
lable at ScienceDirect

Journal of Rare Earths 38 (2020) 883e890
Contents lists avai
Journal of Rare Earths

journal homepage: ht tp: / /www.journals.e lsevier .com/journal -of -rare-earths
Influence of CeO2 loading on structure and catalytic activity for
NH3-SCR over TiO2-supported CeO2

*

Hongliang Zhang a, b, c, Long Ding a, Hongming Long a, b, ***, Jiaxin Li a, b, Wei Tan d,
Jiawei Ji d, Jingfang Sun d, Changjin Tang d, **, Lin Dong d, *

a School of Metallurgical Engineering, Anhui University of Technology, Ma'anshan 243032, China
b Key Laboratory of Metallurgical Emission Reduction & Resources Recycling (Anhui University of Technology), Ministry of Education, Ma'anshan 243002,
China
c Analysis and Testing Central Facility, Anhui University of Technology, Ma'anshan 243002, China
d Jiangsu Key Laboratory of Vehicle Emissions Control, School of Chemistry and Chemical Engineering, Nanjing University, Nanjing 210093, China
a r t i c l e i n f o

Article history:
Received 30 October 2019
Received in revised form
7 January 2020
Accepted 8 January 2020
Available online 13 January 2020

Keywords:
CeO2

Selective catalytic reduction
Redox property
Dispersion capacity
Structureeactivity relationship
Rare earths
* Foundation item: Project supported by the Na
dation of China (21773106, 21677069, 51674002, 2130
Program of Jiangsu Key Laboratory of Vehicle Emissio
* Corresponding author.
** Corresponding author.
*** Corresponding author. School of Metallurgical E
of Technology, Ma'anshan 243032, China.

E-mail addresses: yaflhm@126.com (H.M. Long), t
donglin@nju.edu.cn (L. Dong).

https://doi.org/10.1016/j.jre.2020.01.005
1002-0721/© 2020 Published by Elsevier B.V. on beha
a b s t r a c t

A series of supported CeO2/TiO2 catalysts were prepared to explore the influence of CeO2 loading on
these catalysts for the selective catalytic reduction of NOx by NH3 (NH3-SCR). The catalysts were
investigated in detail by means of XRD, Raman, H2-TPR, NH3-TPD, XPS, in situ DRIFTS, and NH3-SCR
reaction. The activity of the catalyst is closely related to the content of CeO2. When the loading of CeO2 is
near the dispersion capacity (1.16 mmol Ce4þ/100 m2 TiO2), the catalytic activity is better. This may be
because that the dispersed CeO2 is the active species and the catalyst has appropriate redox property,
along with the larger amounts of surface Ce content and surface adsorbed oxygen species. Finally, a
possible reaction mechanism via the Langmuir-Hinshelwood (L-H) mechanism is tentatively proposed to
further understand the NH3-SCR reaction.

© 2020 Published by Elsevier B.V. on behalf of Chinese Society of Rare Earths.
1. Introduction

Nitrogen oxides (NOx) cause photochemical smog, ozone
depletion and acid rain, which seriously threaten the ecological
environment and human health.1 Many rigorous environmental
regulations have been put forward all over the world to control the
emission of NOx from mobile sources (e.g. motor vehicles) and
staionary sources (e.g. coal-fired power plants). The selective cat-
alytic reduction of NOx by NH3 (NH3-SCR) is an efficient denitration
technology, which is widely used for the abatement of nitrogen
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oxides from power plants.2 V2O5-WO3 (MoO3) catalysts supported
on TiO2 are the most widely used catalysts, because they have high
denitration efficiency and good sulfur resistance at 300e400�C.
Nevertheless, V2O5-WO3 (MoO3)/TiO2 catalyst will gradually be
replaced due to the toxicity of vanadium species, poor N2 selectivity
at higher temperatures and narrow operation temperature
window.3

At present, the research of vanadium-free SCR catalysts mainly
focuses on rare earthmetal and transitionmetal catalysts, including
iron, copper, manganese and cerium-based catalysts.4e7 Among
these catalysts, ceria (CeO2) has been extensively investigated
owing to its preferable oxygen storage and good redox performance
associated with the capability of efficiently transferring the elec-
tron in Ce3þ/Ce4þ, which is a key function to eliminate NOx.8e10 The
NH3-SCR reactivity of pure CeO2 is poor, but its catalytic perfor-
mance can be significantly improved when it was prepared into
supported ceria-based catalysts11e14 or by the introduction of acidic
materials for the improvement of surface acidity.15,16 TiO2 is widely
used as supports of ceria-based SCR catalysts for its superior sulfur
resistance.17e19 TiO2 not only is inert material for supported metal-
oxide catalysts, but also has significant effects on the catalytic and
s.

