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a  b  s  t  r  a  c  t

A  Ce-Ti  based  (CeO2-TiO2)  catalyst  prepared  by  an  optimized  homogeneous  precipitation  method  showed
excellent  NH3-SCR  activity,  high  N2 selectivity,  broad  operation  temperature  window,  and  high  resistance
to space  velocity  (even  under  a high  gas  hourly  space  velocity  (GHSV)  of  500,000  h−1).  Compared  with
V2O5-WO3/TiO2 and  Fe-ZSM-5  catalysts,  the  CeO2-TiO2 catalyst  showed  better  catalytic  performance
for  NH3-SCR.  Under  a  more  realistic  condition  of  simulated  diesel  engine  exhaust,  the  monolith  catalyst
of  CeO2-TiO2 showed  over  90%  NOx conversion  from  250  to  450 ◦C  under  a  GHSV  of  20,000  h−1 in  the
eywords:
eO2-TiO2

elective catalytic reduction
itrogen oxides
iesel engine exhaust
omogeneous precipitation method

presence  of  H2O,  CO2, and  C3H6.  The  high  dispersion  of active  CeO2 on TiO2 in  the  process  of homogenous
precipitation  and  the  synergistic  effects  between  CeO2 and  TiO2 in  CeO2-TiO2 are  important  reasons  for
the  high  NH3-SCR  activity.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Compared with gasoline engines, highly fuel efficient diesel
ngines could reduce fuel consumption and decrease the produc-
ion of greenhouse gas carbon dioxide (CO2). However, the emission
f NOx remains a major constraint of diesel engines [1–3]. Selective
atalytic reduction of NOx by NH3 (NH3-SCR) is one of the most
romising NOx control strategies for lean burn engines, particularly
iesel engines, to meet the increasingly stringent standards for NOx

missions [1]. The high NOx removal efficiency by NH3-SCR allows
uel sensitive applications to be run at maximum efficiency (high
Ox, low PM), which could offer significant fuel savings (about 8%
ith respect to exhaust gas recirculation (EGR) systems) [2].

NH3-SCR over V2O5-WO3(or MoO3)/TiO2 has been widely used
or many decades and is still the best commercial technology for
Ox abatement from stationary sources [4,5]. Vanadium-based cat-
lysts were also introduced into the diesel vehicle market due
o their effectiveness for NH3-SCR reaction and resistance to SO2

oisoning [1,5]. However, the toxicity of active vanadium species,
ogether with the large N2O formation at high temperatures, has
estrained its wider application, and vanadium-based SCR catalysts

∗ Corresponding authors at: P.O. Box 2871, 18 Shuangqing Road, Haidian District,
eijing 100085, PR China. Tel.: +86 10 62911040/62849123;

ax: +86 10 62911040/62849123.
E-mail addresses: fdliu@rcees.ac.cn (F. Liu), honghe@rcees.ac.cn (H. He).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.11.013
for NOx removal from mobile sources will be gradually removed
from the market over the next few years [2].  Therefore, great
efforts have been made to develop environmentally-benign NH3-
SCR catalysts, with high SCR activity and N2 selectivity in a wide
temperature range, for controlling the NOx emissions from mobile
sources such as diesel engines.

There are limitations to the catalyst volume that can be placed
on board, which requires that the SCR catalyst should present
superior NH3-SCR performance under high space velocity condi-
tions. Therefore, transition metal-exchanged zeolites, with high
resistance to space velocity, have received increasing attention
in recent years for the purpose of mobile application [6].  Partic-
ularly, iron or copper-exchanged zeolites have been extensively
studied for their high catalytic activity and selectivity for N2 pro-
duction [7–11]. However, the insufficient low-temperature activity
of iron-exchanged zeolites and the lack of hydrothermal stability
of copper-exchanged zeolites have limited their industrial appli-
cation [1,6,12]. Recently, some Cu-containing small-pore zeolites,
such as Cu-SSZ-13 [13–15] and Cu-SAPO-34 [14], with remarkably
improved hydrothermal stability, have been reported as promising
candidates for the potential application in diesel engine exhaust
treatment.

