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a b s t r a c t

A series of nanometric Fe-substituted La0.9K0.1Co1−xFexO3−ı (x = 0, 0.05, 0.1, 0.2, 0.3) perovskite catalysts
were prepared by citric acid complexation, which show novel activity for diesel soot oxidation, NOx
storage, and simultaneous NOx–soot removal. Their structures and physical–chemical properties were
examined by XRD, BET, SEM, XPS and EXAFS techniques. In La0.9K0.1Co1−xFexO3−ı catalysts, the partial
substitution of Co3+ by Fe3+ significantly enhances the catalytic activity towards soot oxidation or NOx
storage and reduction. The catalyst La0.9K0.1Co0.9Fe0.1O3−ı shows the highest activity for simultaneous

◦

e-substitution
Ox storage
oot combustion
imultaneous removal

NOx–soot removal, over which the maximal soot oxidation rate is achieved at only 362 C (Tm), the NOx
storage capacity reaches 213 �mol g−1, and the percentage for NOx reduction by soot is 12.5%. Compared
with the unsubstituted one (La0.9K0.1CoO3−ı), the activity enhancement of Fe-substituted samples results
from the formation of high valence ion (Fe4+) at B-site, relative high content of surface lattice oxygen
and the high concentration of NO2. Different from the widely accepted viewpoint that surface adsorbed
oxygen species are responsible for soot combustion over perovskite catalysts, the surface lattice oxygen

gen s
is identified as active oxy

. Introduction

Diesel engines have been widely employed in heavy- and light-
uty vehicles because of their high fuel efficiency, low-operating
ost and high durability. Compared with gasoline engines, they emit
ess CO and HC, however, the production of more NOx and partic-
late matters (soot) is unavoidable, which are extremely harmful
o environment and human body. For example, the diesel particu-
ates generally possess a size falling into the lung-damaging range
10–200 nm), and they contain many kinds of polycyclic aromatic
ydrocarbons (PAH) and nitro-PAH in its soluble organic fraction
SOF), being potentially carcinogenic [1]. Recently, the emission
egulations for diesel vehicles is becoming more and more strict,
ess than 5 mg km−1 for particulates and 80 mg km−1 for NOx will
e prescribed by the pending 2014 Euro 6 regulations [2], so, it is
rgent to control these two kinds of pollutants.
Up to now, plenty of research has been carried out worldwide
n the removal of NOx and soot. For lean-burn nitrogen oxides, the
Ox storage and reduction (NSR) catalysts are the most promising

olution [3–5]. Over such kind of NSR catalysts the NOx conversion

∗ Corresponding author. Tel.: +86 0 22 2789 2275; fax: +86 0 22 2789 2275.
E-mail address: mengm@tju.edu.cn (M. Meng).

385-8947/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2010.08.036
pecies for soot combustion.
© 2010 Elsevier B.V. All rights reserved.

can reach 90% or higher [6]. For soot abatement, DPF (diesel partic-
ulates filter) technique is widely employed to trap the particulates,
which are burned out by the oxidation catalysts deposited onto
the filter [7,8]. In the last decade, simultaneous removal of NOx
and soot has attracted much attention [9–13]. It is expected that
both the NOx and soot can be removed in one single catalytic trap,
which can lower not only the pressure drop but also the invest-
ment. However, highly efficient catalysts are still not found. So, the
most urgent research topic is developing novel catalysts with high
performance for simultaneous removal of NOx and soot at compar-
atively low temperatures possibly within the range typical of diesel
exhaust: 200–400 ◦C [14].

Perovskite-type complex oxides possessing general formula
ABO3 often show higher chemical, thermal and structural stability
than single oxides, as a result, exhibit better catalytic activity for
many reactions. Several groups [15–17] reported that perovskite-
type oxides are active for the simultaneous catalytic removal of NOx
and soot. The most studied catalysts are the perovskites based on
La at A-sites. The elements at B-sites are usually Co, Mn and Fe with

changeable valence. Perovskite-type structure tolerates partial
substitution of both A and B cations with other elements, which can
result in the generation of oxygen vacancies or the change of chem-
ical state for the elements at A- and/or B-site, as a result, the activity
is often improved. Hong and Lee [17] reported that the activity

