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A B S T R A C T

The current work mainly focuses on exploring the impact of B-site partial substitution on the physico-chemical
property and the catalytic performance of LaM0.25Co0.75O3 (M=Cu, Mn, Fe) perovskites for the catalytic re-
duction of NO by CO. Measurements are applied to characterize the gained catalysts, including XRD, N2-phy-
sisorption (BET), H2-TPR, O2-TPD, ICP-AES, XPS and in situ DRIFTS. The results are listed below: (1) with partial
substitution of foreign cations, the perovskite structure of LaCoO3 is maintained effectively with improved
catalytic performance; (2) the reduction property and content of oxygen defect sites of partial substituted cat-
alysts are the key factors for the improved catalytic performance; (3) the partial substitution of copper obviously
reduces the impact of the restriction for CO adsorption by NO preferential adsorption on LaCoO3 catalyst; (4) the
partial substitution of copper distinctly promotes the reducing capacity and adsorption of gaseous O2 for LaCoO3.
Besides, taking LaCu0.25Co0.75O3 catalyst as an example, a reliable catalytic model is tentatively put forward to
thoroughly exploring the reaction process in NO+CO reaction.

1. Introduction

Nitric oxides and carbon monoxide, those pollutants from mobile
and stationary sources result in serious environmental problems. One of
the ideal methods to simultaneously remove nitric oxides and carbon
monoxide can be achieved by catalytic reduction reaction between NO
and CO. The catalysts used in this reaction are often divided into pre-
cious metals and perovskites. Noble metals rhodium, palladium and
platinum, which are loaded on Ce and Al, have been regarded as the
most effective material for the regulation to those contaminants [1].
Due to their high price and low thermostability, researchers’ attention
has shifted to the application of perovskite-type oxides [1]. Perovskite
catalysts with the structural composition ABO3, where A site often
corresponds to an alkali, alkaline-earth or lanthanide series cations
surrounded by 12 oxygen and B site often ascribes to a transition me-
tallic ion coordinated by 6 oxygen, have been deemed to be hopeful
alternative option to noble metals because of their popular price, fine

thermostability, and interesting physicochemical properties. The per-
ovskite catalysts can be decorated by partial replacement for A and/or B
site through other cations owning the same or different oxidation state
(structural composition A’1-xAxB’1-yB'yO3-z) [1]. Therefore, with suitable
choice of A and B metal ions, a perovskite with excellent performance
for certain specific reaction can be achieved.

Among the perovskite catalysts, LaCoO3 has caused more concern
for redox reaction due to its specific oxygen nonstoichiometries [2]. Its
physicochemical properties can be further modified through the partial
adjustment of B-site metal ions, which plays a prominent role in many
redox reactions [3]. Glisenti et al. [4] report that the NOx conversion of
LaCo0.5Cu0.5O3 is distinctly better than that of LaCoO3 at high tem-
perature with the complex stoichiometric TWC mixture. Moreover,
Pacella et al. [5] present that the deposition of CuO on LaCoO3 sig-
nificantly improves the NOx conversion of LaCoO3 with the simulated
vehicle exhaust mixture. It is worth noting that copper containing
perovskites draw attention to scholars because of their high reactivity
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in reduction of nitrogen oxides [2]. It is conceivable that the addition of
copper for the B site of the perovskite-type catalysts will contribute to
the catalytic performance of the NO+CO reaction. Besides, Mn or Fe
containing perovskite catalysts also display distinct performance in the
catalytic reduction of NO by CO [1,3,6–8]. Simultaneously, perovskites
partially substituted by transition metal ions for B site are conductive to
promoting the reduction reaction of NO by CO [1]. If the B site in
LaCoO3 is partially replaced by Cu, Mn, Fe, the perovskite structure
would be deformed and the corresponding structure defects would be
created, i.e., anionic or cationic defective sites and a conversion for the
valence of the metallic ions, leading to the promotion of the catalytic
performance [1,9].

It is well known that the impact of B-site partial substitution on the
physico-chemical property and the reaction mechanism of
LaM0.25Co0.75O3 (M=Cu, Mn, Fe) perovskites have barely been in-
vestigated in the NO+CO reaction and the possible reasons that
heighten the activity are still unclear. Therefore, the aim of this work is
to analyze the impact of B-site partial substitution on the physico-
chemical properties of LaM0.25Co0.75O3 (M=Cu, Mn, Fe) synthesized
by sol–gel method and to make clear the relationship between per-
ovskite properties and their improved catalytic performance in the
catalytic reduction reaction of NO by CO. A reliable catalytic model is
tentatively put forward to exploring the essence in NO+CO reaction.

2. Experimental section

2.1. Catalyst preparation

A series of LaM0.25Co0.75O3 perovskites are synthesized by the
sol–gel method using La(NO3)3·6H2O, Co(NO3)2·6H2O, Cu(NO3)2·3H2O,
Mn(NO3)2(50% solution), Fe(NO3)3·9H2O, Citric acid monohydrate and
Ethylene glycol. In order to prepare fresh sample, the appropriate
amount of La, Co and M precursors with molar ratios of La: Co: M about
1:0.75:0.25 are dissolved in deionized water and stirred for 0.5 h at
room temperature. Citric acid monohydrate is gradually added to the
precursor mixed solution at 50 °C. Half an hour later, ethylene glycol is
added to the mixed solution and stirred for 0.5 h. The molar ratio for
total nitrates/ citric acid/ ethylene glycol in the mixed solution keeps at
1:2:2. Afterwards, this mixed solution is heated up to 80 °C with con-
tinuous stirring for 2 h and then transferred to oven at 80 °C overnight
in air. The obtained wet-gel is calcined at 700 °C for 2 h under static air.
Similarly, LaCoO3 is also synthesized following the steps above.

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns are performed on a X'Pert PRO
diffractometer (PANalytical, Netherlands) using monochromatized Cu/
Kα radiation λ=0.15406 nm. The X-ray tube is applied at 40 kV and
40mA. The 2θ scans range is from 10 to 80° through the scanning rate
of 8° min−1.

