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Catalytic oxidation of high-concentration CO over
La0.9M0.1CoO3 (M = Ce, Sr) facilely promoted
by glucose

Zihao Teng,ab Jianyu Yun,a Libin Du,a Junqin Huang,b Qinglan Hao,a

Baojuan Dou, *a Kwun Nam Hui c and Feng Bin*b

Glucose-free and glucose-containing LaCoO3(-G), La0.9Sr0.1CoO3(-G), and La0.9Ce0.1CoO3(-G)

perovskite catalysts were synthesized via the sol–gel method, over which the oxidation performance of

high-concentration CO was investigated. The experimental results indicate that the catalytic activity can

be improved by facilely adding glucose during the preparation where glucose creates a reducing

atmosphere and takes away the oxygen atoms of perovskites to form more oxygen vacancies and Co3+.

CO self-sustained combustion is favorably achieved and La0.9Ce0.1CoO3-G shows the best catalytic

performance. Combining the XPS, H2-TPR, O2-TPD and CO-TPD results, the outstanding performance

of La0.9Ce0.1CoO3-G is mainly ascribed to the relatively higher concentrations of Co3+, Ce3+ and oxygen

vacancies. The reaction was found to follow the Langmuir–Hinshelwood (L–H) mechanism by in situ IR

spectroscopy and kinetic results. Furthermore, La0.9Ce0.1CoO3-G exhibits good high-temperature dur-

ability with unchanged CO conversion of 100% at 760 1C. It is suggested that the addition of glucose

and the impregnation of Sr or Ce in perovskites is a feasible strategy to design industrial catalysts for CO

self-sustained combustion.

1. Introduction

The steelmaking process of Basic Oxygen Furnace (BOF) is
considered as an effective technology to produce good quality
steel from pig iron. However, the released off-gases containing
CO and O2 have temperatures as high as 1600 1C, which are not
only a fuel but a gas residual heat source with remarkable high
quality.1 During the process, off-gases are generated intermit-
tently, presenting significant energy variations, where the CO
content in the off-gases tends to increase at the beginning, then
remains at a high level and falls sharply in the end.2,3 Con-
sidering that the explosion tends to occur easily in the CO/O2

mixture, the off-gas produced at the start and end of the
steelmaking process is first cooled by a gasification cooling
stack coupled with a water spray to remove the residual
sensible heat and then flared via methane combustion-
supporting burners.4

The increased pressures on profitability (e.g., increase in
electricity costs) and environmental concerns (e.g., reduction in
carbon tax) have triggered awareness focused on potential
technologies to utilize the CO-rich off-gases.5 One such method
is post-combustion of CO with air, which takes place inside the
bath or before reaching the gasification cooling stack. Unfortu-
nately, the combustion temperatures of off-gas with air may
exceed 1800 1C,6,7 and the dissociation reactions in the post-
combustion zone tend to yield thermal NOx as a secondary
pollutant.8 Another method of utilizing CO-rich off-gas is
catalytic combustion, which allows CO - CO2 exothermic
reactions to produce heat suitable for electric power
generation.9 As a flameless combustion mode, catalytic com-
bustion has many advantages such as high combustion effi-
ciency, uniform temperature distribution, low NOx emission,
avoiding the chance of explosion, etc. Our previous study
provided evidence that CuCeOx catalysts undergo a self-
sustained catalytic combustion:10,11 the sudden self-
acceleration of the surface rate occurs when the catalytic system
warms up to its ignition temperature, leading to a thermo-
chemical runaway and thus releasing a huge mass of hot
gaseous CO2 products. Since copper-based mixed oxides can
be easily sintered at high temperatures, it is difficult for the
CuCeZrOx catalytic system to recover the sensible heat wasted
during the water spray section.
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Perovskite oxides like lanthanum cobaltite (LaCoO3), etc. can
also be used as catalysts due to their considerable activity and
durability (calcination temperature 4 900 1C) during CO
combustion.12,13 Agarwal et al.14 investigated the catalytic oxi-
dation of toluene over LaMO3 (M = Co, Fe and Cr) catalysts, with
the results indicating that LaCoO3 exhibits the highest catalytic
performance. According to Royer et al.,15 the oxygen species
adsorbed on Co3+ ions and oxygen vacancies play a key role in
CO oxidation. Except for the original form, the LaCoO3 perov-
skite can be modified by A/B site substitution by foreign
metals without destroying the matrix structure, providing an
efficient way to improve the activity.16 For example, when Sr2+ is
inserted into LaCoO3, the generated oxygen vacancies and
reversible Co3+/Co2+ pair improve the mobility of bulk
oxygen.17,18 Zhou et al.19 confirmed that the CO oxidation over
La0.4Sr0.6CoO3 follows both Mar–van Krevelen (M–K) and Lang-
muir–Hinshelwood (L–H) mechanisms and the catalyst is
stable, with the CO conversion reaching 50% at 169 1C and
90% at 198 1C in the eighth oxidation cycle. When La3+ was
substituted by Ce4+ ions, both formation of vacancies and a
change in the cobalt oxidation state can be expected, and the
inactive cerium ions are beneficial to stabilizing O2

� on Co3+ at
the surface.20 Schmal et al.21 reported that cerium addition not
only promotes the formation of perovskite microcrystals and
structural modifications in the lattice, but also inhibits the
phase segregation. By acquiring an electron to form a transi-
tional Ce3+, Zhu et al.22 found that a suitable amount of Ce4+

ions introduced into the LaCoO3 framework facilitates the
reaction of surface oxygen with the substrate, which is more
active than noble metal and simple metal oxide catalysts.