dx.doi.org/10.1016/j.cej.2010.08.036
http://www.sciencedirect.com/science/journal/13858947
http://www.elsevier.com/locate/cej
mailto:mengm@tju.edu.cn
dx.doi.org/10.1016/j.cej.2010.08.036
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or soot oxidation in NOx atmosphere over La-based perovskites
ecreases in the following order: LaCoO3 > LaMnO3 > LaFeO3; and
he NOx reduction percentages over these catalysts follow almost
he same sequence. In addition, the substitutional incorporation
f K into A-sites of perovskites was found particularly effective on
nhancing the activity and selectivity for the NOx–soot reaction
18–20]. However, for this reaction, the research focusing on simul-
aneous substitution of A- and B-site cations is seldom performed.
t is reported that Fe-based perovskites possess good activity for
oot combustion and NOx reduction [21,22], and the coordination
adius of iron ion is larger than that for cobalt ion, so that the sub-
titution of Co by Fe can promote the release of active oxygen in
he reaction. In a word, the design of a NOx–soot removal catalyst
ased on LaCoO3 perovskite with A and B sites partially substituted
y K and Fe is feasible.

In the present work, Fe-substituted perovskite catalysts
a0.9K0.1CoO3, i.e., La0.9K0.1Co1−xFexO3−ı, were prepared by cit-
ic acid complexation [23], whose particle size is in nanometric
cale. The effect of substitution amounts of Fe on the structures
nd catalytic performances of the catalysts for the simultaneous
Ox–soot removal are investigated carefully. The essence of the
ctivity enhancement arising from the Fe substitution, and the
robable active oxygen species of the reaction are discussed.

. Experimental

.1. Catalyst preparation

A series of nanometric La0.9K0.1Co1−xFexO3−ı (x = 0, 0.05, 0.1, 0.2,
.3) perovskite catalysts were prepared by the citric acid complex-
tion. La(NO3)3·6H2O, KNO3, Co(NO3)2·6H2O and Fe(NO3)3·6H2O
ere used as precursors for obtaining an aqueous solution of La3+,

+, Co2+ and Fe3+ with the expected stoichiometry. A given amount
f citric acid dissolved in deionized water was added in the above
olution as a ligand, forming a homogeneous solution with a total
oncentration of 0.1 mol L−1 for all the cations. The molar amount of
dded citric acid is equal to that of all cations. The resulting solution
as heated to the temperature of 80 ◦C under continuous stirring.

he clear solution gradually turned into milky sol and finally trans-
ormed into gel, which was translucent with a honey-like color and
iscosity. Then, the wet gel was dried homogenously in a stream
f air at 120 ◦C overnight. Afterwards, the resulting loosened and
oamy solid was heated to 200 ◦C in air by an electric furnace to
emove the organic ligands. Successively, the precursor was heated
o 400 ◦C and kept for 2 h to decompose the nitrates; at last, it
as calcined at 700 ◦C for 4 h in static air. The final catalysts are
enoted as LKCFy. Here, y stands for the substituting amount of Fe,
.g., y = 5 means that the substituting amount is 5%, namely x = 0.05
n La0.9K0.1Co1−xFexO3−ı. For comparison, the sample without Fe

as also prepared at the same condition, which is denoted as LKC.

.2. Catalyst characterization

X-ray diffraction measurement was carried out on an X’ pert Pro
otatory diffractometer (PANAlytical Company) operating at 40 mA
nd 40 kV using Co K� as radiation source (� = 0.1790 nm). The data
f 2� from 20◦ to 100◦ were collected with a step size of 0.033.

The measurement of the specific surface area (SSA) was car-
ied out at −196 ◦C on Quantachrome QuadraSorb SI instrument
y using the nitrogen adsorption method. The samples were pre-
reated in vacuum at 300 ◦C for 8 h before experiments. The surface

rea (SSA) was determined by BET method in 0–0.3 partial pressure
ange.

The surface morphology was determined with a FEI NanoSEM
30 field emission-scanning electron microscope (FE-SEM) instru-
ent.
Journal 164 (2010) 98–105 99

X-ray photoelectron spectra (XPS) were recorded with a PHI-
1600 ESCA spectrometer using Mg K� radiation (1253.6 eV). The
base pressure was 5 × 10−8 Pa. The binding energies were cali-
brated using C1s peak of contaminant carbon (B.E. = 284.6 eV) as
standard, and quoted with a precision of ±0.2 eV. The surface com-
position of the samples in terms of atomic ratios was calculated,
and Gaussian–Lorentzian and Shirley background was applied for
peak analysis.

