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ABSTRACT: The control of soot emission from diesel vehicles is
of extraordinary importance to the environment, and catalytic
removal of soot is a highly effective and clean method. Here, we
report a novel, non-noble metal catalyst for application in the
catalytic combustion of soot with superb activity and resistance to
H,0 and SO,. MnO, oxide was prepared via a hydrothermal
method, and then, Cs and Co were loaded on MnO, by
impregnation. The 5%Cs/1%Co/MnO, catalyst displayed ex-
cellent catalytic activity with values of T, (332 °C), T, (371 °C), A N TN ) U o haive o @ N

and Ty, (415 °C) under loose contact. The as-prepared catalysts i oxygen

were investigated by X-ray powder diffraction (XRD), transmission

electron microscopy (TEM), H, temperature-programmed reduction (TPR), O, temperature-programmed desorption (TPD), X-ray
photoelectron spectroscopy (XPS), and X-ray absorption fine structure (XAFS). The results suggest that, after the introduction of Cs
and Co into the MnO, oxide, more NO, molecules take part in soot oxidation, exhibiting higher NO, utilization efficiency; this is
due to the synergistic effects of multiple components (Cs, Co, and Mn) promoting the generation of more surface-active oxygen and
then accelerating the reaction between NO, and soot. This study provides significant insights into the development of high-efficiency
catalysts for soot oxidation, and the developed 5%Cs/1%Co/MnQO, catalyst is a promising candidate for application in diesel
particulate filters.

1. INTRODUCTION 468 °C, while after thermal aging at 800 °C for 12 h, the Ts,
value of Pt/Cej,Mn 350, was increased from 420 to 518 °C.

Particulate matter (PM, often called soot) emitted from diesel
The high price of noble metal catalysts as well as their weak

exhaust is one of the major environmental contaminants, which

not only contributes to hazy weather but also causes severe resistance to sulfur poisoning andlglzligk of thermal stability
public health problems such as bronchitis and lung cancers.'~* limits their commercial prospects. ™ Therefore, transition
o . . 17—19 .. 2021 . . 22-27
Thus, control of the emission of soot produced by diesel metal oxides, perovskites, ceria-based oxides,
engines is an urgent and significant requirement for environ- and so forth have been also studied. Among these oxides, Mn
mental protection and human health. The diesel particulate oxides are applied in many gaseous heterogeneous catalytic
filter (DPF) is one of the most efficient solutions for soot reactions owing to their strong redox ability, low cost, and
control.”° Yet, soot accumulates on the DPF, which needs environmental benefits.”® Bueno-Lopez et al. investigated
periodic regeneration. Otherwise, the back pressure created by different Mn-based oxides for soot oxidation, and the results
the loaded DPF could potentially have a negative influence on followed the trend birnessite > cryptomelane > Mn;0, >
the efficiency of the engine.7 There are two kinds of Mn,O; > natural MnO, > MnO, = MnO.”’ In addition, in
regengration methods, which are active and passive regener- Zhang et al.’s work, @-MnO, nanorod catalysts gave a decrease
ation.” At present, the combination of active and passive in the T, value to 407 °C, suggesting that a-MnO, nanorods

regeneration is the most popular regeneration method. A high-
efficiency catalyst is the key factor in passive regeneration.
Numerous catalytic materials have been studied for soot
oxidation. For the most part, the noble metal-containing
catalysts tend to be the most suitable candidates due to their ]
excellent oxidation performance.”” "> For example, in Wu et Rec.e“’ed: September 9, 2020
al’s work,'”'* when Pt was introduced into Mn-CeOQ,/Al,O, Revised:  November S, 2020
or H-ZSM-S used for soot oxidation, a decrease in T, of 51 or AccePted: December 8, 2020
123 °C, respectively, was achieved. In the work of Chen’s Published: December 18, 2020
group,13 the noble metal Pt was added to Cej¢Mng;4Ry,0,
(R =Y, Zr, La, or Al) for which the T, value was about 420—

possessed excellent soot oxidation activity.”’ To further
improve the catalytic performance of Mn-based oxides, doping
with other metals could be a viable option. In Wu et al’s
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work,”’ Ce was introduced into MnO, for use in soot
oxidation, resulting in a further decrease of Ty, by 11 °C
because of the increase in NO oxidation and NO, storage
capacity. Jampaiah et al.>® found that the addition of Co and
Cu to MnO, induced a decrease in T, of 116 °C due to the
formation of more oxygen vacancies. In addition, it is well
known that alkali metals added to catalysts can activate O, and
improve the contact between soot and the catalyst, which are
beneficial for soot catalytic oxidation.’>** For instance, in Guo
et al.’s work,”* after K was introduced into C0,0,, the T, was
dramatically lowered from 490 to 417 °C. Thus, the
introduction of transition metals and alkali metals into Mn
oxide catalysts offers an efficient strategy to improve the soot
catalytic oxidation activity.

In this study, MnO, nanorods were successfully fabricated
via a hydrothermal method. Cs and Co were introduced into
the MnO,, nanorods by simple impregnation. It was found that
the 5%Cs/1%Co/MnO, catalyst gave the best soot oxidation
activity. Furthermore, the $5%Cs/1%Co/MnO, catalyst also
exhibited excellent resistance toward H,O and SO,. Finally, the
effects of Co and Cs on the MnO, oxide were analyzed via a
series of characterization techniques, including XRD, Bruna-
uer—Emmett—Teller (BET), X-ray photoelectron spectrosco-
py (XPS), TEM, and X-ray absorption fine structure (XAFS).

2. EXPERIMENTAL SECTION

2.1. Materials Preparation. In this work, MnO, was
synthesized via a hydrothermal method, which is similar to the
method reported in previous works.*>*®* KMnO,, (10.84 g) was
dissolved in deionized water, which was then added to a
solution containing 18.34 g of MnAC,-4H,0, deionized water
(40 mL), and 12.5 mL of glacial acetic acid with agitation upon
which a mixed solution was obtained. Subsequently, the mixed
solution was placed into a 500 mL Teflon-lined autoclave and
maintained at 100 °C for 24 h. The obtained black slurry was
filtered, further washed with distilled water, and dried at 110
°C overnight. Finally, the sample was calcined in a furnace at
700 °C for 3 h and then kept at S00 °C for 3 h, as reported in a
previous study.

Different concentrations of cobalt ions (0.5, 1, 3, and 5% are
the theoretical Co loadings with regard to the weight of the
MnO, oxide) were loaded via wetness impregnation. Then, the
obtained fluid was ultrasonicated for 30 min, stirred for 1 h,
and then water was removed by a rotary evaporation process.
Finally, calcination at 700 °C for 3 h led to the formation of
0.5, 1, 3, and 5%Co/MnO,.

The alkali metal-containing catalysts (different alkali metals
Li, Na, K, and Cs with the same mole ratio) were also prepared
via wetness impregnation, and a detailed description is
recorded in the Supporting Information.

