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Surface stabilities and NO oxidation kinetics
on hexagonal-phase LaCoO3 facets: a
first-principles study†

Xiao Liu,ab Zhengzheng Chen,b Yanwei Wen,b Rong Chen*a and Bin Shan*bc

LaCoO3 perovskite has recently received great attention as a potential alternative to precious metal

based NO oxidation catalysts. We report here a comprehensive first-principles study of the NO oxidation

kinetics on differently re-constructed hexagonal-phase LaCoO3 facets. Among the 42 low-index facets

considered, the (11̄02) LaO-, (1̄104) O2- and (0001) LaO3-terminated facets were found to be thermo-

dynamically stable and likely to be exposed in LaCoO3 oxide nanoparticles. Among these stable facets,

the (0001) LaO3-terminated surface is catalytically most active towards NO oxidation, with the reaction

proceeding through the mono-vacancy Mars–van Krevelen mechanism. Our study shed light on the

atomistic scale NO oxidation mechanism on LaCoO3 facets and can aid further optimization of the

catalyst.
1. Introduction

Diesel engines have aroused great interest in recent years
due to their high fuel efficiencies and low green-house gas
emissions.1 However, the lean burn exhaust, which contains
considerable amounts of nitrogen oxides (NOx), poses a great
threat to human health and the environment. Two main-
stream technologies are being utilized by auto manufacturers
to remove the hazardous NOx emissions. The first strategy is
called selective catalytic reduction (SCR), which involves the
partial oxidation of NO to NO2 through diesel engine oxida-
tion (DOC) catalysts and subsequent reactions with ammonia
to form environmentally benign N2. The other popular
strategy is using a lean NOx trap (LNT), which utilizes the
NO2 storage and release mechanism of LNT trapping mate-
rials such as Pt/BaO/Al2O3 for NOx reduction. In both cases, a
higher concentration of NO2 in the exhaust stream proves to
be beneficial for the catalytic process,2 driving a considerable
interest in the scientific community in search of catalysts for
efficiently oxidizing NO into NO2. Traditionally, platinum (Pt)
metal is the major material component in automobile cata-
lytic convertors for NO oxidation due to its durability against
oxidation and high catalytic activity, originating from its
unique d-orbital electronic structure.3,4 However, with the
urge for stricter NOx control in the next-generation emission
standards, its practical development and large-scale applica-
tions are hindered by limited reserves and supply. Pt's rising
price and the higher catalyst loading required for the stricter
emission standards also likely raise cost concerns for auto
manufacturers. To reduce the overall catalyst cost, precious
metal catalysts need to be replaced by new earth-abundant,
cost effective, and high performance catalysts.

A significant amount of work has been undertaken in the
field of emission control technology to search for alternative
NO oxidation catalysts. Rare-earth and transition metal oxide
catalysts have long been considered as some of the most
promising candidates for substituting expensive precious
metal components, as they show not only thermal stability
towards sintering and oxidation, but also excellent catalytic
activity for many important chemical reactions, such as CO
oxidation, hydrocarbon oxidation, NO oxidation, NOx storage
and reduction.5–10 Li et al.11 have synthesized Mn–Ce–Ox

catalysts at various ratios via co-precipitation, low tem-
perature solid phase reaction and citric acid methods and
studied the activity for NO oxidation. While MnOx has shown
promising catalytic activity, it suffers from aging loss of cata-
lytic activity during an extended period of catalytic reactions.
More recently, Wang et al. have reported a mullite based
oxide catalyst where a Mn–Mn dimer serves as the catalytic
l., 2014, 4, 3687–3696 | 3687
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Fig. 1 Atomic structures of (a) cubic phase and (c) hexagonal phase
LaCoO3. The similar cubic structure, which is not the unit cell of the
hexagonal phase, has been labeled with red dotted lines. Top view of
(b) the (100)-CoO2 surface in the cubic phase and (d) the (11̄02)-CoO2

surface in the hexagonal phase have been presented.
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reaction center for NO oxidation.12 Among the different types
of oxides investigated thus far, perovskite structures
(ABO3, with A = a rare-earth cation and B = a transition metal
cation), particularly LaCoO3, have attracted much attention
as Pt replacement catalysts. Wen et al. and Zhou et al. have
studied the NO oxidation activity of cerium (Ce) and copper
(Cu) doped LaCoO3 perovskite and showed that A and B site
substitution can greatly enhance the performance.13,14