Some vanadium-free transition metal-based oxide catalysts,

such as FeTiOx [16–18],  CuOx/WOx-ZrO2 [19], and WO3/CeO2-ZrO2
[20], have also been reported as potential substitutes of vanadium-
based catalysts for diesel vehicles. Nevertheless, these catalysts
have been mainly tested under relatively low GHSV (<100,000 h−1).

dx.doi.org/10.1016/j.cattod.2011.11.013
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:fdliu@rcees.ac.cn
mailto:honghe@rcees.ac.cn
dx.doi.org/10.1016/j.cattod.2011.11.013
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ince the reduction of NH3-SCR catalyst volume is one of the main
hallenges to diesel vehicles with limited space on board, it is very
mportant to develop metal oxide catalysts with high resistance to
pace velocity [1,2].

Cerium has two stable oxidation states (Ce3+ and Ce4+), which
rovide it with significant oxygen storage capability through the
edox shift between the two oxidation states. Cerium has often
een used as an additive to enhance the activity of various cata-

ysts. For example, the addition of cerium enhances the NH3-SCR
ctivity and stability of Fe-ZSM-5 [7],  V2O5-WO3/TiO2 [21], and
nOx/TiO2 [22]. In addition, some CeO2-based catalysts, such as

eO2-zeolite [23] and sulfated CeO2 [24], are very active for NH3-
CR reaction. In our previous study, we successfully developed a
ighly effective Ce/TiO2 catalyst prepared by impregnation method

or NH3-SCR reaction [25]. We  also recently improved the cat-
lytic activity of a Ce-Ti based catalyst. The improved catalyst,
repared by a facile homogeneous precipitation method, showed
elatively good SCR activity under a high GHSV of 150,000 h−1

ue to the highly dispersed CeO2 on TiO2 [26]. In the present
tudy, a Ce-Ti based catalyst (CeO2-TiO2) was  prepared by an
ptimized homogeneous precipitation method. The CeO2-TiO2
atalyst exhibited an excellent performance under a GHSV of
50,000 h−1 in simulated diesel exhaust and even showed good
esistance to a high GHSV of 500,000 h−1, thus it is a potential
andidate for practical application in the deNOx process for diesel
ngines.

. Experimental

.1. Catalyst synthesis and activity test

The CeO2-TiO2 catalyst was prepared by an optimized
omogeneous precipitation method. The aqueous solutions of
e(NO3)3·6H2O and Ti(SO4)2 were mixed with a required molar
atio (Ce/Ti = 1:5). Excessive urea aqueous solution was  then added
nto the mixed solution, with a urea/(Ce + Ti) molar ratio of 10:1. The

ixed solution was then heated to 90 ◦C and held there for 12 h (to
nvestigate the formation process of the CeO2-TiO2 catalyst, some
amples with different precipitation time were also prepared) with
igorous stirring. After filtration and washing with deionized water,
he resulting precipitant was dried at 100 ◦C overnight and subse-
uently calcined at 500 ◦C for 5 h in air conditions. Pristine CeO2
nd TiO2 were also prepared using the same method as reference
amples for activity tests and characterizations.

Before the NH3-SCR activity test, the powder catalysts were
ressed, crushed, and sieved to 40–60 mesh. To evaluate the
eO2-TiO2 catalyst under more practical conditions, a cylindri-
al cordierite honeycomb (300 cpsi) was washcoated by catalyst
lurry. After drying at 100 ◦C overnight and subsequent calcination
t 500 ◦C for 3 h in air conditions, the CeO2-TiO2 monolith catalyst
ith 130 g/L loading was  obtained.

To comprehensively evaluate the activity of the CeO2-TiO2
atalyst in this study, conventional V2O5-WO3/TiO2 and Fe-
SM-5 catalysts were prepared as reference materials. The
2O5-WO3/TiO2 catalyst with 4.5 wt.% V2O5 and 10 wt.% WO3 was
repared by conventional impregnation method using NH4VO3,
NH4)10W12O41, and H2C2O4·2H2O as precursors and anatase TiO2
s the support. After impregnation, the excess water was removed
n a rotary evaporator at 80 ◦C. The sample was  dried at 100 ◦C
vernight and then calcined at 550 ◦C for 3 h in air conditions. The
e-ZSM-5 catalyst with an iron loading of 7 wt.% was  prepared by

ncipient wetness impregnation method using FeCl2·4H2O as the
recursor and H-ZSM-5 (Si/Al = 25) as the support. We  firstly dis-
olved FeCl2·4H2O in deionized water and then added H-ZSM-5 to
orm a paste. The paste was aged for 24 h at room temperature
y 184 (2012) 160– 165 161

and dried at 60 ◦C overnight. Finally, the sample was  calcined in air
conditions at 550 ◦C for 6 h.

