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ABSTRACT: This work focus on evaluating the influence of B site partial
substitution on the physicochemical property and the catalytic property of
La0.8Ce0.2M0.25Co0.75O3 (M = Cu, Mn, Fe) perovskite catalysts in NO
reduction by CO. The partial substitution of B site in La0.8Ce0.2CoO3
perovskite significantly improves the catalytic performance, following the
order: La0.8Ce0.2Cu0.25Co0.75O3 > La0.8Ce0.2Fe0 .25Co0.75O3 ≈
La0.8Ce0.2Mn0.25Co0.75O3 > La0.8Ce0.2CoO3. The best catalytic property is
achieved over La0.8Ce0.2Cu0.25Co0.75O3 catalyst at 300 °C, with 99% N2
selectivity and nearly complete conversion for NO and CO, respectively.
Simultaneously, La0.8Ce0.2Cu0.25Co0.75O3 perovskite catalyst reveals the
promising long-term catalytic property, compared with La0.8Ce0.2CoO3. The
texture property, reducing capacity, and percentage content for oxygen
defects of modified perovskites are considered as the decisive factors for the
enhanced catalytic property. Moreover, giving La0.8Ce0.2Cu0.25Co0.75O3 perovskite as an example, the overall catalytic process is
tentatively presented to completely understand each reaction step in NO reduction by CO.

1. INTRODUCTION

Nitrogen monoxide and carbonic oxide, those contaminants
from moving and stationary emission cause heavy pollution.
One of the preferred approaches to simultaneously eliminate
them is catalytic reduction of NO by CO. The catalysts applied
in this catalytic reduction reaction usually can be split into
noble metals and perovskites. Precious metals Rh, Pd, and Pt
attached on cerium and aluminum are regarded to be the most
efficient material to remove those pollutants.1 On the basis of
their high price and poor heat stability, the sight of numerous
scholars moves to the development of perovskite catalysts.1

Perovskite-type oxides corresponding to the structure ABO3,
where A site cations always derive from alkali, alkaline-earth, or
lanthanides metal ions coordinated by 12 oxygen and B site
cations usually root in transition element cations surrounded
by six oxygen, have been considered as promising choice to
replace precious metal catalysts by reason for their low cost,
favorable heat stability, and superior physicochemical property.
The perovskites can be modified through partial substitution
for A and/or B site from other metal ions (structural
composition A′1−xAxB′1−yB′yO3−z).

1 Accordingly, with appro-
priate selection of A and B site cations, a perovskite catalyst
with outstanding property for some given reactions can be
attained.

Among all the perovskites, Ce, as a A site element, is often
deemed to be a superior pusher in perovskite catalyst because
reducing capacity and oxygen desorption are observed to be
increased while Ce is introduced into the perovskite lattice.2

Ce-based catalysts always display excellent performance in NO
+CO reaction due to the feature of Ce for “oxygen storage
capacity”.3−6 This situation is mainly due to their defective
texture and oxidation state transformation. However, the
excess Ce in the perovskite leads to the segregation: phases of
CeO2 exist which lead to the declining catalytic performance.7

Interestingly, LaCoO3 has attracted the attention in catalytic
reaction due to its special oxygen nonstoichiometries.8 Li et
al.9−11 reveal that introduction of Pd on Sr-doped LaCoO3
perovskite catalyst is beneficial to promote catalytic elimination
of NOx. Ma et al.12 find that the Sr and Fe codecorated
LaCoO3 perovskite catalyst is a promising NOx absorbing
material with the outstanding NO oxidation capacity and NOx
storage property. Ding et al.13 discover that Sr-doped LaCoO3
perovskite limited in mesoporous SiO2 exhibits extremely
excellent NOx adsorption capacity. In addition, Pacella et al.14
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report that the loading of CuO on LaCoO3 obviously enhances
the NOx removal of LaCoO3 in the simulated automobile
exhaust. Glisenti et al.15 present that the NOx elimination of
LaCo0.5Cu0.5O3 is significantly stronger than that of LaCoO3 in
the high-temperature region with the complex stoichiometric
TWC gaseous mixture. The physicochemical property of
LaCoO3 perovskite can be decorated by the partial
replacement of B site cations, which plays a significant role
in many catalytic reactions.16 Besides, Cu-doped perovskite
catalysts are noticed by scientists because of their prominent
performance in reduction reaction of nitrogen monoxide.8

There are reasons to believe that the introduction of Cu in the
B site of the perovskites is helpful to the catalytic reduction
reaction between nitrogen monoxide and carbonic oxide.
Moreover, Mn or Fe including perovskites show remarkable
property in this catalytic reduction reaction as well.1,7,16−18 As
a matter of fact, perovskite catalysts partially incorporated by
foreign transition cations in B site contribute to promote this
catalytic reduction reaction.1 It is conceivable that the B site of
La0.8Ce0.2CoO3 is partially introduced by Cu, Mn, Fe, which
may lead to the distortion of the perovskite structure and the
generation of defective structure (i.e., cationic or anionic
defects and conversion for the oxidation state of the metal
cations), causing the enhanced catalytic property.1,19

As is known to all, the influence for B site of partial
substitution on the physicochemical properties and the overall
catalytic process of La0.8Ce0.2M0.25Co0.75O3 (M = Cu, Mn, Fe)
perovskite catalyst are scarcely reported in NO reduction by
CO and the possible reasons that promote the catalytic
property are not yet clear. Hence, the purpose of our research
is to explore the influence for B site of partial substitution on
the physicochemical property of La0.8Ce0.2M0.25Co0.75O3 (M =
Cu, Mn, Fe) prepared by sol−gel technique and to find out the
connection between physicochemical property of these
perovskites and their raised catalytic property in NO reduction
by CO. We have tentatively come up with the overall catalytic
process to analyze the essence in this reaction.

2. EXPERIMENTAL SECTION
2 . 1 . C a t a l y s t P r ep a r a t i o n . A g r o u p o f

La0.8Ce0.2M0.25Co0.75O3 catalysts are prepared by sol−gel
technique with La(NO3)3·6H2O, Ce(NO3)3·6H2O, Cu-
(NO3)2·3H2O, Mn(NO3)2 (50% solution), Fe(NO3)3·9H2O,
Co(NO3)2·6H2O, citric acid monohydrate, and ethylene
glycol. Specifically, the appropriate quantity of La, Ce, Co,
and M corresponding nitrates with molar ratios of
La:Ce:Co:M about 0.8:0.2:0.75:0.25 are mixed in aqueous
solution with vigorous stirring for about half an hour at
ambient temperature. Afterward, citric acid monohydrate is
dissolved into the gained solution at 50 °C. After half an hour,
ethylene glycol is carefully dropped to the aqueous solution
and continuously stirred for about half an hour. The molar
ratio of total nitrates/citric acid/ethylene glycol in the obtained
solution is kept at 1:2:2. This obtained material is subsequently
heated up to 80 °C with vigorous stirring for 2 h and then
evaporated at 80 °C in the drying oven for 12 hours. The next
step is calcination at 700 °C for 2 h with a steady stream of air.
For comparison, La0.8Ce0.2CoO3 catalyst is also prepared by
the same process.
2.2. Catalyst Characterization. X-ray diffraction (XRD)

