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ABSTRACT

Editor: Danmeng Shuai

A series of ceria-zirconia solid solutions (CexZr1-xO2) were prepared by co-precipitation method and then sulfated
with SO2 + O2 at 200 °C. Subsequent testing with the selective catalytic reduction of NO by NH3 (NH3-SCR) showed
that the activity of the sulfated CexZr1-xO2 catalysts oxide catalysts exhibited a volcano-type tendency with increasing
Zr content. Furthermore, the sulfated Ce0.6Zr0.4O2 catalyst showed the most desirable NH3-SCR activity at 250-300
°C, and exhibited much better SO2 resistance at 250 °C. Detailed characterization results demonstrated that
Ce0.6Zr0.4O2 could adsorb more surface sulfate species and then produce more stable acid sites than pure CeO2 at
200 °C. After sulfation treatment, more Ce3+ and oxygen vacancies were formed on the surface of Ce0.6Zr0.4O2. In situ
diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) experiments suggested that the nitrates
species deposited on the surface of as-prepared Ce0.6Zr0.4O2, which showed no reactivity, could barely deposit on the
same sample after sulfation. While, the sulfated Ce0.6Zr0.4O2 had more reactive acid sites to participate in the NH3SCR and the reaction proceeded via Eley-Rideal mechanism. This work proved that sulfation treatment could be used
in designing an efficient cerium-zirconium based NH3-SCR catalyst with great application prospect.
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1. Introduction

attractive for practical application. Sulfation treatment of CexZr1-xO2 is
an easy but very effective method to promote NH3-SCR performance,
and it is essential to understand the promotion mechanism behind this
to provide theoretical guidance for future SCR catalyst design.
Therefore, different physicochemical methods were applied to characterize the catalyst structure, redox ability, surface acidity, and elaborate in situ diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS) experiments were carried out to explore the
mechanisms of reactant adsorption and intrinsic reactions. Especially,
the importance of sulfate species deposited on CexZr1-xO2 surface
during sulfation treatment, significantly improving its NH3-SCR activity
as well as SO2 durability, was fully discussed.

