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ABSTRACT: NO oxidation rates over La1−xSrxCoO3 (x = 0−0.3) perovskite catalysts are reported as a function of Sr doping in
the absence and presence of NO2 in the feed. Sr substitution is found to increase the rate of oxidation and to diminish the
inhibitory influence of NO2. Temperature programmed desorption and isotopic exchange (TPIE) experiments were used to
identify surface species and oxygen exchange processes expected to correlate with NO oxidation activity. Oxygen exchange in the
LaCoO3 perovskites occurred primarily through a heteroexchange process that was enhanced by doping with Sr. Density
functional theory (DFT) calculations were used to further investigate the oxygen exchange processes on (100) facets of undoped
and doped LaCoO3. Vacancy formation is predicted to be more facile on CoO2-terminated than LaO-terminated surfaces. The Sr
dopant segregates to the LaO-terminated surface and diminishes oxygen bonding consistent with the TPIE results. The results
suggest a model in which multiple oxygen species contribute to low- and high-temperature oxygen exchange.
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1. INTRODUCTION

Systems where combustion is carried out in excess air (lean)
offer significant fuel efficiency benefits over systems operating
under fuel rich conditions. Operation under lean conditions can
contribute to a reduction in greenhouse gas emissions.1 NOx (x
= 1, 2) is an unavoidable byproduct of lean combustion. While
cost-effective technologies have been demonstrated for the
remediation of NOx produced at stationary sources including
coal-fired power plants, the aftertreatment of NOx produced by
mobile sources including diesel powered vehicles remains a
major challenge. By some accounts, the lack of cost-effective
NO aftertreatment systems and technologies is the key obstacle
to broader implementation of diesel engines.2

The catalytic oxidation of NO to NO2

+ ↔ Δ ° = −HNO(g)
1
2

O (g) NO (g) 57.2 kJ/mol2 2

(1)

is a key step in virtually all lean-burn NOx aftertreatment
technologies,3 including lean NOx traps (LNT)

4 and selective
catalytic NOx reduction (SCR).5 Platinum-based catalysts have
been widely used for NO oxidation6 and are, in fact, the only
commercially available catalysts for mobile applications.
Recently, Sr-promoted La-based perovskite catalysts
(La1−xSrxCoO3) have been reported to possess NO oxidation
activities that are superior to those for commercial Pt-based
catalysts.3 These observations are particularly noteworthy
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because perovskite- and other oxide-based catalysts are much
less expensive than Pt Group Metal based catalysts and have
typically been found to be much less active for NO oxidation
than Pt-based catalysts at moderate temperatures (near 300
°C).7

The catalytic oxidation activity is intimately connected to
molecular and atomic interactions of oxygen with the oxide
surface.8 Catalytic oxidations over metal oxides are often
rationalized in terms of a Mars−van Krevelen mechanism9 in
which vacancies in the oxide lattice facilitate the adsorption and
dissociation of O2:

− −□− −+ → − − − −2 M M O 2 M O M2 (2)

Subsequent reaction with a reductant (R) reforms the vacancies
to complete the catalytic cycle:

+ − − − − → − + − −□− −R M O M R O M M (3)

Given the Mars−van Krevelen mechanism, enhancements in
the oxidation activities of oxide-based catalysts have often been
attributed to enhanced oxygen vacancy densities.10 Seiyama et
al. and Tanaka et al. argued that the increased reducibility and
oxidation activity of La1−xSrxCoO3 as compared to LaCoO3 can
be attributed to the density of oxygen desorbed from or
absorbed to oxygen vacancies.11 Other oxides, including rutile
RuO2, are known to activate oxygen through an extra-lattice
mechanism with the reaction proceeding via Langmuir−
Hinshelwood kinetics.12 This extra-lattice oxygen based
mechanism has been implicated in simulations of NO oxidation
over Pd oxide;13 experimentally observed kinetics have been
interpreted in terms of a mechanism involving sparse vacancies
on oxide surfaces nearly saturated with adsorbed oxygen.14

Isotopic oxygen exchange experiments can provide insights
into the energetics and mechanisms associated with oxygen
activation and reactivity on catalytic surfaces. Boreskov15 and
Winter16 distinguished three types of isotopic oxygen exchange
with oxides. Homoexchange involves exchange of oxygen in the
gas phase without participation of oxygen from the surface:

+ ↔O (g) O (g) 2 O O(g)18
2

16
2

18 16
(4)

Simple heteroexchange involves exchange of an oxygen atom
on the solid surface with oxygen from O2

