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a b s t r a c t

Commercial V2O5-based catalysts have been successfully applied in NH3 selective catalytic reduction

(NH3-SCR) of NOx from power stations, but their poor alkali-resistance restrains the wider application

in nonelectrical industries. In this study, NOx reduction against alkali poisoning over V2O5/TiO2 is greatly

improved via Ce(SO4)2 modification. It has been originally demonstrated that Ce4+–SO4
2− pair sites play

crucial roles in improving NOx reduction against alkali poisoning over V2O5/TiO2 catalysts. The strong in-

teraction between V species and Ce sites of Ce4+–SO4
2− pairs triggers the reaction between NH4

+species
and gaseous NO via Eley-Rideal (E-R) reaction pathway. After K-poisoning, the SO4

2− sites of Ce4+–SO4
2−

pairs as protective sites strongly bond with K and thus maintain the high reaction efficiency via the E-R

reaction pathway. This work demonstrates an effective strategy to enhance NOx reduction against alkali

poisoning over catalysts via constructing Ce4+–SO4
2− pair sites, contributing to developing alkali-resistant

SCR catalysts for practical application in nonelectrical industries.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

NOx emissions from industries and vehicles not only impair hu-

man health but also cause serious environmental issues such as PM

2.5 and O3 [1–3]. NOx from power plants could be effectively re-

duced by NH3 selective catalytic reduction (NH3-SCR) using V2O5-

WO3/TiO2 catalysts [4–6]. Although commercial V2O5-based cata-

lysts have excellent activity and SO2 resistance at high tempera-

tures (>300 °C), the unsatisfactory alkali-resistant capacity restricts

their broader applications in steel plants, biomass burning, waste

incineration plants, etc. [7–10]. Therefore, a large number of stud-

ies have been conducted to explore effective strategies to amelio-

rate the alkali-resistance of catalysts.

In general, the deactivation mechanisms of alkali poisoning in-

clude the blockage of catalyst channels and the decrease in surface

acidity, which diminishes the adsorption and activation of NH3.

Extensive research has been studied on the improvement of al-

kali tolerance via increasing more acidic sites. Sulfated TiO2 and

ZrO2 improved the acidity of catalysts and thus effectively im-

proved alkali resistance [11–13]. The ion-exchanged titanate nan-

otubes (TNTs) have a number of OH groups with adequate acid

content and could neutralize the basicity of alkali. Some TNTs-

based catalysts such as CeO2-doped sulfated TNTs [14], Mo modi-
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fied V-TNTs [15] and Nb-doped Ce nanotubes [16] showed excellent

alkali-resistance. Furthermore, it is effective to enhance the alkali-

resistance of catalysts via constructing alkali-trapping sites to pro-

tect active sites. It has been demonstrated that BO3
3− and PO4

3−

as capturing sites could preferentially bond with alkali metals and

protect active sites of CeO2 and Fe2O3 based catalysts [17,18]. Zhou

et al. [9] found that the SCR activity was well maintained over the

K-poisoned V2O5/CeO2 because the in situ constructed SO4
2– sites

could capture K and retain a high adsorption rate and reactivity

of NH3. Fe2(SO4)3/TiO2 catalysts are also highly resistant to alkali

due to the protective effects of SO4
2– species [19]. The reactivity

of K-poisoned catalysts could be recovered via SO2 treatment be-

cause SO2 preferred to combine with K, thus releasing the active

sites poisoned by K [6]. These results demonstrated the protec-

tive effects of SO4
2– species against alkali-poisoning. Recently, we

found that Ce4+–SO4
2− pair sites on S doped CeO2 catalysts not

only increased the Brønsted acid sites but also greatly improved

the SO2-resistance of catalysts resulting from suppressing the ad-

sorption and oxidation of SO2. It is promising to develop alkali-

resistant catalysts by constructing Ce4+–SO4
2− pair sites, which is

of significance to the practice application of catalysts in complex

working conditions.