Extended X-ray absorption fine structure (EXAFS) measure-
ments were carried out on the 1W1B beamline of Beijing
Synchrotron Radiation Facility (BSRF) operating at about 120 mA
and 2.5 GeV. The absorption spectra of the Co K-edge of sam-
ples and reference LaCoO3 were recorded at room temperature in
transmission mode. A Si (1 1 1) double-crystal monochromator was
used to reduce the harmonic content of the monochrome beam.
The back-subtracted EXAFS function was converted into k space
and weighted by k3 in order to compensate for the diminishing
amplitude due to the decay of the photoelectron wave. The Fourier
transforming of the k3-weighted EXAFS data was performed in the
range of k = 3.4–14 Å−1 with a Hanning function window.

2.3. Activity evaluation

For soot combustion, the catalytic activity of the prepared cat-
alysts was evaluated by TG/DTA technique using Printex-U soot
purchased from Degussa as the model reactant. The soot was mixed
with the catalyst in a weight ratio of 1:20 in an agate mortar for
20 min to obtain a tight contact, which permits a high degree of
reproducibility and sets a good basis for activity screening stud-
ies. The mixture was heated from 100 to 700 ◦C at a heating rate
of 10 ◦C min−1 in the atmosphere of 600 ppm NO, 10 vol% O2 and
balance N2 with a flow rate of 100 ml min−1. By comparing char-
acteristic temperatures of TG/DTA profiles, catalytic activity of
samples was evaluated. In this work, soot ignition temperature
(denoted as Ti), maximal combustion rate temperature of soot
(denoted as Tm) and complete conversion temperature of soot
(denoted as Tf) were used to evaluate the performance of the cat-
alysts. Besides, TG/DTA experiments in the flow of air atmosphere
were also carried out to compare the reactivity of soot combustion
after exposing to NO-containing atmosphere or air.

For NOx removal, experiments were carried out in continu-
ous fixed-bed quartz tubular reactor (i.d. = 8 mm) mounted in a
tube furnace. The reaction temperature was controlled through
a PID-regulation system based on the measurements of a K-type
thermocouple and varied during each run from 100 to 700 ◦C at a
heating rate of 10 ◦C min−1. For the first run only the catalyst of
1.0 g was placed in the tubular quartz reactor, while for the second
run the catalyst was replaced by the mixture of soot and catalyst
(1:20, w/w). Reactant gases containing 600 ppm NO and 10 vol% O2
balanced with N2 passed through the catalyst bed at a flow rate
of 400 ml min−1. The gas hourly space velocity (GHSV) was about
40,000 h−1. The outlet gases from the reactor were monitored by an
on-line NO-NO2-NOx Analyzer (Model 42i-HL, Thermo Scientific).

3. Results and discussion

3.1. XRD results

The XRD patterns of the La0.9K0.1Co1−xFexO3−ı (x = 0–0.3) per-
ovskite catalysts are shown in Fig. 1(a). All the main diffraction

peaks of the Fe-substituted samples are in good agreement with
the LaCoO3 (JPCDS card: 48-0123), indicating that the samples
maintain ABO3 perovskite-type structure with rhombohedral space
group after substitution. A very weak peak at 2� = 43◦ can be
detected for all the samples, suggesting the presence of a small
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splitting value of 15.2 eV has been reported [30].
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C

ig. 1. XRD patterns of La0.9K0.1Co1−xFexO3−ı catalysts: (a) full spectrum and (b)
nlarged (1 1 0) reflections.

mount of Co3O4. With the Fe-substitution amount increasing, the
ntensity of the main diffraction peaks decreases gradually, which
ndicates that Fe-substitution decreases the crystallization degree.
his is further confirmed by the EXAFS results in the following sec-
ion. It should also be noted that the increase of Fe-substitution

mount makes the main diffraction peaks shift to lower 2� posi-
ion gradually, as observed from the enlarged pattern in Fig. 1(b),
videncing that the relatively larger iron ion has been introduced
nto the perovskites structure.

able 1
o and O binding energy (B.E., eV) and the relative peak areas of lattice oxygen (Olat) and

Catalyst B.E.
Co2p3/2

B.E.
Co2p1/2

�E O1s of Olat

B.E.