mailto:yaflhm@126.com
mailto:tangcj@nju.edu.cn
mailto:donglin@nju.edu.cn
www.sciencedirect.com/science/journal/10020721
http://www.journals.elsevier.com/journal-of-rare-earths
https://doi.org/10.1016/j.jre.2020.01.005
https://doi.org/10.1016/j.jre.2020.01.005
https://doi.org/10.1016/j.jre.2020.01.005


Fig. 1. SCR performance of CeO2/TiO2 catalysts with various CeO2 contents.
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physicochemical properties of the active components. Therefore, it
is necessary to investigate the interaction between supports (TiO2)
and components (CeO2). However, the relationship between
“composition-structure-property” of CeO2/TiO2 catalysts is still not
very clear.

In this work, TiO2 was applied as support to synthesize CeO2/TiO2
catalysts with different CeO2 loading amounts. X-ray diffraction
(XRD), Raman spectroscopy, H2-temperature programmed reduction
(H2-TPR), NH3-temperature programmed desorption (NH3-TPD), and
X-ray photoelectron spectroscopy (XPS) were applied to investigate
the physicochemical properties of CeO2/TiO2 catalysts. The SCR cat-
alytic properties of these samples were evaluated to comprehend
the relationship between the structure and SCR performance of
CeO2/TiO2 catalysts. Then, we investigated the interaction of NH3 and
NO þ O2 with CeO2/TiO2 by in situ diffuse reflectance Fourier-
transformed infrared spectroscopy (in situ DRIFTS) to discuss the
reaction mechanism of NH3-SCR over CeO2/TiO2 catalysts.

2. Experimental

2.1. Catalysts preparation

CeO2/TiO2 catalysts with various CeO2 contents were synthe-
sized by the impregnation method. Firstly, TiO2 (67 m2/g) was
immersed into Ce(NO3)3 solution, stirred for 1 h at room temper-
ature, and then evaporated at 100 �C. The obtained residue was
dried at 105 �C overnight, and finally in air stream calcined at
450 �C for 5 h. The samples were labeled as xCeTi. For example,
06CeTi means a sample with CeO2 loading amount of 0.6 mmol
CeO2/100 m2 TiO2.

2.2. Catalysts characterization

XRD measurements were carried out on a Philips X'pert Pro
diffractometer using Cu Ka (40 kV, 40 mA) radiation. The 2q
angles were collected over a range of 10� e 80� at a scan speed of
10(�) /min.

Raman spectrum was measured on a Renishaw inVia Reflex
Laser Raman spectrometer using a laser with 532 nm wavelength.

H2-TPR was carried out on a fixed reaction bed connected to a
thermal conductivity detector (TCD). About 50 mg catalyst was
outgassed at 100 �C for 1 h in a N2 stream. TPR was performed from
50 to 800 �C at 10

�
C/min with Ar-H2 mixture.

NH3-TPD was performed on a fixed reaction bed. About 100 mg
catalyst was outgassed at 100 �C in air for 1 h. Then the catalysts
absorbed pure NH3 at 100 �C for 0.5 h and subsequently by N2
purging for 1 h. The samples were carried out from 100 to 500 �C at
10

�
C/min in pure He.
XPS was performed on a PHI 5000 VersaProbe system by setting

the adventitious C 1s peak located at 284.8 eV as the reference.
In situ DRIFTS was collected at a resolution of 4 cm�1 from 4000

to 650 cm�1 via accumulating 32 scans on an FT-IR spectrometer
(Nicolet 5700) fitted out with Harrick DRIFTS cell and high-
sensitive MCT detector cooled.

