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We have studied the adsorption of NO, and the coadsorption of N and O, on four physical and hypothetical
systems: unstrained and strained Rh�100� surfaces and monolayers of Rh atoms on strained and unstrained
MgO�100� surfaces. We find that as we go from Rh�100� to Rh/Mg0�100�, via the other two hypothetical
systems, the effective coordination progressively decreases, the d band narrows and its center shifts closer to
the Fermi level, and the strength of adsorption and coadsorption increases. Both the strain and the presence of
the oxide substrate contribute significantly to this. However, charge transfer is found to play a negligible role
due to a canceling out between donation and back-donation processes. Our results suggest that lowering the
effective coordination of Rh catalysts by strain, roughening, or the use of inert substrates might lower activa-
tion energies for the dissociation of NO.
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I. INTRODUCTION

Though catalysts are crucial to the operation of many in-
dustrial and commercial processes, our understanding of the
factors that make a good catalyst is still incomplete. Both the
electronic and geometric structures of the catalyst are known
to be important, and in recent years, it has become evident
that coordination number can have a large effect on catalytic
activity. The general understanding is that lower coordination
leads to higher activity, though there are exceptions.1 Indus-
trial catalysts usually consist of small particles supported on
a substrate. The presence of the substrate introduces addi-
tional factors, such as charge transfer between the catalyst
and the support, change in the local environment of catalyst
atoms, and geometrical strain imposed by the presence of the
substrate. In this paper, we study some of these issues for a
paradigmatic reaction, namely, NO dissociation on Rh,
which is a crucial step in the reduction of nitrogen monoxide
to nitrogen, for example, in three-way catalysts in automo-
biles. Rh is perhaps the best catalyst for this process,2 but it
is also by far the most expensive precious metal. It is there-
fore desirable to gain a better understanding of what makes
Rh a good catalyst for this process so as to guide one in
developing new catalysts that use less or no Rh.

Catalysts work by reducing activation barriers of chemi-
cal reactions. Though such barriers can nowadays be calcu-
lated by first-principles methods, the computations involved
are expensive, and one would therefore like to correlate cata-
lytic activity with some more easily accessible quantities.
One such reactivity indicator that has been proposed is the
binding energies of the products that, according to the
Brønsted-Evans-Polanyi relationship, linearly correlate with
the activation energy; it has been shown that this relationship
holds for many systems.3 Another useful quantity to examine
is the position of the metal d-band center;4 the closer this lies
to the Fermi energy, the larger is the magnitude of the ad-
sorption energy and, hence, surface reactivity. We show here
that the “effective coordination” of Rh surface atoms can

serve as a predictor for NO molecular adsorption strength in
a variety of environments.

We consider the adsorption of NO, as well as the coad-
sorption of N and O, on a number of realistic and hypotheti-
cal Rh�100� surfaces. These configurations constitute the ini-
tial and final states in the dissociation of NO. In an attempt to
gauge the contributions made by the chemical nature of the
substrate, as well as strain, we have studied adsorption and
coadsorption on four kinds of �100� surfaces: �i� the surface
of an unstrained Rh crystal; �ii� the surface of a Rh crystal
that has been stretched �expanded� so as to be commensurate
with an MgO�100� surface; �iii� a monolayer of Rh on
Mg0�100�, with both the Rh and the substrate’s in-plane
spacing fixed to be that of Rh�100�; and �iv� a monolayer of
Rh on MgO�100�, with all in-plane spacings fixed to be that
of MgO�100�. Note that straining systems �i� and �iii� leads
to systems �ii� and �iv�, respectively, while changing the sub-
strate from Rh to MgO converts systems �i� and �ii� to sys-
tems �iii� and �iv�, respectively.

We emphasize that the purpose of our study is to alter the
Rh environment in a simple and systematic way in order to
extract trends; we do not necessarily claim that these systems
are physically realizable. Indeed, while system �i� is certainly
realizable, both systems �ii� and �iii� are clearly hypothetical.
As for system �iv�, it is not yet known experimentally
whether or not the Rh layer wets the oxide pseudomorphi-
cally. However we expect that the conclusions drawn from
the study of these systems should apply also to the real cata-
lyst.