+ ↔ +O (g) O(s) O O(g) O(s)18
2

16 18 16 18
(5)

Finally there is multiple heteroexchange where oxygen is
exchanged between a gaseous O2 molecule and two oxygen
atoms in the solid

+ → +O (g) 2 O(s) O (g) 2 O(s)18
2

16 16
2

18
(6)

The oxygen exchange rate could provide insights regarding the
role that Sr plays in enhancing the NO oxidation activities of
La1−xSrxCoO3 perovskites.
First principles molecular models have been used extensively

to understand catalytic oxidations on metal oxides. Most of the
computational work on the perovskite oxides has used density
functional theory (DFT) and has focused on the structure,
energetics, and mobility of bulk vacancies, motivated by interest
in their use as oxygen conductors for solid oxide fuel cells
(SOFCs) and related applications.17 The surface oxygen
chemistry of A(III)B(III)O3 perovskites is less widely explored
with DFT. Most studies use either the local density (LDA) or
the generalized gradient (GGA) approximations coupled with
supercell, slab models. The (100) terminations are commonly

found to be the most stable, and vacancies and oxygen
adsorbates at both the AO(100) and BO2(100) terminations
have received attention. Lee et al.18 reported that oxygen
vacancy formation energies at the (100) BO2 termination of
LaBO3, B = Mn, Fe, Co, Ni, were lower than in the bulk.
Mastrikov et al.19 and Kotomin et al.19,20 compared the stability
of various surface terminations of LaMnO3 and concluded the
MnO2(100) surface is the most stable under SOFC conditions;
Mastrikov et al.21 further showed that O2 dissociates with
modest barrier on this termination and that dissociated O
readily inserts into surface vacancies. Others have considered O
and O2 adsorption on both terminations,22−25 including the
dynamics of O2 dissociation with kinetic Monte Carlo.26 Thus
can DFT provide insights regarding surface oxygen exchange by
a variety of lattice and extralattice routes.
In this paper, we describe results from a combined

experimental and computational investigation of the NO
oxidation activities and oxygen exchange chemistries of a series
of La1−xSrxCoO3 perovskite catalysts (x = 0, 0.1, and 0.3).
Oxygen exchange was characterized using Isothermal Isotope
Exchange (IIE) and Temperature Programmed Isotope
Exchange (TPIE) experiments using labeled 18O2. The results
were correlated with the NO oxidation rates and results from
NO temperature programmed desorption (TPD) experiments.
The experimental results are complemented by DFT
calculations of oxygen vacancies and extra-lattice oxygen on
the (100) surfaces of LaCoO3 and La1−xSrxCoO3. We find that
Sr doping enhances the NO oxidation activities and exchange
rates, and oxygen exchange occurs through two channels at
distinctly different temperatures. We also propose pathways
through which oxygen exchange occurs.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. The La1−xSrxCoO3 catalysts

were prepared using a citrate method. Appropriate amounts of
La(NO3)3·6H2O, Sr(NO3)2, and Co(NO3)2·6H2O were
dissolved in distilled water. Citric acid monohydrate was
added to the mixture in 10 wt % excess to ensure complete
complexation of the metal ions. The solution was stirred at
room temperature for 1 h and then heated to 80 °C with
continuous stirring. Water was evaporated at 80 °C until the
solution became a viscous gel. The gel was then dried overnight
at 90 °C. The resulting spongy material was crushed and then
calcined in static air at 700 °C for 5 h.

2.2. Catalysts Characterization. The Brunauer−Em-
mett−Teller (BET) surface areas were determined via N2
physisorption using a Micromeritics ASAP 2020 analyzer.
Prior to the measurements, the catalysts were degassed at 300
°C under vacuum. X-ray diffraction (XRD) analysis was
performed using a Rigaku Miniflex Diffractometer with Cu
Kα radiation and a Ni filter (λ = 1.540 Å). Diffraction patterns
were collected in the 2θ range of 10−80°, at a rate of 5°/min
with a 0.02 step size. Phase identification was achieved by
comparison with the JCPDS files. Pulse chemisorption
experiments were performed using a Micromeritics AutoChem
II 2920 analyzer equipped with a thermal conductivity detector
and a Pfeiffer Thermostar mass spectrometer. Prior to analysis,
the catalysts were pretreated in 1% O2/He for 1 h at 500 °C.
After cooling to room temperature, the catalysts were degassed
in flowing He for 30 min. The catalysts were then repeatedly
dosed with 0.5 mL of 2% NO/He until saturation was achieved.
The NO- and NO2-temperature programmed desorption
(TPD) experiments were also performed using the Micro-