The CeO2-TiO2 and V2O5-WO3/TiO2 catalysts calcined at 800 ◦C
for 1 h in air conditions were also prepared to investigate their ther-
mal  stabilities for practical use, and were denoted as CeO2-TiO2-800
and V2O5-WO3/TiO2-800, respectively.

The SCR activity measurements were carried out in a fixed-bed
quartz flow reactor at atmospheric pressure. The reaction con-
ditions were controlled as follows: 500 ppm NO, 500 ppm NH3,
5 vol.% O2, [H2O] = 5 vol.% (when used), [CO2] = 5 vol.% (when used),
[C3H6] = 500 ppm (when used), balance N2, and 500 ml/min total
flow rate. Different GHSVs were obtained by changing the volume
of the catalyst. The effluent gas, including NO,  NH3, NO2, and N2O
was  continuously analyzed by an online NEXUS 670-FTIR spectrom-
eter equipped with a gas cell with 0.2 dm3 volume. The FTIR spectra
were collected after 1 h when the SCR reaction reached a steady
state. The NOx conversion and N2 selectivity were calculated as
follows [18,26,27]:

NOx conversion =
(

1 − [NO]out + [NO2]out

[NO]in + [NO2]in

)
× 100% (1)

N2 selectivity = [NO]in + [NH3]in − [NO2]out − 2[N2O]out

[NO]in + [NH3]in
× 100%

(2)

2.2. Characterizations

The surface areas of the samples were obtained by N2
adsorption/desorption analysis at −196 ◦C using a Quantachrome
Quadrasorb SI-MP. Prior to the N2 physisorption, the catalysts were
degassed at 300 ◦C for 4 h. Surface areas were determined by BET
equation in 0.05–0.35 partial pressure range.

The surface morphology and elemental composition of the sam-
ples were studied using a scanning electron microscope (SEM,
Hitachi, S-3000N) combined with an energy dispersive X-ray (EDX)
attachment. The accelerating voltage was 5.0 kV.

Powder X-ray diffraction (XRD) measurements of the catalysts
were carried out on a computerized PANalytical X’Pert Pro diffrac-
tometer with Cu K� (� = 0.15406 nm)  radiation. The data of 2� from
20 to 80◦ were collected at 8◦/min with the step size of 0.07◦.

Visible Raman spectra of the catalysts were collected at room
temperature on a Spex 1877 D triplemate spectrograph with
spectral resolution of 2 cm−1. A 532 nm DPSS diode-pump solid
semiconductor laser was  used as the excitation source and the
power output was  about 40 mW.  Before measurements, the sam-
ples were well ground and mounted into a spinning holder to avoid
thermal damage during scanning. The Raman signals were collected
with conventional 90◦ geometry and the time for recording each
spectrum was  about 1000 ms.  All Raman spectra used in this paper
were original and unsmoothed.

The XPS of CeO2, TiO2 and CeO2-TiO2 were recorded on a scan-
ning X-ray microprobe (PHI Quantera, ULVAC-PHI, Inc.) using Al
K� radiation (1486.7 eV). Binding energies of Ce 3d and O 1s were
calibrated using C 1s peak (BE = 284.8 eV) as standard.

3. Results and discussion

3.1. NH3-SCR activity of CeO2-TiO2 catalyst

The NH3-SCR activities of CeO2-TiO2, CeO2, and TiO2 under a

fixed GHSV of 250,000 h−1 are shown in Fig. 1. The pristine CeO2
showed rather poor SCR activity in the whole temperature range
with a maximum NOx conversion of 26%, while pristine TiO2 did not
exhibit any SCR activity at temperatures below 425 ◦C. However,
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Fig. 2. Comparison of (A) NH3-SCR activity and (B) N2 selectivity of CeO2-TiO2

catalyst (calcined at 500 and 800 ◦C) with those of V O -WO /TiO and Fe-ZSM-
ig. 1. NH3-SCR activity of CeO2-TiO2 catalyst under different GHSV (50,000,
50,000 and 500,000 h−1) and CeO2 and TiO2 under GHSV of 250,000 h−1. Reaction
onditions: [NO] = [NH3] = 500 ppm, [O2] = 5 vol.%, and N2 balance.

he CeO2-TiO2 catalyst presented excellent NH3-SCR activity in a
road temperature range. This result indicates that a synergistic
ffect for the NH3-SCR reaction might exist between Ce species and
i species.

