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NO oxidation catalysis on copper doped
hexagonal phase LaCoO3: a combined
experimental and theoretical study†

Chen Zhou,‡a Xiao Liu,‡bc Chunzheng Wu,a Yanwei Wen,c Yejian Xue,a Rong Chen,b

Zhaoliang Zhang,d Bin Shan,*c Hongfeng Yin*a and Wei Guo Wanga

Cobalt-based perovskite catalysts showed excellent performance towards NO–NO2 oxidation. We systema-

tically investigated the influence of different levels of Cu-doping on the catalytic performance of hexagonal

phase LaCoO3 (LaCo1�xCuxO3 (x = 0.1, 0.2, 0.3)) for NO oxidation. The catalytic activities of the oxide

catalysts followed the sequence: LaCo0.9Cu0.1O3 > LaCoO3 > LaCo0.8Cu0.2O3 > LaCo0.7Cu0.3O3 where

the highest NO conversion for LaCo0.9Cu0.1O3 was 82% at 310 1C. The relevant structural characteriza-

tions were conducted by XRD, BET, FTIR and TEM. The interaction between Co and Cu promoted the

conversion of NO to NO2. Upon increasing the Cu doping content, a decrease of the performance

resulted from the generation of isolated CuO on the surface of the oxides, confirmed using H2-TPR and

XPS. Combined with first-principle calculations, we explored the reaction mechanism of NO oxidation

on the surface and found that Cu doping would facilitate the reaction by decreasing the energy of

oxygen vacancy formation and the NO2 desorption barrier from Co- or Cu-nitrite.

1. Introduction

Diesel and lean-burn gasoline engines have aroused great interest
for their higher fuel efficiency, low cost and high stability.
However, the resulting pollutants NOx should be removed due to
the harm caused by them to human-beings and the environment.
In order to meet the increasingly stringent NOx regulations, two
promising technologies for reducing the emission of NOx, NOx

selective catalytic reduction (SCR) and lean-burn NOx trap
(LNT) have been developed. For both technologies, NO2 is a
critical intermediate species because it enhances the activity
and facilitates the transformation of pollutants.1,2 For the
SCR reaction utilizing NH3, the reaction rate can be improved

dramatically in the presence of NO2 equaling the NO concentration
and leading to a so called fast SCR reaction: 2NH3 + NO + NO2 -

2N2 + 3H2.3–6 For another case, NO2 can be readily absorbed on the
surface of LNT catalysts.7,8 NO2 is also considered to be an
acceptable choice for soot removal as it has shown good activity
to oxidize soot at low temperatures.9–11 Thus, NO–NO2 oxidation
is a vital step in the treatment of the diesel exhaust. Traditionally,
Pt-based catalysts are mainly utilized to catalyze NO oxidation in
the lean-burn stage and NOx reduction in the rich-burn stage
because of their excellent catalytic performance. However, high
cost, poor thermal durability and agglomeration restrict their
practical application in next generation emission technologies.12,13

Therefore, it is desirable to develop substitute materials for the
precious metals to reduce material cost and improve the
performance of the exhaust treatment catalyst.

In the past years, perovskite oxides with larger cations at
A-site and smaller cations at B-site have attracted much atten-
tion due to their high activity in CO oxidation, volatile organic
compounds (VOC) oxidation, NOx storage and reduction.12,14–20

Recently, they have also been shown to catalyze NO oxidation
very efficiently. Shen’s group evaluated the effects of the B-site
substitute LaMO3 (M = Mn, Fe, Co) towards the NO oxidation
reaction, and Co-based perovskite oxides were among the most
promising candidates as NO oxidation catalysts.21 They also
found that doping of Co into LaMnO3 (LaMn0.9Co0.1O3) could
also improve the catalytic performance for NO oxidation.22 Wen
et al. reported Ce doping in LaCoO3 and the results showed that
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20% Ce-doping could enhance LaCoO3’s catalytic efficiency on
NO conversion.23 Furthermore, Li’s group reported that the
introduction of Sr into LaCoO3 at the A-site improved the NO
conversion significantly,12 and found Sr-doped LaCoO3 rival the
performance of commercial Pt-based catalysts.

