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Abstract
The study mainly focuses on surface properties to investigate the deactivation factors of Pt/MnOx-CeO2 by H2 temperature-
programmed reduction, CO chemical adsorption, NOx-temperature-programmed desorption (TPD), O2-TPD, NO temperature-
programmed oxidation, SEM, TEM, in situ diffuse reflectance infrared Fourier transform spectra, Raman, and thermogravimetric
methods. The results show that there are three main factors to lead to hydrothermal deactivation of the catalyst: redox property,
oxygen vacancy, and surface nitrates. The loss of oxygen vacancies decreases the generation and desorption of active oxygen and
that of surface nitrates weakens the production of NO2 and surface peroxides (-O2

−). These factors greatly result in the damage of
the C-NO2-O2 cooperative reaction.
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Introduction

The carbon nanoparticle emissions from diesel engines are
well known to be a major pollutant and the cause of adverse
environment and health effects; thus, the government has
made great efforts to control particulate matter (PM) emis-
sions, such as tightening emission regulations (Imran et al.
2013; Pui et al. 2014; Durgasri et al. 2014; Wierzbicka et al.
2014). In current, an effective technology for PM control is to
use diesel particulate filter (DPF) to trap soot and then reduce
it during DPF regeneration. However, the temperature of soot
combustion is rather high (> 550 °C) and it will lead to high

fuel consumption (Darcy et al. 2007; Zheng et al. 2011).
Hence, there has been an increased attention on applying cat-
alysts to decrease the temperature of soot oxidation (Azambre
et al. 2011; Liu et al. 2013; Zhang et al. 2015a, b; Zhang et al.
2016).

Due to the better oxidative property and the strong oxygen
storage capacity, MnOx-CeO2 mixed oxides have been con-
sidered as a cheap and effective candidate for diesel soot ox-
idation (Liu et al. 2012; Arena 2014; Quiroz et al. 2015;
Zhang et al. 2017a, b). It has been reported that MnOx-CeO2

catalysts can exhibit better NOx storage capacity at low tem-
peratures and high catalytic activity for NO oxidation into
NO2 (Wu et al. 2010a, b; Liu et al. 2012). In this way, the
produced NO2 mainly results from the decomposition of NOx-
adsorbed species (surface nitrates) (Eq. (1)) and the NO oxi-
dation by active oxygen species (O*) (Eq. (2)).

‐NO3→NO2 þ O2 ð1Þ

NOþ O*→NO2 ð2Þ
NO2 as a stronger oxidant than O2 plays an important role

during soot oxidation and the addition of noble metal Pt can
improve the generation of NO2 fromNO oxidation overMnOx-
CeO2 catalysts (Liu et al. 2012; Zhang et al. 2015b). Moreover,
a great improvement of redox property by Pt can apparently
enhance soot oxidation activity of MnOx-CeO2 catalysts
(Zhang et al. 2015a, b).

Responsible editor: Vítor Pais Vilar

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-1582-5) contains supplementary
material, which is available to authorized users.

* Yaoqiang Chen
nic7501@scu.edu.cn

* Jianli Wang
wangjianli@scu.edu.cn

1 College of Chemical Engineering, Sichuan University,
Chengdu 610064, People’s Republic of China

2 College of Chemistry, Sichuan University, Chengdu 610064,
People’s Republic of China

Environmental Science and Pollution Research (2018) 25:16061–16070
https://doi.org/10.1007/s11356-018-1582-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-1582-5&domain=pdf
https://doi.org/10.1007/s11356-018-1582-5
mailto:wangjianli@scu.edu.cn
mailto:wangjianli@scu.edu.cn


Setiabudi’s study (Setiabudi et al. 2004a, b) found that in
NO2-O2-soot system, soot oxidation reaction is firstly trig-
gered by NO2 to form surface oxygen complexes (SOCs, -
C(O)) and then NO2/O2 reacts with SOCs, finally yielding
COx; this shows a synergistic oxidation mechanism of NO2

and O2 (Eqs. (3) and (4)).

Cþ NO2→‐C Oð Þ þ NO ð3Þ

‐C Oð Þ þ NO2=O2→COx þ NO ð4Þ

Jeguirim et al. (2009a, b) further found that the NO2-O2-C
cooperation reaction can be effectively enhanced in the pres-
ence of Pt/Al2O3 catalyst due to high produce of NO2.
According to the reports (Setiabudi et al. 2004a, b; Zhang
et al. 2017a, b), it was revealed that, based on Eqs. (5)
and (6), the decomposition of surface nitrates formed on
the Ce-based catalysts enhances the generation of surface
peroxides (-O2

−) as more active oxygen species, thereby
greatly promoting soot oxidation reaction rates.

