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Abstract:

Three-dimensionally ordered macroporous (3DOM) Laj3Ce;,Mn; Fe,O; perovskites

were successfully prepared by colloidal crystal template method and KNO;-supported 3DOM

LaysCep,Mn, (Fe,O; catalysts were prepared by wetness impregnation method.

Physicochemical properties of these catalysts were characterized by XRD, FT-IR, FESEM,

TEM, BET, H,-TPR, O,-TPD, and XPS techniques and their catalytic performances were

evaluated by the soot combustion. All these perovskites possessed well-ordered 3DOM

structure, and KNO; was highly dispersed on the skeleton of supporters without changing the

morphology and crystal structure of the perovskites. 3DOM structure provided more contact

areas between catalyst and soot. Besides, partial replacement of Mn by Fe into the perovskites

increased the surface areas and reducibilities. The introduction of K ions increased the

amount of active oxygen species in the catalysts, which could accelerate soot combustion at

the low temperature. On the other hand, the NO;" species brought by KNO; were beneficial to
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the reaction at the high temperature. Among all the samples, the 3DOM
K/Lay sCey,Mng¢Fe( 4O; exhibited the highest catalytic performance with the lowest Ts, at
379 °C.
1. Introduction

Diesel engines have been widely employed in many kinds of vehicles due to their high
fuel efficiency, low CO, emission, and high durability. However, the soot particles emitted
from these engines are threatening the environment and human health directly.' Up to now,
much attention has been paid to solve this problem. Diesel particulate filter (DPF) technique
is widely applied to trap the soot particles in the diesel exhaust.* However, excessive trapped
soot particles may have a negative impact on the capture performance of DPF. Therefore, the
regeneration of DPF is necessary and the removal of soot is a key problem during this
process.” ® An efficient solution is to burn out these soot particles trapped in DPF. Given the
combustion temperature of soot particles is about 600 °C, much higher than the outlet
temperature of diesel exhaust (below 400 °C), the soot cannot completely convert. Many
researchers find that the oxidation catalysts deposited on the filter can reduce the combustion
temperature of the soot particles, thus the soot can convert to CO, even at the outlet
temperature.” The oxidation catalysts used in the diesel exhaust systems are the core part of
diesel emission after treatment technology. So far, various types of catalysts have been
investigated for the soot abatement, such as platinum group metal (PGM) based oxides,
perovskite-type oxides, spinel-type oxides, rare earth metal oxides, and mixed transient metal
oxides.*'" Among them, perovskite oxides receive much concern owing to their high

activities, low costs, and good thermal stabilities.'”” The general chemical formula for
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perovskite oxides is ABOs;. A-site cations can be rare earth (La, Ce), alkaline (K, Na), or
alkaline-earth (Ca, Sr) cations, while the B-site cations can be transition metals such as Co, Fe,
Ni, Mn, or Cr. The catalytic performances of perovskite-type oxides mainly depend on the
B-site ions, while affected by the A-site ions indirectly as a consequence of their catalytical
inactivity." Partial substitution at A-site and/or B-site will enhance the activities due to the
formation of oxygen vacancies and/or the valence change of cations.'*'® The perovskite-type
oxides are regarded as the potential catalysts for soot removal.

Soot oxidation occurs on three-phase boundary between soot (solid phase), catalyst
(solid phase) and gaseous reactant (gaseous phase). The contact conditions between soot and
the catalysts play important roles in this kind of heterogeneous catalysis reactions.'” The sizes
of soot particles are often greater than 25 nm, much larger than the pore sizes of common
catalysts (<10 nm). Therefore, these particles cannot reach the active sites on the inner
surfaces of the catalysts, which leads to low catalyst utilization. An orthogonal pathway is to
provide these catalysts with three-dimensionally ordered macroporous (3DOM) structure to
amplify the soot combustion.'®** The distinct structure will indeed provide on the one hand
accessible channels and enhanced mass transfer at the same time. This explains the excellent
activities of the catalysts with 3DOM structure. During the past decade, many 3DOM
perovskite catalysts, such as LaFeO;, LaMnO;, and LaCoO;, have been constructed and
applied in soot combustion, showing better catalytic performances than the corresponding
nanoparticle ones.'”**** Among the above 3DOM perovskites, LaMnOj; are easy to prepare
and widely used because of the low solidification temperature of Mn.>” Our group has found

that partial introduction of Ce in 3DOM perovskite not only supports the 3DOM structure, but
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also enhances the catalytic performances.” Similarly, the same effects can also be achieved
through the replacement of Mn by Fe, which, on this basis, can further improve the activities
of perovskites.”* However, the intrinsic activities of Mn-based perovskites for soot
combustion are not so satisfactory.”” Meanwhile, the amount of active oxygen species on the
surface of perovskites are rare. Therefore, it is important to further increase the intrinsic
activities and the surface active oxygen species of 3DOM Mn-based perovskite catalysts.
Alkali metals, often act as promoters, are applied broadly in various kinds of
reactions.””* Several studies show that alkali metals can enhance the ability of the catalysts
to release active oxygen species.” Meanwhile, they can also form the low-melting point
compounds or eutectics spontaneously, which can wet the soot surface and increase the
contact between soot and catalyst.”* *> Among all these alkali metals, potassium with excellent
reactivity is generally employed.”®®® The combination forms between potassium and
perovskite can be divided into two main types. First, potassium can be doped into the
perovskite structure during the preparation process.” The second is that potassium can be

40 . .
However, in the first case, the

loaded on the surface of the perovskite after it has formed.
macrostructure of catalysts may be destroyed due to the generation of low-melting
compounds or eutectics caused by potassium.” Thus, we believe that it is more suitable to
load potassium onto the surface rather than dope it into the lattice structure of perovskite. So
far, many potassium-supported oxides have been synthesized and shown good catalytic
activities for soot combustion.”” ** Besides, it is found that the catalytic behavior of the

as-prepared catalyst is also affected by the precursor of potassium. Peralta et al. have reported

that KNO; is better than KOH or K,COj; in K/La,O5 towards soot combustion.” Therefore,
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KNO; supported on 3DOM perovskites are attainable.

