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Implications of coverage-dependent O adsorption
for catalytic NO oxidation on the late transition
metals†

Kurt Frey,b David J. Schmidt,b C. Wolvertonc and William F. Schneider*ab

Adsorbate interactions affect both the energies and arrangements of adsorbates on surfaces and

consequently influence rates of surface chemical reactions. Here we examine these effects for a rate-

limiting O2 dissociation model of catalytic NO oxidation on the late transition metals. We report periodic

density functional theory calculations of atomic oxygen adsorption on the (0001) facets of Ru, Os, and Co,

and the (111) facets of Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au and correlate these results using cluster expansion

(CE) representations. We use grand canonical Monte Carlo simulations implementing these CE Hamiltonians

to determine both the number and energetics of first-nearest-neighbor binding site vacancies available

for the dissociative adsorption of O2 at conditions representative of catalytic NO oxidation. We estimate

steady-state turnover frequencies and compare results to predictions using non-interacting adsorbates.

We show that coverage dependence manifests itself in both the energetics and statistical availability of

reaction sites and causes rates to deviate substantially from the coverage-independent limit.
1. Introduction

Rates of elementary step reactions at metal surfaces follow
Brønsted–Evans–Polyani (BEP) correlations between reaction
and activation energies.1 Most simple adsorbates on metals
interact repulsively, so that average binding energies decrease
with increasing coverage.2 However, BEP correlations do not
apply to these apparent reaction energies; rather, they apply
to energies of individual reaction events. Each individual reac-
tion event is characterized by a reaction energy that depends
on the local environment (i.e., number and configuration of
nearby adsorbates), which can vary widely for a fixed reaction
condition. Macroscopic rates of reactions are aggregations of
these individual reactions events. The details of micro-scale
energetic correlations along with their influence and relation-
ship to observed rate behaviors are complex and not fully
understood.3

Our group has reported kinetic models of O2 temperature-
programmed desorption (TPD)4 and of NO oxidation to NO2
on a Pt(111) lattice5,6 that accounted explicitly for the rela-
tionship between oxygen coverage, oxygen adsorbate order-
ing, and reaction rates through an O-adsorbate on Pt(111)
cluster-expansion (CE).7–9 A lattice gas CE represents an arbi-
trary arrangement of adsorbates on a lattice as a vector of
spin variables σi that indicate the presence (σ = 1) or absence
(σ = 0) of an adsorbate at binding site i. The formation energy
of a particular arrangement of adsorbates is expanded as
products of these binary spin variables:

E J J J J
i

i i
ij

ij i j
ijk

ijk i j kCE ( )            0  (1)

Once appropriate coefficient values have been estimated
from a database of density functional theory (DFT) results,
the CE can be used to rapidly estimate the formation energies
of any configuration of adsorbates. Adsorbate interactions
are represented using pair-wise ( Jij), three-body ( Jijk), and
higher-order effective cluster interactions (ECI)s. We have pre-
viously found that a minimally satisfactory CE for Pt(111)–O
contained two- and three-body terms, with the underlying
interactions reflecting a combination of electronic and strain
effects.10 These results have been used by other investigators
to conduct detailed studies of surface reactions using kinetic
Monte Carlo (kMC) techniques.11 However, kMC approaches
tend to have high computational costs, and other hybrid sim-
ulation techniques focusing on quasi-equilibrated surfaces
can be used to focus on specific processes of interest.12
oyal Society of Chemistry 2014
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Fig. 1 Schematic of the reaction model for irreversible dissociative
adsorption of O2 on an O-equilibrated surface.

Catalysis Science & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
01

4.
 D

ow
nl

oa
de

d 
on

 7
/2

1/
20

25
 4

:3
8:

47
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 1 illustrates a minimal kinetic model for coverage-
dependent NO oxidation to NO2 on a surface:6

NO + O* ⇌ NO2 (2)

O2 + 2* → 2O* (3)

The oxidation reaction (eqn (2)) is assumed to be rapid
and equilibrated and dissociative adsorption (eqn (3)) is
assumed to be rate limiting. These assumptions are consis-
tent with DFT models and the known ability of NO2 to dose
oxygen to a metal surface. Given these assumptions, a com-
plete rate model for catalytic NO oxidation can be
constructed using a CE. Overall energy changes due to candi-
date O2 dissociative adsorption events in eqn (3) are esti-
mated from the differences in surface energies of initial and
final surface configurations that differ by the addition of
adjacent oxygen atoms into previously vacant sites:

ΔEi = ECE(σfinal) − ECE(σinit) − EO2
(4)

We have found that O2 dissociation activation energies,
Ea,i, for these dissociation events on Pt(111) can be correlated
to the overall reaction energy ΔEi using a BEP relationship.5,6,13

Ea,i = max(0, aBEP·ΔEi + bBEP) (5)

The two constants in eqn (5) are equal to those reported
from DFT calculations for a variety of diatomic dissociation
reactions on flat metal surfaces.14 These activation energies
have been constrained to non-negative values.

