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ABSTRACT: We employ first principles methods to simulate the
steady-state catalytic interaction of oxygen with the LaMnO3(001)
surface under varying levels of oxidative environment. First, density-
functional theory together with transition-state theory is used to obtain
the energetics and activation barriers of the relevant elementary surface
chemical processes. The results were subsequently fed into a kinetic
Monte Carlo (kMC) simulation scheme to explicitly account for the
correlations, fluctuations, and spatial distributions of the oxygen ad-
atoms and ad-molecules at the surface of the catalyst under steady-state
conditions. Adsorbate−adsorbate lateral interactions and influence of
the local environment on the reaction kinetics were adequately taken
into account to compute (p, T) surface phase diagrams under
equilibrium and metastable situations. The kMC-based approach allows
us to describe the kinetics-related effects such as the influence of the thermochemical history of the sample on the metastable
regions of the (p, T) surface phase diagram. Features of the computed metastable phase diagrams are in excellent correspondence
with available temperature-programmed desorption and catalysis experiments.

I. INTRODUCTION

Perovskite oxide surfaces catalyze many important oxidation
reactions such as hydrocarbon combustion, carbon monoxide
oxidation, oxidative dehydrogenation of alcohols, and the
oxidative coupling of methane to form C2 hydrocarbons.1−7

More recently, they are under active investigation for their
potential use as oxygen ion conducting cathode materials in
solid oxide fuel cells (SOFCs) and efficient catalytic devices for
deNOx processes in autoexhaust aftertreatment.8,9 In all the
above applications, O chemistry at the perovskite surfaces is of
central importance.
Among the perovskite oxides, LaMnO3 has recently been

shown to be superior to the conventional Pt-based catalysts for
NO oxidation in diesel autoexhausts.10 An important feature of
LaMnO3 and many related perovskites is their ability to
reversibly absorb and desorb oxygen into the crystal lattice by
continuous and spontaneous changes in Mn oxidation state,
without changing the overall bulk crystal structure. Therefore,
the relevant processes including oxygen adsorption, desorption,
dissociation, and surface diffusion on these systems have been
targeted by many experimental studies.11−17 However, the
difficulties associated with distinguishing between surface-
adsorbed and lattice oxygen have significantly limited the
insights from the experimental data. Furthermore, identifying
the catalytically active sites and acquiring a mechanistic
understanding of surface chemical reactions are quite difficult
based on experimental studies alone, mainly due to the lack of

in situ experimental techniques which can provide atomically
resolved details of the catalyst at high pressures.
Numerous first principles studies based purely on density

functional theory (DFT)18−20 have aimed at clarifying the
atomic and electronic structure of LaMnO3,

21−25 as well as at
an understanding of O interaction with LaMnO3.

26−29 The
MnO2-terminated (001) surface of LaMnO3 has been identified
as the most stable surface facet at high temperature and high O
partial pressure.26 The adsorption and dissociation of oxygen
on LaMnO3 surfaces have been studied on this and other
surfaces as well,27−29 leading to the conclusion that the
dissociative adsorption of O2 is thermodynamically favored on
LaMnO3 surfaces (in contrast to that on the isostructural
SrTiO3 surfaces). All past studies are based purely on DFT and
hence capture only the thermodynamics and the local kinetics
(in terms of barriers to elementary steps). However, the actual
surface chemistry and catalytic performance is dominated by
factors such as larger scale kinetic hindrance, lateral
interactions, and the thermal and environmental history that
a sample has undergone. None of these factors can be
practically handled using pure DFT calculations.
In the present study, our aim is to describe the

thermodynamics, steady-state kinetics, metastability arising
from sample history, and the long-time and large-length scale
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behavior of the MnO2-terminated LaMnO3 surface in contact
with an oxygen reservoir, as a function of temperature (T) and
partial pressure (p) of oxygen. The enormously successful first
principles thermodynamics (FPT) approach30−35 that com-
bines DFT results with statistical thermodynamics allows us to
predict the equilibrium surface phase diagram of the MnO2-
terminated LaMnO3 surface in a relatively straightforward
manner. However, while the configurational entropic contribu-
tions can in principle be incorporated (although it may not be
straightforward and computationally efficient), inaccessibility to
the kinetic and history-dependent effects is a major limitation of
the FPT approach. Fortunately, the kinetic Monte Carlo
(kMC) scheme (employing parameters computed using DFT)
offers a powerful strategy to properly describe the overall
kinetics (including kinetic “hindrance”) of a collection of
coupled and competing elementary processes.36 Moreover, the
kMC approach also allows for the proper inclusion of the
history that the system has undergone, such as cooling or
heating schedules that accompany temperature-programmed
desorption (TPD) or catalysis experiments.
The basic elements of the kMC strategy may be described as