N2 adsorption–desorption isotherms are reflected by N2 adsorption/
desorption at −196 °C through a gassorption analyzer (Micrometrics
TriStar II 3020 apparatus), employing the Barrett–Joyner–Halenda
(BJH) method to analyzing the pore distribution and measuring the
specific surface area via the Brunauer– Emmet–Teller (BET) equation,
respectively.

Hydrogen temperature-programmed reduction (H2-TPR) test is ap-
plied by a Finesorb-3010 automated chemisorption analyzer (Finetec
Company). To be specific, about 50mg of the fresh sample is heated
over a N2 flow of 50·mL min−1 from room temperature to 110 °C and
held time for 1 h at this process, then cooled to room temperature under
a N2 atmosphere and added through 7.03 vol.% H2-Ar mixture
(10mLmin−1) as reductant for 0.5 h. Afterwards, the catalyst is heated
from room temperature to a target temperature under N2 atmosphere
via a linear increase with heating rate of 10 °Cmin−1. The effluent gas
H2 is analyzed through a thermal conductivity detector.

Oxygen temperature-programmed desorption (O2-TPD) test is per-
formed with a Finesorb-3010 automated chemisorption analyzer of
Pantech instruments company using a thermal conductivity detector to
evaluate the effluent gases of catalysts with pure O2 as adsorbent. To be
specific, about 200mg of the fresh samples are pretreated in He at
30mLmin−1 from room temperature to 200 °C and held time for 1 h at
this process. Afterwards, the sample is cooled to room temperature
under a He atmosphere, and is exposed to pure O2 gas at 10mLmin−1

for 0.5 h. Then the system is sustained under a He atmosphere for 0.5 h
to blow residual oxygen gas on the catalysts. After that, the catalysts are
heated from ambient temperature to a target temperature under a He
atmosphere at 30mLmin−1 via the heating rate of 10 °Cmin−1.

Inductively coupled plasma atomic emission spectrometer (ICP-
AES) is applied to analyzing the elemental composition, employing
PerkinElmer Optima 5300 DV through a radio-frequency power of
1300W.

X-ray photoelectron spectroscopy (XPS) experiment is treated on a
PHI 5000 Versa Probe spectrophotometer employing monochromatic Al
Kα radiation (һν=1486.6 eV) under the working power of 15 kW. The
electron binding energy is calibrated by the surface adventitious C1 s of
284.6 eV. The catalyst irradiation area and detecting depth are
2mm×1mm and 2–5 nm, respectively.

In situ diffusion reflectance infrared fourier transform spectroscopy
(In situ DRIFTS) is tested by a Nicolet iS50 FTIR spectrometer through a
MCT detector with a spectral resolution of 4 cm−1 and accumulation of
32 scans. The fresh sample powders are fixed in quarts IR cell and
heated under a N2 atmosphere at 400 °C for 1 h to purge impurities.
When the temperature is requested to cool down from 400 °C to am-
bient temperature under a N2 stream, the IR spectroscopy at various
target temperatures are collected at the same time as a background for
this samples. After that, CO–Ar (10% CO in volume) or/and NO–Ar (5%
NO in volume) at a flow rate of 10.0 mLmin−1, respectively, is em-
ployed at ambient temperature for about 40min to get an equilibrium
for adsorption/desorption. Then the In situ DRIFTS spectra are col-
lected from 25 to 400 °C with intervals of 25 °C and a heating rate of
5 °Cmin−1.

2.3. Catalytic activity measurements

The catalytic performance of the LaM0.25Co0.75O3 perovskites for
NO+CO is performed in a continuous micro-reactor equipment with a
gas mixture including 5 vol. % NO, 10 vol. % CO, and 85 vol. % He, and
the GHSV is kept at 36,000mL g−1 h−1. Specifically, about 50mg of
fresh catalyst (40–60 mesh) is carried out in a quartz tube and pre-
treated in a high purity N2 atmosphere at 110 °C for 1 h to blow im-
purities before switching to the gas mixture. The reaction tail gas is
analyzed by two thermal conductive detectors. While the reaction is
accomplished, the results of NO conversion, N2 selectivity, and CO
conversion are presented.

3. Results and discussion

3.1. Catalytic performance

To explore the impact of partial substitution for the B site cations of
LaCoO3, NO+CO catalytic performance of these prepared samples is re-
corded in the scope of 100–600 °C. Actually, catalytic performance mea-
surement is carried out to repeat three times and catalysis results are syn-
thesized by the fitting process with original catalysis dates of three catalytic
activity measurements. Error bars is introduced to emphasize the re-
producibility of catalysis results, which implies the degree of deviation
among original catalysis dates, as shown in Fig. 1. The LaCoO3 perovskite
has relatively poor performances in the tested temperature range. The ac-
tivity of LaCu0.25Co0.75O3 is obviously better than the other modified
LaCoO3 at low temperatures, especially with near-complete NO and CO
conversion at 300 °C. The other Co-based perovskites gains the same
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reactivity at least 450 °C. A significant improvement for catalytic perfor-
mances can be explained by partial substitution of Cu. What’s more, the
performance of the LaFe0.25Co0.75O3 and LaMn0.25Co0.75O3 catalyst is nearly
equal to that of the LaCoO3 perovskite under 300 °C indicating that partial
substitution of Mn and Fe hardly impact on the performance of the LaCoO3