patterns are applied on X’Pert PRO diffractometer (PAN-
alytical, Netherlands) utilizing monochromatized Cu/Kα
radiation λ = 0.15406 nm. The X-ray tube is employed at 40

kV and 40 mA. The 2θ scans area is from 10 to 80° with the
scanning rate of 8° min−1.
N2 adsorption−desorption isothermals are measured

through N2 adsorption/desorption at −196 °C by a
gassorption analyzer (Micrometrics TriStar II 3020 apparatus),
using the Barrett−Joyner−Halenda (BJH) method to calculate
the pore distribution and the Brunauer−Emmet−Teller (BET)
formula to analyze the specific surface area, respectively.
Hydrogen temperature-programmed reduction (H2-TPR)

test is performed on a Finesorb-3010 automated chemisorp-
tion analyzer (Finetec Company). Specifically, about 50 mg of
the fresh catalyst is pretreated with a N2 stream of 50 mL
min−1 from normal temperature to 110 °C and maintained for
1 h at this process then cooled to normal temperature with N2
stream and exposed to 7.03 vol % H2−Ar gaseous mixture (10
mL min−1) as reductant for 0.5 h. After that, the sample is
heated from normal temperature to a needed temperature with
N2 stream through a gradient increase with a heating rate of 10
°C min−1. The effluent gas H2 is analyzed by a thermal
conductivity detector.
Oxygen temperature-programmed desorption (O2-TPD)

measurement is carried out with a Finesorb-3010 automated
chemisorption analyzer of Pantech instruments company using
a thermal conductivity detector to record the effluent gases of
samples with pure O2 as adsorbent. Specifically, about 200 mg
of the fresh catalysts are treated with He stream at 30 mL
min−1 from normal temperature to 200 °C and kept for 1 h at
this process. After that, the catalyst is cooled to room
temperature with He stream and switched to pure O2 gas at
10 mL min−1 for 0.5 h. The system is subsequently treated
with He stream for 0.5 h to purge superfluous oxygen gas on
the samples. Afterward, the samples are heated from room
temperature to a desired temperature with He stream at 30 mL
min−1 through the heating rate of 10 °C min−1.
Inductively coupled plasma atomic emission spectrometer

(ICP-AES) is used to evaluate the catalyst composition,
applying PerkinElmer Optima 5300 DV with a radio frequency
power of 1300 W.
X-ray photoelectron spectroscopy (XPS) test is applied on a

PHI 5000 Versa Probe spectrophotometer employing mono-
chromatic Al Kα radiation (hν = 1486.6 eV) through the
working power of 15 kW. The electron binding energy is
corrected by the adventitious C 1s of 284.6 eV. The sample
irradiation area and detecting depth are 2 mm × 1 mm and 2−
5 nm, respectively.
In situ diffusion reflectance infrared Fourier transform

spectroscopy (in situ DRIFTS) are treated by a Nicolet iS50
FTIR spectrometer with a MCT detector of a spectral
resolution of 4 cm−1 and accumulation at 32 scans. The
fresh catalyst powders are placed in quarts IR cell and
pretreated with a N2 stream at 400 °C for 1 h to blow
impurities. When the temperature is cooled down from 400 °C
to room temperature with N2 stream, the IR spectroscopy at
various desired temperatures are recorded simultaneously as
the background for those catalysts. After that, CO−Ar (10%
CO in volume) or/and NO−Ar (5% NO in volume) with a
flow rate of 10.0 mL min−1, respectively, is exposed at ambient
temperature for about 40 min to reach an equilibrium for
adsorption/desorption. The DRIFTS spectra of CO, NO, and
NO + CO are subsequently recorded at the range from 25 to
400 °C with intervals of 25 °C and the heating rate of 5 °C
min−1. In fact, the gained spectra are required to take out the
corresponding background reference.
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2.3. Catalytic Activity Measurements. The catalytic
activity for the La0.8Ce0.2M0.25Co0.75O3 catalysts of NO
reduction by CO are carried out in a microchannel reactor
device with flowing feed gas containing 5 vol % NO, 10 vol %
CO, and 85 vol % He, and the space velocity is maintained at
60000 mL g−1 h−1. To be specific, about 20 mg of new
perovskite (40−60 mesh) is applied into a quartz tube and
purged with N2 stream at 110 °C for 1 h to remove impurities
before exposed to flowing feed gas. The generated off-gas is
evaluated with two thermal conduction detections. When the
measurement is completed, the corresponding values of NO
conversion, N2 selectivity, and CO conversion are exhibited.

3. RESULTS AND DISCUSSION
3.1. Catalytic Performance. To explore the influence of

partial substitution for the B site metal ions of La0.8Ce0.2CoO3,
NO+CO catalytic property test of these gained perovskites
with the high space velocity at 60000 mL g−1 h−1 is carried out
in the region of 100−600 °C and the corresponding results are
exhibited in Figure 1. The La0.8Ce0.2CoO3 sample owns the
worse catalytic property in defected temperature region, and
the catalytic property of La0.8Ce0.2Cu0.25Co0.75O3 is evidently
more excellent than the other doped La0.8Ce0.2M0.25Co0.75O3
perovskites at low temperature. A visible promotion for
catalytic property is mainly due to the partial substitution of

copper. Moreover, the catalytic property of the
L a 0 . 8 C e 0 . 2 F e 0 . 2 5 C o 0 . 7 5 O 3 p e r o v s k i t e a n d
La0.8Ce0.2Mn0.25Co0.75O3 perovskite is similar to that of the
La0.8Ce0.2CoO3 catalyst below 250 °C, symbolizing that partial
replacement of Mn and Fe barely influences the catalytic
property of the La0.8Ce0.2CoO3 catalyst at low temperature.
With the increase of temperature, the catalytic property of the
perovskites increases obviously beyond 250 °C. The enhance-
ment of the catalytic property over the La0.8Ce0.2Cu0.25Co0.75O3
catalyst is stronger than that over the La0.8Ce0.2Fe0.25Co0.75O3
and La0.8Ce0.2Mn0.25Co0.75O3 catalysts. Another phenomenon
should be pointed out that the La0.8Ce0.2Fe0.25Co0.75O3,
La0.8Ce0.2Mn0.25Co0.75O3, and La0.8Ce0.2CoO3 catalysts present
slight N2 selectivity in the region of 200−300 °C, while the
La0.8Ce0.2Cu0.25Co0.75O3 catalyst displays a noticeable elevation
in N2 selectivity. As the temperature goes up further, N2
selectivity for the other catalysts increases as well and follows
nearly the same order as NO and CO conversion:
La0.8Ce0.2Cu0.25Co0.75O3 > La0.8Ce0.2Fe0.25Co0.75O3 ≈
La0.8Ce0.2Mn0.25Co0.75O3 > La0.8Ce0.2CoO3. Consequently, the
effect for partial substitution of Mn and Fe is slighter than that
of Cu. The best catalytic property is achieved over
La0.8Ce0.2Cu0.25Co0.75O3 catalyst at 300 °C, with 99% N2
selectivity and nearly complete conversion for NO and CO,
respectively.