follows. The DFT-computed total energies of various oxygen-
covered surface configurations may be used to parametrize a
lattice gas Hamiltonian (LGH). The LGH strategy provides an
inexpensive and accurate prescription for computing the total
energy of systems much larger than can be directly handled by
modern DFT methods.37−48 Such an LGH scheme can be
combined with transition-state theory49 (with barriers for
elementary processes computed using DFT) and Monte Carlo
methods to treat multiple processes simultaneously at large
length and time scales. Here, such kMC simulations have been
carried out at various values of T and p for the MnO2-
terminated (001) LaMnO3 surface, where the time evolution
has been efficiently coarse grained to the rare-event dynamics.
Steady-state results obtained from the kMC simulations at
different T and p values can be used to extract the surface phase
diagram.
The kMC approach grants access to kinetics-related effects

and history dependence which are not directly accessible using
DFT or FPT. While thermodynamic equilibrium may dictate
the presence of a certain surface configuration, the pathway that
may lead to the realization of the surface configuration may be
difficult to achieve. For instance, the presence of two O ad-

atoms at adjacent surface sites (even if thermodynamically
favored) will only happen if those two surface sites were vacant
to begin with. The kinetic hindrance that results if one or both
of those sites are unavailable for adsorption and the condition
of the surface before exposure to oxygen or the rate at which T
or p change (i.e., the “history”) are naturally captured within
kMC. Incorporation of such factors leads to metastable phase
diagrams which are of practical relevance, e.g., in explaining
features seen in TPD and catalysis experimentssituations in
which a system is rarely at equilibrium with its surrounding
environment.
Figure 1 contains the essence of our findings for the MnO2-

terminated LaMnO3 surface in contact with an oxygen
reservoir. Figure 1a presents the (p, T) equilibrium surface
phase diagram which is purely based on thermodynamic
considerations (i.e., using the FPT approach), and Figure 1b
shows the kMC result which attempts to replicate the FPT
conditions. For the case in hand, we find that the dissociative
adsorption of oxygen is energetically more favored as compared
to the molecular adsorption. However, the dissociative
adsorption is a slightly activated process while the molecular
adsorption is barrierless. Therefore, at low temperatures a clean
surface, when exposed to oxygen, is expected to undergo a
spontaneous molecular adsorption. Attainment of the thermo-
dynamic equilibrium state (viz., a 100% oxygen ad-atom
covered surface) becomes possible only at temperatures high
enough to supply sufficient thermal energy to overcome kinetic
barriers for molecular desorption and surface dissociation.
Therefore, for a clean surface a metastable surface phase
diagram is of more practical relevance in the low-temperature
regime while the equilibrium surface phase diagram is
recovered at the high temperatures. Such a metastable (p, T)
surface phase diagram calculated in the present study is shown
in Figure 1c. We further note that the phase boundaries on the
surface phase diagrams are expected to correlate with
desorption (both molecular and associative) peaks of oxygen
in TPD experiments and provide a direct pathway to compare
our theoretical finding with experimental observations. The
short and long red bars in Figure 1c indicate the observed
molecular and associative oxygen desorption peak positions in
the experiments.50,51 Our results show that the two equilibrium
surface phase diagrams are unable to capture the observed
molecular desorption peak while the metastable surface phase