perovskite at low temperature. As temperatures rise, it is known that the
performance of the samples is significantly enhanced above 300 °C. In this
case, the promotion of the performance over the LaCu0.25Co0.75O3 per-
ovskite is much more obvious than that over the LaFe0.25Co0.75O3 and
LaMn0.25Co0.75O3 perovskites. The NO and CO complete conversion for
LaCu0.25Co0.75O3 perovskite are achieved at 350 °C. Another notable point
is that the LaFe0.25Co0.75O3, LaMn0.25Co0.75O3 and LaCoO3 perovskites
show negligible N2 selectivity in the scope of 250–350 °C, while the La-
Cu0.25Co0.75O3 perovskite shows an evident increase in N2 selectivity from
20% to 97%. With the temperature increasing continuously, N2 selectivity
for the other perovskites is also improved over 350 °C and
followed almost the same sequence as NO and CO conversion:
LaCu0.25Co0.75O3>LaFe0.25Co0.75O3 ≈ LaMn0.25Co0.75O3>LaCoO3.
Therefore, partial substitution of Mn and Fe brings a weaker promotion
than that of Cu to the N2 selectivity at low temperature. In short, more
efficient NO and CO conversion are discovered over LaM0.25Co0.75O3 in
comparison to those found over LaCoO3 through partial substitution of Cu,
Mn, and Fe. The greatest performance is obtained over LaCu0.25Co0.75O3

perovskite with 97% N2 selectivity at 350 °C, complete conversion for NO
and CO at 350 and 300 °C, respectively. Based on the above results, the
noticeable change for the increasing performance will be further explained
by the following characterization methods.

In order to detect the stability of LaCoO3 and LaCu0.25Co0.75O3 for
NO+CO reaction, the variation for the catalytic activity with the re-
action time is reflected under the continuous gas flow, as presented in
Fig. 1(d). The gaseous hourly space velocity and reactant gas compo-
sition keep constant for those applied in the performance test above but
the test temperature is fixed in 300 °C. After reaction for 24 h, the NO
conversion for LaCoO3 declines significantly from 73.8% to 47.6%, but
the NO conversion for LaCu0.25Co0.75O3 rarely drops and keeps at about
93.5% all the time. Hence, the long-term catalytic stability of LaCoO3 is
negative, but that of LaCu0.25Co0.75O3 is prominent.

3.2. XRD results

Fig. 2 demonstrates the XRD results of the as-prepared samples. All
the characteristic peaks in the patterns can be indexed to the rhom-
bohedral perovskite-type structure LaCoO3 (PDF-ICDD 48-0123). The
extra diffraction peaks associated with CuO, MnOx, and Fe2O3 are
lacking, implying that the foreign metal ions Mn+ may be partial into
the crystal lattice of LaCoO3 while keeping the rhombohedral per-
ovskite-type structure. To be specific, the characteristic peaks of these
LaM0.25Co0.75O3 samples widens and weakens derived from micro-
crystalline effect compared with LaCoO3, which can be proved by the
grain size of these perovskites calculated from the characteristic peak of
the (1 1 0) plane by Scherrer equation (summarized in Table 1). Gen-
erally, the grain size of these LaM0.25Co0.75O3 perovskites is smaller
than that of LaCoO3, which may be associated with the addition of Mn+

into the crystal lattice of LaCoO3. Besides, the angles of diffraction for
LaM0.25Co0.75O3 perovskites move slightly to lower angle direction
compared to LaCoO3. This phenomenon may suggest that foreign metal
ions Mn+ partially occupies the B site of Co3+ in the LaCoO3 phase (the
ionic radii of La3+, Cu2+, Mn3+, Fe3+ and Co3+ are 0.106 nm,
0.072 nm, 0.066 nm, 0.064 nm and 0.062 nm, respectively), thus it
leads to the extension of crystal lattice for the sample (summarized in
Table 1) and the potential production of oxygen vacancy. If foreign
metal ions Mn+ partially replaces the A site of La3+ in the LaCoO3

phase, the angles of diffraction for LaM0.25Co0.75O3 perovskites will
move slightly to higher angle direction compared to LaCoO3, which
confirms that the position of partial substitution for foreign cations in
LaM0.25Co0.75O3 perovskites is B site.

Fig. 1. The NO conversions (a), N2 selectivity (b) and CO conversions (c) of
LaM0.25Co0.75O3 catalysts, and long-term stability (d) of LaCoO3 and
LaCu0.25Co0.75O3 catalysts in NO+CO reaction.
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3.3. BET results

Fig. 3(a) reveals the N2 adsorption-desorption isothermals for all the
catalysts. These isothermals own remarkable characteristics for the type
IV and their corresponding hysteresis display an obvious H3-type, by
the classification of IUPAC. All the pore size distribution diagrams
(shown in Fig. 3(b)) in accordance with the BJH method for adsorption
curve from the relevant isothermals present a broad peak at 5–110 nm,
indicating the presence of mesoporous and macroporous size distribu-
tions in these catalysts. As a matter of fact, catalytic performance is
possibly connected with the structural property especially the BET
surface area and pore volume due to the adsorption for reactants. The
structural details are exhibited in Table 2. When B site of LaCoO3 is
partially substituted by the foreign cations, only the BET surface area
and pore volume of LaMn0.25Co0.75O3 can be improved slightly. So the
structural property of catalysts may not be the critical factor for the
catalytic performance in this research.

3.4. H2-TPR results

The reducing capacity plays an important role in NO+CO reaction,
thus the reducing capacity of these catalysts are investigated by H2-
TPR, as presented in Fig. 4. In general, four reduction peaks (labeled as
H1, H2, H3 and H4) are discovered in all the catalysts. Based on other
literatures [4,10], for LaCoO3 catalyst, the former two peaks at low-
temperature range (H1 and H2) are attributed to Co3+ → Co2+. The
last two peaks in high-temperature range (H3 and H4) can be mainly