‐NO3→‐O−
2 þ NO ð5Þ

Cþ ‐O−
2→CO2 ð6Þ

Besides, forMnOx-CeO2-containing catalysts, the presence
of surface active oxygen (O*) highly enhances the oxidation
of NO and soot (Wu et al. 2010a, b; Liu et al. 2012; Zhang
et al. 2017a, b). The consumption of active oxygen species
leads to the production of oxygen vacancies (□), thereby
arousing an uptake process of oxygen from gas phase. The
following Eqs. (7)–(9) illustrate that the presence of oxygen
vacancies is of crucial importance to improve the availability
of oxygen during soot oxidation. Thus, this makes active ox-
ygen as a main contributor to oxidize soot (Zhang et al. 2017a,
b).

‐Ce‐O*‐Mn‐þ NO→‐Ce‐□‐Mn‐þ NO2 ð7Þ

‐Ce‐O*‐Mn‐þ C→‐Ce‐□‐Mn‐þ CO2 ð8Þ

‐Ce‐□‐Mn‐þ O2→‐Ce‐O*‐Mn‐ ð9Þ

Hydrothermal stability of the catalysts for soot oxidation
has been confirmed to be one of main factors that lead to the
deactivation of the catalysts. Many researchers have found
that thermal aging at high temperatures would arouse the se-
vere sintering of oxide crystallites; this results in the damage
of structural property and the loss of surface area and thereby
the deactivation of the catalysts (Aneggi et al. 2012; Liu et al.
2012; Zhang et al. 2015a, b). In fact, soot oxidation reactions
occur on the contact interface between soot and catalysts; thus,
some surface properties of the catalysts are important to deter-
mine the soot oxidation activity (Zhang et al. 2015a, b).

However, the effects of hydrothermal aging on surface prop-
erties of the catalysts are rarely studied at present.

In this work, MnOx-CeO2 mixed oxides were prepared by a
co-precipitation method and 0.5 wt% Pt was loaded on the
support by impregnation method to obtain Pt/MnOx-CeO2

catalyst. The aged sample was obtained by hydrothermal treat-
ment at 800 °C for 10 h. This work aims to explore the influ-
ences of hydrothermal aging on redox property, surface nitrate
formation, and oxygen vacancies of the catalyst. The deacti-
vation factors for soot catalytic oxidation were also discussed
in the present work.

Experimental

Catalyst preparation

MnOx-CeO2 mixed oxides with a Mn/Ce molar ratio of 1:4
were prepared by a co-precipitation method, using Ce(NO3)3·
6H2O (95% pure) and Mn(NO3)2 (50 wt%) as the precursors.
These precursors were dissolved in deionized water, and then
the PVA (polyvinyl alcohol) was added to the aqueous solu-
tion, eventually mixing with NH3∙H2O (chemical reagents,
Beijing). The pH value was controlled at 9.0. The obtained
precipitates were filtered and dried at 80 °C and then calcined
in air at 600 °C for 3 h in a muffle furnace. The final sample
was labeled as CM and impregnated with an aqueous solution
of Pt(NO3)4 (30.50 wt%, Heraeus); the loading amount of Pt
was 0.5 wt% on the support. The resulting powders were dried
at 120 °C for 2 h and calcined at 500 °C for 2 h. The as-
received sample as the fresh catalyst was labeled as F-Pt/CM
and treated at 800 °C for 10 h in 5%H2O/air to obtain the aged
sample, which was marked as A-Pt/CM.

Catalyst characterizations

The surface redox property of the catalysts was evaluated by
H2 temperature-programmed reduction (H2-TPR). Fifty-
milligram sample was used in each measurement. The sam-
ples were firstly pretreated by 5 vol% O2/N2 at 400 °C for
40 min, then cooled down to room temperature (RT), and
followed by turning the flow of 5 vol% H2/N2 into the system
with a flow rate of 25 ml/min. The samples were heated from
RT to 800 °C at a rate of 8 °C/min. The consumption signals of
H2 were monitored by a TCD detector.

The O2 temperature-programmed desorption (O2-TPD)
was investigated by employing 50 mg sample in each mea-
surement. The samples were firstly pretreated by 5 vol%
O2/N2 at 500 °C for 10 min, then cooled down to 50 °C,
and followed by turning the He flow into the system with a
flow rate of 25 ml/min. The samples were heated from 50 to
800 °C at a rate of 8 °C/min. The concentration signals of
the desorbed O2 were monitored by a TCD detector.
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The NO temperature-programmed oxidation (NO-TPO)
tests were conducted in a fixed-bed reactor. The reaction gases
including 600 ppm NO/10% O2/N2 were fed to the fixed-bed
reactor at a flow rate of 500 ml/min. Twenty milligrams of the
catalyst was firstly mixed with 80 mg SiC powder, and the
mixture was then used in NO-TPO tests. The reactor temper-
ature was heated to 650 °C at a heating rate of 10 °C/min. The
effluent gases were detected on an infrared (IR) spectrometer
(Thermo Scientific).