The NH3-SCR catalyst usually undergoes different GHSV in dif-
erent working conditions of the diesel vehicles, thus the influence
f GHSV on NOx conversion over the CeO2-TiO2 catalyst was also
nvestigated (Fig. 1). The CeO2-TiO2 catalyst showed over 90% NOx

onversion in a wide temperature range from 200 to 425 ◦C under
 GHSV of 50,000 h−1. With increasing GHSV, the low temperature
CR activity of the catalyst decreased somewhat. However, it still
xhibited an excellent performance under a GHSV of 250,000 h−1

nd even showed high resistance to a GHSV of 500,000 h−1, which
s important for its practical use on diesel vehicles to reduce the
olume of the SCR catalytic converter.

.2. Comparison with V2O5-WO3/TiO2 and Fe-ZSM-5 catalysts
nd the influence of high temperature calcination

V2O5-WO3/TiO2 and Fe-ZSM-5 are two types of NH3-SCR cata-
ysts which have been industrially and commercially used for NOx

batement from diesel exhaust. To better evaluate the NH3-SCR
erformance of the CeO2-TiO2 catalyst, comparative SCR activity
ests over V2O5-WO3/TiO2 and Fe-ZSM-5 catalysts were also car-
ied out (Fig. 2). The NOx conversion over the CeO2-TiO2 catalyst
as almost the same as that over V2O5-WO3/TiO2 (Fig. 2A), while

he N2 selectivity over the CeO2-TiO2 catalyst was much higher than
hat over V2O5-WO3/TiO2 in the high temperature range (Fig. 2B).
ompared with the Fe-ZSM-5 catalyst, the operation temperature
indow of the CeO2-TiO2 catalyst was more than 50 ◦C lower under

he same GHSV, with similar N2 selectivity above 95% in the whole
emperature range. The high NH3-SCR activity and N2 selectivity
ver a broad temperature range are important characteristics of
he CeO2-TiO2 catalyst in regards to its practical utilization.

To evaluate the thermal stability of the catalyst, the influence
f high temperature calcination on CeO2-TiO2 and V2O5-WO3/TiO2
as investigated (Fig. 2A). After high temperature calcination at

00 ◦C, the V2O5-WO3/TiO2-800 lost almost all the NH3-SCR activ-
ty in the whole temperature range. However, the low temperature
ctivity of the CeO2-TiO2-800 catalyst was still obviously higher

han that of Fe-ZSM-5, indicating its high resistance to thermal
hock. In short, the CeO2-TiO2 catalyst is a potential candidate for
he catalytic removal of NOx from mobile sources, especially diesel
ngines with wide exhaust temperature ranges and high GHSV.
2 5 3 2

5  catalysts. Reaction conditions: [NO] = [NH3] = 500 ppm, [O2] = 5 vol.%, N2 balance
and  GHSV = 250,000 h−1.

3.3. NH3-SCR activity of CeO2-TiO2 monolith catalyst

To evaluate the CeO2-TiO2 catalyst under more realistic condi-
tions, a monolith catalyst with 130 g/L loading was  prepared and
tested under the same SCR condition as granulated catalysts and
in the presence of H2O, CO2 and C3H6 (Fig. 3). Although the mono-
lith catalyst was  tested under a lower GHSV (20,000 h−1), the ratio
of sample weight to gas flow (W/F) of the tested monolith catalyst
(0.023 g s/cm3) was  actually much lower than that of the tested
granulated catalyst under the GHSV of 50,000 h−1 (0.054 g s/cm3).
Thus, it is not surprising that the NOx conversion over the monolith
catalyst under GHSV of 20,000 h−1 was lower than that over gran-
ulated catalyst under GHSV of 50,000 h−1 in the low temperature
range.