2.2. Materials Characterization. X-ray powder diffraction
(XRD), high-resolution transmission electron microscopy
(HRTEM), an X-ray fluorescence spectrometer (Axios-
MAX), and N, adsorption—desorption analysis were applied
to explore the structural properties of the catalysis. XPS and
XAFS technologies were used to study the surface chemical
state of the catalysts. H, temperature-programmed reduction
(H,-TPR) and O, temperature-programmed desorption (O,-
TPD) were carried out to analyze the reducibility and
desorption of oxygen species for the catalysts. The detailed
characterization section is described in the Supporting
Information.
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2.3. Catalytic Activity Measurement. Catalytic activity
measurements were evaluated via TPO (temperature-pro-
grammed oxidation), which was carried out in a fixed-bed
tubular quartz microreactor under the following reaction
conditions: 0.1% NO (when used), 50 ppm SO, (when used),
5% H,O (when used), and 10% O, balanced by N,. A soot—
catalyst mixture (100 mg of the catalyst and 10 mg of soot)
was prepared with loose contact. The outlet gases were
monitored by using an Antaris IGS gas analyzer (Thermo
Fisher).

Soot conversion and CO, selectivity were determined as
follows

A.
sootconversion = — X 100%
Ay (1)
T T, and Ty, are defined as the temperatures of 10, 50,
and 90% of soot conversion, respectively.

Ajco,

CO, selectivity = X 100%

Ajco, T Aico

@)

where A; is the total peak areas of CO, and CO at a given
temperature, A, is the total peak areas of CO, and CO, Ao, is
the total peak areas of CO, at a given temperature, and Acg is
the total peak areas of CO at a given temperature.’

The details of the experiment are shown in the Supporting
Information.

3. RESULTS AND DISCUSSION

3.1. Catalytic Activity. 3.1.1. Soot Oxidation Activity
over Co (or Cs and Co)/MnOQ,. The soot conversion over all
the catalysts is described in Figure 1. For comparison, pure

100

80+
—o— 5% Cs/1% Co/MnO, 4
60- ——1%ColMn0,  §
—v—MnO,
404 —o— Soot

Soot Conversion(%)

T T T T T
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Temperature(°C)

Figure 1. Soot conversion of the $%Cs/1%Co/MnO,, 1%Co/MnO,,
and MnO, catalysts and pure soot during temperature-programmed
oxidation. Reaction conditions: 0.1% NO, 10% O, balanced by N,
under loose contact mode, GHSV = 300,000 mL'g_l«h_l, and heating
rate = 10 °C/min.

soot oxidation without a catalyst was also performed and the
results revealed that the values of Ty, Tso, and Ty, were 538,
607, and 648 °C, respectively. It can be clearly seen that the
addition of the MnO, catalyst effectively lowered the soot
ignition temperature, with the Ty, Ts, and Ty, values
decreased by about 169, 176, and 166 °C, respectively. After
Co was added into MnO,, the T, Tso, and Ty, values of the
1%Co/MnO, catalyst (from Figure S1, the optimal load of Co
is 1%) were lowered to 345, 396, and 447 °C, respectively. To
further improve the activity, 5% Cs (from Figures S2 and S3,
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the optimal alkali metal was Cs and the optimal load of Cs was
5%) was introduced into the 1%Co/MnO, oxide, and the
results showed that the T, Ty, and Ty, values were further
lowered to 332, 371, and 415 °C, respectively. The CO,
selectivity for all the catalysts was nearly 100% (Figure S4),
avoiding the generation of CO. It was worth noting that both
Cs and Co were beneficial to lowering the temperature of soot
combustion, which could be due to the synergistic effects
among Cs, Co, and Mn. Moreover, the soot oxidation
performance of a commercial precious metal catalyst (0.76wt
%Pt-0.26wt%Pd-based catalyst) was evaluated as a contrast,
and the results are shown in Figure S5. The 5%Cs/1%Co/
MnO, catalyst exhibited higher soot oxidation activity than the
commercial precious metal catalyst under the same conditions,
suggesting that a cheap and effective catalyst for soot oxidation
could be obtained.

3.1.2. The Activity of the As-Prepared Catalysts under
Different Reaction Conditions. The oxidation performance of
the prepared catalysts under different conditions is shown in
Figure 2. In the absence of NO, the catalytic activities of all the

100 4
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Figure 2. Soot conversion of the as-prepared catalysts during
temperature-programmed oxidation of soot in different reactant
gases, GHSV = 300,000 mL-g""*h™!, and heating rate = 10 °C/min.

catalysts were similar. When 0.1% NO was introduced into the
reaction feed, all the catalysts exhibited outstanding catalytic
activity for soot oxidation. For example, the Ty, values of the
5%Cs/1%Co/MnO,, 1%Co/MnO,, and MnO,, catalysts were
lowered to 415, 447, and 482 °C, giving decreases of 159, 141,
and 93 °C compared with those obtained in 10% O, balanced
by a N, atmosphere, respectively. The CO, selectivity for all
the catalysts was still close to 100% (Figure S6).
Additionally, the soot oxidation performance was also
evaluated in different reaction conditions (heating rates and
tight contact conditions). As shown in Figure S7, the soot
oxidation performance over all the catalysts decreased with the
increase of the heating rate. However, the 5%Cs/1%Co/MnO,,
catalyst still exhibited the best catalytic activity among all the
catalysts under different heating rates (S, 10, and 15 °C/min).
Similarly, the 5%Cs/1%Co/MnO,, catalyst possessed the most
excellent activity under tight contact conditions (Figure S8).
3.1.3. Resistance to H,O and SO,. As we all know, real
diesel exhaust includes some harmful components such as H,O
and SO,, which could have an influence on the performance of
catalysts. Therefore, excellent H,O and SO, resistance are
required for the catalysts in practical application. To explore
the effects of SO, and H,O on soot catalytic activity, Figure 3

242

600
NO+0,+N,
Il NO+H,0+0,+N,

500 I NO+S0,+0,*N,

400 4

50(°C)

= 300-
200

100

MnO_ 1%Co/MnO_ 5%Cs/1%Co/MnO,

Figure 3. T, values of the as-prepared catalyst under conditions of
0.1% NO + 10% O, + N,, 5% H,0 + 0.1% NO + 10% O, + N,, 50
ppm SO, + 0.1% NO + 10% O, + N,, and 5% H,0O + 50 ppm SO, +
0.1% NO + 10% O, + N,.

shows the T, values of the catalysts for soot-TPO tests under
different reaction atmospheres. In the presence of H,O (5%),
0, (10%), and NO (0.1%), all the catalysts showed activities
similar to those obtained without water vapor in the reaction
feed, showing that all the Mn oxide catalysts possessed
excellent H,O tolerance. After introducing 50 ppm SO, or S0
ppm SO, and 5% H,O into the reaction gas, the temperature
of soot combustion for the Mn oxides catalysts increased
slightly, which could be due to the formation of MnSO,. Yet,
the 5%Cs/1%Co/MnO, catalyst still showed the highest
catalytic activity among all the catalysts, even in the H,0/SO,/
NO/O, atmosphere. Additionally, the introduction of H,O or
SO, had no influence on the CO, selectivity, which remained
close to 100% (shown in Figure S9). To study the stability of
the 5%Cs/1%Co/MnO, catalyst, five soot-TPO cycles were
performed in the H,0/SO,/NO/O, atmosphere, and the
results are shown in Figure S10. It is evident that the 5%Cs/1%
Co/MnO, catalyst was stable for soot oxidation. Therefore, the
5%Cs/1%Co/MnO, catalyst shows good prospects for
practical application.