LKC 780.6 795.6 15.0 529.3
LKCF5 779.6 794.9 15.3 528.6
LKCF10 779.6 795.2 15.6 528.6
LKCF20 779.6 794.9 15.3 528.7
LKCF30 779.6 794.9 15.3 528.6
Fig. 2. FE-SEM photograph of La0.9K0.1Co0.9Fe0.1O3−ı catalyst.

3.2. FE-SEM results

The morphology of La0.9K0.1Co0.9Fe0.1O3−ı perovskite is pre-
sented in Fig. 2. It can be seen that most of the perovskite crystals
range from 40 to 80 nm in size and exhibit a sphere-like shape.
Since this size falls in the same order of magnitude as the diesel soot
particulates (70–100 nm) [24], it is possible to achieve the highest
specific number of contact points between the two counterparts.
On the other hand, the relatively large size of soot particulates
makes them hardly enter the pores of the perovskite catalysts. As
a result, the outer surface of the catalysts is rather important dur-
ing NOx–soot reaction, providing the necessary solid–solid contact
sites [25]. In summary, the nanometric perovskite catalysts pre-
pared by the citric acid complexation can provide the best contact
conditions between catalyst and soot particulate, which is highly
expected to promote the catalytic performance of the catalysts for
the simultaneous NOx–soot removal.

3.3. XPS results

It is difficult to distinguish Co2+ and Co3+ from Co2p spectra due
to the small difference in their binding energy, while the spin-orbit
splitting of 2p peak (�E) is found to be well correlated with the Co
oxidation state [26]. It is reported that the �E value of spin-orbit
splitting for CoO is 16.0 eV [27] or 15.5 eV [28], and that of Co2O3 is
15.0 eV [29]. For Co3O4 with mixed valence of Co ions, a spin-orbit
Fig. 3 and Table 1 show the XPS results of Co2p spectra for the
La0.9K0.1Co1−xFexO3−ı catalysts. According to Table 1, the �E value
of Co2p in La0.9K0.1CoO3 is 15.0 eV, which is mainly attributed to
Co3+ since the K substitution amount is rather small, making most

adsorbed oxygen (Oads) in La0.9K0.1Co1−xFexO3−ı catalysts.

O1s of Oads Olat/Oads

Area (×104) B.E. Area (×104)

4.27 531.8 7.48 0.57
4.81 531.1 7.64 0.63
5.25 531.1 6.64 0.79
4.44 531.3 6.56 0.68
4.61 531.0 6.68 0.69
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two major peaks corresponding to the first two coordination shells.
The first peak at ∼0.149 nm is assigned to octahedrally coordi-
nated Co–O shell at 0.193 nm in LaCoO3 perovskite, and the second
one with maximum around 0.315 nm should contain contributions
Fig. 3. XPS spectra for Co2p of La0.9K0.1Co1−xFexO3−ı catalysts.

f the cobalt ions keep in the form of Co3+. In the Fe-substituted
amples of LKCF5, LKCF20 and LKCF30, the spin-orbit splitting value
f Co2p is 15.3 eV, implying that the cobalt ions exist in the mixed
alence states of +2 and +3. As a result, the average valence of cobalt
ons in the perovskites is lower than +3. In order to maintain the
lectrical neutrality of perovskites, the positive charge reduced can
e balanced either by the formation of higher oxidation state of the
ther B-site ions, i.e., part of Fe3+ ions transform into Fe4+, or by the
ormation of oxygen vacancies. The �E value of 15.6 eV for Co2p
n LKCF10 indicates that most of the cobalt ions are Co2+, which
uggests that more Fe4+ ions or more oxygen vacancies are formed
n this sample, as compared with others.

The O1s XPS spectra of La0.9K0.1Co1−xFexO3−ı catalysts are
hown in Fig. 4. It is found that there are mainly two chemical
tates of oxygen in these samples. The peak with a low binding
nergy (∼528.6 eV) is attributed to surface lattice oxygen, the other
ne with a high binding energy (∼531.1 eV) is assigned to adsorbed
xygen species which may exist in oxygen vacancies of such defect
xides [31–33]. Due to the XPS peaks of O1s are not symmetric for
hese samples; they are fitted by a standard Gaussian–Lorentzian
econvolution method to get a relative content of different oxygen
pecies corresponding to low and high binding energy. The decon-
olution results are listed in Table 1. From Fig. 4 and Table 1, it can
e seen that the binding energies of surface lattice oxygen of Fe-
ubstituted samples are lower than that of the unsubstituted one,
mplying that the mobility of surface lattice oxygen is enhanced,
hus the Fe-substituted samples potentially have higher activity
or soot oxidation. For the ratio of lattice oxygen to adsorbed oxy-
en (Olat/Oads), it shows a volcano-like changing tendency with the
ncrease of Fe-substitution amount. The Olat/Oads ratio of all the
e-substituted samples is larger than that of the unsubstituted one
LKC). The catalyst LKCF10 possesses the largest Olat/Oads ratio of
.79. The Shannon effective ionic radius of lanthanum and cobalt is
.36 and 0.61 Å, respectively, whereas that for potassium and iron

