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H I G H L I G H T S

• The addition of TiO2 improves the
physicochemical property of Mn/CZ-
NR catalyst.

• Catalytic activity of Mn/CZ-NR cata-
lyst is obviously enhanced by TiO2

modification.

• TiO2 modification can inhibit the
generation of N2O over Mn/CZ-NR
catalyst.

• Mn-Ti/CZ-NR catalyst exhibits ex-
cellent H2O+ SO2 tolerance in NH3-
SCR reaction.
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A B S T R A C T

In the present work, we chose MnOx/CeO2-ZrO2 nanorod (i.e., Mn/CZ-NR) as a benchmark catalyst, and used
TiO2 as a modifier with the purpose of inhibiting the formation of N2O (by-product) as well as further enhancing
the catalytic activity and H2O+ SO2 tolerance of Mn/CZ-NR catalyst. These samples were characterized by TEM,
HRTEM, XRD, Raman, H2-TPR, XPS, NH3-TPD, and in situ DRIFTS. DeNOx performance and H2O+SO2 tolerance
of these samples were evaluated by low-temperature NH3-SCR reaction. The obtained results show that the TiO2

modified catalyst (i.e., Mn-Ti/CZ-NR) exhibits higher catalytic activity than Mn/CZ-NR catalyst due to larger
amount of oxygen vacancy accompanied with more Ce3+, higher ratios of Mn4+ and surface adsorbed oxygen
species, as well as the improvement of surface acidity. Furthermore, TiO2 modification effectively inhibits the
non-selective oxidation of NH3 to N2O through appropriately weakening the redox property of Mn/CZ-NR
catalyst, which is beneficial to the enhancement of N2 selectivity. Finally, Mn-Ti/CZ-NR catalyst exhibits ex-
cellent H2O+ SO2 tolerance, which indicates that it has the potential to be used for practical low-temperature
deNOx application.
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1. Introduction

In recent years, air pollution has become the focus of public atten-
tion. It is well known that nitrogen oxide (i.e., NOx), which consists of
NO and NO2, is a typical atmospheric pollutant [1–3]. As a result, the
control of NOx emission attracts more and more interest of researchers.
Numerous studies have shown that the selective catalytic reduction by
NH3 (i.e., NH3-SCR) is one of the most cost-effective technologies for the
elimination of NOx from the stationary sources [4–7]. It is widely re-
ported that the commercial V2O5-WO3/TiO2 or V2O5-MoO3/TiO2 cat-
alysts present excellent denitration (i.e., deNOx) and anti-sulfur per-
formance for NH3-SCR reaction from 300 to 400 °C [8–10]. However,
this kind of V2O5-based catalysts is not suitable for the deNOx process of
low-temperature (below 300 °C) flue gas from the waste incinerators,
glass furnaces and steel sintering furnaces, etc. [11–13]. Therefore, the
design and development of high efficient low-temperature deNOx cat-
alysts seem to be very significant.

Among the commonly used transition metal oxide catalysts, man-
ganese oxide (i.e., MnOx)-based catalysts (including the supported
catalysts and composite metal oxide catalysts) display excellent cata-
lytic activity for low-temperature NH3-SCR reaction [14–16]. Further-
more, it has been proved that ceria (CeO2) plays a promotion role in the
elimination of NOx due to its good storage/release oxygen capacity and
electron transfer between Ce3+ and Ce4+ [17,18]. Therefore, MnOx-
CeO2 catalysts have been extensively studied for low-temperature NH3-
SCR reaction in recent years [19,20]. On the other hand, the mor-
phology effect of CeO2 on the catalytic performance of ceria-based
catalysts has been systematically discussed [21–24]. For instance, Liu
et al. synthesized a series of CuO/CeO2-nanopolyhedron, CuO/CeO2-
nanorod and CuO/CeO2-nanocube catalysts for NOx removal [22]. They
found that CeO2-nanorod mainly exposed {1 1 0} and {1 0 0} facets,
which is beneficial to generate stronger synergistic interaction with
CuO, and further lead to excellent surface reducibility and high cata-
lytic activity. Wang et al. reported that Ni/CeO2-nanorod catalyst ex-
hibits better catalytic activity than Ni/CeO2-nanocube, Ni/CeO2-na-
noocta and Ni/CeO2-nanoparticle catalysts for methane dry reforming
reaction due to the strongest metal-support interaction between Ni and
CeO2-nanorod [23].

Supported ceria-based catalysts with nanorod morphology display
excellent catalytic activity, but the stability and specific surface area of
pure CeO2-nanorod support is not perfect. It is widely reported that the
doping of metal ions (such as Zr4+, Sn4+, Ti4+, Al3+, Mg2+, etc.) can
effectively enlarge the specific surface area and enhance the stability of
CeO2, in which, Zr4+ is the most commonly used dopant due to its
promotion role in stability and redox property [25–27]. Furthermore,
Gao et al. explored the morphology effect of CeO2-ZrO2 on the catalytic
performance of MnOx/CeO2-ZrO2 catalysts for NH3-SCR reaction [28].
They found that MnOx/CeO2-ZrO2 nanorod also exhibited better cata-
lytic activity than MnOx/CeO2-ZrO2 nanocube and MnOx/CeO2-ZrO2

nanopolyhedron catalysts because of the strongest interaction between
CeO2-ZrO2 nanorod and MnOx species.

However, the poor N2 selectivity of MnOx-containing catalysts, due
to the generation of N2O through the non-selective oxidation of NH3,
limits their practical deNOx application. On the other hand, TiO2 is an
important component of the commercial deNOx catalysts because of its
good resistance to SO2. Moreover, the redox property of TiO2 is poor,
which can weaken the redox property of MnOx-containing catalysts to
inhibit the non-selective oxidation of NH3. Therefore, in the present
work, we attempt to improve the N2 selectivity and anti-sulfur perfor-
mance of MnOx/CeO2-ZrO2 nanorod catalyst for low-temperature NH3-
SCR reaction by TiO2 modification.