The reactivity of surface Rh atoms is presumably sensi-
tive to three factors: �a� the number of neighbors, �b� the
chemical nature of these neighbors, and �c� the distance at
which these neighbors are situated. One quantity that encap-
sulates all three of these is the “effective coordination num-
ber,” which we define as

ne�i� = � j� j
at�Rij�/�Rh

at �Rbulk� , �1�

where � j
at�R� is the atomic charge density of an isolated atom

j �Rh, O, or Mg in our case� as a function of R, the distance
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from its nucleus, and the sum is taken over all the nearest-
neighbor atoms j around a surface Rh atom i. Rij is the
distance between atoms i and j, and Rbulk is the nearest-
neighbor �NN� distance for bulk Rh. With this definition the
effective coordination becomes equal to the nominal coordi-
nation of 12 for a Rh atom in the bulk. The effective coor-
dination is a measure of the ambient electron density for
each atom, which plays a crucial role in determining local
energetics in semiempirical approaches such as the
embedded-atom method,5,6 the effective medium theory,7 or
the glue model.8 Recently it has been shown that this param-
eter can be used to rationalize trends in surface core level
shifts when undercoordinated Rh atoms assume a variety of
geometries.9 In the present case, the effective coordination of
surface atoms is progressively lowered as one proceeds from
system �i� to system �iv�, as we will show further below.

Another factor—magnetism—seems likely to play a role
in these systems. Bulk Rh is “almost” ferromagnetic. There
has been a long-running controversy over whether or not the
Rh�100� surface is magnetic;10–14 however it seems clear that
Rh monolayers and clusters are magnetic.15–18 This raises the
question of what possible role magnetism may play in the
operation of Rh catalysts; this issue is also dealt with in this
paper. Though the adsorption of NO on Rh�100� has been
studied by previous authors,1,2,19 we are not aware of any
systematic program of calculations that is similar in spirit to
ours.

II. METHOD

Our calculations have been performed using ab initio
density-functional theory, using the PWSCF package of the
Quantum-ESPRESSO distribution.20 The spin-polarized �SP�
version of the Kohn-Sham equations was solved using ultra-
soft pseudopotentials21 and a plane-wave basis with a cutoff
of 30 Ry. Exchange and correlation effects were treated using
the generalized gradient approximation in the form suggested
by Perdew, Burke, and Ernzerhof.22 In order to improve con-
vergence, a Methfessel-Paxton smearing23 with a width of
0.03 Ry was used.

Most results for the Rh�100� and Rh/MgO�100� slabs
were obtained by using a �1�1� asymmetric supercell. For
cases �i� and �ii� this contained four Rh layers of which the
outermost two �toward the adsorbate� were allowed to relax,
while the inner two were kept fixed at the appropriate bulk
separation. However, some tests were also performed with
symmetric slabs containing eight layers of Rh atoms.
Brillouin-zone integrations for such �1�1� surface cells
were carried out using a �12�12�1� Monkhorst-Pack
mesh.24

The adsorption and coadsorption studies were carried out
using slabs with larger unit cells, �viz., �2�2� and �2�3��,
together with corresponding k-point meshes ��6�6�1� and
�6�4�1�, respectively�. For systems �i� and �ii�, we found
that a slab containing four Rh layers was sufficient to give
well-converged adsorption energies; however, for one par-
ticular adsorption geometry, we found it necessary to use a
slab with five Rh layers. All the results presented below for
adsorption and coadsorption on systems �iii� and �iv� were

obtained using a slab containing one layer of Rh atoms over
four MgO layers.

In adsorption studies, six different geometries were con-
sidered; these are shown in Fig. 1, while Fig. 2 shows the
three different geometries for the coadsorption studies. These
two figures show �schematically� the geometry prior to re-
laxation; after relaxation �in the absence of symmetry con-
straints� the geometries remained roughly similar, though
bond lengths changed.

As we will show in Sec. III, in cases �ii�, �iii�, and �iv�, the
Rh�100� surface was found to be magnetic. For case �ii�, one
needs to worry about the possibility that the bottom surface
acquires a magnetic moment and is thus no longer represen-
tative of a bulklike layer. To mitigate this, in these cases we
deposited a layer of H atoms on the bottom surface, which
has the effect of quenching magnetization on that surface.

III. RESULTS

A. Preliminary tests: bulk Rh, bulk MgO, and gas-phase NO

We obtained a value of 3.85 Å for the lattice constant of
bulk Rh, which is in excellent agreement with the experi-
mental value of 3.80 Å �Ref. 25� and previous theoretical
values of 3.87 Å.26 Our value implies that the distance be-

(a)

(b)

(c)

(d)

(e)

(f)

(g)

FIG. 1. �Color online� Schematic diagrams showing the geom-
etries considered for adsorption studies. The cyan �gray�, white, and
black circles represent Rh, O, and N atoms, respectively. The NO
occupies different sites and is oriented differently in the six cases
depicted here. �a�, �b�, and �c� show top views of configurations
where the NO sits horizontally on the Rh substrate, while �d�, �e�,
and �f� show top views of configurations where the NO sits verti-
cally on the substrate; in these, the N atoms are not visible as they
sit directly below the O atoms. The picture �g� shows a side view of
configuration �e�.