In this study, we demonstrated that Ce(SO4)2 modified

V2O5/TiO2 (denoted as CeSV/Ti) catalysts exhibited improved NOx
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reduction against alkali poisoning than V2O5/TiO2 (denoted as

V/Ti). K poisoned V/Ti showed poor activity with NOx con-

version below 70%. In comparison, K-poisoned CeSV/Ti showed

much higher activity with NOx conversion above 80% within

∼270–450 °C. For revealing the promoting effects of Ce(SO4)2
on the K-resistant capacity of V/Ti catalysts, the structure fea-

tures of catalysts are investigated by X-ray diffraction (XRD); the

acidic amounts of catalysts were determined by NH3 temperature-

programmed desorption combined with online mass spectrum

(NH3-TPD-MS), and redox properties probed of H2 temperature-

programmed reduction (H2-TPR), X-ray photoelectron spectroscopy

(XPS), etc. In addition, the adsorption and activation of NH3 and NO

as well as the pathways were deeply investigated by in situ diffuse

reflectance infrared fourier transform spectra (DRIFTS).

The catalysts were prepared via an impregnation method. Take

the preparation of 10 wt% Ce(SO4)2 modified V2O5/TiO2 catalyst as

an example. First, 2 g of TiO2 was dispersed in 10mL of deionized

water and sonicated for 5min. 0.2 g Ce(SO4)2 and 0.051 g NH4VO3

were dissolved in 6mL of deionized by a heating method, respec-

tively. After the mixed solution was cooled, the Ce(SO4)2 solution

was added by drop to the TiO2 suspension and stirred for 1h and

then the NH4VO3 solution was added by drop. After stirring for

30min, the samples are dehydrated using a rotary evaporator and

then dried overnight in an oven at 80 °C. After the dried sample

was calcined in a muffle furnace at 450 °C for 4h with a ramp-

ing rate of 2 °C/min, 10 wt% Ce(SO4)2 modified V2O5/TiO2 was ob-

tained, named as CeSV/Ti. Other 5, 15 and 20 wt% Ce(SO4)2 mod-

ified V2O5/TiO2 catalysts were prepared using the same method.

The Ce4+-modified and SO4
2−-modified V/Ti catalysts were pre-

pared by impregnating 0.2614g of Ce(NO3)3·6H2O and 0.1591g of

(NH4)2SO4, respectively. The preparation of V2O5/TiO2 catalysts is

similar to CeSV/Ti without the addition of Ce(SO4)2, named as

V/Ti. K-poisoned CeSV/Ti and V/Ti catalysts were prepared by the

impregnation method. 0.017 g of KNO3 was dissolved in 10mL of

deionized water, and 0.5 g CeSV/Ti and V/Ti catalysts were added

and stirred for 1h. The mixture was dehydrated by a rotary evap-

orator, dried overnight in an oven at 80 °C, and then calcined

in a muffle furnace under 450 °C for 4h with a ramping rate of

2 °C/min. The obtained catalysts were named as K-CeSV/Ti and K-

V/Ti, respectively. Characterizations of the obtained catalysts can be

found in Supporting information.

SCR activity was characterized by using a fixed-bed quartz flow

reactor (inner diameter: 8mm) with the catalyst (40–60 meshes).

SCR activity was tested from 150 °C to 420 °C. The gas mixture

composition: 500ppm of NO, 500ppm of NH3, 5 vol% of O2, and

N2 as the balance gas. The gas hourly space velocity (GHSV) was

controlled at 50,000 h−1 corresponding to the total flow rate of

257.7 mL/min. FTIR spectrometer (Protea atmosFIR) was used to si-

multaneously monitor the concentrations of NO, NO2, NH3, H2O,

and N2O. The SCR activity data were recorded after the reaction

system reached a stable state.

The NOx conversion, N2 selectivity, and GHSV were calculated

by using the following formulas:

NOx conversion(%) = [NOx]in − [NOx]out
[NOx]in

× 100%

N2 selectivity(%) =
(
1 − 2[N2O]out + [NO2]out

[NOx]in+[NO3]in−[NOx]out−[NH3]out

)

×100%

where NOx represents the total concentration of NO and NO2.