2.3. Catalytic performance measurements

The NH3-SCR reaction was evaluated in a quartz stationary bed
reactor. The reaction was conducted with a gas hourly space ve-
locity of 120000 mL/(g$h), involving a reaction gas composition
composed of 500 ppm NO, 500 ppm NH3, 5% O2, and N2 in balance.
The concentrations NO and NO2 of entrance and exit were moni-
tored by an ECOM J2KN flue gas analyzer. Finally, NO conversion
was calculated by the following equation:
NOx conversion¼ ½NO�in þ ½NO2�in � ½NO�out � ½NO2�out
½NO�in þ ½NO2�in

� 100%

(1)

3. Results and discussion

3.1. Catalytic test results

Fig. 1 shows the NO conversion over CeO2/TiO2 catalysts with
various CeO2 contents at different temperatures. The conversion of
NO increases with the reaction temperature. The SCR catalytic ac-
tivity of pure TiO2 and CeO2 samples is relatively low. For example,
the NO conversion is only 20% for pure CeO2 at 450 �C. When CeO2
is loaded on TiO2, the SCR activity of these catalysts increases
significantly. This is owing to the interaction between TiO2 and
CeO2, which effectively regulates the redox properties and surface
acidity of the catalysts, and thus greatly improving the catalytic
performance. The CeO2 loading amount has a great impact on the
activity of these catalysts: when the CeO2 loading amount increases
from 0.3 to 1.2 mmol CeO2/100 m2 TiO2, the catalytic activity in-
creases obviously at various reaction temperatures; and when the
CeO2 loading amount increases from 1.2 to 2.8 mmol CeO2/100 m2

TiO2, the activity of these catalysts does not increase significantly.
Therefore, SCR activity of supported CeO2/TiO2 is closely related to
the loading (or dispersion) of CeO2, and there is an optimum
loading (e.g. 12CeTi). Fig. S1 indicates that the N2 selectivity of
CeO2/TiO2 is more than 95% at all of the temperatures.

The actual working conditions of coal fired power plants usually
contain certain amounts of SO2; thus it is necessary to investigate
the influence of SO2 on SCR activities of catalysts. Fig. S2 shows the
results of catalytic activity in the presence of SO2 over 12CeTi. NO
conversion declines continuously from ca. 70% to ca. 30% during the
whole testing for 12CeTi, which is because sulfates adsorb on the
loaded CeO2 to form metal sulfates and block the active site of
CeeOeTi, resulting in the irreversible deactivation of the catalysts.

3.2. Structural characteristics (XRD and Raman)

XRD can determine the crystal structure of TiO2 and the
dispersion behavior of CeO2, and the corresponding results are
given in Fig. 2(a). According to PDF-ICDD 21-1272, a series of



Fig. 2. XRD patterns (a) and the quantitative XRD results (b) of the CeO2/TiO2 samples.
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diffraction peaks at 25.30�, 37.93�, 48.42�, 54.30�, 62.79�, 69.45�

and 75.54� are ascribed to anatase TiO2; according to PDF-ICDD 34-
0394, the diffraction peaks at 28.58� and 33.09� are ascribed to
cubic fluorite-type CeO2. For CeO2/TiO2 samples, the characteristic
diffraction peaks of TiO2 gradually weaken with the increase of
CeO2 content, which may be due to the weakening of the X-ray
diffraction of TiO2 by the CeO2 loading on the TiO2 surface, or the
disordering of TiO2 caused by the introduction of CeO2.20 No
diffraction peaks of CeO2 were detected for samples with low ceria
content (<1.2 mmol CeO2/100m2 TiO2), which suggests that CeO2 is
highly dispersed on the TiO2 surface. When the content of CeO2 is
up to 1.2 mmol CeO2/100 m2 TiO2, the diffraction peaks of crystal
CeO2 appear at 28.58� and 33.09�, and the peak intensity increases
with the CeO2 loading content.

In order to further determine the dispersion capacity of CeO2 on
the support TiO2 surface, the X-ray diffraction quantitative analysis
was carried out by calculating the ratio of the main diffraction peak
intensity between crystal CeO2 and TiO2 support as a function of the
loading content of CeO2. As shown in Fig. 2(b), we can calculate that
the straight line does not pass through the origin, but has an
intercept on the x-axis, which corresponds to the dispersion ca-
pacity of CeO2 on the support TiO2 surface. XRD quantitative results
demonstrate that the dispersion capacity of CeO2 on the support
TiO2 surface is about 1.05 mmol/100 m2 TiO2. The dispersion ca-
pacity shows that CeO2 in a dispersed form exists on the support
TiO2 surface when the loading of CeO2 is less than 1.05 mmol/
100 m2 TiO2. When the loading of CeO2 exceeds 1.05 mmol/100 m2