Figure 1. Computed (p, T) surface phase diagrams for the MnO2-terminated (001) LaMnO3 surface exposed to an oxygen reservoir using (a) first
principles thermodynamics as well as (b) equilibrium and (c) metastable surface phase diagrams using the kinetic Monte Carlo (kMC) approach.
The top left corner of the three panels corresponds to O2 condensation on the surface at very high oxygen chemical potentials. Isocoverage lines in
panel a at the phase boundary between clean and 100% O covered regions represent a 25% increase of O ad-atoms, while the isocoverage lines panels
b and c capture variations of ∼12% surface coverage of O ad-atoms.
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diagram (Figure 1c) is able to reproduce the experimental
observations.
Figure 1 also enables us to understand and explain the

experimentally observed catalytic behavior of LaMnO3.
Following the Sabatier principle, we note that phase boundaries
on the surface phase diagrams are expected to correlate well
with the high catalytic activity regimes on the pressure and
temperature scales. The Sabatier principle, which is a
fundamental concept in catalyst design, states that in a high
catalytic activity regime the interaction between a surface
catalyst and the reactant adsorbates should be neither too
strong nor too weak. If the interaction is too weak, the reactants
will fail to bind to the catalyst and no reaction will take place.
On the other hand, if the interaction is too strong, the catalyst
gets blocked by reactants or products that fail to dissociate. In
the calculated equilibrium surface phase diagrams, the phase
boundaries between clean and 100% O ad-atom covered surface
regions represent the pressure and temperature conditions for
such an optimum interaction. In fact, we note that the
experimentally observed activity of the LaMnO3 surface toward
NO oxidation indeed shows a peak near the predicted phase
boundary between clean and 100% O ad-atom covered surface
regions on the equilibrium surface phase diagram.10 The above
discussion clearly motivates the importance and necessity of
kMC simulations in making connections with experimental
observations in a high-fidelity manner.
The remainder of the paper is organized as follows. In

section II, we describe technical aspects pertaining to our first
principles calculations and models. Details concerning the kMC
approach and LGH parametrization are provided in section III.
Our results are discussed and compared with available
experiments in section IV. Finally, we summarize our
conclusions in section V.

II. TECHNICAL DETAILS

A. Computational Details. Our DFT calculations were
performed using the Vienna Ab Initio Simulation Package
(VASP),52 with core−valence electron interactions treated
within the frozen-core projector augmented wave (PAW)53,54

approximation, and the GGA−Perdew−Wang-91 (PW91)55

exchange-correlation functional was used. The motivation
behind using the PW91 functional in our study stemmed
from the availability of relevant past works in the literature
carried out mostly at the same level of theory.25−28 Plane-wave
basis functions up to a kinetic energy cutoff of 400 eV were
used, and the O 2s and 2p, the Mn 3p, 4s, 3d, and 6p, and the
La 5s, 5p, 5d, and 6s electrons were included in the valence
states. A 0.10 eV Gaussian smearing was applied to band
occupancies near the Fermi level, and total energies were
extrapolated back to 0 K. The structures were relaxed using a
conjugate gradient algorithm until the forces on all atoms were
<0.06 eV/Å. The spin-polarized method was used to properly
describe the magnetic state of LaMnO3 and the triplet ground
state of oxygen. Sufficiently large grids were used to avoid so-
called “wraparound” errors in fast Fourier transforms.
Activation barriers for various elementary surface reactions

involving oxygen adsorption, desorption, surface dissociation,
and surface diffusion were calculated using the nudged elastic
band (NEB) method.56,57 Furthermore, we used normal mode
vibrational frequency analysis to confirm that the identified
saddle points indeed have a single imaginary vibrational
frequency and are true transition states.

B. Model Details. LaMnO3 is known to exhibit a
ferromagnetic and three antiferromagnetic (A-type, C-type,
and G-type)58,59 states. The A-type antiferromagnetic state is
the experimentally observed low-temperature ground state of
the system with the ferromagnetic state slightly higher in
energy. However, at the high temperatures associated with the
relevant technological applications (such as SOFC and catalytic
convertors in autoexhausts), LaMnO3 typically exhibits cubic
symmetry, corresponding to the vanishing average Jahn−Teller
distortion. In the present study, we have therefore performed
calculations considering the prototypical high-temperature
cubic perovskite structure with Pm3 ̅m symmetry.
The calculated bulk cubic lattice constant a0 = 3.89 Å was

found to be in good agreement with the corresponding
experimental value of 3.95 Å, measured at 798 K.60 The
calculated cubic lattice constant was further used to construct
cubic MnO2-terminated supercell slab models containing seven
layers and symmetric about the central mirror plane. The slabs
were separated by 12 Å vacuum in the slab normal direction to
minimize spurious unphysical interactions between periodic
images. For each slab, the central three layers were kept fixed at
the calculated bulk geometry and the top two and bottom two
layers were allowed to relax. A 8 × 8 × 1 Monkhorst-Pack k-
point mesh produced converged results for the (1 × 1) surface
supercell, and the mesh was scaled appropriately for the larger
(2 × 2) and (3 × 3) surface supercells.
In the present study, the total binding energy of NO oxygen

ad-atoms and NO2
oxygen ad-molecules on an LaMnO3 surface

was defined as
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where ENO,NO2