3.2. Structural Properties of the Catalysts. To
investigate the effect of Cs and Co on the MnO, phase
structure, X-ray diffraction patterns of the catalysts were
measured, and the results are shown in Figure 4A. For the
MnO, oxide, it can be seen from Figure 4A that the XRD
patterns mainly show the characteristic peaks of MnO, (PDF
#44-0141). Additional peaks centered at 23.13 and 32.95°
were assigned to Mn,O; (PDF #41-1442). With the addition
of Co and Cs, the diffraction peaks were similar to those of
MnO, oxide, indicating that the supported Co and Cs catalysts
still maintained the MnO,, phase structure. Yet, no diffraction
peaks of Co and Cs species were observed, which could be due
to the hi§h dispersion of Co and Cs on the surface of MnO,,
oxide.””” The crystallite size of as-prepared catalysts
calculated by the Scherrer formula (in Table S1) was almost
the same. In addition, the XRD experiment of the spent 5%Cs/
1%Co/MnO, catalyst in the stability test was carried out. It is
clear to see in Figure S11 that, after five soot-TPO tests, the
5%Cs/1%Co/MnO, catalyst exhibited almost the same
diffraction peaks and crystallite size with the fresh catalyst.
The peaks of SiO, centered at 20.89 and 26.74° for the spent
5%Cs/1%Co/MnO, catalyst were also detected because the
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Figure 4. (A) XRD patterns of the as-prepared catalysts and (B) elemental mapping results of the (a) 5%Cs/1%Co/MnO,, (b) 1%Co/MnO,, and

(c) MnO, catalysts.
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Figure S. (A) Mn 3s XPS spectra, (B) linear combination fitting of the XANES spectra, and (C) curve-fitting spectra of the Mn-K EXAFS for the

as-prepared catalysts.

quartz sand could not been completely separated from the
mixture after five soot-TPO cycle tests.

The morphologies of the catalysts were obtained by high-
resolution TEM (HRTEM) characterization. As shown in
Figure S12, the 5%Cs/1%Co/MnO,, 1%Co/MnO,, and MnO,,
oxides present similar nanorod morphologies. In addition, the
HRTEM images presented in Figure S12 also reveal that all the
materials exhibit well-defined lattice fringes. The lattice spacing
for all catalysts is about 0.309 nm, corresponding to the
diffraction pattern of the (310) zone axis of MnO,, which is
consistent with the results of XRD. In addition, energy-
dispersive X-ray spectroscopy (EDS) mapping of Co and Cs
was carried out; the results are presented in Figure 4B. It can
be clearly seen that Co or Cs and Co are well dispersed on the
MnO, oxide, further verifying the results of XRD.

The chemical compositions, pore volumes, and surface area
values of the 5%Cs/1%Co/MnQO,, 1%Co/MnO,, and MnO,
catalysts are presented in Tables S1 and S2. The XRF results in
Table S2 show that Co and Cs had been introduced to MnO,,
and were close to the theoretical value. In comparison with the
MnO, catalyst, the catalysts with loadings of Co or Co and Cs
metal oxides showed lower surface areas, following the order
5%Cs/1%Co/MnO, (19.57 m*/g) < 1%Co/MnO, (22.90 m*/
g) < MnO, (30.72 m*/g). This was most likely due to the
blockage of part of the inter-particle mesopores by the
supported Co or Co and Cs metal oxides during the
calcination.*®
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3.3. Characterization of Mn 3s, Mn 2p XPS, and Mn-K
XAFS. The XPS technique was applied to investigate the
influence of Co and Cs on the surface chemical state of the
MnO, catalyst. Figure 5A illustrates the Mn 3s XPS spectra of
the prepared catalysts, which could be used to verify the
manganese oxidation state. The spectrum of Mn 3s exhibits
two peaks due to the coupling of a nonionized 3s electron with
3d valence band electrons. It is reported that the average
oxidation state (AOS) of manganese represents the oxidation
state of the Mn skeleton in the MnO, oxide, which can be
calculated via the formula AOS = 8.956 — 1.126AEs, where
AEs represents the binding energy difference between the two
Mn 3s peaks.””””™*' The AOS of the MnO, catalyst is 3.8
(shown in Figure SA), while after introducing Co into the
MnO, catalyst, the AOS was decreased to 3.76. Interestingly,
with the addition of Cs to the 1%Co/MnO,, catalyst, the AOS
was further lowered to 3.66. Based on the results of XRD, it
can be concluded that Mn*" is dominant in MnO,. According
to previous research,””~* the reduction in the AOS could be
due to an increase in the amount of Mn*". For further
exploring the chemical state of Mn, the results of Mn 2p
spectra are shown in Figure S13. Figure SI13A exhibits two
peaks at about 641.8 and 653.4 €V binding energies relating to
Mn 2p;,, and Mn 2p,,,, respectively. Mn 2p;,, could be
divided into Mn** (642.8 eV) and Mn** (641.5 eV)
species.””*® The relative contents of Mn species are also
calculated in Figure S13B, revealing that the introduction of Cs
and Co is beneficial to promoting the generation of more
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Figure 6. (A) H,-TPR, (B) O,-TPD profiles, and (C) O 1s XPS spectra of the as-prepared catalysts.

Mn**. Even more exciting, the Mn 3s and Mn2p XPS results of
the spent 5%Cs/1%Co/MnO, catalyst in the stability test
(Figure S14) were similar to the fresh 5%Cs/1%Co/MnO,
catalyst, revealing its high surface chemical stability.

To distinguish the subtle differences in the valence of
manganese among the as-prepared catalysts, the Mn-K X-ray
absorption near-edge structure (XANES) of samples is
illustrated in Figure 5B. The MnO, oxide and Mn,0O; were
used as reference materials. Increments of Mn*" in 1%Co/
MnO, and 5%Cs/1%Co/MnO, catalysts calculated by the
Rex2000 analysis package were 0.6 and 17.1%, respectively,
revealing that the introduction of Cs and Co led to an increase
in the amount of Mn*". Previous studies”®*” revealed that the
presence of Mn®* was related to the generation of oxygen
vacancies, which played a key role in accelerating the
adsorption and dissociation of oxygen molecules.

To further explore the defects in the crystal structures, curve
fitting was carried out on the R space profiles of the extended
XAFS (EXAFS) Mn-K edge for all the catalysts. The reference
material was a-MnQ,, which included three coordination
shells (Mn—O, Mn—Mn;, and Mn—Mn,) with coordination
numbers of 6, 4, and 4.”>°° The curve-fitted data are recorded
in Figure SC and Table S3. It can be concluded that 5%Cs/1%
Co/MnO, and 1%Co/MnO, possessed a relatively small
coordination number for the Mn-O coordination shell,
revealing that more crystalline defects such as oxygen vacancies
are produced.”**** The 5%Cs/1%Co/MnO; catalyst had the
smallest coordination number for the Mn-O coordination shell
(3.94) and the best soot oxidation performance, in contrast
with 1%Co/MnO, (4.45) and MnO, (4.49). These results
reveal that oxygen defects play a significant role in soot
oxidation.