Figure 1. (a) NO conversions, (b) N2 selectivity, (c) CO conversions, and (d) long-term stability of La0.8Ce0.2M0.25Co0.75O3 catalysts.
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To evaluate the long-term catalytic property of
La0.8Ce0.2CoO3 and La0.8Ce0.2Cu0.25Co0.75O3 in NO reduction
by CO, the trend of the catalytic property with the continuous
process time in the gaseous mixture atmosphere is analyzed, as
displayed in Figure 1d. The GHSV and gaseous mixture
composition stay the same to those employed in the catalytic
property measurement above, but this test is maintained at 250
°C. After continuous reaction for 48 h, the NO conversion for
La0.8Ce0.2CoO3 perovskite reduces clearly from 58.8% to
43.6%, but the NO conversion for La0.8Ce0.2Cu0.25Co0.75O3
perovskite barely decreases and holds at 80.3%. So the long-
term catalytic property for La0.8Ce0.2CoO3 is unstable, but that
of La0.8Ce0.2Cu0.25Co0.75O3 is trustworthy. In view of the
above-mentioned results, the significant change for the
enhanced catalytic property will be further defected through
the following characterization tests.
3.2. XRD Results. Figure 2a exhibits the XRD results of the

as-obtained catalysts. All the diffraction peaks in the graphs

come from the rhombohedral LaCoO3 perovskite structure
(PDF-ICDD 48-0123).19,20 The characteristic peaks rooted in
CuO, MnOx, and Fe2O3 are absent, implying that the foreign
cations Mn+ enter into the crystal lattice of La0.8Ce0.2CoO3 and
a small part of CuO, MnOx, Fe2O3, and Co3O4 may be well-
dispersed on the surface but keeping the rhombohedral
LaCoO3 perovskite structure. Specifically, the crystalline size

of La0.8Ce0.2M0.25Co0.75O3 catalysts summarized from the
diffraction peak of the (1 0 4) plane with Scherrer equation
(displayed in Table 1) is bigger than that of La0.8Ce0.2CoO3

catalyst, which may be due to the incorporation of foreign
cations Mn+ into the crystal lattice of La0.8Ce0.2CoO3.
Moreover, the diffraction angle of La0.8Ce0.2M0.25Co0.75O3
catalysts shifts slightly to small-angle range in comparison to
La0.8Ce0.2CoO3 catalyst. This situation shows that foreign
cations Mn+ partially substitute the B site for Co3+ of the
La0.8Ce0.2CoO3 catalyst (the ionic radii of La3+, Ce3+, Cu2+,
Mn3+, Fe3+, and Co3+ are 0.103, 0.102, 0.072, 0.066, 0.064, and
0.062 nm, respectively), hence giving rise to the stretch of
crystal lattice for La0.8Ce0.2M0.25Co0.75O3 catalysts (presented
in Table 1) and the possibility of the generation for oxygen
defective sites. If foreign cations Mn+ partially substitute the A
site of La3+ or Ce3+ in the La0.8Ce0.2CoO3 catalyst, the
diffraction angle of La0.8Ce0.2M0.25Co0.75O3 catalysts will shift
slightly to big-angle range in comparison to La0.8Ce0.2CoO3
catalyst (the ionic radii of La3+, Ce3+, Cu2+, Mn3+, Fe3+, and
Co3+ are 0.103, 0.102, 0.072, 0.066, 0.064, and 0.062 nm,
respectively), which proves that the location of partial
substitution for foreign metal ions in La0.8Ce0.2M0.25Co0.75O3
catalysts is B site.
In order to understand changes of the tested catalysts before

and after long-term catalytic stability tests, XRD tests are
performed, as given in Figure 2b. All the diffraction peaks are
rooted in LaCoO3 perovskite structure (PDF-ICDD 48-0123),
meaning the relatively stable crystal structure of all the
investigated catalysts in the long term reaction atmosphere at
high temperature. Consequently, both La0.8Ce0.2CoO3 and
La0.8Ce0.2Cu0.25Co0.75O3 catalysts seem to be reliable in a long-
term catalytic process. Interestingly, compared with the treated
catalysts, the diffraction peak and its intensity of the fresh
catalysts are wider and weaker, respectively, symbolizing the
smaller grain size of the fresh catalysts prepared by sol−gel
method, as shown in Table 1. After long-term catalytic stability
tests, the grain size of La0.8Ce0.2CoO3-pre catalyst increases
significantly, indicating the particle aggregation. It possibly
causes the declining long-term catalytic performance. The
blockage of gas channel may be another reason for the
deactivation of the La0.8Ce0.2CoO3 catalyst. Simultaneously,
the diffract ion peak and the grain size of the
La0.8Ce0.2Cu0.25Co0.75O3-pre catalyst stays almost unchanged,
suggesting that the addition of Cu contributes to inhibit the
particle agglomeration and maintain the stability of perovskite
structure in the long term reaction atmosphere at high
temperature. Besides, compared with fresh catalysts, the
variation of cell volume in La0.8Ce0.2Cu0.25Co0.75O3-pre catalyst
is much smaller than that in La0.8Ce0.2CoO3-pre catalyst,
revealing the better structural stability in the Cu-modified
catalyst. On the basis of the discussion above, the superior

Figure 2. XRD results (a) of La0.8Ce0.2M0.25Co0.75O3 catalysts, and the
XRD results (b) for long-term catalytic treatment of La0.8Ce0.2CoO3
and La0.8Ce0.2Cu0.25Co0.75O3 catalysts.

Table 1. Cell Volume and Grain Size of
La0.8Ce0.2M0.25Co0.75O3 Catalysts

samples cell volume (Å) grain size (Å)

La0.8Ce0.2CoO3 334.3 180
La0.8Ce0.2Cu0.25Co0.75O3 335.7 181
La0.8Ce0.2Mn0.25Co0.75O3 336.2 201
La0.8Ce0.2Fe0.25Co0.75O3 335.8 187
La0.8Ce0.2CoO3-pre 336.5 190
La0.8Ce0.2Cu0.25Co0.75O3-pre 335.9 182
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long-term catalytic performance can be achieved in
La0.8Ce0.2Cu0.25Co0.75O3 catalyst.
3.3. BET Results. Figure 3a displays the N2 adsorption−

desorption isothermal line for all the samples. These isotherm

curves possess obvious characteristics of the type IV, and the
hysteresis loop presents a remarkable H3-type based on the
classification of IUPAC. All the pore-size distribution lines
(exhibited in Figure 3b) are derived from the BJH method, and
adsorption branch from the isothermal lines display one broad
peak at about 5−90 nm, implying the appearance of
mesoporous and macroporous size distributions in all the
samples. It is clear that the partial substitution of foreign
cations is helpful to the dispersal of particles. Actually, catalytic
performance is probably related to the texture property
because of the adsorption for reaction gas. The textural
information is collected in Table 2. With partial substitution of
the foreign metal ions on B site of La0.8Ce0.2CoO3, the specific
surface area of La0.8Ce0.2Mn0.25Co0.75O3 increases and the pore
volume and the pore size improve significantly in all the
substituted catalysts, which is useful to absorb reactants and

further elevate the catalytic performance. Accordingly, the
effect of texture property may play a role in our experiment.