(a) (b) (c)

FIG. 2. �Color online� Top view of the geometries considered
for N and O adsorption on Rh�100� surfaces. The cyan �gray�,
white, and black circles represent Rh, O, and N atoms, respectively.
In configuration �a�, N and O are at nearest-neighbor hollow sites;
in �b� N and O are at diagonally opposite hollow sites. In configu-
ration �c�, N and O are at the bridge sites between two Rh atoms.
The white rectangle indicates the 2�3 unit cell used for coadsorp-
tion studies.
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tween NN Rh atoms on the �100� surface is 2.73 Å, while
the interlayer distance between bulklike layers in a Rh�100�
slab is 1.93 Å.

For MgO, we obtained a lattice constant of 4.25 Å, which
is identical to the value obtained in previous calculations27

and is in good agreement with the experimental value of
4.21 Å.28 Note that this would imply that if a Rh monolayer
were to be deposited commensurately with an MgO�100�
substrate, the NN Rh-Rh distance within the monolayer
would be increased to 3.00 Å, which corresponds to a strain
of 9.9%.

For NO in the gas phase, we obtained a binding energy of
7.13 eV and an N–O bond length of 1.17 Å. For compari-
son, the experimental values are 6.5 eV and 1.15 Å,
respectively.29 In all these cases, it can be seen that our re-
sults are in good agreement with both experiments and pre-
vious calculations, lending support to the validity of our ap-
proach.

B. Case (i)—unstrained Rh(100) surface

For the surface energy of the clean and unstrained
Rh�100� surface �case �i��, we obtain a value of 1.12 eV/
surface atom, which agrees exactly with the value obtained
in a previous calculation26 and is also in reasonably good
agreement with the experimental value of 1.27 eV/surface
atom.30 We find that the first interlayer spacing d12 is con-
tracted by 3.5% with respect to the bulk interlayer spacing of
1.93 Å; this is similar to the contraction of 4.0% found in an
earlier study26 but more than the contraction of 1.4%�1.4%
reported experimentally.30 We find that the next two inter-
layer spacings, d23 and d34, are both expanded by 0.77%; the
next interlayer spacing d45 is very close to the bulk interlayer
spacing. We find that the surface is not ferromagnetic, which
is in agreement with several previous studies,13,14 though it
disagrees with some reports in the literature.10,11

For case �i�, we find that the effective coordination ne
=8.49. This is slightly increased with respect to the nominal
surface coordination �the number of nearest-neighbor atoms
for a surface atom� of 8, due primarily to the contraction of
d12 relative to the bulk interlayer spacing.

We define the adsorption energy as Eads=ENO:Rh�100�
−ERh�100�−ENO

gas, where E is the value obtained from ab initio
calculations for the total energy of the corresponding con-
figuration. In agreement with previous results,2,26 we find
that the most favorable adsorption geometry on an unstrained
Rh�100� slab is the “vertical bridge” �VB� �corresponding to
Figs. 1�e� and 1�g�; the adsorption geometry is also shown in
Fig. 3�a��. With a �2�2� unit cell �i.e., a coverage of 1/4
ML�, we obtain Eads=−2.59 eV in this geometry; the N–O
bond length is increased slightly from the gas-phase value of
1.17 to 1.20 Å. The next most favorable adsorption geom-
etry is the “horizontal hollow” �HH� �see Fig. 1�a�� with
Eads=−2.47 eV and an N–O bond length of 1.31 Å. The
details of the adsorption geometries for both VB and HH are
given in Table I. All these values are in excellent agreement
with a previous study.26

We have also investigated the geometry and energetics of
the coadsorption of N and O on this surface. We find that

both N and O prefer to occupy fourfold hollow sites, as has
also been reported in a previous paper.19 In Table II, we show
how the coadsorption energy, defined as Ecoads=EN+O:Rh�100�
−ERh�100�−ENO

gas, varies with adsorbate coverage and adsorp-
tion geometry. We find that the N and O atoms prefer to
occupy next-nearest-neighbor �NNN� hollow sites over
nearest-neighbor hollow sites. Also, the magnitude of Ecoads
increases as the coverage is decreased. These observations
suggest that there is a repulsive interaction between the N
and O atoms after dissociation of NO. We note that in a
previous study,19 a coadsorption energy of −3.50 eV was
obtained at a coverage of 1/16 ML, which is in keeping with
our conclusions here.

C. Case (ii)—stretched Rh(100) surface

When an in-plane expansion of 9.9% is imposed on a
�1�1� Rh�100� slab, we find that the bulk interlayer spacing
��d45� is reduced by 11.3% with respect to the unstrained
case and becomes equal to 1.71 Å. Upon allowing all inter-
layer distances to relax in an eight-layer slab, the first three
interlayer spacings d12, d23, and d34 are changed to 1.59,
1.76, and 1.73 Å, respectively. These are contracted signifi-
cantly, with respect to the bulk interlayer distance in un-
strained Rh�100�, by 17.3, 8.9, and 10.5%, respectively. The
net effect of having longer intralayer distances but shorter
interlayer distances at the surface is that now the effective
coordination ne=6.65, i.e., as a result of stretching, the ef-
fective coordination has decreased on going from case �i� to
case �ii�.