Kim et al.15 found that strontium (Sr) doped LaCoO3 has
great performance for NO oxidation, which is comparable
with commercial Pt/γ-Al2O3 based catalysts. On the theoretical
side, efforts in understanding the electronic structures of
LaCoO3 materials as well as its surface stabilities are also
emerging. Kahn et al. have studied the stability of cubic
LaCoO3 using a Born shell empirical model and predicted
the Co-terminated (111) surface and LaCoO-terminated (110)
surface to be the most stable.16 On the other hand, to take
into account the charge redistribution in a self-consistent
manner and improve the accuracy of stable facet prediction,
Chen et al. have used ab initio thermodynamics models
to construct the crystal morphology of cubic LaCoO3 nano-
particles and they found that the LaO-terminated (001)
surface is more stable.17 However, both stability studies
focused mostly on the structural and electronic properties of
cubic phase LaCoO3, which is not in agreement with the
experimental characterizations of the LaCoO3 ground state. A
number of studies have revealed that hexagonal phase
LaCoO3 is lower in energy than cubic phase LaCoO3,

18,19 in
good agreement with the XRD identification of the R3̄c space
group of the LaCoO3.

20,21 Recently, Choi et al. have studied
the NO oxidation reaction on cubic-phase LaCoO3 with
Jahn–Teller (J–T) distortion and discussed the role of Sr in
enhancing the oxygen exchange ability on one particular
facet.22 To our best knowledge, a detailed and comprehensive
knowledge of NO oxidation kinetics on different LaCoO3

perovskite facets is still lacking. To further optimize the
nanoparticle catalyst for industrial use, it is of great impor-
tance to gain a deep understanding of the underlying active
sites and reaction mechanisms at the atomic level.

In this study, we report comprehensive first-principles cal-
culations on the surface stabilities of differently re-constructed
hexagonal-phase LaCoO3 oxide catalysts and the NO oxida-
tion kinetics on stable facets. By comparing surface grand
potentials, we identified the stable facets of LaCoO3 in differ-
ent chemical environments. Wulff-construction was used as a
first-order approximation to predict the exposed facets in
LaCoO3 nanoparticles. NO oxidation energetics and kinetics
on these catalytically active facets were investigated in detail.
Our results show that the LaO3-terminated surface is the cata-
lytically most active surface for NO oxidation, whose surface
area depends sensitively on the cobalt chemical potential.
The rest of the paper is organized as follows: in section II, we
briefly summarize the model system and computational
methodology. Detailed results and discussions are presented
in section III. Finally, a summary and conclusions are given
in section IV.
3688 | Catal. Sci. Technol., 2014, 4, 3687–3696
2. Computational models
and methods

For comparison purposes, the atomic structure of cubic
phase LaCoO3 is shown in Fig. 1(a), with La atoms (green
spheres) in eight corners, one Co atom (blue sphere) at
the center of the unit cell, and O atoms (red spheres) located
at the center of the facets. Fig. 1(b) shows the cross section
of the cubic (100)-CoO2 surface. A distinctive feature of the
cubic phase is the Co–O–Co bond angle of 180°. The hexago-
nal phase LaCoO3 also consists of octahedral CoO6 with La
atoms in the vertex, as shown by the red dotted lines in
Fig. 1(c). However, the structure and symmetry are different
from the cubic phase due to the J–T distortion, which causes
the distortions in the red dotted framework, making it no
longer the unit cell of the structure.23,24 Fig. 1(d) shows the
(11̄02)-CoO2 surface in the hexagonal phase, which roughly
corresponds to the (100)-CoO2 surface in the cubic phase.
Note that the Co–O–Co bond angle in the hexagonal phase
is 161.9° instead of 180°. J–T distortion also makes certain sym-
metric directions in the cubic phase inequivalent. For example,
the eight equivalent <111> directions in the cubic phase now
split into two <0001> and six <1̄101> directions in the hexag-
onal phase. The twelve <110> directions in the cubic phase
now become six <112̄0> and six <1̄104> directions in the
hexagonal phase (the detailed correspondence relationships
can be found in the ESI†). In the surface stability discussion
part, we have considered all these non-equivalent directions.

