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Enhanced surface acidity

Tuning the acid site on the surface of the catalyst tends towards facilitating the selective reduction of NO, by NH3
(NH3-SCR). In this study, a set of catalysts for the Nb/CeSi, with different loadings of niobium were synthesized
and evaluated in terms of NH3-SCR over a broad temperature range. The results indicated that a catalyst for
20Nb/CeSiy exhibited the best low-temperature NH3-SCR performance while maintaining excellent SO2/H20
resistance. These catalysts were also characterized by BET, XRD, Raman, NH3-TPD, and H2-TPR to further
explore the correlations between catalyst structure and performance after adding niobium. For the Nb/CeSiz
catalysts, the surface structure was blocked by niobium species, resulting in varying degrees of reduction in the
specific surface areas. Also, the total acidity decreased with the declines of the specific surface areas while the
acidity per unit was enhanced, which facilitates the occurrence of the SCR reaction. Furthermore, in situ DRIFTS
results indicated that SCR reaction could occur following the Eley-Rideal (E-R) mechanism and Langmuir-
Hinshelwood (L-H) mechanism simultaneously over 20Nb/CeSi, catalyst, which could be attributed to the
interaction between niobium and ceria in favor of the activation of inert surface nitrate, considered the primary

factor for the improvement of the catalyst performance at low-temperature.

1. Introduction

Nitrogen oxides (NO,) from industrial production processes and
automobile exhaust emissions seriously pollute the atmospheric envi-
ronment, causing some environmental problems such as the greenhouse
effect, acid rain, ozone depletion, and photochemical smog, which are
directly harmful to human health [1]. It is widely accepted that the
selective catalytic reduction of NO, with NH3 (NH3-SCR) is one of the
most efficient techniques for removing nitrogen oxides, and the catalysts
are a key component in these techniques [2]. As we all know, the
V205-WO3(Mo00s3)/TiO3 catalyst has been used widely as a commercial
catalyst to remove NO, from stationary sources, contributing to good
sulfur resistance and stability at 300-400 °C [3]. Nevertheless, its use
also encountered some problems, such as the relatively narrow opera-
tion temperature window, and the conversion of SO, to SOs3 in
high-temperature, which also limited the use of V,05-WO3(Mo003)/TiOy
for reactions operating at a lower temperature below 300 °C or even
lower like non-electric industries [3,4]. Hence, it is of great significance
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to develop environment-friendly and low-temperature catalysts as al-
ternatives [5].

Among the many catalytic materials, CeO4 has been widely used in
the SCR catalysis field, attributed to its nontoxic and excellent redox
properties, while pure ceria showed poor activity due to its weak surface
acidity and low resistance to SO2/H20 poisoning [6-8]. To overcome
these problems, modified ceria-based catalysts have been investigated
by doping with different metal elements [9,10]. In previous work, we
also synthesized a promising Ce-Si mixed-oxide catalyst by
co-precipitation method, which showed great catalytic activity range
from 250 to 400 °C and performed excellent resistance to sulfur and
water poisoning if the exhaust gas contains 200 ppm SO and 5 vol%
H50 at 250 °C [11]. However, it still needs to catch up on some inade-
quate, for instance, the insufficient performance below 250 °C, which
needs further improvement to meet practical application needs.

Generally, the acidity and redox properties of catalysts were two
crucial factors in improving the catalytic activity for an NH3-SCR reac-
tion, and it had been proven to be an effective method to improve low-
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Fig. 1. a) NO conversions and b) Ny selectivity of related samples as a function of temperature. The feeding gas contains 500 ppm of NH3, 500 ppm of NO, 4% O,
Weight hourly space velocity (WHSV) = 60,000 mL-g~-h™}; ¢) NO conversions and d) N, selectivity of related samples as a function of temperature. The feeding gas
contains 500 ppm of NH3, 500 ppm of NO, 4% O,, Weight hourly space velocity (WHSV) = 120,000 mL-g~-h~1.

