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A series of CeO2(ZrO2)/TiO2 catalysts with fluorine additive were prepared by impregnation method and
tested for selective catalytic reduction (SCR) of NO by NH3. These samples were characterized by XRD,
N2-BET, Raman spectra, SEM, TEM, NH3-TPD, H2-TPR and XPS, respectively. Results showed that the
optimal catalyst with the appropriate HF exhibited excellent performance for NH3-SCR and more than
96% NO conversion at 360 �C under GHSV of 71,400 h�1. It was found that the grain size of TiO2 increased
and the specific surface area reduced with the modulation of HF, which was not good for the adsorption
of gas molecule. However, the modulation of HF exposed the high energy (0 0 1) facets of TiO2 and
increased the surface chemisorbed oxygen concentration, oxygen storage capacity and Ce3+ concentration
of catalyst. In addition, the synergy of (1 0 1) and (0 0 1) facets was beneficial to the improvement of
catalytic activity.

� 2016 Elsevier Inc. All rights reserved.
1. Introduction

Nitrogen oxides (NOx) are one of the major factors responsible
for the worsening environment problems such as acid rain, photo-
chemical smog and the greenhouse effect [1,2]. Denitrification has
become an active demand to protect the ecological environment.
Selective catalytic reduction of NO with NH3 (NH3-SCR) is the most
widely employed technology for the abatement of the emission of
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NO. Currently, the most commercially used catalysts are
V2O5(WO3, MoO3)/TiO2 catalysts [3]. However, the operation tem-
perature window of V2O5/TiO2 catalysts is relatively narrow. More-
over, the V2O5-based catalyst still suffers from a low N2 selectivity
and sublimation of V2O5 at high temperatures even after modifica-
tion with molybdenum and tungsten species [4,5]. Consequently,
more and more attention has been given to develop
environment-friendly NH3-SCR catalysts with highly NO conver-
sion and broad active temperature window.

Owing to its chemical inertness, long-term stability and envi-
ronmental friendliness, TiO2 has been applied in many fields, such
as gas sensor application [6], coating [7] and photocatalysis [8]. For
the NH3-SCR, TiO2 is often used as a catalyst carrier. In addition,
CeO2 is a widely used catalytic material because of its unique redox
properties and high oxygen storage capacities, such as photocatal-
ysis [9], fuel cell [10] and oxygen permeation membrane [11].
Based on the above reasons, many ceria-based catalysts have been
developed, such as CeO2/TiO2 [12,13], Ce-W-Ox/TiO2 [14–16],
CeO2/TiO2-SiO2 [17,18], Ce-Zr-Ox/TiO2 [19,20], Mn-Ce-Ox/TiO2

[21–24] and so on. These catalysts could show effective denitration
activity in a wide active temperature window.

Many previous researches have been proved that the fluorine
additive can enhance the catalytic activity for NH3-SCR [25–27].
In addition, Many theoretical and experimental studies have been
developed to control the growth of different TiO2 crystal faces, and
the modulation of HF can expose the (0 0 1) facets. For anatase
TiO2, it has been found that the order of the average surface ener-
gies is c(1 1 0) > c(0 0 1) > c(1 0 0) > c(1 0 1) [28]. In other words,
the anatase TiO2 with (0 0 1) facets are more reactive than the
(1 0 1) facets, which is favorable to the increase of catalytic perfor-
mance in many fields. Therefore, the exposure of TiO2 crystal faces
can be regulated with the modulation of HF, and the HF modified
TiO2 will be used as a catalyst carrier, which might enhance the
catalytic activity of CeO2(ZrO2)/TiO2 (CZT for short) catalysts theo-
retically. Based on the previous researches of our team, the aim of
this work is to explore the rule for effect of fluorine additive on cat-
alytic activity in the CZT catalysts.
2. Experiment

2.1. Catalyst preparation

TiO2 with the modulation of HF was prepared by a hydrother-
mal method. In a typical preparation, the appropriate HF solution
(concentration: 40 wt.%), 10 mL distilled water and 50 mL Ti
(OC4H9)4 were mixed together in a 100 mL Teflon-lined autoclave,
and then kept at 180 �C for 24 h. The resulting white precipitate
was washed three times with ethanol and distilled water. The
residual solid was dried at 80 �C for 6 h and then calcined at
500 �C for 2 h. The added contents of HF were 0 mL, 5 mL, 10 mL
and 15 mL, respectively.

