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Article history:

Catalytic oxidation of soot is of great importance for emission control on diesel vehicles. In this work, a
highly active Cs/Co/Ce-Sn catalyst was investigated for soot oxidation, and it was unexpectedly found that
high-temperature calcination greatly improved the activity of the catalyst. When the calcination temper-
ature was increased from 500 °C to 750 °C, Tsq decreased from 456.9 °C to 389.8 °C in a NO/O,/H,0/N,
atmosphere. Characterization results revealed that high-temperature calcination can promote the abil-
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Keywords: ity to transfer negative charge density from Cs to other metal cations in Cs/Co/Ce-Sn, which will facilitate
Soot oxidation the production of more oxygen defects and the generation of more surface-active oxygen species. Surface-
Calcination active oxygen species are beneficial to the oxidation of NO to NO,, leading to the high yield of NO, ex-

Surface defects
Surface-active oxygen species

ploitation. Therefore, the Cs/Co/Ce-Sn catalyst calcined at 750 °C demonstrated higher activity than that
calcined at 500 °C. This work provides a pathway to prepare high efficiency catalysts for the removal of

NO,

soot and significant insight into the effects of calcination on soot oxidation catalysts.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Soot particulate released from diesel engines exhaust is one of
the major sources of particulate matter emission, which not only
cause pollution of the atmospheric environment, but also seriously
endanger the human respiratory system [1-3]. The coupling of DPF
(diesel particulate filter) and soot oxidation catalysts, has been re-
garded as an effective technique to control soot emission from
diesel vehicles [4,5]. The key problem is how to develop high-
performance soot oxidation catalysts.

To date, a series of high-efficiency catalysts for soot oxidation
have been reported, including noble metal-based catalysts [6,7],
rare earth oxides [8], transition metal oxides [9,10] and other
mixed metal oxides [11,12]. It is widely acknowledged that the no-
ble metal-containing catalysts are still the main commercial cat-
alysts for soot oxidation. Yet, the reserves of noble metals are
limited, and the cost is getting higher and higher [13,14]. There-
fore, it is urgent to develop high-efficiency non-noble metal-based
catalysts for soot purification. Ceria-based catalysts present great
promise as soot oxidation catalysts, due to their oxygen storage
and release ability [15]. For instance, Chen et al. found that with
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respect to pure soot, the Tsg of a CeO, nanorod catalyst decreased
from 517 °C to 415 °C under tight contact [16]. Thus, Ce-based
oxide catalysts presented good potentiality on the application of
diesel soot combustion.

Various strategies for improving soot oxidation performance
of Ce-based oxide catalysts have been reported, such as doping
with transition metals or using supported transition metal oxides
[8,17,18], adding alkali or alkali earth metals [19,20], fabricating
special morphologies [21,22]. Sn was doped into cerium oxide to
improve oxygen storage capacity (OSC) of CeO,, because the re-
versible Sn** < Sn%* redox process involves two electron trans-
fer. In particular, doping with alkali metals is widely used, due to
their excellent electron donation properties or high mobility. For
example, in Ura’s work, addition of potassium showed great pos-
itive effects on the soot oxidation activity of the SrTiO3 catalyst,
lowering the soot ignition temperature by 100 °C [23]. Wang et al.
also found that the addition of alkali metal oxides in SnO, catalysts
can promote the generation of more abundant and mobile oxygen
species, which would be good for soot oxidation [24]. Zhang et al.
found that doping with Cs can enhance the catalytic performance
of CeO, catalysts for soot oxidation more than the more commonly
studied K, due to the easier electron donation from Cs,0 species
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Fig. 1. (a) XRD patterns and (b) Element mapping

[25]. In addition, it has been reported that the calcination temper-
ature can significantly influence the performance of catalysts con-
taining alkali metals, and that high-temperature calcination may
induce deactivation. For instance, Neyertz et al. revealed that a
K/Ce-based catalyst was deactivated after calcination at 800 °C for
24 h, with the Tsg increasing from 448 °C to 545 °C [26]. Similarly,
An et al. also found that potassium-containing catalysts were deac-
tivated after undergoing repeated thermal aging cycles [27].

In our previous study, we developed a Cs/Co/Ce-Sn
(10%Cs/3%Co/Ce-Sn) catalyst with excellent soot oxidation ac-
tivity, due to the dual positive effects of Cs [28]. In this work,
the effect of calcination temperature on the Cs/Co/Ce-Sn catalyst
was investigated by calcining the catalyst at low temperature (500
°C) and high temperature (750 °C), respectively. Unexpectedly, the
Cs/Co/Ce-Sn catalyst calcined at 750 °C exhibited much higher
activity for soot oxidation than that calcined at 500 °C. The reason
for the promotional effect of high-temperature calcination was
investigated and elucidated via various characterization methods.