ascribed to Co2+ → Co°. After partial substitution for the B site metal
ions of LaCoO3, the temperature and intensity of these reduction peak
change definitely. To be specific, for LaCu0.25Co0.75O3 catalyst, the
shoulder at 290 °C (H1) can be regarded as the reduction for Cu2+ to
Cu+, and the peak at 360 °C (H2) can be deemed as both Cu+→ Cu° and
Co3+ → Co2+. The shoulder at 500 °C (H3) and the main signal at
570 °C (H4) are associated with the reduction for Co2+→ Co°. Ob-
viously, the reduction temperature moves to a lower value with partial
substitution of copper, compared with LaCoO3 catalyst. This similar
phenomenon has already proposed in other report. Tien-Thao et al.
[11] speculates that in reducing atmosphere copper moves to the per-
ovskite surface to dissociate hydrogen. It leads to the lower reduction
temperature for cobalt. The partial substitution of copper for cobalt in
LaCoO3 contributes to cobalt reduction. Besides, the area of these re-
duction peaks at low-temperature range (H1 and H2) increases, that is,
the partial substitution of copper increases the amount of cation de-
fective sites. Actually, LaCu0.25Co0.75O3 catalyst possesses the larger
area and the lower temperature of reduction peak, so the oxidizing
ability of LaCu0.25Co0.75O3 catalyst is also excellent [12]. For
LaMn0.25Co0.75O3 catalyst, the shoulder at 430 °C (H1) and the main
peak at 470 °C (H2) should be primarily rooted in Mn4+→ Mn3+ and
Co3+ → Co2+. The shoulder at 660 °C (H3) and the main signal at
760 °C (H4) belong to the reduction for both Mn3+→Mn2+ and Co2+→
Co°. Moreover, the reducing behavior for LaFe0.25Co0.75O3 catalyst is
similar to LaCoO3. The reduction of iron is difficult under reducing
atmosphere in the TPR test, as proposed by Ciambelli et al. [13]. Cor-
respondingly, the perovskite structure is maintained effectively instead
of collapsing. Remarkably, for LaMn0.25Co0.75O3 and LaFe0.25Co0.75O3

catalysts, the reduction temperature (H3 and H4) increases above
650 °C, which is higher than the final temperature of catalytic activity
test, but the corresponding intensity decreases, indicating the high
thermostability. There are three possible reasons that result in this si-
tuation. First, the further reduction of cobalt becomes difficult because
of the existence of high valence cations Mn3+ and Fe3+. The Co2+

keeps the perovskite structure while Co is partially replaced by Mn or
Fe. Second, the mutual effect of M–O (M=Mn, Fe) bond reinforces

Fig. 2. The XRD results of LaM0.25Co0.75O3 catalysts.

Table 1
The cell volume and crystal size of LaM0.25Co0.75O3 catalysts.

Samples Cell volume (Å3) Crystallite size(nm)

LaCoO3 334.7 16.6
LaCu0.25Co0.75O3 337.1 16.4
LaMn0.25Co0.75O3 336.8 15.3
LaFe0.25Co0.75O3 336.7 15.6
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causing the limitation for the moving ability of lattice oxygen ion at
high-temperature range, which can be supported by the O2-TPD results
later. Third, the overlap of the peaks for both Co and M (M=Mn, Fe)
further reduction may influence the reduction temperature. Generally,
compared with LaCoO3 catalyst, the reduction peaks at the temperature
range of catalytic activity test for LaMn0.25Co0.75O3 and La-
Fe0.25Co0.75O3 catalysts shift slightly to low temperature, suggesting
that the reducing capacity of LaMn0.25Co0.75O3 and LaFe0.25Co0.75O3

catalysts is slightly stronger than that of LaCoO3 catalyst, but much
weaker than that of LaCu0.25Co0.75O3 catalyst, which is consistent with
the order of the electronegativity for the elements (Cu: 1.90, Co: 1.88,
Fe: 1.83, Mn: 1.55) and the catalytic performance. It is conceivable that
the reduction property of catalysts may be the critical factor for the

catalytic performance in the research. Furthermore, for the substituted
perovskites, the decreased intensity of peak H3 and peak H4 symbolizes
the decline in the quantity of reductive bulk lattice oxygen, which can
be primarily assigned to the decreasing grain size of the perovskites; the
movement of lattice oxygen from interior to subsurface or surface by
substitution-induced oxygen defective sites could be a reasonable ex-
planation as well.

3.5. O2-TPD results

The O2-TPD experiments are performed to explore the behavior of
the surface oxygen species possibly related to NO+CO reaction and
the gained results are displayed in Fig. 5. The surface physical absorbed
species O2 are barely observed because of the small specific surface
area.

The first peak (O1) is derived from the desorption of chemisorbed
species O2

−/O- formed by the adsorbed O2 on the perovskite superficial
oxygen vacancies [2]. After being substituted by Cu, the intensity of the
desorption peak(O1) at low-temperature strengthens significantly, re-
vealing that substitution of Cu is conductive to O2

−/O- desorption on
the perovskite and is expected to produce more oxygen defect site.
Zhang et al. [2] discover a broad peak for LaCoO3 because of O2

−/O-
species and put forward the useful mechanisms about the adsorption/
desorption about superficial oxygen defect sites: the desorption process

Fig. 3. The N2 adsorption-desorption isotherms (a) and BJH pore size dis-
tribution curves (b) of LaM0.25Co0.75O3 catalysts.

Table 2
The textural properties of LaM0.25Co0.75O3 catalysts.

Samples BET surface area
(m2g−1)

Pore volume
(cm g−1)

Average pore
diameter (nm)

LaCoO3 10 0.08 24
LaCu0.25Co0.75O3 5 0.04 31
LaMn0.25Co0.75O3 11 0.10 32
LaFe0.25Co0.75O3 3 0.02 32

Fig. 4. The H2-TPR results for LaM0.25Co0.75O3 catalysts.