3.4. H2-TPR Results. The reduction behavior is a
determining factor for the catalytic performance in NO
reduction by CO, hence the reduction behavior of these
perovskites is evaluated by H2-TPR, as depicted in Figure 4. In

short, all the perovskites contain four reduction peaks (marked
as H1, H2, H3, and H4). In accordance with other
literature,15,20,21 for La0.8Ce0.2CoO3 perovskite, the first two
peaks at low-temperature region (H1 and H2) are associated
with Co3+ → Co2+ and Ce4+ → Ce3+, respectively. The last two
peaks in high-temperature region (H3 and H4) are regarded as
Co2+ → Co0. After partial incorporation into the B site for
La0.8Ce0.2CoO3 perovskite, the variation of temperature and
area for these reduction peaks is obvious. More specifically, for
La0.8Ce0.2Cu0.25Co0.75O3 perovskite, the satellite at 260 °C
(H1) is identified as the reaction Cu2+ → Cu+ and the
reduction of surface dispersed CuO and Co3O4,

3,22 and the
main signal at 366 °C (H2) is derived from Cu+ → Cu0, Co3+

→ Co2+, and Ce4+ → Ce3+. The satellite at 530 °C (H3) and
the major peak at 630 °C (H4) can be assigned to the reaction
Co2+ → Co0. Apparently, the reduction temperature migrates
to a smaller value through partial incorporation of copper, by
comparing to La0.8Ce0.2CoO3 perovskite. The declining
reduction temperature is associated with the overflow effect
via the Cu doping, which motivates H2 molecules and
facilitates the reaction between H2 molecules and cobalt
species at lower temperature, as described by Tien-Thao and
his co-workers.23 Clearly, the partial incorporation of copper
into cobalt in La0.8Ce0.2CoO3 is favorable to cobalt reduction.
Also, the intensity of these reduction signals at low-temper-
ature region (H1 and H2) enhances, which suggests that the
partial incorporation of copper increase the number of cation

Figure 3. (a) N2 adsorption−desorption isothermal line and (b) BJH
pore size distribution curves of La0.8Ce0.2M0.25Co0.75O3 catalysts.

Table 2. Textural Properties of La0.8Ce0.2M0.25Co0.75O3
Catalysts

samples
BET surface
area (m2 g−1)

pore volume
(cm3 g−1)

average pore
diameter (nm)

La0.8Ce0.2CoO3 10 0.076 31
La0.8Ce0.2Cu0.25Co0.75O3 9 0.080 36
La0.8Ce0.2Mn0.25Co0.75O3 13 0.115 35
La0.8Ce0.2Fe0.25Co0.75O3 9 0.086 39

Figure 4. H2-TPR results for La0.8Ce0.2M0.25Co0.75O3 catalysts.
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defects. Actually, La0.8Ce0.2Cu0.25Co0.75O3 perovskite has the
larger intensity and the lower temperature of reduction peak at
low-temperature region, thus La0.8Ce0.2Cu0.25Co0.75O3 perov-
skite owns the better oxidizing capacity.24 For Mn-substituted
perovskite, the satellite at 370 °C (H1) and the major signal at
458 °C (H2) are rooted in Mn4+ → Mn3+, Co3+ → Co2+, and
Ce4+ → Ce3+. The major peak at 700 °C (H3) and the satellite
at 764 °C (H4) are regarded as the reduction reaction for both
Mn3+→ Mn2+ and Co2+→ Co0. Besides, the reduction
performance of La0.8Ce0.2Fe0.25Co0.75O3 perovskite is similar
t o L a 0 . 8 C e 0 . 2Mn 0 . 2 5 C o 0 . 7 5O 3 p e r o v s k i t e , b u t
La0.8Ce0.2Fe0.25Co0.75O3 perovskite reveals only one reduction
peak (H3) at high-temperature range, because the reduction of
Fe3+ is not easy under the reducing conditions.25 This result
means that perovskite structure is maintained for this catalyst
a t h i g h - t em p e r a t u r e r a n g e . O b v i o u s l y , f o r
La0.8Ce0.2Mn0.25Co0.75O3 and La0.8Ce0.2Fe0.25Co0.75O3 perov-
skites, the reduction temperature (H3 and H4) almost keeps
the same with those for La0.8Ce0.2CoO3 beyond 700 °C, which
exceeds the testing temperature range of catalytic performance,
but the relevant peak area is weaker, implying the fine heat
stability in partially substituted perovskites. There are three
reasonable explanations that may result in this phenomenon.
First of all, the further reduction of cobalt is not easy because
of the appearance of high oxidation state ions Mn3+ and Fe3+,
so the existence of Co2+ contributes to maintain the perovskite
structure with the partial replacement of Co by Mn or Fe.20

Next, the interrelation of M−O (M = Mn, Fe) bond slightly
strengthens, giving rise to the moving restriction of bulk
oxygen ion at high-temperature range,20 which is reflected by
the O2-TPD results later. Finally, the migration of bulk oxygen
from inside to surface through substitution-induced oxygen
defects may be also a rational cause, which indicates the
decrease in the amount of reducible bulk oxygen.26

Interestingly, the incorporation of Mn or Fe to
La0.8Ce0.2CoO3 results in a 60 °C movement to lower
temperature of the low-temperature reduction peak, with little
influence for the high-temperature one; the addition of Cu to
La0.8Ce0.2CoO3 results in a 170 °C movement to lower
temperature of all the reduction peaks. The reduction
temperature, as a symbol of essential oxygen activity, is the
crucial factor in the NO+CO reaction. Since the catalytic
performance is measured under 600 °C, by comparing the
catalytic performance sequence of the obtained perovskites
with the TPR figure in this temperature range, a connection
between the reduction behavior at the low-temperature range
and the catalytic performance of the catalysts for NO reduction
by CO may be observed. Remarkably, in comparison to
La0.8Ce0.2CoO3, all the catalysts with the partial substitution of
the foreign element have the lower reduction temperature,
symbolizing that the substituted elements increase the
reducing capacity of the catalyst. As a matter of fact, the
incorporation of foreign cations with different ionic radius
leads to distortion of the perovskite structure. When foreign
cations stimulate the creation of oxygen defects, voids and
partial reconstruction are formed. Consequently, all the
perovskite structures become unstable, causing the lower
reduction temperature. Similar conclusion has been reached
previously,27 proving the easier reduction of cobalt in the
appearance of abundant oxygen defects. In addition, the
excellent oxygen storage capacity of Ce is further inspired by
foreign element, which let the reduction peak visibly move to
the lower temperature in catalyst as well.28 In summary, it is

conceivable that the reducing capacity of perovskites may play
a great role in the catalytic performance of our research.

