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Abstract

A systematic density functional study of NO dissociation on Rh(111), Cu(111), and two different RhCu(111) bimetallic surfaces was conducted
using a periodic supercell approach. Properties of the transition states, energy barriers, and transition state theory reaction rates were obtained
for relevant situations involving NO adsorbed on different compositions of fcc and hcp sites. The results demonstrate that the superior activity of
Rh versus Cu toward NO dissociation has its origin in the stronger adsorption on the former surface, which permits NO dissociation without the
need for extra energy to the system. Moreover, the presence of Cu atoms on a Rh surface exerts a promoter effect by decreasing the energy barrier
with respect to the value for the single crystal surface. In contrast, the presence of Rh atoms on a Cu surface has a poisoning effect. Analysis
of the adsorption energies provides some important clues as to the modification of the corresponding energy barriers induced by the presence of
the second metal. The results indicate that it is possible to improve the catalytic properties of Rh surfaces by adding small quantities of Cu, in
agreement with previous experimental findings.
 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The study of NO dissociation is technologically relevant be-
cause this is the limiting step in the reduction of NO by CO
[1–23]. This is an important reaction to help control the amount
of pollutants in the atmosphere, and it occurs in the three-way
car exhaust catalyst [4–22]. The most active metallic catalysts
toward the oxidoreduction of NO and CO are Rh, Pd, and Pt;
the catalyst in actual use is a combination of these three met-
als. Rh is among the most active metals for NO dissociation
[2,7–11,13].

The adsorption of NO on metallic surfaces has been exten-
sively studied from an experimental and a theoretical standpoint
[23–30]. Some experimental works suggest that NO adsorp-
tion on metals can be either molecular or dissociative [4,13].
For Rh, both forms are possible, depending on the tempera-
ture and coverage, with NO dissociation favored at low cover-
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age and high temperature [4]. In the 0.25–0.50 ML coverage
range, NO desorbs molecularly, with an estimated barrier of
1.17 ± 0.10 eV [7]. On Rh(111), NO dissociates at T ∼ 300 K,
whereas lower temperatures, 170 and 160 K, are needed when
the process occurs on the Rh(110) and Rh(100) surfaces, re-
spectively. This clearly indicates that the more open Rh(110)
and Rh(100) are more reactive than the more stable Rh(111)
surface. A kinetic study [7] of NO dissociation monitored by
temperature-programmed desorption (TPD) and spectroscopic
techniques proposed values of 0.67 eV and 1011 s−1 for the ac-
tivation barrier and pre-exponential factor, respectively, for NO
dissociation at 0.15–0.20 ML, with NO breaking inhibited by
site blocking at 400 K and a coverage of 0.50 ML. Another
study based on electronic energy loss spectroscopy (EELS) re-
ported that the activation energy was 0.83 ± 0.01 eV for NO
dissociation at 0.2-ML coverage [14]. A much lower value of
0.29 eV was predicted from a spherical model catalyst using
pulsed field desorption mass spectrometry (PFDMS) [31].

Numerous theoretical studies have been concerned with the
active sites and reaction pathways for the mechanism of the NO
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chemisorption and dissociation on Rh surfaces. Monte Carlo
studies of the NO dissociation on Rh(100) suggested that the
interaction of NO, O, and N are repulsive [28] and predicted
the most favorable adsorption arrangements. In addition, a dy-
namic Monte Carlo model for the interaction of NO on Rh(111)
can properly reproduce the TPD data, assuming interaction of
NO with three-fold sites [26]. Loffreda et al. [24,25] reported
periodic density functional theory (DFT) studies of the interac-
tion of NO with Pd and Rh and concluded that on Rh(111), the
most stable sites for molecular adsorption are three-fold hol-
lows and that coadsorption of atomic N and O is favored with
respect to NO in the gas phase and the clean surface. Finally,
studies on the influence of the type of surface by periodic DFT
models have concluded that the activation energy for NO disso-
ciation on Rh stepped surfaces can be 1 eV lower than that on
the Rh(111) surface [27].