Macroscopic per-site reaction rate estimates are then the
ensemble average of all of the individual reaction events:

r A
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(6)

Summations over ranges i and j in eqn (6) are performed

over the possible surface configurations; the site frequency,

�s, accounts for the multiplicity of sites with the same activa-

tion energy. The maximum possible multiplicity, �smax , is

a constant value equal to the total available sites at zero
This journal is © The Royal Society of Chemistry 2014
coverage. Although the sums of multiplicities �s j
j









 could

be eliminated from eqn (6), they have been retained to high-
light how energetic and configurational aspects contribute to

the total rate. The multiplicities, �s , are determined from

grand canonical Monte Carlo (GCMC) simulations that imple-
ment CEs and are performed at oxygen potentials consistent
with eqn (2). The pre-exponential factor, A, could also vary
between reaction sites, but previous calculations on Pt(111)
suggest that a constant prefactor provides good agreement
with observed NO oxidation kinetics.6 This model has been
shown to reproduce both apparent activation energies and
rate orders of NO oxidation on Pt(111),6 and has been used
here to highlight the influence of adsorbate–adsorbate inter-
actions on the number and energetics of sites that contribute
to observed reaction rates.

Adsorption energies on transitionmetals vary systematically,15

and correlations between adsorption energies and reaction
rates have been used to describe coverage independent
reaction models demonstrating well-defined maxima in
turnover frequency.16 In this work, we explore how coverage-
dependent adsorption modifies this behavior using the
example of the NO oxidation reaction on close-packed metal
surfaces. Following the approach on Pt, we construct cluster
expansions for atomic oxygen on the (111) facets of the late
transition metals Rh, Ir, Ni, Pd, Pt, Cu, Ag, and Au, and the
(0001) facets of Ru, Os, and Co. We find that adsorption and
interaction energies both vary periodically, and that two- and
three-body terms are necessary to capture observed interac-
tions within the cluster expansion framework. We use these
CEs in GCMC simulations to prepare equilibrated surfaces at
representative NO oxidation conditions and to create distri-
butions of O2 dissociation reaction energies. We calculate
activation energy distributions from these reaction energy
distributions using a BEP relationship and NO oxidation
rates from the activation energy distributions. We compare
the estimated rates of this fully interacting model with pre-
dictions from a coverage-independent model. The coverage-
dependent model predicts a much narrower range of reaction
rates that are influenced both by interaction energies and
adsorbate ordering.

2. Computational details
2.1. DFT calculations

Plane-wave, supercell DFT energies were calculated using
VASP version 5.2.12;17–20 the projector-augmented wave (PAW)
approach was used to describe core electronic states,21,22 and
the PW91-GGA was used for the exchange and correlation
functionals.23,24 All calculations use a 400 eV cut-off energy
for the plane wave basis set. Projection operators were evalu-
ated in real space with fully automatic optimization. No sym-
metrization was allowed. All ionic relaxations except bulk
metal ionic relaxations were converged to a force tolerance of
4 × 10−2 eV Å−1. Bulk metal ionic relaxations were allowed to
Catal. Sci. Technol., 2014, 4, 4356–4365 | 4357
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proceed until the length of lattice vectors converged to within
1 × 10−4 Å. Bulk metal calculations also used the ACCURATE
precision tag and an increased precision of 5 × 10−5 eV for
electronic convergence. All calculations used automatic
Γ-point centered k-point mesh generation. Bulk metal calcula-
tions used a k-point density of 24 per reciprocal length scale
in all directions, where the length scale is the minimum inter-
atomic distance. Surface calculations use this k-point density
along basis vectors parallel to the surface only. Gas phase cal-
culations use a single Γ-point centered point. Final single-
point DFT energies for the multiple adsorbate configurations
used to determine formation energies were calculated using
the tetrahedron method with Blöchl corrections.25 Only gas-
phase calculations included spin polarization. Default values
were used for all other input parameters not specified here.

2.1.1. Bulk and gas phases. The electronic energy of bulk
metal without spin polarization was used as the reference
state for the metals. We determined interatomic spacing for
HCP metal lattices (Ru, Os, and Co), FCC metal lattices
(Rh, Ir, Ni, Pd, Pt, Cu, Ag, Au), as well as per-atom bulk metal
energies, Eref

M , using VASP. The volume of the unit cell in
these calculations was allowed to relax until all three lattice
constants converged. Lattice constants for FCC metals are

equal to 2 times the reported in-plane interatomic spacing.

Lattice constants for HCP metals are equal to the reported
in-plane interatomic spacing.