X-ray diffraction (XRD) measurements were utilized to ana-
lyze the crystal structures of the Cs/Co/Ce-Sn-500 and Cs/Co/Ce-
Sn-750 catalysts. As shown in Fig. 1a, the typical peaks of CeO,
were mainly observed in all the catalysts (PDF #43-1002). For the
Cs/Co/Ce-Sn-500 catalyst, besides the major diffraction peaks of
CeO,, two minor diffraction peaks of Cs oxide (PDF #09-0111) at
around 20° and 50° were also detected. After high-temperature cal-
cination (750 °C), some diffraction peaks for SnO, were formed
(PDF #41-1445). However, no peaks associated with Cs or Co ox-
ides were observed, which could be due to the high dispersion of
Cs and Co oxides. The elemental mapping of the Cs/Co/Ce-Sn-500
and Cs/Co/Ce-Sn-750 catalysts was carried out (Fig. 1b) to con-
firm the high dispersion of Cs and Co oxides. Clearly, the Cs and
Co oxides for Cs/Co/Ce-Sn-750 catalyst were well dispersed, which
agreed with the XRD results.

X-ray photoelectron spectrometry (XPS) measurements were
employed to study the effect of calcination temperature on the
states of Cs species in the catalyst. As shown in Fig. 2a, two typical
peaks relating to Cs* cations were observed for the Cs/Co/Ce-Sn
catalysts [19]. Notably, the Cs 3d peaks of Cs/Co/Ce-Sn-750 (724.6,
738.5eV) exhibited a clear shift to higher energy in comparison
with Cs/Co/Ce-Sn-500 (724.0, 737.9eV). This result could arise be-
cause high-temperature calcination induced the Cs* to transfer
more negative charge density to oxide anions and subsequently af-
fected the Co, Ce and Sn metal cations [25,29].

XPS and X-ray absorption fine structure (XAFS) technologies
were applied to study the surface properties of Co species in the
Cs/Co/Ce-Sn-500 and Cs/Co/Ce-Sn-750 catalysts. The XPS spectra of
Co 2p for the catalysts were deconvoluted to reveal four peaks,
the peaks located at 781.4 and 796.3eV could be attributed to
Co%*, and the others assigned to Co3*+ for the Cs/Co/Ce-Sn-500
catalyst [2]. As the calcination temperature increasing from 500
°C to 750 °C, the binding energy of Co species decreased about
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results from EDX of the as-prepared catalysts.

0.5eV, indicating that more electrons from the Cs dopant were
shifted towards the Co species. Thus, the ratio of Co%*/Co3* for
the Cs/Co/Ce-Sn-750 sample increased from 1.14 to 1.32 (Fig. 2b).
Each Co2* ion is related to a neighboring oxygen defect, which
can easily activate the gaseous oxygen to generate active oxygen
species [30]. To further explore the influence of calcination tem-
perature on the state of Co species, XAFS measurements were used.
Fig. 2c shows that the Co K-edge XAFS spectra of the Cs/Co/Ce-Sn-
500 and Cs/Co/Ce-Sn-750 catalysts were similar as that of Co304.
As shown in Fig. 2d, there are three peaks located at 1.92, 2.89
and 3.39A in the R-space spectra of the Co-K edge, which are re-
lated to the first Co-O, the first Co-Co; and the second Co-Co,
shells, respectively [31]. For the Cs/Co/Ce-Sn-750 sample, it per-
formed a relatively smaller coordination number for the Co-O shell
than the Cs/Co/Ce-Sn-500 sample (Table S1 in Supporting informa-
tion), which suggested that high-temperature calcination promotes
the generation of oxygen defects.

The XPS spectra of Ce 3d for the Cs/Co/Ce-Sn-500 and Cs/Co/Ce-
Sn-750 catalysts can be deconvoluted into the ten characteristic
peaks (Fig. S1a in Supporting information). The v, v,, v3, u, u, and
u3 were attributed to the Ce** species, and the others were related
to reduced cerium species Ce3* [32]. It was clearly found that the
Ce3*/Ce*t ratio for the Cs/Co/Ce-Sn catalyst increased from 0.41
to 0.50 with the increase in the calcination temperature from 500
°C to 750 °C. This result suggested that high-temperature calcina-
tion is beneficial to the formation of Ce3*. In addition, the Ce Ly
XANES results revealed that in comparison with Cs/Co/Ce-Sn-500,
the ratio of Ce3+/Ce*t for Cs/Co/Ce-Sn-750 increased from 29.8%
to 39.3% (Fig. S2 in Supporting information). The higher ratio of
Ce3+/Ce*t in the catalyst, the more oxygen defects would be pro-
duced, which is beneficial for soot oxidation.