2. Experimental section

2.1. Catalysts preparation

CeO2-ZrO2 nanorod support was synthesized by a hydrothermal
method. As follows: firstly, the desired amounts of Ce(NO3)3·6H2O and
Zr(NO3)4·5H2O were dissolved in deionized water and mixed together
(Ce:Zr= 9:1 molar ratio); secondly, the mixed solution was dropwise
added into NaOH solution and controlled the concentration of NaOH to
6M; thirdly, the obtained suspension was put in a Teflon-lined stainless
steel autoclave, and set the reaction temperature at 100 °C for 24 h;
fourthly, the precipitate was washed with deionized water until neutral,
and dried at 70 °C overnight; finally, the as-prepared sample was cal-
cined at 400 °C for 3 h, and the obtained sample was denoted as CZ-NR.

MnOx-TiO2/CeO2-ZrO2 nanorod catalyst was prepared through a
hydrolysis impregnation method. The loading amounts of MnOx and
TiO2 were set as 0.5 mmol Mnn+/g CZ-NR and 0.5mmol Ti4+/g CZ-NR,
respectively. In detail, the required amounts of Mn(NO3)2 and
C16H36O4Ti were dissolved in absolute alcohol; and then, CZ-NR sup-
port was added into the above solution with magnetic stirring; subse-
quently, the desired amount of deionized water was dropwise added
into the suspension to accelerate the hydrolysis of C16H36O4Ti; next, the
sample was heated to 100 °C for removing the solvent, and finally
calcined at 400 °C for 3 h. The obtained catalyst was denoted as Mn-Ti/
CZ-NR. For comparison, MnOx/CeO2-ZrO2 nanorod and TiO2/CeO2-
ZrO2 nanorod catalysts were prepared by the same procedure, and
denoted as Mn/CZ-NR and Ti/CZ-NR, respectively.

2.2. Catalysts characterization

Transmission electron microscopy (TEM) images of these samples
were screened on a JEM-2100 equipment operating at 200 kV. The
sample was ultrasonically dispersed in absolute alcohol, and loaded on
a carbon-coated copper mesh for the measurement. X-ray diffraction
(XRD) patterns of these samples were collected through a Philips
X’Pert3 Pro diffractometer with Cu-Kα target (0.15418 nm). The oper-
ating voltage and current were set as 40 kV and 40mA. Raman spectra
of these samples were recorded on a Renishaw inVia Reflex Laser
Raman spectrometer. The wavelength and power were set as 532 nm
and 5 mW. H2-temperature programmed reduction (H2-TPR) experi-
ments of these samples were carried out via a chemisorption analyzer
(TP-5076) detected by thermal conductivity detector (TCD). Prior to the
reduction, 50mg catalyst was pretreated with N2 at 300 °C to remove
physisorbed water. Then, the TPR process was started from room
temperature under 7% H2-Ar mixed gases. X-ray photoelectron spec-
troscopy (XPS) measurements of these samples were conducted on a
PHI 5000 VersaProbe system with monochromatic Al-Kα target
(1486.6 eV). Prior to the measurement, the sample was suffered a de-
gassed pretreatment during an UHV chamber (< 5×10–7 Pa).
Moreover, the binding energy of C 1s was calibrated to 284.6 eV with
the purpose of eliminating the charging effect of these samples NH3-
temperature programmed desorption (NH3-TPD) experiments of these
samples were also performed through a chemisorption analyzer (TP-
5076). 200mg catalyst was pretreated by He gas at 300 °C to remove
physisorbed water. Subsequently, the catalyst was saturated with 1%
NH3-He mixed gases at 100 °C, and then purged with He gas to elim-
inate the gas-phase NH3. Finally, the TPD procedure started from room
temperature under a He atmosphere. In situ diffuse reflectance infrared
Fourier transform spectra (In situ DRIFTS) of NH3 adsorption over these
samples were collected by a Nicolet 5700 FT-IR spectrometer. The
sample was firstly pretreated by N2 at 400 °C to remove physisorbed
water. Subsequently, sample background was obtained during the
cooling procedure. Next, each catalyst was saturated with 500 ppm
NH3-N2 mixed gases at room temperature. Finally, the spectra were
recorded by subtracting each sample background.
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2.3. Catalytic performance measurement

DeNOx performance and H2O+ SO2 tolerance of these samples for
low-temperature NH3-SCR reaction were evaluated under a steady
state. Reaction gases consist of 500 ppm NO, 500 ppm NH3, 5% O2, 0 or
5% H2O, 0 or 100 ppm SO2, and N2 (the rest). 200mg catalyst was
firstly pretreated with N2 at 300 °C to remove physisorbed water. And
then, the reactions over the catalyst were performed under a space
velocity of 60000ml·g−1·h−1. Furthermore, the concentrations of NO
and NO2 were obtained through a FGA10 flue gas analyzer (Beit
Technology Co., Ltd, China). And the concentration of N2O was de-
tected by a G200 N2O analyzer (Bedfont Scientific Ltd, England).
Therefore, the value of NOx conversion was given by the following
equation:
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3. Results and discussion

3.1. TEM and HRTEM results

With the purpose of confirming the rod-like morphology of these
samples, TEM characterization was employed, as shown in Fig. 1. For
CZ-NR support, Fig. 1(a) presents that it consists of some smooth and
short nanorod materials, and the length of these nanorod materials is
between 5 and 20 nm, while the diameter is about 6 nm. Moreover, high
resolution TEM (i.e., HRTEM) image of CZ-NR support is also displayed
in Fig. 1 (i.e., Fig. 1(e)). It is widely reported that ceria-based nanorod
materials mainly expose {1 1 0} and {1 0 0} facets, and the proportion
of {1 1 0} facet is higher than that of {1 0 0} facet [22–24,28]. How-
ever, only one kind of clear lattice fringes is found in Fig. 1(e) due to its
high proportion, and the interplanar spacing is about 0.190 nm, which
can be attributed to (2 2 0) crystal plane belonging to {1 1 0} facet of
CZ-NR support. The obtained results suggest that CeO2-ZrO2 nanorod
(i.e., CZ-NR) support, predominantly exposing {1 1 0} facet, has been
successfully synthesized.

