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The origin of the unique geometry for nitric oxide �NO� adsorption on Pd�111� and Pt�111� surfaces as well
as the effect of temperature were studied by density functional theory calculations and ab initio molecular
dynamics at finite temperature. We found that at low coverage, the adsorption geometry is determined by
electronic interactions, depending sensitively on the adsorption sites and coverages, and the effect of tempera-
ture on geometries is significant. At coverage of 0.25 monolayer �ML�, adsorbed NO at hollow sites prefer an
upright configuration, while NO adsorbed at top sites prefer a tilting configuration. With increase in the
coverage up to 0.50 ML, the enhanced steric repulsion lead to the tilting of hollow NO. We found that the
tilting was enhanced by the thermal effects. At coverage of 0.75 ML with p�2�2�-3NO�fcc+hcp+top� struc-
ture, we found that there was no preferential orientation for tilted top NO. The interplay of the orbital
hybridization, thermal effects, steric repulsion, and their effects on the adsorption geometries were highlighted
at the end.

DOI: 10.1103/PhysRevB.81.085408 PACS number�s�: 68.43.Bc, 68.43.Fg, 68.35.Md

I. INTRODUCTION

Molecular adsorption on transition-metal �TM� surfaces is
a common phenomenon on a large number of surface tech-
nological processes including catalytic reactions,1 and an
atom-level understanding of the adsorption are required for
better activity and functions.2 Among other, the identification
of the adsorbate structures and sites, bond strength are cru-
cial. For diatomic molecules, such as carbon monoxide �CO�
and nitride oxide �NO�, the possible adsorption sites on
close-packed �111� surfaces are top sites, bridge sites, fcc,
and hcp hollow sites. Depending on the adsorption sites and
coverage, the adsorbed molecules prefers either an upright
configuration or tilting configuration with respect to the sub-
strate, as found both experimentally and theoretically.3–12

Recent experimental studies �at temperature of 100–300
K� for NO/Pd�111� and NO/Pt�111� at high coverage found
that independent on the adsorption sites �top and hollow�, all
adsorbed NO molecules were tilted.13–15 For example, in
c�4�2�-2NO�fcc+hcp� /Pd�111� structure, adsorbed NOs
were tilted by about 8°, which were attributed to the repul-
sive lateral interactions.13 Although recent DFT calculations
support this conclusions, the difference between calculated
and measured tilted angle is significant.16 For top NO in
p�2�2�-3NO�fcc+hcp+top� structure, the measured tilting
angle at T�140 K is about 5° –10° larger than the calcu-
lated values.10–14,17 The difference between DFT calculations
at absolute zero and measurements at finite temperatures in-
dicates possible thermal effects on geometries, which has not
been addressed in literature. Moreover, it was found that
tilted top NO may point toward different directions, namely,
fcc, hcp, or bridge sites nearby.10–14,17 The physics under-
lined remains elusive. To shed lights on these problems, we
performed DFT calculations at absolute zero and ab initio
molecular dynamics �MD� simulations at finite temperatures
for NO/Pd�111� and NO/Pt�111� in present work.13

II. METHOD

The DFT calculations at 0 K and ab initio MD simula-
tions at different temperatures were performed using the
generalized gradient approximation formulated by Perdew-
Burke-Ernzerhof functional �GGA-PBE�,18 and the all-
electron projected augmented wave �PAW� method,19–21 as
implemented in the Vienna Ab initio Simulation Package
�VASP�.22,23 Plane-wave cut-off energies of 400 and 300 eV
were used for the DFT and MD calculations, respectively.
For the Brillouin-zone integration, we used �-centered �6
�6� and �7�6� k-point grids for the p�2�2� and c�4�2�
unit cells. All calculations were carried out at the optimized
lattice constant of bulk Pd �a0=3.95 Å� and Pt �a0
=3.99 Å�, whose differences with experiment are 1.5% and
1.8%.24 The �111� surfaces were modeled by the repeated
four layers slab separated by a vacuum region of 11.40 Å.
Test calculations using thicker slabs �for instance seven lay-
ers slab� shows that four layers slab are sufficient. The ad-
sorbates were added only one side of the slab, and the dipole
corrections were employed to screen the artificial interaction
through the vacuum region.