The high activity of Rh toward NO dissociation makes this
metal an ideal candidate in catalysis. In fact, it is widely used in
automotive catalytic exhaust converters. However, it is very ex-
pensive, and the search for a cheaper, yet efficient catalyst for
NO dissociation remains important. A reasonable proposal in-
volves mixing Rh with other, more abundant metals in such a
way to maintain the catalytic efficiency of Rh. This strategy
has been used to modify the activity of other precious met-
als, such as Pd, using Mn [32] or Cu [33], thereby leading to
bimetallic catalysts. These new types of catalysts are of inter-
est because the presence of a second metal in a metallic catalyst
modifies its reactivity and this modification can be done in a
controlled manner [34–36]. Earlier research has suggested that
Cu is a suitable candidate for improving the catalytic proper-
ties of Rh toward NO dissociation while simultaneously reduc-
ing the cost of producing the corresponding catalysts. This is
because, under laboratory conditions, RhCu catalyst exhibits
better performance than industrial Rh-containing catalysts for
exhaust gas treatment in both CO oxidation and NO reduc-
tion reactions [37,38]. Moreover, Cu thin films [39] and low
index surfaces [40–42] are already active toward NO dissocia-
tion, this is also the case for Cu incorporated to zeolites [43,44].
Indeed, bimetallic RhCu systems exhibit a quite peculiar reac-
tivity [45–50]; for instance, at certain compositions, RhCu is
able to adsorb more H2 than pure Rh [45]. Recent experimen-
tal and theoretical studies have explained this behavior through
a change in active sites caused by the presence of Cu [46,51],
a charge transfer between the two metals [48,52], and changes
in the shape of the electronic density of the bimetallic with re-
spect to the Rh catalyst [53].

The present work reports a systematic and comparative
theoretical study of the dissociation of NO on single-crystal
Rh(111) and Cu(111) surfaces, as well as on two stable com-
positions of the same low-index surface of the RhCu alloy.
These are either Rh-rich or Cu-rich and hereinafter are termed
Cu@Rh(111) and Rh@Cu(111), respectively. The main aim of
the present paper is to study the effect of the second metal on
the NO dissociation pathway and hence provide a suitable ex-
planation for the higher activity of the RhCu bimetallic system
toward NO dissociation compared with Rh(111).
2. Experimental

2.1. Surface models

NO dissociation on Rh(111), Cu(111), and the Rh@Cu(111)
and Cu@Ru(111) bimetallic surfaces has been studied using
slab periodic models within the supercell approach. In all cases,
the slab models were constructed using the calculated lattice
parameters of 3.63 Å for Cu and 3.85 Å for Rh [30], in good
agreement to the experimental values of 3.62 Å for Rh and
3.80 Å for Cu [54].

The bimetallic compositions included in the models follow
from the information provided on the corresponding alloy phase
diagram [55]. This indicates very low miscibility between Ru
and Cu, resulting in either Rh- or Cu-rich compositions in
the RhCu alloys. To model a Rh-rich composition (denoted as
Cu@Rh), we started with the Rh(111) slab model and substi-
tuted one surface Rh atom by a Cu atom. The Cu-rich model
(Rh@Cu) was constructed in a similar way.

Slab models consisting of three metallic layers of the mono-
metallic and bimetallic surfaces described above were con-
structed. A region with a vacuum width larger than five metallic
layers (>10 Å) was placed in the normal direction at the sur-
face, to avoid interaction between the repeated slabs. The effect
of the number of layers in the slab was tested for NO adsorption
on Rh. Using models with three to six atomic layers led to vari-
ations in the adsorption energy of <0.1 eV, thus justifying the
choice of the three-layer model. A (3 × 3) supercell was chosen
that contains nine metal atoms per layer; thus the unit cell in-
volved 27 metal atoms. For the bimetallic systems, this led to a
composition of 1/27 or a Cu content of 2.3 wt% for the Cu@Rh
and a Rh content of 5.9 wt% for the Rh@Cu. (These values are
slightly larger than those corresponding to the [4 × 4] unit cell
used in our previous work, where the bimetallic atomic ratio
was 1/80 [30].) With respect to the supercell size, a (3 × 3) su-
percell is large enough to study NO dissociation on the various
metallic and bimetallic surfaces, because the previous work us-
ing a (4×4) cell found that the influence of a second metal atom
in the adsorption properties of a metallic catalyst is very small
except when it is a component of the active site [30]. Neverthe-
less, changes due to the different composition will be analyzed
in detail.

The interaction of NO, N, and O on the different surface
models was studied by placing the corresponding species on
just one side of the slab model. For NO adsorption, an upright
geometry with the N atom pointing toward the metallic surface
was considered. Following experimental and theoretical data [7,
20,25,30], NO was placed above the three-fold hollow sites.

