

aIn Eads the labels e and o stand for uncorrected and zero point vibrational energy corrected adsorption energies.
bDistances from the nitrogen atom to the nearest metal atoms on the surface.
cN−O bond length.
dResults taken from Ref. 87.

surface and farthest from the adsorbate which were already
fixed in the optimization runs. Three different temperatures,
e.g., 60 K, 470 K, and 600 K, were considered in the calcu-
lations in order to analyze the effect of the temperature in the
rate constant values.68

III. RESULTS

The results calculated for the adsorption of NO, for
the co-adsorption of N and O adatoms, and for the reac-
tion of NO decomposition on the different bimetallic model
surfaces are described and analyzed in Subsections III A
and III B.

A. Adsorption of NO and co-adsorption of N + O

Different initial configurations were considered in the
study of the adsorption of NO and the co-adsorption of N
and O adatoms on the different bimetallic surfaces. The initial
configurations consider the interaction of the adsorbates with
positions close to and far from the dopant atoms in the cat-
alyst surface, in order to obtain the most favorable positions
for the interaction of these adsorbates with the bimetallic sur-
faces. The final energies and geometries were obtained from
these different initial structures, upon full optimization of the
coordinates of the adsorbates constituting atoms and of the
uppermost transition metal atoms in the catalyst model.

The adsorption energy (Eads) for the NO molecule on
these surfaces was calculated as

Eads = Eslab-NO − Eslab − ENO, (2)

where Eslab refers to the electronic energy of the metallic or
bimetallic surface slab model, ENO refers to the electronic en-
ergy of NO in the gaseous phase, and Eslab-NO refers to the
electronic energy of the slab-NO supersystem, while the co-

adsorption energy for the N + O pair was calculated as

Eco-ads = Eslab-(N+O) − Eslab − ENO, (3)

where Eslab-(N+O) refers to the electronic energy of the super-
system composed by the slab model with the co-adsorbed N
and O species. According to these equations, negative values
of Eads (Eco-ads) mean favorable adsorption (co-adsorption)
with respect to the energy of NO in the gas phase. These ad-
sorption and co-adsorption energies were corrected with the
zero point vibrational energy correction.

The numeric results for the most favorable NO adsorption
configuration on each surface are presented in Table I while
views of the optimized structures are shown in Figure 3. As
it can be seen for all the TM@Au(111) and TM@Au(110)
surfaces studied (see Figure 1), with TM = Ni, Ir, Rh, Ag, or
Au, the NO adsorption is more favorable when the NO inter-
acts with the surface through its nitrogen atom and, with the
exception of the NO adsorption on the Ag@Au(111) surface,
the NO interacts preferably with the dopant atom. In the case
of the Ag@Au(111) surface, the NO molecule sits above an
Au atom adjacent to the Ag dopant. The results show also that
the most favorable adsorption site for the NO species on these
surfaces is a top site with the exception of the Ag@Au(110)
and Au(110) surfaces for which a bridge position is preferred.

The NO adsorption energy varies from moderate val-
ues calculated for the pure gold surfaces, i.e., −0.57 eV87

(−0.15 eV in Ref. 48) on Au(111) and −0.50 eV on Au(110),
or on the Ag doped gold surfaces, i.e., −0.36 eV on the
Ag@Au(111) surface and −0.45 eV on the Ag@Au(110)
surface, to high adsorption energy values as that calculated
for NO interaction with the Ir@Au(110) surface (value of
−3.26 eV). Adsorption energies more negative than −2.0 eV
were also calculated for Ni and Rh doped Au surfaces. There-
fore, the doping of gold surfaces with atoms of Ir, Ni, and Rh
has a strong effect in the stabilization of the NO adsorption on
gold surfaces, with very high adsorption energies. The com-
parison of data calculated for the doped surfaces suggests a
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FIG. 3. Optimized structures for the initial (IS, leftmost panels), transition
(TS, two central panels), and final (FS, rightmost panels) states for the NO
→ N + O most favorable reaction path on a series of metallic and bimetallic
surfaces. Length of the cleaved N–O bond is given in Å.

rather local character for the NO-surface interaction. For in-
stance, the calculated adsorption energies for NO on pure Ir
surfaces are of about 3.0 eV,69 which is not far from the calcu-
lated energies for NO on Ir@Au(111), Eads = −2.79 eV and
on Ir@Au(110), Eads = −3.26 eV.