With regard to the TEM images of Ti/CZ-NR, Mn/CZ-NR, and Mn-
Ti/CZ-NR catalysts (i.e., Fig. 1(b)–(d)), we can observe that all of these
catalysts also exhibit a short nanorod morphology, which suggests that
the introduction of TiO2 and MnOx has no obvious influence on the
morphology of CZ-NR support. Furthermore, only the lattice fringes of
(2 2 0) crystal plane (i.e., {1 1 0} facet) of CZ-NR support can be de-
tected in the HRTEM images of these catalysts (i.e., Fig. 1(f)–(h)), while
the lattice fringes of TiO2 and MnOx are absent, which indicates that
both of TiO2 and MnOx components may be well dispersed on the
surface of CZ-NR support. The excellent dispersion behavior is bene-
ficial to enhancing the deNOx performance for low-temperature NH3-
SCR reaction.

3.2. XRD and Raman results

XRD was applied to determine the crystal structure of CZ-NR sup-
port and the existence forms of TiO2 and MnOx species, and the results
were displayed in Fig. 2(a). For CZ-NR support, it only shows several
diffraction peaks assigned to CeO2 with cubic fluorite structure [PDF-
ICDD 43-1002], while no ZrO2 signals can be observed because of the
formation of CeO2-ZrO2 solid solution, which is in accordance with the
literatures [26,29–31]. Moreover, compared with the standard XRD
pattern of CeO2 in Fig. 2(a), the diffraction peaks of CZ-NR support
slightly shift to high-angle direction. The reason is that the ionic radius
of Zr4+ (0.80 Å) is smaller than that of Ce4+ (0.92 Å), thus the in-
corporation of Zr4+ into the lattice of CeO2 to form CeO2-ZrO2 solid
solution leads to the lattice shrinkage, which causes the shift of dif-
fraction peaks to high-angle direction based on the Bragg equation. This
phenomenon further confirms the formation of CeO2-ZrO2 solid

solution. With regard to Ti/CZ-NR, Mn/CZ-NR, and Mn-Ti/CZ-NR cat-
alysts, all of them exhibit the original crystal structure of CZ-NR support
without obvious changes except the peak intensity, while the diffraction
peaks of TiO2 and MnOx are absent. In addition, the peaks of these
catalysts almost have no shift compared with CZ-NR support, while
their peak intensity weakens slightly due to the loading of TiO2 and
MnOx species. These phenomena indicate that both of TiO2 and MnOx

are in the forms of highly dispersed state or/and clustered state on the
surface of CZ-NR support exceeding the detection limitation of XRD,
rather than incorporation into the lattice of CZ-NR support, which is
consistent with HRTEM results.

In order to understand the surface structure and oxygen vacancy
situation of these samples, Raman measurement was carried out, and
the results were presented in Fig. 2(b). It shows that two Raman scat-
tering peaks can be detected over CZ-NR support, in which, the strong
one centered at 464 cm−1 is resulted from the F2g vibration mode of
CeO2 with cubic fluorite structure, while the weak and broad one
around 610 cm−1 is ascribed to the defects-induced vibration mode
(denoted as D, especially oxygen defects) [26,32–34]. With regard to
Ti/CZ-NR, Mn/CZ-NR, and Mn-Ti/CZ-NR catalysts, there are also only
two Raman scattering peaks of F2g and D modes can be found, while the
Raman signals of TiO2 and MnOx are absent owing to their high dis-
persion, which is consistent with the results of HRTEM and XRD. Fur-
thermore, it is generally considered that the intensity ratio between D
and F2g modes (i.e., ID/IF2g) is proportional to the concentration of
oxygen vacancy in the ceria-based materials [32,33]. Therefore, we
calculated the values of ID/IF2g for these samples, and also listed in
Fig. 2(b). It shows that the value of ID/IF2g for CZ-NR support (i.e., 0.11)
is close to that for Ti/CZ-NR catalyst (i.e., 0.13), while it remarkably
increases for Mn/CZ-NR catalyst (i.e., 0.22) due to the strong interac-
tion between MnOx and CZ-NR support. Moreover, the value of ID/IF2g
for Mn-Ti/CZ-NR catalyst (i.e., 0.28) is even larger than that for Mn/CZ-
NR catalyst, which suggests that the modification by TiO2 can further
increase the concentration of oxygen vacancy over Mn/CZ-NR catalyst.
Interestingly, oxygen vacancy can break N-O bond to accelerate the
dissociation of NOx [34,35], which benefits to the enhancement of
deNOx performance for low-temperature NH3-SCR reaction.

3.3. H2-TPR results

As we know, the redox property of catalysts is closely related to
their deNOx performance for NH3-SCR reaction, especially at low tem-
perature. Therefore, we used H2-TPR technique to characterize the
redox property of these samples in the present work, and the results
were exhibited in Fig. 3. For CZ-NR support, two reduction peaks can be
observed between 300 and 600 °C, and the low-temperature peak is
attributed to the reduction of surface adsorbed oxygen, while the high-
temperature one is related to the reduction of surface CeO2-ZrO2 solid
solution (the reduction peak of bulk CeO2-ZrO2 solid solution around
800 °C is not given in this figure) [26,36,37]. Regarding Ti/CZ-NR
catalyst, it also shows two reduction peaks below 600 °C. Furthermore,
the actual H2 consumption (given in Fig. 3) of Ti/CZ-NR catalyst (i.e.,
776 μmol g−1) is larger than that of CZ-NR support (i.e., 658 μmol g−1),
which may be resulted from the reduction of dispersed TiO2 species, the
reduction of extra surface adsorbed oxygen and surface CeO2-ZrO2 solid
solution promoted by TiO2.