Our previous study23 has proved that CO self-sustained
combustion could be achieved over Mn-based perovskite cata-
lysts with sucrose. However, although Mn-based perovskite
catalysts exhibited good catalytic performance, the conversion
temperature was still relatively high and the substitution also
seemed to inhibit the catalytic activities among the sugar-free
samples. Besides, the role of the sucrose agent has not been
thoroughly investigated and explained, and the proposed reac-
tion pathway needs more experimental data for validation.
Thus, we focused our attention on the more active cobalt-
based perovskite catalysts and the role of the sugar agent needs
to be figured out.

In this study, a green and facile process for promoting the
activity of the highly stable LaCoO3 perovskite catalyst was
proposed using a glucose agent and substitution in the A site
by Sr or Ce. Furthermore, the oxidation performance of high-
concentration CO over the obtained catalyst was investigated.
The relationships among the role of glucose, the modified
active sites and the catalytic performances were evaluated and
investigated by characterization techniques including XRD, H2-
TPR, O2-TPD, CO-TPD, XPS, etc. In addition, the reaction path-
way was demonstrated by IR spectroscopy and further sup-
ported by kinetic experiments. It is suggested that the addition
of glucose in the preparation process and the impregnation of
metal oxides (Sr or Ce) for perovskite oxides is a feasible
strategy to design industrial catalysts for self-sustained

combustion of CO, which would be helpful to accept such a
technology on efficient and clean energy utilization in the iron
and steel industry.

2. Experimental
2.1. Preparation of perovskite catalysts

The LaCoO3 catalysts were prepared via the sol–gel method.
Stoichiometric amounts of La(NO3)3�6H2O and Co(NO3)2�2H2O
were dissolved in 15 mL (about 0.27 mol) ethylene glycol (EG)
solution with 0% and 2% glucose. The molar ratios of EG/
glucose are 81 : 1 (for LaCoO3), 77 : 1 (for La0.9Sr0.1CoO3) and
75 : 1 (for La0.9Ce0.1CoO3). The mixture was stirred at 80 1C for
2 h to obtain the perovskite precursor solution, after which
10 mL of methanol was added slowly. Then, one-hour vigorous
stirring was required for the formation of LaCoO3 colloidal gel.
The gel was placed at room temperature for at least 36 h and
dried at 110 1C for 24 h to evaporate the volatile substance to
obtain a gelatinous solid. The solid was then transferred into
several crucibles and calcined at 900 1C in air for 6 h. The
LaCoO3 catalysts containing 0% and 2% glucose are labeled as
LaCoO3 and LaCoO3-G (glucose), respectively.

The Sr-doped La0.9Sr0.1CoO3 and Ce-doped La0.9Ce0.1CoO3

catalysts that contain 0% and 2% glucose were synthesized by
the same method. An adequate amount of (CH3COO)2Sr or
Ce(NO3)3 was added into the ethylene glycol solution and the
following steps were the same as those mentioned above. The
prepared catalysts are labelled as La0.9Sr0.1CoO3, La0.9Ce0.1CoO3,
La0.9Sr0.1CoO3-G (glucose) and La0.9Ce0.1CoO3-G (glucose),
respectively.

2.2. Catalyst characterization

The crystalline structure of perovskite catalysts was investigated
via a powder X-ray diffraction (XRD) test on an XD-3 automatic
diffractometer (PERSEE) which uses Cu Ka nickel-filtered radia-
tion. The spectrum acquisition ranges from 101 to 801 at a
scanning speed of 81 per minute with a step size of 0.021. The
collected XRD data were processed using Jade 6.5 and PDF-4+
2009 for the identification of the crystalline phase, compared
with the standard cards derived from JCPDS and ICCD files.

X-ray photoelectron spectroscopy (XPS) was performed on a
Kratos Axis Ultra DLD spectrometer to detect the composition
and chemical states of the surface elements, especially the
cobalt and oxygen species, which are associated with the
catalytic activity to some extent. The analyzer uses monochro-
mated Al Ka (l = 1486.6 eV) as the excitation source with a 15 kV
operating voltage. The C 1s signal (284.8 eV) that arises from
adventitious carbon is considered as a reference to calibrate the
binding energy.

Hydrogen temperature-programmed reduction (H2-TPR), a
test that aims to study the redox behavior of catalysts, was
conducted on a TP-5080B Auto multifunctional adsorption
instrument equipped with a thermal conductivity detector
(TCD). A 20 mg perovskite catalyst sample was pre-treated in
pure He at 300 1C for 30 min, and the generated water was
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removed by silica in a drying tube before the gas analysis. Once
the furnace cooled down to room temperature, the gas flow was
switched to 5% H2/He (50 mL min�1). After the baseline of the
TCD signal became steady, the sample was heated to 1000 1C at
a rate of 10 1C min�1. The H2 consumption of each reduction
peak is calculated using the following equation:

C ¼ A

a� 22:4�m
(1)

where C, A, a and m represent the consumption of H2

(mmol g�1), the peak area of each reduction peak (mV s), the
peak area of 1 mL consumed H2 (mV s mL�1) and the mass of
the catalyst (g), respectively.

The temperature-programmed desorption of oxygen and
carbon monoxide (O2-TPD and CO-TPD, respectively) was car-
ried out on the same TP-5080B instrument under the condi-
tions of 5% O2/He and 5% CO/He mixtures, respectively. After
being pre-treated at 300 1C for 30 min in pure He, the catalyst
(50 mg) was exposed to pure O2 or CO at 50 1C for 30 min. Then
the physically absorbed O2 or CO was removed by He flow until
the baseline became flat. The signal data were recorded with
increasing the temperature to 1000 1C at 10 1C min�1, which
was later used to calculate the consumption of O2 and CO using
the abovementioned equation.