(a) (b)

(c) (d)

1.20 1.20

1.33 1.34

FIG. 3. �Color online�. The most stable configurations for ad-
sorbed NO in �a� case �i�, �b� case �ii�, �c� case �iii�, and �d� case
�iv�. In cases �i� and �ii�, vertical configuration of NO at a bridge
site is the most stable; whereas in cases �iii� and �iv�, horizontal
configuration at the hollow site is the most stable. Small blue �gray�
and red �black�, and large gray and turquoise spheres represent N,
O, Rh, and Mg atoms, respectively. In �a� and �b�, and in the first
row of atoms in �c� and �d� the large gray spheres represent the Rh
atoms. In �c� and �d� turquoise �gray� spheres in the second, third
and fourth layers represent Mg atoms.
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In Fig. 4, we show the layer-resolved magnetization per
atom of a symmetric �1�1� stretched eight-layer slab �stars�.
Interestingly, the stretched Rh�100� surface is now magnetic
with surface magnetization of 1.0 �B /atom. In order to re-
duce computational load, it is a common practice to consider
asymmetric slabs where some of the bottom layers are fixed
at their bulk positions. The circles in Fig. 4 show the mag-
netization per atom in a �1�1� four-layer slab with the bot-
tom two layers fixed at 1.71 Å interlayer spacing and the top
two layers relaxed. We find that only in the top two layers is
the magnetization close to the one in the layers of the sym-
metric slab, and a “spurious” magnetization as large as
1.2 �B /atom is present on the frozen-geometry bottom sur-
face. In order to quench this spurious magnetization, we con-
sidered also an asymmetric four-layer Rh slab where H at-
oms were adsorbed on the bottom surface. The results are
again reported in Fig. 4 as squares, and we now find that the
magnetic moments on all layers are very similar for the four-
layer and eight-layer slabs, giving us confidence that adsorp-
tion energies obtained with the former will be accurate. The
interlayer distances are also very similar in the eight-layer
symmetric slab and in the four-layer slab with H adsorbed on
the bottom surface but are �slightly but perceptibly� different
on the four-layer slab without H on the bottom surface.

Adsorbing H on the bottom surface also turns out to be
crucial in correctly predicting the stable adsorption geometry
for NO. In the absence of H, it is found that the VB and HH
configurations are degenerate, with both having an adsorp-
tion energy of Eads=−2.83 eV; however, when H is adsorbed
on the bottom surface, the VB �with Eads=−2.86 eV� is
found to be clearly favored over the HH �with Eads
=−2.71 eV�; for the reasons stated above, we believe that
the set of numbers obtained with H atoms on the bottom
surface is more to be trusted. This stable adsorption geom-
etry is depicted in Fig. 3�b�.

In order to gauge the effects of magnetism on adsorption
energies, we also performed non-spin-polarized �NSP� calcu-
lations. We found that the magnitude of Eads increases in the
absence of magnetization; however, the difference between
the VB and HH geometries is maintained: with NSP calcu-
lations, the former gives Eads=−2.96 eV while the latter
gives Eads=−2.82 eV.

We found that NO adsorption leads to a significant distor-
tion in the position of Rh atoms �see Table I�. When NO is
adsorbed in the VB configuration, the Rh-Rh distance for the

TABLE I. The Rh–Rh bond length �dRh-Rh�, the Rh–N bond length �dRh-N�, the Rh–O bond length �dRh-O�
and the N–O bond length �dN-O� of NO on different adsorption sites for the four cases. The number given
below each case denotes the Rh-Rh in-plane distance for the clean surfaces. RhN and RhO indicate the
distances between two Rh atoms bonded to N and O atoms, respectively. All distances are given in angstrom.

System Site and geometry dRh-Rh dRh-N dRh-O dN-O

Case �i� VB 2.74 1.96 1.20

�2.73� HH 2.75�RhN� 1.98 2.21 1.31

2.79�RhO�
Case �ii� VB 2.70 1.96 1.20

�3.00� HH 3.13�RhN� 1.98 2.22 1.32

3.21�RhO�
Case �iii� VB 2.75 1.93 1.20

�2.73� HH 2.70�RhN� 1.95 2.15 1.33

2.95�RhO�
Case �iv� VB 2.56 1.94 1.21

�3.00� HH 2.66�RhN� 1.95 2.18 1.34

2.59�RhO�

TABLE II. Dependence of coadsorption energy Ecoads on cover-
age and adsorption geometry. The first row corresponds to a coad-
sorption of N and O in a 2�2 unit cell in next-nearest-neighbor
hollow sites, while the second and third rows �a� correspond to
results for the geometries depicted in Figs. 2�a� and 2�b�, respec-
tively. Here, C=coverage of N=coverage of O.