The Sn species in the catalysts were explored by XPS, and the
results are exhibited in Fig. S1b (Supporting information). It was
noteworthy that with the increase in the calcination temperature
from 500 °C to 750 °C, the ratio of surface Sn2*/Sn** of Cs/Co/Ce-
Sn increased from 1.06 to 1.29, indicating the formation of more
surface defects.

Two peaks were identified in the O 1s XPS profiles of the
Cs/Co/Ce-Sn-500 and Cs/Co/Ce-Sn-750 catalysts. The peak of the
surface-adsorbed oxygen species (O, ) was located at 531-532.1¢eV,
and the peak centered at lower binding energy of 528.9-530.5eV
was assigned to lattice oxygen species (Og) [22,33]. As shown in
Fig. 2e, when the calcination temperature of the Cs/Co/Ce-Sn sam-
ple was increased from 500 °C to 750 °C, it was clearly found that
the ratio of Oy /Oﬁ increased from 0.40 to 0.58. This indicated that
the high-temperature calcination induced the production of more
abundant oxygen defects, and these defects would be beneficial to
activating gas oxygen to generate active oxygen species.

Electron paramagnetic resonance (EPR) was carried out to
further analyze the oxygen defects of the Cs/Co/Ce-Sn-500 and
Cs/Co/Ce-Sn-750 catalysts. The spectrum in Fig. 2f exhibits a
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Fig. 2. XPS results of (a) Cs 3d, (b) Co 2p of the Cs/Co/Ce-Sn samples. (c) The normalized XANES spectra of Co K-edge, (d) EXAFS spectra at Co K-edge of the Cs/Co/Ce-Sn-750
and Cs/Co/Ce-Sn-500 catalysts. (e) XPS results of O 1s of the Cs/Co/Ce-Sn samples, and (f) EPR profiles of the Cs/Co/Ce-Sn-750 and Cs/Co/Ce-Sn-500 catalysts.
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Fig. 3. (a) H,-TPR, (b) soot-TPR, and (c) enlarged soot-TPR curves of the Cs/Co/Ce-Sn-750 and Cs/Co/Ce-Sn-500 catalysts.

symmetrical EPR signal at g=2.004, uncovering the existence of
oxygen defects in both catalysts [34,35]. The oxygen vacancy con-
centration is related to EPR signal intensity. The stronger EPR sig-
nal intensity is, the more oxygen vacancies would be presented. In-
terestingly, Cs/Co/Ce-Sn-750 exhibited a much stronger signal than
the Cs/Co/Ce-Sn-500 catalyst, which suggested that it contained
more oxygen defects. This result is consistent with the XPS and
XAFS results.

To evaluate the influence of calcination temperature on the
redox properties, H,-TPR tests were performed. As shown in
Fig. 3a, the H,-TPR curves of Cs/Co/Ce-Sn-500 includes three
peaks at 295 °C, 340 °C, and 446 °C, respectively. The re-
duction peaks located at 295 °C and 340 °C can be at-
tributed to the reduction of Co3* to Co** and then to Co,
respectively [21,36]. The last reduction peak centered at 446
°C is related to the reduction of Ce*" to Ce3* in 425-665
°C [37,38] and Sn*t to Sn** or Sn in 400-675 °C [21,24,39].
Interestingly, when the calcination temperature increased to
750 °C, the reduction peaks of Co species moved towards
lower temperatures, which covered that the high-temperature
calcination had an active impact on the redox ability of Cs/Co/Ce-
Sn.

0,-TPD was applied to explore the influence of calcination tem-
perature on the ability to activate oxygen species. As shown in
Fig. S3 (Supporting information), for the Cs/Co/Ce-Sn-500 sample,

the staring desorption temperature of active oxygen species was
359 °C. Interestingly, when the calcination temperature was pro-
moted from 500 °C to 750 °C, the starting desorption tempera-
ture of active oxygen species decreased to 346 °C for Cs/Co/Ce-Sn-
750, which suggested that the mobility of active oxygen species
for Cs/Co/Ce-Sn-750 was improved, corresponding to the H,-TPR
result. The soot-TPR result also confirmed that high-temperature
calcination could increase the mobility of active oxygen species
for the Cs/Co/Ce-Sn catalyst (Figs. 3b and c). In addition, DMPO-
trapped ESR experiments were also conducted to test the reac-
tive oxygen species. As shown in Fig. S4 (Supporting information),
characteristic peaks of O, species were captured, and Cs/Co/Ce-
Sn-750 exhibited a much stronger signal than the Cs/Co/Ce-Sn-500
catalyst, indicating that high-temperature calcination can promote
the production of more reactive oxygen species [40-42]. Above all,
the high-temperature calcination at 750 °C for Cs/Co/Ce-Sn was
beneficial to the activating ability of chemisorbed oxygen.