In the present work, 3DOM perovskites LaysCeq,Mn; Fe,O; (0<x<1) were synthesized
by colloidal crystal template method and potassium supported on 3DOM La, sCe,,Mn, Fe O;
(0=<x<1) were prepared by incipient wetness impregnation method using KNO; as precursor.
The techniques of XRD, FT-IR, FESEM, TEM, N, adsorption—desorption, XPS, H,-TPR and
O,-TPD have been employed to characterize the physical and chemical properties of
as-prepared catalysts. The catalytic performances for soot combustion were also evaluated by
a temperature programmed oxidation (TPO) device. The interaction between KNO; and

perovskite has been discussed in detail.

2. Experiment
2.1. Catalyst preparation
2.1.1 Preparation of colloidal crystal template

Monodispersed PMMA microspheres with an average diameter of 375 nm chosen as the
hard temple were synthesized using emulsifier-free emulsion polymerization technique
according to procedure described elsewhere.** The as-prepared microspheres were washed
several times with deionized water and centrifuged at 3000 r/min for 10 h to form
well-arranged structure. After the PMMA microspheres were fully precipitated, the
supernatant was decanted and the rest solid block was dried at room temperature to obtain the
colloidal crystal template.
2.1.2 Preparation of 3DOM La, 3Cey,Mn,_Fe,O; perovskite supports

3DOM La, sCe,Mn  Fe,O; perovskites were synthesized by colloidal crystal template
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method using PMMA as template.” In a typical procedure, the corresponding nitrate salts
were dissolved in the mixture of ethylene glycol and methanol (40 vol%), and stirred for 2 h
to form a precursor solution. The total molar concentration of the metal ions in the solution
was 2 mol/L. The PMMA template was placed into the solution for about 4 h. After complete
impregnation, excess solution was removed through filtration. The obtained wet samples were
dried in an oven at 40 °C overnight, and calcined in a tube furnace under the air flow to
remove the template. The temperature was raised to 800 °C at the rate of 1°C/min and kept at
this temperature for another 5 h.

For comparison, LajgCey,Mny¢Fe; 405 perovskite without macroporous structure was
also prepared by the citric acid complexation method.'® Each time, the corresponding nitrate
salts were dissolved in deionized water to obtain an aqueous solution of La**, Ce*™, Mn**, and
Fe™* with the expected stoichiometry. The molar ratio of citric acid to total metal ions was
1.1:1. The resulting solutions were evaporated to dryness at 80 °C with vigorous stirring. The
clear solution gradually turned into sol and finally transformed into gel. At last, the wet gel
was dried at 110 °C for 12 h and calcinated at 800 °C for 5 h.

2.1.3 Preparation of potassium supported on 3DOM La,sCey,Mn, Fe,O; catalysts

The K/LaysCeooMn, Fe,O; catalysts were prepared by an impregnation method.
Pulverized Lay sCe(,Mn, Fe,O; perovskites were added to an aqueous solution containing an
appropriate amount of KNO;. The mass ratio of K element to perovskite was 10 wt.% (The
mass ratio of KNO; in the catalysts was 20.57 wt.%). Then the mixture was evaporated to
dryness with vigorous stirring at 90 °C. The obtained precursors were further dried at 110 °C

overnight and then calcined at 600 °C for 5 h.
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2.2. Characterization

X-ray diffraction (XRD) patterns were performed with the SmartLab diffractometer
(Rigaku, Japan) automated power X-ray diffraction meter operating at 100 mA and 40 kV
using Cu Ko (A = 0.15418 nm) radiation. The data of 26 from 10 to 80 ° were collected with a
step scan of 0.02°.

Brunauer-Emmett-Teller (BET) surface areas were measured by the N,
adsorption-desorption measurement using a Micromeritics ASAP 2020 system at -196 °C. The
samples were pretreated in vacuum at 300 °C for 4 h before experiments.

Fourier transform infrared (FT-IR) spectra from 400 to 1700 cm’ were recorded on the
Nicolet-6700 spectrometer from Thermo FElectron (United States) with anhydrous KBr
(Nicolet, United States) as the dispersing agent.

X-Ray fluorescence spectroscopy (XRF, Rigaku ZSX Primusll) was used to measure the
loading amount of KNO; on the perovskites.

Field emission scanning electron microscopy (FESEM) images were acquired with the
S-4800 field-emission scanning electron microscope (Hitachi, Japan) operated at 5 kV.
Transmission electron microscope (TEM) images were obtained using a JEM-2100
high-resolution transmission electron microscope (JEOL, Japan) at an accelerating voltage of
200 kV.

X-ray photoelectron spectroscopy (XPS) spectra were recorded on a PHI-5000
spectrometer using Al Ka(1486.6 eV) radiation as the excitation source. All binding energies
were referenced to the C 1s peak at 284.5 eV, and Gaussian-Lorentzian and Shirley

background were applied for peak analysis.
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H,-Temperature-programmed reduction (H,-TPR) was carried out on a chemical
adsorption analyzer (Micromeritics AutoChem II 2920). 30 mg of sample (40-60 mesh) was
pretreated under Ar atmosphere by calcination at 200 °C for 2 h and subsequently cooled to
room temperature. Afterwards, 10% Hy/Ar flow (50 mL/min) was passed over the catalyst
bed while the temperature was ramped to 850 °C at a heating rate of 10 °C/min. The alteration
of H, concentration in the effluent was recorded online by the chemical adsorption analyzer.

O,-Temperature-programmed desorption (O,-TPD) was also conducted on the chemical
adsorption analyzer (Micromeritics AutoChem II 2920). Each time, 30 mg of sample (40-60
mesh) was pretreated in Ar stream at 200 °C for 2 h, and then cooled down to room
temperature. Then, O, was absorbed at 35 °C for 2 h using a gas mixture of 3% O./Ar, and
subsequently the sample was purged by a flow of pure He stream to remove excessive and
weakly adsorbed O,. Finally, the sample was heated to 900 °C with a heating rate of 10
°C/min in a pure He flow and the desorption pattern was recorded.