ACS Catalysis Research Article

dx.doi.org/10.1021/cs400522r | ACS Catal. 2013, 3, 2719−27282720



meritics Autochem II 2920 analyzer. The catalysts were
pretreated with 1% 18O2/He or 1% 16O2/He for 1 h at 500
°C, cooled to room temperature, then degassed in flowing He
for 30 min. The catalysts were repeatedly dosed with 0.5 mL of
2% NO/He until the surface became saturated. After saturation
was achieved, weakly adsorbed NO was purged from the
surface with flowing He for 30 min. The reactor effluent was
monitored using a mass spectrometer while the temperature
was increased from room temperature (RT) to 500 °C at a
heating rate of 10 °C/min.
2.3. NO Oxidation Rate Measurements. The NO

oxidation rate measurements were performed in a quartz
microreactor. Between 20 and 30 mg of catalyst was loaded into
the tubular quartz microreactor (i.d. 6 mm). The rate
measurements were carried out under differential conditions
by restricting the NO conversion to less than 15%. The NO
concentration was measured using an infrared NO analyzer
(Horiba, AIA 210). The NO oxidation rates were measured by
randomly varying the temperature between 190 and 250 °C
while maintaining the feed composition at 270 ppm NO, 0 or
254 ppm NO2, 10% O2, and balanced N2 and the total flow rate
at 320 mL/min.
2.4. Isotopic Oxygen Exchange. The TPIE and IIE

experiments were performed using a Micromeritics AutoChem
II 2920 equipped with a Pfeiffer Thermostar mass spectrom-
eter. The U-tube microreactor was loaded with 25 mg of
catalyst. The mass spectrometer was used to monitor the
oxygen species: 16O2 (m/e = 32), 16O18O (34), and 18O2 (36).
Prior to the TPIE experiments, the catalysts were pretreated at
500 °C for 1 h in flowing mixture of 1% 18O2/He to pre-
exchange the surface oxygen and some of bulk oxygen with 18O.
After cooling to RT, the samples were degassed in He for 30
min. During the TPIE experiments, the samples were heated to
700 °C at a rate of 10 °C/min in flowing 10% 16O2/He.
During the IIE experiments, the samples were pretreated in

10% 16O2/He at 500 °C for 1 h. At 500 or 250 °C the samples
were degassed in He for 30 min. The gas was then switched to a
mixture containing 1% 18O2 in He flowing at 10 mL/min, and
the effluent was monitored using a mass spectrometer for 30 or
60 min.
2.5. Computational Methods. Spin-polarized, plane-wave

supercell DFT calculations were done in VASP28 using the
projector augmented wave (PAW) treatment of the core
electronic states and the PW91 variant of the generalized
gradient approximation (GGA).29 The cobalt ion is para-
magnetic, and all calculations were initialized in the
ferromagnetic state. Test calculations show that the net
magnetism has a minor influence on computed results. We
used a plane wave cut off energy of 400 eV and converged
forces on each atom to 0.05 eV/Å2. We sampled the first
Brillouin zone using 6 × 6 × 6 and 2 × 2 × 1 k-point meshes in
the bulk and slab calculation, respectively. The LaCoO3 lattice
constant within these approximations was calculated to be
3.824 Å, close to the experimental value of 3.805 Å.30 The
lattice constant is held fixed in all subsequent calculations. All
slab calculations include a dipole correction to correct for
asymmetry in the stoichiometric slabs.

3. RESULTS
3.1. Microstructural Properties. Surface areas for the

La1−xSrxCoO3 materials were similar and are listed in Table 1.
Diffraction patterns for the La1−xSrxCoO3 catalysts are
illustrated in Figure 1 and indicated the presence of the

rhombohedral distorted perovskite structure (JCDPDF 00-036-
1392).31 This result suggested that the calcination conditions
were sufficient to produce well-crystallized perovskite struc-
tures. The LaCoO3 and La0.9Sr0.1CoO3 were phase pure
perovskites, but the diffraction pattern for the La0.7Sr0.3CoO3
material contained peaks for SrCO3, SrO, and Co3O4, which
indicated some degree of phase segregation.