The NOx (NO and NO2) temperature-programmed desorp-
tion (NOx-TPD) tests were carried out in the same fixed-bed
reactor. In all tests, 50 mg sample was pretreated in 600 ppm
NO/10% O2/N2 at a flow rate of 500 ml/min. The sample was
heated to 300 °C from RT at a heating rate of 10 °C/min, then
cooled down to 150 °C, and only 10% O2/N2 was fed through
the sample until RT. Subsequently, the sample was heated to
650 °C from RT at the same heating rate to obtain the desorp-
tion profiles of NOx in N2 or 10% O2/N2 flow.

SEM was performed on a FEI Inspect F50 scanning elec-
tron microscope and operated at an accelerated voltage of
30 kV to observe the morphology of the catalysts. Before
testing, the samples were sputtered with gold.

The morphology of the catalysts was analyzed by transmis-
sion electron microscopy (TEM) (Tecnai G2 F20) with an
acceleration voltage of 200 kV. The sample powders were
dispersed in ethanol and then deposited over Cu grids with a
holey carbon film.

The diffuse reflectance infrared Fourier transform spectra
(DRIFTS) were detected by using a Nicolet 6700 spectrome-
ter equipped with a high temperature cell and a DTGS detec-
tor. Before testing, the catalyst and KBr powder were mixed at
a mass ratio of 1/10. The mixed samples were placed in a high
temperature cell and pretreated in situ in N2 flow at 500 °C for
30 min and then cooled down to RT. In the cooling process,
the background spectrum of each sample was recorded at ev-
ery specific temperature. Afterwards, a gas mixture of
1000 ppm NO/5% O2/N2 was fed to the samples at a flow rate
of 40 ml/min. All the spectra were recorded at 64 scans with a
resolution of 4 cm−1.

CO adsorption experiments were conducted on an IR spec-
trometer to study the impact of hydrothermal aging on Pt
loaded on the surface of MnOx-CeO2. Prior to each test, the
sample (catalyst + KBr) was pretreated at 400 °C in 5 vol%
H2/N2 and then cooled to 30 °C in N2 (purity 99.999%) and
the background spectrum was recorded. The IR spectra of the
samples were detected in N2 flow after CO adsorption for
15min. CO chemisorption was used tomeasure the dispersion
of Pt by a pulse adsorption method; the testing details can be
seen in the publication (Zhang et al. 2015a, b).

To further confirm the changes in electronic property or
oxygen defective sites of the catalyst after aging, the IR spec-
tra of the H2-reduced samples were also recorded at 400 °C.
The spectra of the samples before H2 reduction were picked in

N2 flow as backgrounds. Hereafter, the reduced samples were
re-oxidized by introducing 5% O2/N2 into reaction cell, and
then the IR spectra of the re-oxidized samples were recorded
in N2 flow.

Raman spectra of the catalysts were detected on an inVia
Reflex spectrometer (Renishaw, London, England) with a
YAG laser (532 nm) and an output laser power of 90 mW at
room temperature.

The thermogravimetric (TG) experiments were performed
on a TG analyzer (HCT-2, Beijing) to study the influence of
NO adsorption or nitrate formation on the acceleration of sur-
face oxygen species on soot-catalyst interface reactions.
Firstly, soot and catalysts were mixed by loose contact at a
mass ratio of 1:10; then, 5.0–6.0 mg of mixtures were used for
TG tests. The temperature was raised up to 800 °C from RTat
a heating rate of 10 °C/min in 10%O2/N2. The weight loss and
DTA (differential thermal analysis) signals were recorded on
the TG analyzer.

Catalytic activity measurement

Printex-U (Degussa) was used as a model soot with 25 nm of
particle size and 100 m2/g of specific surface area. The soot
oxidation activities of the catalysts were detected by
temperature-programmed oxidation (TPO) in a continuous
flow fixed-bed reactor set in a quartz tube (ϕ = 20 mm). The
sample and soot powder were mixed at a mass ratio of 10/1 by
loose contact, and then, 20 mg mixture was diluted by 80 mg
SiC powder to prevent reaction runaway. The obtained sam-
ples were deposited in a mini-reactor set in an electrical fur-
nace. The reaction gases containing 600 ppm NO, 10% O2

and N2 as balance gas were passed through the fixed-bed
reactor at a flow rate of 500 ml/min. The reaction temperature
was raised from RT up to 700 °C at a ramp rate of 10 °C/min.
The outlet gas CO2 during soot-TPO was continuously detect-
ed by a COx analyzer (GXH-1050E, Beijing).