(n × n) and Eclean
(n × n) represent the DFT energies of a (n ×

n) surface unit cell slab with the oxygen adsorbates (including
oxygen ad-atoms and ad-molecules) and a clean (n × n) surface
unit cell slab, respectively. The DFT energy of a single O2
molecule (EO2

DFT) was calculated by isolating the molecule in a
15 Å cubic cell in its spin-triplet ground state. A negative value
of Eb indicates an exothermic nature of the oxygen adsorbate
binding on the surface.

III. DETAILS OF THEORETICAL METHODS
In this section, we provide details of the first principles
thermodynamics and kMC method used to compute the (p, T)
surface phase diagrams of the LaMnO3(001) surface. As the
general computational methodology used here is well
established and has been discussed in detail in the
literature,30−35,48,61−68 we keep our discussion brief. However,
an interested reader is referred to a more detailed description
provided in the Supporting Information.

A. First Principles Thermodynamics. To compare the
thermodynamic stability of various adsorbed O and O2
containing LaMnO3(001) surfaces, we have calculated the
surface energies of different surface configurations with varying
amounts of atomic and molecular oxygen. However, we find
that the dissociative adsorption of oxygen is always energetically
preferred as compared to the molecular chemisorption, and
only fully or partially oxygen ad-atom covered surface
configurations are relevant from the thermodynamic stability
point of view. Therefore, although we have considered a
number of surface structures with varying configurations and a
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range of surface coverages for molecular and mixed (i.e., with
both O and O2) adsorption, only selected configurations are
depicted schematically in Figure 2. The surface free energy

change (Δγ) is determined relative to the clean surface and as a
function of oxygen chemical potential according to

γ
μ

Δ =
− + Δ

×
× ( )

p T
E N p T

n A
( , )

( , )
N N

n n N N
n n N
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where A is the surface area of a (1 × 1) surface unit cell and
ΔμO2

is the pressure- and temperature-dependent part of the
oxygen chemical potential including the zero-point vibrational
energy.61 As will be discussed in section IV.B, critical oxygen
chemical potentials can be determined by plotting the Δγ of the
surface configurations against ΔμO2

, which eventually lead to
the FPT-based (p, T) surface phase diagram.
B. First Principles Kinetic Monte Carlo Simulations. In

this study, our aim is to describe the thermodynamics and
steady-state kinetics of the surface in contact with an oxygen
reservoir as a function of temperature and partial pressure of
oxygen by explicitly accounting for the kinetics of the different
elementary processes taking place in the system. Properly
evaluating the time evolution of such a system at the atomic
level requires simulation cells that are large enough to account
for the effects of correlation and spatial distribution of various

chemical species at the surface. Furthermore, most of the
considered processes are activated and occur on time scales that
are orders of magnitude longer than typical molecular/atomic
vibrational time scales (10−12 s). Due to these so-called rare
events, we need to evaluate the statistical interplay between the
different elementary processes over an extended time scale that
can reach up to seconds or more. To achieve this goal, we
employ kMC simulations, where the time evolution is
efficiently coarse grained to the rare-event dynamics.69−73

Formally, the kMC algorithm provides an elegant and efficient
way to solve the chemical master equation describing a system’s
evolution in terms of probability currents.74 The master
equation is given as

∑= −α

β α
β α β α β α

≠
→ →

P
t

k P k P
d
d

( )
( ) (3)

where Pα denotes the probability to find the system in a certain
configuration α. kβ→α is the rate constant of a reaction which
leads the system to a final configuration α, starting from an
initial configuration β. Pα is determined by the energy of the
system in a configuration α, and kβ→α is specified by the barrier
for the β to α transformation. The essential ingredients to
achieve a practical kMC scheme are thus (1) a prescription for
computing the total energy of a given configuration and (2) a
scheme to effectively compute the rates of all relevant possible
elementary processes. These ingredients are described in the
following paragraphs.
In order to rapidly calculate the total energy of several