2.2. Computational details

The exploration of the potential energy surface for NO disso-
ciation on the Cu(111), Rh(111), and RhCu(111) surfaces was
carried out by periodic DFT calculations. The energy was cal-
culated using the generalized gradient approximation (GGA),
particularly through the exchange and correlation functional
of Perdew and Wang (PW91) [56]. The Kresse and Joubert
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[57] implementation of the projected augmented wave (PAW)
method [58,59] was used to reproduce the effect of the atomic
cores of the corresponding atoms in the electronic density of
valence electrons. The Kohn–Sham one-electron wave func-
tions were expanded in a basis of plane waves with kinetic
energy <415 eV. The geometry optimization was carried out
using a conjugate gradient algorithm. The blocked Davidson
approach was used as an electronic minimization algorithm.
The second-order method of Methfessel–Paxton was used to
determine the partial occupancies in each Bloch function. All
calculations were carried out using a kBT = 0.2 eV smearing
of the electron density in the corresponding electron wave func-
tion, but on convergence of the self-consistent field procedure,
the total energy was extrapolated to kBT = 0 eV. A 5 × 5 × 1
k-points grid within the Monkhorst–Pack scheme was used to
sample the Brillouin zone of the surface unit cell. A further
increase on the density of k-points improves the calculated ad-
sorption energy by 0.003 eV. Harmonic vibrational frequencies
were obtained from the forces on each adsorbate nucleus in the
three spatial coordinates using a finite difference scheme. The
spin-restricted formalism has been used despite the fact that the
isolated NO molecules have one open shell and its treatment
would require spin polarization. Previous work has demon-
strated that for the systems of interest in the present study, the
difference between the spin-polarized and closed-shell calcula-
tions is <0.04 eV [30].

In the study of the interaction of NO, N, and O with the dif-
ferent surfaces, the substrate was held fixed and the coordinates
of N and O atoms were fully optimized. The effect of relaxing
the topmost metallic layers was been investigated for the NO
adsorption on Rh(111). Using the unrelaxed surface or includ-
ing the relaxation of the first or the two topmost atomic layers
results in changes in the total energy of <0.2 eV. In princi-
ple, the changes in the energy likely will affect the equilibrium
geometry and the transition state to a very similar extent. Cal-
culations for NO dissociation on Rh(111) carried out without
and with explicit inclusion of surface relaxation effects result
in energy profiles almost parallel with energy barriers that dif-
fer by <0.10 eV. Because the conclusions of the present work
are based on larger differences in the activation energies, us-
ing the energy profiles derived from calculations that neglect
surface relaxation effects is perfectly justified. Note also that
such a small reduction in the energy barriers will also appear
for NO on the other surfaces, making the relative difference be-
tween the relevant barriers calculated for the relaxed surfaces
even smaller.

All calculations were carried out using the Vienna Ab-initio
Simulation Package (VASP) computational code [60,61]. The
minimum reaction path was calculated using the climbing im-
age nudged elastic band (NEB) method [62] and dimer method
techniques [63], both as implemented in the VASP package.
The latter was used to refine the transition state structure when
necessary. The activation energy barrier for breaking NO was
obtained from the difference between the energy of the transi-
tion state for the NO dissociation and the energy of the mole-
cular adsorbed state. For those cases where NO dissociation is
likely to be the most favored process, the reaction rate constant
for NO dissociation from the adsorbed state was estimated from
transition state theory, using the vibrational frequencies in the
harmonic approach to estimate the entropy contribution to the
free energy variation [64]. Hence,

(1)kNO =
(

kBT

h

)(
qTS

qNO

)
e(−Eact/kBT ),

where kNO is the reaction rate constant; kB is the Boltzman con-
stant; T is the temperature (300 K in this case); qTS and qNO are
the vibrational partition functions of the transition state and NO
equilibrium geometry, respectively; h is the Planck constant;
and Eact is the activation energy for NO dissociation corrected
for the zero point energy.

3. Results and discussion

The NO dissociation reaction on the different metallic and
bimetallic surfaces was studied assuming that the incoming
molecule adsorbs at a given site of the surface (either fcc or
hcp three-fold hollow sites) and then dissociates in a single step
through the corresponding transition state structure. The energy,
geometry, and vibrational frequencies were calculated for the
reactants, transition state, and final products. The geometry and
vibrational frequencies of reactants have been reported previ-
ously [30], the transition state structures were located by the
NEB algorithm and characterized by proper frequency analysis,
and the products correspond to the N and O atoms coadsorbed,
each atom on a three-fold hollow site. Along the reaction path-
way, the energy of both fragments (NO and surface model) at
infinite distance was been taken as the reference energy. This
reference is the sum of energy of the molecule (ENO) in vac-
uum and the clean surface (ERh, ECu, ERh@Cu, or ECu@Rh).