Generally, it is found that the perovskite compounds with
lanthanum in the A-site and/or cobalt in the B-site have shown
excellent performance for NO oxidation and the partial substitution
of the cation A by A0 and/or B by B0 can alter the perovskite stability,
redox performance or catalytic activity. Kaliaguine et al. reported that
the introduction of Cu into the B-site of LaCoO3 led to an increase in
the production of alcohols and the high uniform dispersion of the
metallic Cu–Co played a key role in the synthesis of higher alco-
hols.24,25 Cu-substituted perovskite LaCoO3 also promoted the per-
formance of the partial oxidation of methane and anti-coking
according to the report of Toniolo’s group.26 However, its application
in NO oxidation in the context of emission control has not been
systematically studied to the best of our knowledge. We have
developed a series of Cu-doped hexagonal phase LaCoO3 catalysts
for NO oxidation. In this report, we evaluated the catalytic activity of
different Cu-doped LaCoO3 samples and found the activities of
the oxides to follow the sequence: LaCo0.9Cu0.1O3 > LaCoO3 >
LaCo0.8Cu0.2O3 > LaCo0.7Cu0.3O3. The maximum NO conversion
was 82% at 310 1C for LaCo0.9Cu0.1O3, which exhibited better
performance than Pt-based catalysts at high temperature (T >
270 1C) and the pure phase perovskite catalyst LaCoO3. The relation-
ships between physicochemical properties and catalytic performance
of Cu-doped LaCoO3 for NO oxidation were also discussed.
The reaction pathways of NO oxidation on the surface of pure and
Cu-doped LaCoO3 were investigated by the first-principles plane
wave method. The results showed that Cu doping would lower the
desorption barrier of NO2 from the surface nitrite species and
facilitate the NO oxidation. Our work showed that Cu-doped LaCoO3

could be a candidate material for a low cost and high activity NO
oxidation catalyst, and shed light on the mechanism of the
improved performance due to Cu-doping.

2. Experimental section
2.1 Synthesis of perovskite-type oxides

The Cu doped LaCoO3 perovskite oxides were synthesized using
a modified sol–gel method with citric acid (CA) and ethylene-
diamine tetraacetic acid (EDTA) as complexing agents.27

In this paper, perovskite-type oxides with the formula
LaCo1�xCuxO3 (x = 0, 0.1, 0.2, 0.3) are hereafter designated as
LCC10 � x. For example, LaCo0.9Cu0.1O3 is abbreviated as LCC1.

2.2 Characterizations

The phase structure analysis of the perovskite powders was
carried out by X-ray diffraction (XRD) at room temperature.
XRD analyses were performed on a Bruker D8 Advance
operating at 40 kV and 40 mA with a Cu Ka1 radiation source
(l = 0.154056 nm) at a stepwise increase of 0.021 s�1 in the
Bragg angle (2y) range from 101 to 901.

The specific surface area (SSA) of all samples was measured
by nitrogen absorption at 77 K using a Micromeritics ASAP
2020M physisorption analyzer. The samples were degassed at
300 1C overnight prior to analysis.

The Fourier transform IR (FTIR) spectra of the samples were
obtained in the absorbance mode in a Bruker Tensor 27 spectro-
photometer. Spectra were obtained at 4 cm�1 resolution averaging
32 scans.

Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) images were obtained
using a JEM 2100 microscope operated at 200 kV.

X-ray Photoelectron Spectroscopy (XPS) studies were character-
ized on an AXIS ULTRADLD Multifunctional X-ray Photoelectron
Spectroscope with an Al Ka radiation source at room temperature
and under a vacuum pressure of 10�7 Pa (10�9 Torr). The starting
angle of the photoelectron was set at 901.

The temperature programmed experiments were carried out on a
FINESORB3010 instrument (Zhejiang Finetec Co.) with a thermal
conductivity detector (TCD). For the H2 temperature programmed
reduction (H2-TPR) test, 30 mg of the oxides was loaded into the
U-type quartz tube reactor. TPR profiles were recorded using a
10% H2–Ar mixture (50 mL min�1). Prior to reduction, the sample
was pretreated at 300 1C for 1 hour using a stream of 21% O2/N2

(70 mL min�1) and then cooled down to room temperature. The
temperature was retained at room temperature for 30 minutes and
then increased o 800 1C at a rate of 5 1C min�1, and kept at 800 1C
for 30 minutes. The consumption of H2 was determined using a
TCD with Ar gas as the reference gas.