All calculations were performed within the density func-
tional theory (DFT)25,26 framework using the plane wave basis
as implemented in the Vienna ab initio simulation package
(VASP).27–29 The exchange and correlation energies were
This journal is © The Royal Society of Chemistry 2014
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treated by the generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof (PBE)30 form generated by the
projector augmented wave (PAW)31 method, as such a func-
tional was shown to give reasonable results for molecular
adsorption energies.32,33 For Co ions, the outer electrons
(3d84s1) were treated as valence electrons and the core
electrons were replaced by effective potentials. While stan-
dard DFT methods have been successfully used to investigate
the electronic structures and catalytic properties of metal
and metal oxide surfaces, they fail to obtain the correct
electronic structure for strongly correlated systems such as
transition metal oxides and rare-earth compounds. To
overcome the inaccuracy of standard DFT in describing
the partially filled d-states in Co3+ ions, we used GGA + U
formalism to correct the on-site Coulomb and exchange
interactions for localized d orbitals.34 Several methods have
been proposed to determine the magnitude of the onsite
Hubbard-type U and detailed procedures in getting U values
have been discussed extensively in the review paper by
Lee et al.23 In general, the inclusion of U correction is shown to
yield much better results in terms of describing electronic
structures and can recover most of the bulk and surface
properties, as illustrated in the case of predicting CO/NiO
and NO/NiO adsorption energies.35,36 Recently, Ma et al.
performed a systematic comparative study on the influence
of U, J parameters in describing LaCoO3 perovskite proper-
ties and found a set of optimal values of U = 3.40 eV and
J = 0.49 eV that offer results in good agreement with experi-
ments.37 We adopted the aforementioned U, J parameters
in the present work. Recent progresses in GW calcula-
tions38,39 and hybrid functional calculations40,41 can in
principle yield reliable results with less empirical parame-
ters. However, due to the high computational demand of
these methods and the practical need of using a large unit
cell for modelling surface reactions, we chose GGA + U
formalism as a good compromise between accuracy and
computational efficiency.

In both bulk and surface calculations, the geometry
optimization is performed until the Hellmann–Feynman
force on each atom is smaller than 0.05 eV Å−1. An energy
cutoff of 400 eV is employed on the plane wave basis.
The numerical integration in the first Brillouin zone is
performed using a Monkhorst–Pack42 grid of 7 × 7 × 3 for
the bulk, and 3 × 3 × 1 for the surface, respectively. To
check the convergence, we have compared the total energy
to the ones calculated with finer k-mesh. The difference is
smaller than 5 meV. The LaCoO3 surfaces were repre-
sented by periodic slabs consisting of at least 11 layers. A
vacuum with thickness of 15 Å is adopted to avoid interac-
tions between slabs. In order to discuss the thermody-
namic stabilities of the surfaces, we have calculated the
surface grand potential (Ω), which has been previously
used in studies of low-index surfaces of binary and ternary
compounds.43,44 By assuming that the slab is always in
equilibrium with the bulk LaCoO3, we have the following
constraint:
This journal is © The Royal Society of Chemistry 2014
ELaCoO3
= μLaCoO3

= μLa + μCo + 3μo (1)

where ELaCoO3
is the total energy of the bulk per LaCoO3

formula unit and μi is the chemical potential of the i-th
species. By substituting μLa, Ω can be expressed as a function
of μO and μCo:

= slab
1

2
3

S
E N E N N N N       La LaCoO O O La Co Co La3

 

(2)

where Eslab is the energy of the slab, NLa, NCo and NO are the
number of atoms in the slab, S is the surface area of the slab
and the factor of 1/2 comes from the fact that the slab has
identical top and bottom terminations. Boundary conditions
have also been considered to define the accessible region of
the thermodynamic system. To avoid condensation of ele-
mental La, Co or O2(g) on the surfaces, the following three
constraints have to be satisfied:

μCo + 3μO ≥ ELaCoO3
− μLa (3)

μCo ≤ μCo
0 (4)

μO ≤ μO
0 (5)

where μLa
0 (μCo

0) is the cohesive energy of La (Co) bulk
atoms, and μO

0 is EO2
/2, where EO2

is the energy of an O2

molecule. Detailed derivation of the boundary conditions can
be found in ref. 43.