temperature SCR activity of ceria-based catalysts by adding acidic
metallic oxides, such as WO3, Nb,Os, and MoO3 [12-16]. For example,
Liu et al. found that the greater number of acid sites and higher surface
concentrations of Ce3* emerging over the surface of CeO, with the
modification of WOs, resulting in the 100% NO, conversion ratio can be
reached over WO3-CeO, catalyst by the single step sol-gel from 200 to
450 °C [17]. Li et al. also reported that introducing MoOs to CeO can
improve the NH3-SCR activity in a relatively wide temperature range
from 200 to 400 °C [18]. Except for the above, the NbyOs-CeO-, catalyst
has also shown great potential for low-temperature activity due to the
aid of the acidic nature of NbO, species in the SCR reaction [19-21]. Qu
et al. have reported that the NbyOs-CeO; catalyst could achieve over
80% NO conversion in a wide temperature range of 200-450 °C at a
GHSV of 120,000 h ~ 1 [22]. Although Nb-modified cerium-based cat-
alysts exhibited attractive low-temperature activity, their poor resis-
tance to sulfur poisoning greatly limited their application in practical
industrial processes [23]. Therefore, we expected to synthesize a new
low-temperature catalyst with superior resistance to SO2/H20 poisoning
by introducing the niobium to the Ce-Si mixed oxides.

For this work, a wide range of niobium contents was loaded on the
Ce-Si mixed oxides catalyst by a common impregnation method.
Considering that NH3-SCR activity is directly related to catalytic surface
structure, we first measured the NH3-SCR activity and Nj-selectivity of
all the prepared catalysts. The catalyst exhibiting the best activity was
selected for further characterization. Then a series of character tech-
nology was carried out systematically and correlated with catalytic ac-
tivities in the present work.

2. Material and methods

The Ce-Si mixed oxide with a Ce-Si mol ration of 1:2 (denoted as
CeSiy) was prepared by a coprecipitation method, as reported previously
[11,12]. Firstly, the desired amount of (NH4)2Ce(NO3)g-6Ho0 was dis-
solved into ethanol to obtain a homogenous solution. Then tetraethyl

orthosilicate (TEOS) was added dropwise into the solution under
continuous magnetic stirring. After stirring for 30 min, aqueous
ammonia was added dropwise into the mixed solution until the pH
reached 10. The resulting suspension was aged overnight and washed
with distilled water. The resulting product was dried at 100 °C for 24 h
and calcined at 550 °C for 4 h in the air. For the preparation of the CeOs,
the procedures were just the same as the preparation process of the CeSis
catalysts yet without the addition of TEOS.

The Nb/CeSi, catalysts were obtained by impregnating the CeSis
with C4H4NNbOg-nH0 solution. The controlled amount of Ammonium
niobate(V) oxalate hydrate(C4H4NNbOg-nH20) was dissolved into
deionized water. Afterward, the CeSi, powder catalyst prepared previ-
ously was put into the solution with continuously stirred for 30 min,
then heated in a water bath at 110 °C until all the water evaporated. At
last, the resulting solids were dried at 100 °C overnight, followed by
calcination at 550 °C for 4 h in the air. The catalysts were denoted as x
Nb/CeSi,, where x represents the mass ratio of NbyOs to CeSip. The
procedures for the Nb/Ce catalyst were the same as the preparation of
the Nb/CeSi, catalysts.

The NH3-SCR activity, Ny selectivity, and NO oxidation were
measured in a fixed-bed quartz flow reactor with 100 mg of the prepared
catalyst sieved to 40-60 mesh. The reaction conditions were as follows:
500 ppm NO, 500 ppm NH3 (when used), 200 ppm SO; (when used), and
4% O, balanced with Ar (when used). The NO, NO,, NH3, and N,O
concentrations were measured by an online Thermofisher iS10 FTIR
spectrometer equipped with a 2 m path-length gas cell (250 mL volume).
In all tests, the total flow rate of the feed gas was controlled at 100 mL/
min, which corresponded to a space velocity of approximately 60,000
mL~g*1-h*1. The Xno (NO conversion) and Sy, (N2 selectivity) were
calculated based on the following equations:

CNO.in B CNO.oul

Xno(%) = x100%

CNO,in
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Fig. 2. a) NO conversions of 20Nb/Ce, CeSi,, 20Nb/CeSi, as a function of reaction time in the presence of 200 ppm SO at 250 °C and b) NO conversions of 20Nb/Ce,
CeSiy, 20Nb/CeSi, as a function of reaction time in the presence of 200 ppm SO + 5 vol% H;0 at 250 °C (The feeding gas contains 500 ppm of NHs, 500 ppm of NO,
4% 0, and 200 ppm of SOy, 5 vol% H,0 (when used), WHSV = 60,000 mL-g~'-h~1.).
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Specific surface areas of prepared samples were obtained from Ny
adsorption-desorption isotherms at —196 °C by using a Micromeritics
ASAP-2020 analyzer. Before tests, the samples were degassed at 300 °C
for 4 h.