Coverage C
Ecoads

�eV�
rN-Rh

�Å�
rO-Rh

�Å�

1/4 ML −3.20 2.03 2.14

1/6 ML �a� −3.10 1.99, 2.10 2.04, 2.35

1/6 ML �b� −3.34 2.03, 2.04 2.14, 2.17

2 4 6 8
Layer number
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FIG. 4. Magnetization of the stretched Rh�100� surface �case
�ii�� for an eight-layer symmetric slab �stars�, a four-layer asymmet-
ric slab �circles�, and a four-layer asymmetric slab with H adsorbed
at the bottom of the slab �squares�.
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two Rh atoms bonded to N is reduced significantly, from
3.00 to 2.70 Å. However, for the HH configuration, the dis-
tances between the two Rh atoms bound to N and O increase
to 3.13 and 3.21 Å, respectively. The internal bond length in
NO is increased in all cases: to 1.20 Å for the VB and to
1.32 Å for the HH configuration. Note that this also suggests
that it might be easier to break the N–O bond in the HH
configuration.

Next, we coadsorb N and O on this surface. The coad-
sorption geometries considered by us are shown in Fig. 2.
When we start from a configuration where N and O are at
NN hollow sites �see Fig. 2�a��, the O atom moves away
from N and sits at the bridge site which is equidistant from
the N atom and its image. This configuration represents
the most favorable coadsorption geometry, with Ecoads
=−3.47 eV. The second most favorable configuration is one
where both N and O sit at NNN hollow sites �Fig. 2�b��; here
Ecoads=−3.33 eV. Unlike in case �i�, the stretched Rh�100�
surface also has a local minimum when both the atoms sit at
bridge sites �see Fig. 2�c��. This is the configuration that the
system assumes just after the dissociation of NO and corre-
sponds to Eads=−3.24 eV. As in case �i�, the magnitude of
Eads is increased by �0.3 eV in the first two adsorption ge-
ometries upon performing an NSP calculation; however, in
the third case, Eads is essentially unchanged. It is also worth
noting that changes in interatomic distances are slight when
comparing SP and NSP calculations.

D. Case (iii)—monolayer of Rh on MgO(100) at Rh(100)
lattice constant

The third case we consider is again an artificial one. We
consider first an MgO�100� substrate that has been strained
�compressed� in plane so that it has the same in-plane lattice
constant as in case �i�. As a result of this in-plane compres-
sion, we find that the first two interlayer spacings are both
increased by 8.15% relative to the interlayer spacing in un-
strained MgO. There is also a noticeable rumpling of Mg-O
layers near the surface. We define the rumpling as �z= �zO
−zMg� /d0, where zO and zMg are the z coordinates �normal to
the surface plane� of O and Mg, respectively, and d0 is the
bulk interlayer spacing. The outermost MgO layer has �z
=2.0%, while the second MgO layer has �z=−0.1%. Note
that the rumpling is opposite in the two outermost layers: in
the topmost layer, oxygen atoms are displaced further away
from the substrate than Mg atoms, whereas for the second
layer, the reverse is true.

When a monolayer of Rh is deposited pseudomorphically
on this compressed MgO substrate, it binds with a binding
energy Ebin of −3.59 eV /Rh atom. Here, the binding energy
has been defined by Ebin=ERh:MgO−EMgO−ERh

gas, where
ERh:MgO is the total energy of the Rh/MgO slab, EMgO is the
energy of the MgO slab alone, and ERh

gas is the energy of an
isolated Rh atom in the gas phase. The Rh atoms sit atop the
oxygen atoms of the outermost MgO layer, with a Rh-O
separation of 2.22 Å. The deposition of the monolayer
changes both the rumpling and the relaxation of the outer-
most MgO layers. The first two layers now display a rum-
pling of −4.2% and 0.7%, respectively; note that the deposi-

tion of Rh has actually reversed the direction of rumpling.
There is also a change in interlayer spacings, with the dis-
tance between the two outermost MgO layers now expanded
by 9.55% relative to the interlayer distance in unstrained
MgO, while the expansion of the next interlayer spacing is
now reduced slightly, from the value of 8.15% �in the ab-
sence of the Rh adlayer� to 8.05%. The Rh monolayer in this
case is found to be magnetic, with a magnetic moment of
1.5 �B /atom.