Nitrogen oxides (NOx) are crucial components of air pollutants resulting in photochemical smog, haze, acid rain etc., seriously affecting
eco-environmental and human life. Selective catalytic reduction of NOx
with NH3 (NH3-SCR) technology has been widely used for eliminating
NOx emissions. (Brandenberger et al., 2008; Li et al., 2011) Vanadiumbased catalysts such as V2O5/TiO2 catalysts modified with Mo or W
show outstanding performance in treatment of industrial flus gas.
(Santos et al., 1996; Kamata et al., 1999) However, the vanadium-based
catalyst has conspicuous drawbacks, including biotoxicity, poor N2 selectivity and high conversion of SO2 to SO3 at elevated temperatures. In
recent years, researchers have been developing new environmentalfriendly catalysts, and fruitful progress has been made on Fe, (Liu et al.,
2018a; Chen et al., 2018; Liu et al., 2011) Mn (Liu et al., 2016) and Cebased oxide catalysts (Tang et al., 2016; Shan et al., 2014) and Fe/Cubased zeolite catalysts, etc (Grinsted et al., 1993; Rahkamaa-Tolonen
et al., 2005). Mn-based catalysts show excellent NH3-SCR activity at
low temperature, while the wide application of Mn-based catalysts has
been limited by its unsatisfying N2 selectivity at high operating temperature and poor SO2 resistance. Fe/Cu-based zeolite catalysts have
been widely used as highly efficient deNOx catalysts, but they still have
some drawbacks such as low hydrothermal stability and high cost of
use.
It is generally accepted that the proper redox ability and surface
acidity of catalytic materials are essential for NH3-SCR reaction. (Ding
et al., 2015; Busca et al., 1998; Fan et al., 2018; Yu et al., 2015) Ceria
(CeO2) has a typical octahedral configuration and easily forms lattice
defects, and as a result, CeO2 has great oxygen storage-release capacity
(OSC) and feasible Ce4+/Ce3+ redox cycle. (And et al., 2000) Thus,
CeO2 has been found as a promising additive and active component in
NH3-SCR catalysts due to its high redox ability. In recent years, it has
been reported that sulfation treatment could enhance the NH3-SCR
activity of CeO2 via introducing plentiful acid sites. Gu et al. found that
pretreating CeO2 with SO2 + O2 at 300 °C could promote the NH3-SCR
activity markedly. (Gu et al., 2011) Yang et al. concluded that sulfation
treatment could enhance N2 selectivity by inhibiting -NH2 oxidation on
CeO2 surface. (Yang et al., 2013) Zhang et al. reported that NO conversion could reach about 90 % at 300 °C when CeO2 was sulfated
under 150−250 °C. (Zhang et al., 2015) Ma et al. synthesized sulfated
CeO2 cubes and nanospheres and found that sulfated CeO2 cubes exhibited higher NH3-SCR activity while CeO2 nanospheres showed
higher NH3 oxidation activity. (Ma et al., 2018) However, pure CeO2
has some drawbacks such as limited specific surface area and poor
thermal stability restricting their wide application. Furthermore, the
sulfation into the deeper interior of pure CeO2 will lead to the deactivation of the catalyst because of the decrease in redox ability and