The molar ratio of Ti:Ce:Zr (when used) in the catalyst was
designed as 4:1:1. The TiO2 supports were dipped in the mixed
aqueous solution of ZrOCl2�8H2O and Ce(NO3)3�6H2O, and the
mixed solution was stirred for 2 h at room temperature. Then
the product was followed by drying in air at 80 �C for 24 h and
the solid was calcined at 500 �C for 2 h. The catalysts were desig-
nated as CT-XF and CZT-XF (X = 0, 5, 10 and 15), respectively.
2.2. Catalytic activity and selectivity measurement

The catalytic activity measurements of the prepared catalysts
for NH3-SCR of NO were carried out in a fixed-bed quartz reactor
(6 mm inner diameter), with 0.7 mL catalysts (particle sizes of
0.3–0.45 mm) and 833 mL min�1 gas flow rate corresponding to a
GHSV of 71,400 h�1. The reactant gas typically consisted of
600 ppm NO, 600 ppm NH3, 6% O2 and balance N2. The NO concen-
trations at the inlet and outlet of the reactor were monitored on-
line by a flue gas analyzer (MRU VarioPlus, Germany). The catalytic
activity (XNO) for NH3-SCR of NO was expressed by Eq. (1). The
analysis at each selected temperature was performed after
30 min since the reactor temperature was stabilized.

XNO ¼ ð½NO�inlet � ½NO�outletÞ=½NO�inlet � 100% ð1Þ
The temperature range in which the catalytic activities were

equal to or more than 90% of the maximum catalytic activity was
defined as the catalytically active temperature window, expressed
as Tr. The lowest temperature of Tr was named Tr-L, and the highest
is named Tr-H.

The N2 concentration at the outlet of the reactor was monitored
on-line by a gas chromatography (GC2014, Japan), using a 5 Å
molecular sieve column (2 m in length, sorbent particle sizes dis-
perse from 60 mesh to 80 mesh), and a single-point corrected
external standard method was adopted. The concrete GC detecting
conditions were described as follows: injection volume was 1 mL,
injector temperature was 90 �C, chromatographic column temper-
ature was 80 �C, TCD detector was used at 120 �C, carrier gas was
argon, hydrogen was 30 mL min�1. Firstly we obtained the peak
area of the known standard N2/Ar (600 ppm, and balance Ar) and
defined the area as S0, and then we obtained the peak area of the
detected N2 at the outlet and defined the area as S. According to
the following reaction:

4NH3 þ 4NOþ O2 ! 4N2 þ 6H2O ð2Þ
Thus, the NOx concentration merely consumed by

N2: [NOx]N2consu = [N2] = 600 S/S0 ppmv, while the total concentra-
tion of NOx conversion: [NOx]conv=[NOx]inlet-[NOx]outlet. In order to
facilitate the quantitative analysis and discussed the N2 selectivity
of the catalysts for NH3-SCR of NOx, the N2 selectivity for NH3-SCR
of NOx was expressed by Eq. (3):

g ¼ ½NO�N2consu=½NO�conv � 100%

¼ 600S=ðS0½NO�inlet � S0½NO�outletÞ � 100% ð3Þ
2.3. Characterization

Powder X-ray diffraction (XRD) patterns were obtained on the
X-ray diffractometer (Smartlab TM 9Kw, Rigaku, Japan) using Cu
Ka radiation. The 2h scans covered the range 10–80�, and the accel-
erating voltage and applying current were 45 kV and 200 mA,
respectively. The microstructural natures of the catalysts have
been investigated using a scanning electron microscope (JEOL,
JSM-5900) and transmission electron microscopy (JEOL, JEM-
2010UHR). The AXIS ULTRA DLD instrument was used for X-ray
photoelectron spectroscopy (XPS) analysis, and monochromatic
Al-Ka radiation was used as the excitation source. After complete
removal of moisture from the catalysts by drying at 100 �C for
24 h, the catalysts were analyzed without surface sputtering or
etching so that the degree of vacuum in the XPS equipment was
maintained at 10�7 Pa. Visible Raman spectra of the catalysts were
collected at room temperature on the LabRAMHR800 (Horiba Jobin
Yvon). A 514 nm diode-pumped solid-state semiconductor laser
was used as the excitation source with a power output of 30 mW.