The activity of the Cs/Co/Ce-Sn catalyst calcined at 500 °C and
750 °C for soot catalytic oxidation was investigated by the soot-
TPO method under loose contact. The soot conversion levels of the
Cs/Co/Ce-Sn-500 and Cs/Co/Ce-Sn-750 catalysts are shown in Fig.
S6 (Supporting information) and Fig. 4a. When soot was mixed
with the Cs/Co/Ce-Sn-500 catalyst, the Tsg was 467.5 °C under an
0,/H,0/N, atmosphere. Yet, as the increase of the calcination tem-
perature to 750 °C, it was surprisingly found that the Ts; was
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lowered to 446 °C (Fig. S6), indicating that the high-temperature
calcination has a certain promotion effect for soot oxidation. The
activities of soot oxidation for the Cs/Co/Ce-Sn catalyst calcined at
500 °C and 750 °C in NO/O,/H,0/N, atmosphere are shown in Fig.
4a. When NO was added into the reaction atmosphere, all the cat-
alysts performed enhanced catalytic performance. For instance, the
Tso values of the Cs/Co/Ce-Sn-500 and Cs/Co/Ce-Sn-750 catalysts
decreased to 456.9 and 389.8 °C, respectively, and the CO, selec-
tivity for both catalysts was close to 100% (Fig. S7 in Supporting in-
formation). Fig. S8 (Supporting information) revealed that the addi-
tion of H,O was beneficial to soot oxidation, which could be due to
the wettability of water vapor increases the contact efficiency be-
tween the catalysts and soot particles. The five consecutive cycles
test was used to study the stability of the Cs/Co/Ce-Sn-750 catalyst
during in NO/O,/H,0/N, atmosphere (Fig. S9 in Supporting infor-
mation), and the result indicated that the Cs/Co/Ce-Sn-750 catalyst
was stable for soot catalytic combustion. Additionally, the soot ox-
idation performance was also evaluated in different heating rates.
As shown in Fig. S10 (Supporting information), the Cs/Co/Ce-Sn-
750 catalyst still exhibited better catalytic activity than Cs/Co/Ce-
Sn-500 catalyst, even in the heating rates of 5 °C/min or 2 °C/min.
Table S2 (Supporting information) listed the Tsy of the Cs/Co/Ce-
Sn-750 and some catalysts reported in previous literatures [6,43-
46]. Obviously, the Cs/Co/Ce-Sn-750 catalyst had lower Tsy value,
indicating that a cheap and high-performance catalyst for soot cat-
alytic oxidation was developed.

To study the intrinsic activities of the Cs/Co/Ce-Sn-500 and
Cs/Co/Ce-Sn-750 catalysts, the activation energy was calculated for
soot oxidation using different catalysts at the same soot conver-
sion level via the Ozawa method [2,22]. As shown in Fig. 4b, the
apparent activation energy of the Cs/Co/Ce-Sn-500 sample was
76.03 kJ/mol. Remarkably, as the calcination temperature was in-
creased to 750 °C, the apparent activation energy was decreased to
67.97 kJ/mol, indicating that calcinating at high temperature could
significantly reduce the energy barrier.

The NO-TPO test was also carried out to further study the in-
fluence of NO on soot catalytic combustion, and the results are
performed in Fig. 4c. The NO to NO, conversion curves of the
Cs/Co/Ce-Sn-500 and Cs/Co/Ce-Sn-750 catalysts both showed a vol-
cano trend. As shown in Fig. 4c, the NO oxidation activity of

Cs/Co/Ce-Sn-750 at low temperature was clearly higher than that
of Cs/Co/Ce-Sn-500 in NO/O,/H,0/N, atmosphere, which revealed
that the high-temperature calcination had a positive effect on the
NO oxidation activity. Under this condition, the maximum conver-
sion of NO reached 62.2% at 380.4 °C over the Cs/Co/Ce-Sn-750
catalyst. To further reveal the effect of NO, on soot oxidation, the
NO, utilization efficiencies for Cs/Co/Ce-Sn-500 and Cs/Co/Ce-Sn-
750 catalysts were calculated via Eq. S1 (Supporting information)
at different temperatures, and the results are shown in Fig. 4d.
Interestingly, the NO, utilization efficiency of Cs/Co/Ce-Sn-750 is
much higher than that of Cs/Co/Ce-Sn-500, indicating that high-
temperature calcination is beneficial to the NO, utilization effi-
ciency.