3.5. O2-TPD Results. The O2-TPD tests are used to
evaluate the performance of the oxygen species probably
related to NO reduction by CO, and the corresponding results
are presented in Figure 5. The surface physical absorption
species O2 are scarcely noticed, possibly due to the poor
specific surface area.

The first peak (O1) is associated with the desorption of
surface oxygen species O2

−/O− formed by the gaseous O2
adsorption on the surface defects,20,29 and its desorption
temperature is around 320 °C. Royer et al.30 report that the
following equations are connected with desorption of surface
oxygen: Co3+O− + Co3+O2

− → Co3+O2−Co3+O2(g), Co
3+O2

−

→ Co2+ + O2(g). Au et al.31 also come up with a further
decomposition of gaseous O2 adsorption, creating an atomic
oxygen O− with negative charge. This desorption procedure of
surface oxygen species can be summarized as M(n−1)+□M(n−1)+

+ O2 ↔M(n−1)+□Mn+−O2
− ↔ O−−Mn+□Mn+−O− (M: metal

ion of B-site, □: anionic vacancies). All these equations might
be deemed to be reversible. The formation of surface oxygen
species may be ascribed to the following reason. The existence
of Ce raises the adsorption energy of molecular oxygen, hence
the activation of O−O bond becomes easy.32 The quantity of
surface oxygen species is considered as a signal for the
oxidizing ability of perovskites. After partially substituted by
foreign ions, the area of the desorption peak (O1) is large but
nearly the same, showing their adequacy in surface anion
defects. Zhang et al.33 present that the occurrence of
desorption procedure roots in the formation of oxygen defects.
More oxygen defects in bulk are expected to promote moving
ability and desorption for O2,

19 which may be beneficial to the
catalytic performance of NO reduction by CO.
A sharp desorption peak at 660−868 °C (beyond the

terminal temperature of catalytic activity measurement)
belongs to bulk oxygen (O2) and is connected with the
reduction of B site metal ions to lower valence in ABO3
structure concurrently with the production of surface oxygen
defects.20 As a matter of fact, bulk oxygen O2− species are
usually regarded as a symbol for the oxygen mobility in the

Figure 5. O2-TPD results for La0.8Ce0.2M0.25Co0.75O3 catalysts.
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perovskite. Although partial substitution with foreign ions leads
to a slight braking effect of the oxygen mobility in the
perovskite due to the slight increasing desorption temperature,
the quantity of bulk oxygen desorption is discovered to be
more evident, especially for La0.8Ce0.2M0.25Co0.75O3 perov-
skites. On the one hand, it can be attributed to appearance of
defects on the doped perovskites, which accelerates lattice
oxygen reduction process and further promotes oxygen
migration to the surface. On the other hand, the feature of
Ce for “oxygen storage capacity” which is further motivated by
foreign ions may make the relevant desorption procedure
become more drastic. Moreover, the desorption of lattice
oxygen needs the generation of bulk oxygen desorption site,
which can be depicted as surface anionic defects (marked here
as □) formed after desorption of bulk oxygen from the
surface,30 namely, Mn+−O2−−Mn+ → M(n−1)+□M(n−1)+ + 1/
2O2. This process is followed by the movement of bulk oxygen
from the interior to the desorption site on the surface of the
perovskite, that is, M(n−1)+□M(n−1)+(surface) + Mn+−O2−−
M n + ( b u l k ) →M n + −O 2 − −M n + ( s u r f a c e ) +
M(n−1)+□M(n−1)+(bulk). In order to get to electric neutrality,
charge compensation is necessary when cobalt is partially
replaced by a foreign element of different valence. In regard to
cobalt substitution with iron, only the Fe3+ is expected to form
because the thermostability of Fe3+ is fine during dissociation
of the precursor in air. Something similar happens in Mn-
substituted perovskite. Except for defects generation, reduction
of cobalt valence state can be predicted as well, which can be
proved by the XPS results later. Furthermore, the Co−O bond
is considered as a Co3+/O2

− entity created by oxygen
adsorption: Co2+ + O2 → Co3+/O2

−.34 As you can see, active
sites of La0.8Ce0.2M0.25Co0.75O3 situate on Co ions with the
coordination of O2

− species; Ce ions are inclined to stabilize
these ions to maintain them on the perovsikites.
3.6. ICP Results. The bulk composit ions of

La0.8Ce0.2M0.25Co0.75O3 perovskites are explored by ICP-AES
test, as presented in Table 3. The real molar ratio of these
La0.8Ce0.2M0.25Co0.75O3 perovskites is nearly the same, which
are approximate to their calculated molar ratio. Actually, the
real content of La and Co is a bit higher than their calculated
value, but the real content of Ce and foreign element M (M =
Cu, Mn, Fe) is a little lower than their calculated value. A
reasonable explanation may be due to the synthetic method.
Another reason should be pointed out that a portion of
intermediate valence state metal ions (which will be inflected
later by the XPS results) often appear in all the perovskites, but
the calculated value is only obtained by saturated metal ions.
Accordingly, the real value is slightly different from the
calculated value.
3.7. XPS Results. XPS tests are employed to further

explore the surface compositions of synthesized perovskites. By
reason for the charging effects in XPS measurements, the
binding energy range is corrected through adventitious carbon
(284.6 eV). The obtained results are exhibited in Figure 6, and

the surface compositions are displayed in Table 4. A site ions
of lanthanum and cerium are more abundant than B site ions
of foreign metal elements and cobalt for all the perovskites
except La0.8Ce0.2Cu0.25Co0.75O3 perovskite. This phenomenon
is opposite to the bulk compositions, which reflects a
movement of A site ions to the surface. Therefore, B site
ions are less formed on the surface.
As presented in Figure 6a, for all the catalysts, the band of La

3d5/2 at 833.3 and 837.9 eV, and the band of La 3d3/2 at 850.4
and 854.3 eV, suggest that the oxidation state of lanthanum is
chiefly +3.35

The bands of Ce 3d in Figure 6b are assigned to eight parts
with relevant area. All the perovskites display two visible spin−
orbital multiplets connected with the Ce 3d3/2 (u) and Ce
3d5/2 (v) levels. Deng et al.3 report that the binding energy
region of 880−920 eV corresponds to u and v. To be specific,
the bands named u‴ and v‴, u″ and v″, and u0 and v0 are
derived from Ce4+. The bands marked u′ and v′ are associated
with Ce3+. Obviously, a large proportion of Ce has the valence
of +4 and a fraction of Ce3+ coexists. This situation can be
explained by the higher stability of Ce4+ than Ce3+ in the
calcination process. Besides, the percentage of Ce3+ is
calculated by the peak area of u′ and v′ through the following
equation:3

=
+

∑ +
×+ ′ ′Ce (%)

S S
(S S )

1003 u v

u v

As reflected in Table 4, the relevant content of Ce3+ shows
an increased tendency with the introduction of foreign
elements, implying the conversion of Ce4+ to Ce3+, which
may give rise to the results that the perovskites possess more
active sites and the conversion between Ce3+ and Ce4+ is
easier.36 The increased relevant content of Ce3+ in partially
substituted perovskites also causes more surface oxygen
defects.
The corresponding spectra of Mn+ 2p are shown in Figure

6c. For Cu 2p, the bands (934.4 and 953.8 eV, respectively for
Cu 2p3/2 and Cu 2p1/2) and their satellites (940.4 and 943.2
eV) have an evident feature of Cu2+.3,22 In addition, a small
peak at 932.4 eV is defected, symbolizing that a large
proportion of Cu has the valence of +2 and a fraction of +1
oxidation state coexists in La0.8Ce0.2Cu0.25Co0.75O3. With
regard to Mn 2p, the peaks of Mn 2p3/2 (641.8 and 643.7
eV) and Mn 2p1/2 (653.5 and 656.7 eV) can be associated with
Mn3+ and Mn4+ in La0.8Ce0.2Mn0.25Co0.75O3.