Strong adsorption energies for NO on metal surfaces are
very important for stabilizing this molecule on the catalyst
surfaces benefiting the dissociation of N–O bond prior to the
occurrence of NO desorption. Obviously, the corresponding
activation energy barriers on the catalyst surfaces must be
smaller, in absolute values, than the adsorption energies.

For the most favorable case with just one dopant atom
in the unit cell, i.e., for Ir@Au(110), a second Ir atom was
introduced for checking the effects of increasing the concen-
tration of the dopant element in the catalysis of the NO dis-
sociation reaction. As it can be seen in the lower rows of
Table I, when the two Ir atoms are at comb sites (Figure 2),
the interaction energy of NO with the bimetallic surface in-
creases by ∼0.25 eV with respect to the Ir@Au(110) sur-
face. Entry of the second Ir atom at a valley site (Figure 2)
has an opposite effect and the calculated energy is diminished
by ∼0.4 eV with respect to the Ir@Au(110) surface. Interest-
ingly, in the most stable cases, i.e., for the Ir2,comb@Au(110)
and IrcombIrcomb@Au(110) surfaces, the adsorption of NO oc-
curs on a bridge site while for the least stable case, i.e., for
the IrvalleyIrcomb@Au(110) surface, the adsorption occurs on a
top position above the outermost Ir atom. Thus, in the former
cases, the interaction occurs with two dopant species while in
the latter case it occurs directly with just one Ir atom.

Finally, the comparison of the adsorption energies on the
(111) and (110) Miller indices shows that the interaction is
always stronger in the latter (including some low coordinated
surface atoms) than in the former. The smaller variation oc-
curs for the Ag doped surfaces (0.09 eV) and the largest one
is found for the Ir doped surfaces (0.47 eV).

The results calculated for the interaction of the NO
species with a catalyst model built from Ir atoms inlayed on a
much cheaper matrix than the gold surfaces considered above,
e.g., the Ni(110) surface, are also shown in Table I. The cal-
culated interaction energy is −2.75 eV for NO interacting on
top with the dopant species. The N-surface and N–O distances
are similar to those calculated for the Ir@Au surfaces.

The interaction energies and selected distances for the si-
multaneous interaction of N and O atom with the bimetal-
lic surfaces considered for the adsorption of the NO species
are presented in Table II (most favorable configurations). In
general, the N and O atoms are preferentially co-adsorbed
on hollow or on bridge positions as found on other metal-
lic surfaces.57, 74 The co-adsorption energies are very nega-
tive when the surfaces are doped with Ir atoms (values up to
−3.89 eV) being the most stable case the Ir2,comb@Au(110)
surface. A very similar co-adsorption energy (Eco-ads = −3.60
eV) was calculated for the Ir@Ni(110) surface. Negative
but very close to zero energies were calculated for co-
adsorption of N and O atoms on the Rh@Au(110) and on the
Ni@Au(111) surfaces. In the other cases, the co-adsorption
energies are always positive.

The energetic data in Table II suggest stabilization of
the N and O adatoms on gold based surfaces when these
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TABLE II. Co-adsorption energies (Eads, eV) and distances (d, Å) for the co-adsorption of N + O on several metallic and bimetallic surfaces.