[NOx]in, [NOx]out, [N2O]out, [NH3]in, and [NH3]out stood for the inlet

and outlet concentrations of corresponding gas, respectively.

The GHSV was calculated by the following equation:

GHSV=qv/πhr2qv meant the total flow rate; h represented the

Fig. 1. Plots of NOx conversion versus temperature over CeSV/Ti, K-CeSV/Ti, V/Ti and

K-V/Ti catalysts. Reaction conditions: 500ppm NO, 500ppm NH3, 5 vol% O2, N2 as

the balance gas, and GHSV of 50,000 h−1.

height of the catalyst in the reactor; and r stood for the inner

radius of the reactor.

Firstly, the SCR activities of fresh and K-poisoned V/Ti cata-

lysts were tested, while different amounts of Ce(SO4)2 modified

V/Ti catalysts were compared (Figs. S1 and S2 in Supporting in-

formation). It can be seen that V/Ti shows NOx conversion above

90% within 240–450 °C (Fig. 1 and Fig. S1). Different amounts of

Ce(SO4)2 modified V/Ti catalysts all show decreased activities to

some extent, in which 10–15 wt% Ce(SO4)2 modified ones show

satisfactory activity with NOx conversion above 90% from 270 °C to

450 °C. After K-poisoning, the activity of K-V/Ti decreases markedly

with the highest NOx conversion of only 72% at 330 °C (Fig. 1 and

Fig. S2). For K-poisoned Ce(SO4)2 modified V/Ti catalysts, the activ-

ity increases and then decreases with increasing Ce(SO4)2 amount

from 5 wt% to 20 wt%, and the 10 wt% Ce(SO4)2 modified V/Ti

exhibits the highest activity with NOx conversion above 90% from

300 °C to 450 °C (Fig. 1). Besides, the fresh and K-poisoned CeSV/Ti

show good N2 selectivity above 95% (Fig. S3 in Supporting in-

formation). The CeSV/Ti catalyst exhibits excellent H2O tolerance

at 300 °C (Fig. S4 in Supporting information). Clearly, Ce(SO4)2
modification notably improves NOx reduction against alkali poison-

ing over V/Ti catalysts. The Ce(SO4)2 amount more than 10 wt%

may led to the poor dispersion of Ce(SO4)2, that is unfavorable

for the alkali resistance. Besides, we also supplemented the SCR

activity for Ce4+-modified and SO4
2− modified V/Ti catalysts and

their K-poisoned ones (Fig. S3). Although the low-temperature ac-

tivities of CeV/Ti and SV/Ti are better than that of CeSV/Ti, the

activity of K-poisoned CeSV/Ti is higher than that of K-poisoned

CeV/Ti and SV/Ti catalysts. These results indicate that Ce4+–SO4
2−

pair sites play crucial roles in the strong alkali resistance of

CeSV/Ti.

Firstly, the thermal stability of CeSV/Ti catalyst was tested via

the N2 temperature-programmed decomposition (TPDC (Fig. S5 in

Supporting information). A small quantity of SO2 (m/z=64) was

detected below 500 °C that is derived from the decomposition

of surface adsorbed SO4
2− species. The decomposition peak of

Ce(SO4)2 occurs above 500 °C associated with the large formation

of SO2. The thermogravimetry (TG) analysis also shows the similar

results (Fig. S6 in Supporting information). These results indicate

the good thermal stability of CeSV/Ti within the temperature range

of the activity test of catalysts. In order to probe the nature reason

for the stronger alkali-resistance of CeSV/Ti catalysts, the structure

features of fresh and K-poisoned CeSV/Ti and V/Ti catalysts were

investigated by XRD (Fig. S7 in Supporting information). All cat-

alysts display characteristic diffraction peaks ascribed to anatase

TiO2 (PDF #21–1272). There are no characteristic diffraction peaks

related to Ce and V species, implying the highly dispersed state

of Ce and V species. From the N2 adsorption-desorption isotherm,

all fresh and K-poisoned catalysts show mesoporous features due

2



S. Li, H. Yu, T. Lan et al. Chinese Chemical Letters 35 (2024) 108240

Fig. 2. (a) NH3-TPD-MS profiles; (b) H2-TPR profiles; XPS spectra of V 2p (c), O 1s (d), Ce 3d (e) and K 2p (f) of different catalysts.