3.2. NO Oxidation Rates. Figure 2 illustrates NO oxidation
rates for the La1−xSrxCoO3 catalysts in the absence and

presence of NO2 in the feed. In the absence of NO2, the Sr-
substituted catalysts exhibited slightly higher NO oxidation
rates than LaCoO3 with the La0.9Sr0.1CoO3 catalyst being the
most active. It has been reported that NO2 inhibits the NO
oxidation activities of Pt27 and Pd14 based catalysts. With NO2
in the feed, NO oxidation rates for all of the La1−xSrxCoO3

Table 1. Physiochemical Properties of the La1−xSrxCoO3
Perovskite Catalysts

property LaCoO3 La0.9Sr0.1CoO3 La0.7Sr0.3CoO3

BET surface area (m2/g) 8.1 ± 0.1 8.4 ± 0.1 8.6 ± 0.1
NO uptake (μmol/gcat) 18.9 ± 0.9 23.1 ± 1.1 20.4 ± 1.0
site density
(sites/m2 × 1018)

1.40 1.65 1.43

Figure 1. X-ray diffraction patterns for La1−xSrxCoO3; (○) Perovskite
structure, (*) SrCO3, (x) SrO, (+) Co3O4.

Figure 2. Arrhenius plots of NO oxidation rates for (■) LaCoO3, (●)
La0.9Sr0.1CoO3, and (▲) La0.7Sr0.3CoO3. Reaction conditions: 270
ppm NO, 0 or 254 ppm NO2, 10% O2, balanced N2, total flow rate =
320 mL/min, 190−250 °C.
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catalysts decreased significantly; however, rates over the
La0.9Sr0.1CoO3 and La0.7Sr0.3CoO3 catalysts were almost 50%
higher than those for the LaCoO3 catalyst. These results
indicate that Sr substitution reduced the extent of NO2
inhibition.
3.3. NO and NO2 TPD. The TPD spectra following NO

adsorption on the 16O2- or
18O2-pretreated LaCoO3 are shown

in Figures 3 and 4. The mass spectrometer signals were taken

to correspond to the species in Table 2. The principal NOx
species desorbing from LaCoO3 were NO and/or NO2 at ∼150
and 430 °C, and N2O at ∼250 °C. The presence of N2O
suggests some NO disproportionation (2 NO → N2O + O*)
on the LaCoO3 surface. Pretreatment with 18O2 (Figure 4b)
instead of 16O2 (Figure 4a) resulted in a reduction in the NO/
NO2 and N2O peaks, and an increase in the NO18O and N2

18O
peaks. Temperatures for the N2O and N2

18O peaks were
similar. Our observation that temperatures for the NO/NO2
and NO18O peaks were different suggests that the NO/NO2
peak was dominated by NO with perhaps a shoulder for NO2
on the high temperature peak. The desorption of NO18O and
N2

18O clearly indicated the exchange of surface 16O with 18O,
the reaction of 18O with NO and possibly the exchange of
oxygen in N2O.
In addition to NOx species, O2 (O2,

16O18O, and 18O2)
desorbed from LaCoO3 during the NO TPD. We believe the

peak for m/e = 32 was due to O2 as opposed to N18O because
of the presence of a peak for m/e = 36 at the same temperature.
The desorption of O2 is consistent with NO disproportiona-
tion. For both the 16O2- (Figure 4a) and 18O2-pretreated
(Figure 4b) materials, the major O2 desorption peak occurred
at ∼430 °C; this temperature coincides with that for the high
temperature NO desorption peaks. The total O2 that desorbed
from LaCoO3 (Figure 4c) following

16O2-pretreatment was less
than that following 18O2-pretreatment (Figure 4c). The increase
in total O2 desorption on pretreatment in 18O2 vs 16O2 was

Figure 3. NO-TPD profiles for (top) 16O2-pretreated LaCoO3 and
(bottom) 18O2-pretreated LaCoO3 as a function of temperature.
Assignments for the m/e are provided in Table 2

Figure 4. NO-TPD profiles for (a) 16O2-pretreated LaCoO3, (b)
18O2-

pretreated LaCoO3, and (c) the summation of the m/e = 32, 34, and
36 signals for both 16O2- and

18O2-pretreated LaCoO3 as a function of
temperature. Assignments for the m/e are provided in Table 2.
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similar in character to the decrease in NO desorption
(comparing Figures 3a and b). The basis for this
correspondence and the apparent effect of 18O2 pretreatment
are not clear. Peak temperatures for total O2 (O2,

16O18O and
18O2) desorption for the 16O2- and 18O2-pretreated
LaxSr1−xCoO3 catalysts decreased with increasing Sr content
(Figure 5). This suggested that oxygen exchange was facilitated
by the presence of Sr.
NO2 desorbed from the Sr-doped catalysts at approximately