TiO2, CeO2 exists not only in a dispersed form, but also in some
crystalline forms on the support. In order to enhance the persua-
siveness of the data, the samples were characterized by Raman
spectra as a supplementary measurement of XRD. As shown in
Fig. 3. Raman spectra (a) and the quantitative Ra
Fig. 3(a), the peaks at 397, 517 and 639 cm�1 correspond to B1g(1),
A1g þ B1g(2) and Eg(3) vibration modes of anatase TiO2, respec-
tively.21 The Raman peak at 461 cm�1 is attributed to the F2g vi-
bration modes of cubic fluorite-type CeO2.22,23 Raman peaks of
crystalline CeO2 were not detected for samples with CeO2 content
less than 1.2 mmol/100m2 TiO2, which indicates that CeO2 is highly
dispersed on the surface of TiO2. When the loading of CeO2 is more
than 1.2 mmol/100 m2 TiO2, Raman peaks of crystalline CeO2
appear, which is the same as XRD results. A similar method was
used for Raman quantitative analysis and the results are shown in
Fig. 3(b). When the dispersion capacity of CeO2 on the support TiO2
surface is about 1.04 mmol/100 m2 TiO2, the value of CeO2 is
approximately the same as that obtained by XRD quantitative
analysis.

According to the literature, anatase TiO2 with a deformed NaCl
structure belongs to tetragonal system (a ¼ bs c, a ¼ b ¼ g ¼ 90�).
To investigate the exposed plane of support TiO2, the HRTEM image
is presented in Fig. S3. The periodic fringes (0.24 nm) can be
observed, which is compatible with the distance expected between
the (001) reticular planes of anatase TiO2, hence (001) plane is its
preferentially exposed plane,24 as shown in Fig. 4. The (001) plane
of anatase has the octahedral vacant sites available. The area of the
constitutional unit can be calculated as follows: S ¼ a$b ¼ a2. Ac-
cording to literature,25 the lattice parameters of titanium dioxide
are a ¼ b ¼ 0.37852 nm, and c ¼ 0.95139 nm. Every unit mesh can
accommodate one Ce4þ. Therefore, according to the
“IncorporationModel”,26 the theoretical dispersion capacity (DC) of
CeO2 on the support TiO2 surface can be calculated as follows:
DC ¼ 100m2

6:02�1023a2 z 1:16 mmol Ce4þ=100 m2 TiO2. This result
matches the experimental results well. When the content of CeO2 is
below this value, the dispersed Ce4þ ions can be incorporated into
man results (b) over the CeO2/TiO2 catalysts.



Fig. 4. The schematic diagram of the (001) crystal plane of TiO2 support. Fig. 6. NH3-TPD profiles of the CeO2/TiO2 samples with various CeO2 contents.
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these vacant positions and the corresponding O2� ions will be
located at the top for charge compensation. When the CeO2 content
is more than its dispersion capacity, the highly dispersed CeO2 will
occupy all the vacancies and the crystalline CeO2 can be detected.

As we all know, supported catalysts with active component
loading near the dispersion capacity exhibit the best catalytic
behavior in heterogeneous catalysis. Combining with the results of
catalytic activity, it can be seen that the dispersion behavior of CeO2
has a great influence on SCR activity: dispersed CeO2 is more
favorable for SCR reactivity on CeO2/TiO2, and when the loading of
CeO2 is close to the dispersion capacity (e.g. 12CeTi), the catalytic
activity of samples reaches the optimum; while crystalline CeO2
has relatively little impact on the catalytic activity of CeO2/TiO2. It is
obvious that the catalytic activity of the samples has little change
when the loading of CeO2 exceeds the dispersion capacity.

3.3. Reduction properties (H2-TPR)

It is of great significance to NH3-SCR reaction that the catalyst has
appropriate redox ability to activate NH3 molecule. H2-TPR
Fig. 5. H2-TPR profiles of the CeO2/TiO2 samples with various CeO2 contents.
technology was used to characterize the redox performance of
these samples, and the results are shown in Fig. 5. H2-TPR curves of
CeO2/TiO2 catalysts with various CeO2 contents are similar to each
other, showing two broad reduction peaks in 590e660 �C (a peak)
and 620e680 �C (b peak), respectively. The reduction peak a can be
ascribed to the reduction of surface oxygen, while the reduction peak
b is ascribed to the reduction of CeeOeTi species, which generates
from the interaction between CeO2 and TiO2.18,27 Along with the
increasing CeO2 content, the peak area of reduction peaks increases
and the reduction temperature decreases, which indicates that CeO2
Fig. 7. NH3-desorption in situ DRIFTS of the representative catalyst (12CeTi).