to the unique capillary adsorption phenomenon (Figs. S8–S11 in

Supporting information). It can be seen that the pore volumes and

pore sizes of both K-poisoned catalysts decrease compared to the

fresh ones (Table S1 in Supporting information), indicating that

the K2O nanoparticles enter the pore channels and occupy partial

space of pores of fresh catalysts. However, the specific surface ar-

eas of CeSV/Ti and V/Ti catalysts both increase to some extent after

K-poisoning, which is likely owing to that K2O nanoparticles in the

pore channels contribute to the specific surface areas. Besides, the

pore volume and pore diameter of catalysts both decrease to some

extent after K-poisoning, which results from that K2O nanoparti-

cles occupy the partial position of pores surface. These results in-

dicate that there are no correlations between textual features and

the activity of catalysts.

Acid sites of catalysts play crucial roles in NH3 adsorp-

tion/activation, and NH3-TPD-MS was performed to study the

acidic properties of fresh and K-poisoned catalysts. As shown in

Fig. 2a, both CeSV/Ti and V/Ti catalysts show two NH3 desorp-

tion peaks, where the low-temperature peaks are attributed to the

weak acid sites and the high-temperature one ascribed to strong

acid sites, respectively [20,21]. It is notable that the total acid

amount of V/Ti increases from 20.2 μmol/g to 26.0 μmol/g after

Ce(SO4)2 modification. After K-poisoning, the total acid amount of

K-CeSV/Ti and K-V/Ti both decreases to some extents. The total acid

amount (12.0 μmol/g) of K-CeSV/Ti is higher than that (7.4 μmol/g)

of K-V/Ti (Table S2 in Supporting information), which contributes

to the SCR activity of K-CeSV/Ti. The reducibility of fresh and K-

poisoned CeSV/Ti and V/Ti catalysts were probed by H2-TPR. As

shown in Fig. 2b, the reduction peak at 447 °C on V/Ti is attributed

to the reduction of VOx species. For CeSV/Ti, the reduction peak

at 489 °C is ascribed to the reduction of VOx and Ce4+ species

while the peaks at 546 and 640 °C are related to the reduction

of SO4
2− species [22]. Compared with V/Ti, the higher reduction

temperature of V species over CeSV/Ti indicates the strong inter-

action between Ce and V. After K-poisoning, the reduction peak

of VOx species shifts to a higher temperature of 503 °C for K-

V/Ti, indicating the K bonded VOx species become more difficult

to reduce. The reduction temperatures of VOx, Ce4+ and SO4
2−

species over K-CeSV/Ti have no large changes compared with

CeSV/Ti. However, it is notable that the reduction peak intensity

of Ce4+ and SO4
2− species markedly reduces over the K-poisoned

CeSV/Ti, implying that SO4
2− species as sacrificial sites bond

with K.