In situ infrared (IR) spectroscopy was applied to reveal the
intermediates of CO oxidation over perovskite catalysts during
the reaction by detecting the process of CO adsorption and
oxidation using a Bruker Tensor 27 instrument. This instru-
ment was equipped with a transmission cell driven by magnet-
ism and an MCT detector, which has a resolution of 4 cm�1 and
is capable of acquiring 32 scans. The catalyst was pre-treated in
a self-supporting wafer. After being stabilized in a quartz IR
cell, 20 mg of the catalyst was exposed to a nitrogen flow at
300 1C for 1 h. At room temperature, the IR spectrum was
recorded as a reference. Further, the gas flow was switched to a
stream of 25% CO/N2 or 25% CO + 25% O2/N2 for 0.5 h until the
sample was saturated. The data were collected on the basis of
the desorption process under a nitrogen flow or continuous
flow reaction process with increasing the temperature from
room temperature to 300 1C at 10 1C min�1.

2.3. Catalytic performance tests

The catalytic activity test, which is also called as temperature-
programmed oxidation (TPO), was conducted in a 4 mm inner
diameter micro-reactor. Before the test, 200 mg of the sample
was pressed into sheets, sieved into 20–40 mesh and added into
the reactor. Then a mixture stream of 10% CO + 10% O2 was
introduced into the reactor and the total flow was controlled at
200 mL min�1 (GHSV = 70 000 h�1). Two K-type thermocouples
(0.5 mm) were employed to monitor the self-sustained combus-
tion of the catalyst. One thermocouple at the center of the
reactor bed is used to monitor the center temperature, which is
the actual temperature where the reaction occurs. The other
thermocouple in front of the bed is utilized for controlling the
reactor temperature, which is the approximate temperature of
the whole reactor.

Considering the practical application of the catalysts in the
off-gas treatment, on the basis of catalytic activity test proce-
dures, the self-sustained combustion test was performed to
investigate the limiting conditions that can keep the oxidation
reaction stable. An infrared camera (FLIR T640, with a full-scale
measurement precision of �2%) was used to monitor the
realtime bed temperature and the data were collected by using
FTLR R&D software. If the bed temperature remains steady and
the CO conversion at 100%, we can conclude that self-sustained
combustion can be achieved under these conditions.

The kinetic experiment is also based on the catalytic activity
test system to build the kinetic model of the La0.9Ce0.1CoO3-G
catalyst to provide the crucial information to support the
theoretical reaction mechanism. 0.1 g of the La0.9Ce0.1CoO3-G
catalyst (0.1–0.15 mm) was properly mixed with 0.1 g quartz
sand (0.1–0.15 mm) and then added into the reactor. The
experiment was carried out at 180 1C under a total mixed
N2 + CO + O2 flow of 200 mL min�1, controlling the CO
conversion r10% with the concentrations of CO and O2

ranging from about 0.3% to 3%. The CO conversion needs to
reach the steady state before data collection, which is calcu-
lated using the following equations:

XCO ¼
½CO�in � ½CO�out

½CO�in
(2)

where XCO, [CO]in and [CO]out represent the CO conversion (%)
and the CO concentrations (%) of the inlet and outlet, respec-
tively.

rCO ¼
NCO � XCO

Wcat
(3)

where rCO, NCO and Wcat represent the CO reaction rate (molCO

(gcat s)�1), the molar flow of CO (mol s�1) and the mass of the
La0.9Ce0.1CoO3-G catalyst (g), respectively.

rCO ¼ k� Pa
CO � Pb

O2
(4)

where k, PCO, PO2
, a and b represent the reaction rate constant,

the partial pressures of CO and O2, and the reaction orders of
CO and O2, respectively. If b = 0, it indicates that the gaseous O2

does not participate in the reaction, and the reaction process
follows the M–K mechanism. Otherwise, the reaction follows
the L–H mechanism.

kCO ¼ A exp � Ea

RT

� �
(5)

where A, Ea, T and R represent the Arrhenius pre-exponential
factor (s�1), activation energy (kJ mol�1), temperature (K) and
molar gas constant (8.315 � 10�3, kJ (mol K)�1), respectively.

3. Results and discussion
3.1. XRD analysis

The XRD results (Fig. 1) show that the main diffraction peaks
(2y = 23.21, 32.91, 33.31, 40.71, 41.31, 47.5 1, 58.91, 59.81, 68.91
and 69.91) of LaCoO3 and LaCoO3-G are highly in consonance
with the reference pattern of the typical LaCoO3 rhombohedral
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structure (JCPDS#48-0123), which can be assigned to the crystal
planes of (012), (110), (104), (202), (006), (024), (214), (018), (220)
and (208), respectively. No other cobalt oxides such as Co3O4 or
Co2O3 are detected, which suggests that pure LaCoO3 has been
successfully prepared. There are no distinct intensity or width
differences between each sample.

As for La0.9Sr0.1CoO3 and La0.9Sr0.1CoO3-G, the patterns
exhibit a slight shift (0.061) to a small 2y angle compared with
LaCoO3 and LaCoO3-G. This shift is mainly attributed to the
doping of Sr since Sr has a larger atomic radius (0.118 nm) than
La (0.110 nm), which can change the lattice parameters and
cause lattice distortions. Notably, a weak diffraction peak
centered at 31.91 can be observed, which is probably due to
the formation of SrCoO2.5 (the crystal plane of (110), ICCD#04-
006-1174). The brownmillerite SrCoO2.5 phase may be formed
during the preparation of Sr-doped catalysts as a consequence
of the high loading ratio of strontium.

Likewise, there is also a segregated phase in La0.9Ce0.1CoO3

and La0.9Ce0.1CoO3-G. A faint diffraction peak emerging at 28.51
can be explained as the fluorite structure of CeO2 (JCPDS#43-
1002), corresponding to the crystal plane of (111). Contrary to
Sr2+, Ce4+ (0.087 nm) has a smaller ionic radius than La3+

(0.110 nm), leading to the decreased crystallite size and the
contracted cell.21 Kirchnerova et al.24 have found a segregated
CeO2 phase existing in La1�xCexCoO3 (0.05 o x o 0.3). A study
by Tabata et al. reported that only approximately 3 at%
(x = 0.03) of cerium can be inserted into the lattice. The excess
concentration of the cerium substitute in the catalysts leads to
the presence of CeO2, which is formed in the outermost region
and may block the oxygen vacancies that play a significant role
in the reaction.