The number of acidic sites and acid strength of the catalysts
were evaluated by a temperature programmed desorption (TPD)
of ammonia using CHEMBET-3000 (Quantachrome). The samples
were preheated to 450 �C under a helium stream for 1 h, and then
cooled to 100 �C for ammonia adsorption. Then ammonia was des-
orbed using helium at a flow rate of 30 mL min�1 from 100 �C to
800 �C at a heating rate of 10 �C min�1. The ammonia desorption
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was monitored online by a Thermo ONIX ProLab mass spectrome-
ter. The H2-TPR was performed on a Semiautomatic Micromeritics
TPD/TPR 2900 apparatus. The samples were pre-treated, before the
reduction measurement, at 400 �C for 1 h in an argon flow, and
then cooled to 50 �C. Reduction profiles were obtained by passing
a 5% H2/Ar flow at the flow rate of 20 mL min�1. The temperature
was increased from 50 �C to 900 �C at the rate of 10 �C min�1.
The specific surface area and average pore diameter (BET method)
of the samples were measured by N2 adsorption/desorption iso-
therms at 77 K using a surface area analyzer (Micromeritics,
2020 M V3.00H). All the samples were degassed at 350 �C under
vacuum for 3 h prior to the adsorption experiments.
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Fig. 1. NO conversion in the NH3-SCR reaction over (a) TiO2; (b) CT and (c) CZT
catalysts. Reaction conditions: 600 ppm NO, 600 ppm NH3, 6% O2 in N2, at a GSHV of
71,400 h�1.
3. Results and discussion

3.1. Catalytic performance

Fig. 1 displayed the temperature dependence of NO conversion
obtained with the different catalysts. As shown in Fig. 1(a), the
TiO2-0F showed the maximum catalytic activity (22.0%) at 400 �C
and the addition of HF led to an obvious enhancement of the activ-
ity. The maximum catalytic activity decreased in the following
order TiO2-10F > TiO2-5F > TiO2-15F > TiO2-0F. The catalytic activ-
ity decreased with excess HF, which may due to too much amount
of (0 0 1) facets. Fig. 1(b) showed the catalytic activity of CT cata-
lysts. The maximum catalytic activity of CT-0F was 90.1% and the
catalytically active temperature window was 330–430 �C. As
shown in Fig. 1(b), the catalytic activity increased slightly with
the small additions of HF and the CT-10F showed the highest activ-
ity (95.6%) and the widest catalytically active temperature window
(315–445 �C). In addition, the catalytic activity of CT-15F was
lower than that of CT-0F, indicating that the excess HF was not
beneficial for the catalytic activity. Fig. 1(c) showed comparison
of catalytic activity of CZT catalysts. The modulation of HF corre-
sponded to similar law, but different slightly. The maximum
catalytic activity of CZT-10F was 96.5% at 360 �C, while that of
CZT-0F was 93.4% at 400 �C. In addition, the catalytic activity
decreased slightly with the modulation of HF when reaction tem-
perature was higher than 420 �C. The maximum catalytic activity
decreased in the following order CZT-10F > CZT-5F > CZT-0F >
CZT-15F, indicating that the suitable addition of HF could increase
the catalytic activity significantly.

As shown in Fig. 1, all of the catalytic activity curves showed a
parabolic trend as the reaction temperature increased: the cat-
alytic activity increased at temperatures lower than the Tr-L, which
may result from that the quantity of activated molecules and the
effective collision frequency on the surface of the catalysts
increased with the increase of temperature [29]. In addition,
ammonia oxidation occurred at temperatures higher than the Tr-
H, which directly reduced the content of reducing agent, so that
the catalytic activity decreased gradually. At the last, Fig. 2 pre-
sented the N2 selectivity of CT and CZT catalysts for NH3-SCR of
NO at different temperatures. There was no great difference of N2

selectivity when HF was used for the modulation of crystal growth
in different directions. In addition, the N2 selectivity of CT
increased slightly with the addition of Zr element, which was sim-
ilar with the result of our previous work [30].
3.2. XRD and BET analysis

The XRD results of different catalysts were showed in Fig. 3. All
the reflections of the CZT catalysts provided typical diffraction pat-
terns for the anatase TiO2 (2h = 25.2�, 37.5�, 47.8�, 53.5�) (PDF-
ICDD 71-1168), CeO2 (2h = 28.6�, 33.1�, 47.5�, 56.4�) (PDF-ICDD
65-5923) and Ce0.75Zr0.25O2 (2h = 28.8�, 33.5�, 48.1�) (PDF-ICDD
28-271). As shown in Fig. 3, the three strong peaks of TiO2 at
2h = 25.2�, 37.5�, 47.8� were attributed to anatase (1 0 1), (004)
and (2 0 0) diffractions, respectively. The intensity of the diffrac-
tion peaks, especially the (1 0 1) and (2 0 0), increased obviously
with the modulation of HF. As well known, the number of TiO2

crystal nucleus reduced seriously when Ti(OH)4 reacted with HF
and HF could control the grain growth of TiO2 [28]. Therefore,
the grain size of TiO2 would increase with the modulation of HF,
which resulted in the increase of diffraction peak intensity.
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Fig. 2. N2 selectivity in the NH3-SCR reaction over different catalysts.