Bulk interatomic spacing calculated for HCP metal lattices
(Ru, Os, and Co) and FCC metal lattices (Rh, Ir, Ni, Pd, Pt,
Cu, Ag, Au) and their corresponding bulk energies are
presented in Table 1. All of the FCC metals examined in this
study conform to ideal layer spacing: a distance between
hexagonal layers equal to the in-plane spacing times an axial

ratio of 6 3/ (i.e., 0.8165). All HCP metals examined in this

study have axial spacing ratios less than the ideal value. All
values in Table 1 were calculated without spin polarization.
Interatomic spacing for cobalt would be 1.5% larger
(i.e., 2.492 Å) when accounting for electronic spin; the axial ratio
would remain unchanged. Interatomic spacing and axial ratios
for nickel and all other metals would remain unchanged when
accounting for electronic spin.
4358 | Catal. Sci. Technol., 2014, 4, 4356–4365

Table 1 Calculated interatomic spacing and absolute energy reference
values for bulk metal atoms

Metal

Spacing Bulk energy

In-plane (Å) Axial ratio ErefM (eV per atom)

Ru 2.729 0.7883 −9.1592
Os 2.761 0.7886 −11.1501
Co 2.456 0.8060 −6.8085
Rh 2.718 0.8165 −7.2233
Ir 2.745 0.8165 −8.7926
Ni 2.484 0.8165 −5.4108
Pd 2.794 0.8165 −5.2154
Pt 2.816 0.8165 −6.0448
Cu 2.567 0.8165 −3.7286
Ag 2.934 0.8165 −2.7285
Au 2.950 0.8165 −3.2041
The electronic energy of a gas phase oxygen molecule with
spin polarization was used as the reference state for oxygen.

We calculated this value (i.e., EO
ref
2
) in VASP using a single O2

molecule in a 10 Å cubic cell; its value is −4.8879 eV per
atom.

2.1.2. Surfaces. The HCP (0001) and FCC (111) surface
facets present the same hexagonal array of metal atoms and
differ only in the ordering of metal sublayers. Five hexagonal
layers of atoms (ABABA ordering for HCP metals; ABCAB
ordering for FCC metals) and fifteen layers of vacuum were
used to create a unit cell for surface calculations. We used
unit cell basis vectors in reduced coordinates relative to the

in-plane spacing: a = (1,0,0); b = (−1/2, 3/2 ,0); and c =

(0,0,20 6 3/ ). A representation of the surface of this unit cell

(i.e., a binding site) is depicted in Fig. 2 along with four types
of candidate binding locations: atop (A), bridge (B), FCC (F),
and HCP (H).
2.2. Cluster expansion parameters

Cluster expansions of the DFT-computed formation energies
were constructing using a candidate pool of one zero-body,
one single-site, five pairwise and three triplet clusters. Clus-
ters were limited to local nearest-neighbor interactions and
three-body interactions involving the first-nearest-neighbor
(i.e., non-linear effects in the energy penalty due to adjacency).
We determined cluster interactions using least squares fitting.
Depictions of the CE terms are presented in Fig. 3.

A zero-body term (i.e., the surface energy term) is not
included in Fig. 3 because it is a constant for each metal,
independent of adsorbate arrangement. The 1-1-1 cluster is
either of two symmetry distinct clusters that have been
constrained to have equal coefficients. This constraint was
introduced to avoid any ambiguity in cluster description.
This journal is © The Royal Society of Chemistry 2014

Fig. 2 Representation of the surface of a unit cell (i.e., a binding site)
for HCP (0001) and FCC (111) facets, along with candidate adsorbate
binding locations. A maximum of one adsorbate was allowed per unit
cell, and only the most energetically favorable binding location is used
for each metal.
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Fig. 3 Depictions of the terms included in the oxygen-on-metal
cluster expansions.
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2.3. Monte Carlo simulations

We performed grand canonical Monte Carlo simulations
using the cluster expansions on a periodic lattice of 42 bind-
ing sites × 42 binding sites, varying temperature and chemi-
cal potential. These surfaces were initialized at zero coverage
and simulations were allowed to progress to equilibrium
before sampling for distributions of reaction site energies.
Equilibrium was identified as a trend in per site energy of
less than one part in 105 after an average of one successful
Monte Carlo move per site. GCMC simulations and reaction
site sampling were continued until the mean of the resultant
energetic distributions varied by less than one part in 105

after an average of one successful Monte Carlo move per site.

3. Results
3.1. DFT calculations

3.1.1. Surfaces. We calculated surface energies for fixed
surface terminations as reference values for use in formation
energy calculations. Fixed surfaces maintained all five layers
at positions corresponding to their bulk interatomic spacing.
These values are used to account for the energetic contribution
of the fixed, zero-coverage surface in all formation energy
calculations; this surface is present due to the periodic nature
of the supercell. Fixed surface energies were calculated as the
DFT electronic energy, less the energy for bulk atoms, divided
by two to account for the top and bottom periodic surface.