3.4. Characterization of H,-TPR, O,-TPD, and O 1s
XPS. The reducibility of the catalysts plays a significant role in
soot catalytic combustion. Therefore, H,-TPR measurements
were carried out to evaluate the reducibility of the catalysts,
and the results are shown in Figure 6A. It is found that the
MnO, catalyst exhibits a broad reduction peak centered at
around 297.2 °C, indicating that different reduction routes are
included in the broad peak. According to previous reports,”>*
there could be three reduction processes occurring, including
MnO, to Mn,0;, Mn,0; to Mn;0,, and then to MnO in the
broad reduction peak. With the addition of Co and Cs, all the
reduction peaks had similar reduction patterns and the peaks
appeared in similar locations. Yet, it is worth noting that the
amount of H, consumed increased dramatically with the
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introduction of Co and Cs and followed the order 5%Cs/1%
Co/MnO, (9301 umol/g) > 1%Co/MnO, (8649 umol/g) >
MnO, (8336 umol/g). According to Zhao et al’s research,”’
the temperature range from 200 to 500 °C is related to the
process of surface oxygen extraction by H,. Thus, the H,
consumption could be assigned to the consumption of surface
oxygen in the range of 200—500 °C. There is a good
correlation between the total H, consumption and T, T,
and Ty, values (Figure S15), revealing that soot oxidation
activity over the catalysts strongly relies on oxygen species.

The O,-TPD technique was used to investigate the oxygen
species in the catalysts, and the obtained profiles are presented
in Figure 6B. Jampaiah et al. reported that the desorption peak
centered at temperatures below 506 °C could be attributed to
surface oxygen species (denoted as ). According to previous
research,*" the surface oxygen is the key active oxygen
species for soot oxidation. As shown in Figure 6B, it can be
clearly seen that, after loading Co and Cs, the catalyst
possesses a larger number of active oxygen species than the
MnO, oxide. Yet, the desorption peak of surface-active oxygen
shifts to higher temperature, which could be due to the strong
interaction with the surface defects.”” The amounts of active
oxygen were the highest for the 5%Cs/1%Co/MnO, sample
(93 umol/g), which is in agreement with the soot oxidation
performance results.

The O 1s spectrum, which could be deconvoluted into three
peaks, is presented in Figure 6C. According to the
literature,'””' ™’ the binding energy peak around 332 eV is
assigned to the hydroxyl oxygen species (O,). The surface-
adsorbed oxygen species (O,) and lattice oxygen species (Op)
appear at 530—531 and 528-529 eV, respectively. According
to previous reports,37’47 surface oxygen plays an important role
in soot oxidation. The 5%Cs/1%Co/MnQ,, catalyst possesses
the highest amount of O, (shown in Figure 6C) and thus
exhibits the highest catalytic activity for soot oxidation. Even
after five soot-TPO tests, O 1s XPS results show that the O,
amount of spent 5%Cs/1%Co/MnO, catalyst presented is
similar to the fresh sample, indicating its high stability for soot
oxidation (Figure S14C).

3.5. Relationship between the Properties of the
Catalysts and Catalytic Activity. To gain further insight
into the relationship between the properties and catalytic
activity of the catalysts, the correlations between the properties
of the catalysts and their soot oxidation activity were
investigated. According to previous research,'”*¥** NO,
plays a crucial role in soot oxidation due to being more active
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Figure 7. (A) Relationship between the utilization efficiency of NO, and soot oxidation activity and (B) relationship between surface-active oxygen

and the NO, utilization efficiency.

than gaseous O,. Yet, NO is the major NO,, species emitted in
diesel exhaust. Therefore, it is commonly believed that the
higher its ability for oxidation of NO to NO,, the better the
catalytic activity. However, the as-prepared catalysts in this
work did not fit this pattern. Figure S16 shows that all the
catalysts had similar ability for oxidation of NO to NO, while
showing wide differences in soot oxidation activity (shown in
Figure 1), which could be related to the NO, utilization
efficiency. For a comparative analysis and to make sure that
enough soot takes part in NO, oxidation, the NO, utilization
efficiency for these catalysts is calculated via eq S1 below the
temperature of 50% soot conversion (T, 371—431 °C), and
the results are shown in Table S4. Interestingly, there is a good
close linear correlation between the NO, utilization efliciency
and the soot oxidation activity for the as-prepared catalysts
(shown in Figure 7A), which indicates that Cs and Co addition
are beneficial to the NO, utilization efliciency.

An interesting question arose: how does doping with Cs and
Co improve the utilization efficiency of NO, under loose
contact and a NO/O,/N, atmosphere? Based on the previous
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reports,”*>~>” NO, could interact with soot to generate surface
oxygen complexes (SOCs) at the catalyst—soot interface (NO,
+ soot = SOCs + NO or soot + catalyst-NO; — SOCs +
catalyst-O + NO). Then, the generated SOCs are oxidized to
CO, by reacting with surface-active oxygen (SOCs + O*
(surface-active oxygen) — CO,). Figure 7B reveals that there
is a linear relationship between the surface-active oxygen
calculated by O 1s XPS results and the NO, utilization
efficiency, suggesting that surface-active oxygen has a positive
effect on the utilization efficiency. In addition, to further
illustrate the relationship between surface-active oxygen and
NO, utilization efliciency, the surface-active oxygen species
obtained by O,-TPD results are also analyzed. It is found that
it also exists in a linear relationship between surface-active
oxygen calculated by O,-TPD results and NO, utilization
efficiency (Figure S17). As reported in the previous
studies,®>* surface defects are beneficial for activating gaseous
O, to form surface-active oxygen. The XPS and XAFS results
(shown in Figure 5) showed that the 5%Cs/1%Co/MnO,
catalyst possessed the most oxygen defects of all the catalysts.
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Therefore, with Cs and Co addition, more NO, molecules take
part in soot oxidation, resulting in higher NO, utilization
efficiency (shown in Figure S18 and Table S4), which could be
due to synergistic effects of multiple components (Cs, Co, and
Mn) promoting the generation of more surface-active oxygen
and then accelerating the oxidation of SOCs at the catalyst—
soot interface.

In summary, the 5%Cs/1%Co/MnO,, catalyst was found to
exhibit excellent soot oxidation activity, with Ty, T, and Ty,
values of 332, 371, and 415 °C under loose contact and a high
heating rate of 10 °C/min, respectively. The introduction of
Co and Cs can be beneficial to the formation of more surface
oxygen defects, which results in the generation of more
surface-active oxygen species and then improvement of the
NO, utilization efficiency. In addition, the 5%Cs/1%Co/
MnO, catalyst also exhibited outstanding resistance to H,O
and SO,. All in all, this work provides a facile strategy for
improving soot oxidation via synergistic effects among the
catalyst components (Co, Cs, and Mn).

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.0c06082.