Fig. 8. XPS spectra of Ti 2p (a), Ce 3d (b) and O 1s (c) of the catalysts; (d) The relative concentrations of surface-adsorbed oxygen (Oa/(OaþOb)).
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increases the content of surface oxygen and promotes the reduction
of surface oxygen. According to the previous researches,13,28,29 the
improvement of redox performance of catalysts can benefit oxygen
migration, for instance, the transfer of lattice oxygen in CeO2 to form
surface oxygen which can be easily reduced to produce oxygen va-
cancies, and then accelerate the generation of chemisorbed oxygen
on the surface. It is well known that surface chemisorbed oxygen can
effectively oxidize NO to NO2, thus via the “fast SCR” approach
enhancing the catalytic reactions. Of course, too high redox ability
may lead to unselective oxidation of NH3 thus resulting in the lack of
reducing agents and poor N2 selectivity.

3.4. Surface acidities (NH3-TPD and NH3-desorption in situ DRIFTS)

NH3-TPD can be used for determining surface acid sites of these
samples. In Fig. 6, three NH3 desorption bands can be observed in a
wide temperature range, which are labeled as I, II and III. The
desorption band I at low temperature is considered to be the
desorption of weakly adsorbed ammonia; the desorption band II at
medium temperature is related to the desorption of moderately
strong chemisorbed ammonia; and the desorption peak III at high
temperature is ascribed to the desorption of strong chemisorbed
ammonia.30,31 Weakly adsorbed adsorption (peak I) is unable to
activate ammonia molecule, while NH3 adsorption on moderately
strong and strong acid sites (peak II and peak III) contributes more
to NH3-SCR reaction. With the increase of CeO2 loading, the peak
area changes little, which indicates that CeO2 has less influence on
the acidity of the catalysts. This is because the acidity of CeO2/TiO2
is mainly caused by TiO2.

For the sake of clarifying the types of acid sites of the catalysts and
the change of adsorbed ammonia species during the heating process,
NH3-desorption in situ DRIFTS experiments were carried out on the
representative sample (12CeTi), as shown in Fig. 7. According to the
literature,32e34 the peaks at 1140e1240 cm�1 and 1580e1610 cm�1



Fig. 9. In situ DRIFTS of NO þ O2 adsorption on 12CeTi catalyst.
Fig. 11. In situ DRIFTS over 12CeTi at 250 �C between NH3 and pre-adsorbed NOx

species as a function of time.
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belong to the IR vibration characteristic peaks of NH3 adsorbed on
Lewis (L) acid sites, while those at 1415e1465 cm�1 and
1670e1695 cm�1 belong to the IR vibration characteristic peaks of
NH4

þ adsorbed on Brønsted (B) acid site. The adsorbed ammonia
species is involved in SCR process and reacts with the adsorbed NOx

species to form an active intermediate.35 For 12CeTi catalyst (Fig. 7),
when ammonia-nitrogen mixed gas is introduced at room temper-
ature, ammonia is adsorbed on the 12CeTi catalyst surface. IR vi-
bration peaks are generated at 1681 and 1444 cm�1, mainly
attributed to the characteristic peaks of NH4

þ adsorbed on B acid site,
Fig. 10. In situ DRIFTS over 12CeTi at 250 �C between NO þ O2 and pre-adsorbed NH3

species as a function of time.
but NH3 adsorbed on L acid site is not found. Therefore, only NH4
þ is

involved in SCR process for CeO2/TiO2 catalyst, so the desorption
peak of NH3-TPD is mainly NH4

þ on B acid site. As the temperature
increases, the vibration peak of the adsorbed species on the B acid
site gradually weakens until it disappears; when the sample is
heated to 150 �C, a new vibration peak emerges at 1312 cm�1

attributed to eNH2 species. This indicates that with the increase of
temperature, dehydrogenation of NH4