After obtaining Ω for all ideal and re-constructed surfaces,
we employed Wulff-construction45 as a first-order approxima-
tion to predict the exposed facets of LaCoO3 perovskite nano-
particles. The distances between the parallel exposed facets
are proportional to Ω, which determines the shape of the
nanoparticles. The followed nanoparticles are all generated
using Visualization for Electronic and Structural Analysis
(VESTA) software.46 Two quantities are of great importance to
the activity of exposed oxide surfaces: the oxygen vacancy
energy (EOv) and the highest energy barrier (ΔETS) in the min-
imum energy path (MEP) of the NO oxidation process. In the
current work, EOv is calculated using the following formula:

EOv = Esys-O − Esys + EO2
/2 (6)

where, Esys and Esys-O are the total energies of ideal and defec-
tive (with one oxygen vacancy) hexagonal LaCoO3 slabs,
respectively. For the MEP of NO oxidation, the climbing
image nudged elastic band method (CI-NEB)47 was employed.
Initial approximations to reaction paths are obtained by lin-
ear interpolation between the reactant and product configu-
rations. Six intermediate images were used for all the CI-NEB
calculations, which map the MEP with reasonable accuracy.
Moreover, a frequency calculation has been performed to
check the transition states and only one imaginary frequency
exists for each transition state.
Catal. Sci. Technol., 2014, 4, 3687–3696 | 3689
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Fig. 2 The band structure and DOS of LaCoO3. The total density of
states (DOS) and partial DOS (PDOS) of La 4f, Co 3d and O 2p orbitals
are plotted with black, green, blue and red lines, respectively.
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3. Results and discussion
3.1. Bulk properties

The calculated bulk properties of LaCoO3 in the hexagonal
phase, such as the lattice constants (a and c), band gap (Eg),
magnetic moment (μ) and total energy (ELaCoO3

), are tabulated
in Table 1. During the optimization of lattice constants, we
keep α = β = 90°, γ = 120° and a = b. The values of a and c are
optimized to get the minimal total energy. Experimental
values are also listed for comparison. The results show that
the hexagonal phase of LaCoO3 is indeed the ground state,
since the total energy per unit is about 0.2–0.3 eV lower than
that of the cubic phase. Note that the non-spin-polarized
model (NSP) with PBE + U yields almost identical results with
the spin-polarized model (SP) and it recovers the experimen-
tal lattice constant within 0.3%,48 and the band gap within
0.01 eV.49 Previous theoretical and experimental studies also
indicate that LaCoO3 is a nonmagnetic semiconductor with
Co3+ in the low-spin state (S = 0, t2g

6eg
0).50–52 Overall, the NSP

model is computationally efficient and yields reliable results
about the structural and electronic properties of LaCoO3. It is
thus employed in all the following calculations. For gas mole-
cules such as O2, NO and NO2, their total energies have been
corrected by spin polarizations using the same techniques as
reported in previous studies.53–55

The calculated band structure and density of states (DOS)
are shown in Fig. 2. The sharp anti-bonding peak at around
4.5 eV above the Fermi level represents the vacant La 4f
orbitals. The occupied 3d orbitals of Co were split into t2g
(−5–3.5 eV) and eg (−1–0 eV) via the cubic symmetry breaking
process. It is found the Co-3d and O-2p orbitals contribute
most to the valence band maximum and the conduction
band minimum. Fig. 2 also shows strong hybridization
between Co-3d and O-2p orbitals, indicating the stability of
CoO6 octahedrons in LaCoO3.
3.2. Surface stability

According to the symmetry of hexagonal phase LaCoO3, we
have considered six low-index crystalline plane families:
{11̄02}, {0001}, {1̄101}, {112̄0}, {1̄104}, and {101̄0}. Each family
has two different terminations. We label them in the format
3690 | Catal. Sci. Technol., 2014, 4, 3687–3696

Table 1 Lattice constants a (a = b) and c, band gap (Eg), magnetic
moment (μ) and total energy (ELaCoO3

) per unit of LaCoO3. The values
in the parentheses in the last column are for the cubic phase. For PBE
and PBE + U (U = 3.40 eV), we have considered both spin-polarized
(SP) and non-spin-polarized (NSP) models. For comparison, the avail-
able experimental data are listed in the bottom row as well

a (Å) c (Å) Eg (eV) μ (μB) ELaCoO3
(eV)