2.3. Activity measurement

The catalytic activity for soot combustion under the loose contact mode was evaluated
with a temperature-programmed oxidation reaction (TPO) on a fixed-bed tubular quartz
reactor. Printex-U from Degussa was used as a model substance of diesel soot. Each time, 20
mg of soot and 180 mg of catalyst were carefully mixed just by spatula to obtain a loose
contact. The mixture was placed in the center of a cylindrical quartz tube reactor (14 mm
internal diameter) and the reaction temperature was raised from 200 °C to 700 °C with a
heating rate of 2 °C/min. Reactant gas composed of 20% O, and 80% N, passed through the

reactor at a flow rate of 50 mL/min. The outlet gas compositions were analyzed by an infrared
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gas analyser (Infralyt 50). In all the soot combustion experiments, the reaction lasted until the
soot was completely burnt out. The values of T, Tsp and Tgy were defined as the
temperatures when the conversion of soot reached 10%, 50% and 90%, respectively. The
selectivity of CO, at the temperature, when the soot-burnt rate was the highest, was denoted
as S¢o,. These two factors were taken into account in the evaluation of the catalytic
performances of the catalysts.

The reactivities of different O, species in the catalysts with soot were measured by
soot-TPR. For those measurements, the catalyst-soot mixture was placed in the quartz tube
and heated from 200 °C to 700 °C at a rate of 2 °C/min in N, flow (50 mL/min). The outlet

gas compositions were analyzed by an infrared gas analyser (Infralyt 50).

3. Results and discussion
3.1. Catalysts characterization

The measurements of XRD were carried out to confirm the phase structures of 3DOM
LaysCey,Mn, Fe,O; perovskites and K/LaysCey,Mn; Fe,O; catalysts (0<x<1), and the
patterns are presented in Figure 1. In the Figure 1A, all the samples prepared by colloidal
crystal template method exhibit highly resolved diffraction peaks, which indicates the
well-developed crystalline structure has formed after high-temperature (800 °C) calcination.
The LagysCey,MnO; perovskite exhibits diffraction peaks which are consistent with those of
the rhombohedral LaMnO; ;5 (JCPDS 50-0298).46 However, a weak peak at a value of 28 °
can also be detected, suggesting that a small amount of impure phase corresponding to CeO,

(JCPDS 34-0394) is formed after the substitution of La by Ce.*”** This is because the crystal
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structure of the perovskite may distort and contract after Ce is doped into the lattice, and thus
small amounts of CeO, may separate from perovskite. After substitution of Fe into Mn site,
the intensities of the diffraction peaks are enhanced and the positions shift slightly towards
lower angle with the increasing amount of Fe in the lattice, which means that a distortion
from the rhombohedral structure to the orthorhombic structure has occurred. When the
substitution amount reaches 1.0, the diffraction peaks of LajgCe,,FeO; perovskite are akin to
those of the orthorhombic LaFeO; (JCPDS 88-0641)." Meanwhile, no trace of other
crystalline phases is visible after Fe is introduced, and the diffraction peaks attributed to CeO,
still remain. As shown in Figure 1B, after K is supported on the surface of perovskites, there
is no obvious change in both position and intensity of the original characteristic diffraction
peaks. Besides, two new peaks appear at 23 ° and 29 °, which are ascribed to the
rhombohedral KNO; (JCPDS 05-0377).*”* However, the intensities of these two peaks are
very weak owing to the extremely low content and high dispersion of KNO; on the surface of
the perovskites. For the K/La,sCe,,MnO; and K/La, sCe,Mn, gFe(,0; catalysts, two peaks at
12 ° and 25 ° can be detected, inferring that a small amount of K;Mn,Og (JCPDS 16-0205)
may form during the preparation.”’ With the increasing content of Fe (y>0.4) doped into the
perovskite, these diffraction peaks of K,Mn,Og vanish. The crystallite sizes of
LaysCep,Mn, Fe,O; and K/La;sCey,Mn,Fe,O; samples are calculated by the most
prominent peak using Scherrer equation and the values are shown in Table 1. For Lay3Ce;,MnO;
perovskite, the average crystallite size is 19.5 nm, and the values vary from 18.2 to 29.9 nm
with the increasing of Fe substitution amount. After KNOj; is deposited on the surface of
3DOM LagsCey,Mn; (Fe,O; perovskites, no obvious change has been observed in their

10
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crystallite sizes. Therefore, it can be concluded that the loading of KNO; on the surface of
3DOM LaygCep,Mn; Fe,O; perovskites has little impact on the crystalline phases, crystalline
sizes and crystallinities of the 3DOM La, sCey ,Mn,_,Fe,O; perovskites.

The FT-IR spectra of the as-prepared catalysts are displayed in Figure 2. As shown in
Figure 2A, two strong vibration peaks appear around 400 and 600 cm™ in all the spectra of
Lay 3Cey,Mn;_Fe,O; perovskites. The peak at 400 cm’ can be assigned to the bending
vibration of Mn-O or Fe-O bond, and the peak at 600 cm’ is related to Mn-O or Fe-O
stretching in octahedral site.”” It further proves that the perovskite has been successfully
prepared using colloidal crystal template method. Meanwhile, no organic residue for PMMA
has been found, which demonstrates that PMMA can be completely removed by high
temperature calcination. The intensity of the absorbance peak at 600 cm™ gradually decreases
along with the increasing degree of Fe substitution. As depicted in Figure 2B, after the
introduction of KNOj on the surface of 3DOM LagsCej,Mn,; (Fe,O; perovskites, the peaks
between 400 and 600 cm™' remain unchanged. It indicates that the deposition of KNOs on the
surface of 3DOM La, 3Ce(,Mn; Fe,O; perovskites has no effect on the perovskite structure.
Meanwhile, two new signals are observed. The strong peak at 1384 cm™ associates to the
typical antisymmetric stretching mode of free NOs ions and the other one at 825 cm’
associates to the angular antisymmetric deformation of O-N-O.’* Both of these two peaks are
corresponding to KNO; supported on the perovskites, proving that a portion of KNO; remains
stable in the case of K/La,3Cey,Mn;_Fe,O; perovskites even after calcination at 600 °C for 5
h. It is mainly due to the formation of bulk KNO;, which is more difficult to decompose.
Similar phenomenon can also be observed in literature.”’ The content of KNO;, for example

11
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in 3DOM K/La,gCey,Mng¢Fe, 405 catalyst, is about 16.12 wt.% after calcination as revealed
by XRF technique. All these results indicate that KNO; has been successfully dispersed on the
surface of LaysCey,Mn; (Fe,O; perovskites.