X-ray powder diffraction (XRD) patterns were measured on a Philips
X’pert Pro-diffractometer with Ni-filtered Cu K, radiation (0.15408 nm).
The range of XRD patterns was 10-80°, and the scan speed was
10°-min ! with a scan step of 0.02°

The transmission electron microscopy (TEM) images were taken on a
JEM-2100 instrument operated at 200 kV.

Laser Raman spectra were carried out on a LabRAM Aramis (Japan
Horiba) Laser Raman spectrometer with an Ar' laser beam with an
emission line at 532 nm.

Temperature programmed reduction of hydrogen (Hy-TPR) was
performed in a quartz U-tube reactor connected to a thermal conduc-
tivity detector (TCD). An Ha-Ar (7% Hs) mixture was used as a reduc-
tant. The samples were pretreated with Ny at 200 °C for 1 h. The
measuring temperature range was 100 °C to 800 °C with a ramping rate
of 10 °C-min .

NHs-temperature-programmed desorption (NH3-TPD) was carried
out in a fixed-bed quartz flow reactor connected with an online Ther-
mofisher iS10 FT-IR spectrometer equipped with a 2 m path-length gas
cell (250 mL volume). Approximately 100 mg of each sample was
exposed to the atmosphere with NH3 at room temperature until
adsorption saturated, then Ar was introduced into the quartz tube
reactor again to remove the weakly adsorbed NHj. Afterwards, the
samples were heated to 600 °C at a rate of 10 °C-min ™" in the flowing Ar
(100 mL-min™).

The in situ DRIFT spectra were recorded by a Fourier transform
infrared spectrometer (Nicolet Nexus 5700) equipped with an MCT de-
tector cooled by liquid N». Before tests, the samples were pre-treated in a
N, atmosphere at 300 °C for 1 h. The infrared spectra were recorded by

collecting 32 scans at a resolution of 4 cm ™.

3. Results and discussion
3.1. NH3-SCR catalytic performance

For the purpose of investigating the role of niobium species in the
catalytic activity of Nb/CeSiy catalyst, the effect of the catalytic per-
formance and Na-selectivity of the CeSi, catalysts with different niobium
loading amounts were listed in Fig. la. Similar to our previously re-
ported results, the CeSiy catalyst shown the limited NH3-SCR perfor-
mance and its best activity was ca. 90% NO conversion at 300 °C [11].
Furthermore, its Ny selectivity decreased with increasing temperature

above 300 °C (Fig. 1b). This phenomenon was attenuated by loading of
the NbO, over a wide temperature range of 250-450 °C, and the selec-
tivity of Ny was relatively steady. Meanwhile, after loading the catalyst
with NbO, (Nb/CeSiy), the catalyst showed a better performance in the
NH3-SCR than in the CeSiy, with the optimum performance obtained
when the loading of NbO, was 20% and the Tg9y of the 20Nb/CeSi,
catalyst decreased from 300 to 225 °C. Even if in the high WHSV of 12,
0000 mL-g~1h™! (Fig. 1c and 1d), the 20Nb/CeSi, catalyst still could
maintain the best catalytic performance and more than 80% of NO
conversion was achieved in a wide temperature window (250-450 °C).
In summary, the 20Nb/CeSis is an effective catalyst with high activity at
a low temperature. A detailed analysis of the samples was carried out to
explain the differences in the catalysis properties, the results of which
were presented in the sections.