2.3 Activity test

Catalytic activity was measured by NO oxidation under lean
conditions by using the same reactor with H2-TPR with a 3 mm
internal diameter of the reactor tube. For each test, 50 mg of
the catalyst was used, with the temperature measured using a
K-type thermocouple in direct contact with the upper quartz wool
near the powder. The total feed flow rate was 150 mL min�1,
corresponding to a space velocity of 180 000 mL (g�1 h�1). The
effluent gas was analyzed using an ECO Physics CLD822Mh
chemiluminescent NOx analyzer. The feed composition of the
mixture gas was 400 ppm NO, 10% O2 and N2 as the balance gas.
The furnace was ramped at 2 1C min�1 from room temperature
to 400 1C. The conversion of NO is defined as the percentage of
NO feed that has reacted:

Xð%Þ ¼ NOin �NOout

NOin
� 100

NOin is the NO concentration in the inlet gas and NOout is the NO
concentration in the outlet gas.

2.4 Computational methods

Density functional theory (DFT)28,29 calculations were carried
out using plane waves as implemented in Vienna ab initio
simulation package (VASP).30–32 The exchange and correlation
energy was treated by generalized gradient approximation (GGA)
with the Perdew–Burke–Ernzerhof (PBE)33 form generated using
the projector augmented wave (PAW)34 method. The geometry
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optimization was considered complete when the Hellmann–
Feynman force on each atom was less than 0.05 eV Å�1 and an
energy cutoff of 400 eV was employed on the plane wave basis.
The k points were sampled on a Monkhorst–Pack35 grid of
size 7 � 7 � 3 for bulk structural calculations, which was
well converged within 5 meV in total energy, compared to the
one of size 9 � 9 � 5.

In order to discuss the thermodynamic stability of the
surfaces, we calculated the surface grand potential, which
had been applied to binary and ternary compounds,36,37 for
the low-index crystal planes. A vacuum thickness of 15 Å
was adopted to avoid the interaction between periodic slabs.
Moreover, the atomic layers and surface area of the slabs were
enough for accurate results. The surface grand potential per
unit area, O, introduced at the chemical potential mO and mCo of
O and Co atomic species was defined as:

O ¼ 1

2S
Eslab �NLaEbulk � mO NO � 3NLað Þ � mCo NCo �NLað Þ½ �

(1)

where Eslab and Ebulk were the energy of the slab and primitive cell
bulk, NLa, NCo and NO were the number of atoms in the slab and
the factor of 1/2 corresponded to the same termination of the top
and bottom slabs. Boundary conditions have been considered
to define the accessible region of a thermo-dynamical system.37

It was easy to find four confinements as follows:

mLa r m0
La (2)

mCo r m0
Co (3)

mO r m0
O (4)

mLa + mCo + 3mO Z ELaCoO3
(5)

where m0
La and m0

Co were the total energies of the perfect La and
Co crystals per formula unit La and Co, respectively, and m0

O was
EO2

/2, where EO2
was the energy of an O2 molecule. ELaCoO3

was
the total energy of bulk per formula unit LaCoO3.

A climbing nudged elastic band (NEB)38 calculation was
used to calculate the minimum energy path (MEP) and found the
saddle points between two local minima for the system. Initial
approximations to reaction paths were obtained by linear
interpolation between the energy minima configurations. Eight
intermediate images were used for all NEB calculations, which
was sufficient to map the MEP accurately.

3. Results and discussions
3.1 Structure characterizations

XRD patterns shown in Fig. 1 indicated that all samples
exhibited the typical hexagonal perovskite structure in JCPDS
25-1060. However, the main peaks of Cu doped LaCoO3 shifted
to a lower 2y angle, implying the expansion of the LaCoO3

lattice. This was in agreement with the calculated lattice para-
meters in Table 1, which increased with increasing Cu doping
content. This suggested that Cu entered into the lattice of the
LaCoO3 perovskite structure and the introduction of the larger

sized Cu2+ (0.73 Å) into the B-site than Co3+ (0.61 Å) enlarged
the lattice.24,26,39,40

The BET specific area of the prepared samples is also shown in
Table 1. The BET surface area for pure LCC0 was 3.91 m2 g�1, with
those of Cu doped samples lying between 4.02 and 6.33 m2 g�1.

The crystalline asymmetry of the perovskite materials could also
be determined by the IR vibration frequencies in the infrared region
of the lattice oxygen (800–400 cm�1). Fig. 2 presents the FTIR spectra
of the obtained oxide catalysts. The band at 598 cm�1 with the
shoulder peak at 558 cm�1 (n1 mode) and the band at 420 cm�1

(n2 mode) were observed for LaCoO3. The bands corresponded to
the Co–O bond in the perovksite lattice with a rhombohedral
structure.41,42 With the introduction of Cu into the B-site, the n2

mode disappeared and n1 mode with a shoulder became weaker,
especially for LCC3 with the maximum Cu content. This indicated
that the symmetry of the perovskite was improved by Cu doping.
Similar results were observed by Y. Wu et al.43,44

Fig. 3 showed TEM and HRTEM images of LCC0 and LCC1.
From TEM images, the particle size of the synthesized perovskite
oxide catalysts was found to be in the range of 80 nm to 100 nm.
Meanwhile, the lattice spacing of 0.28 nm consistent with
the (11%20) plane (Fig. 3c and d) for LCC0 and LCC1 was
clearly observed.