390 °C; NO2 desorbed from LaCoO3 at a higher temperature
(∼430 °C). This observation is consistent with NO2 desorbing
more easily from the surface of Sr substituted catalysts than
from LaCoO3. Peak areas indicated that the amount of
N16O18O desorbing from the surface was greater for
La0.9Sr0.1CoO3 than for La0.7Sr0.3CoO3 and LaCoO3. These
results are consistent with Sr substitution causing an increase in
the amount of N16O18O desorption and enhancing desorption
of NO2 from the surface. This could help reconcile the reduced
NO2 inhibition for Sr-substituted catalysts.
Results for NO2 TPD from the La1−xSrxCoO3 catalysts are

illustrated in Figure 6. The character of profiles for the LaCoO3
catalyst was very different from that for the La0.9Sr0.1CoO3 and
La0.7Sr0.3CoO3 catalysts with the onset of NO2 desorption
decreasing with increased Sr substitution. In addition, peak
areas for the La1−xSrxCoO3 catalysts were lower than those for
the LaCoO3 catalyst.
3.4. Isotope Oxygen Exchange. Figure 7a illustrates

changes in the normalized signals for 16O18O (m/e = 34)
produced by simple heteroexchange, as a function of the
temperature. The LaCoO3 catalyst had desorption peaks
centered at ∼194, ∼355, and ∼558 °C. Comparison with
results in the literature32 suggest that the low temperature peak
was due to oxygen exchanged with surface oxygen, and the
higher temperature peaks originated from oxygen exchanged
with subsurface and/or grain boundary oxygen, respectively.
The intensity of the highest temperature peak was much higher
than that for the other peaks. With Sr substitution, the peaks
shifted to lower temperatures indicating that oxygen exchange
was enhanced by Sr substitution. Cobalt exhibits valencies
between 2+ and 4+, while the valencies for La (3+) and Sr (2+)
are fixed. The substitution of La by Sr could produce oxygen
vacancies in the lattice to maintain charge balance. Trends for
18O2 (m/e = 36) desorption were similar to those for 16O18O
and are illustrated in Figure 7b. The desorption of 18O2
indicated multiple heteroexchange. The 18O2 desorption peak
areas were much smaller than those for the 16O18O peaks,
indicating that the extent of multiple heteroexchange was much
lower than that for simple heteroexchange. This result is
consistent with previous reports.31 Note that 18O2 started
desorbing from the La1−xSrxCoO3 catalysts at temperatures that
were lower than those for 16O18O desorption, suggesting that

the multiple heteroexchange was more facile than simple
heteroexchange.
Results from the IIE experiments at 500 °C are illustrated in

Figure 8. The 16O2 (m/e = 32) and 16O18O (m/e = 34) signals,
which correspond to multiple and simple heteroexchange,
respectively, increased rapidly and then slowly decreased, while
the 18O2 signal (m/e = 36) gradually increased as shown in
Figure 8a. The sum of signals for 16O2,

16O18O, and 18O2
increased rapidly after ∼2.5 min (due to a time lag on
introduction of 18O2) then reached a relatively constant value,
suggesting that there was no net oxygen consumed or produced
during IIE. The onset of 16O2 desorption occurred at a lower

Table 2. Values of m/e for Species Tracked Using Mass
Spectrometry

m/e: molecule m/e molecule

28 N2 48 NO18O
30 NOa 46 NO2

32 N18Ob 50 N18O2

44 N2O 32 O2

46 N2
18O 36 18O2

aMajor fragment from NO2 and minor fragment from NO18O. bMajor
fragment from N18O2 and minor fragment from NO18O.

Figure 5. Summation of NO-TPD profile for m/e = 32, 34, and 36
signals for (a) LaCoO3, (b) La0.9Sr0.1CoO3 and (c) La0.7Sr0.3CoO3 as a
function of temperature. Assignments for the m/e are provided in
Table 2
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temperature than that for 16O18O, indicating that multiple
heteroexchange was easier than simple heteroexchange. This is
consistent with the TPIE results. Similar trends were observed
for the La0.9Sr0.1CoO3 and La0.7Sr0.3CoO3 catalysts (not shown
here). The 18O2 profiles for the LaxSr1−xCoO3 catalysts are
illustrated in Figure 8b. Given that the oxygen exchange rates
are proportional to the slope, exchange rates for La0.9Sr0.1CoO3
and La0.7Sr0.3CoO3 catalysts were higher than that for the
LaCoO3 catalyst. Intensities for m/e = 32, 34, and 36 measured
during IIE experiments at 250 °C are shown in Figure 9. Based
on the TPIE results, gaseous oxygen only exchanged with
surface oxygen at this temperature. The oxygen exchange
reaction seemed to reach steady state after approximately 30