In this paper, the results for products and reactants adsorp-
tion are presented first, followed by a discussion of the reaction
pathways for NO dissociation on the fcc and hcp three-fold hol-
low sites of the metallic single-crystal Rh(111) and Cu(111) and
on the same sites of the bimetallic Cu@Rh and Rh@Cu(111)
surfaces. In the latter cases, different sites are considered as a
function of the site composition.

3.1. N and O atomic adsorption on Rh, Cu, Rh@Cu, and
Cu@Rh models

The final products of NO dissociation involve the coadsorp-
tion of the N and O separated atoms. Tables 1 and 2 report the
adsorption energies and the geometry of both atoms adsorbed
on fcc and hcp sites of the different models, respectively. The
present results compare well with available experimental data
for the adsorption of O and N atoms on Rh [65–69] and Cu
[70] surfaces. The obtained result for coadsorption energy and
geometry are very similar in both sites. The coadsorption en-
ergy is obtained by assuming that the adsorbed atoms are close
to one another in contiguous fcc or hcp sites. For the bimetallic
surfaces, there are two possibilities, depending on whether N or
O is located at a mono-metallic or a bimetallic site. The trend
in the coadsorption energy with respect the bimetallic composi-
tion site is that it increases (in absolute value) with the number
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Table 1
Calculated properties for N and O adsorption on the fcc site of Rh(111), Cu(111) and of the Cu@Rh(111) and Rh@Cu(111) bimetallic surfaces. Adsorption energies
are in eV and distances in Å. The co-adsorption energy corresponds to a situation with the N and O atoms sitting in contiguous fcc sites

Surface Composition site Ecoads dN–Rh dO–Rh dN–Cu dO–Cu

N O

Rh Rh Rh −2.86 1.890 2.014
(1.87 [68]) (2.00 [66])

Cu@Rh Rh RhCuRh −2.76 1.894 1.907 2.034
RhCuRh Rh −2.62 1.856 1.999 1.921

Cu Cu Cu −0.52 1.823 1.846
(1.89 [70])

Rh@Cu Cu CuRhCu −0.79 1.906 1.794 1.930
CuRhCu Cu −1.44 1.804 1.889 1.883

Table 2
Calculated properties for N and O adsorption on the hcp site of Rh(111), Cu(111) and of the Cu@Rh(111) and Rh@Cu(111) bimetallic surfaces. Adsorption energies
are in eV and distances in Å. The co-adsorption energy corresponds to a situation with the N and O atoms sitting in contiguous hcp sites

Surface Composition site Ecoads dN–Rh dO–Rh dN–Cu dO–Cu

N O

Rh Rh Rh −2.98 1.889 1.994
(1.87 [68]) (2.00 [66])

Cu@Rh Rh RhCuRh −2.82 1.879 1.937 2.053
RhCuRh Rh −2.56 1.854 1.977 1.944

Cu Cu Cu −0.04 1.826 1.845
(1.89 [70])

Rh@Cu Cu CuRhCu −0.32 2.012 1.802 1.918
CuRhCu Cu −0.99 1.800 1.893 1.865
of Rh atoms in the site, as would be expected from the higher
affinity of Rh for both N and O. The distance from the N or O
atoms to the surface metal atoms also follows this trend. In all
cases, the N–Rh and O–Rh distances are shorter than the N–Cu
and O–Cu distances