Results and discussion

Soot oxidation activity

The soot conversion curves of the fresh and aged Pt/MnOx-
CeO2 catalysts in the TPO measurements are shown in Fig. 1.
It can be seen that, in the presence of NO, the fresh and aged
Pt/CM catalysts showmuch better soot oxidation activity than
those in the absence of NO. This, as reported in the literature
(Wu et al. 2010a, b; Liu et al. 2012), illustrates that the pres-
ence of NO apparently enhances the catalytic oxidation of
soot. In summary, there may be two reasons for the promotion
of NO. Firstly, the oxidation of NO over Pt/CM can induce the
generation of NO2, which is greatly beneficial to low-
temperature soot oxidation and NO2-O2-C cooperation
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reaction (Setiabudi et al. 2004a, b; Jeguirim et al. 2009a, b, c).
Secondly, the adsorption and storage of NOx on the surface of
Pt/CM would result in the formation of surface nitrates or
nitrites, and the decomposition of these NOx-intermediates
might promote the generation of active oxygen species and
thereby improve soot oxidation activity (Setiabudi et al.
2004a, b). Comparatively, after hydrothermal aging, in the
two cases of the presence and absence of NO, the soot oxida-
tion activity of Pt/CM clearly declines in view of the increased
oxidation temperatures. Generally, hydrothermal aging at high
temperatures could arouse the sintering of oxide crystalline
and the decrease of specific surface area (SSA). As shown in
the SEM results (see Fig. S1), a serious aggregation of parti-
cles can be observed during hydrothermal aging. These would
lead to the loss of surface active sites on Pt/CM and thus
weaken the generation of NO2 and active oxygen species.
These influences are rather unfavorable for NOx-assisted soot
oxidation. Fortunately, the promoting role of NO on soot ox-
idation activity of the aged catalyst still remains a better result
in the presence of NO. In addition, it should be noticed that an
apparent oxidation of soot occurs at lower temperatures
(around 300–450 °C) in Fig. 1, which may be ascribed to
the oxidation of partial soot with higher contact level
(Zouaoui et al. 2012; Zhang et al. 2017a, b).

Redox property

The redox property of the fresh and aged Pt/CM catalysts is
investigated byH2-TPR to analyze the effects of hydrothermal
aging on surface reducible species and the results are de-
scribed in Fig. 2. According to the publications (Liu et al.
2012; Zhang et al. 2017a, b), for Pt/CM catalyst, the reduction
peaks should be attributed to the reduction of Ptx+, MnOx, and
CeO2 species. Moreover, MnOx-CeO2 mixed oxides generally
show a visible overlapped peak during H2-TPR. Wang et al.

(2014) reported that there are three overlapped peaks in the
H2-TPR profiles of MnOx-CeO2 mixed oxides, which ensues
from the reduction of Bisolated^ Mn4+ species, Mn species in
MnOx-CeO2 solid solution, and the cooperative Mn and Ce
species. The strong promotion of Pt on reduction property of
MnOx-CeO2 mixed oxides has been confirmed and makes the
reduction temperatures lower (Zhang et al. 2015a, b).

In the present work, it can be clearly observed that F-Pt/CM
shows a large overlapped reduction peak in Fig. 2. The peak at
around 170 °C should be ascribed to the reduction of PtO2 and
partial isolatedMn species, and the overlapped peak at around
210 °Cwould be related to the reduction ofMn and Ce species
in MnOx-CeO2 solid solution with the promotion of Pt. After
hydrothermal aging, the catalyst shows an obviously de-
creased reducibility in view of the increased reduction tem-
perature (around 287 °C). The overlapped peak appeared at
287 °C that might be attributed to the reduction of platinum
oxides and fractional Mn species and that appeared at 307 °C
to the reduction of the cooperative Ce and Mn species in
MnOx-CeO2 solid solution. Moreover, it can be observed that
the reduction-peak area of A-Pt/CM apparently decreases,
which illustrates the loss of partial available oxygen species
on the surface of the aged catalyst. This and the increased
reduction temperatures should be the main factors that lead
to the decrease of redox property, thus affecting the soot oxi-
dation activity of Pt/CM.