surface area. For all above mentioned reasons, the pure CeO2 after
sulfation is not a competent and practical catalyst in denitrification
(deNOx) application. Due to enhanced redox capacity, larger surface
area and improved thermal stability at elevated temperatures, CeO2ZrO2 solid solution has been widely used as OSC materials other than
pure CeO2 in three-way catalysts (TWC) to reduce toxic pollutants
emitted from gasoline exhaust. Consequently, CeO2-ZrO2 solid solutions
have high potent to substitute pure CeO2 in NH3-SCR reaction and may
exhibit significant enhancement after sulfation treatment. (Si et al.,
2013) However, few studies have systematically investigated the effect
of gas phase sulfation treatment on the microstructure and NH3-SCR
performance of CeO2-ZrO2 solid solution, which is actually highly desirable for such a more close-to-reality SCR catalyst system.
To fill this gap, in this work, we systematically prepared a series of
CexZr1-xO2 materials (x = 0, 0.2, 0.4, 0.6, 0.8, 1) and performed sulfation treatment at 200 °C. Among all samples, the sulfated Ce0.6Zr0.4O2
with optimal Ce/Zr ratio showed the highest NH3-SCR activity.
Comparing to as-prepared CeO2, the addition of zirconium also greatly
improved the SO2 tolerance, making this catalyst system more

2. Experimental
2.1. Catalyst preparation
CexZr1-xO2 (x = 0, 0.2, 0.4, 0.6, 0.8, 1) solid solutions were prepared by conventional co-precipitation method. (Liu et al., 2010) A
requisite quantity of (NH4)2Ce(NO3)6·6H2O and Zr(NO3)4·5H2O were
dissolved in distilled water. Then the excess amount of NH3·H2O (25 %)
was dropped into the mixture solution slowly until the pH reached 10.
The resulting mixtures were aged overnight, filtered and washed by
distilled water several times. The obtained solid was dried in the oven
at 100 °C for 24 h and then calcined in a muffle furnace at 550 °C for 4 h
(the ramping rate was 2 °C/min). In previous studies, NH3-SCR performance has been improved evidently due to the formation of sulfated
species on CeO2 surface when sulfation temperature was 200 °C. (Yang
et al., 2013; Zhang et al., 2015) Hence, in present study, the CexZr1-xO2
materials were also sulfated at 200 °C for 2 h using 500 ppm of SO2 +
5 vol % O2 (0.4 g sample, total flow rate of 200 ml·min−1). For convenience, the as-prepared and sulfated CexZr1-xO2 were labeled as CxZy
and S-CxZy, where x and y denote the molar ratio of Ce and Zr, respectively. All the samples prepared for activity test were crushed and
sieved to 40–60 mesh before use.
The MS (Mass Spectra) signal of SO2 in resulting gas and time-resolved in situ DRIFTS of SO2 and O2 co-adsorption on C6Z4 were shown
in Fig. S1. When the SO2 first introduced to C6Z4 at 200 °C, the SO2 was
easy to be adsorbed on the surface of the samples, as the sulfation
process going on, the surface sulfate species approached to saturation
and the bulk like sulfate species are not easy to form at 200 °C. The
attribution of those in situ DRIFTS bands would be fully discussed in
following section.