3.2. NO adsorption on Rh, Cu, Rh@Cu, and Cu@Rh models

The molecular NO adsorption on Rh, Cu, and bimetallic
surfaces were calculated using the (3×3) cell described in Sec-
tion 2.1. The molecule was adsorbed on hcp and fcc sites. The
calculated properties, adsorption energy (Eads), geometry, and
molecular vibration frequency of adsorbed NO (νNO) are sum-
marized in Tables 3 and 4 for the fcc and hcp sites, respectively,
to facilitate analysis of the changes induced by composition.
First, note that all calculated values are very similar to those
obtained previously for a large (4 × 4) unit cell [30]. Because
the adsorption properties of these surfaces with respect to NO
have been discussed at length in previous work, here we high-
light only the trends relevant to the NO dissociation process.
(A more detailed description is provided elsewhere [30].) The
calculated adsorption properties compare well with the exist-
ing experimental values. The properties presented in Tables 3
and 4 indicate that, in agreement with previous experimental
and theoretical values, NO adsorption on Cu is weaker than on
Rh atoms, by 1.37 eV for the fcc site and 1.74 eV for the hcp
site. In contrast, the geometric parameters and vibrational fre-
quencies are very similar on both surfaces.
For the Cu@Rh system, the adsorption properties of NO on
purely Rh sites of this bimetallic system are similar to those
on Rh surface, as would be expected based on the local char-
acter of the interaction and show that ensemble effects caused
by the presence of Cu (creation of new sites) dominate elec-
tronic effects (modification of the metal band structure). The
NO adsorption energies are −2.34 and −2.50 eV on the fcc
and hcp Rh sites Cu@Rh(111) (Tables 3 and 4), compared with
−2.49 and −2.62 eV for the same sites of Rh(111). Therefore,
the adsorption energy difference on pure Rh sites due to al-
loying is of 0.15 for the fcc site and 0.12 eV for the hcp site.
Moreover, differences in geometry are negligible. The presence
of a Cu atom in the active site induces significant changes in
NO adsorption energy, which become −2.26 and −2.31 for
the bimetallic RhCuRh fcc and hcp sites, respectively. Then
alloying results in corresponding decreases in NO absorption
energy of 0.23 and 0.31 eV. These changes are slightly greater
than those found for a (4 × 4) unit cell [30] and reflect an
effect of the bimetallic composition. In all cases, the equilib-
rium geometry of the adsorbed molecule on Rh or RhCuRh
sites is noticeably different and, in the bimetallic sites, with a
marked trend of NO to sit closer to Rh atoms. Another inter-
esting result of this work concerns the much greater tilting of
adsorbed NO on Cu@Rh bimetallic sites. Using a combination
of TPD and HREELS techniques, a lying-down NO configura-
tion was detected for NO on Rh(100) and Rh(110) [8,9,11,19].
This species has been identified as a precursor for NO disso-
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Table 3
Adsorption properties for NO on the fcc site of Rh(111), Cu(111) and the Cu@Rh(111) and of the Rh@Cu(111) bimetallic surfaces. Adsorption energies are in eV,
distances in Å and the vibrational frequencies in cm−1. The tilting angle θ is in degrees and is the angle formed by the molecular bond and one normal line to the
surface

Surface Composition site Eads dN–O dN–Rh dN–Cu θ νNO

Rh Rh −2.49 1.217 2.059 0 1544
(−1.48 [20]) (1.15 [22]) (2.17 [22]) (1515 [22])

Cu@Rh Rh −2.34 1.217 2.056 1 1539
RhCuRh −2.26 1.209 1.956 2.227 13 1600

Cu Cu −1.12 1.220 2.005 2 1501
Rh@Cu Cu −1.25 1.217 1.981 5 1517

CuRhCu −1.93 1.211 1.931 2.085 1 1567

Table 4
Adsorption properties for NO on the hcp site of Rh(111), Cu(111) and of the Cu@Rh(111) and Rh@Cu(111) bimetallic surfaces. Adsorption energies are in eV,
distances in Å and the vibrational frequencies in cm−1. The tilting angle θ is in degrees and is the angle formed by the molecular bond and one normal line to the
surface

Surface Composition site Eads dN–O dN–Rh dN–Cu θ νNO

Rh Rh −2.62 1.218 2.047 0 1523
(−1.48 [20]) (1.15 [22]) (2.17 [22]) (1515 [22])

Cu@Rh Rh −2.50 1.220 2.046 1 1519
RhCuRh −2.31 1.213 1.980 2.493 14 1590

Cu Cu −0.88 1.217 2.023 0 1519
Rh@Cu Cu −1.00 1.212 1.993 4 1519

CuRhCu −1.69 1.209 1.934 2.099 5 1572
ciation on these surfaces. In contrast, there is no evidence of
a stable tilted species on Rh(111) [19] surfaces. Nonetheless,
it is worth mentioning that earlier experimental and theoreti-
cal studies of NO dissociation on Rh(111) [7], Rh(110) [23],
and Rh(100) [32] suggested the existence of a precursor state
to NO dissociation with the N–O bond parallel to the surface.
The more tilted structure of NO on the Cu@Rh bimetallic sites
seems to indicate that the presence of Cu in the active site favors
this precursor state. This is analyzed in detail in the forthcom-
ing discussion. Indeed, this may be a possible explanation of
the better activity of the RhCu bimetallic catalyst with respect
to Rh observed experimentally [37].