Fig. 5. The O2-TPD results for LaM0.25Co0.75O3 catalysts.
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is promoted by substitution of Cu due to the generation of oxygen de-
fect sites. More oxygen defect sites in lattice to be predicted will im-
prove mobility and desorption for oxygen. Besides, the addition of Cu
reduces the mutual effect between adsorbed oxygen and cobalt, which
also quickens the desorption process. It is noteworthy that La-
Cu0.25Co0.75O3 has the greatest catalytic property. Therefore, the large-
scale O2

−/O- might play a key role in NO+CO reaction.
The last two peaks (O2 and O3) above 600 °C (the final temperature

of catalytic activity test) are possibly described as the release of su-
perficial lattice oxygen O2− species [14]. This is due to the reduction of
metal ions to lower valences. As a matter of fact, lattice oxygen O2−

species correspond to the standard of the mobility for bulk oxygen.
After introduction of Cu, the area of the desorption peak (O2 and O3) at
high-temperature increases significantly. It means that the mobility for
lattice oxygen can be increased by incorporation of Cu. On the contrary,
for LaMn0.25Co0.75O3 and LaFe0.25Co0.75O3, the area of the desorption
peaks is smaller than that for LaCoO3. It implies that the mutual effect
of M–O (M=Mn, Fe) bond may intensify; and then the lattice oxygen
desorption is predicted to be difficult, meaning the high thermo-
stability, which is in agreement with the H2-TPR results; the smaller
grain size of LaMn0.25Co0.75O3 and LaFe0.25Co0.75O3 may be also a ra-
tional explanation.

3.6. ICP results

The bulk elements of these catalysts are reflected by ICP-AES
measurement, as displayed in Table 3. The actual molar percentage of
these LaM0.25Co0.75O3 catalysts is nearly equal, which is roughly close
to their theoretical molar percentage. Among them, the actual amount
of La is a little larger than calculated theoretical value, but the actual
amount of Co and M (M=Cu, Mn, Fe) was a bit smaller than their
theoretical value. On the one hand, it could be probably due to the
preparation method. On the other hand, for all the catalysts, a part of
low valence state or unsaturated cations, which can be supported later
with the XPS results, always exist. But the theoretical value is calculated
by saturated cations; it might be a reason that the actual value of the
metallic elements is different from the theoretical value.

3.7. XPS results

XPS measurements are employed to further explore the superficial
compositions and elemental valence change in the near-surface range of
these gained catalysts. Owing to the charging effects through XPS
analysis, the binding energy region is corrected by adventitious carbon
(284.6 eV). The corresponding results are exhibited in Fig. 6 and the
superficial compositions are summarized in Table 4.

For all the perovskites, lanthanum is far below the expected value
whereas foreign metal elements and cobalt are more abundant on the
surface of LaM0.25Co0.75O3, compared with bulk composition, which
demonstrates a movement of foreign metal elements and cobalt to the
surface. Correspondingly, lanthanum is less existed near the surface.

As shown in Fig. 6(a), for all the perovskites, the peak of La 3d5/2 at
833.0 and 837.7 eV, and the peak of La 3d3/2 at 850.4 and 854.2 eV,
symbolizes that the valence of lanthanum is chiefly +3 [15].

Table 3
The bulk (ICP-AES) compositions for LaM0.25Co0.75O3 catalysts.

Samples actual amount theoretical amount

La (at.
%)

Co (at.
%)

M (at.
%)

La (at.
%)

Co (at.
%)

M (at.
%)

LaCoO3 53.1 43.5 – 50.0 50.0 –
LaCu0.25Co0.75O3 53.0 32.0 11.6 50.0 37.5 12.5
LaMn0.25Co0.75O3 53.2 32.6 11.7 50.0 37.5 12.5
LaFe0.25Co0.75O3 53.3 32.1 11.5 50.0 37.5 12.5

Fig. 6. The XPS results of La 3d (a), Mn+ 2p (b), Co 2p (c), O 1s (d) for
LaM0.25Co0.75O3 catalysts.
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The relevant spectra of Mn+ 2p are presented in Fig. 6(b). In the Cu
2p spectral scope, the signal (934.6 and 953.8 eV, respectively for Cu
2p3/2 and Cu 2p1/2) and its shoulder (938.0–947.2 eV) characteristic of
Cu2+ are obvious [16,17]. Moreover, a little superimposed peak at
932.2 eV are observed, revealing that the great mass of Cu possess the
oxidation state of +2 and a small portion of Cu+ coexist in La-
Cu0.25Co0.75O3. As for Mn2p, the binding energy of Mn 2p3/2 (641.9 and
643.6 eV) and Mn 2p1/2 (653.7 and 656.4 eV) correspond to Mn3+ and
Mn4+ in LaMn0.25Co0.75O3 [18]. For Fe 2p, the main peaks of Fe 2p1/2
and Fe 2p3/2 appear at 724.2 and 711.1 eV with their corresponding
satellite peaks at 732.0 and 718.1 eV, implying the presence of Fe3+.
Nevertheless, a small superimposed peak at 709.9 eV is detected,
showing that the great mass of Fe have the oxidation state of +3 and a
few Fe2+ coexist in LaFe0.25Co0.75O3 [19].

The corresponding spectra of Co 2p are exhibited in Fig. 6(c). In
short, the signals at 779.8 eV (Co 2p3/2) and 794.9 eV (Co 2p1/2) are
associated with Co3+ chemical state while the little peaks at 781.8 eV
(Co 2p3/2) and 796.8 eV (Co 2p1/2) are consistent with the existence of
Co2+ [16]. As is presented in the Table 4, the order of Co2+/
(Co2++Co3+) values is LaMn0.25Co0.75O3> LaFe0.25Co0.75O3 ≈
LaCoO3> LaCu0.25Co0.75O3. This is probably owing to charge neu-
trality effect. Specifically, the partial substitution of Co3+ by Mn4+/
Mn3+ increases the positive charge which is consumed by the reduction
of Co3+ to Co2+ in LaMn0.25Co0.75O3 catalyst. Conversely, the partial
substitution of Co3+ by lower-oxidation state Cu2+ could reduce the B
site valence of LaCu0.25Co0.75O3 catalyst, thus Co2+ may be oxidized to
Co3+ to maintain electrical neutrality. Furthermore, because of the si-
milar redox couple between Fe3+/Fe2+ and Co3+/Co2+, the Co2+/
(Co2++Co3+) values for LaFe0.25Co0.75O3 are close to that for LaCoO3.