Summary of characterization and catalytic activity tests
of catalysts: soot oxidation activity; XRD results of the
spent 5%Cs/1%Co/MnO,, catalyst; HRTEM images and
Mn 2p XPS of the as-prepared catalysts; Mn 3s, Mn 2p,
and O 1s XPS results of the spent 5%Cs/1%Co/MnO,,
catalyst; relationship between the H, consumption
amounts and Tsp; NO, profiles; relationship between
surface-active oxygen obtained from O,-TPD and the
NO, utilization efficiency; BET surface areas, XRF, and
curve-fitting results of Mn-K EXAFS for different
samples; and the NO, utilization efficiency(PDF)

H AUTHOR INFORMATION

Corresponding Author
Yan Zhang — Center for Excellence in Regional Atmospheric
Environment and Ningbo Urban Environment Observation
and Research Station, Institute of Urban Environment,
Chinese Academy of Sciences, Xiamen 361021, China;
orcid.org/0000-0002-5423-8255; Phone: +86 574
86085855; Email: yzhang3@iue.ac.cn; Fax: +86 592
6190990

Authors

Meng Wang — Center for Excellence in Regional Atmospheric
Environment, Chinese Academy of Sciences, Xiamen 361021,
China; University of Chinese Academy of Sciences, Beijing
100049, China

Yunbo Yu — Center for Excellence in Regional Atmospheric
Environment, Chinese Academy of Sciences, Xiamen 361021,
China; State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
10008S, China; University of Chinese Academy of Sciences,
Beijing 100049, China; © orcid.org/0000-0003-2935-0955

Wenpo Shan — Center for Excellence in Regional Atmospheric
Environment and Ningbo Urban Environment Observation
and Research Station, Institute of Urban Environment,

246

Chinese Academy of Sciences, Xiamen 361021, China;
orcid.org/0000-0003-2818-5708

Hong He — Center for Excellence in Regional Atmospheric
Environment, Chinese Academy of Sciences, Xiamen 361021,
China; State Key Joint Laboratory of Environment
Simulation and Pollution Control, Research Center for Eco-
Environmental Sciences, Chinese Academy of Sciences, Beijing
10008S, China; University of Chinese Academy of Sciences,
Beijing 100049, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.0c06082

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This work was supported by the National Key R&D Program
of China (2017YFC0212502), the National Natural Science
Foundation of China (51908532), and the Strategic Priority
Research Program of the Chinese Academy of Sciences
(XDA23010201).

B REFERENCES

(1) Wei, Y.; Zhang, P; Xiong, J.; Yu, Q;; Wu, Q; Zhao, Z.; Liy, J.
SO,-Tolerant Catalytic Removal of Soot Particles over 3D Ordered
Macroporous Al,O;-Supported Binary Pt-Co Oxide Catalysts.
Environ. Sci. Technol. 2020, 54, 6947—6956.

(2) Wei, Y.; Zhang, Y.; Zhang, P.; Xiong, J.; Mei, X; Yu, Q.; Zhao,
Z.; Liu, J. Boosting the Removal of Diesel Soot Particles by the
Optimal Exposed Crystal Facet of CeO, in Au/CeO, Catalysts.
Environ. Sci. Technol. 2020, 54, 2002—2011.

(3) He, G.; He, H. Water Promotes the Oxidation of SO, by O, over
Carbonaceous Aerosols. Environ. Sci. Technol. 2020, 54, 7070—7077.

(4) Walter, R;; Neumann, J.; Hinrichsen, O. Extended Model for
Filtration in Gasoline Particulate Filters under Practical Driving
Conditions. Environ. Sci. Technol. 2020, 54, 9285—9294.

(5) Xiong, J; Mei, X;; Liu, J; Wei, Y,; Zhao, Z,; Xie, Z,; Li, J.
Efficiently multifunctional catalysts of 3D ordered meso-macroporous
Ce(3Zry50,-supported PdAu@CeO, core-shell nanoparticles for soot
oxidation: Synergetic effect of Pd-Au-CeO, ternary components. Appl.
Catal, B 2019, 251, 247—260.

(6) Wu, Q; Xiong, J.; Zhang, Y.; Mei, X.; Wei, Y.; Zhao, Z.; Liu, J.;
Li, J. Interaction-Induced Self-Assembly of Au@La,O; Core—Shell
Nanoparticles on La,0,CO; Nanorods with Enhanced Catalytic
Activity and Stability for Soot Oxidation. ACS Catal. 2019, 9, 3700—
371S.

(7) Wasalathanthri, N. D.; SantaMaria, T. M.; Kriz, D. A;
Dissanayake, S. L.; Kuo, C.-H.; Biswas, S.; Suib, S. L. Mesoporous
manganese oxides for NO, assisted catalytic soot oxidation. Appl.
Catal, B 2017, 201, 543—551.

(8) Ramdas, R; Nowicka, E.; Jenkins, R; Sellick, D.; Davies, C.;
Golunski, S. Using real particulate matter to evaluate combustion
catalysts for direct regeneration of diesel soot filters. Appl. Catal, B
2015, 176-177, 436—443.

(9) Zhang, H.; Yuan, S.; Wang, J.; Gong, M; Chen, Y. Effects of
contact model and NO, on soot oxidation activity over Pt/MnO,-
CeO, and the reaction mechanisms. Chem. Eng. J. 2017, 327, 1066—
1076.

(10) Oi-Uchisawa, J.; Wang, S.; Nanba, T.; Ohi, A;; Obuchi, A.
Improvement of Pt catalyst for soot oxidation using mixed oxide as a
support. Appl. Catal, B 2003, 44, 207-2185.

(11) Wei, Y,; Liu, J.; Zhao, Z.; Chen, Y.; Xu, C.; Duan, A;; Jiang, G.;
He, H. Highly active catalysts of gold nanoparticles supported on
three-dimensionally ordered macroporous LaFeO; for soot oxidation.
Angew. Chem. 2011, 50, 2326—2329.

https://dx.doi.org/10.1021/acs.est.0c06082
Environ. Sci. Technol. 2021, 55, 240—248


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06082/suppl_file/es0c06082_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06082?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06082/suppl_file/es0c06082_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-5423-8255
http://orcid.org/0000-0002-5423-8255
mailto:yzhang3@iue.ac.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Meng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yunbo+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2935-0955
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenpo+Shan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0003-2818-5708
http://orcid.org/0000-0003-2818-5708
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hong+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06082?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c00752
https://dx.doi.org/10.1021/acs.est.0c00752
https://dx.doi.org/10.1021/acs.est.9b07013
https://dx.doi.org/10.1021/acs.est.9b07013
https://dx.doi.org/10.1021/acs.est.0c00021
https://dx.doi.org/10.1021/acs.est.0c00021
https://dx.doi.org/10.1021/acs.est.0c02487
https://dx.doi.org/10.1021/acs.est.0c02487
https://dx.doi.org/10.1021/acs.est.0c02487
https://dx.doi.org/10.1016/j.apcatb.2019.03.078
https://dx.doi.org/10.1016/j.apcatb.2019.03.078
https://dx.doi.org/10.1016/j.apcatb.2019.03.078
https://dx.doi.org/10.1021/acscatal.9b00107
https://dx.doi.org/10.1021/acscatal.9b00107
https://dx.doi.org/10.1021/acscatal.9b00107
https://dx.doi.org/10.1016/j.apcatb.2016.08.052
https://dx.doi.org/10.1016/j.apcatb.2016.08.052
https://dx.doi.org/10.1016/j.apcatb.2015.04.031
https://dx.doi.org/10.1016/j.apcatb.2015.04.031
https://dx.doi.org/10.1016/j.cej.2017.06.013
https://dx.doi.org/10.1016/j.cej.2017.06.013
https://dx.doi.org/10.1016/j.cej.2017.06.013
https://dx.doi.org/10.1016/S0926-3373(03)00055-9
https://dx.doi.org/10.1016/S0926-3373(03)00055-9
https://dx.doi.org/10.1002/anie.201006014
https://dx.doi.org/10.1002/anie.201006014
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c06082?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

(12) Liu, S.; Wu, X.; Weng, D.; Li, M.; Fan, J. Sulfation of Pt/AL,O;
catalyst for soot oxidation: High utilization of NO, and oxidation of
surface oxygenated complexes. Appl. Catal, B 2013, 138-139, 199—
211.