E E E
surf fix

DFT M
ref

 
 5
2

(7)
This journal is © The Royal Society of Chemistry 2014

Table 2 Absolute energy reference values for fixed metal surfaces and
estimated low coverage binding energies for atomic oxygen

Metal

Surface energy Ebind (eV per O)

Esurf,fix (eV per site) FCC HCP

Ru 1.0657 −2.59 −3.03
Os 1.2530 −2.51 −3.08
Co 0.8063 −3.05 −3.06
Rh 0.8049 −2.18 −2.09
Ir 0.9307 −1.92 −1.74
Ni 0.6510 −2.65 −2.53
Pd 0.5649 −1.42 −1.24
Pt 0.6435 −1.33 −0.97
Cu 0.4556 −1.74 −1.65
Ag 0.3463 −0.63 −0.53
Au 0.3374 −0.22 0.01
In eqn (7), the factor of five multiplying the bulk metal
energy reference accounts for the five layers of metal atoms
used to form the surface. The supercell used for these surface
calculations was the unit cell. The site used to normalize sur-
face energies is the surface of the unit cell depicted in Fig. 2.

It has an area equal to 3 2/ times the square of the inter-

atomic spacing. Results are presented in Table 2.
3.1.2. Binding site preferences. We used an eight-site

metal surface supercell with a single oxygen atom adsorbate
to estimate low coverage binding energies for atomic oxygen.
This supercell had vectors of (−3a − 2b, a − 2b, c) with respect
to the unit cell vectors given in section 2.1.2. Two metal
layers were maintained at the bulk interatomic spacing and
three layers plus the adsorbate were allowed to adjust posi-
tion. We estimated low coverage binding energies (Ebind) as
the DFT electronic energy of the relaxed supercell containing
one oxygen atom adsorbate (EDFT,N=1) less the DFT electronic
energy for the relaxed supercell with no adsorbates (EDFT,N=0)
and the reference energy for oxygen.

E E E EN Nbind DFT DFT O
ref     1 0

1
2 2

(8)

Low coverage atomic oxygen binding energies were esti-
mated for each of the four candidate binding sites on each
metal. Results for FCC and HCP sites on all metals examined
are reported in Table 2. Adsorbed oxygen atoms on metals
with HCP structure bind most strongly in HCP locations;
adsorbed oxygen atoms on metals with FCC structure bind
most strongly in FCC locations. Atop and bridge locations are
uniformly higher in energy than FCC and HCP locations,
and/or not stable with respect to atomic oxygen binding.
This binding site preference is not strong enough to imply
that oxygen atoms adsorb exclusively to their preferred site
(particularly on cobalt, rhodium, nickel, copper, and silver).
However, for computational simplicity, adsorbates in the
formation energy calculations were assumed to only adsorb
to their energetically preferred locations.

3.1.3. Formation energies. We completed eighty-one for-
mation energy calculations for each metal. These calculations
involved fifty-nine arbitrary arrangements of oxygen adsor-
bates using seventeen supercell configurations containing
between one and eight binding sites (Nsite); we also evaluated
zero-coverage and total-coverage configurations for each
unique supercell. These configurations were selected to
reproduce configurations in previously reported work on the
Pt(111)–O system.10 Replicates at zero and total coverage
within each unique supercell provided an estimate of the
numerical error in calculated energy due to using supercells
of different sizes. We allowed oxygen atoms and the top three
of five metal layers to relax.

All the surfaces relaxed in response to the oxygen adsor-
bates. The magnitude of metal atom displacement tended to
increase moving to the right across a period and decrease
moving down a group. Lateral movement away from adsor-
bate atoms was common to all metals; vertical movement,
Catal. Sci. Technol., 2014, 4, 4356–4365 | 4359
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when present, tended to be larger in magnitude than lateral
displacement and associated with surface oxide formation.

We calculated formation energies per surface binding site
using eqn (9):

E
E E N

N
E Efrm

DFT O
ref

ads

site
M
ref

surf fix


   

1
2 5

2 (9)

In eqn (9), the factor of five multiplying the bulk metal
energy reference accounts for the five layers of metal atoms
used to form the surface. The variable Nads represents the
number of oxygen adsorbates present in the cell; Nads ≤ Nsite.
By selecting the bulk, fixed surface, and gas phase reference
energies used in eqn (9), the electronic energy of the bulk
metal at 0 K and of gas phase molecular oxygen at 0 K is
0 eV. Further, the formation energy at zero-coverage approxi-
mates the relaxed surface energy. The standard deviations of
the 34 zero-coverage and total-coverage formation energies for
each metal are reported in Table 3. We used this uncertainty
in formation energies when determining the significance of
effective cluster interactions for the cluster expansions.