3.2 TPR

The reducibility of the oxides with Cu doping was investigated
using H2-TPR measurements and was compared with the
reduction of CuO as shown in Fig. 4. For LCC0, two clear
reduction regions were observed at the low temperature region

Fig. 1 XRD patterns of the LCC oxides.

Table 1 Lattice parameters and BET specific surface areas of the oxides

Sample

Lattice parameters
BET surface
area (m2 g�1)a (Å) b (Å) c (Å)

LCC0 5.441 5.441 13.11 3.91
LCC1 5.451 5.451 13.12 4.02
LCC2 5.461 5.461 13.15 6.33
LCC3 5.468 5.468 13.17 5.93
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(peaks 1 and 2) and the high temperature region (peak 3). At a
low-temperature range of 200–450 1C, peaks 1 and 2 were
attributed to the reduction of Co3+ to Co2+, yet the high-
temperature peak 3 (450–600 1C) was ascribed to the reduction
of Co2+ to Co0.25,45 For the Cu doped samples, the reduction
peaks were observed at lower temperatures compared with that
of LCC0, suggesting that Cu could promote the reducibility of
neighboring Co ions24,26 and the interaction did exist between
Cu and Co. For LCC1, with small amount of Cu doping, four
reduction peaks were observed. Peak 1 was attributed to the
reduction of the absorbed oxygen, which was lower than the
reduction temperature of CuO. Peak 2 was close to the reduction
temperature of CuO, implying that some isolated CuO remained.

This indicated the enrichment of CuO on the surface of the oxides.
Peaks 3 and 4 were ascribed to the reduction of Co3+ to Co2+ and
Co2+ to Co0, respectively. These reductions occurred at lower
temperatures than that of LCC0. Upon further increasing the Cu
doping content, the obtained TPR became different in the cases of
LCC2 and LCC3 against LCC1. The reductions at higher tempera-
tures continued to be lowered for both samples. However, the
reduction of surface oxygen at lower temperature became weaker
(LCC2) and even disappeared (LCC3). Conversely, the reduction
of isolated CuO at 277 1C (peak 1) was prevailing for LCC2 and
LCC3. This suggested that the surfaces of LCC2 and LCC3 were
predominated by isolated CuO.

3.3 XPS

XPS is a powerful tool to investigate the surface compositions and
the chemical valence state. Table 2 displays the surface information
based on the XPS results for the LCC oxides. From Table 2, the
amount of Cu on the surface increased while the amount of Co
decreased sharply with increasing Cu content. In order to under-
stand the influence of Cu introduction, we focused on the XPS
spectra of Cu 2p3/2 presented in Fig. 5. An asymmetric Cu 2p3/2

spectrum at BE = 934.1 eV with the broad satellite peak of the
Cu 2p3/2 band (characteristic of Cu2+ ions) was observed, and
the binding energy of Cu 2p3/2 in CuO was reported at 933.2 �
0.2 eV.46 The higher binding energy of Cu ions in the Cu-doped
samples compared with that of CuO might be attributed to the

Fig. 2 FT-IR spectra of LCC oxides.

Fig. 3 (a) TEM image and (c) HRTEM image of LCC0 and (b) TEM image
and (d) HRTEM image of LCC1.

Fig. 4 H2-TPR profile of the LCC oxide catalysts. The display values of
TCD signal of CuO are equal to the measured values * 0.15.