In the presence of 5% H2O, 5% CO2 and 250 ppm C3H6, the low
temperature NOx conversion over the monolith catalyst decreased,
while the high temperature NOx conversion increased, which was
mainly associated with the influence of H2O (the blocking of active
sites in the low temperature range and the inhibition of unselective
oxidation of NH3 in the high temperature range). The monolith cat-
alyst exhibited over 90% NOx conversion from 250 to 450 ◦C under
a GHSV of 20,000 h−1 in the presence of H2O, CO2, and C3H6, indi-

cating that it is a promising catalyst for NOx abatement from diesel
engine exhaust. Further investigations on the H2O and SO2 effects
and thermal stability of the CeO2-TiO2 catalyst are currently being
conducted.
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Fig. 3. NH3-SCR activity of CeO2-TiO2 monolith catalyst. Reaction conditions:
[NO] = [NH3] = 500 ppm, [O2] = 5 vol.%, [H2O] = 5 vol.% (when used), [CO2] = 5 vol.%
(when used), [C3H6] = 500 ppm (when used), N2 balance and GHSV = 20,000 h−1.
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Fig. 5. Raman spectra of CeO2-TiO2, CeO2 and TiO2 (�ex = 532 nm).

catalyst [25,26],  thus the highly dispersed CeO2 on TiO2 by the coex-
istence of Ce and Ti species could increase the amount of active sites
on the surface of CeO2-TiO2.
Fig. 4. XRD patterns of CeO2-TiO2, CeO2 and TiO2.

.4. XRD results and Raman spectra

Fig. 4 shows the XRD patterns of the CeO2, TiO2, and CeO2-
iO2 catalysts. No crystalline phase ascribed to Ce species was
bserved in CeO2-TiO2, suggesting that Ce existed as highly dis-
ersed species. The average crystallite sizes of TiO2 were calculated
y Scherrer’s equation and are shown in Table 1. With the introduc-
ion of Ce, the average crystallite size of TiO2 decreased from 11.1
o 7.6 nm,  indicating that the Ce species inhibited the growth of
natase TiO2 crystallite, which also resulted in the higher BET sur-
ace area of CeO2-TiO2 catalyst than that of pristine TiO2 (Table 1).

Fig. 5 shows the visible Raman spectra of the CeO2, TiO2, and
eO2-TiO2 catalysts. The pristine CeO2 and TiO2 samples showed
ypical Raman shifts attributed to CeO2 (F2g mode at 465 cm−1)

−1 −1
28,29] and TiO2 (B1g mode at 400 cm , A1g mode at 521 cm and
g mode at 648 cm−1) [29,30], respectively. When the Ce species
o-existed with the Ti species in the CeO2-TiO2 catalyst, no peak
ssigned to CeO2 was detected, and the typical peaks of TiO2 in

able 1
ET surface area and average TiO2 crystallite size (calculated by Scherrer equation

rom XRD results) of the samples.

Sample BET surface area (m2/g) TiO2 Crystallite size (nm)

CeO2 46.1 −
CeO2-TiO2 125.7 7.6
TiO2 106.7 11.1
Fig. 6. XPS results of O 1s on CeO2, TiO2 and CeO2-TiO2.

CeO2-TiO2 were much weaker than those in pristine TiO2, which is
in good agreement with the XRD results in Fig. 4. It was reported
that nano-crystalline CeO2 is the main active phase over Ce-Ti based
Fig. 7. The pH variation of the mixed solution during the preparation of the CeO2-
TiO2 catalyst by the optimized homogeneous precipitation method.
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Fig. 8. SEM images and Ce/Ti molar ratios (determined by EDX analysis) of the samples prepared with different precipitation time. (A) 1.5 h; (B) 3 h; (C) 3.5 h; (D) 6.5 h; (E)
1
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0  h and (F) 12 h.

.5. XPS results of O 1s

The XPS results of O 1s on pristine CeO2, TiO2 and CeO2-TiO2
atalysts are shown in Fig. 6. The O 1s peak was fitted into two
ub-bands by searching for the optimum combination of Gaussian
ands with correlation coefficients (r2) above 0.99. The sub-bands
t lower binding energy corresponded to the lattice oxygen O2−

denoted as O�), and the sub-bands at higher binding energy cor-
esponded to the surface adsorbed oxygen (denoted as O�), such as
2

2− or O− belonging to defect-oxide or hydroxyl-like group [27].
he O� ratio on CeO2-TiO2 (19.3%) calculated by O�/(O� + O�) was
uch higher than those on pristine CeO2 (7.8%) and TiO2 (13.0%),
hich means that the synergistic effect between Ce and Ti species

esulted in more surface oxygen vacancies. Usually, O� is more reac-
ive than O� in oxidation reactions due to its higher mobility [22].

herefore, the higher O� ratio on CeO2-TiO2 was beneficial for the
O oxidation to NO2 in the SCR reaction, and thereby facilitated

he “fast SCR” reaction and enhanced the deNOx efficiency at low
emperatures.
3.6. Formation process of the CeO2-TiO2 catalyst

The above results demonstrate that homogeneous precipitation
produced highly dispersed CeO2 on TiO2 and the prepared CeO2-
TiO2 catalyst was  highly active in the NH3-SCR reaction. Thus, we
determined the formation process of the CeO2-TiO2 catalyst during
preparation.