þ transforms into eNH2 spe-
cies which then participates in SCR reaction.
3.5. Surface analysis (XPS)

XPS was selected to study the chemical state and surface
properties of CeO2/TiO2 catalysts. For Ti 2p XPS spectra in Fig. 8(a),
the main peak at low binding energy is assigned to Ti 2p3/2, and the
secondary peak at high binding energy is assigned to Ti 2p1/2. With
the increase of CeO2 loading amount, the intensity of Ti 2p peak
gradually weakens, which is due to the fact that CeO2 covers the
surface of TiO2. Meanwhile, the binding energy of Ti 2p3/2 shifts to
low binding energy (458.4 eV / 458.0 eV) with the increase of
CeO2 loading amount. This is because Ce3þ-,-Ti3þ (, stands for
oxygen vacancies) can be formed by oxygen release of the formed
CeeOeTi structure, thereby increasing the electron cloud density of
Ti4þ.

For Ce 3d XPS spectra in Fig. 8(b), Ce 3d of all catalysts can be
divided into 3d3/2 and 3d5/2 peaks (marked as u and v, respectively)
Fig. 12. Possible reaction mechanism of CeO2/TiO2 catalyst at 250 �C.
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due to spin-orbital multiplets, and fitted with eight peaks by
Gaussian-Lorentz. Among them, the peaks marked as u' and v'
represent the 3d104f1 electronic state of Ce3þ, and the other six
bands correspond to the 3dl04f0 electronic state of Ce4þ.36e38 The
intensities of Ce 3d spectra increase with the CeO2 loading amount.
In addition, Ce4þ and Ce3þ coexist in CeO2/TiO2 samples. The con-
version between Ce3þ and Ce4þ can accelerate the generation of
oxygen vacancies: 4Ce4þ þ O2� / 4Ce4þ þ 2ee/, þ 0.5O2 /

2Ce4þ þ 2Ce3þ þ , þ 0.5O2 (, stands for vacancies); the gener-
ation of oxygen vacancies is conducive to the dissociation of NO
molecule and further improves the catalytic performance of NH3-
SCR reaction.

For O 1s XPS spectra in Fig. 8(c), the XPS spectra of O 1s are fitted
into two peaks. The main peak at low binding energy (529.6 eV)
labeled as Ob is assigned to lattice oxygen species (O2�). The high
binding energy (531.8 eV) labeled as Oa is assigned to surface
adsorbed oxygen species (O2

2� or Oe ascribed to defect-oxide or
hydroxyl-like group).39 The relative content of surface adsorbed
oxygen specie can be estimated by the peak area ratio of Oa and
OaþOb (i.e. Oa /(OaþOb)). As listed in Fig. 8(d), when the CeO2
loading amount is less than 1.2 mmol CeO2/100 m2 TiO2, the
amount of surface adsorbed oxygen species increases rapidly with
the CeO2 loading; when the CeO2 loading amount exceeds 1.2mmol
CeO2/100 m2 TiO2, the amount of surface adsorbed oxygen specie
increases slowly with the CeO2 loading. The surface adsorbed ox-
ygen has higher mobility than lattice oxygen, so they have higher
activity than lattice oxygen, which is more conducive to NO
oxidation to NO2 and then promotes the “fast SCR” approach.40,41 In
addition, with the increase of CeO2 loading, a large number of
surface hydroxyl groups were formed on the surface of the catalyst.
They adsorbed NH3 at B acid sites and formed NH4

þ, which reacts
with adsorbed nitrogen oxides such as NO2 to form N2 and H2O.42

3.6. In situ DRIFTs studies between catalysts and reactants

The NO þ O2 co-adsorption in situ DRIFTS of 12CeTi sample is
presented to study the adsorption behavior of nitrogen oxides, as
shown in Fig. 9. For 12CeTi catalyst, a series of vibration peaks
ascribed to the types of adsorbed NOx can be detected at room
temperature from 1000 to 2000 cm�1: bridged nitrate (1612 cm�1),
bidentate nitrate (1565 cm�1), monodentate nitrate (1510 cm�1),
monodentate nitrite (1301 cm�1)43e45; the band at 1348 cm�1

corresponds to cis-N2O2
2� formed when two NO molecules are

adsorbed on the surface oxygen vacancies, and reaction activity is
very high.46 With the increase of temperature, adsorbed nitrogen
oxides gradually disappear due to transformation/decomposition/
desorption.