2.2. Catalytic activity test
The NH3-SCR activity and N2 selectivity were measured in a fixedbed quartz flow reactor with 250 mg catalyst. The feed gases were
composed of 250 ppm of NO, 250 ppm of NH3, and 2.5 vol % O2 balanced with N2. The total flow rate was 400 ml·min−1 and WHSV
(Weight hourly space velocity) was 96,000 ml g−1 h−1 (Gaseous hourly
space velocity was approximately 90,000 h−1 because the density of the
sample varied). Before starting the activity test, the catalyst was pretreated in N2 at 200 °C for 1 h. NO, NO2, NH3 and N2O concentration
were measured by an online ThermoFisher IS10 FTIR spectrometer
equipped with a 2 m path-length gas cell (250 ml volume). The NO
conversion and N2 selectivity of NH3-SCR reaction were determined
according to the following equations:
NO conversion (%) = {([NO]in-[NO]out)/[NO]in}×100 %
N2 selectivity (%) = {([NO]in-[NO]out+[NH3]in-[NH3]out-[NO2]out2[N2O]out)/([NO]in-[NO]out+[NH3]in-[NH3]out)}×100 %
2
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2.3. Catalyst characterization

adventitious C 1s peak at 284.6 eV. This reference gave BE values with
an accuracy at ± 0.1 eV.

ATR-FTIR (Attenuated total reflectance-Fourier transform infrared)
spectra of samples were collected on a Nicolet IS10 FT-IR spectrometer
equipped with an ATR accessory from 400 to 4000 cm−1. The background was collected first and then subtracted for every sample. The
number of scans was 32 at a resolution of 4 cm−1.
X-ray powder diffraction (XRD) patterns were collected on a Philips
X’pert Pro diffractometer with a Ni-filtered Cu Kα radiation
(0.15408 nm).
The specific surface area (SBET) of the prepared samples was measured by Brunauer-Emmett-Teller (BET) method. The experiment was
performed on a Micromeritics ASAP-2020 analyzer via N2 adsorption at
77 K. Before test, every sample was degassed in vacuum condition at
300 °C for 4 h.
Raman spectra of samples were obtained on a LabRAM Aramis
(Japan Horiba) Laser Raman spectroscopy with an Ar+ laser beam. The
laser power was 10 mW and the wavelength was 532 nm.
In situ DRIFTS experiment was performed on a Nicolet Nexus 5700
FTIR spectrometer and the spectra collected by an MCT detector were
presented as Kubelka -Munk function. The resolution was 4 cm−1 and
the number of scans was 32. Background spectra were recorded in
flowing high-purity N2 and subtracted from the sample spectrum before
record each spectrum. The powder sample was pretreated with highpurity N2 at 450 °C for 1 h previous to each test. After cooling to the
target temperature, the background spectra was collected first and then
the sample was exposed to a controlled stream of specific gas mixture:
3000 ppm NH3; 1000 ppm SO2 + 5 vol % O2; 3000 ppm NO + 5 vol %
O2; 3000 ppm NH3 + 3000 ppm NO + 5 vol % O2. All reaction gas
above was balanced with N2 at a flow rate of 50 ml·min−1.
Thermogravimetry and differential thermal analysis (TG-DTA) of
the samples were tested on a Netzsch thermoanalyzer STA 449C from
room temperature to 900 °C in a flowing N2 at the rate of 10 ml·min −1.
The trail gas would be introduced to a mass spectrometer if necessary.
H2-temperature-programmed reduction (H2 -TPR) experiments were
performed in a quartz U-tube reactor connected to a TCD with H2−Ar
mixture (7 % H2 by volume) as reductant. Before switching to the
H2−Ar stream, about 10 mg sample was pretreated by purified N2 at
200 °C for 1 h, the TPR profile was collected from room temperature to
850 °C at a rate of 10 °C min−1.
NH3-temperature programmed desorption (NH3-TPD) experiments
were carried out on a multifunction chemisorption analyzer with a
quartz U-tube reactor, detected by a thermal conductivity detector
(TCD). About 50 mg the sample was pretreated by high purified He
(40 ml·min−1) at 300 °C for 1 h to remove surface adsorbed water and
then cooled down to 30 °C. After that, the sample was saturated with
high purified NH3 (40 ml·min−1) at 100 °C for 1 h and subsequently
flushed with the flowing high purified He (40 ml·min−1) at the same
temperature for 1 h to remove gaseous NH3, then the sample was heated
to 700 °C at a rate of 10 °C min−1 in the flowing high purified He
(40 ml·min−1).
NO-temperature programmed desorption (NO-TPD) experiments
were performed on a fixed bed reactor, detected by an online
ThermoFisher IS10 FTIR spectrometer equipped with a 2 m path-length
gas cell (250 ml volume). 100 mg sample was pretreated by high purified Ar (200 ml·min−1) at 200 °C for 1 h and then cooled down to 20 °C.
After that, the sample was saturated with 500 ppm NO and 5 % vol.%
O2 (200 ml·min−1) at 20 °C for 1 h and subsequently flushed with the
flowing highly purified Ar (100 ml·min−1) at the same temperature for
1 h to remove gaseous NO, then the sample was heated to 600 °C at a
rate of 10 °C min−1 in the flowing highly purified Ar (100 ml·min−1).
X-ray photoelectron spectroscopy (XPS) experiments were performed on a PHI 5000 Versa Probe high performance electron spectrometer, using monochromatic Al Kα radiation (1486.6 eV) with an
accelerating power of 15 kW. The samples’ charging effects were
compensated by calibrating all binding energies (BE) with the