O 1 s spectra with its signals at 528.7 and 530.8 eV come from lat-
tice oxygen (O') and chemisorbed oxygen (O") in all catalysts [17]. The
lattice oxygen (O') refers to the redox ability of the perovskite and the
content of chemisorbed oxygen (O") relates to the density of oxygen
defect site in the perovskite. As summarized in Table 4, after partial
substitution by foreign cations, the values of O"/(O'+O") increase in all
catalysts. The substitution of Mn or Fe mildly promotes the values of
O"/(O'+O") while the substitution of Cu significantly raises the values
of O"/(O'+O"). Obviously, there is much more abundant chemisorbed
oxygen on the LaCu0.25Co0.75O3 catalyst than that of other catalysts,
which conforms to the results of O2-TPD. These phenomena imply that
the partial substitution of Co by foreign metal ions can lead to the
creation of oxygen defect sites. Zhang et al. [20] point out that the
distortion of perovskites might result in inhomogeneous distribution for
oxygen in their textures, which is expected to produce oxygen defect
sites as well as the chemisorbed oxygen species on the perovskite. Be-
sides, the sequence of the O"/(O'+O") values (i.e., La-
Cu0.25Co0.75O3> LaFe0.25Co0.75O3 ≈ LaMn0.25Co0.75O3> LaCoO3) has
significant linear correlation with their cell volume (see Table 1), in-
dicating that the variation in cell volume might be related to the gen-
eration of oxygen defect sites (because of structure distortion) as well as
chemisorbed oxygen species on the perovskite [21]. The oxygen defect
sites of catalysts are beneficial to adsorbing gaseous O2 and generating
chemisorbed oxygen species through capturing electrons [22], leading

to the migration and transformation of adsorbed oxygen and lattice
oxygen [23]. Generally, in view of the results of NO+CO reaction, the
promotion for catalytic activity of LaM0.25Co0.75O3 is closely connected
with the content of oxygen defect sites.

3.8. In situ DRIFTS results

3.8.1. Single CO adsorption
In situ DRIFTS of CO adsorption is presented to get further detail on

the impact of partial substitution for the B site cations of LaCoO3, as
shown in Fig. 7. Based on the literatures [17,24,25], the peak at
1357 cm−1 comes from superficial carbonate species; the vibrational
frequency rooted in the carboxylates exists at 1384 cm−1; the peak
derived from the monodentate carbonates arises at 1463 cm−1. Inter-
estingly, a new peak originated from the coordinated COx with the
reduced cations can be observed at 1066 cm−1, and its beginning
temperature in LaCu0.25Co0.75O3 is much lower than that in LaCoO3,
which means that LaCu0.25Co0.75O3 sample can be readily reduced
through CO in lower temperature. In short, the peaks associated with
carbonates and carboxylates increase as temperatures rise, the main
reason might be that with the raising temperature under CO atmo-
sphere an increasing number of metal ions with high valence state are
reduced to cations with intermediate oxidation state to adsorb CO and
CO2. Notably, for the LaCu0.25Co0.75O3 sample, the intensity for the
surface carbonates and carboxylates are stronger and their corre-
sponding beginning temperature are lower than those for the LaCoO3

sample, suggesting that CO could be easily oxidized on the La-
Cu0.25Co0.75O3 catalyst and the substitution of copper increases the
oxidation ability of LaCoO3 catalyst. It is in agreement with the results
of O2-TPD. Besides, the vibrational frequency attributed to gaseous CO
exists at 2118 and 2175 cm−1, and it also may be the vibration of Co2+-
Cox and Cu+−CO. For LaCu0.25Co0.75O3 sample, the surface content of
Co2+ is less, but the peaks at 2118 and 2175 cm−1 are relatively
stronger, which implies the presence of Cu+ species on the La-
Cu0.25Co0.75O3 catalyst at normal temperature. It conforms to the XPS
results. At the same time, two visibly noticeable bands at 2337 and
2371 cm−1 arise which is rooted in the creation of gaseous CO2. For
LaCoO3 sample, the characteristic peak of gaseous CO2 remains un-
changed with the increase of temperature from 50 to 400 °C. However,
for LaCu0.25Co0.75O3 sample, they are detected to heighten clearly with
the increasing temperature because of the catalyst reduction, indicating
that the reduction property for LaCu0.25Co0.75O3 is better, which is
proved through the H2-TPR results. It is observed that the raised in-
tensity of gaseous CO2 may be ascribed to the increasing Cu+ by raising
temperature because of the stepwise reduction for Cu2+. Generally,
suitable substitution of copper is useful to produce more Cu+, which
may be in favor of the performance in NO+CO reaction. Furthermore,
the adsorbed CO species are discovered to be steady at high experi-
mental temperatures, and the band intensity of gaseous CO2 in La-
Cu0.25Co0.75O3 is strong, revealing that all these samples have promi-
nent adsorption ability for CO molecules but only LaCu0.25Co0.75O3

catalyst possesses outstanding reaction capacity for CO molecules.

Table 4
The surface compositions of LaM0.25Co0.75O3 samples obtained by XPS analysis.

Samples Atomic concentration and atomic ratio by XPS

Atomic concentration (at. %) Atomic ratio (at. %)

C La M Co O Co2+/(Co2++Co3+) O"/(O'+O")

LaCoO3 44.0 6.2 – 7.7 42.1 17.7 56.3
LaCu0.25Co0.75O3 36.0 6.6 3.8 7.2 46.4 11.8 67.8
LaMn0.25Co0.75O3 34.9 6.0 3.1 7.6 48.4 21.0 59.0
LaFe0.25Co0.75O3 31.6 7.5 4.4 8.7 47.9 17.9 59.1