The BET surface areas of 3DOM LajgCey,Mn, Fe,O; perovskites and
K/Laj gCey,Mn; Fe,O; catalysts (0<x<1) are summarized in Table 1. It can be seen that all
the surface areas of the 3DOM Lag3Cey,Mn; Fe,O; perovskites are larger than 15 mz/g.
Partial substitution of Fe by Mn increases the surface areas of the perovskite-type oxides, and
the value reaches a maximum of 27.1 m*g while the content of Fe is 0.4. In the case of
KNO;-supported samples, the specific surface areas slightly decline as compared with the
supports. Whereas the varying tendency of these data is basically in agreement with that of
the supports. Among all the supported catalysts, K/La,3Cey,Mn, ¢Fe( 4O catalyst owns the
largest surface area, reaching up to 19.6 m*/g.

Figure 3 gives the FESEM images of 3DOM La, 3Ce(,Mn,_Fe,O; perovskites (0<x<1)
prepared by colloidal crystal template method and K/La,3Ce,Mn; Fe, O3 catalysts (0<x<1)
obtained by wet impregnation method. From these images, we can find the formation of
Lay 3Cey,Mn, Fe,O; perovskites with well-defined three-dimensional ordered macroporous
structure. In the three-dimensional space, the interconnected walls together with the
well-ordered air spheres constitute an ‘‘inverse opal’’ structure, and the layers below are
clearly visible in the FESEM images. The average diameter of the pore sizes is about 300 nm,
much smaller than the particle size of the original PMMA colloidal spheres (375 nm). The
decrease of pore sizes is mainly due to the shrinkage of the polymeric microspheres and the
sintering of the perovskites during calcination. The thickness of the walls is 20+5 nm, similar

12
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to the crystallite size estimated from XRD results, which indicates that the walls are
composed of crystallite grains. This special pore structure allows the soot particles to enter the
inner pores of catalysts without resistance and provide more opportunities for soot particles to
reach the active sites, which can accelerate the soot combustion.”> With the loading of KNOs;,
the 3DOM structure is retained. As indicated by the well consistent images of 3DOM
K/LajgCey,Mn | Fe,O; catalysts and LajgCey,Mn; Fe,O; perovskites, the stirring and
calcination operations in the preparation process does not lead to the collapse of macroporous
structure.

In order to further study the morphologies of catalysts, especially the KNO; supported on
the surface of 3DOM perovskites, 3DOM LajsCey,Mng¢Feq4O; perovskite and
K/Lay gCe,Mng¢Fe, 405 catalyst are characterized by TEM technique and the results are
shown in Figure 4. From the Figure 4a and b, it can be seen that the LaysCey,Mng¢Fep 405
perovskite possesses a high-quality 3DOM structure that is composed of overlapped
macropores. The pore size of 3DOM La, 3sCer,Mng gFej 405 perovskite is about 300 nm, and
the thickness of interconnected walls is about 20 nm. All these phenomena are in good
agreement with the FESEM images. Meanwhile, the surface of the walls is smooth and has no
attachment. After KNO; is loaded on the surface of LaysCey,Mngg¢Fey4O; perovskite, as
shown in Figure 4c and d, there is no big change on the whole structure of the catalyst. At the
same time, some dark dots in skeleton of the macropores are visible clearly, which indicates
that 3DOM LaygCeooMnggFey4O; perovskite has been successfully decorated with
well-dispersed KNOs.

The reducibility of 3DOM La, sCeq,Mng¢Fey 405 perovskite and K/LagsCeq,Mng¢Fep 403

13
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catalyst are investigated by H,-TPR, as presented in Figure 5. As shown in Figure 5A, the
reduction peak of LaygCey,MnO; shows two reduction stages. The first reduction peak a
(around 350 °C) is due the reduction of Mn** to Mn®*, while the second peak y at the higher
temperature is due to the reduction of Mn** to Mn**.>> Complete reduction of Mn** to Mn’
does not happen under the experimental conditions. The reduction step in the low region is a
sign of high intrinsic oxygen reactivity, which can be regarded as the critical factor in the soot
oxidation state. When Mn is partly substituted by Fe, besides the original reduction peak of
Mn**, another reduction peak p appears in the region of 250-500 °C, which can be ascribed to
the reduction of Fe** to Fe’*.>* Meanwhile, the peak o shifts to lower temperature, and this
peak achieves the lowest temperature with further increase of Fe substitution amount to 0.4.
The main reason is that certain micro-structural defects are generated around Mn sites after Fe
substitution, thus promoting the diffusion through the bulk and eventually facilitating the
reduction.” The further increasing amount of Fe substitution makes the intensity of peak a
decrease and peak P increase. As shown in Figure 5B, after KNO; is loaded, a new peak
between 300-450 °C emerges. The intensity of this peak is so strong that the original peaks
referring to perovskite are almost invisible. According to the FT-IR results in Figure 2, the
huge consumptions of H, are ascribed to the NO; species stabilized in the 3DOM
K/LagsCeo,Mn; Fe,05.%° It also proves that most of the alkali nitrate can still remain stable
on the surface of perovskite even after 600 °C calcination. Furthermore, the reduction
temperature of these NO; species is also affected by the component of perovskite support,
demonstrating the existence of strong interaction between KNO; and perovskite support.
Among all the catalysts, the 3DOM K/Lay3Ce(,Mng¢Fep40; exhibits the best reducibility

14
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with the lowest reduction temperature.