In order to study whether the adsorbed ammonia species could
react with NO þ O2, the catalyst was pretreated with NH3 for
30 min, then purged with N2 at 250 �C to remove the weakly
adsorbed NH3, and finally treated with NO þ O2 gas mixture.
The obtained spectra are shown in Fig. 10. When NH3 is saturated at
250 �C, signals of B acid (1432 and 1312 cme1) can be observed.
Then, the NH3 gas is shut down and the mixture of NO þ O2 is
introduced. Some interesting behaviours could be discovered as
below: (1) the signals related to NH3 adsorption disappear rapidly
after NO þ O2 mixture is introduced for 2 min; (2) bridged nitrate
(1608 cm�1) and bidentate nitrate (1579 cm�1) appear at 3min, and
then increase to stable state for 10 min. The results show that NH3
species adsorbed to B acid sites participate in SCR process on 12CeTi
catalyst.

In order to study whether the adsorbed NOx species could react
with NH3, the catalyst was pretreated with NO þ O2 mixture for
30 min, then purged with N2 at 250 �C to remove the weakly
adsorbed NOx, and finally treated with NH3 gas. The obtained
spectra are shown in Fig. 11. When NO þ O2 is saturated at 250 �C,
the signals of bridged nitrate (1616 cm�1), bidentate nitrate
(1567 cm�1), monodentate nitrate (1511 cm�1), cis-N2O2

2�

(1348 cm�1) andmonodentate nitrite (1267 cm�1) can be observed.
Then, turn off NO þ O2 gas and introduce NH3 gas. When the NH3
gas is introduced, the species of bridged nitrate and cis-N2O2

2�

decrease gradually, while the species of bidentate nitrate, mono-
dentate nitrate and monodentate nitrite do not change signifi-
cantly; meanwhile, the peak of adsorbed NH3 species (1440 cm�1)
increases gradually. The results show bridged nitrates and cis-
N2O2

2� species are more likely to react with NH3.
We also characterized the catalysts with low CeO2 loading

(03CeTi) and with high CeO2 loading (18CeTi) by in situ DRIFTS
shown in Figs. S4 and S5, and found that their reaction process was
similar to that of 12CeTi catalyst. Based on the characterization
results of in situ DRIFTS, the possible reaction mechanism of the
catalysts at 250 �C is proposed (Fig. 12). Firstly, NO molecules are
oxidized or activated at the active sites such as oxygen vacancies to
form bridged nitrates and cis-N2O2

2�. Secondly, N2 and H2O are
formed by the reaction of the absorbed NOx with NH4

þ at the B acid
site, which conforms to the Langmuir-Hinshelwood (L-H) reaction
mechanism.
4. Conclusions

A series of CeO2/TiO2 catalysts were prepared by impregnation
with TiO2 as support. The relationship between catalyst structure,
dispersion, reducibility, acidity, adsorption and SCR catalytic per-
formance was systematically studied. Based on the above charac-
terization results, the following conclusions can be drawn: (1) The
experimental value of the dispersion capacity of CeO2 on TiO2 is
about 1:05 mmol Ce4þ =100 m2 TiO2, which is close to the pre-
dicted value of the “Incorporation Model”
(1:16 mmol Ce4þ=100 m2 TiO2). (2) The activity of the catalyst is
closely bound up with the loading of CeO2. When the loading is
lower than the dispersion capacity, the activity of the catalyst in-
creases obviously with the loading amount increasing. When CeO2
exceeds the dispersion capacity, the activity of catalyst does not
change significantly with the increase of loading. (3) As CeO2
loading increases, on the one hand, the amount of surface oxygen is
increased; on the other hand, surface oxygen can be easily reduced
to generate oxygen vacancies, which promote the generation of
chemisorbed oxygen species on the surface. Surface-chemisorbed
oxygen species effectively oxidize NO to NO2, thereby accelerating
catalytic activity via the “fast NH3-SCR” approach. (4) Based on the
characterization results of in situ DRIFTS, NH3 molecule is mainly
activated at the B acid site, and reacts with the adsorbed NOx

species (such as bridged nitrate, cis-N2O2
2�) to produce N2 and H2O,

which conforms to the L-H reaction mechanism.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.jre.2020.01.005.
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