min of exposure to 18O2, while oxygen exchange rates decreased
gradually even after 60 min at 500 °C.
The steady-state oxygen exchange rates were calculated from

the molar flow rate and fractions of the various species and are
listed in Table 3. The simple heteroexchange rate increased
with Sr-substitution leading to increased total oxygen exchange.
The NO oxidation rates at 250 °C also increased with Sr-
substitution.

3.5. DFT Models of O on Perovskite. The experiments
above show that oxygen readily exchanges with the perovskite
material at temperatures relevant to NO oxidation, and that
NO oxidation is facile on these materials. We used DFT
calculations to characterize oxygen adsorption and exchange on
the undoped and doped perovskite via

+ * → *1
2

O O2 (7)

Unlike metals, the “active site” of exchange in an oxide could
involve surface vacancies or extra-lattice species. We explore
both possibilities using a supercell, slab model of the LaCoO3
perovskite terminated upon the most common, (100) facet of
the material. Along the (100) direction the perovskite structure
consists of alternating layers of LaO and CoO2 stoichiometries.
To consider behavior on both surfaces, we construct a six layer
stoichiometric slab with LaO and CoO2 terminations on
opposite sides, shown in Figure 10, and apply dipole
corrections to minimize the effect of electronic dipoles on the
energy results. Slabs are separated by a vacuum spacing of 15 Å,
chosen by testing the variation in total energy with vacuum
distance and the decay of the local potential away from the
surfaces. Figure 10 compares the structures of the unrelaxed

Figure 6. NO2-TPD profiles for La1−xSrxCoO3 catalysts as a function
of temperature.

Figure 7. Changes in the (a) m/e = 34 (18O16O) and (b) 36 (18O2)
signals for La1−xSrxCoO3 catalysts pretreated with 1% 18O2 at 500 °C
for 1 h as a function of temperature.

Figure 8. Changes in the m/e = 32, 34, and 36 signals for (a) LaCoO3
and (b) 36 for La1−xSrxCoO3 catalysts as a function of time from IIE at
500 °C.
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cubic slab and an unconstrained relaxed slab. As noted
previously,18,33 the CoO6 octahedra twist and Jahn−Teller

distort, such that the planar symmetry of the O layers is broken.
Most evident is the upward relaxation of O ions at the
LaO(100) termination. The cation relaxations are less
pronounced.
We computed vacancy formation energies for oxygen

removed from each layer of the slab in turn as defined in eq
7. The results in Figure 11 show that the vacancy formation
energy steadily decreases from the LaO termination (4.07 eV)
to the CoO2 termination (1.74 eV). The vacancy energy at the
center of the slab model is close to the value we compute
separately for the bulk oxide in a 2 × 2 × 2 supercell (2.98 eV).
For comparison, Lee et al. report a bulk vacancy energy of 2.6
eV, using a Hubbard U-corrected GGA model and empirically
corrected molecular O2 energy,18 and further report a
significant decrease in vacancy formation energy at the CoO2
termination. Mizusaki et al.34 used thermogravimetric analysis
and the van’t Hoff relationship to estimate a bulk vacancy
energy of 2.2 eV in the dilute limit, increasing with vacancy
density. Based on these comparisons, the GGA model used
here tends to exaggerate absolute vacancy formation energies
by approximately 0.4 to 0.8 eV.
We next consider the substitution of a single Sr for La in the

slab, corresponding to a dilute doping level of 5.5%. The slab
with the Sr dopant substituted for a La ion in the LaO
termination is 0.59 eV lower in energy than Sr in the first
subsurface layer and 0.81 eV lower in energy than Sr subsurface
to the CoO2 termination. Sr thus strongly prefers to segregate
toward the LaO termination. The Sr2+ ion is 8% larger than
La3+, and this size difference likely influences this segregation
tendency. The diamonds in Figure 11 show the effect of a Sr
dopant in the top LaO layer on vacancy formation energies
throughout the slab. Sr generally lowers the energy to create a
vacancy, and the effect is strongest in the CoO2 layer
immediately subsurface of the dopant. This stabilization effect
dies off with distance into the slab on the LaO layers. It persists
to longer range on the CoO2 layers, and introduces the largest
destabilization of vacancies on the opposite, CoO2 termination.
When we place a Sr dopant subsurface to the CoO2
termination, the vacancy formation energy in the CoO2
termination increases by 0.05 eV.
These results show that vacancies in the CoO2 termination

are generally less energetically costly than in at the LaO
termination, suggesting that the former is relevant to oxygen
exchange. Extra-lattice oxygen could as well play a role in
oxygen exchange, as is commonly observed in the catalytically
active rutile oxides like RuO2.