Table 2 Surface components (mass ratio) of the samples from XPS data
(nominal values in parentheses)

Sample La Co Cu O Cu/Co

LCC0 22.73 11.51 (23.97) — 65.14 —
LCC1 21.43 7.96 (21.53) 4.66 (2.58) 65.95 0.58 (0.11)
LCC2 20.62 7.06 (19.10) 5.62 (5.15) 66.71 0.79 (0.25)
LCC3 20.12 6.22 (16.69) 7.19 (7.71) 66.46 1.15 (0.43)
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effect of the ionic coordinate structure of LCC oxides around Cu2+

ions in agreement with the report by Tabata et al. for Cu doping
LaMnO3 samples.47 Upon increasing the Cu content, the binding
energy of Cu 2p3/2 decreased from 934.5 eV (LCC1) to 933.8 eV
(LCC3), close to the corresponding binding energy of CuO. This also
demonstrated the formation of isolated CuO on the surface detected
by H2-TPR, which was in accordance with the fact that the calculated
surface Cu/Co atomic ratios increased with the increase in Cu
content as listed in Table 2. Additionally, another XPS peak of Cu
2p3/2 assigned to Cu+ species was also distinguished at 932 eV.46 The
presence of Cu+ could be attributed to the interaction between Cu
and Co, which rendered Cu2+ with easier reducibility as shown in
H2-TPR results (Fig. 4). With the increase in Cu content, the binding
energy of Co 2p3/2 (shown in Fig. S1, ESI†) decreased since the
valence of Cu is lower than that of Co; therefore, the introduc-
tion of Cu into the B-site led to the generation of higher
oxidation of B-site ions (Co3+ to Co4+) and/or the formation of
oxygen vacancies in order to preserve the charge neutrality.

3.4 Activity evaluation

The catalytic activity of the as-synthesized perovskite oxide
catalysts towards NO oxidation is shown in Fig. 6. For all LCC
oxide catalysts, no NO conversions were observed when the
temperature of the catalyst bed was lower than 200 1C and NO
conversion began to increase at 200 1C, achieving its maximum
around 310–320 1C for different samples before dropping down
due to thermodynamic limitations. Among these catalysts,
LaCoO3 showed a maximum conversion of 78% at 320 1C, similar
to Li’s work of 77% at 325 1C.12 The introduction of a small
amount of Cu into the B-site further improved the performance
for NO oxidation. Although LCC1 had a lower specific area than
that of LCC2 and LCC3, LCC1 obtained the best NO oxidation
performance, the conversion reached 82% at 310 1C. This might
be attributed to the interaction between Co and Cu confirmed
by the combination of XRD and H2-TPR and the influence of Cu
on the neighboring ions might be the key factor for promoting

the catalytic activity of NO to NO2. Nevertheless, the activities
decreased when Cu was further increased to 0.2 and 0.3, and
their NO conversions were even inferior to that of LCC0.
Introduction of extra Cu into the B-site resulted in the generation
of isolated CuO on the surface of the catalysts confirmed by H2-TPR
and XPS, reduced the number of lattice Cu in the perovskite
structure on the surface, and thus led to the decrease of the
performance. Meanwhile, the catalytic activity of CuO (purchased
from Sinopharm Chemical Reagent Co, Ltd) towards NO oxidation
was tested as well and no NO conversion was observed as a
function of temperature. As a reference sample, 2% Pt/Al2O3 was
also tested. As shown in Fig. 6, the maximum NO conversion of the
commercial Pt-based catalyst was only 63% at 315 1C. Pt-based
catalysts showed better performance than that of LCC1 below
270 1C; however, LCC1 had better activity performance than
Pt-based catalysts when the temperature was higher than 270 1C. It
is worth noting that the maximum NO conversions of all perovskite
samples were higher than that of Pt-based catalysts.

3.5 Reaction mechanism

To gain further understanding into the effects of Cu doping and the
NO oxidation on the perovskite surface, DFT calculations and the
NEB method were employed. The optimized lattice constants of
hexagonal phase LaCoO3 (in Fig. S2(a), ESI†) were a = b = 5.426 Å, c =
12.950 Å, a = b = 901, g = 1201, and the other structural parameters
are listed in Table S1 (ESI†), which are in good agreement with ours
and previous experimental and computational results.48,49

In order to discuss the thermodynamic stability of the
surfaces, considering the symmetry of the crystal, we calculated
the surface grand potential for eight low-index crystal planes,
which were (10%10)-O and (10%10)-LaCoO terminations, (0001)-LaO
and (0001)-Co terminations, (11%20)-O and (11%20)-LaCoO termina-
tions, and (1%102)-CoO and (1%102)-LaO terminations. The detailed
calculation results are listed in Table S2 (ESI†), such as the energy
of bulk LaCoO3 (La, Co) and all slabs. The stability of the low-
index crystal plane in hexagonal phase LaCoO3 is depicted in
Fig. 7, which predicted that only four cases in the eight possible

Fig. 5 XPS spectra of Cu 2p3/2 as a function of composition.