SP 5.426 12.991 0.00 0.02 −38.00 (−37.72)
NSP 5.427 12.949 0.00 — −37.99 (−37.74)
SP-U 5.426 12.991 0.63 0.00 −36.15 (−35.90)
NSP-U 5.424 12.960 0.61 — −36.14 (−35.90)
Exp. 5.426a 12.991a 0.60b 0.00 —

a Ref. 48. b Ref. 49.
(orientation)-terminated element, such as the (11̄02)-LaO
and -CoO2, (0001)-LaO3 and -Co, (1̄101)-LaO3 and -Co,
(112̄0)-LaCoO and -O2, (1̄104)-LaCoO and -O2, (101̄0)-LaCoO
and -O2 facets, and present their detailed structures in
Fig. S2–S5 in the ESI.† Since these facets have the nominal
charges of La (+3e), Co (+3e) and O (−2e) atoms, they are polar-
ized and may undergo reconstruction.56 We used p(1 × 1) to
represent an ideal surface, and p(2 × 1) and p(2 × 2) to repre-
sent two different kinds of reconstructions. Moreover, for the
O2 terminated surfaces (101̄0)-O2, (112̄0)-O2 and (1̄104)-O2,
c(2 × 1) and c(2 × 2) reconstructions were also considered.57

All the reconstruction rules considered are presented in
Fig. S6 in the ESI.†

The surface grand potentials (Ωs) of a total of 42 facets
have been calculated. The grand surface energy at ΔμCo =
ΔμO = 0 eV (Ω0) and the stoichiometric ratio of the slabs,
where ΔμCo = μCo − μCo

0 and ΔμO = μO − μO
0, are summarized

in Table S1 in the ESI.† By choosing the surface with the
lowest Ω at each point in the accessible region (defined by
the confinements given in eqn (3)–(5)), the surface stability
diagram of hexagonal phase LaCoO3 can be constructed as
shown in Fig. 3(a). We find that three terminations out of the
42 facets are thermodynamically most favorable: (1̄104)-O2

c(2 × 2), (0001)-LaO3 p(1 × 1) and (11̄02)-LaO p(1 × 1), whose
surface configurations are shown in Fig. 3(b)–(d), respec-
tively. Compared to the cubic phase, the O2 terminated sur-
face is stable under appropriate chemical potential regions,
in addition to the LaO3- and LaO-terminated surfaces that
were predicted to exist in the cubic phase.17 This may be
related to the J–T distortion between the hexagonal and cubic
phases, which affects the oxygen binding on the surface. The
(11̄02)-LaO p(1 × 1) surface (Fig. 3(d)) covers the greatest part
of the diagram. This may be attributed to the fact that
the (11̄02)-LaO p(1 × 1) surface does not require the cleaving
of stable CoO6 octahedrons, which keeps the system in a
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 (a) The stability graph of the low-index surfaces of hexagonal LaCoO3. The actual most stable termination is represented as a function of
the excess O and Co chemical potentials ΔμO (ΔμO = μO − μO

0, vertical) and ΔμCo (ΔμCo = μCo − μCo
0, horizontal). The side and top views of the

(b) (1̄104)-O2 c(2 × 2), (c) (0001)-LaO3 p(1 × 1) and (d) (11̄02)-LaO p(1 × 1) surfaces in (a).
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relatively stable structure. As shown in Fig. 3(d), both La and
O atoms on the surface are located in their crystalline lattice
positions, except for small out-of-surface displacements. The
other two terminations, (1̄104)-O2 c(2 × 2) and (0001)-LaO3

p(1 × 1), would become the most stable surfaces only in O-
and Co-rich environments, respectively. Under realistic exper-
imental conditions, the range of accessible oxygen chemical
potential would generally be within the range of −0.2 to
−0.6 eV.58 We therefore chose ΔμO = −0.40 eV (marked as the
dotted line in Fig. 3a) as a representative case and plotted
This journal is © The Royal Society of Chemistry 2014

Fig. 4 (a) Stability diagram of different terminations of LaCoO3 with Δμ

surfaces of the NPs and ΔμCo. (c) The nanoparticles by Wulff-construction w
the grand potential Ωs of the different facets with Co increas-
ing from −8.35 to 0 eV in Fig. 4(a). Shifting to other oxygen
chemical potentials within the accessible range would only
yield minor numerical corrections without changing the
overall picture of the reaction mechanism. When ΔμCo is very
negative, (11̄02)-LaO p(1 × 1) is most stable. By increasing
ΔμCo along the dotted line, the concentration of La atoms
decreases in the environment. Consequently, surfaces with
lower La coverage (θLa) become more stable. When ΔμCo >

−0.88 eV, the (0001)-LaO3 p(1 × 1) surface with θLa = 0.25
Catal. Sci. Technol., 2014, 4, 3687–3696 | 3691

O = −0.40 eV. (b) The relationship between the area of the exposed
ith different ΔμCo.
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Scheme 2 The sequence of elementary steps for NO oxidation on an
oxide surface based on a Dv M–vK mechanism.