Most configurations relaxed only slightly with O atoms
remaining in their respective FCC or HCP sites. On copper,
silver, and gold, some configurations at higher coverages
exhibited relaxations where metal atoms moved normal to
the surface to positions above the oxygen atoms. We excluded
these structures from the cluster expansion databases. A total
of sixteen arrangements were excluded for copper, fourteen
arrangements were excluded for silver, and eight arrange-
ments were excluded for gold. A summary of the formation
energy calculation data is included as ESI,† and results are
depicted in Fig. 4. The general convexity of the hulls is a con-
sequence of repulsive adsorbate interactions.

3.2. Cluster expansion parameters

We correlated these formation energies (Efrm) using CEs that
incorporated the candidate clusters depicted in Fig. 3. Values
for the ECIs of all eleven CEs are given in Table 4. We
assumed the calculated uncertainties in Table 3 applied to all
data points and used least-square regression to determine
appropriate ECI values. Coefficients omitted from the table
4360 | Catal. Sci. Technol., 2014, 4, 4356–4365

Table 3 Standard deviations in calculated zero-coverage and total coverage
squared errors in CE predicted formation energies, and leave-one-out cross-v

Metal Uncertainty (eV per site)

Ru 0.006
Os 0.009
Co 0.003
Rh 0.006
Ir 0.006
Ni 0.004
Pd 0.006
Pt 0.004
Cu 0.004
Ag 0.006
Au 0.005
were not significantly different from zero given the reported
uncertainties in formation energies.26 The 3NN ECI was not
significant for any of the metals examined; the 5NN ECI was
only significant for platinum. ECIs describing adsorbate
short range interactions are of similar magnitudes to previ-
ously published lattice gas CEs for oxygen on ruthenium
(0001), palladium (111), and platinum (111).7,27,28

Cluster expansions reproduced DFT calculated formation
energies to within an average root-mean-square error (RMSE)
of 8 meV. RMSE values for the difference between DFT calcu-
lated and cluster expansion correlated formation energies for
each metal are presented in Table 3. Leave-one-out cross-
validation (LOOCV) scores have also been reported in Table 3;
these values are similar to RMSE values and were not used in
determining ECI values.

We used the CEs to predict minimum energy hulls for all
eleven metals; these hulls are shown in Fig. 4. Zero-coverage
formation energies correspond to the estimated surface
energy for a single binding site. All surface energies are
strictly positive at zero-coverage. Only formation energies for
oxygen coverages on palladium, platinum, silver, and gold
remain positive at all coverages. Atomic oxygen coverage on
all other metal surfaces is able to provide a greater degree of
stability than can be achieved by their respective bulk metals.
Formation energies for ruthenium, osmium, cobalt, and
rhodium are strictly decreasing with coverage; all other
metals demonstrate a minimum in formation energy.
3.3. Monte Carlo simulations

Snapshots of equilibrated surfaces created using GCMC sim-
ulations are presented in Fig. 5 at T = 600 K and μO* = −0.75 eV.
Equilibrium coverage decreases to the right across a period
and down through a group.

If adsorbed oxygen is in equilibrium with gas-phase NO2

as assumed in eqn (2), then the chemical potential of the oxy-
gen adsorbate is equal to the difference in chemical poten-
tials of NO2 and NO: μO* = μNO2

− μNO. We calculated surface
energy changes using the cluster expansions: ΔU = ECE(σfinal) −
ECE(σinit), for simplicity neglecting any contributions of zero-
point energies or of finite-temperature vibrational states.
This journal is © The Royal Society of Chemistry 2014

DFT formation energies (used as a measure of uncertainty), root-mean-
alidation scores for CE predicted formation energies

RMSE (eV per site) LOOCV (eV per site)

0.008 0.009
0.010 0.011
0.008 0.010
0.006 0.007
0.007 0.008
0.009 0.010
0.007 0.008
0.006 0.006
0.009 0.011
0.008 0.010
0.013 0.016
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Fig. 4 DFT calculated formation energies (circles), and CE estimated minimum energy hulls (lines) for the eleven metals examined in this study.
Electronic energies of bulk metal and molecular oxygen at 0 K were used as reference states.