Surface ad-NOx species

The formation and decomposition of surface nitrates are
thought of as critically important factors that can promote
NOx-assisted soot oxidation reactions. The storage of NOx

on MnOx-CeO2 mixed oxides results in the formation of sur-
face nitrates, they as main ad-NOx species would determine
the desorption of NOx. Furthermore, for Ce-based catalysts,

Fig. 1 Soot conversion profiles of F-Pt/CM and A-Pt/CM in O2 and
NO/O2 Fig. 2 H2-TPR profiles of the fresh and aged Pt/CM catalysts
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the decomposition of surface nitrates could promote the for-
mation of surface active oxygen (e.g., O2

−, O−); this should be
of crucial importance for the enhancement of soot oxidation
reactions (Setiabudi et al. 2004a, b; Zhang et al. 2017a, b). To
gain insight into the surface ad-NOx species on F- and A-Pt/
CM, the DRIFT spectra of the samples were studied in an IR
cell and the results are shown in Fig. 3.

Based on the publications (Setiabudi et al. 2004a, b; Wu
et al. 2010a, b; Zhang et al. 2017a, b), the bands of
monodentate nitrates can be detected at 1040, 1237, 1290,
1440, and 1510 cm−1 and those of bidentate nitrates at 1040,
1270, 1310, and 1540 cm−1, and the bands appearing at 1030,
1280, and 1380 cm−1 are ascribed to the ionic nitrates.
Moreover, the chelating nitrite, nitro-compounds, and N2O4

species can be also found at 1205, 1410, and 1750 cm−1, re-
spectively. For the fresh sample, as shown in Fig. 3a, it can be
clearly seen that the two stronger bands appear at 1205 and
1237 cm−1 at the testing temperature of 100 °C, with some
other weaker bands such as 1040, 1310, 1380, 1410, 1440,
and 1510 cm−1; this illustrates that the chelating nitrites and
monodentate nitrates are more easily formed at lower temper-
atures. And the band at 1750 cm−1 cannot be observed at
100 °C, which reveals that the formation of N2O4 is difficult
at lower temperatures. With the increase of testing tempera-
ture, the bands at 1205 and 1237 cm−1 become very weak and
other bands begin to become more apparent. This shows that
the ad-NOx species are stored mainly in the form of surface
nitrates at medium temperatures (200–500 °C). It should be
noted that the band assigned to ionic nitrate (1380 cm−1) great-
ly increases in intensity at more than 400 °C, this indicates that
higher temperatures are beneficial to the formation of ionic
nitrates, and the result well agrees with the previous works
(Wu et al. 2010a, b; Zhang et al. 2017a, b). In addition, it is
found that the intensity of the bands assigned to monodentate
nitrates and bidentate nitrates obviously decreases at 500 °C;
this confirms that the two types of ad-NOx species are more
easily decomposed at higher temperatures.

In the case of the aged sample, as shown in Fig. 3b, it can
be observed that all the bands of surface ad-NOx species evi-
dently decrease in the intensity at each testing temperature in
comparison with Fig. 3a; it is clear that hydrothermal aging of
Pt/CM seriously inhibits the formation of surface ad-NOx spe-
cies and thereby precludes the NOx storage (see the BNO-TPO
and NOx-TPD^ section). From the details in Fig. 3b, it is
noted that the bands at 1030, 1040, 1205, and 1750 cm−1

can hardly be detected at 100–500 °C, which illustrates that
the storage of NOx on Pt/CM in the form of chelating nitrite
and N2O4 is not significant.

NO-TPO and NOx-TPD

It is well known that NO2 as an important oxidant plays a
crucial role during both C-NO2 reactions and C-NO2-O2 co-
operative reactions (Wu et al. 2010a, b; Liu et al. 2012; Zhang
et al. 2017a, b). Thus, NO2 production from NO oxidation
over the catalysts should be considered as an essential evalu-
ation for soot oxidation catalysts. In this work, the NO-TPO
tests were conducted in a gas flow of 600 ppm/10% O2/N2 to
evaluate the catalytic activities of F- and A-Pt/CM for NO
oxidation into NO2; the results can be seen in Fig. 4. The fresh
Pt/CM catalyst shows a better oxidation activity for NO oxi-
dation in the wider temperature range from around 250 to
650 °C, with an onset temperature of about 100 °C and a
maximal rate temperature of around 440 °C. However, the
aged sample exhibits a remarkably poor activity for NO oxi-
dation in view of higher onset temperature (around 170 °C)
and higher maximal rate temperature (around 490 °C). And
the amount of NO2 production over the catalyst greatly de-
creases after hydrothermal aging. These results illustrate that
hydrothermal aging apparently affects the NO oxidation ac-
tivity inversely, thereby weakening the NO-assisted soot oxi-
dation activity.