3.2 XPS analysis

Fig. 2 shows the XPS spectra for the major surface elements
(Co, O, La, Sr and Ce), with the results of quantitative analysis

listed in Table 1. The surface element composition is
calculated by

La at% + Co at% + Sr/Ce at% + O at% = 100 at% (6)

As is illustrated in Fig. 2a, the La 3d spectrum presents two
main contributions of high-energy La 3d5/2 and low-energy
La 3d3/2 doublets, which can be further fitted into 4 peaks
centered at 854.6, 851.0, 837.5 and 833.9 eV, respectively.25,26 It
is evident that only trivalent lanthanum exists on the surface
and no significant difference is observed between the six
samples since La3+ is stable and hardly participates directly in
the CO oxidation reactions.

The Co 2p spectra in Fig. 2b exhibit two characteristic
shoulder peaks located at 794.8 and 779.8 eV due to spin–orbit
splitting, which is assigned to Co3+. One peak at a higher
binding energy (BE = 794.8 eV) results from the Co3+ 2p1/2 level
and the other peak at a lower binding energy (BE = 779.8 eV)
arises from the Co3+ 2p3/2 level.27,28 Moreover, the shake-up
satellites centered at 796.4 and 781.6 eV confirm the co-
existence of Co2+, which correspond to Co2+ 2p1/2 and Co2+

2p3/2, respectively.29,30 From Table 1, the Co3+/Co2+ ratios of all
the samples except LaCoO3 are more than 1, which means that
Co3+ predominates in this system and glucose-containing cat-
alysts have a higher Co3+/Co2+ ratio than glucose-free samples,
among which the Ce-doped catalyst contains the highest Co3+

content, followed by the Sr-doped catalyst and then the non-
substituted catalyst. As for Co-based perovskites, a higher
content of Co3+ indicates better catalytic performance since
Co3+ acts as the active site.31,32

Fig. 2c shows the XPS spectra of the O 1s core level, deconvoluted
into three contributions that are associated with three chemical
states of oxygen: (1) the low-energy peak at 528.8 eV is ascribed to
the lattice oxygen (OL); (2) the intermediate-energy peak at 531.3 eV
is assigned to the chemisorbed oxygen on the surface vacancies
(OAds) in the form of O� or O2

�; (3) the high-energy peak at 533.6 eV
is attributed to the oxygen in the adsorbed water (OW).33,34 Likewise,
according to Table 1, OAds is at a dominant position and glucose-
containing samples display higher OAds/OL ratios, which means that
they contain more oxygen vacancies, among which La0.9Ce0.1CoO3-G
contains the maximum OAds and oxygen vacancies with an
OAds/OL ratio of up to 1.23, followed by La0.9Sr0.1CoO3-G and
LaCoO3-G. Studies revealed that OAds is a strongly electrophilic
reactant, and the oxygen vacancies, where the oxygen adsorbs, are
claimed to play a significant favorable role in the catalytic oxidation
reaction, accelerating the dissociation of the superficial oxygen
molecules and increasing the mobility of the lattice oxygen.29

From the Sr 3d spectra in Fig. 2d, three distinct peaks can be
observed, reasonably fitted into 2 pairs of resolved Sr 3d5/2 and
3d3/2 doublets owing to the spin–orbit splitting relationship.
One pair centered at 133.2 and 131.6 eV represents the Sr 3d5/2

level, and the other pair located at 135.2 and 133.6 eV repre-
sents the Sr 3d3/2 level.35 As is reported,36,37 Sr 3d5/2 and 3d3/2

with a low binding energy are recognized as Sr2+ on the near-
surface area of the lattice, and those with a high binding energy
are considered as Sr2+ on the surface termination. As is known,
La and Sr cations tend to be more abundant on the surface.36

Fig. 1 XRD patterns of glucose-containing and glucose-free LaCoO3,
La0.9Sr0.1CoO3, and La0.9Ce0.1CoO3 perovskite catalysts.
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As is depicted in Fig. 2e, the Ce 3d spectra can be fitted into
eight deconvoluted peaks and are divided into two groups
labeled as u for Ce 3d3/2 and v for Ce 3d5/2. Among the eight
contributions, u1 (901.5 eV) and v1 (884.2 eV) are characteristic
of Ce3+, while u3 (916.2 eV), u2 (907.0 eV), u0 (900.3 eV), v3

(897.6 eV), v2 (888.7 eV) and v0 (882.0 eV) belong to Ce4+.25,38

Similarly, the ratio of Ce3+/(Ce3+ + Ce4+) is also higher in La0.9Ce0.1-

CoO3-G than that in La0.9Ce0.1CoO3. The redox pair of Ce3+/Ce4+ can

facilitate the transfer of electrons and the storage and release of the
oxygen, contributing to better oxygen mobility.

3.3. Temperature-programmed analysis of catalysts

As is shown in Fig. 3, there are two main reduction peaks in the
H2-TPR profiles. It is known that the catalytic activities of
perovskites are generally determined by the B-site element.39

Therefore, the reduction peaks can mainly be ascribed to the
reduction process of Con+. The first main peak below 500 1C can
be assigned to the reduction of Co3+ to Co2+ without destroying
the perovskite structure, while the second main peak above
500 1C can be ascribed to the reduction of Co2+ to Co0 with
destruction of the perovskite structure:22,40–42

LaCoO3 + 1/2 H2 - LaCoO2.5 + 1/2H2O (7)

LaCoO2.5 + H2 - 1/2 La2O3 + Co0 + H2O (8)

The first peak can be further deconvoluted into three frac-
tions for LaCoO3(-G) and La0.9Sr0.1CoO3(-G) catalysts, which