Scheme 1 The sequence of elementary steps for NO oxidation on an
oxide surface based on a Mv M–vK mechanism.
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becomes the most stable facet. Further, when ΔμCo increases
to −0.27 eV, corresponding to extremely La-poor conditions,
the ground stable facet turns to the (1̄104)-O2 c(2 × 2) termi-
nation, on which θLa = 0. Interestingly, in the whole accessi-
ble region, none of the most stable surfaces contain directly
exposed Co atoms. One possible explanation is that the
dangling 3d–eg orbitals of Co atoms are energetically unfavor-
able when exposed on surfaces.

3.3. Nanoparticles and exposed facets

Based on the calculated Ω, we have constructed LaCoO3

nanoparticles (NPs) at different ΔμCo with ΔμO ≡ −0.40 eV
using the Wulff-construction method. It should be noted that
Wulff-constructions only apply to bulk particles in a strict
sense. However, given the relatively large diameter of oxide
nanoparticles, the Wulff-construction should serve as a good
first-order approximation.59 We present quantitatively in
Fig. 4(b) the area of the exposed surfaces of the NPs as a
function of ΔμCo. The area of {1̄104}-O2 and {11̄02}-O2 are sen-
sitive to ΔμCo; they cover 84% of the total area when ΔμCo =
0 eV, but completely disappear when ΔμCo decreases to
−0.96 eV. On the other hand, {1̄101}-LaO3 facets become
dominant with −1.12 eV < ΔμCo < −0.43 eV. When ΔμCo is
−0.94 eV, its coverage reaches the maximum (58%). When
ΔμCo is lower than −2.00 eV, {11̄02}-LaO is the only exposed
surface. Due to the complicated dependence of exposed
surfaces on the environment, it is necessary to examine the
catalytic activity of each surface in order to predict the best
working conditions of LaCoO3 NPs.

We present three representative shapes of generated NPs
in three specific ΔμCo conditions, ranging from Co poor to Co
rich, in Fig. 4(c). When ΔμCo = −0.50 eV, the profile of a NP
has twenty-six facets, consisting of 6 {1̄104}-O2, 6 {112̄0}-O2,
2 {0001}-LaO3, 6 {1̄101}-LaO3 and 6 {11̄02}-LaO facets, respec-
tively. As shown in Fig. 4(a), the Ω of (1̄101)-LaO3 p(1 × 1) is
parallel to and only slightly higher than that of (0001)-LaO3

p(1 × 1), because their structures are similar except for the
slight displacement of oxygen atoms. Thus, although only
three facets appear in the stability diagram of Fig. 3(c),
(1̄101)-LaO3 and (112̄0)-O2 may also be exposed on the sur-
face and participate in the catalytic reaction. (112̄0)-O2 and
(1̄104)-O2 have the same tendency. By changing the value of
ΔμCo, the relative area of the exposed terminations will vary
accordingly. The area of {1̄104}-O2 and {11̄02}-O2 decreases
considerably when ΔμCo decreases from −0.50 eV to −0.94 eV.
Moreover, when ΔμCo < −1.50 eV, the Ω of the (11̄02)-LaO
termination is much lower than that of others. The NPs there-
fore tend to exhibit a cubic shape wrapped by 6 {11̄02}-LaO
facets.

3.4. NO oxidation kinetics

NO oxidation processes on the LaCoO3 facets are primarily
via the Mars–van Krevelen (M–vK) mechanism,60 which is
also the dominant mechanism in many other oxidation pro-
cesses on metal oxides surfaces.61,62 Moreover, the results of
3692 | Catal. Sci. Technol., 2014, 4, 3687–3696
temperature programmed desorption and isotopic exchange
(TPIE) experiments by Choi et al. also indicate that surface
species and oxygen exchange processes correlate with NO
oxidation activity, which is also consistent with the M–vK
mechanism.22 For NO oxidation, the M–vK mechanism
consists of two typical steps: 1) a NO molecule reacts with
one lattice O atom and forms NO2, and 2) an O2 molecule
occupies the created oxygen vacancy from the previous step,
creating an active adsorbed O* species, which reacts with
another NO molecule. This scenario can be regarded as a
mono-vacancy (Mv) M–vK mechanism, as shown in Scheme 1.
We have also considered a di-vacancy (Dv) M–vK mechanism
in which two NO molecules react with two O atoms from lat-
tice sites sequentially, and two vacancies are subsequently
filled via the dissociation of O2, completing a full catalytic
cycle, as shown in Scheme 2.