s 1.72 and 0.65 Å, respectively. Hence, the presence of relatively
arger K and Fe in the perovskite lattice may enhance the release of
ctive lattice oxygen species via the transformation of Co3+ → Co2+
nd Fe4+ → Fe3+ during catalytic soot oxidation. As described above,
he Fe-substituted samples possess relatively more surface lat-
ice oxygen species, which show higher mobility, therefore, these
ubstituted samples are expected to be more active towards soot
xidation than unsubstituted one.
Fig. 4. XPS spectra for O1s of La0.9K0.1Co1−xFexO3−ı catalysts.

3.4. EXAFS results

Fig. 5 shows the radial structural functions (RSFs) of Co K-
edge for model LaCoO3 and the prepared samples, derived from
extended X-ray adsorption fine structure (EXAFS). The RSFs of the
samples are well consistent with that of model LaCoO3, evidencing
that all the catalysts have formed the ABO3 perovskite structure,
which is manifested by the above XRD analysis. The RSFs show
Fig. 5. Co K-edge RSFs of the catalysts and reference compounds.
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ig. 6. DTG profiles of soot oxidation in the atmosphere of over 600 ppm
O + 10 vol% O2 balanced by N2 over La0.9K0.1Co1−xFexO3−ı catalysts.

rom single (Co–La, Co–Co) and multiple (Co–O–Co, Co–O–Co–O)
cattering paths between 0.27 nm and 0.39 nm [34]. The intensity
f the two major peaks, especially that for high coordination shells,
ecreases as the Fe-substitution amount increases. Generally, the
eak corresponding to high coordination shells provides informa-
ion of the crystallization degree of the corresponding metal or
xides [35,36]. So, it is deduced that the crystallite size of the
repared perovskites gradually decreases with the Fe substitution
mount increasing. This is in good agreement with the previous
RD results.

.5. Catalytic performance

.5.1. Catalytic activity for soot combustion
The soot combustion experiment was carried out on a TG/DTA

etup in the atmosphere of 600 ppm NO, 10 vol% O2 and balance N2
ith the temperature range of 100–700 ◦C. The results are shown

n Fig. 6 and listed in Table 2. The characteristic temperature of Ti,
m, Tf and �T (Tf − Ti) are used to denote the activity of the cata-
ysts for soot oxidation. It can be seen that the Tm of the sample LKC
s about 409 ◦C, which is remarkably lowered after Fe-substitution.
he soot oxidation activity shows a typical volcano tendency with
he Fe-substitution amount increasing. The activity decreases in
ollowing sequence: LKCF10 > LKCF20 ≈ LKCF30 > LKCF5 > LKC. The
m of the most active LKCF10 sample is only 362 ◦C, which is the
owest value among all the samples, about 47 ◦C lower than that
or LKC. Moreover, the �T of the LKCF10 (178 ◦C) is also the low-

st, indicating that the average soot combustion rate on LKCF10 is
igher than those on other samples.

Since the diesel soot particulates can easily accumulate on the
articulate filter, it is necessary to regenerate the filter periodically

n air. Hence, in this work, the soot oxidation behavior in air is also

able 2
pecific surface areas (SSA), temperatures of soot combustion, NOx storage capacities (NS

Catalysts SSA (m2 g−1) Ti (◦C) Tm (◦C) Tf (◦C)

LKC 3.8 252 409 526
LKCF5 6.6 276 392 474
LKCF10 9.4 251 362 429
LKCF20 6.0 251 379 463
LKCF30 6.6 255 382 450
Journal 164 (2010) 98–105

studied. The DTG profiles are shown in Fig. S1. It can be seen that the
activity order for soot oxidation in air is identical with that in the
atmosphere containing NO above. The LKCF10 sample still shows
the highest activity, with the Tm at 380 ◦C and �T equal to 191 ◦C,
respectively.