Figs. S11 and S12 (Supporting information) show the EPR, Cs
3d XPS, Co 2p, Ce 3d, Sn 3d, and O 1s XPS profiles of the
Cs/Co/Ce-Sn-750 sample before and after five soot-TPO cycles in a
0,/NO/H,0/N, atmosphere. The Cs 3d, Co 2p, Ce 3d, Sn 3d, and O
1s XPS profiles for the spent Cs/Co/Ce-Sn-750 catalyst were alike to
those of the fresh Cs/Co/Ce-Sn-750 catalyst, suggesting high surface
chemical stability (Figs. S11a, b, ¢ and Fig. S12). In addition, the EPR
profiles exhibited similar signals for the fresh and spent Cs/Co/Ce-
Sn-750 catalyst (Cs/Co/Ce-Sn-750-S), which indicated that the oxy-
gen defects in the Cs/Co/Ce-Sn-750 catalyst were stable (Fig. S11d).
All the results demonstrated that the Cs/Co/Ce-Sn catalyst calcined
at high temperature (750 °C) was stable for soot oxidation.

In this study, it was found that with the increase in calcination
temperature from 500 °C to 750 °C, Tsy of the 10%Cs/3%Co/Ce-Sn
catalyst decreased from 456.9 °C to 389.8 °C in a NO/O,/H,0/N,
atmosphere (Fig. 4a), which indicated that high-temperature cal-
cination at 750 °C was beneficial to the soot oxidation perfor-
mance. The characterization results showed that high-temperature
calcination could drive the Cs to transfer more negative charge
density to the Co, Ce and Sn metal cations in the Cs/Co/Ce-Sn
sample, which induced the production of more oxygen defects
(Fig. 2a). The XPS, XAFS, and EPR results (Figs. 2b-f, Figs. S1 and
S2) indicated that Cs/Co/Ce-Sn-750 had more surface oxygen de-
fects than Cs/Co/Ce-Sn-500. The O 1s XPS, 0,-TPD, Soot-TPR and
DMPO-trapped EPR (Fig. 3, Figs. S3 and S4) results further revealed
that high-temperature calcination can facilitate the production of
more surface-active oxygen for the Cs/Co/Ce-Sn sample, due to the
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Fig. 5. Schematic diagram of soot catalytic oxidation process of the Cs/Co/Ce-Sn-
500 and Cs/Co/Ce-Sn-750 catalysts.

generation of more oxygen defects. In addition, the results of NO-
TPO and NO, utilization efficiency tests (Figs. 4c and d) proved that
high-temperature calcination had a promotional effect on driving
NO, to take part in soot oxidation, which is associated with the
formation of more surface-active oxygen species. Based on the
above discussion, Fig. 5 shows the influence of calcination tem-
perature on the soot oxidation activity of Cs/Co/Ce-Sn. The high-
temperature calcination of the Cs/Co/Ce-Sn sample is good for the
formation of more oxygen defects, via the transfer of more nega-
tive charge density from Cs to other metal cations. The generated
oxygen defects then facilitate the activation of surface chemisorbed
oxygen, and the formed active oxygen species can take part in
soot oxidation and further oxidize NO to NO, to accelerate soot
combustion. Therefore, high-temperature calcination endowed the
Cs/Co/Ce-Sn sample with superior soot oxidation performance.

In conclusion, this work unexpectedly found that a Cs/Co/Ce-Sn
catalyst calcined at a high temperature of 750 °C showed much
higher soot oxidation activity than that calcined at 500 °C. Char-
acterization results revealed that high-temperature calcination can
drive the alkali metal Cs to transfer more negative charge density
to other metal cations, inducing the production of more oxygen de-
fects on the surface of the Cs/Co/Ce-Sn sample. The increase in the
number of oxygen defects had advantage in the formation of more
active oxygen species, thus improving the NO, utilization efficiency
for soot catalytic oxidation. Therefore, Cs/Co/Ce-Sn-750 performed
superior soot oxidation activity. This work provides an in-depth
understanding of the influence of calcination temperature on this
soot oxidation catalyst and may aid in the design and synthesis of
high efficiency catalysts for the removal of soot.
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