With regard to Mn/CZ-NR catalyst, three reduction peaks are de-
tected at 247, 343, and 416 °C, which can be predominantly ascribed to
the stepwise reduction of MnOx species (i.e., MnO2→Mn2O3, Mn2O3→
Mn3O4, and Mn3O4→MnO) [28,38]. In addition, the actual H2 con-
sumption (given in Fig. 3) of Mn/CZ-NR catalyst (i.e., 1308 μmol g−1) is
obviously larger than its theoretical H2 consumption (i.e.,
500 μmol g−1) calculated by considering all the MnOx species as MnO2,
which suggests that the stepwise reduction of MnOx species promotes
and overlaps the reduction of surface adsorbed oxygen and surface
CeO2-ZrO2 solid solution due to the strong interaction between MnOx
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species and CZ-NR support. Interestingly, for Mn-Ti/CZ-NR catalyst, it
also exhibits three reduction peaks between 200 and 500 °C, but the
actual H2 consumption of Mn-Ti/CZ-NR catalyst (i.e., 1229 μmol g−1) is
conversely smaller than that of Mn/CZ-NR catalyst (i.e.,
1308 μmol g−1). This result indicates that TiO2 modification can
weaken the strong interaction between MnOx species and CZ-NR sup-
port, and further appropriately weaken the redox property of Mn/CZ-
NR catalyst, which benefits to inhibit the non-selective catalytic oxi-
dation of NH3 for low-temperature NH3-SCR reaction.

3.4. XPS results

XPS experiment was conducted to explore the valence states of
elements and the types of oxygen species over these samples, as pre-
sented in Fig. 4. For Ce 3d spectra of these samples (Fig. 4(a)), all of
them are fitted by eight bands marked as u‴, u″, u′, u0(u), and v‴, v″, v′,
v0(v). Moreover, the bands of u′ and v′ are resulted from Ce3+ ions
usually generated with the formation of oxygen vacancy, while the
others are corresponded to Ce4+ species [18,39–42]. Some interesting

information can be obtained by quantitative analysis. It is generally
accepted that the area ratio between u′+v′ bands and the total eight
bands can reflect Ce3+ ratio on the surface of the samples [39,41].
Consequently, we calculated the ratio of Ce3+ based on the above area
ratio, and listed in Table 1. It shows that the ratio of Ce3+ over Ti/CZ-
NR catalyst (i.e., 15.96%) is slightly larger than that over CZ-NR sup-
port (i.e., 15.38%), while Mn/CZ-NR catalyst (i.e., 17.41%) exhibits an
obvious increased Ce3+ ratio compared with CZ-NR support because of
the increase of oxygen vacancy and the strong interaction between
MnOx species and CZ-NR support [28,39,43,44]. Especially, the ratio of
Ce3+ over Mn-Ti/CZ-NR catalyst (i.e., 17.61%) is even slightly larger
than that over Mn/CZ-NR catalyst. However, the above H2-TPR results
indicate that the introduction of TiO2 can weaken the strong interaction
between MnOx species and CZ-NR support, which will inhibit the in-
crease of Ce3+ ratio. Therefore, the increased Ce3+ ratio over Mn-Ti/
CZ-NR catalyst compared with Mn/CZ-NR catalyst may be due to the
increase of oxygen vacancy after TiO2 modification. The detailed rea-
sons may be that: Raman results show that the amount of oxygen va-
cancy over Mn-Ti/CZ-NR catalyst (ID/IF2g= 0.28) is larger than that

Fig. 1. TEM and HRTEM images of (a, e) CZ-NR, (b, f) Ti/CZ-NR, (c, g) Mn/CZ-NR, and (d, h) Mn-Ti/CZ-NR.
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over Mn/CZ-NR catalyst (ID/IF2g= 0.22); and then, it is well known
that the migration of O atoms from ceria-based materials to form
oxygen vacancy will definitely generate some unsaturated bonds, which
will decrease the valence state of Ce4+ to produce Ce3+ to maintain the
charge balance.

Fig. 4(b) exhibits that Mn 2p spectra of Mn/CZ-NR and Mn-Ti/CZ-

NR catalysts are fitted by six components which are attributed to Mn
2p1/2 and Mn 2p3/2 of Mn4+, Mn3+, and Mn2+ as labeled in this figure
[34,38,45]. It is broadly reported that Mn4+ species plays an important
promotion role in low-temperature NH3-SCR reaction [28,34,38].
Hence, we calculated the ratio of Mn4+ (i.e., Mn4+/
(Mn4++Mn3++Mn2+)) over Mn/CZ-NR and Mn-Ti/CZ-NR catalysts,
and listed in Table 1. We can observe that Mn4+ ratio over Mn-Ti/CZ-
NR catalyst (i.e., 21.26%) is obviously larger than that over Mn/CZ-NR
catalyst (i.e., 18.87%). The possible reasons are as follows: (1) TiO2

modification promotes the dispersion of MnOx species on the surface of
CZ-NR support, which is beneficial to the oxidation of Mn species to
form Mn4+ in the calcination process of catalysts preparation; (2) the
introduction of TiO2 weakens the strong interaction between MnOx

species and CZ-NR support, which inhibits the transfer of electron from
Ce3+ to Mn4+, and finally stabilizes more Mn4+. Moreover, Table 1
displays that the atomic concentration of Mn on the surface of Mn-Ti/
CZ-NR catalyst is a little higher than that on the surface of Mn/CZ-NR
catalyst, which is because that the introduction of TiO2 on the surface of
CZ support promotes the dispersion of MnOx species. The good dis-
persion of MnOx species can provide more active sites, which is bene-
ficial to the enhancement of catalytic activity for low-temperature NH3-
SCR reaction.