35 We explored adsorption of
extra-lattice O and O2 on both the CoO2 and the LaO
terminations. Co ions on the CoO2 termination are
coordinatively unsaturated relative to the bulk. Molecular
oxygen binds to this termination atop Co and tilted away from
the surface, with a modest binding energy of −0.38 eV. Atomic
oxygen binding is endothermic relative to 1/2 O2. A Sr dopant
subsurface to the CoO2 further reduces these adsorption
energies.
In contrast, we find that both atomic and molecular oxygen

bind quite strongly to the LaO termination. Figure 12a and b
shows results for atomic O. The preferred O binding site
bridges two La ions, in the location a next layer of O ions would
occupy. The binding energy computed according to eq 2 is
−1.66 eV. O also adsorbs atop a surface O with an O−O bond
distance of 1.49 Å, consistent with that expected for a peroxide
anion. The binding energy relative to the same 1/2 O2
reference is a much more modest −0.40 eV. Figure 12c and

Figure 9. Changes in the m/e = 32, 34, and 36 signals for (a) LaCoO3,
(b) La0.9Sr0.1CoO3, and (c) La0.7Sr0.3CoO3 as a function of time from
IIE at 250 °C.

Table 3. Oxygen Exchange Rates and Amounts for
La1−xSrxCoO3 Catalysts

oxygen exchange rate
(μmol/m2 s × 10−3)a

oxygen exchanged
(μmol/m2)b

catalyst simple multiple simple multiple

LaCoO3 17.2 ± 0.9 4.3 ± 0.2 57.8 ± 2.9 19.9 ± 1.0
La0.9Sr0.1CoO3 21.3 ± 1.1 3.3 ± 0.2 68.3 ± 3.4 19.0 ± 1.0
La0.7Sr0.3CoO3 22.3 ± 1.1 3.1 ± 0.1 65.2 ± 3.3 21.9 ± 1.1

aCalculated from the molar flow rate multiplied by fraction of m/e =
34 (simple) or 32 (multiple) after 30 min time on stream. bCalculated
from peak area for m/e = 34 (simple) and 32 (multiple), respectively.
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d shows results for molecular O2 adsorption. O2 prefers to
associate with surface La ions; the most favorable adsorption
site is parallel to the surface and spanning two La−La bridge
sites, shown in Figure 12c and with a binding energy of −2 eV/
O2. The optimized O−O distance is similarly 1.49 Å, reflecting
significant charge transfer to the adsorbate. O2 also adsorbs
near a single La ion, shown in Figure 12d, with a more modest
−1.73 eV/O2 binding energy. A Sr dopant in the LaO
termination repels these oxygen adsorbates. We find no stable
atomic or molecular O2 adsorption sites involving direct
participation of a surface Sr dopant; all the adsorption sites
shown in Figure 12 become unstable with a Sr dopant
substituted for La “A.” Further, substitutional doping at site “B”
weakens all adsorbates. Site preferences are unchanged, but
binding energies decrease to −1.03 eV/1/2O2, −0.02 eV/1/
2O2, −1.06 eV/O2, and −1.40 eV/O2, respectively.
Using these results we can compute O2 dissociation energies

for adsorbates on the LaO termination

* → *O 2O2 (8)

Dissociation from the most favored O2 site to two infinitely
separated O sites is exothermic by −1.28 eV on the undoped
surface; using the analogous Sr doped references decreases this
to −0.63 eV. Both the undoped and the doped surfaces adsorb
and likely dissociate O2.