The adsorption properties of NO adsorbed on Cu-only sites
of the Rh@Cu system are also very similar to the properties of
NO adsorption on Cu(111), with differences in adsorption en-
ergy of 0.13 for the fcc site and 0.12 eV for the hcp site and
with negligible changes in geometry. In contrast to Cu@Rh,
however, the presence of Rh atoms slightly stabilizes NO ad-
sorption. Later, we show that this has a decisive influence on
the NO dissociation process. The presence of Rh induces a
considerable difference in adsorption on bimetallic sites. NO
adsorption is enhanced with respect to Cu-only sites, and the
molecule prefers to sit closer (by ∼0.15 Å) to the Rh atom in a
configuration reminiscent of a Rh–Cu bridge site.

3.3. NO dissociation on Rh(111) and Cu (111) single-crystal
surfaces

For NO dissociation on (fcc and hcp) three-fold hollow sites
of Rh(111), the zero-point-corrected energy barriers are almost
the same, 1.53 and 1.59 eV, respectively (Tables 5 and 6).
Table 5
Calculated properties for the NO dissociation transition state on fcc sites of the
Rh(111), Cu(111) and of the Cu@Rh(111) and the Rh@Cu(111) bimetallic sur-
faces. The calculated activation energy (Eact) corrected by zero point of energy
is reported in eV, the distances in Å, and the imaginary molecular vibrational
frequencies (νimag) in cm−1. Transition state theory reaction rate constants in

s−1 are given for those cases where NO dissociation is favored over desorption
or recombination

Surface Composi-
tion site

Eads dN–O dN–Rh dN–Cu νimag kNO

Rh Rh 1.53 1.733 1.888 502 5 × 10−13

(0.83 [14])

Cu@Rh Rh 1.29 1.733 1.888 482 5 × 10−9

RhCuRh 1.21 1.733 1.888 2.570 480 1 × 10−7

Cu Cu 1.58 1.638 1.790

Rh@Cu Cu 1.74 1.638 1.790
CuRhCu 1.68 1.722 1.867 2.033

Both values are obtained by properly taking into account the
zero-point vibrational energy. This correction represents an al-
most constant decrease of the uncorrected barriers by ∼0.03–
0.04 eV, only. Fig. 1 shows the calculated minimum reaction
pathway and indicates that NO dissociation is thermodynami-
cally favored with respect to molecular adsorption or desorp-
tion. The computed barrier is larger than the one predicted
experimentally (0.86 eV) [14], but similar to that reported by
Loffreda et al. [27] (1.61 eV) using a similar approach. In any
case, the large barrier predicted by the calculations is in agree-
ment with the low activity of Rh(111) toward NO dissociation.
To decrease this barrier, Loffreda et al. suggested including de-
fects in the surface. The presence of defects can also be the
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Table 6
Calculated properties for the NO dissociation transition state on hcp sites of the
Rh(111), Cu(111) and of the Cu@Rh(111) and the Rh@Cu(111) bimetallic sur-
faces. The calculated activation energy (Eact) corrected by zero point of energy
is reported in eV, the distances in Å, and the imaginary molecular vibrational
frequencies (νimag) in cm−1. Transition state theory reaction rate constants in

s−1 are given for those cases where NO dissociation is favored over desorption
or recombination

Surface Composi-
tion site

Eads dN–O dN–Rh dN–Cu νimag kNO

Rh Rh 1.59 1.705 1.884 531 5 × 10−14

Cu@Rh Rh 1.38 1.705 1.884 518 1 × 10−10

RhCuRh 1.24 1.705 1.884 2.420 488 5 × 10−8

Cu Cu 1.47 1.612 1.811

Rh@Cu Cu 1.76 1.786 1.885
CuRhCu 1.98 1.796 1.852 1.904

reason for the difference between the calculated and experimen-
tal activation energy. In this work, we focus on the effect of a
second metal on the activation energy.