Surface Adsorption site N/O Ee
ads

a Eo
ads

a dN-surf
b dO-surf

c

Au(111) Hollow fcc/hollow fcc 2.27 2.30 2.02(Au); 2.02(Au); 2.10(Au) 2.05(Au); 2.05(Au); 2.25(Au)
Ni@Au(111) Hollow hcp/hollow fcc − 0.07 − 0.03 1.75(Ni); 2.08(Au); 1.97(Au) 1.82(Ni); 2.04(Au); 2.19(Au)
Ir@Au(111) Bridge/top Ir − 1.16 − 1.15 2.07(Au); 1.73(Ir) 1.74(Ir)
Rh@Au(111) Hollow fcc/hollow hcp 0.06 0.08 1.79(Rh); 2.14(Au); 2.14(Au) 1.90(Rh); 2.27(Au); 2.27(Au)
Ag@Au(111) Hollow fcc/hollow fcc 2.11 2.14 2.03(Au); 2.03(Au); 2.08(Au) 2.23(Ag); 2.06(Au); 2.06(Au)
Au(110) Hollow(3-down)/long bridge 1.79 1.78 2.13(Au); 2.13(Au); 2.16(Au) 2.09(Au); 2.09(Au)
Ni@Au(110) Hollow(3-up)/hollow(3-up) 0.58 0.58 1.70(Ni); 2.05(Au); 2.21(Au) 2.08(Au); 2.08(Au); 2.37(Au)
Ir@Au(110) Long bridge/top Ir − 1.79 − 1.78 1.72(Ir); 2.22(Au) 1.76(Ir)
Rh@Au(110) Short bridge/hollow(3-up) − 0.04 − 0.03 1.73(Rh); 2.07(Au) 2.08(Au); 2.07(Au); 2.36(Au)
Ag@Au(110) Hollow(3-up)/hollow(3-up) 1.81 1.82 2.04(Au); 2.04(Au); 2.16(Au) 2.15(Ag); 2.06(Au); 2.32(Au)
Ir2,comb@Au(110) Long bridge/short bridge − 2.75 − 2.73 1.73(Ir); 2.23(Ir) 1.96(Ir); 1.91(Ir)
IrcombIrcomb@Au(110) Long bridge/top Ir − 3.92 − 3.89 1.89(Ir); 1.86(Ir) 1.74(Ir)
IrvalleyIrcomb@Au(110) Hollow(3-up)/top Ir − 2.17 − 2.14 1.85(Ir); 1.85(Ir); 2.10(Au) 1.79(Ir)
Ir@Ni(110) Hollow(3-down)/long bridge − 3.63 − 3.60 1.83(Ni); 1.85(Ni); 1.85(Ni) 1.82(Ni); 1.90(Ir)

aIn Eads the labels e and o stand for uncorrected and zero point vibrational energy corrected co-adsorption energies.
bDistances from the nitrogen atom to the nearest metal atoms on the surface.
cDistances from the oxygen atom to the nearest metal atoms on the surface.

are doped with Rh, Ni but specially Ir atoms. Interestingly,
doping with Ag leads to co-adsorption energies more pos-
itive than those calculated for the corresponding pure gold
surfaces. Also, a different trend to that obtained for the NO
adsorption on (111) and on (110) facets is found for the co-
adsorbed N and O species. Now, the co-adsorption energies
on the (110) index are more negative than on the (111) facet
just for the Ir and Rh doped surfaces and a contrary effect is
found for the Ag and Ni doped surfaces. This is very probably
due to the effect of the radical character of the atomic species
which bind differently to the different transition metals.

The co-adsorption energies in Table II were calculated
with respect to the energy of NO in the gas phase and, there-
fore, exothermic NO dissociation reactions are calculated for
surfaces having co-adsorption energies more negative than the
adsorption energies for NO molecule shown in Table I. This
occurs just for the IrvalleyIrcomb@Au(110) and Ir@Ni(110)
surfaces.

B. Activation energy barriers and rate constants

The most stable configurations determined for NO ad-
sorption and N + O co-adsorption on each surface (pure or
bimetallic) were used in the search of the transition state
structures for the reaction of NO dissociation. The calculated
activation energies barriers, reaction energies, reaction rate
constants, and length of the N−O bond are presented in Ta-
ble III while representations of the initial, transition, and final
states are given in Figure 3.

In the case of the (111) Miller index, the doping of the
Au(111) surface with the transition metal atoms considered
in this work leads to an increase by ∼0.4 eV of the activation
energy barrier for the NO → N + O reaction with respect to
that for pure Au(111) in the cases of Ir, Rh, and Ag atoms. An
opposite effect is found when the doping species is Ni, with a
concomitant decrease of the calculated energy barrier for NO
dissociation of ∼0.3 eV. The activation energy calculated for
the Ni@Au(111) surface is 2.59 eV. In these four bimetallic

model surfaces, the comparison of the calculated activation
energy barriers with the adsorption energies for NO on the
corresponding surfaces suggests that the reaction of NO dis-
sociation will not occur in normal reaction conditions. Since
the activation energies are higher than the NO adsorption en-
ergies, desorption of the undissociated species is expected to
take place. Finally, the calculated reaction energies for the NO
dissociation on these TM1@Au(111) surfaces suggest also a
strong endothermic process (Ereact > 1.6 eV). Thus, it is not
surprising to find a low catalytic performance (low rate con-
stants are calculated even at 600 K) for the NO dissociation
on the Au(111) and on the TM1@Au(111) model surfaces
considered.