3.6. Discussion. The results of the TPIE experiments
indicate isotope exchange between dosed oxygen and oxygen
intrinsic to the perovskite catalyst. We used these results to
estimate oxygen desorption energies. We assume second-order
desorption and integrated the Polanyi−Wigner36 relationship:

θ θ= = −r
B T

A
B

d
d

e
n

E k Td

h h

/a b

We use a heating rate (Bh) of 10 °C min−1, assume a constant
prefactor (A) of 1013 s−1, and vary the desorption energy Edes
until the experimentally observed rate maxima shown in Figure
7b is reproduced. By this analysis, desorption maxima in the
undoped perovskite at 180 and 558 °C correspond to
desorption energies of 0.51 and 1.65 eV, respectively. Peaks
shift down in temperature to 162 and 532 °C in the 10% Sr-
doped perovskite, corresponding to desorption energies of 0.46
and 1.57 eV. Sr doping thus lowers desorption energies on the
order of 0.05 eV.
The TPIE experiments involved dosing and subsequent

desorption of O2. Figure 13 compares the various computed
desorption processes that incorporate or liberate O2, including
pathways that create surface vacancies and that involve extra-
lattice oxygen. While the absolute energies are subject to the
GGA error, relative comparisons can be made. From the first
column of the figure, oxygen divacancies on the LaO
termination are clearly too high in energy to participate in
oxygen exchangeGGA desorption energies approach 8 eV.
Oxygen divacancies on the CoO2 termination are half as high in
energy and could well contribute to the higher energy
desorption feature as well as to isotope exchange, since they
involve creation and destruction of two vacancies. From the last
column of the figure, oxygen isotope exchange could also occur
on the LaO termination via an extra-lattice oxygen mechanism.

Figure 10. (a) Side-view of unrelaxed LaCoO3 slab. (b) Side-view of relaxed LaCoO3 slab, showing distortions about CoO6 octahedra. (c) Top view
of relaxed LaO(100) termination. (d) Top view of relaxed CoO2(100) termination.

Figure 11. (circles) O vacancy formation energies as a function of slab
layer. (diamonds) O vacancy formation energies in a slab Sr-doped in
the LaO layer. Two diamonds per layer represent two symmetry-
distinct vacancy sites. (square) O vacancy formation energy with Sr
dopant subsurface to CoO2 termination. (line) Bulk vacancy formation
energy.
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Sr doping lowers the energy of this process, consistent with the
lower-temperature exchange observed during TPIE on the
doped sample. The middle two columns of the figure
correspond to molecular O2 desorption/adsorption processes
that do not break O−O bonds and thus would not contribute
to isotopic scrambling. These too can occur through a vacancy-
mediated process on the CoO2 termination and through
molecular adsorption on either termination; such processes
may well contribute to the low temperature desorption feature
observed in the TPIE experiments. From these comparisons it
appears likely that oxygen exchange is possible through multiple
mechanisms even on the simple (100) terminations of the
perovskite.
These results can be used to reconcile the NO oxidation

activities. The most commonly proposed NO oxidation
mechanism on metals involves dissociative adsorption of O2
and combination of adsorbed O with NO

+ ↔ *O 2 2O2 (9)

* + * ↔ * →NO O NO NO2 2 (10)

The O−NO bond is quite weak; for the second step to proceed
to the NO2 product, the O* bond that is broken must also be
weak enough to be compensated by the newly formed O−NO
bond. Figure 13 shows the GGA-computed O desorption
energy window consistent with exothermic reactions 9 and 10.
We find that the CoO2 termination vacancies and LaO extra-
lattice O are candidate sites for NO oxidation to occur on the
surface. Furthermore, we again observe Sr dopants destabilizing
extra-lattice oxygen bringing them within the NO oxidation
window.

4. CONCLUSIONS
This paper describes the effect of Sr substitution on the
performance of La1−xSrxCoO3 catalysts for NO oxidation and
key characteristics for these materials. The Sr-substituted
catalysts exhibited higher NO oxidation rates than LaCoO3.
Based on NO- and NO2-TPD results, Sr substitution decreased
the amount of NO2 adsorption and enhanced NO2 desorption.
Results from the TPIE and IIE experiments indicated that the
principal oxygen exchange mechanism for La1−xSrxCoO3 was
the simple heteroexchange and that Sr substitution enhanced
the total oxygen exchange capacity. The DFT calculations
indicated that lattice oxygen was bound strongly and that
weakly bound extralattice oxygen was likely available for simple-
heteroexchange. The DFT also indicated that the addition of Sr
destabilized the extralattice oxygen in agreement with TPIE
peak shifts as well as the oxygen exchange experiments. There
was good correlation between the simple heteroexchange and
NO oxidation rates for the La1−xSrxCoO3 catalysts. The results
suggest that Sr substitution increases the NO oxidation rate as a
consequence of enhancing oxygen activity.
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