To investigate the redox properties of fresh and K-poisoned cat-

alysts, XPS was applied to probe the electron states of V and O

on the surface of catalysts. As shown in Fig. 2c, the XPS spectra

of V 2p show two characteristic binding energies of V 2p3/2 and

V 2p1/2, where the peaks around 516 and 524 eV are attributed to

V4+ species while the peaks around 517 and 525 eV are ascribed to

V5+ [23]. It can be found that the V4+/(V4++V5+) ratio (47.5%) on

CeSV/Ti is higher than that (40.0%) on V/Ti, evidencing the strong

interaction between Ce and V species over CeSV/Ti. The lower va-

lence of V over CeSV/Ti indicates that the electron could transfer

from Ce to V. After K-poisoning, the V4+/(V4++V5+) of K-V/Ti in-

creases markedly to 72.4% while that (50.3%) of K-CeSV/Ti hardly

changes compared to the fresh catalysts. The significant increase

in V4+ fraction of K-V/Ti is attributed to the electron-donating ef-

fects of K that increase the electron density of V species. This

also demonstrates that K strongly interacts with V species after K-

poisoning. Differently, the maintenance of V valence over K-CeSV/Ti

implies that K strongly interacts with Ce(SO4)2 rather than V. The

O 1s XPS spectra were used to investigate the varieties and con-

tents of surface oxygen species. The surface oxygen atomic per-

cent (53.8%) of CeSV/Ti is much higher than that (27.0%) of V/Ti,

which is attributed to the oxygen species of Ce(SO4)2 (Table S3

in Supporting information). After K-poisoning, the surface oxygen

atomic percent of K-CeSV/Ti slightly decreases to 46.5% while that

of K-V/Ti increases to 45.6%. These results imply that K2O is mainly

bonded on Ce(SO4)2 sites of K-CeSV/Ti but cover on the surface of

K-V/Ti. As shown in Fig. 2d, there are adsorbed oxygen (Oα) species

around 531 eV and lattice oxygen (Oβ ) species around 530 eV [24–

31]. Ce(SO4)2 modification increases the Oα fraction of V/Ti from

18.1% to 27.8%, likely due to the contribution of surface SO4
2−. Af-

ter K-poisoning, the Oα species of K-CeSV/Ti decrease notably to

16.3% while that of K-V/Ti keeps unchanged at 18.9%, respectively.

It can be inferred that SO4
2− of Ce(SO4)2 strongly interacts with

K over K-CeSV/Ti, which leads to the decrease of Oα species. By

the contrast, K2O covers on the surface of K-V/Ti that results in

3
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Fig. 3. In situ DRIFTS of NH3 desorption over CeSV/Ti (a), V/Ti (b), K-CeSV/Ti (c), and K-V/Ti (d) catalysts after exposure to NH3 for 1h at 30 °C; In situ DRIFTS of NO+O2

desorption over CeSV/Ti (e), V/Ti (f), K-CeSV/Ti (g), and K-V/Ti (h) catalysts after exposure to NO+O2 for 1h at 30 °C. The spectra were all recorded at 50, 80, 110, 140, 170,

200, 230, 260 and 300 °C, respectively.

the unchanged amount of Oα species because of the Oα species of

K2O. In order to probe the interaction between Ce and K species

on the K-CeSV/Ti catalysts, the XPS spectra of Ce 3d and K 2p are

investigated over CeSV/Ti, K-CeSV/Ti and K-V/Ti catalysts (Figs. 2e

and f). The peaks labelled as v, v′′, v′′′, u, u′′ and u′′′ at 882, 888.9,
898, 901, 907 and 916.8 eV are attributed to the 3d104f0 Ce4+ state,

while the peaks labeled v′ and u′ observed at 885 and 903 eV are

ascribed to the 3d104f1 Ce3+ state (Fig. 2e) [28]. It can be found

that the ratio of Ce3+/(Ce3++Ce4+) (31.1%) of K-CeSV/Ti is higher

than that (27.8%) of CeSV/Ti, indicating the more electron-rich state

of Ce in K-CeSV/Ti. On the other hand, the XPS spectra of K 2p

were also investigated over K-CeSV/Ti and K-V/Ti catalysts. As seen

in Fig. 2f, the binding energy of K on K-CeSV/Ti is higher than that

on K-V/Ti, indicating the electron deficient state of K on the former

one. Based on these results, it can be inferred that K is bonded

on Ce(SO4)2 sites, leading to the transfer of electron from K to Ce

species.