As we know, the migration and transformation of oxygen species
over catalysts are very important for low-temperature NH3-SCR reac-
tion. Therefore, O 1s spectra of these samples are given in Fig. 4(c),
which are fitted by two binding energy peaks. The broad and weak peak
at high binding energy labeled as Oα is assigned to surface adsorbed
oxygen species, while the strong one at low binding energy marked as
Oβ is corresponded to lattice oxygen species of these samples [28,41].
In addition, the migration ability of surface adsorbed oxygen species is
remarkably stronger than that of lattice oxygen species, which can take
part in the reaction process of NH3-SCR [44,45]. And the surface ad-
sorbed oxygen species mainly exists on the defect sites (e.g., oxygen
vacancy) of catalysts [46]. Consequently, the ratio of Oα (i.e., Oα/
(Oα+Oβ)) over these samples are calculated and summarized in
Table 1. It shows that Oα ratio is ranked by CZ-NR < Ti/CZ-NR <
Mn/CZ-NR < Mn-Ti/CZ-NR, which is in accordance with the sequence
of oxygen vacancy concentration over these samples obtained from
Raman results. Especially, Mn-Ti/CZ-NR catalyst exhibits the largest
ratio of Oα, which can promote the oxidation of NO to NO2, and finally
result in the enhancement of deNOx performance for low-temperature
NH3-SCR reaction via a “fast SCR” path [38,45,46].

According to the XPS results of Zr 3d and Ti 2p (Fig. S1 in the
Supporting Information), all the Zr 3d spectra exhibit doublet bands at
about 184.3 eV (Zr 3d3/2) and 182.0 eV (Zr 3d5/2), which indicates that
Zr ions of CZ-NR, Ti/CZ-NR, Mn/CZ-NR, and Mn-Ti/CZ-NR samples are
mainly in the+ 4 oxidation valence [15]; Ti 2p spectra of Ti/CZ-NR
and Mn-Ti/CZ-NR catalysts are also fitted by two bands at about
464.1 eV (Ti 2p1/2) and 458.3 eV (Ti 2p3/2), which is consistent with Ti
in the +4 oxidation valence [46]. In addition, Table 1 shows that the
atomic concentrations of Ce and Zr on the surface of Mn-Ti/CZ-NR
catalyst are obviously lower than those on the surface of Mn/CZ-NR
catalyst, which is because that the loading of TiO2 on the surface of CZ
support covers some Ce and Zr atoms.

3.5. NH3-TPD and in situ DRIFTS of NH3 adsorption results

The surface acidity of catalysts is another important factor to in-
fluence their deNOx performance for NH3-SCR reaction. Therefore, NH3-
TPD technique was chosen to study the surface acidity of these samples
in the present work, as shown in Fig. 5. For CZ-NR support, it displays
three desorption peaks marked as I, II, and IV, which are resulted from
the physisorbed NH3 species, weak acid sites, and strong acid sites,
respectively [2,34,45,47]. However, four desorption peaks can be ob-
served over Ti/CZ-NR, Mn/CZ-NR, and Mn-Ti/CZ-NR catalysts, which
indicates that a new desorption peak (labeled as III) appears between
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the peak II and peak IV when TiO2 and MnOx species are loaded on the
surface of CZ-NR support. The desorption peak III can be attributed to
medium strong acid sites according to the relationship between deso-
rption peak temperature and acid strength [14,48]. Some interesting
information can be obtained from the quantitative analysis of NH3-TPD
over these samples, which are given in Table 2. It shows that the total
acid amount of these catalysts is obviously larger than that of CZ-NR
support due to the loading of TiO2 and MnOx species. Especially, Mn-
Ti/CZ-NR catalyst exhibits a remarkably increased total acid amount
compared with Mn/CZ-NR catalyst, which suggests that TiO2 mod-
ification can effectively improve the surface acidity of Mn/CZ-NR cat-
alyst to promote the adsorption of NH3 molecules, and finally enhance
the deNOx performance for NH3-SCR reaction.

Mn/CZ-NR and Mn-Ti/CZ-NR catalysts were chosen as the re-
presentative samples to further distinguish the Brønsted acid sites
(denoted as B acid) and Lewis acid sites (denoted as L acid) by in situ
DRIFTS of NH3 adsorption, the results were presented in Fig. 6. For Mn/

CZ-NR catalyst in Fig. 6(a), several IR vibration bands are detected in
the wavenumber range of 1000–1600 cm−1, when it is saturated by the
NH3-N2 mixed gases at room temperature. It is widely reported that the
bands at 1077, 1138, and 1594 cm−1 are attributed to the coordinated
NH3 species linked to L acid sites; the band at 1214 cm−1 is related to
the –NH2 species resulted from the transformation of coordinated NH3

species; the band at 1286 cm−1 is assigned to the deformation species of
coordinated NH3; the bands at 1393 and 1425 cm−1 are ascribed to
NH4

+ ions bonded on B acid sites; while the band at 1546 cm−1 is
associated to monodentate nitrates formed by the oxidation of adsorbed
NH3 species [17,38,49,50]. With the increase of temperature, the in-
tensity of these bands weakens obviously due to the transformation and
desorption of adsorbed NH3 species. Especially, the bands of –NH2

species (1214 cm−1), deformation species of coordinated NH3

(1286 cm−1), monodentate nitrates (1546 cm−1), B acid (1393 and
1425 cm−1), and L acid (1077 and 1594 cm−1) disappear at 225, 225,
275, 325, and 325 °C, respectively. However, another band of L acid
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Table 1
Surface composition of the prepared samples obtained from XPS.