The DFT calculations at coverage of 0.25, 0.50, and 0.75
ML were considered. Adsorbed NOs were placed initially at
high symmetry sites �top, fcc, and hcp� and no symmetry
constraints were applied during the optimization and MD
simulation. The calculations were terminated when the re-
sidual forces less are than 0.01 eV /Å. The rotation barriers
for adsorbed NO molecules were calculated using the nudge
elastic band �NEB� method.25–28 For MD simulations, a time
step of 2 fs was used. The MD simulations were performed
up to 30 ps at experimental temperatures of 140, 245, and
300 K for NO/Pd�111� and 300 K for NO/Pt�111�.

III. RESULTS AND DISCUSSIONS

A. DFT calculations at T=0 K

DFT calculations for NO/Pd�111� were performed at cov-
erages of 0.25, 0.50, and 0.75 ML at absolute zero. Calcu-
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lated average adsorption energy for NO adsorption on the
surfaces, Ead, was defined by

Ead = �Etot
NO/Pd�111� − Etot

Pd�111� − N � Etot
NO�/N , �1�

where Etot
NO/Pd�111�, Etot

Pd�111�, and Etot
NO are the total energies of

NO/Pd�111�, clean Pd�111�, and NO in gas phase, respec-
tively. N is the number of adsorbed NO in the unit cell. The
energetic most favorable structures identified are: �2
�2�-1NO�fcc� �0.25 ML�, c�4�2�-2NO�fcc+hcp� �0.50
ML�, and p�2�2�-3NO�fcc+hcp+top� �0.75 ML�, as indi-
cated in Fig. 1. Calculated Ead are −2.34, −2.03, and
−1.71 eV, respectively. It can be seen that adsorption energy
decreases with the increase in coverage, by about 0.30 eV
from 0.25 to 0.50 ML, and another 0.32 eV from 0.50 to 0.75
ML. The variation indicates that there is a pronounced lateral
repulsion between adsorbates.16 Important structural param-
eters are given in Table I

From Fig. 1 and Table I, we can see that NO in the hollow
sites at 0.25 ML prefers an upright configuration, while NO
in the top sites �less favorable by 0.82 eV� is tilted by about
47.7° with respect to the normal direction of the surface. At
0.50 ML, however, hollow NO becomes tilted by about 5°
due to the lateral repulsion between adsorbed NO. To see this

clearly, we constrained two hollow NO molecules at the up-
right configuration and optimized other freedoms. The calcu-
lated total energy is 89 meV /c�4�2� higher than the fully

TABLE I. Structural parameters for NO adsorption on Pd�111� at different coverages �fcc and top NO in
a �2�2� supercell at 0.25 ML, c�4�2�-2NO�fcc+hcp� at 0.50 ML and �2�2�-3NO�fcc+hcp+top� at 0.75
ML� and different temperatures. The averaged values from the experiments of Ref. 13 for c�4
�2�-2NO�fcc+hcp� at 245 K and �2�2�-3NO�fcc+hcp+top� at 140 K are given for comparison.