37 In the Fe 2p
spectral scope, the major signal of Fe 2p1/2 and Fe 2p3/2 exists
at 724.1 and 711.3 eV with the shoulder at 717.4 eV, indicating
the appearance of Fe3+.20 Moreover, a little signal at 709.9 eV
is observed, demonstrating that a large proportion of Fe owns
the valence of +3 and a fraction of Fe2+ coexists in
La0.8Ce0.2Fe0.25Co0.75O3.

38

The relevant spectra of Co 2p are displayed in Figure 6d.
Generally, the bands at 779.7 eV (Co 2p3/2) and 794.9 eV (Co

Table 3. Bulk (ICP-AES) Compositions for La0.8Ce0.2M0.25Co0.75O3 Catalysts

actual amount theoretical amount

samples La (at. %) Ce (at. %) Co (at. %) M (at. %) La (at. %) Co (at. %) Ce (at. %) M (at. %)

La0.8Ce0.2CoO3 41.5 7.7 50.9 − 40.0 10.0 50.0 −
La0.8Ce0.2Cu0.25Co0.75O3 41.3 7.7 39.1 11.9 40.0 10.0 37.5 12.5
La0.8Ce0.2Mn0.25Co0.75O3 41.5 7.1 39.7 11.6 40.0 10.0 37.5 12.5
La0.8Ce0.2Fe0.25Co0.75O3 41.0 8.1 38.8 12.2 40.0 10.0 37.5 12.5
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2p1/2) are rooted in Co3+, while the small peaks at 781.9 eV
(Co 2p3/2) and 797.3 eV (Co 2p1/2) belong to Co2+.22 As
summarized in the Table 4, with the introduction of foreign
elements, the ratio of Co2+ with intermediate valence increases
evidently, which often implies the generation of oxygen
vacancies.
As shown in Figure 6e, O 1s spectra with their bands at

528.6 and 531.0 eV connect with bulk oxygen (O′) and

chemically adsorbed oxygen (O″) in all perovskites.3 The bulk
oxygen (O′) is associated with the redox capacity of the
catalysts, and the percentage content of chemically adsorbed
oxygen (O″) refers to the quantity of oxygen defects in the
catalysts. As presented in Table 4, with partial replacement by
foreign elements, the percentage content of O″/(O′+O″) adds
in all perovskites. This situation implies that the partial
replacement of Co by foreign elements causes the easier

Figure 6. XPS results of (a) La 3d, (b) Ce 3d, (c) Mn+ 2p, (d) Co 2p, (e) O 1s for La0.8Ce0.2M0.25Co0.75O3 catalysts.
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formation of oxygen defects. Zhang et al.28 report that the
deformation of perovskites always leads to the inhomogeneous
distribution of oxygen in their structures, which is predicted to
create more oxygen defects as well as the chemically adsorbed
oxygen species on the surface. Furthermore, the order of the
O ″ / ( O ′ + O ″ ) p e r c e n t a g e c o n t e n t ( i . e . ,
La0.8Ce0.2Mn0.25Co0.75O3 > La0.8Ce0.2Fe0.25Co0.75O3 >
La0.8Ce0.2Cu0.25Co0.75O3 > La0.8Ce0.2CoO3) possesses visible
linear dependence with their lattice volume (as shown in Table
1), suggesting that the change in lattice volume is possibly
connected with the production of oxygen defects (due to
structure deformation) as well as chemically adsorbed oxygen
species on the catalyst.39 The oxygen defects of perovskites
contribute to adsorb molecular oxygen and create chemically
adsorbed oxygen species via catching electrons,40 leading to
the movement and conversion of adsorbed oxygen and bulk
oxygen.30 In short, taking into consideration the results of NO
+CO reaction, the increasing catalytic performance of
La0.8Ce0.2M0.25Co0.75O3 is strongly related to the percentage
content of oxygen defects.
3.8. In Situ DRIFTS Results NO and/or CO Adsorption

for NO+CO Reaction. 3.8.1. Single CO Adsorption. In situ
DRIFTS of CO adsorption is explored to further study the
influence of partial substitution on the B site for
La0.8Ce0.2CoO3 catalyst, as shown in Figure 7. On the basis
of the literature,3,4,6,19 the bands at about 1340 and 1500 cm−1

belong to monodentate carbonates; the peak associated with
the carboxylates occurs at about 1384 cm−1; the vibrational
frequency attributed to the monodentate formate exists at
about 1437 cm−1; the peak rooted in the monodentate
carbonates appears at about 1463 cm−1; and the vibrational
frequency of the tridentate carbonates emerges at about 1680
cm−1. For La0.8Ce0.2CoO3 catalyst, the bands assigned to
carbonates and carbonate-like species stay the same and their
intensity is relatively weak as temperatures rise, which signals
that the oxidation of CO on La0.8Ce0.2CoO3 is difficult.
However, for La0.8Ce0.2Cu0.25Co0.75O3 catalyst, those bands
obviously heighten as the temperature goes up; the primary
reason could be that at reducing atmosphere, a growing
number of cations with high oxidation state are reduced to
metal ions with intermediate valence state to provide the
adsorption sites of CO and CO2. Apparently, for the
La0.8Ce0.2Cu0.25Co0.75O3 catalyst, the carbonates and carbo-
nate-like species are more intense than those for the
La0.8Ce0.2CoO3 catalyst, which probably indicate the produc-
t i o n o f t h e e v i d e n t a b s o r b e d CO 2 o n t h e
La0.8Ce0.2Cu0.25Co0.75O3 catalyst, meaning that the oxidation
of CO on the La0.8Ce0.2Cu0.25Co0.75O3 is easy and demonstrat-
ing that the partial substitution of copper promotes the
oxidizability of La0.8Ce0.2CoO3 catalyst. It can be reflected by
the H2-TPR results. Furthermore, the peaks associated with
gaseous CO arise at 2118 and 2175 cm−1, and they also belong
to the characteristic peaks of Co2+-COx, Ce