Fig. 2 reports the minimum energy path for NO dissocia-
tion on the three-fold hollow sites of the Cu(111) surface. NO
adsorption is less favored on Cu(111) than on the correspond-
ing Rh surface; the fcc site is more stable than the hcp site by
0.24 eV. The energy barrier for NO dissociation is again sim-
ilar for both the fcc and hcp sites, ∼1.5 eV. This is along the
same order as the energy barriers predicted for NO dissociation
on Rh(111). Hence these results indicate that the dissociation is
more favored on the Rh surface than on the Cu surface, not due
to a lower barrier from the adsorbed state, but rather because in
the reaction pathway, which on Rh(111) is thermodynamically
favored, the transition state lies below the reference energy. In
other words, on Rh(111) the adsorption energy is sufficient to
enable NO dissociation without supplying extra energy to the
system NO, whereas on Cu(111) it is not. This finding is in
agreement with the mechanism proposed in the literature, in
which molecular adsorption is an essential step. Note also that
on Cu(111), NO desorption will occur before the energy barrier
for NO dissociation can be surmounted.

3.4. NO dissociation on Cu@Rh(111) and Rh@Cu(111)
bimetallic surfaces

To study NO dissociation on the RhCu bimetallic surfaces,
four possibilities must be considered for this reaction depend-
ing on the composition of the bimetallic site. For instance, for
the Cu@Rh(111) surface, it is necessary to consider the active
site formed by Rh atoms only or the one including a single Cu
atom. Each possibility has been studied for both three-fold hol-
low sites. Similarly, four possibilities must be considered for
the reactivity of the Rh@Cu system.

The reaction pathways for NO dissociation on Cu@Rh are
shown in Fig. 3. This figure includes the relative energy with
respect to gas-phase NO plus the corresponding surface model,
the transition state, and separated adsorbed N and O atoms. The
differences in the geometry of the transition states in Rh and
Cu@Rh systems for these sites are negligible (Tables 5 and 6).
The only remarkable result concerns the differences between
the distances of reacting atoms and the metal surface (Fig. 4).
In all cases, the N–Cu distance is longer than the N–Rh value,
as would be expected from the stronger preference of N and O
to bind to Rh rather than to Cu.
Fig. 1. Calculated minimum reaction pathway of NO dissociation on three-fold hollow sites of the Rh(111) surface.
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Fig. 2. Calculated minimum reaction pathway of NO dissociation on three-fold hollow sites of the Cu(111) surface.

Fig. 3. Calculated minimum reaction pathway of NO dissociation on Rh and RhCu bimetallic sites of the Cu@Rh(111) surface.
An interesting result is that the transition-state energies for
NO dissociation above a pure Rh fcc site of Cu@Rh and above
a bimetallic Rh–Cu–Rh fcc site, relative to the separated sys-
tems, are practically the same (Fig. 3), with a difference of
only 0.08 eV. A slightly larger difference (0.14 eV) is found
for the corresponding hcp sites. Hence, it can be concluded
that, at variance with adsorption properties that are dominated
by the composition of the active site, the NO transition-state
energy depends on the overall surface compositions being al-
most equal for different sites of a given bimetallic surface. The
resulting energy barrier for NO dissociation on pure Rh sites
of Cu@Rh(111) is reduced considerably (by 0.24 eV) with re-
spect to the corresponding barrier for the single-crystal Rh(111)
surface. But a large part of this difference already arises from
the slightly destabilizing effect of adsorbed NO caused by the
nearby presence of Cu. In this sense, adsorption energy vari-
ations induced by the change of the bimetallic composition
can provide valuable information about its catalytic activity.
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Fig. 4. Schematic representation of relevant transition state geometries for NO dissociation on hcp sites. Large light-grey spheres correspond to Rh atoms, large
dark-grey to Cu, small dark-grey (red in web version) to O and small light-grey (blue in web version) to N atoms. All distances are in Å.
The calculated transition state theory rate constants (kNO) at
300 K are four orders of magnitude larger for the same site of
the bimetallic system. An analysis of the different contribut-
ing terms to the rate constant shows that the difference arises
from the different energy barriers; prefactors for dissociation at
these two surfaces are almost the same. The NO dissociation
rate constant is increased by two orders of magnitude when NO
dissociation occurs on a bimetallic site, despite the presence of
an energy barrier almost the same as that for the pure Rh site.
The foregoing results lead us to a theoretical explanation of the
reported experimental data [37,38], which indicate that Cu acts
like promoter of the catalytic activity of Rh surface toward NO
and CO oxidation. Although obviously the NO dissociation will
be more likely in Rh sites than in bimetallic sites, it is interest-
ing to include both cases for comparison. On the other hand, NO
can be dissociated on RhCu sites if all Rh sites are occupied.