configurations (required for ensemble averaging) involving
large supercells (required to properly account for spatial
correlations), we have use DFT-parametrized two-dimensional
LGH.37−48 The two- and three-body interactions between
oxygen ad-atoms accounted for in the DFT-parametrized LGH
include first-, second-, and third-nearest neighbor pair
interactions as well as three different three-body interactions,
namely, linear, triangular, and bent. To select the relevant terms
to include in the expansion and to evaluate the accuracy of such
an expansion, we use the leave-one-out (LOO) cross-validation
(CV) method.75 A detailed description of the LGH used and
the LOO−CV method is provided in the Supporting
Information.
Identification of all the relevant possible elementary

processes and computation of their activation barriers is the
second crucial ingredient of a kMC simulation recipe. The
processes of interest in the present study include O2 adsorption
and desorption, O2 surface dissociation and association, and O
surface diffusion. Activation barriers calculated using NEB
calculations for all these relevant elementary reactions are
presented in Figure 3 and used to determine the kβ→α rate
constants (using transition-state theory) necessary for the kMC
simulations as described in detail in the Supporting
Information.
It is well-known that both the heat of reaction and the

activation barrier of a given surface chemical reaction are
affected by the presence of other neighboring adsorbate
species.49,76−78 Since the activation barrier calculations are
computationally intensive, it is a common practice to estimate
the environment- and coverage-dependence of the barriers
from just a knowledge of the heat of formation (or the
energetics). In the present work, the dependence of the local
lateral interactions on the activation barriers of the elementary

Figure 2. O ad-atom and/or O2 ad-molecule covered ordered surface
structures that were used to compute FPT-based surface phase
diagrams as well as the coverage-dependent binding energy and
adsorbate−adsorbate lateral interactions for LGH fitting. O atoms are
represented by small red spheres. Surface O ad-atoms and O2 ad-
molecules are indicated by pointing black (smaller) and blue (larger)
arrows, respectively. Purple and green spheres represent surface Mn
atoms and La atoms in the penultimate layer, respectively.
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rather expect a gradual increase in the O ad-atom population on
the surface with coexistence of disordered regions. A rational
explanation of the sharp phase boundaries can be traced back to
the neglect of the configurational entropy to the free energy of
the surface phases.32

C. Equilibrium Phase Diagram from kMC Simulations.
We now turn our discussion toward the surface phase diagram
computed using the kMC approach, as described in section
III.B and the Supporting Information. For the case in hand, at
any given partial pressure of oxygen we start the simulation at
100 K with the 100% O ad-atom covered surface as a starting
configuration. Once steady state is reached, the temperature is
increased in steps of 10 K and the equilibrated surface from the
immediate previous temperature was used as a starting
configuration for the simulation at the next temperature. We
further checked that the obtained phase diagram does not
change if, for a given pressure, one starts with a clean
LaMnO3(001) surface at high temperature (1200 K) and then
ramps down in temperature in a similar manner. The resulting
steady-state kMC-simulated phase diagram is shown in Figure
1b and shows a good agreement with the FPT-generated phase
diagram in Figure 1a. However, the kMC-simulated surface
phase diagram in Figure 1b shows a slightly wider stability of
partial O ad-atom covered regions. This difference can be
attributed to several factors such as consideration of only a
limited number of surface configurations in the FPT approach,
finite size of the kMC surface unit cell with periodic boundary
conditions, and proper incorporation of the configurational
entropy in the kMC-based approach.
We note that, owing to the proper account of the surface

configurational entropy in the kMC-based surface phase
diagram, the transition from one surface coverage to the
other on the phase boundary is not abrupt but gradually occurs
over a finite range of pressures and temperatures. In fact, in the
absence of lateral interactions the results of the kMC simulation
at the phase boundary between clean and 100% O ad-atom
covered surface are indeed identical to those resulting from the
appropriate analytical expression for the Langmuir isotherm,49

since the kMC algorithm automatically accounts for the
configurational entropy.
D. Metastable Phase Diagrams. In the previous section,