3+-COx, and Cu+-

CO. For La0.8Ce0.2Cu0.25Co0.75O3 catalyst, those peaks are
more intense, which means better adsorption capacity of CO.
Simultaneously, two obvious peaks at 2337 and 2371 cm−1

appear which corresponds to the generation of gaseous CO2.
Those signals gradually enhance with the rising temperature on
La0.8Ce0.2CoO3 and La0.8Ce0.2Cu0.25Co0.75O3 catalysts. Never-
theless, for La0.8Ce0.2Cu0.25Co0.75O3 catalyst, those peaks are
detected to elevate more clearly as the temperature rises,
implying that La0.8Ce0.2Cu0.25Co0.75O3 catalyst possesses the
prominent reducing ability, which is consistent with the H2-
TPR results, and showing that the conversion from CO to CO2

Table 4. Surface Compositions of La0.8Ce0.2M0.25Co0.75O3 Samples Obtained by XPS Analysis

atomic concentration and atomic ratio by XPS

samples atomic concentration (at. %) atomic ratio (at. %)

C La Ce M Co O Ce3+/(Ce3++Ce4+) Co2+/(Co2++Co3+) O″/(O′+O″)
La0.8Ce0.2CoO3 42.4 7.4 4.3 − 10.0 35.9 3.7 15.0 49.3
La0.8Ce0.2Cu0.25Co0.75O3 36.6 6.4 3.3 3.9 7.2 42.8 9.4 23.6 51.9
La0.8Ce0.2Mn0.25Co0.75O3 39.1 6.3 2.7 2.3 5.6 44.1 6.5 20.8 56.0
La0.8Ce0.2Fe0.25Co0.75O3 37.1 7.1 2.2 2.7 5.1 45.8 3.8 16.7 55.6

Figure 7. In situ DRIFTS spectra of CO (10.0% in volume) at
different temperatures for (a) La0.8Ce0.2CoO3 and (b)
La0.8Ce0.2Cu0.25Co0.75O3 catalysts.
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on La0.8Ce0.2Cu0.25Co0.75O3 catalyst is easier. It is conceivable
that the strengthened gaseous CO2 may be associated with the
increased Ce3+, Cu+, and Co2+ by elevating temperature due to
the reduction of Ce4+, Cu2+, and Co3+. In short, appropriate
substitution of copper contributes to create more Ce3+, Cu+,
and Co2+, which is beneficial to the catalytic performance of
NO+CO reaction. In addition, the adsorbed CO species are
observed to be stable at high testing temperatures for both
catalysts, but gaseous CO2 in La0.8Ce0.2Cu0.25Co0.75O3 are
stronger, indicating that all these catalysts equip excellent
adsorption capacity for CO molecules, but only
La0.8Ce0.2Cu0.25Co0.75O3 catalyst has prominent reaction
performance for CO molecules.
3.8.2. Single NO Adsorption. In situ DRIFTS of NO

adsorption is displayed in Figure 8. On the basis of the
literature,3,4,37 the characteristic peak at 1037 cm−1 corre-
sponds to bridge bidentate nitrate; the band rooted in
hyponitrites emerges at 1342 cm−1; the vibration derived
from monodentate nitrate appears at 1490 and 1503 cm−1; the
vibrational frequency assigned to bridging monodentate and
bidentate nitrate arises at 1600 and 1630 cm−1; and two

obvious bands associated with gaseous NO exist at 1844 and
1901 cm−1. With the temperature increasing, those nitrates and
nitrate-like species decline or disappear gradually due to the
poor thermostability. For La0.8Ce0.2Cu0.25Co0.75O3 sample,
those nitrates and nitrate-like species are weak relatively,
hence the adsorption capacity for NO species of
La0.8Ce0.2Cu0.25Co0.75O3 is weaker than that of La0.8Ce0.2CoO3.
This phenomenon implies that those nitrates and nitrate-like
species readily decompose on La0.8Ce0.2Cu0.25Co0.75O3 catalyst.
Li et al.41 put forward the reasonable interpretation that surface
oxygen vacancies generate on the catalyst and result in nitrate
species dissociation. Thus, the decomposition of that adsorbed
nitrate species on the La0.8Ce0.2Cu0.25Co0.75O3 catalyst is
carried out more easily than those on the La0.8Ce0.2CoO3
catalyst because of more oxygen defect sites, which is in
agreement with the XPS results. Another probable reason
could be that the adsorption/desorption capacity of
La0.8Ce0.2Cu0.25Co0.75O3 is greater than that of La0.8Ce0.2CoO3.
Meanwhile, it also suggests that the effect of the limitation for
CO adsorption may be weaker in the La0.8Ce0.2Cu0.25Co0.75O3
catalyst. With the attachment of chemisorbed NO on the
La0.8Ce0.2Cu0.25Co0.75O3 catalyst, the interaction of electrons
may happen. In other words, the back-donation influence of d-
electron for Cu2+ affects the antibonding orbital for NO
molecule, which will probably weaken the N−O bond and thus
facilitate the catalytic property.3

3.8.3. NO+ CO Coadsorption. In situ DRIFTS of NO and
CO coadsorption is employed at simulated reaction atmos-
phere to further explore the catalytic process, as presented in
Figure 9. On the basis of the literature,3,4,6,37 the bands at 1037
and 1630 cm−1 are assigned to bridge bidentate nitrates; the
vibrational frequency at 1342 and 1347 cm−1 is associated with
hyponitrites; the vibration at 1445 cm−1 can be derived from
monodentate formate; the peak at 1590 cm−1 corresponds to
chelating nitrate; the band at 1680 cm−1 belongs to tridentate
carbonates; two obvious peaks rooted in gaseous NO arise at
1844 and 1901 cm−1; and the vibrational frequency ascribed to
gaseous CO exists at 2118 and 2175 cm−1. It is worth noting
that carbonates (carbonate-like species) and nitrates (nitrate-
like species) can be observed at low temperature. Nevertheless,
for La0.8Ce0.2Cu0.25Co0.75O3 catalyst, the carbonates (carbo-
nate-like species) are strong relatively. A reasonable explan-
ation for this phenomenon is that both gaseous NO and
gaseous CO occupy analogous adsorption sites but the partial
replacement of copper apparently lowers the effect of the
limitation for CO adsorption by NO adsorption on the
La0.8Ce0.2Cu0.25Co0.75O3 catalyst in the simulated reaction
condition, which is consistent with the single NO adsorption
results.3 With the temperature raising, by contrast with single
NO adsorption, surface NO species vanish at lower temper-
ature and the reduced extent of these species is more obvious.
This result clearly implies the thermostability of the surface
NO species is rather weak at simulated reaction atmosphere.
As the temperature increases constantly, the carbonates and
carbonate-like species are noticeable in La0.8Ce0.2CoO3 and
La0.8Ce0.2Cu0.25Co0.75O3 catalysts, which may be related to the
reduction from Co3+, Ce4+, and/or Cu2+ to Co2+, Ce3+, and/or
Cu+, giving rise to the attachment of CO and CO2 on the
reduced state Co2+, Ce3+, and/or Cu+.4 In fact, for
La0.8Ce0.2Cu0.25Co0.75O3 catalyst, rising the temperature
contributes to the further conversion from Cu+ to Cu0 at a
reducing condition, which is useful to enhance the catalytic
p e r f o r m a n c e . 3 F o r L a 0 . 8 C e 0 . 2 C o O 3 a n d