According to XRD and EXAFS results, the major phases of the
prepared samples are perovskite-type oxides with the presence
of a very small amount of Co3O4. Wang et al. [37] reported that
the activity of Co3O4 for soot oxidation is lower than that of
La0.9K0.1CoO3 perovskite. So, it is deduced that the perovskite
oxides are responsible for the high activity of the samples for soot
combustion.

The soot removal reaction supposedly takes place at triple phase
boundary of a solid catalyst, a solid reactant and gaseous reac-
tants (NO, O2). Hence, the contact conditions between soot and
the catalytic active sites are significantly important for this kind of
solid–solid reactions [38–40]. Liu et al. [41] even thought that the
contact conditions between catalysts and soot is a rate-determining
factor because the number of contact points on the catalysts is
proportional to the active site concentration. In the present work,
the particle size of the prepared nanometric La0.9K0.1Co1−xFexO3−ı

catalysts is about 40–80 nm, which falls in the same order of mag-
nitude as that of soot, ensuring high contacting efficiency between
the two counterparts. Furthermore, when the B-site cations of
La0.9K0.1CoO3 are partly substituted by Fe3+, some iron ions (Fe4+)
with higher oxidation state are formed according to the Co2p XPS
spectra. The tetravalent iron ion possesses higher catalytic oxi-
dation activity than Fe3+ and Co3+, lowering the soot oxidation
temperature. Fig. 3 and Table 1 show that some iron ions in all
the Fe-substituted samples have transformed to tetravalent iron
ions, and the sample LKCF10 possesses the largest amount of Fe4+.
This is consistent with its highest catalytic activity for soot com-
bustion. On the other hand, when Co3+ ions are partly replaced
by Fe3+ ions, some oxygen vacancies may be generated in order
to maintain the electron neutrality. The presence of large amount
of oxygen vacancies would enhance the mobility of lattice oxygen
and accelerate the transferring of oxygen species, meanwhile, oxy-
gen vacancies also facilitate the adsorption and activation of NO,
improving the catalytic activity for simultaneous removal of soot
and NOx, as elucidated in the next section.

It is generally thought that perovskites can desorb two different
types of oxygen species, namely adsorbed oxygen and lattice oxy-
gen [42–45]. The surface adsorbed oxygen, weakly chemisorbed on
the perovskite, strongly depends on the surface oxygen vacancies.
Its nature depends on the degree of the substitution of A-site ions
by other lower valence ions, and also on the character of B-site ions
in ABO3 structure [43]. On the contrary, the desorption of lattice
oxygen, only related to the nature of B-site ions, is linking to the
redox transitions of the valence state of B-site ions, which are Co
and Fe in this study. Fino et al. [46,47] thought that the surface
adsorbed oxygen (O−) of perovskite catalysts participates in soot

combustion reaction, determining the activity of the catalysts for
the soot oxidation. Liu et al. [29,41] found three different kinds of
oxygen species in perovskite-like complex oxide catalysts, namely
O2

−, O− and O2−, and it is thought that the O2
− and O− species are

responsible for soot oxidation.

C) and NOx reduction percentages of La0.9K0.1Co1−xFexO3−ı catalysts.

�T (◦C) NSC (�mol g−1) NOx reduction percentage (%)

274 90 (100–346 ◦C) 11.9 (323–368 ◦C)
198 129 (100–342 ◦C) 6.2 (290–700 ◦C)
178 213 (100–394 ◦C) 12.5 (306–700 ◦C)
214 115 (100–348 ◦C) 4.5 (272–498 ◦C)
195 110 (100–374 ◦C) 0.7 (277–466 ◦C)
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Fig. 7. DTG profiles of soot combustion at different reaction conditions. (a)
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00 ppm NO + 10 vol% O2 + balance N2 without catalyst; (b) 10 vol% O2 + balance
2 with catalyst La0.9K0.1Co0.9Fe0.1O3−ı; (c) 600 ppm NO + balance N2 with cat-
lyst La0.9K0.1Co0.9Fe0.1O3−ı; (d) 600 ppm NO + O2 + balance N2 with catalyst
a0.9K0.1Co0.9Fe0.1O3−ı.