Cover.
�ML� Sites Cond.

dN-O

�Å�
dN-Pd

�Å�
��−N-O

�deg�

0.25 fcc 0 K 1.218 2.04 0.0

300 K 1.218�0.004 2.06�0.03 7.3�3.8

top 0 K 1.181 1.91 47.7

0.50 fcc 0 K 1.213 2.07 5.9

245 K 1.213�0.004 2.09�0.04 9.0�4.6

300 K 1.213�0.006 2.09�0.04 9.1�4.5

expt. 1.22 2.01 8

hcp 0 K 1.210 2.08 5.3

245 K 1.211�0.003 2.09�0.04 9.4�4.7

300 K 1.211�0.005 2.10�0.04 9.6�4.7

expt. 1.23 2.02 8

0.75 fcc 0 K 1.215 2.08 0.7

140 K 1.215�0.003 2.09�0.02 4.6�2.4

300 K 1.216�0.005 2.09�0.04 6.4�3.3

expt. 1.27 2.02 7

hcp 0 K 1.211 2.09 1.3

140 K 1.212�0.002 2.09�0.02 4.8�2.5

300 K 1.212�0.005 2.10�0.04 6.9�3.6

expt. 1.21 2.07 4

top 0 K 1.179 1.93 42.6

140 K 1.179�0.002 1.94�0.03 42.7�4.1

300 K 1.179�0.002 1.95�0.05 42.5�5.2

expt. 1.16 1.86 47
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FIG. 1. �Color online� �a� Side view of NO adsorption on
Pd�111� surfaces, in which the tilting azimuth angle � and in-plane
angle � are indicated; �b� top view of high symmetry adsorption
sites �F: fcc, H: hcp, T: top, and B: bridge� and super cell �black and
gray line for �2�2�, gray and white line for c�4�2�� used in cal-
culations; ��c� and �e�� side and ��d� and �f�� top view of c�4
�2�-2NO�fcc+hcp� and �2�2�-3NO�fcc+hcp+top�, respectively.

ZENG, DA SILVA, AND LI PHYSICAL REVIEW B 81, 085408 �2010�

085408-2



optimized tilted one. This indicates that the tilting of hollow
NO in c�4�2� come from intrinsic lateral repulsion between
adsorbates. It should be noticed that the tilting angle �5°�
calculated at absolute zero remains smaller than the experi-
mental values �8°� performed at 245 K. As shown in follow-
ing MD simulations, the difference comes from the effect of
temperature, which were not included in present DFT calcu-
lations. At higher coverage of 0.75 ML, calculated tilting
angle for top NO �42.6°� and hollow NO �2°� is smaller than
those at 0.25 and 0.50 ML, respectively. This is because of
the enhanced steric repulsion at 0.75 ML, which prevents the
large tilting. Furthermore, we found slight preference for ori-
entation of the top NO tilting towards the neighbor sites, and
calculated energetics for the top NO tilting towards the
bridge sites is nearly same with that tilting towards the hol-
low sites, as reported in previous works.11,13,17 In fact, the
energy barrier for the in-plane rotation of top NO was calcu-
lated to be less than 5 meV. This indicates that there is no
preferential tilting orientation for top NO at this coverage.

The electronic structure analysis �see details in Ref. 16�
shows that the chemical bonding between adsorbed NO and
Pd substrates at 0.25 ML was determined by the hybridiza-
tion between NO 5� /2	� orbitals and Pd 4d bands via so-
called donation and back-donation mechanism. The extent of
donation and back donation are site dependent and are more
extensive for NO adsorption at high coordination �three-fold
hollow� sites than that at top sites. This leads to a stronger
bonding between hollow NO and Pd substrate and preference
of the upright configuration. For top NO, the upright con-
figuration is however energetically unfavorable by 0.39 eV
than the tilted one. The energy gain from tilting comes from
the enhanced back donation from Pd d bands to NO 2	�

orbitals. Moreover, we found that the work function changes
upon NO adsorption are site dependent too. For NO ad-
sorbed in the hollow sites, work function increases by about

0.25 eV, while it decreases by 0.27 eV for NO in the top sites
at 0.25 ML. The different sign of the work function change
indicates an opposite direction for the adsorption induced
dipole moment for hollow and top NO molecules. Corre-
spondingly, at coverage of 0.50 ML �c�4�2�-2NO�fcc
+hcp��, both fcc and hcp NO have same direction of the
dipole moment, electrostatic repulsion is developed, which
lead to the hollow NO tilted.