Figure 8. In situ DRIFTS spectra of NO (5.0% in volume) at different
temperatures for (a) La0.8Ce0.2CoO3 and (b) La0.8Ce0.2Cu0.25Co0.75O3
catalysts.
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La0.8Ce0.2Cu0.25Co0.75O3 catalysts, gaseous CO2 seated at 2337
and 2371 cm−1 is noticed visibly at low-temperature, but its
corresponding area of La0.8Ce0.2Cu0.25Co0.75O3 is distinctly
larger than that of La0.8Ce0.2CoO3. It indicates that the
reducing ability of La0.8Ce0.2Cu0.25Co0.75O3 catalyst is more
excellent and the NO+CO reaction is carried out more easily
on La0.8Ce0.2Cu0.25Co0.75O3 catalyst, which is in agreement
with the results of H2-TPR and catalytic performance.
Moreover, the vibration of N2O molecules is detected at
2241 cm−1, which displays the creation of gaseous N2O as an
intermediate product in the NO dissociation process. It may
reasonably explain that NO molecules decompose to [N] and
[O] radicals through the induction effect with the surface
oxygen vacancies and then the dissociated [N] radicals are
induced to recombine with NO molecules, in other words, the
interaction between [N] radical and NO molecule to generate
N2O, which results in sharp decrease for N2 selectivity.

37 With
the temperature rising gradually, the vibration of N2O
molecules disappears slowly due to the NO dissociation and
[N] recombination into N2, which leads to significant
promotion for the N2 selectivity.

37 In general, because of the
partial substitution of copper, the temperature range for the
existence of N2O moves to low-temperature, which demon-

strates that the dissociation and recombination of NO species
occur at lower temperature hence the complete conversion of
the NO and CO may take place at lower temperature. All these
results can be supported by the catalytic performance.

3.9. Catalytic Mechanism. As is known to all, the overall
catalytic process for the La0.8Ce0.2M0.25Co0.75O3 in NO
reduction by CO is barely reported. According to the
aforementioned characterization, particularly concerning the
in situ DRIFTS experiment of NO+CO coadsorption, the
overall catalytic process is tentatively proposed to explore
reaction progress of NO reduction by CO, as shown in Figure
10 and giving La0.8Ce0.2Cu0.25Co0.75O3 catalyst as an example.

Figure 9. In situ DRIFTS spectra of NO (5.0% in volume)+CO
(10.0% in volume) at different temperatures for (a) La0.8Ce0.2CoO3
and (b) La0.8Ce0.2Cu0.25Co0.75O3 catalysts.

Figure 10. Possible reaction mechanisms of NO+CO reaction for
La0.8Ce0.2Cu0.25Co0.75O3 catalyst.
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It is generally considered that the production of surface oxygen
vacancies contributes to stimulate the reaction gas to create
more effective species in NO reduction by CO, which is
helpful to elevate the catalytic performance.37

With the contact to reaction gas of NO and CO at normal
temperature (25 °C), multiple nitrates (nitrate-like species)
and carbonates (carbonate-like species) are formed and
attached on the La0.8Ce0.2Cu0.25Co0.75O3 catalyst. The
absorbed CO species react with the absorbed NO species to
produce fewer N2O, N2, and CO2 below 150 °C, which can be
proven by the results of the catalytic performance and in situ
DRIFTS measurement of NO+CO coadsorption.
As the temperature goes up beyond 150 °C, the desorption/

transformation/decomposition of the adsorbed NO species is
performed to generate more N2O and N2, namely, NO → [N]
+ [O], NO + [N]→ N2O, and [N] + [N]→ N2. Xiong et al.

42

put forward that the dissociation of NO is the crucial step of
NO reduction by CO, and the presence of oxygen vacancies is
useful to weaken the N−O bonds to accelerate their
dissociation. It has been reported that surface oxygen vacancies
are helpful to N2O dissociation.4 Meanwhile, a number of NO
adsorption sites are gradually occupied by adsorbed CO, which
results in the oxidation of occupied CO species to gaseous
CO2. Furthermore, owing to the gradual reduction from Co3+,
Ce4+, and Cu2+ to Co2+, Ce3+, and Cu+ at reducing atmosphere,
the peaks of Co2+-COx, Ce

3+-COx, and Cu+-CO species can be
detected, leading to form more absorbed CO on the surface. At
this time, with the dissociation of NO species on surface
oxygen vacancies, adsorbed CO on intermediate valence
cations react with O radicals to generate gaseous CO2, in
other words, CO + [O] → CO2. A number of generated
gaseous CO2 attach on the La0.8Ce0.2Cu0.25Co0.75O3 catalyst to
create carbonates (carbonate-like species), which is reflected
by in situ DRIFTS measurement of NO+CO coadsorption.
With the increasing temperature beyond 350 °C, for

La0.8Ce0.2Cu0.25Co0.75O3 catalyst, the further reduction of Cu+

to Cu0 under the reducing condition is performed.15,43

Simultaneously, more Co2+, Ce3+, Cu+, and oxygen vacancies
are obtained. Sun et al.44 present that Cu0 are easily oxidized to
Cu+ by N2O. It demonstrates that Cu0 contributes to quicken
the transformation of N2O to N2 effectively. Therefore, the
relationship between the transformation from N2O to N2 and
the Cu+/Cu0 electron pair is unbreakable. Because of the
conversion of N2O to N2 and the recomposition of CO and O
radicals to CO2, plentiful N2 and CO2 can be observed beyond
350 °C, which implies the significant promotion of the catalytic
property and the rebirth of new active sites over the
La0.8Ce0.2Cu0.25Co0.75O3 catalyst. All these results are con-
sistent with the E-R mechanism.

4. CONCLUSIONS
In our research, La0.8Ce0.2M0.25Co0.75O3 samples with partial
substitution for the B site metal ions are obtained by the sol−
gel technique. On the basis of the explorations of these samples
above, the conclusions are listed as follows: (1) after partial
substitution of foreign elements, the structure for perovskite of
La0.8Ce0.2CoO3 sample is kept but the elevation of catalytic
property is evident. The La0.8Ce0.2Cu0.25Co0.75O3 sample has
the trustworthy long-term catalytic property and the most
outstanding catalytic property with nearly complete NO and
CO conversion at 300 °C. (2) The texture property, reducing
capacity, and percentage content of oxygen defects of partially
doped perovskites are considered as the decisive factors for the

enhanced catalytic property. (3) The overall catalytic process is
tentatively presented in NO reduction by CO, consistent with
E-R mechanism. (4) After partial substitution of copper, the
influence for the limitation of CO adsorption from NO
preferential adsorption on La0.8Ce0.2CoO3 sample is remark-
ably decreased, causing the complete conversion of NO and
CO at lower temperature.
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