Fig. 3. X-ray diffraction patterns of (a) TiO2; (b) CT and CZT catalysts.
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After the doping of ceria and zirconia, the peaks of ceria and
ceria-zirconia solid solution were observed obviously in the spec-
tra of the catalysts. In addition, the diffraction peaks of CT-0F
and CZT-0F samples were broader than those for the CT-10F and
CZT-10F, indicating that CT-0F and CZT-0F have smaller crystallite
sizes. That was because HF, as a facet-controlling agent, would lead
to the growth of particles to larger plates [31,32]. The change of
crystallite sizes may affect the catalytic performance of CZT
catalyst.

The specific surface areas of the samples were summarized in
Table 1. The surface areas of TiO2-0F and TiO2-10F were
103.98 m2 g�1 and 35.82 m2 g�1, respectively. As well known, it
was very easy to take the fusion of neighbor TiO2 along the
(0 0 1) direction so that the surface energy could minimize [33].
On the other hand, the increase of TiO2 crystallite size would also
reduce the specific surface area. Consequently, the specific surface
area of TiO2 decreased seriously with excess HF additive. In addi-
Table 1
Physical properties of different catalysts sample.

Sample TiO2-0F TiO2-10F CT-0F CT-10F CZT-0F CZT-10F

SBET (m2 g�1) 103.98 35.82 59.22 32.51 59.31 44.05
tion, both the addition of Ce also reduced the specific surface area
of TiO2, which could result from the plugging of TiO2 porous chan-
nels. Furthermore, the specific surface area decreased as CZT-
0F > CT-0F and CZT-10F > CT-10F, indicating that the structure
was more loose with the addition of Zr addition.

3.3. SEM and TEM analysis

Fig. 4 showed SEM micrographs of TiO2-0F, TiO2-10F, CT-0F, CT-
10F, CZT-0F and CZT-10F with magnification times of 10,000. The
congeries of TiO2-0F was composed of many small particles, which
resulted in the loose structure and the increase of porous channels.
On the other hand, the structure of TiO2-10F was compact and the
pore structure evolved into slit shape, which might resulted from
the fusion of neighbor TiO2 along the (0 0 1) direction. After the
doping of ceria, the particles of CT catalysts grew completely and
the addition of Zr addition led to the more loose structure. In addi-
tion, Figs. S1–S4 showed the elemental mapping characterization
of different catalysts and explained the distribution of different
elements. As shown in Figs. S1–S4, the Ti, Ce, Zr and O elements
were well distributed on the catalysts surface.

Figs. 5 and 6 showed HR-TEM images of TiO2-0F and TiO2-10F.
The average size of TiO2-10F (15–20 nm) was much larger than
that of TiO2-0F (5–10 nm), which corresponded to the XRD result.
In addition, the lattice fringes with an interplanar spacing of
0.35 nm and 0.235 nm were consistent with the d-spacing of
(1 0 1) and (0 0 1) facets, respectively [34,35]. The main reason
for the high exposed (0 0 1) facets was the addition of HF in the
precursor solutions, where the adsorbed F anions increased the rel-
ative stabilities of (0 0 1) facets [36].

3.4. Raman spectra analysis

Visible Raman spectra were applied to characterize the cata-
lysts, and the results were presented in Fig. 7. In the Raman spec-
tra, the four peaks were assigned to the anatase crystalline phase,
which could be observed at 146, 398, 518 and 640 cm�1. The band
located at 466 cm�1 was assigned to the symmetric vibration of
CeO2 [37]. As shown in Fig. 7, the Raman spectral intensity of
146 and 640 cm�1 band increased with the modulation of HF,
which could be due to the stronger crystallinity of TiO2-10F.