In principle, placing metal atoms on an oxide substrate
can lead to charge transfer. In Fig. 5�a�, we have plotted the
redistribution of charge upon placing a layer of Rh atoms on
an MgO substrate. In this figure, red �light� and blue �dark�
regions represent areas where the electronic charge has in-
creased and decreased, respectively. It is interesting to note
that one observes both red �light� and blue �dark� lobes on
both the Rh layer and the topmost Mg-O layer. This is be-
cause of the simultaneous presence of donation and back
donation between the adsorbate �Rh� and the substrate
�MgO�, as is well known for such systems. Interestingly,
these two processes essentially cancel out for this system; the
net charge transfer, as calculated by Lowdin population
analysis, is only 0.015 electrons per Rh atom between the Rh
overlayer and the MgO substrate. The other interesting thing
to note is the fact that there are lobes of electronic charge in
the interstices between the Rh atoms and above top layer Mg
atoms. This contributes to the electrostatic binding of the
adlayer to the substrate. A similar binding mechanism has
been suggested in the literature for metal adlayers on alu-
mina substrates.31

The effective coordination ne is now lowered to 5.51.
Note that ne is lower for both cases �ii� and �iii� relative to
case �i�; however, the lowering in case �iii� �which is due to
the replacement of the Rh substrate by an MgO support� is
more significant than in case �ii� �where it is due to stretching
the system to the lattice constant of MgO�. Similarly, the
magnetic moment is larger in case �iii� than in case �ii�.

Upon adsorbing NO on this compressed Rh/MgO�100�
system, we find that the most favorable adsorption geometry

z

y

(b)(a)

FIG. 5. �Color online� Charge redistribution on placing a mono-
layer of Rh atoms on an MgO substrate for �a� case �iii� and �b� case
�iv�. Red �light� and blue �dark� lobes represent regions where the
electronic charge has increased and decreased, respectively. Red
�black� and turquoise �gray� spheres represent O and Mg atoms,
respectively; the gray Rh atoms are not visible because they are
surrounded by charge-transfer lobes. Note that both the Rh over-
layer and the O atoms in the topmost Mg-O layer display both red
and blue lobes.
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is the HH �depicted in Fig. 3�c��, with Eads=−3.38 eV,
which is larger in magnitude than the adsorption energy of
−3.17 eV for the VB configuration. Note that this is in con-
trast to the most favored adsorption geometry for both cases
�i� and �ii�; it is now favorable for both N and O to bind to
Rh atoms.

For the VB case, the distance between the two Rh atoms
bound to the N �RhN� increases slightly from 2.73 to 2.75 Å.
On the contrary, for the HH geometry, the distance between
the same pair of Rh atoms decreases to 2.70 Å, while that
between the Rh atoms attached to the O atom �RhO� in-
creases to 2.95 Å. This is because, as a result of strong bind-
ing between NO and the Rh atoms, the RhN pair is pulled out
of the surface.

Moreover, upon adsorbing NO, the magnetization of the
Rh atoms is quenched. For the HH NO adsorption geometry,
this reduction is as follows: for the two Rh atoms to which N
is attached, the reduction is by 74%; for the two Rh atoms to
which O is attached, it is by 45%; and for the two Rh atoms
which are furthest from NO, the reduction is only by 9%.
Once again, we find significantly enhanced binding upon
performing an NSP calculation, with Eads=−4.07 eV and
−3.82 eV for the HH and VB geometries, respectively. The
coadsorption energies are −4.64 and −3.32 eV when the N
and O atoms are in the NN hollow �Fig. 2�a�� and bridge
�Fig. 2�c�� sites, respectively.

E. Case (iv)—monolayer of Rh on MgO(100) at MgO
lattice constant

Next we put a pseudomorphic layer of Rh atoms on an
unstrained MgO�100� substrate. In reality it is possible that
the Rh layer will reconstruct so as to reduce surface stress.
We are not aware of any experimental data on this issue.
However, as we have mentioned above, it is still useful to
consider this hypothetical structure so as to establish trends.
Assuming pseudomorphic wetting, we find that Rh atoms
again preferentially occupy the sites atop O atoms. The bind-
ing energy for this configuration, defined as in case �iii�, is
found to be Ebin=−3.27 eV /Rh atom; this is somewhat less
in magnitude than the value of −3.99 eV obtained in a pre-
vious study.27 The Rh-O distance is found to be 2.25 Å,
which is larger than the value of 2.10 Å reported earlier.27

Both the Mg and O atoms in the topmost layer move out-
wards, away from the substrate, so that the mean interlayer
distance between the top two MgO layers is increased by
0.73% relative to the bulk interlayer spacing. However, there
is a considerable rumpling �Mg atoms are higher up on the
surface than oxygen atoms, with �z=−4.0%� of the topmost
MgO layer; this is in good agreement with one earlier re-
ported value of −4.3% �Ref. 17� but somewhat less than the
value of −6.1% obtained in another study.27 The rumpling is
reduced to +1.0% in the MgO layer below this one. Note that
for both layers the rumpling is reversed with respect to that
observed for a bare MgO�100� surface.