We first calculated the EOv of the possible exposed surfaces
and listed the results in Table 2. The (11̄02)-LaO p(1 × 1) sur-
face has the highest EOv (4.18 eV), which suggests that this
surface is not active since O atoms bind too strong to the
lattice sites and it is difficult for them to escape. The other
two re-constructed surfaces, (1̄104)-O2 c(2 × 2) and (112̄0)-O2

c(2 × 2), exhibit somewhat lower but still considerably high
EOv at 2.29 eV and 2.74 eV, respectively. Since the reconstructed
surfaces intrinsically have a considerable number of isolated
O vacancies (Fig. 3b) that may play a role in the oxidation
process, these two surfaces are included in our following
discussions. On the other hand, the EOv of the (0001)-LaO3

p(1 × 1) and (1̄101)-LaO3 p(1 × 1) surfaces are close to zero,
This journal is © The Royal Society of Chemistry 2014
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Table 2 The oxygen vacancy formation energy (EOv) of possible exposed surfaces by Wulff-construction

Surfaces (11̄02)-LaO p(1 × 1) (0001)-LaO3 p(1 × 1) (1̄101)-LaO3 p(1 × 1) (1̄104)-O2 c(2 × 2) (112̄0)-O2 p(2 × 2)

EOv (eV) 4.38 0.09 0.19 2.29 2.74
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indicating the high activity of O atoms and the relative
easiness of oxygen vacancy formation on these facets. Thus
in addition to reaction routes on an ideal surface, NO oxida-
tion on these facets with oxygen vacancies present was also
taken into account.

The MEP of NO oxidation on the (1̄104)-O2 c(2 × 2)
re-constructed surface is first discussed and presented in
Fig. 5, in which each stage means a stable state of reactant
or product along the reaction path. Due to the high energy
cost of removing the second lattice oxygen with an EOv larger
than 2 eV, vacancy pairing is a rare event and the Mv M–vK
mechanism is generally the preferred reaction route on the
re-constructed surface.33 According to the Mv M–vK mecha-
nism in Scheme 1, the reaction will initiate at (1.2) as an O2

molecule will occupy the lattice vacancy and form O2* (stage 2).
Then a NO molecule binds with the protruding O atom and
forms an NO2 molecule adsorbed to the surface (stage 3 to
stage 4). The energy barrier for the detachment of the NO2

molecule (ΔEstage4) is 0.56 eV. The second half of the MEP
includes the formation of Co-nitrite (−NO2) species on the
surface, resulting from the binding of the second NO mole-
cule and one O atom in the lattice sites (stage 6 to stage 7).
Among all the reaction paths, NO2 desorption is the rate-
determining step (RDS) since the corresponding barrier
(ΔEstage7, 1.26 eV) is the highest along the MEP. The whole
reaction can be summarized as 2NO + O2 → 2NO2 with 2.31 eV
This journal is © The Royal Society of Chemistry 2014

Fig. 5 Energetic scenario of NO oxidation on the (1̄104)-O2 c(2 × 2) termi
the surface. The total reaction can be summarized as 2NO + O2 → 2NO2, ex
exothermically. In addition, we have calculated the MEP of
NO oxidation on the (112̄0)-O2 c(2 × 2) surface and the results
are presented in Fig. S7.† We notice the RDS is also the
desorption of the NO2 molecule with an energy barrier of
1.18 eV, similar to the case of the (1̄104)-O2 c(2 × 2) surface.
This suggests that the slight structural variation among the
different surface orientations within the same group will not
affect the catalytic process.

For the (0001)-LaO3 p(1 × 1) facets, since the oxygen
vacancy formation is small, it is expected that ideal facets and
defective facets with oxygen vacancies are likely to co-exist
under realistic experimental conditions. Consequently, we
have studied the MEP of NO oxidation in both cases. The
MEP on an ideal (0001)-LaO3 surface also follows the Mv
M–vK mechanism (Scheme 1), as shown in Fig. 6, in which
the transition states are labelled as TS. The oxidation reac-
tion initiates with NO (g) adsorbing onto the O site to form
Co-nitrite (−NO2). The adsorbed NO then binds with one O
atom from a lattice site and desorbs from the surface as a
NO2 molecule. Interestingly, we find that the desorption
process is divided into two steps due to the attraction of
neighboring La atoms to the NO2 molecule, which is consis-
tent with previous experimental results.63 Firstly, the NO2