Table 1 Surface compositions of catalysts derived from XPS analysis

Catalyst

Surface element
composition (%)

Co3+/
Co2+

Ce3+/
(Ce4++ Ce3+)

OAds/
OLLa Co O Sr Ce

LaCoO3 18.9 9.7 71.4 — — 0.97 — 1.15
LaCoO3-G 18.5 9.6 71.9 — — 1.03 — 1.19
La0.9Sr0.1CoO3 13.4 11.2 71.8 3.6 — 1.05 — 1.20
La0.9Sr0.1CoO3-G 14.1 12.5 69.1 4.3 — 1.10 — 1.22
La0.9Ce0.1CoO3 15.5 9.6 71.5 — 3.4 1.01 19.60 1.17
La0.9Ce0.1CoO3-G 15.8 9.6 71.6 — 3.0 1.11 22.20 1.23

Fig. 2 XPS spectra of (a) La 3d, (b) Co 2p, (c) O 1s, (d) Sr 3d, and (e) Ce 3d. Crude line: original data; smooth line: fitting data.
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correspond to the reduction of the a peak – chemisorbed active
oxygen species, b peak – Co3+ to Co2+, and s peak – Co3+ to Co0,
respectively.43 For La0.9Ce0.1CoO3(-G) catalysts, there is an
additional peak (d peak) at the end of the lower-temperature
contribution, which belongs to the reduction of segregated
CeO2 with Ce4+ reducing to Ce3+.44,45 The second peak can be
fitted into two fractions, associated with the reduction of
superficial and bulk Co2+ to Co0.42 Besides, the catalytic activity
of CO oxidation can be revealed by the temperature of the first
reduction peak (the ‘‘a peak’’). In other words, a lower
reduction temperature of the a peak means a better catalytic
activity. From Fig. 3, the glucose-containing catalysts show a
lower reduction temperature than the glucose-free samples,
where La0.9Ce0.1CoO3-G shows the lowest reduction tempera-
ture (330 1C). Notably, the glucose-containing catalysts con-
sume relatively more H2, which indicates better reducibility,
and La0.9Ce0.1CoO3-G shows the highest H2 consumption with
the strongest reducibility.

The O2-TPD measurements were performed to investigate
the O2 adsorption properties, as is shown in Fig. 4; obviously,
the profiles display two distinct regions where oxygen is des-
orbed, associated with various O2 species: the a peak and the b
peak.46 Generally, the a peak that occurred below 600 1C can be
ascribed to the oxygen chemically adsorbed on the oxygen
vacancies, and the b peak above 600 1C is attributed to the

oxygen released from the lattice.15,47 With the increase of the
surface oxygen bond strength, the a peak of La0.9Ce0.1CoO3-G
appears at the lowest temperature among all the catalysts,
suggesting the best low-temperature oxygen fluidity.20 By quan-
titatively combining the O2-TPD curve to help compare the
oxygen mobility of catalysts, the associated oxygen desorption
potential is further calculated (Table 2). It can be clearly shown
that the quantity of a peak oxygen desorption on each catalyst is
similar, and the critical factor at this point is the influence of
desorption temperature—the lower the desorption tempera-
ture, the higher the conversion frequency of catalysts.20 A broad
desorption peak at a high temperature represents the evolution
of the lattice oxygen (b peak), especially for the La0.9Ce0.1CoO3-
G catalyst, which is also essential for CO catalytic combustion
because the reaction takes place at a significantly higher
temperature.48 According to Table 2, both introducing external
ions and adding glucose in the preparation can increase these
types of oxygen (e.g., a and b), which can be explained by their
contribution to more oxygen vacancies and defects.

CO-TPD was also performed to explore CO adsorption on the
perovskite catalysts. As is shown in Fig. 5, two prominent
analytical peaks appear in different temperature regions. The
a peak is observed in the range of 100–600 1C, attributed to the
CO desorption on the catalyst surface. Moreover, it is clearly
seen that the desorption temperature of the glucose-containing

Fig. 4 O2-TPD profiles of the catalyst. Pretreatment: pure He at 300 1C
for 30 min; sample quantity: 50 mg; experimental conditions: 5% O2/He
(50 mL min�1), heating rate of 10 1C min�1 from 50 to 1000 1C.

Table 2 Consumption of catalysts during the TPX experiments

Catalyst

H2 consumption O2 consumption CO consumption

Low High Total Low High Total Low High Total

LaCoO3 0.201 0.407 0.608 0.012 0.004 0.016 0.004 0.014 0.028
LaCoO3-G 0.216 0.424 0.640 0.015 0.010 0.025 0.017 0.048 0.065
La0.9Sr0.1CoO3 0.215 0.377 0.592 0.013 0.013 0.026 0.011 0.035 0.046
La0.9Sr0.1CoO3-G 0.222 0.393 0.615 0.015 0.030 0.055 0.009 0.034 0.042
La0.9Ce0.1CoO3 0.229 0.383 0.612 0.019 0.025 0.044 0.011 0.029 0.040
La0.9Ce0.1CoO3-G 0.271 0.423 0.694 0.020 0.050 0.070 0.038 0.068 0.106

Fig. 3 H2-TPR patterns of catalysts. Pretreatment: pure He at 300 1C for
30 min; sample quantity: 20 mg; experimental conditions: 5% H2/He
(50 mL min�1), heating rate of 10 1C min�1 from 50 to 1000 1C.
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catalysts is lower compared with the same kind of glucose-free
catalysts, indicating that CO is more easily oxidized on the
surface of glucose-containing catalysts.49 At a high tempera-
ture, another desorption b peak above 600 1C is also observed
for the sample, related to the oxidation by bulk lattice oxygen.50

In the entire process, all CO is desorbed in the form of CO2, and
no residual CO signal is detected, which indicates that CO
reacts with both the chemisorbed oxygen and the lattice
oxygen.11 The total CO desorption capacity is calculated by
integrating the CO-TPD curve quantitatively, as shown in Fig. 5.
It can be found that the intensities of CO desorption peaks over
La0.9Ce0.1CoO3-G are the highest, indicating that there may be
more active sites on the La0.9Ce0.1CoO3-G surface to adsorb
CO.51

It can be concluded that, combined with the above char-
acterization results, La0.9Ce0.1CoO3-G shows signs of the best
catalytic performance for higher contents of Co3+, Ce3+, OAds

and oxygen vacancies, associated with better reducibility, oxy-
gen mobility and CO adsorption ability.