MnOx-CeO2 mixed oxides possess an excellent NOx stor-
age capacity, and the NOx species are stored especially in form

Fig. 3 DRIFTS of the fresh (a) and aged (b) samples exposed to 1000 ppm NO/5% O2/N2 at different temperatures
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of nitrates on the surface of the catalyst; this storage behavior
would play an important role in NOx-assisted soot oxidation
reactions. The NOx desorption experiments were carried out
by means of TPD to investigate the NOx storage capacity of
the fresh and aged Pt/CM catalysts and the results are shown
in Fig. 5. Previous to the desorption tests, the samples were
purged in 10%O2/N2 during a cooling process from 150 °C to
RT, so the NO physical adsorption on the catalyst is hardly
considered here.

Figure 5a, b separately shows the NO and NO2 desorption
profiles of the samples in N2 or 10% O2/N2. In N2 gas flow,
the fresh catalyst displays a larger NO desorption peak in the
temperature range of 200–600 °C, while the aged sample only
shows a visibly small desorption peak at around 470 °C. It can
be seen in Fig. 5b that F-Pt/CM shows a weak production of
NO2 (< 5 ppm) at 250–400 °C and almost no NO2 production
is observed for the aged catalyst in N2. However, when the
desorption tests were conducted in 10% O2/N2, the amount of
NO desorption on F-Pt/CM clearly decreases (Fig. 5a) and the

NO2 production greatly increases (Fig. 5b) at the same time.
This may confirm that the desorbed NO can be oxidized into
NO2 in the presence of O2. But, as shown in Fig. 5, this
oxidation behavior of NO cannot be apparently shown in the
aged catalyst, which is related to the loss of surface active
oxygen and the decreased NOx storage capacity. As men-
tioned in the previous sections, the storage of NOx on
MnOx-CeO2 mixed oxides results in the formation of surface
nitrates, they as main ad-NOx species would determine the
desorption of NOx. Thus, the NOx desorption result well
agrees with the formation of surface nitrates on the catalysts.
The influences of hydrothermal aging on NOx desorption ca-
pacity are mainly attributed to the inhibition in forming sur-
face nitrates.

In addition, it is noted that the NO2 production from surface
nitrate decomposition in N2 flow cannot be obviously ob-
served in Fig. 4b. In fact, based on the previous DRIFTS
results, the adsorption of NO in 10% O2/N2 on Pt/CM results
in the formation of surface nitrates such as monodentate/
bidentate nitrates and ionic nitrates, and their decomposition
would lead to the production of NO2 during the TPD (Wu
et al. 2010a, b). Moreover, the formation of surface nitrites
onMnOx-CeO2 mixed oxides is difficult at medium-high tem-
peratures. Therefore, the desorption of partial NO should be
attributed to the thermodynamic-driven decomposition of
NO2 generated from nitrate decomposition. On the other hand,
NO2 as a strong oxidizing agent can react with the reducible
metal sites to form NO during the TPD tests (Atribak et al.
2009). In the publication (Setiabudi et al. 2004a, b), it was
reported that the decomposition of surface nitrates would lead
to the production of NO and surface peroxides (-O2

−). Thus,
the decomposition of surface nitrates from NOx adsorption on
Pt/CM may be one route of the production of NO and surface
active oxygen. The formation and decomposition reactions of
surface nitrates may be postulated in Fig. S2 (see the
Supporting Information). Based on the discussion above, for

Fig. 4 NO-TPO profiles of the fresh and aged samples

Fig. 5 a NO- and b NO2-TPD profiles of the fresh and aged Pt/CM
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the aged sample, the weakened formation of surface nitrates
decreases the production of NO2 and surface active oxygen
(O2

−), which is very unfavorable for NOx-assisted soot
oxidation.

CO adsorption

The Pt loaded on the surface of MnOx-CeO2 mixed oxides
plays an important role on promoting the redox property and
NO oxidation into NO2. However, thermal aging would lead
to the sintering of Pt and the collapse of pore structure might
arouse the encapsulation of Pt by the support. CO chemisorp-
tion is a common method that is used for the measurement of
Pt dispersion. Figure 6 shows the IR spectra of CO adsorption
on F- and A-Pt/CM at 30 °C. Before the CO adsorption, a
pretreating process was conducted at 400 °C in 5% H2/N2

flow for 30 min. According to the results in Fig. 6, it can be
observed that two overlapped bands appear at 2063 and
2082 cm−1, which should be assigned to the linear adsorption
of CO on Pt0 (Liu et al. 2012). The fresh sample shows a
stronger band intensity; this may signify a better dispersion

of Pt on the support surface (14.1%, pulse adsorption).
Otherwise, after hydrothermal aging, the intensity in CO ad-
sorption bands obviously decreases, this leads to a visibly
decreased dispersion of Pt (1.7%) and proves a severe
sintering of Pt during hydrothermal aging. This result corre-
lates well with TEM results (Fig. 7), a remarkable Pt particle
growth on the catalyst can be observed after aging. Moreover,
it can be seen that the bands of aged catalyst shift to lower
wavenumber; it appears that reduction of Pt occurred, which
may result from an aggregation of Pt and a loss of the inter-
action between Pt and the support. In the previous H2-TPR
and NO-TPO results, the aged sample shows poor reduction
ability and NO oxidation activity, one reason would be as-
cribed to the loss of Pt active sites after thermal sintering of
the catalyst.