Y. Wu et al. Applied Catalysis A, General 568 (2018) 43–53

49



3.8.2. Single NO adsorption
In situ DRIFTS of NO adsorption is presented in Fig. 8. According to

the literatures [17,18,25], the peak at 1600 cm−1 comes from bridging
monodentate nitrate; the vibrational frequency originated from brid-
ging bidentate nitrate appears at 1630 cm−1; two visibly noticeable
peaks derived from gaseous NO arise at 1844 and 1901 cm−1. For
LaCoO3 sample, the peak at 1030 cm−1 corresponds to bridge bidentate
nitrate and the vibrational frequency ascribed to monodentate nitrate
appears at 1501 cm−1. However, for LaCu0.25Co0.75O3 sample, these
peaks at 1037 and 1501 cm−1 are barely noticed and the intensity of
other nitrate species is weak relatively. This condition indicates that
these nitrate species easily dissociate on LaCu0.25Co0.75O3 sample. For
this condition, Li et al. [26] offer the rational explanation that super-
ficial oxygen defect sites create on the sample and contribute to nitrate
species decomposition. Therefore these adsorbed nitrate species on the
LaCu0.25Co0.75O3 sample are easier to dissociate than those on the
LaCoO3 due to the more oxygen defect sites. It can be supported by the
XPS results. Another possible reason may be that the adsorption/des-
orption ability of LaCu0.25Co0.75O3 is better than LaCoO3. With the
chemisorption of NO on the LaCu0.25Co0.75O3 sample, the mutual effect
between electrons may occur. Namely, the back-donation effect for D-
electron of Cu2+ influences the antibonding orbital from NO molecule,

which may be likely to lower the N–O bond and then improve the
catalytic performance [17]. Besides, the peak rooted in the hyponitrites
at 1346 cm-1 is still obvious at 400 °C, implying that these species are
stable in NO atmosphere at high temperature. These species are caused
by the creation of oxygen defect sites in the interface with the potent
mutual effect between electrons on the surface and through the electron
migration from a reduced Lewis site (Co2+ and Cu+) to a NO molecule
[17], which is consistent with the XPS results. In comparison to the
LaCoO3 sample, the peak intensity at 1346 cm-1 of LaCu0.25Co0.75O3

sample increases obviously with the increasing temperature, probably
because of the high-density oxygen vacancies.

3.8.3. NO+CO co-adsorption
In situ DRIFTS of NO and CO co-adsorption is employed during si-

mulated experiments to further understand the reaction essence, as
presented in Fig. 9. Based on the literatures [17,18,24,25], the peaks at
1037 and 1630 cm−1 can be regarded as bridge bidentate nitrates; the
peaks at 1339 and 1501 cm−1 can be deemed to hyponitrites and
monodentate nitrates, respectively; the vibrational frequency at
1600 cm−1 belongs to bridging monodentate nitrate; two visibly no-
ticeable peaks originated from gaseous NO appear at 1844 and
1901 cm−1; the band assigned to gaseous CO arises at 2118 and
2175 cm-1. In addition, all the surface monodentate carbonates and
carboxylates are not observed at low temperature. A rational inter-
pretation for this situation is that gaseous NO and gaseous CO enter

Fig. 7. The in situ DRIFTS spectra of CO (10.0% in volume) at different tem-
peratures for LaCoO3 (a), LaCu0.25Co0.75O3 (b) catalysts.

Fig. 8. The in situ DRIFTS spectra of CO of NO (5.0% in volume) at different
temperatures for LaCoO3 (a), LaCu0.25Co0.75O3 (b) catalysts.
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similar adsorption sites together but gaseous NO gives priority to ad-
sorbing on the catalyst in the reducing condition [17]. Consequently,
various NO species are created and absorbed on the catalyst, thus re-
straining the CO adsorption procedure. As temperatures rise, in com-
parison to NO adsorption, these NO species disappear at lower tem-
perature and the weakening extent of these species is more noticeable.
These results distinctly mean that the thermostability of the NO species
is rather poor under the simulated atmosphere. Simultaneously, the
intensity of these peaks in LaCu0.25Co0.75O3 sample is weaker than that
in LaCoO3 sample, hence the adsorption behavior for NO species of
LaCu0.25Co0.75O3 sample is weaker than that of LaCoO3 sample, just like
the single NO adsorption results, which implies that the influence of the
restriction for CO adsorption may be less in LaCu0.25Co0.75O3 sample.
Compared with LaCoO3 sample, the characteristic peaks rooted in
surface carboxylates and monodentate carbonate species at about 1384
and 1463 cm−1 for LaCu0.25Co0.75O3 sample appear at lower tempera-
ture, which probably reveals that the generation of the obvious CO2

adsorption comes from the interaction between the CO oxidation and
the adsorbed NO reduction on the LaCu0.25Co0.75O3 sample at lower
temperature. It proves the previous proposal that the impact of the
restriction for CO adsorption may be less in LaCu0.25Co0.75O3 sample.

As the temperature rises further, the increase of the characteristic peaks
for the monodentate carbonates and carboxylates is more remarkable in
LaCu0.25Co0.75O3 sample, which may be connected with the reduction
of Co3+ and Cu2+ on the LaCu0.25Co0.75O3 sample to Co2+ and Cu+,
leading to easier adsorption of CO and CO2 on the reducing state Co2+

and Cu+ [25]. It means that the reduction of LaCu0.25Co0.75O3 sample is
easier than LaCoO3 sample under the reaction atmosphere, which can
be reflected by the H2-TPR results. Notably, increasing the temperature
can further promote the transformation from Cu+ to Cu° under redu-
cing atmosphere, which is helpful to improve the catalytic performance
[17]. For LaCu0.25Co0.75O3 sample, gaseous CO2 located at 2337 and
2371 cm−1 is detected at lower temperature and its intensity is sig-
nificantly stronger than that for LaCoO3 sample. It demonstrates that
the reducing capacity of LaCu0.25Co0.75O3 sample is better and per-
forming the NO+CO reaction on the LaCu0.25Co0.75O3 sample is ea-
sier, which can be verified through the results of H2-TPR and catalytic
performance. Besides, the vibrational frequency for N2O molecules is
noticed at 2241 cm−1 [18], which means the production of gaseous
N2O as a by-product in the NO decomposition procedure. It may ra-
tionally interpret that NO molecules dissociate into [N] and [O] atoms
by the inductive effect of the superficial oxygen defective sites and that,
afterwards, the decomposed [N] species are induced to restructure with
NO molecules, namely, the reaction between [N] and NO to form N2O,
which causes dramatically declining the N2 selectivity [18]. As the
temperature rises further, the vibrational frequency for N2O molecules
fades away due to the NO decomposition and [N] restructuration into
N2, which leads to sharply increasing for the N2 selectivity [18]. Ob-
viously, owing to the partial substitution of copper, the corresponding
temperature range of N2O shifts to low-temperature region, which
suggests that the decomposition and restructuration of NO species take
place at lower temperature, thus the NO+CO reaction may reach the
complete conversion at lower temperature. All these results are in
agreement with the catalytic performance.