(13) Gao, Y.; Wu, X,; Nord, R; Hirelind, H.; Weng, D. Sulphation
and ammonia regeneration of a Pt/MnO,-CeO,/Al,O; catalyst for
NO,-assisted soot oxidation. Catal. Sci. Technol. 2018, 8, 1621—1631.

(14) Liu, S.; Wu, X.; Weng, D.; Li, M.; Ran, R. Roles of Acid Sites on
Pt/H-ZSMS Catalyst in Catalytic Oxidation of Diesel soot. ACS
Catal. 2015, 5, 909—919.

(15) Zhang, H.-L,; Zhu, Y.; Wang, S.-D.; Zhao, M.; Gong, M.-C,;
Chen, Y.-Q. Activity and thermal stability of Pt/Ce;4,Mng 6R0,0,
(R=Al, Zr, La, or Y) for soot and NO oxidation. Fuel Process. Technol.
2018, 137, 38—47.

(16) Sun, Y.-F; Li, J.-H; Zhang, Y.-Q; Hua, B; Luo, J.-L.
Bifunctional Catalyst of Core—Shell Nanoparticles Socketed on
Oxygen-Deficient Layered Perovskite for Soot Combustion: In Situ
Observation of Synergistic Dual Active Sites. ACS Catal. 2016, 6,
2710—-2714.

(17) Fang, F.; Feng, N.; Zhao, P.; Chen, C.; Li, X.; Meng, J.; Liu, G.;
Chen, L.; Wan, H.; Guan, G. In situ exsolution of Co/CoO, core-shell
nanoparticles on double perovskite porous nanotubular webs: A
synergistically active catalyst for soot efficient oxidation. Chem. Eng. J.
2019, 372, 752—764.

(18) Yang, G; Li, Y,; Men, Y. Synergistic catalysis effect of Mn-
promoted BaAl,O, catalysts on catalytic performance for soot
combustion. Catal. Commun. 20185, 69, 202—206.

(19) Andana, T.; Piumetti, M.; Bensaid, S.; Veyre, L.; Thieuleux, C.;
Russo, N.; Fino, D.; Quadrelli, E. A.; Pirone, R. CuO nanoparticles
supported by ceria for NO,-assisted soot oxidation: insight into
catalytic activity and sintering. Appl. Catal, B 2017, 216, 41-S58.

(20) Lee, C; Jeon, Y.; Hata, S.; Park, J.-I; Akiyoshi, R.; Saito, H,;
Teraoka, Y.; Shul, Y.-G.; Einaga, H. Three-dimensional arrangements
of perovskite-type oxide nano-fiber webs for effective soot oxidation.
Appl. Catal, B 2016, 191, 157—164.

(21) Da, Y Zeng, L.; Wang, C.; Mao, T.; Chen, R.; Gong, C.; Fan,
G. Catalytic oxidation of diesel soot particulates over Pt substituted
LaMn, Pt O; perovskite oxides. Catal. Today 2019, 327, 73—80.

(22) Dai, Y.; Tian, J.; Fu, W. Shape manipulation of porous CeO,
nanofibers: facile fabrication, growth mechanism and catalytic
elimination of soot particulates. J. Mater. Sci. 2019, 54, 10141—10152.

(23) Guillén-Hurtado, N.; Giménez-Manogil, J.; Martinez-Munuera,
J. C.; Bueno-Lopez, A,; Garcia-Garcfa, A. Study of Ce/Pr ratio in
ceria-praseodymia catalysts for soot combustion under different
atmospheres. Appl. Catal, A 2020, 590, 117339.

(24) Montini, T.; Melchionna, M.; Monai, M.; Fornasiero, P.
Fundamentals and Catalytic Applications of CeO,-Based Materials.
Chem. Rev. 2016, 116, 5987—6041.

(25) Devaiah, D.; Reddy, L. H; Park, S. E.; Reddy, B. M. Ceria—
zirconia mixed oxides: Synthetic methods and applications. Catal. Rev.
2018, 60, 177—277.

(26) Bueno-Lopez, A. Diesel soot combustion ceria catalysts. Appl.
Catal, B 2014, 146, 1-11.

(27) Sudarsanam, P.; Hillary, B.; Deepa, D. K; Amin, M. H;
Mallesham, B.; Reddy, B. M.; Bhargava, S. K. Highly efficient cerium
dioxide nanocube-based catalysts for low temperature diesel soot
oxidation: the cooperative effect of cerium - and cobalt - oxides. Catal.
Sci. Technol. 2015, S, 3496—3500.

(28) Jampaiah, D.; Velisoju, V. K; Venkataswamy, P.; Coyle, V. E.;
Nafady, A.; Reddy, B. M.; Bhargava, S. K. Nanowire Morphology of
Mono- and Bidoped @-MnO, Catalysts for Remarkable Enhancement
in Soot Oxidation. ACS Appl. Mater. Interfaces 2017, 9, 32652—32666.

(29) Atribak, L; Lopez, A.; Garcia-Garcia, A.; Navarro, P.; Frias, D.;
Montes, M. Catalytic activity for soot combustion of birnessite and
cryptomelane. Appl. Catal. B-Environ. 2010, 93, 267—273.

(30) Liu, T; Li, Q; Xin, Y.; Zhang, Z.; Tang, X.; Zheng, L.; Gao, P.-
X. Quasi free K cations confined in hollandite-type tunnels for
catalytic solid (catalyst)-solid (reactant) oxidation reactions. Appl.
Catal, B 2018, 232, 108—116.

247

(31) Wu, X; Lin, F; Xu, H; Weng, D. Effects of adsorbed and
gaseous NO, species on catalytic oxidation of diesel soot with MnO,—
CeO, mixed oxides. Appl. Catal, B 2010, 96, 101—109.

(32) Weng, D; Li, J; Wu, X; Si, Z. Modification of CeO,-ZrO,
catalyst by potassium for NO,-assisted soot oxidation. J. Environ. Sci.
2011, 23, 145—150.

(33) Li, Q; Xin, Y; Zhang, Z; Cao, X. Electron donation
mechanism of superior Cs-supported oxides for catalytic soot
combustion. Chem. Eng. J. 2018, 337, 654—660.

(34) Sun, M.; Wang, L.; Feng, B,; Zhang, Z,; Lu, G.; Guo, Y. The
role of potassium in K/Co3;0, for soot combustion under loose
contact. Catal. Today 2011, 175, 100—105.

(35) Deng, H.; Kang, S.; Ma, J.; Wang, L.; Zhang, C.; He, H. Role of
Structural Defects in MnO, Promoted by Ag Doping in the Catalytic
Combustion of Volatile Organic Compounds and Ambient
Decomposition of Oj. Environ. Sci. Technol. 2019, 53, 10871—10879.

(36) Ma, J.; Wang, C.; He, H. Transition metal doped cryptomelane-
type manganese oxide catalysts for ozone decomposition. Appl. Catal,
B 2017, 201, 503—510.

(37) Cao, C.; Xing, L.; Yang, Y.; Tian, Y,; Ding, T.; Zhang, J.; Huy,
T.; Zheng, L.; Li, X. Diesel soot elimination over potassium-promoted
Co3;0, nanowires monolithic catalysts under gravitation contact
mode. Appl. Catal, B 2017, 218, 32—4S.