we presented a comparison between equilibrium surface phase
diagrams generated using the FPT and kMC approaches. In
generating the surface phase diagram based on the kMC
approach, the starting surface configuration was deliberately
chosen to be the thermodynamic ground state of the system at
the starting point (i.e., O ad-atom covered surface in the
temperature ramp-up run and a clean surface at high
temperature in the temperature ramp-down run). Furthermore,
an establishment of the equilibrium between the surface and
the gas phase O2 for each pressure and temperature condition
during the course of the simulation was also practically possible.
However, it might very well be that, due to the conditions
maintained during the surface preparation, the starting surface
configuration is very far removed from the equilibrium state of
the system at that temperature and pressure. Furthermore, in
such a situation, owing to the kinetic limitations an appropriate
“realistic” pathway to the equilibrium state may not be
accessible. For example, at low temperatures kinetics may be
so slow that it becomes almost impractical to attain the ground-
state surface configuration dictated by the thermodynamics.
Behavior of such kinetically hindered systems can be captured
using the concept of metastable surface phase diagram. In fact,

similar notions have recently been employed to explain the
experimental observation of the (1 × 1)-H phase on Zn-
terminated (0001) ZnO surface facets.86 Below we discuss the
determination of the metastable surface phase diagrams within
the context of the oxygen interactions with the LaMnO3(001)
surface.
The examples of the metastable surface phase diagrams for

the LaMnO3(001) surface are shown in Figure 1c, which was
generated by starting with a clean surface as the initial
configuration at 100 K and equilibrating for 50 000 kMC steps.
The temperature was then increased in steps of 10 K, and the
final surface configuration from the previous temperature was
used as a starting point for the next simulation. In starting up
with a clean surface, each of the surface adsorption sites allows
for either molecular or dissociative adsorption of oxygen as a
possible elementary process. While the dissociative adsorption
of an O2 molecule has a small activation barrier of 0.05 eV, the
molecular adsorption of oxygen (although thermodynamically
less favored than the dissociative adsorption) is a barrierless
process. At temperatures as low as 100 K a rather small
activation barrier of 0.05 eV is sufficient to suppress the rate of
the dissociative adsorption by 2 orders of magnitude relative to
the unactivated molecular adsorption. As a result, the surface
spontaneously favors a metastable state in which almost all of
the surface sites are occupied with O2 molecules.
A possible pathway to attain the thermodynamic ground

state (i.e., a uniform monolayer coverage of O ad-atoms on the
surface) is through desorption of an O2 molecule followed by
creation of a pair of O ad-atoms through the surface
dissociation of another adsorbed molecule on a neighboring
site. However, owing to an activation barrier of 0.93 eV for the
surface dissociation, odds of the dissociation, against
reoccupation of the vacant site by an another O2 molecule,
are only 1 in 1036 at 100 K. Furthermore, once the surface
active sites have been consumed by O2 adsorption at a starting
low temperature (i.e., at 100 K), the molecular desorption is
inhibited until the entropic contributions at the higher
temperatures are large enough to overcome an activation
barrier of 0.77 eV for the process. However, at higher
temperatures, once the thermal energy at a given pressure
becomes sufficiently large to drive the spontaneous molecular
desorption of O2, the metastable surface phase diagram readily
agrees with the thermodynamic phase diagram in Figure 1b.
From the above discussion it is clear that while metastable
situations may be inevitable at low temperatures, the
equilibrium phase diagram is recovered at high temperatures
when the thermal energy is sufficient to overcome the kinetic
barriers. As will be discussed below, capturing such metastable
situations at low temperatures is essential to achieve
quantitative agreement with experiments such as TPD.

E. Comparison with Experiments. In the previous
sections we have discussed the results of our kMC simulations
aimed at investigating the state of a (001) MnO2-terminated
LaMnO3 surface exposed to an oxidative environment at
various temperature and pressure conditions, as dictated by
thermodynamics and kinetic effects. In the present section we
collect the relevant experimental data available in the literature
to compare with the results of the kMC simulations.
Following our calculated surface phase diagrams, we expect

both O2 and O TPD peaks according to the metastable phase
diagram in Figure 1c, but only the O peak as per Figure 1a or b.
In an experimental kinetics study performed by Saracco et al.,50