3.2. Influence of SO2/H20

The sulfur and water resistance of related catalysts at 250 °C was
evaluated through long-time resistance tests. The corresponding results
were presented in Fig. 2. As depicted in Fig. 2a, with the introduce of
200 ppm SO3, 20Nb/Ce had a very obvious deactivation, with a rapid
decrease in NO conversion from 100% to 40%. It showed that SO,
caused the rapid deactivation of the niobium species on the surface of
CeO,. Interestingly, thanks to the abundant hydroxyl groups formed on
the surface of the CeSiy catalyst that inhibit the adsorption of sulfur
oxides, CeSi exhibited an excellent SO, resistance comparable to that of
20Nb/Ce [11]. As for the 20Nb/CeSiy catalyst, the NO conversion
initially decreased slightly but remained above 80% during the whole
sulfur resistance test, indicating that the 20Nb/CeSij catalyst performed
superior resistance to sulfur poisoning at lower temperatures than
20Nb/Ce catalysts. Additionally, given that the synergistic effect of
water and sulfur dioxide will exacerbate the catalyst deactivation pro-
cess, the NO conversion of the related catalysts in the coexistence of 5
vol% H,0 and 200 ppm SO2 was also tested, and the results are shown in
Fig. 2b [24,25]. The results were consistent with the above trend of
resistance to sulfur, i.e., the Nb-modified CeSi, catalysts still had the
excellent resistance to sulfur dioxide and water vapor. This meant that it
was possible to modify CeSiy catalysts by impregnating them with
niobium to improve their performance at low temperatures and retain
their excellent resistance to water and sulfur oxides.

3.3. Structural characteristics

As the changes in activity were directly related to structure, the
structural properties of the catalysts were further characterized to
explore the reasons for the enhancement in activity. XRD was carried out
to elucidate the changes in the crystalline state of the catalyst after the



L. Ding et al.

Q
~
<
<

4 CeO,(JCPDS 34-0394)
¥Nb,O4(JCPDS 28-0317)

v
v v v
Nb,O; v

30Nb/CeSi.

m
20Nb/CeSiy o .
e 4 e

10Nb/CeS;j,
CeSia L

10 20 30 40 50 60 70 80
2 Theta (°)

Intensity (a.u.)

Chemical Physics Impact 6 (2023) 100205

b)| Iroc CeSi,
D-bands
Fag
;-‘ Trooo 10Nb/CeSi,
s
=
@ 20Nb/CeSi,
[
)
£

400 600 800 1000 1200
Raman shift (cm™)

200
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Fig. 4. The HR-TEM images of a) CeSi, and b) 20Nb/CeSi, and TEM images of c¢) CeSi, and d) 20Nb/CeSi,.

addition of niobium, and the results were displayed in Fig. 3a. Consistent
with the description in the literature, the CeSi; catalyst has no obvious
diffraction peaks being detected indicating an amorphous structure was
formed [11]. After the loading of niobium species, no typical patterns
assigned to NbyOs crystallites could be observed, which implied that the
niobium species are finely dispersed over the CeSi; in the form of an
amorphous state. Nevertheless, with the addition of niobium, the peak
appeared at 28°, 33°, 47°, and 56°, which could be indexed to a cubic
fluorite-phase CeO; structure (JCPDS 34-0394). The appearance of

diffraction peaks attributed to CeO; proved that the crystallinity of CeOy
increased [26]. HRTEM was also conducted and the results are presented
in Fig. 4. No obvious features could be observed over the CeSiy catalyst
(Fig. 4a). In contrast, the HRTEM image of the 20Nb/CeSi, catalyst
(Fig. 4b) showed distinct lattice fringes related to the CeO, (111) crys-
talline plane with an interplanar spacing of 0.31 nm [14]. Therefore, the
results from the HRTEM images illustrated that the introduction of
niobium inhibited the interaction between ceria and silicon, resulting in
the crystallinity of CeO increased to a certain extent, which was also
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Table 1
Textural parameters of the related catalyst samples.
Samples BET surface area Pore volume Pore size In/
(m*/g) (em®/g) (nm) Iizg'
Nb,Os 45 0.178 13.16 /
CeSiy 203 0.165 3.32 0.10
10Nb/ 136 0.116 3.39 0.06
CeSiy
20Nb/ 85 0.072 3.40 0.07
CeSiy
30Nb/ 51 0.045 3.63 /
CeSiy
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supported by the conclusion of the XRD data [27].