Soot combustion, as an oxidation reaction, usually happens on the surface of the
catalysts. Therefore, the surface element compositions and surface oxygen species of the
catalysts are important for this reaction. In order to get these information, XPS technique is
used to investigate 3DOM LajsCey,Mng¢Feq40; perovskite and K/LajgCey,Mng¢Feq 403
catalyst and the results are given in Figure 6 and 7. Figure 6 displays the La3d, Ce3d, Mn2p
and Fe2p spectra of the samples. For LajsCe,Mng¢Feo 4O; perovskite, the La 3d5/2 doublet
contained components at 837.8 and 833.6 eV are shown in Figure 6 A, which indicates that
La ions are exist in the +3 oxidation state.”’ The binding energies of Fe 2ps;, (710.4 eV) in
Figure 6 D suggest that Fe cation mainly exist in the trivalent valence state.”® The XPS
spectra of Ce and Mn have been fitted by a standard Gaussian-Lorentzian deconvolution in
order to further study the valence states of these two elements. As shown in Figure 6B, the
bands labelled as u” and v’ are ascribed to Ce’* and others are assigned to Ce**. For 3DOM
Lag 3CeMng ¢Feq 405, the molar rate of Ce** and Ce** calculated from the corresponding peak
area is 0.115, which demonstrates that most of the Ce ions in the catalyst exist in the
tetravalent form.” As shown in Figure 6C, the Mn**/Mn** in 3DOM La, sCe,,Mn, ¢Fe, 4O; is
0.696, which means that the trivalence is the main form of Mn ions.” After impregnating
KNO; onto the surface of LagsCeq,Mng¢Feo40; perovskite, the peak intensities of La 3d, Ce
3d, Mn 2p and Fe 2p drop dramatically, and the peaks can hardly be found in Figure 6. It
indicates that the La, Ce, Mn and Fe atomic concentrations on the surface of the catalyst are
low and KNO; has well covered the surface of the perovskite.

The XPS spectra of O 1s for LagsCeyoMng¢Feq4O; perovskite and

15
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K/LaygCey,Mny¢Feq4,0; catalyst are shown in Figure 7. The spectrum of
LaysCep,MnogFey4O; has been divided into two parts using Gaussian-Lorentzian
deconvolution. The peak with a lower binding energy (~528.5 eV) is assigned to the surface
lattice oxygen (Oyy), and the other one exhibiting a higher binding energy (~530.8 eV)
corresponds to the adsorbed oxygen species (O,q).” In the case of the KNO;-supported
3DOM La,3Cey,MngFe, 405 catalyst, only one peak appears at 532.3 eV, which refers to the
oxygen species derived from NO;".®' However, the original two kinds of O species can be
hardly detected by means of XPS.

In order to further study the changes of oxygen species after the loading of KNOs;,
O,-TPD measurement was carried out and the results are displayed in Figure 8. The O,
desorption peaks of 3DOM La, 3Ceq,Mny¢Fe, 405 perovskite are relatively weak. After KNO;
is loaded, three main O, desorption peaks are observed. The first peak below 200 °C refers to
the desorption of physical adsorption oxygen species. The desorption peaks range from 200 to
400 °C can be assigned to the chemisorption of oxygen species. And the peak at high
temperature is attributed to the lattice oxygen species from KNO; and perovskite.”** ** It is
obvious that the generation of the first two peaks is mainly due to the presence of K ions. As
good electron donors, K ions are conducive to the adsorption and dissociation of gaseous
oxygen on the surface of perovskite. Meanwhile, the presence of K ions can weaken the Fe-O
or Mn-O bonds on the catalyst surface, and thus some of the lattice oxygen will convert to
adsorbed oxygen.” ® The increasing amount of surface adsorbed oxygen species plays an
important role in accelerating the soot combustion.

3.2. Catalytic activities

16
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The performances of 3DOM LaygCey,Mn;Fe,O;  perovskites and
K/La, sCey,Mn  Fe,O; catalysts for soot combustion were evaluated by homemade TPO
method and the results are illustrated in Figure 9 and Table 2. For comparison, the blank
experiment without catalyst is also included, and its T, Tsy, Too and S¢, are 505, 585, 640
°C and 58.3%, respectively. All the catalysts with 3DOM structure are active in soot
combustion with relatively low combustion temperatures of soot and high selectivities of CO,.
For 3DOM Lag3Cey,Mn,_Fe,O; series, the Tsq of soot decrease by about 130 °C, and the
selectivities of CO, exceed 98%. The substitution amount of Fe plays an important role in
soot combustion. With the increasing amount of Fe content in LaygCey,Mn; Fe,O;
perovskites, the catalytic performances of these perovskites experience the process of
ascending first and then descending. The lowest Ts, of soot is 448 °C when the doping amount
of Fe reaches 0.4. As revealed by the above characterizations, the good performances of the
Fe-doped perovskites are mainly due to the following two aspects. Firstly, the increased
surface areas as the partial replacement of Mn by Fe enlarge the contact areas between the
soot particles and catalysts, thus providing more active sites for soot combustion. Secondly,
the introduction of Fe into the lattice of the perovskites improves the reducibilities of the
catalysts, which accelerate the redox circulation during soot combustion. After KNO; is
loaded, the CO, formation peaks narrow and the intensities increase compared with those of
the pure perovskites. Meanwhile, the peaks shift to lower temperatures and the soot
combustion temperatures decrease. Compared with perovskites, the combustion temperature
of soot further decreases by about 80 °C, whereas the selectivity of CO, reduces slightly. It is
worth mentioning that with the increasing amount of Fe, the trend in catalytic activities of
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K/La, 3Ce(,Mn;_Fe,O5 series is coincident with that of La, 3Ce(,Mn;_Fe,O; series. It is noted
that, K,Mn,Og, which is found in the KNO; supported on perovskites with high content of Mn
(Lag sCep,MnO; and LagysCey,MnggFey,03), can also accelerates the soot combustion by
increasing the number of active oxygen species. Similar results can be found in literatures.””
o4 Among all the catalysts, 3DOM Lag 3sCey,MnggFey 4,05 shows the highest catalytic activity
for soot combustion, with the lowest Ts, at 379 °C.