However, in this study the situation may be different. Accord-
ng to the results of O1s XPS spectra (Fig. 4 and Table 1), the
elative content of surface lattice oxygen decreases as follows:
KCF10 > LKCF20 ≈ LKCF30 > LKCF5 > LKC, which is consistent with
he activity order for soot combustion, implying that the surface
attice oxygen species in perovskite catalysts is mainly account
or the soot combustion behavior. Moreover, the binding energy
f surface lattice oxygen is lowered when the B-site cation (Co3+)
s substituted by Fe, increasing the mobility of surface lattice oxy-
en towards soot oxidation. The relative larger K+ and Fe3+ in the
erovskite lattice may enhance the release of active lattice oxy-
en species associated to Co3+ → Co2+ and Fe4+ → Fe3+ transitions,
n addition, the presence of large amount of oxygen vacancies also
acilitates the capture of gaseous oxygen and enhances the mobil-
ty of surface lattice oxygen. Thus, the Fe-substituted samples show
igher activity for soot oxidation than the unsubstituted one.

Fig. 7 shows the DTG profiles of soot oxidation on LKCF10 cat-
lyst at various reaction conditions. In the absence of catalyst, as
isplayed in Fig. 7(a), soot oxidation takes place at rather high tem-
erature (above 400 ◦C) in the atmosphere of 10 vol% O2, 600 ppm
O and balance N2, with the Tm at approximately 578 ◦C. How-
ver, the typical temperature of diesel exhaust is between 200 and
00 ◦C, non-catalysis process is hard to remove the soot partic-
lates. In the presence of catalyst LKCF10, soot oxidation in the
tmosphere of 10 vol% O2 and balance N2 without NO is remark-
bly accelerated with the Tm at about 386 ◦C, as shown in Fig. 7(b).
he DTG profiles of soot oxidation in the absence of oxygen are
resented in Fig. 7(c). It is thought that soot is oxidized by surface

attice oxygen in this situation, and the Ti and Tf, especially the Tf, is
ather high, which are 310 ◦C and 700 ◦C, respectively. In the pres-
nce of NO and oxygen, as shown in Fig. 7(d), the temperature of
oot maximal combustion rate is decreased to 362 ◦C. Comparing
ig. 7(d) and Fig. 7(a), it is found that the presence of LKCF10 cata-
yst can lower the Tm more than 200 ◦C. Additionally, by comparing
ig. 7(d) with Fig. 7(b) and (c), it is found that the Tm is lower and the

oot combustion rate is much higher in the presence of both NO and
2. Fig. S2 presents the profiles of the effluent NO2 concentration
ver different samples. From this figure, it can be seen that the NO2
oncentration of all the Fe-substituted samples is higher than that
f unsubstituted one, and the NO2 concentration of LKCF10 sample
Fig. 8. (a) Outlet NOx concentration over La0.9K0.1Co0.9Fe0.1O3−ı and
soot/La0.9K0.1Co0.9Fe0.1O3−ı and (b) soot combustion over La0.9K0.1Co0.9Fe0.1O3−ı .
Reaction conditions: NO = 600 ppm, O2 = 10 vol% balanced by N2.

is the largest among all the samples. Therefore, it is inferred that
NO is oxidized to NO2 by oxygen in the presence of catalyst, and
the formed NO2 exhibits higher activity for soot oxidation than NO
and oxygen, similar conclusion is also drawn in references [48,49].

3.5.2. NOx storage and simultaneous soot–NOx removal over
La0.9K0.1Co1−xFexO3−ı

The profiles of NOx storage capacity (NSC) on
La0.9K0.1Co1−xFexO3−ı are presented in Fig. S3. The dash line
in the figure represents the NOx concentration in the gas feed, and
the points below and above the line mean the occurrence of NOx
sorption and NOx desorption, respectively [50]. The NSC values are
calculated according to peak areas of NOx uptake curves, which are
listed in Table 2. It can be found that the NOx uptake temperature
ranges from 100 to 390 ◦C. In addition, all the Fe-substituted
samples exhibit larger amounts of NSC than the unsubstituted one,
the sample LKCF10 shows the maximal NOx uptake amount of
213 �mol g−1 among all the samples, and the other Fe-substituted
samples possess similar NOx uptake amounts. The results are well
correlated with the specific surface areas (SSA) of these samples;
larger surface area corresponds to higher NSC. On the other hand,
the Fe-substituted samples possess higher oxidation activity,
which is related to the formation of more NO2 (as described
above), so it is suggested that NO can be more efficiently oxidized
to NO2 over the Fe-substituted samples. The formed NO2 can be
stored more easily on the catalyst than NO.