The reaction pathways for NO dissociation on Rh@Cu(111)
are displayed in Fig. 5. As in the Cu@Rh(111) bimetallic sur-
face discussed above, four possible reaction paths are explored
depending on the site geometry (fcc or hcp) and composi-
tion (Cu or Cu–Rh–Cu sites). Contrary to what occurs for
the Cu@Rh(111) case, the pathways for each composition of
Rh@Cu(111) are very different even though the activation en-
ergies of NO on both Cu-only three-fold sites are very simi-
lar; with the difference in energy profiles resulting from the
∼0.25 eV difference in adsorption energy. In contrast, for the
hcp bimetallic site, the NO dissociation barrier is ∼0.30 eV
higher than that corresponding to the fcc site. To understand
this difference, it is necessary to analyze the geometry of both
transition states. For the hcp site, the closer that N is to Cu, the
more the reaction is impeded (see Tables 5 and 6).

To analyze the effect of the presence of one Rh atom on
the Cu surface, we compare the energy barriers to those cor-
responding to the Cu(111) surface. In contrast to what is found
for the Cu@Rh system, here it appears that the presence of Rh
atoms on the Cu surface does not favor NO dissociation. On the
contrary, the energy barriers for the bimetallic surface are all
higher than those for the Cu(111) surface, by 0.10 eV for the
fcc site and 0.50 eV for hcp site, due in part to the fact that the
presence of Rh atoms enhances NO adsorption. Note again that,
as for the Cu(111) surface, NO desorption is preferable to dis-
sociation except for the RhCuRh fcc bimetallic site, for which
the reverse reaction is more favorable than dissociation.

4. Conclusion

This paper reports a systematic study of the NO dissociation
reaction at fcc and hcp sites of the Rh(111) and Cu(111) single-
crystal metal surfaces and with the same geometric arrangement
and two different bimetallic RhCu compositions, one Rh-rich
and the other Cu-rich. The principal aim of this work is to study
the changes in reactivity induced by the presence of the second
metal. Toward this end, minimum energy pathways and tran-
sition states were located for 12 different situations involving
different sites and different site compositions.

Analysis of the energy profiles for NO dissociation on the
Rh(111) and Cu(111) single crystal surfaces shows that the su-
perior activity of Rh toward this reaction is due to the fact that
in this case, the complete reaction path occurs below the energy
of the separate reactants. Hence, the NO adsorption energy is
sufficient to overcome the subsequent energy barrier. This is
not the case for NO dissociation on the Cu(111) surface, where
desorption is more favorable.

The results reported herein indicate that a single Cu atom is
sufficient to affect the catalytic properties of Rh. In part, this ef-
fect arises from a change in NO adsorption energy, which leads
to a concomitant decrease in the NO dissociation energy barrier.
Hence, the presence of Cu at the Rh(111) surface promotes NO
dissociation. The origin of this catalytic effect is kinetic but can
be anticipated from the study of NO adsorption energy, which
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Fig. 5. Calculated minimum reaction pathway of NO dissociation on Cu and RhCu bimetallic sites of the Rh@Cu(111) surface.
indeed depends on the alloy composition. Moreover, analysis
of the adsorbed NO geometry provides some additional clues.
In fact, the existence of a tilted configuration for NO on the
bimetallic sites of the Cu@Rh(111) system, which is similar to
a promoter state found experimentally in Rh(100) and Rh(110)
but not detected in Rh(111), can also explain the further de-
crease in the NO dissociation barrier. On the other hand, the
presence of Rh atoms on Cu(111) has a totally different effect;
it poisons the surface by increasing the NO energy dissociation
barrier with respect to Cu(111). Again, part of this effect arises
from the extra stabilization of the adsorbed molecule caused by
the presence of Rh.

To conclude, the presence of Cu atoms in Rh(111) enhances
the reactivity of Rh(111) toward NO dissociation, whereas the
presence of Rh atoms in Cu(111) decreases the reactivity of
Cu(111). The origin of this kinetic difference can be deduced in
part from the changes in adsorption energy. Finally, it is impor-
tant to note that the promoter effect of Cu to dissociate NO on
Rh(111) is similar to recent findings reported by Mavrikakis et
al. [71] for the dissociation of O2 on Pt3Co(111). These authors
found that the presence of a small quantity of Co on Pt(111)
largely facilitates O–O bond breaking. Further work is needed
to develop and validate simple rules that will enable the design
of efficient bimetallic catalysts for a given reaction.
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