After the doping of ceria and zirconia, the Raman spectra
demonstrated that CT and CZT catalysts showed a positive shift
by about 1 or 2 cm�1 in comparison with TiO2. In addition, the
band of CeO2 also shifted about 2 cm�1 compared with the stan-
dard value 464 cm�1. The shift corresponded to an increase in the
number of surface oxygen vacancies [38]. Moreover, the Raman
spectral intensity of CeO2 decreased significantly with the addition
of Zr element, which could be due to the generation of Ce0.75Zr0.25O2.
This assumption could be proved in the XRD analysis. At the
last, the Raman spectral intensity of anatase TiO2 decreased as
CT-10F > CT-0F and CZT-10F > CZT-0F, indicating that the crys-
tallinity of catalyst would be stronger with the modulation of HF.

3.5 NH3-TPD and H2-TPR analysis

It was generally known that the acidity of catalyst could play an
important role in the adsorption capacity of NH3 for the sample
[39]. Fig. 8 showed the NH3-TPD profiles of different catalysts. All
of the ammonia desorption of the catalysts displayed one broad
desorption peak spanned at 100–500 �C represented the weak
and medium acid sites [40]. The areas of NH3-TPD profile
decreased as CZT-10F�CZT-0F > CT-10F � CT-0F > TiO2-10F �
TiO2-0F, implying that the number of the acid sites decreased in
the same order. That was to say, the high energy facets had no
advantage for the adsorption of NH3 [28]. In addition, the number



Fig. 4. SEM micrograph of (a) TiO2-0F; (b) TiO2-10F; (c) CT-0F; (d) CT-10F; (e) CZT-0F and (f) CZT-10F with magnification times of 10,000.
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of the acid sites for TiO2 catalyst increased obviously with the addi-
tion of Ce and Zr, which resulted in the increase of catalytic
activity.

Fig. 9 showed the H2-TPR results of different catalysts to evalu-
ate the redox properties. For TiO2-0F, two weak peaks centered at
540 �C and 591 �C were detected and only a broad peak located at
625 �C was observed obviously with the modulation of HF. In other
words, the redox properties of TiO2 decreased slightly with high
energy facets. In addition, the reduction peaks shifted to the lower
temperature after the doping of ceria. It revealed the improvement
of redox properties with the addition of ceria. Furthermore, the
CZT-0F catalyst presented three broad peaks. The broad peak cen-
tered at 444 �C was likely assigned to the reduction of surface oxy-
gen of Ce4+-O-Ce4+ [41,42]. The peak centered at 614 �C was
attributed to the reduction of TiO2 and surface oxygen of Ce3+-O-
Ce4+ [43,44]. The third peak centered at 753 �C corresponded to
the reduction of bulk ceria because the reduction could only be
taken place above 750 �C [45]. The reduction peaks of CZT-10F
shifted to the lower temperature, which revealed the improvement
of redox properties with the modulation of HF. Moreover, integral
areas of the H2-TPR profiles were usually calculated to compare the
oxygen storage capacity of catalysts, which was a significant
parameter to the SCR activity of ceria-based catalysts [46]. The
total H2 consumption decreased in the order CZT-10F > CZT-
0F > TiO2-10F > TiO2-0F, suggesting that the oxygen storage capac-
ity could be enhanced with the modulation of HF.

3.6. XPS analysis

Fig. 10 showed the O 1s XPS spectra of different catalysts. The
O 1s peaks could be fitted into two peaks referred to the chemi-
sorbed oxygen (hereafter denoted as Oa) and the lattice oxygen



Fig. 5. HR-TEM images of TiO2-0F.
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(hereafter denoted as Ob) [45]. The O 1s core levels of TiO2 shift
to higher binding energy while that of CT and CZT catalysts shift
to lower binding energy with the modulation of HF. The differ-
ence may result from the interaction of Ce and O atoms. In addi-
tion, there was the strong interaction of Ce, Zr and Ti atoms so
that the O 1s peaks of TiO2 showed a shift toward the lower
binding energy with the addition of Ce and Zr. As shown in
Fig. 11, the Ti 2p could be divided into two contributions of
Ti3+ and Ti4+ [47]. The change of binding energy corresponded
to similar law that the modulation of HF resulted in the positive
shift and the negative shift resulted from the addition of Ce and
Zr. By comparing with the intensity of Ti 2p, which of CT and
CZT decreased obviously, indicating that the amount Ti of cata-
lyst surface decreased with the addition of Ce and Zr. Fig. 12
showed the Ce 3d XPS spectra of CT-0F, CT-10F, CZT-0F and
CZT-10F catalysts. All the spectral peaks could be observed at
binding energies of 903 eV and 884 eV [48]. Therefore, the Ce
3d spectra could be ascribed to Ce4+ and Ce3+. In addition, the
intensity of Ce 3d peaks decreased as CT-10F > CZT-10F > CT-
0F > CZT-0F. It was suggested that the amount Ce of catalyst sur-
face decreased with the addition of Zr and the Ce was easier to
expose on the catalyst surface with the modulation of HF. The Ti
2p core levels shifted to higher binding energy, indicating that
the interactions among O and Ti increased slightly and the F
has entered into TiO2 lattice with the modulation of HF. In addi-
tion, the peaks of Ce and O showed a shift toward the lower
binding energy with the modulation of HF, which indicated that
the interaction decreased slightly.