(38) Rao, C.; Shen, J.; Wang, F.; Peng, H.; Xu, X,; Zhan, H.; Fang,
X,; Liu, J.; Liu, W.; Wang, X. SnO, promoted by alkali metal oxides
for soot combustion: The effects of surface oxygen mobility and
abundance on the activity. Appl. Surf. Sci. 2018, 435, 406—414.

(39) Zhu, G.; Zhu, J.; Jiang, W.; Zhang, Z.; Wang, J.; Zhu, Y.; Zhang,
Q. Surface oxygen vacancy induced a-MnO, nanofiber for highly
efficient ozone elimination. Appl. Catal, B 2017, 209, 729—737.

(40) Ilton, E. S.; Post, J. E.; Heaney, P. J.; Ling, F. T.; Kerisit, S. N.
XPS determination of Mn oxidation states in Mn (hydr)oxides. Appl.
Surf. Sci. 2016, 366, 475—485.

(41) Wang, J.-G; Yang, Y.,; Huang, Z.-H., Kang, F. Rational
synthesis of MnO,/conducting polypyrrole@carbon nanofiber triaxial
nano-cables for high-performance supercapacitors. J. Mater. Chem.
2012, 22, 16943—16949.

(42) Galindo, H. M.; Carvajal, Y.; Njagi, E.; Ristau, R. A.; Suib, S. L.
Facile one-step template-free synthesis of uniform hollow micro-
structures of cryptomelane-type manganese oxide K-OMS-2.
Langmuir 2010, 26, 13677—13683.

(43) Calvert, C.; Joesten, R.; Ngala, K.; Villegas, J.; Morey, A.; Shen,
X.; Suib, S. L. Synthesis, Characterization, and Rietveld Refinement of
Tungsten-Framework-Doped Porous Manganese Oxide (K-OMS-2)
Material. Chem. Mater. 2008, 20, 6382—6388.

(44) Iyer, A; Del-Pilar, J.; King'ondu, C.; Kissel, E.; Garces, H. F.;
Huang, H,; El-Sawy, A. M,; Dutta, P. K; Suib, S. L. Water Oxidation
Catalysis using Amorphous Manganese Oxides, Octahedral Molecular
Sieves (OMS-2), and Octahedral Layered (OL-1) Manganese Oxide
Structures. J. Phys. Chem. C 2012, 116, 6474—6483.

(45) Deng, H; Kang, S; Ma, J; Zhang, C; He, H. Silver
incorporated into cryptomelane-type Manganese oxide boosts the
catalytic oxidation of benzene. Appl. Catal, B 2018, 239, 214-222.

(46) Putla, S.; Amin, M. H,; Reddy, B. M.; Nafady, A.; Al Farhan, K.
A.; Bhargava, S. K. MnO,, Nanoparticle-Dispersed CeO, Nanocubes:
A Remarkable Heteronanostructured System with Unusual Structural
Characteristics and Superior Catalytic Performance. ACS Appl. Mater.
Interfaces 2018, 7, 16525—16535.

(47) Zhao, M.; Deng, J; Liu, J.; Li, Y;; Liu, J.; Duan, Z.; Xiong, J;
Zhao, Z.; Wei, Y.; Song, W.; Sun, Y. Roles of Surface-Active Oxygen
Species on 3DOM Cobalt-Based Spinel Catalysts M,Co;_, O, (M =
Zn and Ni) for NO,-Assisted Soot Oxidation. ACS Catal. 2019, 9,
7548—7567.

(48) Wu, Q;; Jing, M.; Wei, Y.; Zhao, Z.; Zhang, X; Xiong, J.; Liu, J;
Song, W.; Li, J. High-efficient catalysts of core-shell structured Pt@
transition metal oxides (TMOs) supported on 3DOM-ALO; for soot
oxidation: The effect of strong Pt-TMO interaction. Appl. Catal, B
2019, 244, 628—640.

https://dx.doi.org/10.1021/acs.est.0c06082
Environ. Sci. Technol. 2021, 55, 240—248


https://dx.doi.org/10.1016/j.apcatb.2013.02.053
https://dx.doi.org/10.1016/j.apcatb.2013.02.053
https://dx.doi.org/10.1016/j.apcatb.2013.02.053
https://dx.doi.org/10.1039/C8CY00027A
https://dx.doi.org/10.1039/C8CY00027A
https://dx.doi.org/10.1039/C8CY00027A
https://dx.doi.org/10.1021/cs5018369
https://dx.doi.org/10.1021/cs5018369
https://dx.doi.org/10.1016/j.fuproc.2015.03.027
https://dx.doi.org/10.1016/j.fuproc.2015.03.027
https://dx.doi.org/10.1021/acscatal.6b00081
https://dx.doi.org/10.1021/acscatal.6b00081
https://dx.doi.org/10.1021/acscatal.6b00081
https://dx.doi.org/10.1016/j.cej.2019.04.176
https://dx.doi.org/10.1016/j.cej.2019.04.176
https://dx.doi.org/10.1016/j.cej.2019.04.176
https://dx.doi.org/10.1016/j.catcom.2015.06.020
https://dx.doi.org/10.1016/j.catcom.2015.06.020
https://dx.doi.org/10.1016/j.catcom.2015.06.020
https://dx.doi.org/10.1016/j.apcatb.2017.05.061
https://dx.doi.org/10.1016/j.apcatb.2017.05.061
https://dx.doi.org/10.1016/j.apcatb.2017.05.061
https://dx.doi.org/10.1016/j.apcatb.2016.03.001
https://dx.doi.org/10.1016/j.apcatb.2016.03.001
https://dx.doi.org/10.1016/j.cattod.2018.06.007
https://dx.doi.org/10.1016/j.cattod.2018.06.007
https://dx.doi.org/10.1007/s10853-019-03648-9
https://dx.doi.org/10.1007/s10853-019-03648-9
https://dx.doi.org/10.1007/s10853-019-03648-9
https://dx.doi.org/10.1016/j.apcata.2019.117339
https://dx.doi.org/10.1016/j.apcata.2019.117339
https://dx.doi.org/10.1016/j.apcata.2019.117339
https://dx.doi.org/10.1021/acs.chemrev.5b00603
https://dx.doi.org/10.1080/01614940.2017.1415058
https://dx.doi.org/10.1080/01614940.2017.1415058
https://dx.doi.org/10.1016/j.apcatb.2013.02.033
https://dx.doi.org/10.1039/C5CY00525F
https://dx.doi.org/10.1039/C5CY00525F
https://dx.doi.org/10.1039/C5CY00525F
https://dx.doi.org/10.1021/acsami.7b07656
https://dx.doi.org/10.1021/acsami.7b07656
https://dx.doi.org/10.1021/acsami.7b07656
https://dx.doi.org/10.1016/j.apcatb.2018.03.049
https://dx.doi.org/10.1016/j.apcatb.2018.03.049
https://dx.doi.org/10.1016/j.apcatb.2010.02.006
https://dx.doi.org/10.1016/j.apcatb.2010.02.006
https://dx.doi.org/10.1016/j.apcatb.2010.02.006
https://dx.doi.org/10.1016/S1001-0742(10)60386-5
https://dx.doi.org/10.1016/S1001-0742(10)60386-5
https://dx.doi.org/10.1016/j.cej.2017.12.146
https://dx.doi.org/10.1016/j.cej.2017.12.146
https://dx.doi.org/10.1016/j.cej.2017.12.146
https://dx.doi.org/10.1016/j.cattod.2011.04.044
https://dx.doi.org/10.1016/j.cattod.2011.04.044
https://dx.doi.org/10.1016/j.cattod.2011.04.044
https://dx.doi.org/10.1021/acs.est.9b01822
https://dx.doi.org/10.1021/acs.est.9b01822
https://dx.doi.org/10.1021/acs.est.9b01822
https://dx.doi.org/10.1021/acs.est.9b01822
https://dx.doi.org/10.1016/j.apcatb.2016.08.050
https://dx.doi.org/10.1016/j.apcatb.2016.08.050
https://dx.doi.org/10.1016/j.apcatb.2017.06.035
https://dx.doi.org/10.1016/j.apcatb.2017.06.035
https://dx.doi.org/10.1016/j.apcatb.2017.06.035
https://dx.doi.org/10.1016/j.apsusc.2017.11.109
https://dx.doi.org/10.1016/j.apsusc.2017.11.109
https://dx.doi.org/10.1016/j.apsusc.2017.11.109
https://dx.doi.org/10.1016/j.apcatb.2017.02.068
https://dx.doi.org/10.1016/j.apcatb.2017.02.068
https://dx.doi.org/10.1016/j.apsusc.2015.12.159
https://dx.doi.org/10.1039/c2jm33364c
https://dx.doi.org/10.1039/c2jm33364c
https://dx.doi.org/10.1039/c2jm33364c
https://dx.doi.org/10.1021/la102404j
https://dx.doi.org/10.1021/la102404j
https://dx.doi.org/10.1021/cm801146m
https://dx.doi.org/10.1021/cm801146m
https://dx.doi.org/10.1021/cm801146m
https://dx.doi.org/10.1021/jp2120737
https://dx.doi.org/10.1021/jp2120737
https://dx.doi.org/10.1021/jp2120737
https://dx.doi.org/10.1021/jp2120737
https://dx.doi.org/10.1016/j.apcatb.2018.08.006
https://dx.doi.org/10.1016/j.apcatb.2018.08.006
https://dx.doi.org/10.1016/j.apcatb.2018.08.006
https://dx.doi.org/10.1021/acsami.5b03988
https://dx.doi.org/10.1021/acsami.5b03988
https://dx.doi.org/10.1021/acsami.5b03988
https://dx.doi.org/10.1021/acscatal.9b01995
https://dx.doi.org/10.1021/acscatal.9b01995
https://dx.doi.org/10.1021/acscatal.9b01995
https://dx.doi.org/10.1016/j.apcatb.2018.11.094
https://dx.doi.org/10.1016/j.apcatb.2018.11.094
https://dx.doi.org/10.1016/j.apcatb.2018.11.094
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c06082?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