For a Rh atom in case �iv�, we obtain ne=3.59. Note that
this is significantly lowered with respect to the value of 8.49
obtained in case �i� due to a combination of two factors: the
replacement of substrate Rh atoms by Mg and O atoms and

the stretching to the MgO lattice constant. If the topmost Rh
layer were to relieve stress by forming a network of misfit
dislocations, the value of ne would be larger than this but
presumably still quite low. If the Rh atoms were to clump up
instead of wetting the surface, then the ne of atoms at island
edges would also be very low.

Once again, we find that the surface Rh atoms are mag-
netic, with a moment of 1.5 �B /atom. This is in marked
contrast with the result reported in Ref. 32 where no magne-
tization was found for this geometry.

In Fig. 5�b�, we present a plot of charge redistribution for
the Rh/MgO system. From this figure, it is evident that, as in
case �iii�, there is both donation and back donation between
the overlayer Rh atoms and the O atoms in the MgO sub-
strate. Once again, these two processes effectively cancel
out, and there is a net charge transfer of only 0.018 electron
per Rh atom from the oxygen to the Rh atom. Again there is
a significant lateral redistribution of electronic charge, quite
similar to case �iii�.

Next, we study the adsorption of NO on this Rh/
MgO�100� system. As in case �iii� above, we find that it is
now most favorable for the NO atom to lie horizontally on
the surface: Eads=−4.08 and −3.87 eV for the HH and VB
geometries, respectively. In Fig. 3�d� we have depicted the
lowest-energy adsorption geometry, corresponding to the HH
configuration.

With the adsorption of NO on 1 ML of Rh on MgO, the
Rh atoms to which the NO is attached come closer together
for both the HH and VB geometries �see Table I�. We specu-
late that this may be because Rh–Rh bonds are under con-
siderable tensile stress when deposited pseudomorphically
on MgO; the adsorption of NO breaks the symmetry and
allows the Rh atoms bonded to NO to come closer together.

As in case �iii�, upon adsorbing NO, the magnetization of
the Rh atoms is quenched. Out of the six Rh atoms present in
the unit cell, the spin polarization of each of the two Rh
atoms to which N is attached is negligible, while the spin
polarization of those atoms to which O is attached is reduced
by about 81% and the spin polarization of the two Rh atoms
which are furthest from the NO is reduced by about 28%.
Similar effects have also been observed previously by us for
NO adsorbed on small Rh clusters33 and by Hass et al.34 in
their studies of NO adsorption on a hypothetical monolayer
of Rh atoms. Apart from the fact that the latter group of
authors worked with a monolayer of Rh �i.e., there was no
substrate�, there are other differences between our calcula-
tions and theirs: they did the calculations for NO adsorbing
in the VB geometry alone, fixed the Rh-Rh distance at the
value for bulk Rh, and did not relax the coordinates of NO.
While they found that the magnetic moments on all the at-
oms of the monolayer are negligible, we find that the mag-
netism of those Rh atoms which are attached to the NO mol-
ecule is very strongly suppressed, while in the other Rh
atoms there is a slight reduction.

As in the previous cases, the magnitude of Eads increases
upon performing an NSP calculation. One obtains values of
−4.38 and −3.93 eV for the HH and VB configurations, re-
spectively.

Upon coadsorbing NO on this Rh/MgO slab, we find that
it is preferable for both the N and O to be at NN hollow sites
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rather than at NN bridge sites. The former leads to a coad-
sorption energy of −4.74 eV, while the latter leads to a coad-
sorption energy of −4.10 eV.

IV. DISCUSSION OF TRENDS

We have seen that as we go from case �i� to case �iv�, the
effective coordination ne decreases progressively and signifi-
cantly. This decrease in effective coordination is accompa-
nied by �and, in our interpretation, causes� a significant in-
crease in the strength of adsorption of NO and coadsorption
of N and O. Our main results are encapsulated in Fig. 6. In
the panel on the left-hand side, we have presented our results
for the adsorption energy of NO on these systems. The open
circles represent results for the vertical bridge geometry, and
the filled circles represent those for the horizontal hollow
geometry. The following features are evident from this
graph: �a� for a given geometry, the magnitude of Eads in-
creases monotonically as ne is decreased; �b� the slope of this
graph is larger for the HH than for the VB; this can be
rationalized as being due to the fact that for the HH, both N
and O are bonded to Rh atoms, whereas for the VB, only N
is bonded to Rh atoms; �c� as a consequence of this the HH
geometry becomes more favorable at lower ne; and �d� the
slope of the lines connecting cases �i� and �ii� is less than that
connecting �ii�, �iii�, and �iv�. This last observation can be
attributed to the fact that in case �i� the substrate is nonmag-
netic, whereas in case �ii� it is magnetic. In the absence of
magnetism, adsorption is stronger and the points correspond-
ing to cases �ii�, �iii�, and �iv� would be shifted downwards,
and one would have obtained a roughly straight line connect-
ing the points from the four cases considered by us. Since
these three points have, however, been shifted upwards by
the presence of magnetism, the slope connecting �i� and �ii�
is reduced. The main conclusion from this graph is that the
adsorption energy scales more or less linearly with effective

coordination; we note further that the Rh�111� surface has a
larger ne �9.15� and weaker Eads �−2.18 eV� than all four
cases considered by us.