In order to study the effect of the 3DOM structure, LagsCeq,Mng¢Fep4O; and
K/Lay sCey,Mng¢Fey 4O; without macroporous structure are also prepared by citric acid
complexation and the FESEM images are shown in Figure S1. These catalysts are mainly
consisted of spherical primary particles. These particles condense to form agglomerates. After
KNO; is loaded, no obvious change is observed on the morphology of catalyst. The catalytic
performances of these LaggCe,Mngg¢Fey40; and K/LaysCey,Mng¢Fey 405 catalysts without
macroporous structure are also studied and the results are shown in Figure 10. No matter
whether KNOs is loaded or not, the particle catalysts exhibit poor catalytic activities for soot
combustion compared with the 3DOM ones. With the particle LagsCeyoMng¢Feo4O; or
K/La, 3Cey,Mng ¢Fe, 405 catalysts, the Tsy of soot increase to 489 °C or 413 °C respectively,
about 40 °C higher than the 3DOM ones. It is mainly owned to the special properties of
well-ordered macropore structure. On one hand, the large pores allow soot particles to enter
the inner channels of the catalysts, thus the soot can be catalyzed both on the external and
internal surfaces of the 3DOM catalysts. On the other hand, the uniform macroporous
network decreases the diffusional resistance when soot particles go through the 3DOM
catalysts. As the improvements in soot-catalyst contact and mass transfer can both lower the
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soot combustion temperature, we can conclude that the catalysts with 3DOM structure are
more active than the nanoparticle catalysts.'> *°

In order to deeply investigate the reactivity of different oxygen species during soot
combustion after KNOs is loaded, Soot-TPR was also performed and the results are shown in
Figure 11. In this process, the mixture of soot and catalyst are heated under the high purity N,
(99.99%) atmosphere, so the soot can only be oxidized by the oxygen species, such as surface
adsorbed and lattice oxygen species, existing in the catalysts, accompanied by the reduction
of metallic ions."* As shown in Figure 11, for 3DOM La, sCe,Mng¢Fe, 405 (a), a weak peak
corresponding to CO, generates between 200-350 °C. With the further increase of temperature,
a large amount of CO, is formed after 400 °C. However, the concentration of CO is always
keeping at a low level during the experiment. The generation of CO, at the low temperature is
due to the surface adsorbed oxygen species, while the CO, generated at the high temperature
is due to the lattice oxygen species. After the introduction of KNOs, the CO, concentration at
the low temperature (200-350 °C) increases dramatically. It demonstrates that there is an
increase in the number of surface adsorbed oxygen species when KNO; is supported, which
can accelerate soot combustion at the low temperature. With the temperature rising, the
concentration of CO; is still higher than that of 3DOM La, sCe,,Mng ¢Feo40;, along with the
prominent increasing of CO concentration. Besides the effect of lattice oxygen species in
perovskite, the soot can also be oxidized by NO;™ species. However, the NO; species trend to
oxidize soot into CO rather than CO, in the absence of O,, resulting in the formation of a
large amount of CO. All these results are agree with those of O,-TPD and TPO.

Based on the above results, the introduction of KNO; mainly plays two roles in the soot
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combustion. At the low temperature, the soot particles are directly oxidized by active oxygen
species in the catalysts. The presence of K ions increases the amount of active oxygen species,
which can accelerate soot combustion and lower the initiation temperature of soot. At the
relatively high temperature, the soot particles are mainly oxidized by NOj species rather than
0,.” Thereafter the formed NO, after the reaction with soot can be reoxidized to NO;y by O,.

NO3+C—NO>+CO

2NO3+C—2N0O,+CO,
2NO3+0,—2N0;3
2C0+0,—2C0,

The existing NO; species can continually accelerate the soot combustion through the
transformation between NO; and NO,. However, the violent reaction may lead to the
incomplete combustion of soot, thus resulting in the generation of CO and the decrease of the
selectivity to CO,.

The reusability of 3DOM K/LajsCey,MngcFe 405 is further examined by reusing the
catalyst in soot combustion for 3 times under the same reaction conditions. As shown in
Figure 12A, the profiles of CO, concentration as a function of reaction temperature in soot
combustion are nearly the same, which means that the catalyst can be used repetitively for at
least 4 times with an acceptable decrease in activity. As proved by the results of XRD, FT-IR
and FESEM characterizations (Figure 12B, C and D), the morphology and crystal structure of
3DOM K/La, sCe(,Mng ¢Fe, 405 remain unchanged after used for 4 times. For comparison, the
activity of 3DOM K/La, 3Ce, ,Mn, ¢Fe, 405 without calcination is also tested and the sample is
reused for 3 times. As shown in Figure S2, 3DOM K/La, 3Ce(,Mny¢Feo 4O; catalyst without
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calcination exhibits the same activity compared with the calcinated one, with Tsy of soot
reducing to 377 °C. However, the Ts, of soot increases to 410 °C after recycling for 3 times.
Thus we believe that the calcination process is beneficial to enhance the stability of catalysts.
All these results demonstrate that the 3DOM K/La, sCe, ,Mn, sFe,4O; calcinated at 600 °C for

5 h possesses good stability for soot combustion.