Surface oxygen vacancies

Ceria oxides are an important material which is used for het-
erogeneous catalysis due to an easy production of oxygen
vacancies or structural defects through the Ce4+/Ce3+ cycle.
When CeO2 is reduced by H2 at moderate temperatures, the
non-stoichiometric CeOx (1.5 < x < 2) oxides easily form,
which would result in the formation of oxygen atomic point
defects (Körner et al. 1989; Binet et al. 1999). In fact, forming
O-defect sites more easily occurs on the surface of ceria (Sayle
et al. 1992), and the surface reduction of ceria might induce
the production of the bulk defects (Fallah et al. 1994). The
delocalization or transition of the electrons surrounding the
vacant sites would arouse a semiconductive property
(Bozon-Verduraz and Bensalem 1994; Conesa 1995). These
phenomenons are also shown in MnOx-CeO2 mixed oxides;
thus, the surface electronic property of Pt/CM can be observed
in IR spectra by the electronic adsorption.

Prior to IR tests, the samples were pretreated at 400 °C in
pure N2; then, the IR spectrum was recorded as background
spectrum. The reduced samples were obtained by introducing
5% H2/N2 into the IR cell at the same temperature and then

Fig. 6 IR spectra of CO adsorption on F- and A-Pt/CM

Fig. 7 TEM images of the fresh
(a) and aged (b) Pt/CM
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their IR spectra were collected. As shown in Fig. 8, for the
fresh sample, it can be clearly observed that a visible band
appears at the range of 1200–1600 cm−1, following some
weak bands at 800–1200 and 2127 cm−1; these should be
related to the behaviors of electrons around O-vacancies on
the surface of the catalyst. Furthermore, the appearance of the
band at 2127 cm−1, which is assigned to the electronic transi-
tion of subsurface or bulk defective sites (Binet et al. 1999),
indicates an influence of surface reduction on subsurface or
bulk oxygen vacancies. By comparison, the aged sample
shows a decreased IR spectrum intensity at the whole wave-
number range, which reveals a weaker surface electronic prop-
erty and thereby the loss of oxygen vacancies. In essence, the
result also illustrates that the sintering of the sample during
hydrothermal aging might inhibit the formation of surface O-
vacancies in redox process, which may be an crucial factor
that affects the reduction ability of Pt/CM. Additionally, the
band at 2127 cm−1 is not almost seen in the IR spectrum of the
aged sample; this indicates that it may be difficult to form
oxygen defects in the subsurface or bulk and also confirms a
weakened mobility of oxygen from the bulk to surface during
the reduction. After H2 reduction, the samples were re-
oxidized by the exposure in 5% O2/N2 and then their IR spec-
tra were recorded. In Fig. 8, it can be observed that all the
bands disappear after re-oxidation, which demonstrates the
presence of the oxidized state and the loss of surface electronic
property. It should be noted that there is an obvious down-
band appearing at around 1500 cm−1 after the re-oxidation of
F-Pt/CM; one possible explanation is that the reduction acti-
vates the formation of more defective sites in surface or bulk
and thereby the reduced sample can take in more gas-phase
oxygen to the O-vacancies during oxidizing process.

The Raman spectroscopy is also a common method to con-
firm the formation of the oxygen vacancies in Ce-based ox-
ides. As reported in the publications (Taniguchi et al. 2009;
Andriopoulou et al. 2017), the extent of deformations and
defects in Ce-based oxides could be evaluated by a ratio of
ID/IF2g or a relative intensity of ID, where ID is the maximum
intensity of the defect band centered at ~ 600 cm−1 and IF2g is
that of F2g mode that is assigned to the symmetric O-Ce-O
stretching vibration. The increase of the ratio indicates an
increase in concentration of O-vacancies. Thus, in order to
confirm the effect of hydrothermal aging on oxygen vacan-
cies in the catalysts, the Raman spectra of the fresh and
aged Pt/CM were recorded and the results are shown in
Fig. 9. The band of F2g mode shifts to higher wavenumber
(473 cm−1) from 448 cm−1 after aging, which reveals the
separation of Mn-Ce solid solution phases (Zhang et al.
2015a, b). It can be also seen that the ratio of ID/IF2g visibly
decreases to 0.32 from 0.63 after aging, which, as same as
the previous IR results, also illustrates a loss of oxygen
vacancies in the catalyst.