Samples Atomic concentration (at. %) Atomic ratio (%)

Ce Zr Mn Ti O Ce3+/(Ce3++Ce4+) Mn4+/(Mn4++Mn3++Mn2+) Oα/(Oα+Oβ)

CZ-NR 20.37 2.00 / / 77.63 15.38 / 23.36
Ti/CZ-NR 9.93 2.33 / 14.56 73.18 15.96 / 25.19
Mn/CZ-NR 17.17 3.43 3.46 / 75.94 17.41 18.87 27.04
Mn-Ti/CZ-NR 10.53 2.09 3.49 6.61 77.28 17.61 21.26 27.47
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(1138 cm−1) still exists even at 400 °C, which suggests that the stability
of L acid is stronger than that of other adsorbed NH3 species.

Fig. 6(b) displays that the IR vibration bands of L acid, –NH2 spe-
cies, deformation species of coordinated NH3, B acid, and monodentate
nitrates are also observed, when Mn-Ti/CZ-NR catalyst is saturated by
the NH3-N2 mixed gases at room temperature. Moreover, a new band
appears at 1499 cm−1, which is also related to –NH2 species [49]. By
comparison with Mn/CZ-NR catalyst, some interesting phenomena can
be found, as follows: (1) the band intensity of L acid and B acid over
Mn-Ti/CZ-NR catalyst is remarkably stronger than that over Mn/CZ-NR
catalyst, indicating that the acid amount of Mn-Ti/CZ-NR catalyst is
larger than that of Mn/CZ-NR catalyst, which is consistent with NH3-
TPD results; (2) the bands of –NH2 species (1246 and 1499 cm−1),
deformation species of coordinated NH3 (1301 cm−1), monodentate

nitrates (1565 cm−1), B acid (1393 and 1425 cm−1), and L acid
(1114 cm−1) disappear at a higher temperature of 375 °C, while the
bands of other L acid (1141 and 1594 cm−1) are still present even at
400 °C, which suggests that the stability of these adsorbed species over
Mn-Ti/CZ-NR catalyst is obviously stronger than that over Mn/CZ-NR
catalyst; (3) the intensity change of the band for deformation species of
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Table 2
Quantitative analysis of NH3-TPD over the prepared samples.

Samples Acid amount (a.u.) Total acid amount (a.u.)

SI SII SIII SIV SI+ SII+ SIII + SIV

CZ-NR 451 565 / 1430 2446
Ti/CZ-NR 969 734 571 461 2735
Mn/CZ-NR 837 643 886 550 2916
Mn-Ti/CZ-NR 773 763 1080 615 3231
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coordinated NH3 (1301 cm−1) over Mn-Ti/CZ-NR catalyst is more ob-
vious than that over Mn/CZ-NR catalyst, which indicates that the in-
troduction of TiO2 is beneficial to the activation of NH3 molecules. The
obtained results indicate that TiO2 modification can significantly en-
hance the ability of Mn/CZ-NR catalyst to adsorb and activate NH3

molecules, which benefits to the enhancement of deNOx performance
for NH3-SCR reaction.

3.6. DeNOx performance and H2O+SO2 tolerance results

With the purpose of evaluating the deNOx performance of these
samples for low-temperature NH3-SCR reaction, the whole measure-
ment process was carried out from 50 to 250 °C, and the results were
given in Fig. 7. It can be seen from Fig. 7(a) that NOx conversion (i.e.,
catalytic activity) of CZ-NR support is very poor, which is below 40%
during the reaction temperature range of 50–250 °C. The catalytic ac-
tivity of Ti/CZ-NR catalyst is higher than that of CZ-NR support, but is
still unsatisfactory. For Mn/CZ-NR catalyst, it shows an obviously en-
hanced catalytic activity, compared with CZ-NR support, due to the
loading of active MnOx species. The catalytic activity of Mn/CZ-NR
catalyst increases with the elevation of reaction temperature firstly, and
then declines with the further increase of reaction temperature, which
exhibits the maximum NOx conversion of 75.6% at 200 °C. Interest-
ingly, the catalytic activity of Mn-Ti/CZ-NR catalyst is higher than that
of Mn/CZ-NR catalyst, and presents more than 80% NOx conversion
from 150 to 250 °C, which suggests that TiO2 modification can further
improve the catalytic activity of Mn/CZ-NR catalyst. Based on the
above characterization results of physicochemical property, the pos-
sible reasons are as follows: (1) the introduction of TiO2 results in the
increase of oxygen vacancy concentration accompanied with higher
Ce3+ ratio, and the oxygen vacancy can break N-O bond to accelerate
the dissociation of NOx, which is beneficial to the enhancement of NOx

conversion; (2) TiO2 modification increases the ratios of Mn4+ and
surface adsorbed oxygen species, the former is conducive to NOx re-
moval, while the latter can promote the oxidation of NO to NO2, and
finally accelerates the occurrence of low-temperature NH3-SCR reaction
via a “fast SCR” path; (3) the total acid amount of Mn/CZ-NR catalyst
increases obviously after TiO2 modification, which can promote the
adsorption of NH3 molecules, and finally enhances the catalytic activity
for low-temperature NH3-SCR reaction.

It is generally considered that NOx conversion of the supported
MnOx-based catalysts is good, but the N2 selectivity is poor due to the
formation of a large number of N2O (by-product). However, N2O is also
an important atmospheric pollutant. In other words, the formation of a
large number of N2O limits the wide application of the supported
MnOx-based catalysts for low-temperature NH3-SCR reaction.
Therefore, the situation of N2O formation was also investigated in the
present work, as presented in Fig. 7(b). It shows that there are no N2O
formed over CZ-NR support and Ti/CZ-NR catalyst from 50 to 250 °C.
However, as expected that Mn/CZ-NR catalyst exhibits high N2O con-
centration during the whole measurement process, which increases
with the elevation of reaction temperature, and reaches to 224 ppm at
250 °C. Interestingly, N2O concentration over Mn-Ti/CZ-NR catalyst is
remarkably smaller than that over Mn/CZ-NR catalyst, which indicates
that TiO2 modification can effectively inhibit the formation of N2O to
improve the N2 selectivity of Mn/CZ-NR catalyst. The reason may be
that the introduction of TiO2 weakens the strong interaction between
MnOx species and CZ-NR support, and further appropriately weakens
the redox property of Mn/CZ-NR catalyst (supported by H2-TPR re-
sults), which benefits to inhibit the non-selective catalytic oxidation of
NH3 to form N2O.