In the case of the (110) Miller index, all the doped gold
surfaces of the TM1@Au(110) type show a poorer catalytic
behavior than the pure Au(110) surface (Table III). The cal-
culated barriers vary from 2.58 eV in the case of Ag doping
to 2.94 eV in the case of Ni doping. In fact, the calculated
energy barriers for single substitution with Ni, Ir, Rh, or Ag
atoms are always larger than the barrier calculated for NO dis-
sociation on the pure Au(110) model surface (Eact = 2.45 eV),
which suggests a negative effect for doping of Au(110). Fur-
thermore, the calculated energy barriers for NO dissociation
on TM1@Au(110) are larger than those calculated for the
TM1@Au(111) models except when TM is Ni. In this case,
the barrier increases by approximately 0.3 eV. As discussed
above for (111) Miller index surfaces, the reaction energies
calculated for Au(110) and for TM1@Au(110) model sur-
faces are also very positive (Ereact > 1.4 eV). The NO dis-
sociation reaction is also an endothermic process with con-
comitant low rate constants at the three temperatures studied
(60 K, 470 K, and 600 K). However, from the comparison of
the activation energy barrier values for the NO dissociation
on the TM1@Au(110) surfaces with the adsorption energy of
the NO on the same surfaces leads to the conclusion that the
reaction may be possible under special temperature and pres-
sure conditions in the case of iridium doped gold catalysts. In
fact, the calculated adsorption energy for NO on Ir@Au(110)
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TABLE III. DFT calculated parameters for NO dissociation on several metallic and bimetallic surfaces.

Surface N · · · Oa Ee
act

b Eo
act

c Ee
react

d Eo
react

e νi
f k (60 K)g k (470 K)g k (600 K)g

Au(111) 2.02 2.93 2.92 2.10 2.14 379.2 3.34 × 10−234 2.85 × 10−19 2.23 × 10−12

Ni@Au(111) 1.85 2.65 2.59 1.79 1.79 468.3 2.34 × 10−206 9.39 × 10−16 1.24 × 10−09

Ir@Au(111) 1.93 3.36 3.28 1.69 1.65 421.8 1.09 × 10−264 3.66 × 10−23 1.99 × 10−15

Rh@Au(111) 1.93 3.33 3.27 2.44 2.42 453.2 2.27 × 10−263 5.71 × 10−23 2.86 × 10−15

Ag@Au(111) 1.92 3.37 3.33 2.48 2.49 435.2 3.60 × 10−268 1.23 × 10−23 8.36 × 10−16

Au(110) 2.15 2.49 2.45 2.32 2.29 194.8 1.02 × 10−194 4.34 × 10−14 2.77 × 10−08

Ni@Au(110) 2.04 3.00 2.94 2.73 2.70 236.3 2.31 × 10−235 2.33 × 10−19 1.97 × 10−12

Ir@Au(110) 1.89 2.88 2.79 1.53 1.48 368.6 8.26 × 10−223 8.25 × 10−18 3.12 × 10−11

Rh@Au(110) 2.01 2.98 2.91 2.66 2.63 257.4 1.61 × 10−233 2.47 × 10−19 1.82 × 10−12

Ag@Au(110) 2.24 2.62 2.58 2.29 2.27 174.9 6.71 × 10−206 1.32 × 10−15 1.70 × 10−09

Ir2,comb@Au(110) 1.80 2.06 1.98 0.90 0.86 459.6 2.89 × 10−155 4.31 × 10−09 2.22 × 10−04

IrcombIrcomb@Au(110) 1.86 1.02 0.95 −0.25 −0.28 340.7 1.29 × 10−68 6.29 × 10+02 1.31 × 10+05

IrvalleyIrcomb@Au(110) 1.79 2.26 2.19 0.76 0.72 251.9 5.72 × 10−173 2.02 × 10−11 3.20 × 10−06

Ir@Ni(110) 1.69 0.48 0.41 −0.82 −0.85 395.8 3.47 × 10−23 2.61 × 10+08 2.98 × 10+09

aN · · · O breaking bond in Å.
bActivation energy barrier in eV.
cZPVE corrected activation energy barrier in eV.
dReaction energy in eV.
eZPVE corrected reaction energy in eV.
fImaginary wave numbers.
gReaction rate constant (s−1) at the temperature indicated in parentheses.

is −3.26 eV while the activation energy barrier calculated for
the reaction of NO dissociation on this surface is 2.79 eV.