Table 4 Effective cluster interactions for the oxygen on metal cluster expansions

Term

Effective cluster interaction (eV per site)

Ru Os Co Rh Ir Ni Pd Pt Cu Ag Au

SE 1.011 1.180 0.745 0.801 0.913 0.654 0.566 0.638 0.464 0.350 0.341
E0 −2.995 −2.923 −3.090 −2.175 −1.910 −2.708 −1.430 −1.379 −1.842 −0.634 −0.279
1NN 0.204 0.111 0.301 0.205 0.094 0.346 0.208 0.149 0.600 0.467 0.235
2NN 0.071 0.067 0.044 0.050 0.041 0.044 0.057 0.056 0.067 0.067 0.106
3NN — — — — — — — — — — —
4NN — 0.013 0.012 0.014 0.024 0.021 0.018 0.032 — 0.021 0.031
5NN — — — — — — — 0.027 — — —
1-1-1 — — −0.265 −0.088 — −0.222 — — −0.311 −0.182 —
1-1-2 −0.007 — 0.056 0.030 0.026 0.069 0.021 — 0.034 — −0.032
1-1-3 — 0.057 0.121 — 0.050 0.156 0.046 0.084 0.133 0.084 0.092
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Translational and rotational degrees of freedom are assumed
to be absent for adsorbed species. Incorporating coverage
independent values for these contributions would affect the
absolute magnitude of calculated reaction rates but would not
otherwise influence their relative values.

We created histograms of O2 reaction energies from equili-
brated surfaces using eqn (4), with the restriction that only
adjacent binding site vacancies were considered as candidate
reaction sites for molecular oxygen (i.e., the state change
from initial to final for a reaction event involved two adjacent
binding sites switching from unoccupied to occupied). Fig. 6
depicts several example reactions sites on a hypothetical
equilibrated FCC surface. Calculations of reaction energies
for oxygen dissociation assumed that all gas phase oxygen
This journal is © The Royal Society of Chemistry 2014
molecules had internal energies equal to the ideal gas value:

( E k TO B2

5
2

0 13   eV)

Site frequencies for reaction energies (i.e., �si ) describing
the change in energy for the molecular oxygen dissociation
reaction are shown in Fig. 7. These distributions are
constructed from surfaces equilibrated at T = 600 K and μO* =
0.75 eV. Expected values for the O2 dissociation reaction
energy indicated in Fig. 7 were calculated using a Boltzmann
factor weighting of the reaction energy distributions. This
averaging is equivalent to Widom's particle insertion method
for excess chemical potential.29 Multiplicities of internal
energy states were not explicitly accounted for in the reaction
Catal. Sci. Technol., 2014, 4, 4356–4365 | 4361
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Fig. 5 Snapshots of equilibrated surfaces at μO* = −0.75 eV and T = 600 K for each metal.

Fig. 6 Reaction sites (ovals) on an oxygen atom equilibrated FCC
surface.
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energy distributions (implying that the entropic contribution
from internal states is zero), so the excess chemical potential
is equal to the expected binding energy:


E k T E
k T

s
si

i i

i
j

  


























 B
B

ln exp
�
�

(10)

As in eqn (6), summations over ranges i and j in eqn (10)

are performed over possible surface configurations, and �s

accounts for the multiplicity of configurations with the same
binding energy.

Oxygen coverage on the gold surface was near zero; oxygen
coverages on the osmium and ruthenium surfaces was nearly
total. Reaction energy distributions on all three of these sur-
faces resemble delta functions. Copper, platinum, palladium,
and nickel had moderate equilibrium O coverages (i.e., 0.3 ML
to 0.6 ML) and reaction energy distributions that exhibit long
tails toward strongly exothermic reactions; contributions
from these long tails dominate the expected value. Metals
that had higher coverages (i.e., 0.6 ML to 0.9 ML) including
iridium, rhodium, and cobalt, did not demonstrate these
longer tails toward exothermic reaction events.
4362 | Catal. Sci. Technol., 2014, 4, 4356–4365
3.4. Reaction rates

We calculated reaction rates according to eqn (6), using a
temperature of 600 K, a partial oxygen pressure of 0.1 bar,
and an atomic oxygen adsorbate chemical potential of
−0.75 eV as representative of typical conditions for the NO
oxidation reactions in eqn (2) and (3). Assuming the gas
phase behaves ideally, μO* = 0.75 eV at T = 600 K corresponds
approximately to an equimolar ratio of NO2 to NO.30 We used
literature values for BEP constants in a diatomic dissociation
reaction on a flat surface: aBEP = 0.90 and bBEP = 2.07.14 We
assumed the pre-exponential factor in eqn (6) to be the same
for all reaction events and estimated its value from collision
theory using the particle flux of molecular oxygen to a sur-
face, assuming ideal gas behavior:

A
P
m k T

A O

O B
site

2

2
2

(11)

The area of a reaction site Asite, was determined by noting

that each binding site is associated with three unique reac-
tion sites (i.e., three nearest neighbor adjacency candidates
for adsorption of molecular oxygen). To distribute the molec-
ular flux proportionately, a reaction site is equal to one-third
the area of a binding site. This area varies based on the inter-
atomic spacing of the atoms in the metal lattice, but was
approximated using an average spacing of 2.72 Å for conve-
nience. We used a constant value of 4.06 × 106 s−1 for all reac-
tion events on all metals for the pre-exponential factor.