3.4 Catalytic performance and durability

To evaluate the catalytic performance, the oxidation conversion
of CO self-sustained combustion for the catalysts was
measured by temperature-programmed oxidation experiments.
Obviously, the profiles in Fig. 6 exhibit a monotonically increas-
ing tendency with increasing reaction temperature. All the
catalysts can convert more than 90% of CO at a temperature
4275 1C, with catalytic performance in the following order:
La0.9Ce0.1CoO3-G 4 La0.9Sr0.1CoO3-G 4 La0.9Sr0.1CoO3 4
LaCoO3-G 4 La0.9Ce0.1CoO3 4 LaCoO3.

The T10, T50, and T90 (representing the reaction tempera-
tures at 10%, 50%, and 90% CO conversion, respectively)
parameters are used to compare the catalytic activities of the
catalysts,52 as shown in Table 3. Concerning the La0.9Ce0.1CoO3-
G catalyst, the values of T10, T50, and T90 for CO combustion are

182, 188, and 193 1C, respectively, which are lower than those of
La0.9Sr0.1CoO3-G, La0.9Sr0.1CoO3, LaCoO3-G, La0.9Ce0.1CoO3,
and LaCoO3 catalysts. The rapid mass and heat transfer at
the gas–solid interface facilitates the self-sustained combustion
of CO on the catalyst surface.53 When the furnace temperature
drops to room temperature in the cooling process, only the
LaCoO3 catalyst with the worst activity fails to achieve self-
combustion, and the remaining catalytic efficiency is still
100%. The cooling lines of CO conversion move to lower
temperatures than the heating lines, resulting in a hysteresis.
The formation of the hysteresis ring may be affected by the
local heat release of the oxidation reaction, so the reaction rate
decreases relatively slowly when the furnace temperature drops
rapidly.

It is evident that the activities of glucose-containing catalysts
are better than those of glucose-free catalysts, proving that
activities can be significantly improved by glucose. During the
calcination process, addition of glucose in the catalysts can
create a reducing atmosphere owing to the high temperature
for complete destruction of glucose in the precursor.54 Glucose
(C6H12O6) takes away extra oxygen atoms in the process of
perovskite formation when it is completely oxidized, leading to
more oxygen vacancies, Ce3+ atoms and Co3+ active sites. As has
been stated before, oxygen vacancies play an essential role in
the reaction over perovskites, promoting the adsorption of
oxygen and benefiting the reaction. Moreover, the substitution
in the A site by Sr or Ce for the LaCoO3 perovskite catalyst can

Fig. 5 CO-TPD profiles of the catalysts. Pretreatment: pure He at 300 1C
for 30 min; sample quantity: 50 mg; experimental conditions: 5% CO/He
(50 mL min�1), heating rate of 10 1C min�1 from 50 to 1000 1C.

Fig. 6 CO conversion vs. furnace temperature for all the catalysts.
GHSV = 70 000 h�1.

Table 3 T10, T50, and T90 parameters of CO catalytic combustion

Catalyst T10 (1C) T50 (1C) T90 (1C)

LaCoO3 216 220 230
LaCoO3-G 205 209 213
La0.9Sr0.1CoO3 196 201 208
La0.9Sr0.1CoO3-G 189 192 198
La0.9Ce0.1CoO3 211 215 223
La0.9Ce0.1CoO3-G 182 188 193
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also enhance the activity of CO oxidation. When La3+ is partly
substituted by Sr2+, the excess negative charges are simulta-
neously introduced into the lattice, which must be compen-
sated according to the electroneutrality principle in two ways:
(1) by oxidizing Co3+ to the higher state of Co4+ and (2) by
creating more oxygen vacancies.20,55 As is reported by Hueso
et al.,56 the charges are mainly compensated by forming
vacancies and the XPS results also show just Co3+ and Co2+.
Besides, the doping of Sr can lead to a smooth transition from
LaCoO3 to SrCoO3-d, with an induced disorder maximized in
between.57 Similarly, according to Zhu et al.,37 when La3+ is
partly substituted by Ce4+, the compensation makes part of Ce4+

reduced to Ce3+, which can be proved by XPS, and creates more
oxygen vacancies. The redox pair of Ce3+/Ce4+ possesses an
excellent ability of electron transference and oxygen storage
and release, facilitating the oxidation reaction. These are why
glucose-containing and substituted catalysts show better cata-
lytic activities.

For comparison of the differences in catalytic activity among
the materials, Table 4 lists some other catalysts used for CO
self-sustained combustion. It can be seen that La0.9Ce0.1CoO3-G
exhibits a relatively good catalytic activity under a high GVSH. It
is worth noting that one of the advantages of perovskite
catalysts is their outstanding durability at high temperatures.
Although Cu-based catalysts display excellent activities, they
can be sintered at high temperatures only and it is difficult to

recover the sensible heat wasted during the water spray section
in this situation. For example, the CO conversion of CuCe0.75Z-
r0.25Od/HC declines at 220 1C,60 while La0.9Ce0.1CoO3-G can
keep 100% CO conversion at 760 1C. Also, the Co-based
catalysts show better catalytic performances than our previous
Mn-based catalysts.