(49) Wang, X; Jin, B.; Feng, R.; Liu, W.; Weng, D.; Wu, X,; Liu, S. A
robust core-shell silver soot oxidation catalyst driven by Co;0,: Effect
of tandem oxygen delivery and Co;0,-CeO, synergy. Appl. Catal, B
2019, 250, 132—142.

(50) Yu, X; Wang, L.; Chen, M; Fan, X,; Zhao, Z.; Cheng, K;
Chen, Y.; Sojka, Z.; Wei, Y.; Liu, J. Enhanced activity and sulfur
resistance for soot combustion on three-dimensionally ordered
macroporous-mesoporous Mn,Ce; ,O5/SiO, catalysts. Appl. Catal,
B 2019, 254, 246—259.

(51) Chen, J.; Chen, X; Yan, D.; Jiang, M.; Xu, W.; Yu, H.; Jia, H. A
facile strategy of enhancing interaction between cerium and
manganese oxides for catalytic removal of gaseous organic
contaminants. Appl. Catal, B 2019, 250, 396—407.

(52) Xingyi, W.; Qian, K; Dao, L. Low-temperature catalytic
combustion of chlorobenzene over MnO,—CeO, mixed oxide
catalysts. Catal. Commun. 2008, 9, 2158—2162.

(53) Li, H; Lu, G.; Dai, Q; Wang, Y,; Guo, Y.,; Guo, Y. Efficient
low-temperature catalytic combustion of trichloroethylene over
flower-like mesoporous Mn-doped CeO, microspheres. Appl. Catal,
B 2011, 102, 475—483.

(54) Wy, X; Liu, S;; Weng, D. Effects of tungsten oxide on soot
oxidation activity and sulfur poisoning resistance of Pt/Al,O; catalyst.
Catal. Sci. Technol. 2011, 1, 644—651.

(55) Guo, X,; Meng, M,; Dai, F.; Li, Q;; Zhang, Z.; Jiang, Z.; Zhang,
S.; Huang, Y. NO,-assisted soot combustion over dually substituted
perovskite catalysts La,_,K,Co,_,Pd,O;_s Appl. Catal, B 2013, 142-
143, 278—289.

(56) Matarrese, R.; Aneggi, E.; Castoldi, L.; Llorca, J.; Trovarelli, A.;
Lietti, L. Simultaneous removal of soot and NO over K- and Ba-doped
ruthenium supported catalysts. Catal. Today 2016, 267, 119—129.

(57) Wang, Y.; Wang, J.; Chen, H.; Yao, M,; Li, Y. Preparation and
NO,-assisted soot oxidation activity of a CuO—CeO, mixed oxide
catalyst. Chem. Eng. Sci. 20185, 135, 294—300.

248

https://dx.doi.org/10.1021/acs.est.0c06082
Environ. Sci. Technol. 2021, 55, 240—248


https://dx.doi.org/10.1016/j.apcatb.2019.03.019
https://dx.doi.org/10.1016/j.apcatb.2019.03.019
https://dx.doi.org/10.1016/j.apcatb.2019.03.019
https://dx.doi.org/10.1016/j.apcatb.2019.04.097
https://dx.doi.org/10.1016/j.apcatb.2019.04.097
https://dx.doi.org/10.1016/j.apcatb.2019.04.097
https://dx.doi.org/10.1016/j.apcatb.2019.03.042
https://dx.doi.org/10.1016/j.apcatb.2019.03.042
https://dx.doi.org/10.1016/j.apcatb.2019.03.042
https://dx.doi.org/10.1016/j.apcatb.2019.03.042
https://dx.doi.org/10.1016/j.catcom.2008.04.021
https://dx.doi.org/10.1016/j.catcom.2008.04.021
https://dx.doi.org/10.1016/j.catcom.2008.04.021
https://dx.doi.org/10.1016/j.apcatb.2010.12.029
https://dx.doi.org/10.1016/j.apcatb.2010.12.029
https://dx.doi.org/10.1016/j.apcatb.2010.12.029
https://dx.doi.org/10.1039/c1cy00071c
https://dx.doi.org/10.1039/c1cy00071c
https://dx.doi.org/10.1016/j.apcatb.2013.05.036
https://dx.doi.org/10.1016/j.apcatb.2013.05.036
https://dx.doi.org/10.1016/j.cattod.2015.12.016
https://dx.doi.org/10.1016/j.cattod.2015.12.016
https://dx.doi.org/10.1016/j.ces.2015.03.024
https://dx.doi.org/10.1016/j.ces.2015.03.024
https://dx.doi.org/10.1016/j.ces.2015.03.024
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c06082?ref=pdf