Raman spectra were also collected to explore further the structural
properties of the catalysts (Fig. 3b). All the catalysts exhibited a band at
ca. 460 cm™!, which could be assigned to the Fyg vibration mode of the
CeOx, cubic fluorite structure. The intensity of the Fag band on CeSiy was
lower than that on 20Nb/CeSi,, implying the lower crystallinity of
CeSiy, which was consistent with the highest specific surface area of
CeSiy [12]. Notably, the band at 680 cm ! associated with surface NbO,
species was observed on 30Nb/CeSi,, suggesting the existence of
bulk-like NbO, species [27]. As reported, pure niobium oxides show
poor activity, which could also explain the decrease of catalyst activity
when more niobium was added [28-30].

Nitrogen adsorption-desorption experiments were also performed to
study the physical properties of the catalysts, the related textural pa-
rameters of various catalysts were summarized in Table 1. CeSi; catalyst
had a much larger BET surface area than those loaded with niobium.
Adding more niobium would result in a greater loss of the BET surface
area of the related catalysts. The reduction in specific surface area
should be related to the higher crystallinity of CeO2 and the plugging of

Chemical Physics Impact 6 (2023) 100205

the pore structure by the impregnation of niobium species, which was
also supported by the XRD results and the decrease in the pore volume
[31,32]. Generally, a high specific surface area benefits the surface
adsorption of more reactants and precipitates in the NH3-SCR reaction.
Interestingly, there was an extreme loss on the specific surface area
among the catalysts with the increase of niobium loading, which caused
little effect on the catalyst activity in this work. Then, the specific ac-
tivity calculated by further normalizing the specific surface area with
the catalyst activity was illustrated in Fig. 5. It can be seen that the
specific activity of 20Nb/CeSi, was about 3 times higher than that of
CeSip within the reaction temperature window of 200-450 °C. This
suggested that the change in structure of the cerium-silica mixed oxide
caused by the Nb modification was not the main reason for the vari-
ability in the catalytic performance.

3.4. Redox properties

Catalyst structure had a dramatic impact on redox properties, and
numerous studies had demonstrated that the redox ability of the catalyst
played a crucial role in the SCR reaction, which was also investigated
based on related tests [33,34]. According to the results of Raman, the
band at ca. 600 cm ™! was related to oxygen defects (D-bands). The peak
area ratio of D-bands to the Fog band (Ip/Ig2g) could be used to indicate
the relative concentration of oxygen defects, which was used as an in-
dicator of the redox capacity of the catalyst [12]. As listed in Table 1, the
Ip/Ir2g value was decreased with the addition of niobium, which meant
that the number of oxygen defects declined. More oxygen defects could
significantly promote redox capacity, facilitating reactant activation
[35]. The number of oxygen defects declined also meant the redox
properties worsened, illustrating that the addition of niobium species
caused a reduction in the redox capacity of the catalyst [36].

In general, the enhancement of low temperature activity was also
likely to take place via the “fast SCR” route, which was closely related to
the oxidation capacity of the catalyst, especially for the oxidation of NO
to NOs. Therefore, the NO oxidation test was carried out to investigate
the NO-oxidation characteristics of the relevant samples (Fig. 6a). For
CeSiy, the NO oxidation began at about 200 °C and more NO; was
generated above 250 °C than the 20Nb/CeSi; catalyst, which meant the
introduction of niobium species declined the NO oxidation capacity. It
was worth noting that the low-temperature performance was still
enhanced while the NO oxidation property declined, that was to say,
other factors affected the low-temperature activity. Fig. 6b showed the
H,-TPR profiles of the related samples. For the profile of CeSiy, the peak
a at ca. 285 °C and the peak f at ca. 542 °C could be assigned to the
reduction of surface adsorbed oxygen species and surface Ge*,
respectively [11]. After adding niobium, the reduction peak a moved to
the higher temperature and the peak area became smaller, revealing the
decrease of redox ability after adding niobium species, which was
proven by the result of NO oxidation. It should be noted that a new peak
y at ca. 700 °C appeared, and the area of peak f§ decreased to some extent
over the Nb/CeSiy catalyst. According to the previous reports, the

—e— CeSi,
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Fig. 6. a) NO oxidation and b) H,-TPR profiles of related samples.
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reduction temperature of niobium oxide was above 800 °C [37]. Hence,
the peak y could be ascribed to the reduction of Ce-O-Nb. In summary,
adding niobium species resulted in a reduction in redox capacity, which
was unrelated to the factors of activity enhancement.