In fact, the loss of surface O-vacancies not only leads to the
decrease of surface active oxygen but also seriously affects the
mobility of oxygen, thereby influencing the desorption prop-
erty of oxygen (see Fig. S3). The mobility and desorption of
oxygen should be considered to be very significant on the
study of soot oxidation activity, since the oxygen species on
the catalysts need to be desorbed and reach soot surface to
oxidize soot in the solid-solid-gas interface reactions
(Bassou et al. 2010).

Deactivation factors

In this study, according to the C + NO2 + O2 reaction mech-
anisms (Fig. S4, see the Supporting Information) (Liu et al.

Fig. 8 IR spectra of the fresh and aged Pt/CM after reduction by H2 and
re-oxidation by O2 at 400 °C

Fig. 9 Raman spectra of the fresh and aged samples. ID/IF2g is the ratio of
band intensities
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2012; Zhang et al. 2017a, b), there are two major factors that
affect the activity of Pt/CM for soot oxidation: (1) the produc-
tion of NO2 and (2) the generation ability of active oxygen
(O*) (or the storage and desorption of oxygen). These factors
are closely related to the redox property, oxygen vacancies,
and the formation of surface nitrates. Therefore, the following
discussion about the catalytic deactivation will mainly focus
on these factors.

First, in C + NO2 reactions (Fig. S4), the production of
more NO2 as a strong oxidant from NO oxidation and nitrate
decomposition on the catalysts can greatly promote the low-
temperature oxidation of soot. For Pt/CM catalyst, based on
the previous results, the C + NO2 reaction activity would be
affected by three factors: (1) hydrothermal aging leads to the
decrease of redox property and the loss of oxygen vacancies,
this directly affects the availability of active oxygen in NO
oxidation reactions; (2) hydrothermal aging apparently in-
hibits the formation of surface nitrates, thereby decreasing
the production and desorption of NO2; and (3) the sintering
and encapsulation of Pt decrease the activity of NO oxidation
into NO2.

Second, as confirmed in the previous study (Zhang et al.
2017a, b), for Pt/CM catalyst, active oxygen as a main con-
tributor to oxidize soot despite the presence of NO2. Based on
this point, one important factor that results in the deactivation
of the aged catalyst is the loss of available active oxygen,
thereby weakening the C + O* → COx reactions. As men-
tioned above, the generation ability of active oxygen (O*) is a
key to improve soot oxidation reaction rate. And there are two
considerable factors that affect this generation ability: (1) ox-
ygen vacancies and (2) surface nitrate formation. It has report-
ed that the production of surface oxygen vacancies can enable
the uptake ability of gas-phase oxygen and the generation of
active oxygen (Katta et al. 2010; Aneggi et al. 2014;
Sreeremya et al. 2015; Putla et al. 2015). Thus, the loss of
oxygen vacancies on the aged catalyst (Figs. 8 and 9) is an
important deactivation factor. Figure S5a (see the Supporting
Information) shows a visible promoting role of surface nitrates
on soot oxidation, which is ascribed not only to NO2 but also
to the surface peroxides (-O2

−). The decomposition of surface
nitrates enhances the generation of active oxygen (O2

−). This
promoting role cannot be seen in the aged sample (Fig. S5b),
which is attributed to the loss of surface nitrates (Fig. 3).

Finally, based on the cooperative reaction, C + O2 + O* +
NO2→ CO + CO2 + NO + NO2 (Zhang et al. 2017a, b), soot-
NO2 and soot-oxygen reactions are not independent but coop-
erative during NOx-assisted soot oxidation (Setiabudi et al.
2004a, b; Jeguirim et al. 2009a, b). However, according to
the discussion above, after hydrothermal aging, the decrease
of active oxygen and NO2 would influence these cooperative
reactions. The deactivation of the catalyst would be ascribed
to the damage of the cooperative role between NO2 and
oxygen.

Conclusions

The work aims to investigate the influences of hydrothermal
aging on surface properties of Pt/MnOx-CeO2 for NOx-
assisted soot oxidation. The H2-TPR results show that hydro-
thermal aging leads to the decrease of redox ability and avail-
able oxygen species, which would be attributed to the
sintering of Pt and the loss of surface oxygen vacancies.
Simultaneously, the loss of oxygen vacancies also seriously
affects the generation ability of active oxygen, thereby de-
creasing the desorption of surface oxygen species. More im-
portantly, hydrothermal aging obviously inhibits the forma-
tion of surface nitrates and limits the production of NO2 and
surface peroxides (-O2

−). Thus, the loss of oxygen vacancies
and surface nitrates would be crucial factors that cause the
deactivation of the catalyst.
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