an LaMnO3 surface was prepared by calcination at 800 °C. The
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temperature was then progressively lowered down to room
temperature at a 3° min−1 rate, thereby allowing complete
oxygen adsorption on the catalyst surface. The excess oxygen
molecules not chemisorbed on the surface were washed out by
helium fed to the reactor at a 50 cm3 min−1 flow rate. After 10
min at 25 °C, the temperature was raised to 900 °C at a 3 °C
min−1 rate. The variation of the outlet oxygen concentration as
a function of temperature obtained by Saracco et al. shows a
peak between 550 and 850 °C corresponding to the surface
oxygen ad-atom desorption which is in excellent agreement
with our surface phase diagram shown in Figure 1c (as well as
with Figure 1a and b). Furthermore, we note that owing to the
surface preparation at 800 °C and then slowly cooling down
allowed the O2 molecules to dissociate into oxygen ad-atoms on
the surface, the O2 desorption peak expected at around 100 °C
(c.f. Figure 1c) was not observed in the experiment.
The desorption of molecular oxygen as predicted by

metastable surface phase diagram in Figure 1c has indeed
been observed experimentally. In a TPD study on the catalytic
combustion of volatile organic compounds (such as acetone,
isopropyl alcohol, and benzene) on LaMnO3 surface, a
desorption peak corresponding to O2 molecules was
observed.51 The reported peak position was centered slightly
above 100 °C, in good agreement with the predictions made in
the present study.
Finally, as briefly discussed in section I, according to the

Sabatier principle the phase boundaries on the surface phase
diagrams are expected to represent the regions of high catalytic
activity. At the oxygen ad-atom rich side of the phase boundary
on the equilibrium surface phase diagram, plenty of loosely
bounded dissociated oxygen ad-atoms are available on the
surface, and therefore one might expect that the catalytic
activity of the surface toward an oxidative reaction would peak
in this regime. In fact, we find that the experimentally observed
activity of the LaMnO3 surface toward NO oxidation indeed
shows a peak near the oxygen ad-atom rich side of the
predicted phase boundary between clean and 100% O ad-atom
covered surface regions (c.f. Figure 1c) on the equilibrium
surface phase diagram.10

V. SUMMARY
A multiscale model combining first principles DFT computa-
tions with kMC simulations is presented to study oxygen
adsorption, desorption, dissociation, and surface diffusion on
the LaMnO3(001) surface at finite temperatures and pressures.
In calculating the equilibrium and metastable (p, T) surface
phase diagrams using the kMC simulations based approach,
rates of the relevant elementary reactions are described within
the transition-state theory. Lateral interactions between the
surface-adsorbed species and the effect of the local chemical
environment on the reaction kinetics were properly taken into
account in the kinetic simulations. The key merit of this
multiscale approach is that it allows us to capture kinetic effects
such as metastability and sample history by efficiently following
dynamics of the system from picoseconds up to seconds.
Furthermore, microscopic insight into the system can be gained
by simultaneously accounting for the atomic-scale correlations,
fluctuations, and spatial distributions of oxygen ad-atoms and
ad-molecules at the surface.
A close resemblance between the kMC-simulated and the

FPT-based surface phase diagrams shows that the configura-
tional entropic effects due to O ad-atoms on the surface do not
play a crucial role in determining the phase diagram.

Nevertheless, configurational entropy may play a crucial role
in stabilizing partially covered O ad-atom surface configurations
to a wider range of pressures and temperatures.
Molecular and associative desorption peaks for surface

oxygen observed in TPD experiments are found to be in
close agreement with our predictions using the calculated (p,
T) surface phase diagrams, providing an indirect validation for
our computational approach adopted in the present study.
Furthermore, following the Sabatier principle the phase
boundaries on the (p, T) surface phase diagram are expected
to correlate well with the high catalytic activity toward
oxidation reactions. We indeed find that the experimentally
observed activity of the LaMnO3 surface toward NO oxidation
shows a peak near the oxygen ad-atom rich side of the
predicted phase boundary. We believe that such a remarkable
agreement with available experimental data, despite the
approximate nature of the employed semilocal exchange-
correlation functional, can partially be attributed to a favorable
error cancellation in the calculation of the surface binding
energy in eq 1.
Finally, we note that while the FPT approach may, in general,

be sufficient if one is interested in capturing thermodynamic
effects alone, the importance and necessity of the kMC
approach should be emphasized if one wishes to make
connections with experimental observations (which are replete
with metastable situations) in a high-fidelity manner.
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(42) Drautz, R.; Singer, R.; Faḧnle, M. Phys. Rev. B 2003, 67, 035418.
(43) Tang, H.; Van der Ven, A.; Trout, B. L. Phys. Rev. B 2004, 70,
045420.
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