The kinetic data of the CO oxidation reaction process are
shown in Fig. 7 and Table 5. Generally speaking, the partial
pressure of CO apparently exerts a more important influence on
the reaction rate. It can be observed that, with the increase of
CO partial pressure, the reaction rate shows a noticeable
increase, while the O2 partial pressure just promotes the

Table 4 Comparison between materials regarding CO self-sustained combustion

Catalyst Conditions T50 (1C) GVSH (h�1) Durability temperature (1C) Ref.

Cu-Z 5%CO + 20%O2 227 30 000 — Bin et al.58

La0.9Sr0.1MnO3-SW 10%CO + 21%O2 216 — 717 Huang et al.23

La0.9Ce0.1MnO3-SW 10%CO + 21%O2 205 — 717 Huang et al.23

La0.9Sr0.1CoO3-G 10% CO + 10%O2 192 70 000 760 This study
CuCe-Z 5%CO + 20%O2 189 30 000 — Bin et al.58

La0.9Ce0.1CoO3-G 10% CO + 10%O2 188 70 000 760 This study
Cu2O-1 10%CO + 21%O2 185 60 000 180 Ma et al.59

CuCe0.75Zr0.25Od/HC 10%CO + 10%O2 95(T90) — 220 Kang et al.60

Fig. 7 Kinetic results over the La0.9Ce0.1CoO3-G catalyst (a) and activation energy for the CO oxidation reaction over the catalyst (b).

Table 5 Results of the kinetic experiment over the La0.9Ce0.1CoO3-G
catalyst

No.

Partial pressure (kPa)
CO conversion
(%)

Reaction rate
(mol (g s)�1 � 10�7)CO O2

1 0.32 1.08 13.48 4.00
2 0.64 1.08 9.23 6.83
3 1.18 1.08 7.14 10.57
4 2.30 1.08 5.88 17.41
5 3.10 1.08 4.75 21.10
6 1.08 0.32 5.26 7.80
7 1.08 0.64 5.92 8.85
8 1.08 1.18 6.58 9.89
9 1.08 2.30 7.14 10.84
10 1.08 3.10 7.89 12.04
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reaction rate slightly, which indicates that the adsorption of CO
on the surface is the rate-determining step (RDS) during the
reaction. Using polymath 6.1 software, we can build a kinetic
model of the La0.9Ce0.1CoO3-G perovskite catalyst:

rCO ¼ 9:143� 10�7 � PCO
0:734 � PO2

0:181 (9)

From the kinetic model, the reaction order of O2 is relatively
higher (b = 0.181). This means that the CO oxidation reaction
over the La0.9Ce0.1CoO3-G catalyst mainly follows the L–H
mechanism, and this can be further proved by the following
in situ IR spectroscopy measurements. Besides, according to the
Arrhenius equation, the activation energy (Ea = 71.81 kJ mol�1)
was calculated and is shown in Fig. 7(b).

Under the conditions of a total flow rate of 200 mL min�1

and a CO concentration of 10%, the furnace temperature was
controlled at 550 1C and the durability of La0.9Ce0.1CoO3-G was
investigated. As is shown in Fig. 8, 100% CO conversion was

provided by La0.9Ce0.1CoO3-G and the activities remained
almost unchanged for 12 h after the reaction. Considering
the stability of furnace temperature control and the self-
exothermic reaction of CO in the catalytic process, the tem-
perature of the catalytic bed is about 760 1C. This phenomenon
shows that La0.9Ce0.1CoO3-G exhibits good high-temperature
durability.

3.5 Stability limit of CO self-sustained catalytic combustion

Considering the periodic variation of CO concentration in the
steel-making process, it is important to determine the lean
burn limit of CO self-sustained combustion. The critical equiva-
lence ratio (fC) is a key parameter to determine the lean-
combustion limits. Hence the three catalysts are put into the
micro-reactor to change the CO concentration while keeping
the total flow rate unchanged, and their critical equivalence
ratio was determined by dichotomy. f = 1, f = 0 are taken as the
initial upper and lower bounds, and then the median value is
determined for each test until the upper limit of control valve
accuracy is reached, which is the critical equivalence ratio fC.
As is shown in Fig. 9a, the critical equivalence ratios over
La0.9Sr0.1CoO3, La0.9Sr0.1CoO3-G, and La0.9Ce0.1CoO3-G are
0.233, 0.221 and 0.206, respectively. Since the catalytic combus-
tion of CO is induced by local hot spots on the catalyst surface,
a well-performing catalyst only requires a low stoichiometry
temperature to provide a suitable local temperature for CO
ignition. As a consequence, La0.9Ce0.1CoO3-G with the lowest
critical equivalence ratio exhibits the highest activity among the
catalysts evaluated.

The La0.9Ce0.1CoO3-G catalyst with the best performance was
selected to investigate its combustion limit at different flow
rates, with the results shown in Fig. 9b. The critical equivalence
ratios (fC) are 0.415, 0.345, 0.206, 0.228 and 0.220, respectively, with
the increase of flow rate. It is obvious that the critical equivalence
ratio decreases first and then increases with the increase of the
total flow rate, and the lowest value appears at 200 mL min�1.

Fig. 8 Time-on-stream behavior of the La0.9Ce0.1CoO3-G catalysts for
CO oxidation.

Fig. 9 Lean-combustion limits of CO self-sustained combustion over La0.9Sr0.1CoO3, La0.9Sr0.1CoO3-G and La0.9Ce0.1CoO3-G catalysts (a), and over the
La0.9Ce0.1CoO3-G catalyst at different flow rates (b).
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It can be explained by that when the flow rate is low and the
critical equivalence ratio is small, the CO content is too
low to realize the self-sustained combustion. A high flow
rate leads to more heat loss, and hence a smaller critical
equivalence ratio cannot maintain spontaneous combustion.
Therefore, as the total flow rate increases, the surface bed
temperature (orange line in Fig. 9b) always increases to
compensate the heat loss.