Fig. 6 The conversion of NO oxidation as a function of temperature and
composition: 400 ppm NO, 10% O2 and a balance of N2.
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terminations would be energetically favorable. The (1%102)-CoO
termination was the most stable in O- and Co-rich environ-
ments, while the complementary (1%102)-LaO was most stable in
O- and Co-poor conditions. The (11%20)-O termination showed a
stability domain in a moderate O and Co environment. In
particular, under an experimentally relevant oxygen chemical
potential of around �0.3 eV to �0.4 eV, the most stable surface
changed successively from LaO surface to O surface, and then
to CoO termination with increasing Co chemical potential.

As indicated in Fig. S2(b) (ESI†), the O vacancy formation
energy of (11%20)-O termination was 0.68 eV, which would be in
the most favorable energy window of around 0.5 to 1.0 eV for
NO oxidation. We thus consider the Cu doping effect on this
active surface towards NO oxidation. The presence of (11%20)
surfaces were also confirmed in HRTEM images (Fig. 3c).
The NO oxidation reaction pathways on an ideal (11%20)-O
terminated LaCoO3 surface are shown in Fig. 8(a). On the O
terminated (11%20) plane, the oxidation reaction initiated with
NO(g) adsorbing on the O site to form Co-nitrite (�NO2). Then
the adsorbed NO snatched the lattice O to form NO2(g) and the
NO2(g) desorbed from the surface leaving a lattice O vacancy.
This step was considered as the rate-determining step (RDS) with
the highest energy barrier of 1.23 eV. The subsequent steps
which included oxygen adsorption and NO oxidation by O2*
could proceed with a relatively low barrier. Analyzing the transi-
tion states (TS) in blue frameworks, we found the energy barriers
were contributed by the Co–O (O–O) bond’s broken and NO2’s
desorption from the surface with the distance between the Co
(O) atom and the O (O) atom being larger as shown in Fig. 8(a).
For comparison, we also calculated the NO oxidation pathways
upon Cu-doped (11%20)-O termination as shown in Fig. 8(b). The
O vacancy formation energy bonding with Cu atom was calcu-
lated to be �0.13 eV, which indicates a spontaneous formation
of O vacancies near Cu sites upon (11%20)-O termination. There-
fore, the NO oxidation reaction on the (11%20)-O termination
initiates with an O vacancy on the Cu site. The calculated results
indicated the first step was triplet O2(g) adsorption onto the
O vacancy with an energy barrier of 0.46 eV, and reaction with
an adsorbed NO molecule with an energy barrier of 0.58 eV.

Another NO(g) would subsequently be adsorbed onto the lattice
oxygen to form Cu-nitrite (�NO2) species on the surface, with
a desorption barrier of 0.62 eV. The NO2 desorption from
the Cu-nitrite constitutes the RDS of the reaction, after which
the surface recovers to the initial state. We can see that
Cu doping could decrease the barriers of NO2 desorption
substantially and contribute to the enhancement of NO
catalytic performance.

4. Conclusions

Cu doped LaCoO3 perovskite oxides synthesized using the mod-
ified sol–gel methods were used to catalyze the NO oxidation
reaction. LCC1 exhibited the best performance and achieved a NO
conversion of 82% at 310 1C. H2-TPR and XPS indicated that the
interaction between Co and Cu existed in the perovskite oxides.
However, some isolated CuO was generated on the surface of the
samples and the amount of CuO increased upon increasing the
doping content and the decrease of the activity was attributed
to inactive CuO on the surface. First-principles calculations of
reaction pathways showed that the RDS of the NO oxidation
reaction was the NO2 desorption from Co or Cu-nitrite. The
introduction of Cu into LaCoO3 makes the reaction energy barrier
of such an RDS decrease from 1.23 eV to 0.62 eV. The work
investigated the mechanism of Cu-doped perovskite compounds
for NO oxidation, providing a viable direction in the search for
substitute materials for precious metal catalysts.

Fig. 7 The stability graph of the hexagonal phase LaCoO3’s low-index
crystal plane. The actual most stable termination is represented as a
function of the excess O and Co chemical potentials DmO (DmO = mO � m0

O,
vertical) and DmCo (DmCo = mCo � m0

Co, horizontal).

Fig. 8 Stick-ball model of NO oxidation on the (11 %20)-O termination of
(a) pure and (b) Cu doped LaCoO3. The structures in the blue frameworks
are transition states. The total reaction can be regarded as 2NO + O2 -

2NO2 exothermally.
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