3.5. Surface acidity

Surface acidity was another important factor influencing the NHs-
SCR performance [37]. Accordingly, the NH3-TPD profiles of CeSiz and
Nb/CeSi, were collected to determine the amount of acid sites and acid
strength, and the results were shown in Fig. 7a. All the samples exhibited
two desorption peaks located in a wide temperature range of 50-450 °C.
The first peak at around 150 °C could be assigned to the desorption of
weakly surface physically adsorbed ammonia. The other peak at around
250 °C was probably associated with the desorption of chemical
adsorbed ammonia on Brgnsted and Lewis acid sites [38]. According to
the literature, adding niobium normally can improve the catalyst ac-
tivity by increasing the surface acidity [26]. However, the area of NH3
desorption peaks over Nb/CeSiy was smaller than those over the CeSiy
catalyst, illustrating that adding niobium decreased the total amounts of
acid sites of the catalysts. Taking in mind the blocking effect of niobium
on the pore channel causing the BET surface area to decline, we calcu-
lated the acidity per unit area by normalizing the total acidity with the

BET surface area (specific acidity). The results were shown in Fig. 7b. It
was obvious that the specific acidity enhanced with the addition of
niobium, illustrating the catalyst surface acidity could be increased
significantly by niobium oxide species due to its acid properties, and the
larger specific acidity capacity owing to the introduction of niobium to
CeSiy could be the main reason for its excellent low-temperature
activity.

3.6. Reaction mechanism

To further understand the formation and transformation of surface
adsorbed species in the NH3-SCR reaction, in situ DRIFTS were recorded
as a function of time at 225 °C over the 20Nb/CeSi, catalyst. To confirm
whether the adsorbed NHj could react with NO, 20Nb/CeSi; was
exposed to NHs for 30 min and followed by purging with N, to remove
weakly bonded NHj species. The result was displayed in Fig. 8a. The
bands at 1605 cm ™! could be assigned to coordinated NH; on Lewis acid
sites, and the bands at 1440 cm™! could be attributed to NH species on
Brensted acid sites [11,12]. After introduction of NO+O,, the bands
assigned to preabsorbed NHj species instantly disappeared, the bands
(1350 cm_1,1525 cm_1,1575 cm_1,1600 em 'and 1630 cm™) assigned
to nitrate species appeared dramatically indicating that the adsorbed
NH; species over 20Nb/CeSi; can be reacted directly with NO+0O; in the
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gas phase through the Eley-Rideal (E-R) mechanism [11]. The reaction
between the NH3 and pre-adsorbed nitrate species was also conducted.
As shown in Fig. 8b, some bands attributed to nitrate species were visible
when 20Nb/CeSi, was exposed to NO+O5 for 30 min and purged by N».
The bands center at 1575 ecm ™" could be attributed to bidentate nitrate,
and the bands at 1600 cm ™! and 1525 cm ™! were assigned to the bridged
nitrate and monodentate nitrate, respectively. Upon introducing NHs to
catalyst pre-adsorbed with NO+O,, the bands belonging to nitrate spe-
cies were diminished until dismissed, indicating the surface-adsorbed
nitrate species were activated and could participate in the reaction
due to the interaction with surface niobium species through the Lang-
muir—Hinshelwood (L-H) mechanism. That is to say, the NH3-SCR re-
action over Nb/CeSi, could follow both the L-H and E-R mechanisms,
which was different from CeSiy in that only E-R mechanism was estab-
lished [11]. Based the results above, the scheme of NH3-SCR reaction
mechanism over CeSiy and Nb/CeSiy catalysts was proposed (Fig. 8c).

4. Conclusions

In this work, niobium was used to modify the CeSiy catalyst to
improve the performance of the NH3-SCR and 20Nb/CeSiy showed
excellent low-temperature activity and better resistance against SO2/
H»0 poisoning. Several characterizations indicated that the enhanced
performance of the NH3-SCR reaction over Nb/CeSi; catalysts system
was due to the combination of both L-H and E-R mechanisms, in which
the acidity play the key factor. This work represents a facile and robust
strategy for the construction of environment-friendly NH3-SCR catalysts
with satisfied resistance to SO2/H20 poisoning.
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