The effect of concentration of the dopant atoms on gold
was analyzed for the most favorable case found above, i.e.,
the Ir@Au(110) surface. This model was considered in sub-
sequent work where a second gold atom was replaced by irid-
ium. Three different possibilities were considered with two
Ir atoms per unit cell, i.e., model surfaces with two Ir atoms
in the same crest (comb sites), in adjacent crests or in adja-
cent sites on the crests, and on the valleys of the (110) sur-
face as shown in Figures 2(a)–2(c), respectively. The most
striking result is the decrease of the barriers calculated for
the NO reaction when compared with the Au(110) surface
for the three cases considered, i.e., the introduction of a sec-
ond Ir atom is very favorable for the catalysis of the reac-
tion. The decrease is small in the cases of Ir2,comb@Au(110)
and IrvalleyIrcomb@Au(110), i.e., gains of 0.47 eV and 0.26 eV,
respectively, but is very dramatic in the case of the
IrcombIrcomb@Au(110) model surface. In the latter surface, the
energy barrier is reduced by 1.50 eV to only 0.95 eV. Never-
theless, even in this very favorable situation, the energy bar-
rier is practically the double of that calculated for the NO
dissociation on the pure Ir(110) surface for which a value of
0.46 eV was calculated.53

The reaction of NO dissociation is found to be endother-
mic in the cases of the Ir2,comb@Au(110), Ereact = 0.90 eV and
IrvalleyIrcomb@Au(110), Ereact = 0.76 eV, surfaces and exother-
mic in the case of the IrcombIrcomb@Au(110) catalyst model
(Ereact = −0.25 eV). The latter constitutes the single case
of the considered gold surfaces doped with transition metal
atoms where the reaction energy is negative. The estimated
rate constants in the most favorable Ir2@Au(110) case present
high values at temperatures of 470 K and 600 K, which sug-
gests that the NO dissociation is feasible in this range of tem-
peratures on this type of doped gold surfaces. Despite the fact

that the adsorption energies for NO on Ir2,comb@Au(110) and
on IrvalleyIrcomb@Au(110) are larger than the barriers for the
dissociation reaction, the very low rate constants calculated
suggest that the reaction will take place just under special con-
ditions of temperature and pressure.

The calculations for the reaction dissociation of NO on
the Ir@Ni(110) model surface, a cheaper catalyst model,
presents a low activation energy barrier (Eact = 0.41 eV),
which is similar to that calculated for pure Ir(110), and
a rather negative reaction energy (Ereact = −0.85 eV).
These values indicate that the reaction of NO dissociation
is very attractive on Ir doped Ni catalysts. In fact, these
results support recent findings where the Ir@Ni catalysts
were found to be interesting for other dissociation reac-
tions, e.g., water dissociation,88 O2 dissociation,89 and N2H4

decomposition.90, 91

IV. CONCLUSIONS

The adsorption energy of reactants and products as well
as the activation energy barrier and reaction rate constant for
the NO dissociation reaction on a series of bimetallic surfaces
were computed by means of periodic density functional the-
ory calculations. It was found that the NO dissociation has
similar or higher activation energy barrier on Au(111) and on
Au(110) surfaces singly doped with Ir, Ni, Rh, or Ag atoms
to those on the corresponding pure gold surfaces. The com-
parison of the activation energy barrier values on these sur-
faces with the adsorption energy of the NO molecule allows
us to infer that the NO dissociation is only possible on the
Ir@Au(110) surface at low pressure. Higher amounts of Ir on
Au(110) model surface was found to lead to more reactive
catalytic systems, which were found to have catalytic inter-
esting reaction rate values at temperatures about 470 K. For
these TM-doped gold based bimetallic surfaces, the doping
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was found to have a catalytic positive effect by stabilizing the
reactants (increase of the interaction energy of NO with the
catalytic surface), which prevents NO desorption before dis-
sociation, and by lowering the reaction energy barriers with
respect to that of the parent pure gold surface. Finally, the
substitution of gold by nickel as the catalyst matrix was found
to provide high reactive bimetallic systems for the reaction of
NO dissociation.
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