As we know, a small amount of H2O and SO2 exists in the practical
flue gas, which can result in the deactivation of deNOx catalysts. It is
very important to understand the catalysts’ resistance to H2O and SO2

during low-temperature NH3-SCR reaction. Therefore, the H2O+SO2

tolerance of Ti/CZ-NR, Mn/CZ-NR, and Mn-Ti/CZ-NR catalysts was

evaluated at 200 °C, and the results were displayed in Fig. 8. It shows
that the variation trend of NOx conversion over these catalysts is similar
to each other when H2O+SO2 are introduced and cut off. The details
are as follows: NOx conversion is very stable in the absence of
H2O+SO2, while decreases to some extent after the introduction of
H2O+SO2 due to the partial deactivation of catalysts, and finally re-
covers but below the original level when H2O+SO2 are cut off. It is
widely reported that the deactivation of catalysts in the presence of
H2O+SO2 is mainly caused by the deposition of sulfates (such as
(NH4)2SO4 and NH4HSO4), the sulfation of active species, and the
competitive adsorption between reactants and H2O+SO2 [38,51,52].
In the present work, these spent catalysts were further characterized by
XPS to obtain the information about the deposition of sulfates and the
sulfation of active species, as shown in Fig. S2 (in the Supporting
Information). It exhibits that almost no signals of S element can be
detected between 160 and 175 eV over these spent catalysts, which
indicates that the deposition of sulfates and the sulfation of active
species are not the main reasons for the deactivation of Ti/CZ-NR, Mn/
CZ-NR, and Mn-Ti/CZ-NR catalysts. In other words, the deactivation of
these catalysts is mainly caused by the competitive adsorption between
reactants and H2O+SO2 during the measurement process of
H2O+SO2 tolerance. Interestingly, we can find that Mn-Ti/CZ-NR
catalyst exhibits obvious higher NOx conversion than Mn/CZ-NR cata-
lyst in the presence of H2O+ SO2, which suggests that TiO2 modifica-
tion can effectively improve the H2O+SO2 tolerance of Mn/CZ-NR
catalyst due to the good sulfur resistance of TiO2. Finally, these ex-
perimental results indicate that Mn-Ti/CZ-NR catalyst has the potential
to be used for practical low-temperature deNOx application.

3.7. Interaction with reactant molecules

In order to understand the influence of TiO2 modification on the
microscopic process of NH3-SCR reaction over Mn/CZ-NR catalyst, it is
necessary to discriminate the NOx species on the surface of catalyst.
Therefore, NO+O2 co-adsorption in situ DRIFTS of Mn/CZ-NR and Mn-
Ti/CZ-NR catalysts were carried out, and displayed in Fig. 9. With re-
gard to Mn/CZ-NR catalyst (i.e., Fig. 9(a)), when it is exposed to
NO+O2 mixed gases (500 ppm NO, 5% O2, and the rest is N2) at room
temperature, several IR vibration signals appear between 900 and
2000 cm−1. Based on the previous reports [2,17,20,53–55], the bands
at 1034 and 1593 cm−1 can be assigned to bidentate nitrates; the band
at 1262 cm−1 is related to bridging nitrates; while the bands at 1342,
1482, 1552, 1625, and 1749 cm−1 are attributed to M-NO2 nitro
compounds, linear nitrites, monodentate nitrates, adsorbed NO2 spe-
cies, and physisorbed NO species, respectively. With the increase of
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temperature, these adsorbed species on the surface of Mn/CZ-NR cat-
alyst change obviously. The details are as follows: (1) M-NO2 nitro
compounds, linear nitrites, monodentate nitrates, adsorbed NO2

species, and physisorbed NO species disappear at 125, 125, 125, 225,
and 100 °C, respectively; (2) bidentate nitrates and bridging nitrates
weaken slightly, and further shift from 1034 to 999 cm−1, and from
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1262 to 1205 cm−1; (3) a new band appears at 1380 cm−1 when the
temperature reaches to 75 °C, which is ascribed to adsorbed NO3

− [18];
(4) the band at 1593 cm−1 (bidentate nitrates) increases firstly, and
then decreases with the elevation of temperature. Especially, we can
find that the band of adsorbed NO3

– (1380 cm−1) increases obviously
from 75 to 125 °C, while almost no change can be observed from 125 to
400 °C, which suggests that adsorbed NO3

− on the surface of Mn/CZ-
NR catalyst is too stable to take part in NH3-SCR reaction. For Mn-Ti/
CZ-NR catalyst (i.e., Fig. 9(b)), the signals of bidentate nitrates, bridging
nitrates, M-NO2 nitro compounds, linear nitrites, adsorbed NO2 species,
and physisorbed NO species are also detected at the corresponding lo-
cations. Furthermore, a new band ascribing to monodentate nitrates
appears at 1272 cm−1, which may be related to the introduction of TiO2

[2]. The change trend of these adsorbed species on the surface of Mn-
Ti/CZ-NR catalyst with the increase of temperature is similar to that
over Mn/CZ-NR catalyst. However, compared with Mn/CZ-NR catalyst,
the most obvious difference is that the stable adsorbed NO3

−

(1380 cm−1) doesn’t appear during the heating process. In other words,
TiO2 modification inhibits the generation of stable adsorbed NO3

−,
which is beneficial to releasing the active sites of catalyst, and further
enhances the deNOx performance for NH3-SCR reaction.