molecule overcomes an energy barrier of 0.78 eV to desorb
from the surface with an oxygen vacancy left behind (stage 2
to stage 3). However, the desorbed NO2 molecule is still
Catal. Sci. Technol., 2014, 4, 3687–3696 | 3693

nation, which starts with an O2 molecule occupying the O vacancy on
othermically.
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Fig. 6 Energetic scenario of NO oxidation on an ideal (0001)-LaO3 p(1 × 1) surface based on the mono-vacancy M–vK mechanism.
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trapped by a La atom (stage 3). In the second step, the NO2

molecule escapes from the La site with an additional barrier
of 0.47 eV. This leaves one oxygen vacancy on the surface,
and the following step involves a perpendicular adsorption of
an O2 molecule onto the vacancy site. In subsequent steps,
the second NO molecule binds to the protruding O atom and
forms an adsorbed NO2 molecule (stage 6 to stage 7) with a
desorption barrier of ΔETS2 = 0.80 eV, which is the highest
energy barrier along the whole reaction path.

For NO oxidation on (0001)-LaO3 surfaces with oxygen
vacancies, since the reaction with a NO molecule would
create an additional oxygen vacancy, the reaction proceeds
via the Dv M–vK mechanism. Fig. 7 shows the NO oxidation
path on the (0001)-LaO3 p(1 × 1) surface starting with an
oxygen vacancy. As shown in Fig. 7, the NO oxidation path
3694 | Catal. Sci. Technol., 2014, 4, 3687–3696

Fig. 7 Energetic scenario of NO oxidation on a (0001)-LaO3 p(1 × 1) surface
initiates at (2.2) in Scheme 2, as the vacancy is occupied by
an NO molecule. The adsorbed NO would bind to an oxygen
nearby the vacancy and form NO2. Similar to the case in
Fig. 6, the NO2 molecule will be trapped by two La atoms and
the desorption process is endothermic by 1.18 eV (stage 3 to
stage 4). After the desorption of NO2, a di-vacancy is created
on the (0001)-LaO3 p(1 × 1) surface. Then, the di-vacancy is
occupied by O2 (stage 5) and the O atoms bind with a Co
atom to form a stable structure. The dissociation of the O2

molecule to fill the di-vacancy shows an activation barrier of
1.54 eV. In the following steps, NO will bind to the ideal sur-
face and react with the lattice oxygen with an energy barrier
of 0.78 eV, as shown in Fig. 6. This recovers the (0001)-LaO3

p(1 × 1) surface with an oxygen vacancy and completes the
NO oxidation cycle. Through the discussion of Fig. 7, the
This journal is © The Royal Society of Chemistry 2014

with an oxygen vacancy based on the di-vacancy M–vK mechanism.
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RDS step on the (0001)-LaO3 p(1 × 1) surface based on the
Dv M–vK mechanism is the oxygen dissociation step and this
mechanism is less favorable than the Mv M–vK mechanism.

Based on the above discussions, we conclude that the
LaO3 terminated surface has the most promising catalytic
activity. The RDSs are NO2 desorption and O2 dissociation for
the Mv and Dv M–vK mechanisms on (0001)-LaO3, respec-
tively. However, the Mv M–vK mechanism with the lower RDS
barrier (0.80 eV) is preferable over the Dv M–vK mechanism.
The best strategy to improve the catalytic performance of
LaCoO3 NPs is to maximize the area of LaO3 terminated sur-
faces, which can be achieved by tuning the surfactants and
controlling the cobalt chemical potentials during the syn-
thesis procedure.

4. Conclusions

We have systematically studied the stability of differently
reconstructed LaCoO3 surfaces. From a stability point of view,
the (1̄104)-O2 c(2 × 2), (0001)-LaO3 p(1 × 1) and (11̄02)-LaO
p(1 × 1) facets are thermodynamically most stable. The NO
oxidation mechanisms on active surfaces have been compre-
hensively investigated and the (0001)-LaO3 facet is found to
be most active towards NO oxidation. The RDS steps for the
Mv– and Dv– M–vK mechanism are NO2 desorption and O2

dissociation, respectively. Our results give insight into the
reaction mechanism of NO oxidation on hexagonal phase
LaCoO3 and could help further optimization of the perovskite
catalyst.
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