4. Conclusion

In summary, 3DOM La, sCey,Mn, Fe,O; and K/La, sCe;,Mn, Fe, O3 were successfully
prepared and used for soot removal. The well-ordered macropore structure could enhance the
contact between soot and catalysts. The strong interactions between KNO; and perovskite
supports improved the reducibilities of catalysts and increased the amount of active oxygen
species. The introduction of Fe in 3DOM La, 3Ce;,Mn, 4Fe,O; series increased the intrinsic
properties of catalysts. The further loading of KNO; dramatically lowered the soot
combustion temperature from two aspects. The presence of K ions was conducive to the
formation of more active oxygen species in the catalysts, which could accelerate the soot
combustion at the low temperature. Meanwhile, the remained NOj™ species oxidized the soot
through redox cycle between NO; and NO, at the high temperature. Among all the catalysts,
the 3DOM K/La, 3Ce;,Mny ¢Fey 4O; exhibited the highest activity and good stability for soot
combustion. The catalyst can be regarded as a potential candidate for soot removal in the

future.
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Captions for Tables

Table 1. Crystal sizes and BET surface areas of the 3DOM LajsCe,Mn; Fe,O; and
K/Lay sCep,Mn; «Fe,O5 catalysts (0<x<1).

Table 2. The temperature and the selectivity to CO, for soot combustion without catalysts 3DOM

LaysCe,Mn; Fe,O; and K/Laj sCep,Mn; 1Fe,O; catalysts (0<x<1).
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Table 1. Crystal sizes and BET surface areas of the 3DOM LajgCey,Mn; Fe,O; and
K/Laj Ceo,Mn, 1Fe,O; catalysts (0<x<1).
Da(nm)(Lao‘sCf‘«oAzMn1-xFexO3)

SBETb (ng_l)

Catalyst - - - -
Without K With K Without K With K
Lag sCey,MnOj3 19.5 (32.63°) 19.6 (32.66°) 19.4 12.7
Lay 3Ce(,Mng sFe(,03 18.2 (32.62°) 18.9 (32.62°) 22.9 16.1
Lag 3Ce(,Mng gFe( 403 19.2 (32.52°) 19.2 (32.54°) 27.1 19.6
Laj 3Ce(,Mn, 4Fe( 03 20.0 (32.50°) 20.2 (32.48°) 24.0 17.6
Lag gCeyoMny,Fe( 303 23.9 (32.40°) 24.0 (32.38°) 21.3 15.0
Lag3Cey,FeOs 29.9 (32.24°) 30.0 (32.32°) 15.1 9.9

* Determined by XRD using Scherrer equation with the intensity of the most prominent peak.
® Surface area obtained by BET method.
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Table 2. The temperature and the selectivity to CO, for soot combustion without catalysts, 3DOM
LaysCe(,Mn; Fe,O; and K/Laj sCep,Mn;_ Fe,O; catalysts (0<x<1).

Catalyst Ty, (°C) Tso (°C) Too (°C) SC0.(%)
Without Catalyst 505 585 640 58.3
LajgCey,MnO3 387 461 531 98.1
K/Lay gCen,MnO; 335 393 456 91.7
Laj gCe,Mng gFe(,0; 380 455 521 99.0
K/Lay gCey,Mng gFe(,03 325 384 443 91.9
Lag 3CeooMnggFe( 403 372 448 513 98.3
K/Lag gCeo,Mng ¢Fey 403 322 379 429 91.9
Lag gCepoMng 4Fep 603 393 464 537 98.2
K/Laj 3Ceg,Mng 4Feq O3 342 399 463 91.3
Lay gCey,Mng,Fe( 503 398 473 541 98.8
K/Lay gCep,MngFe( 303 358 414 482 91.8
LajgCe(,FeO; 400 477 547 98.5
K/Lay gCe,FeO3 367 424 489 92.1
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Captions for Figures

Figure 1. XRD patterns of the 3DOM LaygCey,Mn;Fe,O; perovskites (A) and
K/La, sCe,Mn 1Fe,Oj; catalysts and pure KNO; (B) (0<x<1).

Figure 2. FT-IR spectra of the 3DOM LaygCey,Mn; Fe,O; perovskites (A) and
K/Lay sCe,Mn;_Fe,O; catalysts (B) (0<x<1).

Figure 3. FESEM images of the 3DOM LajsCey,Mn,Fe,O; perovskites and
K/La;sCep,Mn|  Fe,O; catalysts. (a) LaggCer,MnO;; (b) K/LagsCer,MnO;; (c)
LagsCeooMngsFe),0s;  (d)  K/LagsCepaMngsFey20s;  (e)  LagsCeooMngeFeg 4055 ()
K/LaysCep,MngeFep 403,  (g) LagsCepaMngaFes0s; (h)  K/LagsCeooMngsFeosOs; (1)
Lay sCeo2Mng,Fes03; (j) K/Lag sCep,Mng,Fes0s; (k) LagsCeq2FeOs; (1) K/Lag sCeg 2FeOs.
Figure 4. TEM images of the 3DOM LaysCeyp,MnoeFey,O; (a, b) and
K/Lag Ceo2Mnyg 6Feo 405 (c, d).

Figure 5. H,-TPR profiles of the 3DOM La, 3Ce(,Mn;_Fe,0; (A) and K/Lay 3Ce;,Mn,_Fe,O;
catalysts (B) (0<x<1).

Figure 6. X-ray photoelectron spectra (XPS) of La 3d (A), Ce 3d (B), Mn 2p (C) and Fe 2d
(D) regions for the 3DOM La, 3Cey ,Mng ¢Fe, 405 (a) and K/Lay sCeq,Mng gFeg 405 (b).

Figure 7. X-ray photoelectron spectra (XPS) of O 1s regions for the 3DOM
Lag sCeo2Mng ¢Fe) 405 (a) and K/Lag sCeo2Mng 6Feo 405 (b).