With the purpose of exploring the NH3-SCR reaction mechanism
over Mn/CZ-NR and Mn-Ti/CZ-NR catalysts, NO+O2 co-adsorption in
situ DRIFTS of these catalysts pre-adsorbed NH3 at 200 °C were carried
out, and presented in Fig. 10. For Mn/CZ-NR catalyst (i.e., Fig. 10(a)),
when it is saturated by NH3 at 200 °C, the signals of L acid (1078 and
1180 cm−1), deformation species of coordinated NH3 (1269 cm−1), B
acid (1434 cm−1), –NH2 species (1498 cm−1), and monodentate ni-
trates (1554 cm−1) can be observed. And then, NH3 gas is shut down,
while NO+O2 mixed gases are introduced. Some interesting phe-
nomena can be found, as follows: (1) these signals relating to the ad-
sorption of NH3 species disappear rapidly, when the introduction of
NO+O2 mixed gases reaches at 2min; (2) bidentate nitrates (1005 and
1602 cm−1) and bridging nitrates (1202 and 1250 cm−1) relating to the
adsorbed NOx species appear at 1min and 2min, respectively, which
further increase to a steady state at 20min. Fig. 10(b) shows that the
NO+O2 co-adsorption in situ DRIFTS result of Mn-Ti/CZ-NR catalyst
pre-adsorbed NH3 is very similar to that of Mn/CZ-NR catalyst. These
findings suggest that NO+O2 can be adsorbed on the surface of Mn/
CZ-NR and Mn-Ti/CZ-NR catalysts to generate adsorbed NOx species
due to the unpaired electron of NO molecules; and then, the adsorbed
NOx species react with the adsorbed NH3 species quickly, which in-
dicates that NH3-SCR reaction on the surface of Mn/CZ-NR and Mn-Ti/
CZ-NR catalysts follows a Langmuir-Hinshelwood (L-H) mechanism.

On the other hand, NH3 adsorption in situ DRIFTS of Mn/CZ-NR and
Mn-Ti/CZ-NR catalysts pre-adsorbed NO+O2 at 200 °C were also
performed, and displayed in Fig. 11. With regard to Mn/CZ-NR catalyst
(i.e., Fig. 11(a)), when it is saturated by NO+O2 at 200 °C, the bands of
bidentate nitrates (1005 and 1603 cm−1), bridging nitrates (1205 and
1243 cm−1), and linear nitrites (1501 cm−1) can be detected. And then,
NO+O2 mixed gases are shut down, while NH3 gas is introduced.
There are no IR signals of adsorbed NH3 species can be found during the
whole test process. The reason may be that the adsorption of NOx is
stronger than that of NH3, so the pre-adsorbed NO+O2 inhibits the
adsorption of NH3. However, we can find that the band at 1205 cm−1

weakens and disappears when the introduction of NH3 reaches at 4min;
the bands at 1005 and 1603 cm−1 decrease, while the bands at 1243
and 1501 cm−1 increase with the extension of time, and all of them
keep a steady state at 40min; moreover, the bands at 1243 and
1603 cm−1 shift to 1269 and 1555 cm−1, respectively, but still exhibit
remarkable intensity. Fig. 11(b) presents that the NH3 adsorption in situ
DRIFTS result of Mn-Ti/CZ-NR catalyst pre-adsorbed NO+O2 is very
similar to that of Mn/CZ-NR catalyst. These experimental results sug-
gest that the gaseous NH3 molecules can slowly react with the adsorbed
NOx species on the surface of Mn/CZ-NR and Mn-Ti/CZ-NR catalysts,
which indicates that an Eley-Rideal (E-R) mechanism also exists in the

NH3-SCR reaction over Mn/CZ-NR and Mn-Ti/CZ-NR catalysts. Com-
bined with Figs. 10 and 11, we believe that NH3-SCR reaction on the
surface of Mn/CZ-NR and Mn-Ti/CZ-NR catalysts follows L-H and E-R
mechanisms, while the L-H mechanism is the dominant.

4. Conclusions

In summary, a series of CZ-NR, Ti/CZ-NR, Mn/CZ-NR, and Mn-Ti/
CZ-NR samples were prepared to explore the promotion role of TiO2

modification in the deNOx performance and H2O+SO2 tolerance of
Mn/CZ-NR catalyst. These samples were investigated in detail by some
physicochemical characterization techniques. Several important con-
clusions are obtained, as follows:

(1) Both of TiO2 and MnOx are highly dispersed on the surface of CZ-
NR support, which have no obvious influence on the nanorod
morphology and cubic fluorite crystal structure of CZ-NR support.

(2) TiO2 modification can effectively increase the oxygen vacancy ac-
companied with more Ce3+, the ratios of Mn4+ and surface ad-
sorbed oxygen species, as well as the total acid amount over Mn/
CZ-NR catalyst. All of these lead to the excellent catalytic activity of
Mn-Ti/CZ-NR catalyst.

(3) The introduction of TiO2 can weaken the strong interaction be-
tween MnOx species and CZ-NR support, and further appropriately
weakens the redox property of Mn/CZ-NR catalyst, which is bene-
ficial to inhibiting the non-selective catalytic oxidation of NH3 to
N2O, and finally results in the improvement of N2 selectivity.

(4) Mn-Ti/CZ-NR catalyst exhibits better H2O+ SO2 tolerance than
Mn/CZ-NR catalyst due to the good sulfur resistance of TiO2, which
suggests that it has the potential to be used for practical low-tem-
perature deNOx application.

(5) L-H and E-R mechanisms co-exist in the NH3-SCR reaction over Mn/
CZ-NR and Mn-Ti/CZ-NR catalysts, while the L-H mechanism is the
dominant. Furthermore, TiO2 modification doesn’t change the re-
action mechanism of NH3-SCR reaction on the surface of Mn/CZ-NR
catalyst.
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