3.9. Catalytic mechanism

As is well known, there is scarcely any literature about the reaction
mechanism for the LaM0.25Co0.75O3 in NO+CO reaction. According to
the above-mentioned characterization, especially the in situ DRIFTS
test of NO+CO co-adsorption, a reliable catalytic model is tentatively
put forward to understand reacting processes in NO+CO, as presented
in Fig. 10 and taking an example for LaCu0.25Co0.75O3 catalyst. It is
widely believed that the generation of superficial oxygen defective sites
is conductive to activating the reaction gas to produce more con-
tributing species in NO+CO reaction, which can obviously enhance
the catalytic performance in NO+CO reaction [18]. As for in situ
DRIFTS results of NO+CO co-adsorption, it is observed that the
NO+CO reaction on LaCu0.25Co0.75O3 catalyst accords with a classical
Eley–Rideal (E–R) mechanism, which conforms to the analysis of Dong
et al. [27].

With the exposure to gaseous mixture between NO and CO at room
temperature (25 °C), gaseous NO give priority to adsorbing on the
LaCu0.25Co0.75O3 catalyst in the reducing condition. Consequently,
various nitrate and nitrate-like species are created and absorbed on the
LaCu0.25Co0.75O3 catalyst, thus restraining the CO adsorption proce-
dure. Besides, the reaction between gaseous CO and adsorbed NO
species occurs to generate a spot of N2O, N2, and CO2 under 150 °C,
which is reflected by the catalytic performance and in situ DRIFTS re-
sults of NO+CO co-adsorption.

As the temperature rises over 150 °C, the desorption/conversion/
dissociation of the adsorbed NO species occurs to form more N2O and
N2, that is, NO →[N]+[O], NO+[N] →N2O, [N]+ [N] →N2.
Moreover, Xiong et al. [28] point out that the decomposition of NO is
the critical process for NO+CO reaction, and oxygen defective sites
are able to weaken the NeO bonds to quicken their decomposition. In
fact, superficial oxygen defective sites are beneficial to N2O

Fig. 9. The in situ DRIFTS spectra of NO (5.0% in volume)+CO (10.0% in
volume) at different temperatures for LaCoO3 (a), LaCu0.25Co0.75O3 (b) cata-
lysts.
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decomposition [25]. Simultaneously, a portion of NO adsorption sites
expose to adsorbing CO molecule, leading to the partial oxidation from
these adsorbed CO species to gaseous CO2. Meanwhile, due to the
partial reduction from Co3+ and Cu2+ to Co2+ and Cu+ by excessive
CO in this procedure, the bands of Cu+−CO species and Co2+−COx

species are able to be observed. The mutual effect of Co2+ + Cu2+ ↔
Co3++ Cu+ is conductive to generate of more Cu+, which gives rise to
creating more CO adsorption sites from Cu+. Due to the decomposition
of NO species on superficial oxygen defective sites, the reaction be-
tween O radicals and adsorbed CO on Cu+ takes place to form CO2

molecule, that is, CO+ [O] →CO2. A fraction of obtained gaseous CO2

is likely to absorb on the LaCu0.25Co0.75O3 surface to produce carbonate
and/or carboxylates species, which can be proved by in situ DRIFTS
results of NO+CO co-adsorption.

With the temperature rising over 350 °C, the further reduction of
LaCu0.25Co0.75O3 catalyst and the reduction of Cu+ to Cu° at the re-
ducing atmosphere are carried out [4,29]. At this point, more and more
Co2+, Cu° and oxygen defective sites are created. Sun et al. [30] report
that the oxidation of Cu° to Cu+ by N2O is easy. It reveals that Cu° is
capable to promote the conversion from N2O to N2 efficiently. Hence,
the connection between the reduction of N2O to N2 and the Cu+/Cu°
redox couple is close. Owing to the transformation from N2O to N2 and
the recombination from CO and O radicals to CO2, more and more N2

and CO2 can be traced with the temperature over 350 °C, which in-
dicates the dramatic elevation of the catalytic performance and the
regeneration of fresh active sites over the LaCu0.25Co0.75O3 catalyst.

4. Conclusion

In the current work, LaM0.25Co0.75O3 perovskite catalysts with
partial substitution for the B site cations are synthesized through the
sol–gel method. In view of the aforementioned analyses of these cata-
lysts, the conclusions can be illustrated below. With partial substitution
of foreign cations, the perovskite-type structure of LaCoO3 is main-
tained effectively and the improvement of catalytic performance is
significant. The LaCu0.25Co0.75O3 catalyst possesses the remarkable
long-term catalytic stability and the best performance with complete
NO and CO conversion at 350 and 300 °C, respectively. Meanwhile, the
reduction property and content of oxygen defect sites of partial sub-
stituted catalysts are regarded as the critical factors for the improved
catalytic performance. Interestingly, the partial substitution of copper
distinctly promotes the reducing ability and adsorption of gaseous O2

for LaCoO3, which contributes to producing more surface active oxygen
species and thus leads to the prominent catalytic performance. Besides,
the reasonable catalytic model is tentatively put forward in NO+CO
reaction, conforming to a representative E–R reaction mechanism.
Finally, the partial substitution of copper obviously reduces the impact
of the restriction for CO adsorption by NO preferential adsorption on
LaCoO3 catalyst, which leads to the complete NO and CO conversion at
lower temperature.
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