Similar conclusions about coadsorption can be drawn
from the right-hand side panel, where the coadsorption en-
ergy is found to vary monotonically with ne. The variation is
less linear for this case, presumably because of changes in
coadsorption geometry.

The adsorption energy decreases as we go from �i� to �iv�
due to two reasons: �a� the strength of adsorption increases as
the coordination is decreased, and �b� the horizontal hollow
geometry, which leads to stronger binding to the substrate
and a weaker and longer NO bond, becomes more favored at
low effective coordination. However, these effects would
have been even more marked if the substrate were to remain
nonmagnetic: in every case, we have seen that NSP calcula-
tions �where magnetism is suppressed� point to stronger ad-
sorption than SP calculations. For the VB geometry, the N–O
bond length is found to be �1.2 Å, whereas for the HH
geometry, the bond length is increased to �1.3 Å, suggest-
ing that it should be easier to break the N–O bond in the
latter case.

Our results show that strain and the presence of the oxide
substrate contribute to the increased strength of adsorption
primarily through their effect on ne and that both effects
contribute to roughly the same extent. In the case of the
magnesia substrate considered by us, charge transfer plays a
negligible role since the donation and back-donation mecha-
nisms essentially cancel out. This may not be true for more
active oxide substrates, such as titania and ceria.

It seems intuitively obvious that when Rh atoms have a
lower effective coordination, they will bind adsorbates more
strongly, thus making it easier to break bonds within the
adsorbate. An alternative and equivalent way of looking at
this effect is to consider the effect of lower coordination on
the density of states. In Fig. 7, we show how the spin-
polarized d-band density of states of the surface Rh atoms
changes as we go from case �i� to case �iv�—it can be seen
that the lowering of ne results in a progressive narrowing of
the d band. As mentioned earlier, the d-band width and po-
sition of the d-band center have been shown to be a good
predictor of catalytic activity.4

In Fig. 8�a� we show how the position of the d-band cen-
ter shifts with effective coordination. We see that as we go
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from case �i� to case �iv�, the reduction in ne is accompanied
by an approximately linearly proportional shift in the d-band
center, bringing it closer to the Fermi level. In Fig. 8�b� we
show that the adsorption energy varies in a monotonic �and
approximately linear� way with the d-band center.

V. SUMMARY AND CONCLUSIONS

We have studied the adsorption of NO and the coadsorp-
tion of N and O on strained and unstrained Rh surfaces with
and without the presence of an MgO substrate. Both strain
and placing a monolayer of Rh atoms on the oxide substrate
lead to a significant lowering in the effective coordination of
surface Rh atoms; doing both �i.e., placing a monolayer of
Rh atoms pseudomorphically on an MgO�100� substrate�

leads to the largest decrease in effective coordination ne. Fur-
ther, both the strain and the presence of the substrate �either
separately or together� have the effect of making the surface
Rh atoms magnetic. Every decrease in ne is accompanied by
�and, presumably, causes� a decrease in the d-band width of
Rh atoms, a shift of the d-band center toward the Fermi
level, and a strengthening of the adsorption of NO and the
coadsorption of N and O. Thus for our systems the effective
coordination appears to control surface reactivity. The exten-
sion of the present study to more systems would establish
how general this relationship is.

We note that the effective coordination ne is a quantity
that can be very simply computed, especially if the structure
is known—it is not even necessary to perform an ab initio
density-functional theory calculation in order to compute it.
Therefore it can serve as a simple guide or rule of thumb in
order to design systems where the strength of adsorption or
coadsorption takes on a desired value.

Thus, lowering the effective coordination seems to be a
good strategy to increase the strength of adsorption and
coadsorption and, thus, conceivably lower the barrier to dis-
sociation of the NO bond. One can think of several ways of
reducing effective coordination: e.g., by using rough sur-
faces, by placing Rh atoms on an inert oxide substrate, and
by using Rh nanocatalysts where the Rh particles are suffi-
ciently small so as to be significantly undercoordinated.
However, most of these strategies to reduce ne also favor
magnetism, which competes with bonding.33 This suggests
that an optimal value of ne should be aimed for, where the
coordination is low enough so as to favor a significant
strengthening of Rh–NO bonds and weakening of the N–O
bond, yet the adverse effects of magnetism are not too evi-
dent. We are in the process of computing dissociation barri-
ers in order to verify our expectation that lowering effective
coordination will also weaken the N–O bond and thus cata-
lyze the reduction of NO to N2.
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