Fig. 8(a) displays the profiles of effluent gas from LKCF10 and
soot/LKCF10 mixtures during the heating process (10 ◦C min−1) in
a gas feed of 600 ppm NO, 10 vol% O2 and balance N2. The dash
line in the figure represents the NOx concentration in the stream,
and the points below and above the line mean the occurrence
of NOx sorption/reduction and NOx desorption, respectively. The
LKCF10 sample presents NOx uptake between 100 and 394 ◦C, fol-

lowed by a broad NOx desorption at higher temperature. Due to
the temperature limitation of the fixed-bed reactor, NOx desorp-
tion is not completely finished at 700 ◦C, so, the desorption profile
did not come back to the original baseline, and the amount of
NOx desorption should be a little lower than that of NOx adsorp-
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ion. According to the observed areas below and above the dotted
ine, the calculated results of NOx sorption amount (213 �mol g−1)
nd desorption amount (192 �mol g−1) are close to each other. For
oot/LKCF10 mixture there are two adsorption/reduction regions
nd two desorption regions. At low temperatures (≤340 ◦C), NOx
ptake is similar to that of LKCF10, but the situation is notice-
bly different at higher temperature. Unlike the case of LKCF10
lone, a very sharp NOx desorption peak appears at 344 ◦C, just
fter the onset of the soot combustion, as seen in Fig. 8(b). Clearly,
he sharp desorption of NOx is initiated by the very fast and local
xotherm from soot combustion. After this, NOx concentration sud-
enly drops below the dotted line, evidencing the occurrence of
Ox reduced by soot. Moreover, the observed area below the dotted

ine is much larger than that above it, corresponding to 235 �mol
f NOx g−1 and 142 �mol of NOx g−1, respectively, which suggests
hat partial NOx must have reacted with soot during the heating
rocess.

In order to compare the catalytic performance for simultaneous
emoval of NOx and soot over different catalysts, the NOx reduction
evel is evaluated by comparing the NOx sorption and desorption
ver the catalysts mixed with soot or not, the results of which are
isted in Table 2. It can be seen that the LKCF10 sample possesses
he largest NOx reduction percentage of 12.5%. Combined with the
esults for soot combustion and NOx storage, the Fe-substituted
erovskite catalyst LKCF10 is the most promising candidate for
ractical purification of diesel emission.

. Conclusions

The partial substitution of Co3+ by Fe3+ in La0.9K0.1Co1−xFexO3−ı

x = 0–0.3) perovskite catalysts largely improves the catalytic activ-
ty of the catalyst La0.9K0.1CoO3−ı for soot combustion, NOx storage
nd simultaneous soot–NOx removal. Among all the prepared cat-
lysts the La0.9K0.1Co0.9Fe0.1O3−ı perovskite is the most active one,
ver which the temperature corresponding to maximal rate of soot
ombustion (Tm) is only 362 ◦C, and the temperature region for soot
xidation is narrowed in 178 ◦C. For NOx storage and reduction,
a0.9K0.1Co0.9Fe0.1O3−ı perovskite also shows a high NOx storage
apacity of 213 �mol g−1 and a satisfied NOx reduction percentage
f 12.5%.

The high catalytic activity of Fe-substituted
a0.9K0.1Co1−xFexO3−ı perovskite catalysts can be elucidated
rom following aspects: firstly, the size of the obtained nano-

etric catalysts falls in the same order of magnitude as that
or diesel soot particulates, ensuring a high contacting effi-
iency between soot particles and catalysts; secondly, the
e-substituted La0.9K0.1Co1−xFexO3−ı perovskite catalysts, espe-
ially La0.9K0.1Co0.9Fe0.1O3−ı, possess higher content of surface
attice oxygen, which can be well correlated with the soot oxi-
ation activity of the catalysts, meanwhile, the Fe-substitution
nhances the mobility of surface lattice oxygen, further improving
heir catalytic activity for soot combustion; thirdly, the formation
f high valence ion (Fe4+) at B-site increases the oxidation ability of
he catalysts, especially La0.9K0.1Co0.9Fe0.1O3−ı, which facilitates
he oxidation of NO to NO2, accelerating the NOx storage and the
imultaneous soot–NOx reaction.
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