To explore the effects of K-poisoning on the adsorption and ac-

tivation behavior of NH3 and NOx, the in situ DRIFTS of adsorption

and desorption for NOx and NH3 species were investigated over

fresh and poisoned catalysts. As shown in Fig. 3a, after introducing

NH3, the band at 1429 cm−1 [32] ascribed to NH4
+ and the bands

around 1324 [33] and 1257 cm−1 [34] ascribed to NH3 species are

observed on CeSV/Ti catalysts. These NH3/NH4
+ species gradually

decrease and disappear above 300 °C with increasing the desorp-

tion temperature. Similarly, the NH3 species (1328 and 1229 cm−1)

[33,35] and NH4
+ species (1470 and 1411 cm−1) [36,37] appear

on V/Ti after the adsorption of NH3 (Fig. 3b). With the increasing

desorption temperature, the NH3/NH4
+ species gradually decrease

and disappear above 300 °C. Notably, there are more NH4
+ species

on CeSV/Ti catalysts and a larger number of NH3 species on V/Ti

catalysts. After K-poisoning, the adsorption amount of NH3/NH4
+

species both decrease on K-CeSV/Ti and K-V/Ti catalysts compared

with the fresh catalysts. As seen in Fig. 3c, the NH3 species (1228

and 1321 cm−1) [33,35] and NH4
+ species (1423 and 1467 cm−1)

[38,39] appear on K-CeSV/Ti after the adsorption of NH3. These

NH3/NH4
+ species decrease and disappear above 260 °C with in-

creasing the desorption temperature. As for K-V/Ti (Fig. 3d), NH3

species (1217 cm−1) [40] and NH4
+ species (1398 and 1468 cm−1)

[36,41] appear after the adsorption of NH3. With increasing des-

orption temperature, these NH3/NH4
+ species decrease and disap-

pear above 230 °C. These results imply that the adsorption strength

of NH4
+ species on K-CeSV/Ti is stronger than that of NH3 species

on K-V/Ti.

As shown in Fig. 3e, the adsorbed NOx species such as

the bridging nitrate species (1626 and 1225 cm−1) and M-NO2

(1379 cm−1) appear on CeSV/Ti after the adsorption of NO+O2

[42]. With increasing desorption temperature, these NOx species

gradually decrease and disappear above 300 °C. As for V/Ti (Fig.

4f), the bridging nitrate species (1624 and 1183 cm−1), M-NO2

(1375 cm−1) and gaseous NO2 species (1324 cm−1) appear after

the adsorption of NO+O2 [42]. These NOx species decrease and

disappear above 260 °C with increasing the desorption tempera-

ture. It is notable that the amount of NOx species over V/Ti is

much higher than that over CeSV/Ti. Besides, the NOx species ad-

sorbed much more strongly on CeSV/Ti than that on V/Ti, imply-

ing that these NOx species on CeSV/Ti are not easy to participate

in the SCR reaction. Therefore, the SCR reaction may occur on the

CeSV/Ti catalyst between the adsorbed NHx species and gaseous

NO following the Eley-Rideal (E-R) mechanism while the reaction

might procced between the adsorbed NHx and NOx species follow-

ing the Langmuir-Hinshelwood (L-H) mechanism over V/Ti. After

K-poisoning, the adsorption strength of NOx species changes com-

pared to fresh catalysts. As shown in Fig. 4g, the bidentate nitrate

species (1543 cm−1), M-NO2 (1423 and 1466 cm−1) and monoden-

tate nitrates (1264 cm−1) appear on K-CeSV/Ti after the adsorp-

tion of NO+O2 [42]. The amount of these NOx species is much

more than that on fresh CeSV/Ti while these NOx species adsorb

strongly and only disappear above 300 °C with increasing the des-

orption temperature. This result implies that K-poisoning improves

the adsorption of NOx species but these species are relatively in-

active. The reaction might still follow between NH4
+ species and

gaseous NO via the E-R mechanism over K-CeSV/Ti. As for K-V/Ti

(Fig. 4h), the bridging nitrate species (1601 cm−1), bidentate ni-

trate species (1582 cm−1), M-NO2 (1493 cm−1) and monodentate

nitrates (1307 cm−1) appear after the adsorption of NO+O2 [42].

The amount of these NOx species is much less than fresh V/Ti.