Fig. 7 shows that the pH of the mixed solution increased with
preparation time during the homogeneous precipitation process.
The initial pH of the mixed Ce(NO3)3·6H2O, Ti(SO4)2, and urea solu-
tion was nearly zero due to the strong acidity of Ti(SO4)2. With urea
hydrolyzation, the pH of the solution increased quickly in the first
hour, after which a white precipitate was  gradually produced and
the increase in pH slowed down. After 3 h of heating, the pH of
the solution showed a sharp increase and the precipitate turned

yellow. The pH then steadily increased to about 7.0 and the pre-
cipitate gradually turned orange. After 8 h of heating, there was no
significant change in the pH of the mixed solution or color of the
precipitate.
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Fig. 8 shows the SEM images of the samples at 10k magnifica-
ion prepared under different precipitation times, as well as the
e/Ti molar ratios of the samples determined by EDX. All samples
onsisted of spherical particles with diameters varying from 1 to

 �m.  The particle size of these samples observed with SEM was
uch larger than the average crystallite sizes of TiO2 calculated by
RD (Table 1, 7.6 nm for CeO2-TiO2 and 11.1 nm for pristine TiO2),

ndicating that each spherical particle was not a single crystallite
ut an agglomerate of many single crystallites. According to the
DX results, the Ce/Ti molar ratios in the samples prepared with
he precipitation time of (A) 1.5 h, (B) 3 h, (C) 3.5 h, (D) 6.5 h, (E)
0 h and (F) 12 h were 0, 0.005, 0.18, 0.21, 0.23 and 0.23, respec-
ively, indicating a gradually increase in the Ce/Ti molar ratio with
recipitation time.

Based on the above results, the formation process of the CeO2-
iO2 catalyst was proposed. The Ti species was firstly precipitated
hen the pH of the mixed solution was between 1.0 and 2.0, and

hen the Ce species was precipitated uniformly onto the precipi-
ated Ti species following the rapidly increase in pH to above 2.0.
ccompanied with the increase in the Ce/Ti molar ratio during the
recipitation process, the size of the precipitated spherical parti-
les also increased. The process of homogenous precipitation is
ery important for the production of highly dispersed CeO2 on TiO2,
hich is probably a main reason for its excellent activity and high

esistance to GHSV under SCR conditions.

. Conclusions

The CeO2-TiO2 catalyst was prepared by an optimized homo-
eneous precipitation method for NH3-SCR of NOx in the presence
f excess oxygen. The catalyst showed excellent NH3-SCR activ-
ty and N2 selectivity in a wide temperature range and exhibited
ood catalytic performance, even under a rather high GHSV of
00,000 h−1. The CeO2-TiO2 catalyst showed much better N2
electivity than V2O5-WO3/TiO2 and presented much higher low
emperature SCR activity than Fe-ZSM-5, even after high temper-
ture calcination at 800 ◦C. The monolith catalyst of CeO2-TiO2
howed high NOx conversion in a wide temperature range, even
n the presence of H2O, CO2, and C3H6, which indicated that CeO2-
iO2 is a promising catalyst for NOx abatement in diesel engine
xhaust.

The process of homogenous precipitation is crucial for the pro-
uction of highly dispersed active CeO2 on TiO2, which is very
mportant for the high SCR activity of CeO2-TiO2 catalyst. The syn-
rgistic effects between CeO2 and TiO2 in the CeO2-TiO2 catalyst
an inhibit the growth of anatase TiO2 crystallite, which results in
igher BET surface area. In addition, the synergistic effects between

[
[

[
[

y 184 (2012) 160– 165 165

CeO2 and TiO2 can induce higher O� ratio on the CeO2-TiO2 cata-
lyst, which is beneficial for the high SCR activity of the catalyst at
low temperatures.
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