3.6. In situ infrared spectroscopy analysis

In situ infrared spectroscopy measurements were performed for
further understanding the CO oxidation mechanism over the
perovskite catalyst, wherein La0.9Ce0.1CoO3-G was employed
since it exhibits excellent activity among all the catalysts tested.
The catalyst (20 mg) was first treated with 25% CO + 25% O2/N2

for 0.5 h at room temperature until the saturation was reached,
and then the IR spectra were recorded at 2 min intervals after
purging with pure N2. As shown in Fig. 10, only gaseous CO
signals (intense bands at 2165 and 2106 cm�1 11) can be
observed at 0 min, corresponding to the equilibrium for
adsorption/desorption. For the following desorption procedure
when purging with pure N2, both the bands over La0.9Ce0.1-

CoO3-G decrease and disappear completely in 20 min,
indicating that no chemisorbed intermediate species including
carbonyls (2000–2200 cm�1) and carbonates (1200–1800 cm�1)
are formed on the catalyst surface at room temperature.

Under 25% CO/N2 continuous stream (Fig. 11a), intense
gaseous CO signals at 2165 and 2106 cm�1 can be observed,
and the intensities of both bands are higher than that under
25% CO + 25% O2/N2 (Fig. 10), caused by the competitive
adsorption of CO and O2 on the catalyst surface. The tempera-
ture increase leads to two gaseous CO bands falling to some
extent, followed by growth of the gaseous CO2 bands (2353 and
2324 cm�1 61) instead at 310 1C, confirming the CO oxidation.
However, no obvious intermediate species can be detected, and
hence the CO oxidation induced by lattice oxygen is quite weak.
By comparison, when 25% CO + 25% O2/N2 continuous stream
has been introduced into the reactor (Fig. 11b), the faint peak at
1363 cm�1 appears at 290 1C, attributed to the monodentate
carbonates.62 At the same time, the gaseous CO2 signals are
stronger, but their corresponding beginning temperatures
(290 1C) are lower than those under 25% CO/N2 continuous
stream, suggesting that the CO in the presence of O2 can be
easily oxidized to yield CO2 via intermediate monodentate
carbonates. It is evident that the CO catalytic combustion over
the La0.9Ce0.1CoO3-G catalyst follows the L–H mechanism, in
which the monodentate carbonates are key intermediates.

CO is recognized as not only a basic probe, but also an
indicator of adsorption, activation and catalysis during the
reaction. Our previous research60 has revealed that CO has a

Fig. 10 In situ infrared spectra of 25% CO + 25% O2/N2 (30 mL min�1)
adsorption and pure N2 purging over the La0.9Ce0.1CoO3-G catalyst.

Fig. 11 In situ infrared spectra for CO oxidation under 25% CO/N2 (a) and 25% CO + 25% O2/N2 (b) continuous stream conditions over the
La0.9Ce0.1CoO3-G catalyst.
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small dipole moment and is only a weak donor. As for cobalt-
based perovskite catalysts, the transition metal Co, which is
located at the center of the crystal, has the electron distribution
of Co 3d7 without the d-orbitals completely or partially filled
with electrons. Therefore, Co does not tend to establish strong
bonding with CO and form anti-bonding p-orbitals with linear
adsorption. As a consequence, the IR results show a peak of
monodentate carbonate (around 1200–1800 cm�1) instead of a
peak of linear adsorption (around 2311 cm�1). Also we
proposed the reaction pathway as is illustrated in Fig. 12. Both
CO and O2 molecules are firstly adsorbed on the active sites
(step A), where O2 is adsorbed on the oxygen vacancies and CO
on the oxygen atom linked to cobalt ions, and subsequently to
form monodentate carbonates (step B). Then, the monodentate
carbonates decompose to yield CO2 release with increasing
temperature (step C).

4. Conclusion

In the present study, a facile way is proposed to improve the
activity of perovskite catalysts by adding glucose in the pre-
paration process, and the effects of the substitution of Ce and
Sr elements into the A sites of LaCoO3 perovskites on the
catalytic activity of high-concentration CO are highlighted.
The catalytic performance of catalysts can be determined by
the T10, T50, and T90 parameters of CO catalytic combustion, as
well as the critical equivalence ratio fC, declining in the order:
La0.9Ce0.1CoO3-G 4 La0.9Sr0.1CoO3-G 4 La0.9Sr0.1CoO3 4
LaCoO3-G 4 La0.9Ce0.1CoO3 4 LaCoO3. The time-on-stream
test testifies that the La0.9Ce0.1CoO3-G catalyst maintains 100%
CO conversion for 12 h without deactivation where the tem-
perature of the catalyst bed reaches about 760 1C.

Glucose-containing La0.9Ce0.1CoO3-G exhibits the highest
activity among all the catalysts tested for the following reasons:
(1) glucose in the calcination process can take away the oxygen
atoms to facilitate the formation of oxygen vacancies, Co3+ and
Ce3+, which contributes to the activity; (2) the abundance of
Co3+ on the catalyst surface (XPS) results in good low-
temperature reducibility (H2-TPR). In this case, an increasing
amount of cobalt ions with a high valence state (+3) reduce to a
low valence state (+2) to adsorb and activate CO and O2. (3) The
presence of Ce3+ in the catalyst also tends to form vacancies on
the catalyst surface, which leads to an increase in the amount of

OAds (XPS) and improves low-temperature oxygen fluidity (O2-
TPD) during CO combustion.

The L–H mechanism is suitable for CO catalytic combustion
over cobalt-based perovskite catalysts according to the kinetic
studies and infrared spectroscopy: the chemisorption of CO
and O2 takes place on cobalt sites (CO is adsorbed on the
oxygen atoms linked to cobalt ions) and oxygen vacancies (the
O2 is dissociated into oxygen atoms and adsorbed here),
respectively, to produce monodentate carbonates, which then
decompose to yield CO2 release. These results may help in
better understanding this technology for affordable and clean
energy applications in the iron and steel industry.
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