With the increase of desorption temperature, these NOx species

decrease and disappear above 200 °C. This result implies that K-

poisoning impairs the adsorption of NOx species and the reaction

might also occur between NH4
+ species and NOx species via the

L-H mechanism over K-V/Ti.

To further explore the alkali-resistant mechanism, in situ DRIFT

spectra of transient reactions were performed at 200 °C. Firstly,

4
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Fig. 4. In situ DRIFTS of the transient reactions between NO+O2 and pre-adsorbed NH3 over CeSV/Ti (a), V/Ti (b), K-CeSV/Ti (c), and K-V/Ti (d) catalysts at 200 °C as a

function of time; In situ DRIFTS of the transient reactions between NH3 and pre-adsorbed NO+O2 over CeSV/Ti (e), V/Ti (f), K-CeSV/Ti (g), and K-V/Ti (h) catalysts at 200 °C
as a function of time. The spectra were all recorded at 0, 10, 20, 30, 40, 50, and 60min, respectively.

the in situ DRIFT spectra of transient reactions between NO+O2

and pre-adsorbed NH3 were probed for fresh catalysts, as shown

in Figs. 4a and b. As for CeSV/Ti (Fig. 4a), the NH4
+ (1428 cm−1)

[43] and NH3 (1249 cm−1) [44] species appear after the adsorp-

tion of NH3, in which the amount of NH4
+ species is more than

NH3 species. With the introduction of NO+O2, these NH3/NH4
+

species gradually decrease within 20min and a small quantity of

nitrates including M-NO2 nitrate species (1346 cm−1) and bridg-

ing nitrate (1237 cm−1) emerged [42]. For V/Ti (Fig. 4b), the NH3

species (1233 cm−1) [44] and NH4
+ species (1418 cm−1) [45] ap-

pear after the adsorption of NH3, where the amount of NH3 species

is more than NH4
+ species. With the introduction of NO+O2,

these NH3/NH4
+ species consume gradually within 40min, and the

M-NO2 (1373 cm−1), bridging species (1623 cm−1) and gaseous

NO2 (1320 cm−1) increase [42]. It is notable that more NH3/NH4
+

species are generated over CeSV/Ti than V/Ti. Besides, the reac-

tivity of NH3/NH4
+ species over CeSV/Ti is also higher than that

on V/Ti. Figs. 4c and d show the in situ DRIFT spectra of tran-

sient reactions for K-poisoned catalysts between NO+O2 and pre-

adsorbed NH3 at 200 °C. As for K-CeSV/Ti (Fig. 4c), the NH3 species

(1230 and 1595 cm−1) [38,44] and NH4
+ species (1418, 1470 and

1684 cm−1) [36,45,46] appear after the adsorption of NH3. Similar

to the fresh CeSV/Ti, the amount of NH4
+ species is still more than

NH3 species. With the introduction of NO+O2, these NH3/NH4
+

species gradually decrease and a small quantity of bidentate ni-

trates species (1551 cm−1) and M-NO2 species (1340 cm−1) emerge

[42]. For K-V/Ti (Fig. 4d), the NH3 species (1217 and 1603 cm−1)

[37,40] and NH4
+ species (1732 and 1379 cm−1) [43,47] appear af-

ter the adsorption of NH3. Meanwhile, the amount of NH3 species

is more than NH4
+ species. With the introduction of NO+O2, these

NH3/NH4
+ species gradually decrease while the bidentate nitrates

species (1579 cm−1) and M-NO2 species (1359 cm−1) gradually

emerge [42]. Clearly, the adsorption of NOx species on V/Ti cat-

alysts is much stronger than CeSV/Ti, indicating that the gaseous

NO mainly participates the SCR reaction over CeSV/Ti catalysts.