In the absence of coverage effects ( Jij = Jijk = 0) all of the
preceding calculations would be applied to reaction energy
distributions that are delta functions, equal to the zero cover-
age binding energy for molecular oxygen, and independent of
coverage. Non-interacting binding energies for all adsorbates
This journal is © The Royal Society of Chemistry 2014
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Fig. 7 Reaction energy distributions for the dissociative adsorption reaction of molecular oxygen. Expected values have been calculated using a
Boltzmann factor weighting of the reaction energies.

Fig. 8 Reaction rates for the O2 dissociation reaction. Rates for
noninteracting adsorbates are depicted as squares and vary
continuously as a function of the adsorbate binding energy. Rates for
interacting adsorbates are depicted as circles.

Catalysis Science & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
A

ug
us

t 2
01

4.
 D

ow
nl

oa
de

d 
on

 7
/2

1/
20

25
 4

:3
8:

47
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
can be calculated analytically using the E0 value from Table 4:
ΔEO2

= 2ΔEO = 2·E0 − EO2
. Coverages on all metals can be cal-

culated analytically as θO = (1 + exp((−μO* + E0)/kBT)).
These hypothetical non-interacting rates for dissociative

molecular oxygen adsorption, calculated per-site as the turnover
frequency, are plotted using squares in Fig. 8. The solid line
represents Langmuir-like behavior; reaction site (i.e., adjacent
vacancy) coverage is random and equal to the square of the

vacant binding site coverage: � �s sj
j
   / max [ ] [ ]  2

. These

rates conform to the Sabatier principle; weakly adsorbed
species do not bind to the catalyst, and strongly adsorbed
species crowd the surface blocking available reaction sites.
The catalyst is optimally functional over an intermediate
range of binding energies. This range is very sensitive to both
the choice of kinetic model and BEP coefficients. The dis-
continuous derivative in non-interacting reaction rates at
ΔEO = −1.15 eV corresponds to the transition from an acti-
vated reaction (Ea > 0) to a non-activated reaction (Ea = 0),
and effectively serves as a bound on the range of catalyst func-
tionality. Variations in adsorbate binding energy throughout
the non-activated region do not contribute toward reaction
rate and only influence surface coverage. The non-interacting
model predicts Ag to exhibit the highest NO oxidation rate,
and Pt to have no reaction barrier with a binding energy
approximately 0.5 eV more exothermic than optimal.
This journal is © The Royal Society of Chemistry 2014
In comparison, coverage-dependent reaction rates are
obtained by repeating these calculations using the full set of
non-zero ECIs from Table 4 and the corresponding reaction
Catal. Sci. Technol., 2014, 4, 4356–4365 | 4363
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energy distributions of Fig. 7. These rates are plotted using
circles in Fig. 8; they differ substantially from the non-
interacting case and do not have a convenient analytic
expression. Repulsive adsorbate interactions cause the atomic
oxygen binding energies to span a much narrower range than
the non-interacting binding energies, and shift to higher (less
exothermic) values. Departures in turnover frequency from the
zero interaction curve for a given atomic oxygen binding energy
are a consequence of non-mean field adsorbate behavior:
ΔEO2

≠ 2ΔEO and [θ**] ≠ [θ*]
2

Even taking adsorbate interaction into account, Ru and Os
have coverages approaching unity and estimated rates near
mean-field values, although substantially shifted in binding
energy. Cobalt at zero coverage binds oxygen most strongly
and demonstrates the lowest non-interacting turnover
frequency; incorporating adsorbate interactions increases
ΔEO by about 2.3 eV, and raises the turnover frequency by
30 orders of magnitude. Unlike Ru and Os, adsorbate interac-
tions on Co are strong enough to prevent total coverage at
reaction conditions and allow for non-vanishing overall rates.
At the other extreme, Ag and Au exhibit low coverages and
have nearly the same expected atomic oxygen binding ener-
gies as in the non-interacting case. However, the rates calcu-
lated for these two metals are significantly lower than would
be expected for mean-field behavior. Given the cluster expan-
sions in Table 4, low coverage adsorbates tend to create small
neighborhoods of exclusion around themselves. Their local
environments do not contain other adsorbates, resulting in
binding energies approaching the zero-coverage limit, but
with non-mean-field arrangements. Surface ordering of
adsorbates that interact repulsively results in fewer available
reaction sites.

Metals that exhibit intermediate coverages span a limited
range of atomic oxygen binding energies: θO = [0.1, 0.9] ML
corresponding to ΔEO2

= [−0.70, − 0.93] eV. Departures from
mean-field behavior due to surface ordering were the differ-
entiating factor in characterizing turnover frequencies on
these metals. Predicted rates on rhodium, nickel, and copper
are one to two orders of magnitude lower than predicted
rates on cobalt, iridium and palladium despite comparable
binding energies and coverages.