Figure 8. O,-TPD profiles of the 3DOM La, 3Ce,,Mn, ¢Fe, 405 and K/La, sCe,,Mng ¢Fe 40;.
Figure 9. CO, concentration profiles of soot oxidation over 3DOM catalysts under loose
contact conditions. (a) pure soot (without catalyst); (b) LaygCeq,MnOs; (c)
LagsCeoMngsFeo,0s;  (d)  LagsCeoaMngeFeosOs;  (e)  LagsCepaMngsFeos0s;  (f)

29



Catalysis Science & Technology

La, 3Cey,Mng,Fe)50;5; (g) LagsCeq,FeOs; (h) K/Lay sCeyMnOs; (i) K/Lag sCey,Mn, gFe),03;

() K/LaggCepoMnysFeo40;3; (k) K/LagsCeooMngsFeo603; (1) K/LagsCeo,MngoFeosOs; (m)

K/La()gceo'zFeO\;.

Figure 10. CO, concentration profiles of soot oxidation over catalysts under loose contact

conditions. (a) 3DOM La()ABCe()AzMn()4(,Fe()A4O3; (b) 3DOM K/La()A8C€()‘2Mn()A(,Fe()A4O3; (C) particle

Lay 3Cep,Mng ¢Fe( 403; (d) particle K/Lag sCey2Mng ¢Fep 40s.

Figure 11. CO, and CO concentration profiles of the 3DOM Lay3Ce;,Mng¢Feq40; (a) and

K/La, sCe,Mny ¢Fey 405 (b) under the Soot-TPR experiment.

Figure 12. Stability test of the 3DOM K/LaysCe,,MnggFey40; catalyst (A), and XRD

patterns (B), FT-IR spectra (C) and FESEM image (D) of the 3DOM K/La, 3Ce,Mny ¢Fe( 403

catalyst and the reused catalyst.
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Figure 1. XRD patterns of the 3DOM LaysCey,Mn; Fe,O; perovskites (A) and

K/Lay sCey,Mn 1Fe,Oj; catalysts and pure KNO; (B) (0<x<1).
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Figure 2. FT-IR spectra of the 3DOM LaysCey,Mn; Fe,O; perovskites (A) and

K/Lay sCe,Mn 1Fe,O; catalysts (B) (0<x<1).
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Figure 3. FESEM images of the 3DOM Laj3Cey,Mn;Fe,O; perovskites and
K/LaysCep,Mn, Fe,O; catalysts. (a) LapsCeroMnOs; (b) K/LagsCeyo,MnO;; (c)
LagsCeoaMngsFe20s5;  (d)  K/LagsCepaMnosFeo20s;  (e)  LagsCepaMngeFe 4055 (f)
K/Lag sCeo,Mng6Feo 4055 (g)  LagsCeooMngsFegs0s;  (h)  K/LagsCeoaMngsFeos0s; (1)

Lag sCep2Mng 2Fe303; () K/Lag sCeooMng,Feg s03; (k) Lag sCeo2FeOs; (1) K/Lag sCeg FeOs.
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Figure 4. TEM images of the 3DOM LaysCep,MnoeFey,O; (a, b) and

K/Lag sCe,Mng ¢Fe) 4O; (c, d).
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Figure 5. H,-TPR profiles of the 3DOM La, 3Ce,,Mn,_Fe,O; (A) and K/La, 3Ce;,Mn,_Fe,O;

catalysts (B) (0<x<1).
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Figure 6. X-ray photoelectron spectra (XPS) of La 3d (A), Ce 3d (B), Mn 2p (C) and Fe 2d

(D) regions for the 3DOM La0‘8Ceo‘2Mno<6Feo,4O3 (a) and K/La(),gceo,zMno<6Fe()‘403 (b)
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Figure 7. X-ray photoelectron spectra (XPS) of O 1s regions for the 3DOM

Lay 3CepoMng ¢Fe) 405 (a) and K/Lay 3Cey,Mng ¢Feg 405 (b).
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Figure 8. O,-TPD profiles of the 3DOM La, 3Ce,,Mn, ¢Fe, 405 and K/La, sCe,,Mng ¢Fe 40;.
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Figure 9. CO, concentration profiles of soot oxidation over 3DOM catalysts under loose
contact conditions. (a) pure soot (without catalyst); (b) LaggCeqoMnOs; (c)
LagsCeooMngsFe,0;5;  (d)  LagsCepoMngsFeo4Os;  (¢)  LaggCeo,MngsFep 055 (1)
Lao sCeo2MnoFeo 5033 (g) LagsCeo2FeOs; (h) K/LagsCep,MnOs; (i) K/Lag sCe2Mng sFeg203;
() K/LagsCeoMngcFe40s; (k) K/LagsCep2MngaFeo 6035 (1) K/LagsCepoMngoFeosOs; (m)

K/Lay 3Ce ,FeOs.
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Figure 10. CO, concentration profiles of soot oxidation over catalysts under loose contact
conditions. (a) 3DOM La()Agce()AzMn()‘(,Fe()A4O3; (b) 3DOM K/La()Agce()‘zMn()A(,Fe()A4O3; (C) particle

Lay sCeo,Mn ¢Feo 403; (d) particle K/Lay sCey,Mng ¢Feg 40;.
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Figure 11. CO, and CO concentration profiles of the 3DOM La,3Ce;,Mng¢Fey40; (a) and

K/Lay gCe(,Mn, ¢Fe, 405 (b) under the Soot-TPR experiment.
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Figure 12. Stability test of the 3DOM K/LajsCe,Mng¢Fey 405 catalyst (A), and XRD

patterns (B), FT-IR spectra (C) and FESEM image (D) of the 3DOM K/La, sCe,Mny ¢Fey 403

catalyst and the reused catalyst.
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Graphical Abstract

{At low temperature:
- C+20,, — CO,

act

At high temperature: :
2NOy +C —> CO0,+2NO;"
L 2NO, + 0, —— 2NO; +CO,

3DOM K/La, gCey,Mn, [Fe Oy #  Active oxygen species

The KNOj; supported on 3DOM Lag sCe,,Mn; <Fe,O; perovskites exhibit high activities
for soot combustion. The presence of potassium is conducive to the formation of more active
oxygen species in the catalysts, which can accelerate the soot combustion at the low
temperature. Meanwhile, the remained NOj™ species oxidize the soot through redox cycle

between NO;™ and NO," at the high temperature.