Figs. 4e and f show in situ DRIFT spectra of the transient re-

actions at 200 °C between NH3 and pre-adsorbed NO+O2 for fresh

catalysts. For CeSV/Ti (Fig. 4e), a small quantity of bridging nitrate

species (1626 cm−1) and M-NO2 (1381 cm−1) appear after the ad-

sorption of NO+O2 [42]. With the introduction of NH3, these ad-

sorbed NOx species decrease while the NH4
+ species (1469 and

1429 cm−1) [36,48] and NH3 species (1250 cm−1) [34] gradually

increase. From the above results, it can be inferred that the re-

action mainly proceeds between NH4
+ species and gaseous NO

via the E-R reaction pathway over CeSV/Ti. For V/Ti (Fig. 4f), the

bridging nitrates (1628 cm−1), M-NO2 species (1377 cm−1) and ad-

sorbed NO2 (1320 cm−1) appear after the adsorption of NO+O2

[42]. After the introduction of NH3, these NOx species gradually

decrease while the NH3 species (1235 cm−1) [44] and NH4
+ (1468

and 1410 cm−1) [36,37] increase. Based the above results, the re-

action mainly proceeds between NH3 species and NOx species via

the L-H reaction pathway over V/Ti.

Figs. 4g and h show the in situ DRIFTS of transient reactions

for K poisoned-catalysts between NH3 and pre-adsorbed NO+O2 at

200 °C. As for K-CeSV/Ti (Fig. 4g), only a small quantity of M-NO2

species (1338 cm−1) are detected after the adsorption of NO+O2

[42]. With introduction of NH3, these NOx species were consumed

within 10min and corresponding NH3 (1324 and 1237 cm−1)

[33] and NH4
+ (1421 and 1466 cm−1) [39,49] species gradually in-

crease. Therefore, the SCR reaction could still proceed via the re-

action between NH4
+ species and gaseous NO over K-CeSV/Ti (Fig.

4). For K-V/Ti (Fig. 4h), the bridging nitrates (1601 cm−1), biden-

tate nitrates (1578 cm−1), M-NO2 (1484 cm−1) and monodentate

nitrates (1307 cm−1) species are accumulated after the adsorption

of NO+O2 over the K-poisoned V/Ti [42]. However, after the intro-

duction of NH3, these NOx species consumed slowly while the NH3

species (1397 and 1219 cm−1) [40,49] are detected. This result in-

dicates that K-poisoning decreases the reactivity of the adsorbed

NOx with NH3 species and blocked the L-H reaction pathway (Fig.

4).

In summary, improved NOx reduction against alkali poisoning

over CeSV/Ti catalysts has been originally demonstrated. K poi-

soned V/Ti shows NOx conversion below 70% while K-poisoned

CeSV/Ti shows NOx conversion above 80% from 270 °C to 450 °C.
It has been demonstrated that Ce4+–SO4

2− pair sites play cru-

cial roles in improving the K-resistance of V/Ti catalysts. Here, we

propose a deactivation mechanism over K-V/Ti and alkali-resistant

mechanism over K-CeSV/Ti catalysts, as seen in Fig. 5. V/Ti cata-

lysts mainly proceed the reaction between NH3 species and NOx

species via the L-H reaction pathway. After Ce(SO4)2 modification,

the strong interaction between V and Ce sites of Ce4+–SO4
2− pair

leads to the change of L-H reaction pathway into the E-R reac-

tion pathway via the reaction between NH4
+ species and gaseous

NO. After K-poisoning, the reactivity between the adsorbed NOx
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Fig. 5. Schematic diagram of the deactivation mechanism over K-V/Ti and alkali-

resistant mechanism over K-CeSV/Ti catalysts.

species and NH3 species is impaired over K-V/Ti and thus the L-

H reaction pathway is blocked. In comparison, K-CeSV/Ti could still

proceed the reaction effectively via the E-R reaction pathway be-

cause the SO4
2− sites of Ce4+–SO4

2− pairs strongly bond with K

and protect active sites. This work evidenced an effective strategy

to enhance NOx reduction against alkali poisoning over catalysts

via constructing Ce4+–SO4
2− pair sites, contributing to developing

alkali-resistant SCR catalysts for practical application in nonelectri-

cal industries.
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