B. Effect of temperature studied by ab initio MD simulations

To address the effect of temperature on the structures, ab
initio MD simulations were performed at temperatures of
140, 245, and 300 K, respectively. Typical simulation time
were 30 ps, which is sufficient to reach the equilibrium, as
plotted in Fig. 2. In Table I, the average geometric param-
eters �e.g. bond lengths and tilting angles� and corresponding
root-mean-square deviation �RMSD� for various configura-
tions taken from the last 20 ps are summarized.

The effect of temperature can be easily seen for fcc NO at
0.25 ML. In contrast to the upright configuration for hollow
NO at T=0 K, for example, we found it tilts by 7.3�3.8° at
300 K. The effect of temperature was also found in the varia-
tion in bond lengths. In this context, we note that the N-O
bonding strength �Eb=7.3 eV� is about 5 eV stronger than
NO-Pt bond, hence the effect of temperature on N-O bond
��dN-O�� stretching would be modest, compared to that of
N-Pd bond ��dN-Pd�� stretching, as indeed found from MD
simulation. From Table I, we can see that dN-O is little af-
fected by temperature, while dN-Pd increases by 0.02 Å with
a RMSD of �0.03 Å. Similar trends are also observed at
higher coverages.

For c�4�2�-2NO�fcc+hcp� at 0.50 ML, MD simulations
were carried out at 245 K in order to compare directly with
recent experiments performed at same temperature.13 We
found that the tilting angles for NO in the fcc and hcp sites
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FIG. 2. The evolution of geometrical parameters N-O bond length, the tilting azimuth angle � and in-plane angle � defined in Fig. 1
during MD simulation at 140 K for �2�2�-3NO�fcc+hcp+top� /Pd�111�.
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increase from 5.9° and 5.3° at T=0 K to 9.1�4.5° and
9.4�4.7° at 245 K, respectively. The effects of temperature
is significant. More important, the calculated results includ-
ing the effect of temperature agree better with experimental
measurements �8°�.

For p�2�2�-3NO�fcc+hcp+top� at 0.75 ML, NO mol-
ecules in the fcc and hcp sites with tilting angle of 2° at 0 K
increases to 4.6�2.4° and 4.8�2.5° at 140 K, 6.4�3.3°
and 6.9�3.6° at 300 K, respectively. In addition to see the
effect of temperature on the tilting angle and RMSD, this
result shows further that the effect increases with tempera-
tures. For top NO, the effect of temperature is however mod-
est: the tilting angle of top NO is 42.6° at T=0 K and be-
comes 42.7° and 42.5° at 140 and 300 K. Compared to the
measured angle of 47° for top NO at 0.75 ML,13 calculated
value is about 4° smaller. This difference may come from the
underestimation of the gap between NO 5� and 2	� orbitals
due the employment of the semilocal exchange-correlation
functional.10 Indeed, the calculation at 0 K using hybrid
functional HSE06 �Ref. 29� with better description of the gap
between NO 5� and 2	� orbital shows that the tilting angle
for top NO at 0.25 ML increases to 51.3°, compared to 47.7°
calculated by PBE.

The findings of the intrinsic electronic effect and thermal
effect as well as their interplay on the geometries found for
NO/Pd�111� applies to NO adsorption on other TM surfaces
too. To illustrate this, we present the results for NO adsorp-
tion on Pt�111�, and main results are given in Table II. At
0.25 ML, as found in NO/Pd�111�, hollow NO prefers an
upright configuration at 0 K, and becomes tilted with angle
of 5.0�4.0° at 300 K. At high coverage of 0.75 ML with
same configuration as Pd�111��p�2�2�-3NO�fcc+hcp
+top��,10,12,14,30 the effect of temperature on geometries are
essential same as NO adsorption on Pd�111�.