4. Discussion

Incorporating coverage dependence into reaction rates on
surfaces is essential because of the implied coverages, invariant
binding energies, and mean-field behavior that are intrinsic
parts of the non-interacting assumption. When considering
non-interacting adsorbates, only silver appears to be catalyti-
cally relevant to NO oxidation. Platinum would bind oxygen
too strongly: about −1.4 eV with an associated coverage θO >

0.99 ML. Allowing for adsorbate interactions results in bind-
ing energies on most metals that appear to be potentially
suitable for catalysis. Ruthenium and osmium still bind oxy-
gen too strongly despite nearly total surface coverage; gold
binds oxygen too weakly even at zero coverage. Rates on other
4364 | Catal. Sci. Technol., 2014, 4, 4356–4365
metals for interacting adsorbates are mostly uncorrelated
with their non-interacting counterparts, and the main factor
distinguishing the remaining candidate materials is the
degree of non-mean-field behavior. Greater oxygen adsorbate
repulsion leads to this non-mean-field behavior as a conse-
quence of increased ordering and a larger adjacency penalty.

A highly active catalyst for this system would have mini-
mally interacting adsorbates and mean-field-like behavior.
However, weak adsorbate interactions also result in a limited
range of catalyst utility (i.e., range of operating conditions
with intermediate surface coverages). This hypothetical,
highly active NO oxidation catalyst would have a narrow win-
dow of applicability: either binding too strongly (e.g., osmium
and ruthenium) or not at all (e.g., gold) at most conditions. It
is possible to qualitatively gauge the strength of adsorbate
interactions using the 1NN coefficient in Table 4, although
this measure is most appropriate at low coverages where
non-linearities do not have a large contribution. Adsorbate
interactions on osmium and iridium are comparatively weak,
and consequently intermediate coverages are observed for
these metals over a chemical potential range of about 1.7 eV.
Reaction conditions used here for NO oxidation fall within
this range for iridium, but outside of this range for osmium.
Copper, with strongly repulsive adsorbate interactions, retains
intermediate oxygen coverages over a range of chemical
potentials spanning 4.0 eV. Unfortunately, the adsorbate
interactions that allow for this large range of intermediate
coverages also cause significant deviations from mean-field
behavior. In an analogy to the Sabatier principle, optimal
interactions should be strong enough to permit a robust
range of operating conditions, but weak enough that non-
mean-field behavior does not negatively impact reaction rates.

Under the NO oxidation reaction conditions examined here,
it is unlikely that adsorbed oxygen is stable with respect to the
surface oxide except on gold, silver, and possibly platinum.31,32

The formation of surface oxides or their precursors on copper,
silver, and gold has been studied by other investigators.33–35

These results suggest that a surface oxide is thermody-
namically preferred over adsorbed oxygen even at low oxygen
coverages. Our intent here is to explore the implications of
the relative magnitudes of coverage-dependent adsorption
behavior on macroscopic reaction rates, rather than quantita-
tively determine the performance of any particular metal. The
stability of a surface at reaction conditions must be consid-
ered in the design of practical catalytic materials.

5. Conclusions

Interactions between adsorbates produce coverage-dependent
energetic and configurational behavior. These phenomena
were explored through the use of cluster expansions to repre-
sent the coverage-dependent behavior of atomic oxygen on
late transition metal surfaces. Binding energies and interac-
tion strength vary with location in the periodic table. Oxygen
binding energies and interaction strength both tended to
decrease when moving down through a group; however,
This journal is © The Royal Society of Chemistry 2014
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traveling to the right across a period corresponded to decreas-
ing binding energy and increasing interaction strength. Bind-
ing energy and interaction strength are not simply correlated
and rather depend on other properties of the metal.36

These CE results were applied using a reaction model for
NO oxidation, where atomic oxygen is assumed to be the
most abundant surface species and the reaction is rate-
limited by O2 dissociation. Scaling rules predicted regular
variation of NO oxidation rates with oxygen binding energies,
but the differing magnitudes of adsorbate interactions pro-
duced meaningfully different results. Metals that do not bind
oxygen are inactive; metals that bind oxygen more strongly
but with ordered adsorbate arrangements also tend to be
inactive because statistically fewer sites are available for O2

dissociation. Metals with stronger binding, but weaker order-
ing tendencies are more active.

Other considerations beyond these kinetic effects influ-
ence the suitability of these metals as NO oxidation catalysts.
Many of these metals are unstable to the formation of surface
or bulk oxides at conditions of interest. Palladium oxide is
believed to be the active form of Pd for NO oxidation.37,38

These results illustrate the diverse kinetic consequences of
lateral adsorbate interactions on the kinetics of surface reac-
tions that should be considered in the modeling of any cata-
lytic system.
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