Table 2 showed the atomic concentration of TiO2, CT and CZT
catalysts. The Oa atomic ratios of TiO2-0F catalyst surface was
0.26 while that of the catalysts increased generally whether the
addition of Ce, Zr or HF. On the contrary, the Ti3+ of atomic ratios
decreased slightly in the mass when the HF, Ce or Zr was added
into the catalyst. Surface chemisorbed oxygen has been reported
to be the most active oxygen and played an important role in oxi-
dation [49]. It meant that TiO2-10F, CT-10F and CZT-10F might
have better activity for the oxidation of NO, which was beneficial
for the increase of catalytic activity. Furthermore, the atomic ratio
of Ce3+ on the surface of CT-0F, CT-10F, CZT-0F and CZT-10F were
0.20, 0.21, 0.20 and 0.22 respectively. In other words, the addition
of Zr was not beneficial while the modulation of HF was good for
the increase of Ce3+. The increase of Ce3+ on CT-10F and CZT-10F
catalysts surface could be considered as one of the reasons for
the increase of catalyst activity [16].



Fig. 6. HR-TEM images of TiO2-10F.
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Fig. 11. Ti 2p XPS high-resolution scans spectra of different catalysts.
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Fig. 12. Ce 3d XPS high-resolution scans spectra of different catalysts.

Table 2
Atomic ratios of different catalysts surface.

Samples Oa/(Oa + Ob) Ti3+/(Ti3+ + Ti4+) Ce3+/(Ce3+ + Ce4+)

TiO2-0F 0.26 0.17 –
TiO2-10F 0.30 0.16 –
CT-0F 0.37 0.16 0.20
CT-10F 0.39 0.16 0.21
CZT-0F 0.43 0.13 0.20
CZT-10F 0.48 0.11 0.22
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3.7. Discussion

Anyway, (0 0 1) and (1 0 1) facets have strong synergy and have
been demonstrated as oxidative and reductive sites, respectively
[50]. For the NH3-SCR, the NO oxidation to form nitrate at the cat-
alyst surface was a significant step so that the modulation of HF
played an important role in the improvement of catalytic activity.
In addition, the redox properties could be enhanced because of the
synergy of low-energy (1 0 1) and high-energy (0 0 1) facets, which
was also the reason why the catalytic activities of catalyst
increased with the modulation of HF.

Although the specific surface area of catalyst decreased obvi-
ously when the HF was added to control the grain size of TiO2,
the suitable HF could also improve the catalytic activity of NH3-
SCR. That might because the adsorption of gas molecule was not
the major factor for SCR. Moreover, the oxygen storage capacity
of catalyst could also be enhanced with the modulation of HF,
which was beneficial to improve catalytic activities. The concentra-
tions of chemisorbed oxygen and Ce3+ on the catalyst surface
increased with the modulation of HF. These reasons were conduc-
tive to obtain the excellent catalytic activity.
4. Conclusions

In this work, TiO2 with the modulation of HF was synthesized
by a hydrothermal method, and then used as catalyst carrier to
study the effect of the HF additive on the CeO2(ZrO2)/TiO2 for
NH3-SCR. It was found that (0 0 1) facets were exposed on the cat-
alyst surface with the modulation of HF. With the appropriate HF,
the grain size of TiO2 increased and the specific surface area
reduced. However, the oxygen storage capacity of catalyst could
also be enhanced with the modulation of HF. In addition, the syn-
ergy of (1 0 1) and (0 0 1) facets and the increase of surface chemi-
sorbed oxygen and Ce3+ concentrations were beneficial to the
improvement of catalytic activity. With these superior capabilities,
CZT-10F exhibited excellent catalytic performance for NH3-SCR
and more than 96% NO conversion at 360 �C under GHSV of
71,400 h�1.
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