For NO adsorption on Pt�111� at intermediate coverage of
0.50 ML, the picture is slightly different from NO/Pd�111�
due to different configurations formed. Contrast to c�4

�2�-2NO�fcc+hcp� on Pd�111�, the energetically favorable
configuration formed on Pt�111� is p�2�2�-2NO�fcc+top�.
This structure is formed because the small difference of ad-
sorption energy between hollow and top NO on Pt�111� �0.33
eV� than that on Pd�111� �0.82 eV�. Formation of p�2
�2�-2NO�fcc+top� configuration on Pt�111� allows to mini-
mize the site competition and electrostatic repulsion. This is
however unlikely for NO adsorption on Pd�111�, in which
top NO is highly energetically unfavorable.10,16

For p�2�2�-2NO�fcc+top� /Pt�111�, top NO is also tilted
too. Compared to tilted top NO on Pd�111�/Pt�111� at 0.75
ML with no preferential titling direction, top NO on Pt�111�
at 0.50 ML prefers to tilt towards the fcc sites nearby, and
calculated barrier for its in-plane rotation over hcp sites us-
ing NEB is 60 meV �Fig. 3�b��. This can be seen from ex-
plicit MD simulation at 300 K, as shown in Fig. 3�a�. From
this figure, it is clear that adsorbed NO tends to stay in a

TABLE II. Structural parameters for NO adsorption on Pt�111� at different coverages �fcc and top NO in
a �2�2� supercell at 0.25 ML, �2�2�-2NO�fcc+top� at 0.50 ML and �2�2�-3NO�fcc+hcp+top� at 0.75
ML� at 0 and 300 K.

Cover.
�ML� Sites Cond.

dN-O

�Å�
dN-Pt

�Å�
��−N-O

�deg�

0.25 fcc 0 K 1.224 2.10 0.0

300 K 1.230�0.006 2.11�0.05 5.0�4.0

top 0 K 1.181 1.91 47.7

0.50 fcc 0 K 1.232 2.10 0.3

300 K 1.231�0.007 2.09�0.03 5.5�2.9

top 0 K 1.182 1.98 50.2

300 K 1.182�0.002 1.97�0.05 48.9�5.9

0.75 fcc 0 K 1.224 2.11 1.3

300 K 1.224�0.008 2.10�0.03 5.9�3.3

hcp 0 K 1.214 2.13 1.3

300 K 1.215�0.006 2.13�0.04 6.7�3.6

top 0 K 1.184 1.97 45.3

300 K 1.184�0.002 1.96�0.04 44.5�4.3
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FIG. 3. �Color online� �a� The evolution of geometrical param-
eters in-plane angle � for MD simulation at 300 K for �2
�2�-2NO�fcc+top� /Pt�111�. �b� Corresponding potential energy
surface for the rotation ��� of top NO from NEB calculations.
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specific azimuth angle, in contrast to top NO in p�2
�2�-3NO�fcc+hcp+top� on Pd�111� at temperature even as
lower as 140 K �Fig. 2�. Actually, there is no rotation found
for top NO in the given simulation time at 140 K.

IV. SUMMARY

Using DFT calculations at absolute zero and ab initio MD
simulations at finite temperatures, NO adsorption on Pd�111�
and Pt�111� surfaces were studied, and the interplay between
the electronic interactions, lateral interactions and the effect
of temperature on geometries were highlighted. We found
that the electronic interactions was dominated at low cover-
age, where the hollow NO prefers the upright configuration,
and the top NO prefers the tilting configuration. With in-
crease in the coverage, the lateral interactions occurs, and

hollow NO becomes tilting too. We found that the effects of
temperature on the geometries including the bond length and
molecule orientations are significant. With the increase in
temperature, the dN−metal stretching and the tilting of NO
molecule are enhanced. For top NO on Pd�111� and Pt�111�
at 0.75 ML, there are no preferential tilting direction. How-
ever, for NO adsorption on Pt�111� at 0.50 ML, top NO
prefers to tilt the fcc site nearby.
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