3. Results and discussion
3.1. Catalytic behavior
The NH3-SCR activity of CxZy and S-CxZy was measured at different
temperatures (Fig. S2a, S2b). Results showed that CeO2 and ZrO2 displayed limited NH3-SCR activity comparing with CeO2-ZrO2 solid solutions. After sulfation by SO2 + O2 at 200 °C for 2 h, NO conversions
on all samples were greatly enhanced except that on ZrO2. After sulfation, the lowest NO conversion on all samples (except ZrO2) was over
70 % between 150 and 400 °C, while before sulfation, the highest NO
conversion on all samples was always below 50 %. To better understand
the effect of Zr doping, the NH3-SCR activity data at 250 °C have been
selected and presented in Fig. 1a. As we can clearly see, both of the
activity of CxZy and S-CxZy catalysts exhibited a volcano-type tendency
with increasing the Zr content. More importantly, C6Z4 and S-C6Z4
displayed the highest catalytic activity among the as-prepared and
sulfated samples, respectively, indicating that the optimal Ce/Zr in this
catalyst system should be around 3:2. After sulfation treatment, the N2
selectivity at 250−400 °C on C6Z4 increased to nearly 100 % (Fig. S2c),
which was an add-on benefit for its practical application. When pure
CeO2 was treated with 500 ppm SO2 for longer duration time which was
6 h (0.4 g sample, 500 ppm SO2 + 5 vol.% O2, total flow rate of
200 ml·min−1, balanced with N2), the NO removal efficiency around
250 °C declined noticeably (Figs. 1a, S2d). It might result from the
formation of bulk like sulfate species on CeO2, which could degrade its
redox performance and surface area. (Deshmukh et al., 2003; Nelson
et al., 2001) However, when C6Z4 was sulfated at 200 °C for same
duration time (6 h), the reaction activity showed no distinct difference
from the sample sulfated for 2 h (Figs. 1a, S2e). An ATR-FTIR experiment was conducted to figure out the types of sulfate species formed on
the CeO2 and C6Z4 (Fig. S3). There were no significant changes in the
peak position of C6Z4 sulfated for 2 h or 6 h. However, a new peak
(1220 cm-1) emerged in the ATR-FTIR signal of CeO2 sulfated for 6 h,
which was assigned to the bulk sulfate species. This clearly indicated
that the duration time of sulfation has no obvious effect on the NH3-SCR
performance of sulfated C6Z4, suggesting that the deeper sulfation
process on C6Z4 sample might be significantly slowed down.
SO2 poisoning of NH3-SCR catalyst is an inevitable obstacle in
practical industrial applications. Other than the initial SCR activity, the
ability to resist SO2 poisoning on CeO2 and C6Z4 also showed significant difference when SO2 was introduced to SCR reaction atmosphere continuously. The SO2 resistance of C6Z4 was explored at 250 °C
in the presence of 200 ppm SO2 (WHSV =48,000 ml·g−1 h−1), in which
CeO2 was tested as reference. As illustrated in Fig. 1b, the catalytic
performance of CeO2 and C6Z4 were both promoted in the beginning of
experiment when SO2 was introduced into the reaction gas. However,
the NO conversion on CeO2 dropped rapidly after several hours (e.g. 2 h
after the introduction of SO2). In contrast, the catalytic activity of C6Z4
remained steady with NO conversion maintaining at ca. 90 % within
20 h and showed slight decrease from 90 % to 85 % for NO conversion
for the next 10 h. Afterwards, the deactivated catalysts were treated
with flowing Ar at 400 °C for 1 h. It was found that the NO conversion
on C6Z4 easily recovered to ca. 95 %, but the NO conversion on CeO2
could only reach 55 % which was still much lower than maximum 70 %
that was ever achieved. Considering that the decomposition temperature of sulfate species was above 600 °C, the deposition of NH4HSO4
(ABS) under SCR condition in the presence of SO2 could be the main
reason for the deactivation. (Song et al., 2016; Joshi et al., 2018; Zhu
et al., 2000; Xu et al., 2009) To verify this, 40 % ABS was loaded on asprepared CeO2 and C6Z4 and then a TG-MS experiment was performed
to determine the decomposition temperature of ABS on the CeO2 and
C6Z4, where the samples were heated in flowing N2. The trail gas
3
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the X-ray powder diffraction (XRD) pattern (Fig. 3). It was noted that
the peaks of CeO2 shifted to higher 2θ angles and the lattice constant
decreased due to the replacement of Ce4+ by smaller Zr4+ ions, indicating that Zr4+ was well doped into CeO2 lattice forming a solid
solution. (Huang et al., 2013; Devaiah et al., 2018; Liu et al., 2018b;
Ozawa et al., 1993) Furthermore, additional diffraction due to cerium
sulfate was not detected in the sulfated samples at all, suggesting the
absence of bulk sulfate species with high crystallinity when the asprepared samples were sulfated at 200 °C (Zhang et al., 2015).
The texture data of CeO2 and C6Z4 were listed in Table 1. When
Zr4+ was doped into the lattice of CeO2, the specific surface area and

Fig. 1. (a) NO conversion on as-prepared and sulfated CxZy at 250 °C and NO
conversion on CeO2 and C6Z4 with different sulfation time (2 h and 6 h) at
250 °C; Reaction conditions: 250 ppm of NO, 250 ppm of NH3, and 2.5 vol % O2
and balanced with N2, and WHSV =96,000 ml·g−1 h−1. (b) SO2 resistance
ability of CeO2 and C6Z4 at 250 °C. Reaction conditions: 500 ppm of NO,
500 ppm of NH3, 200 ppm SO2, and 5 vol % O2 and balanced with N2, and
WHSV =48,000 ml·g−1 h−1.

released from the samples was introduced into a mass spectrometer to
detect the SO2 signal (Fig. 2a). The TG-DTA plots of 40ABS/CeO2 and
40ABS/C6Z4 were also recorded in Fig. 2b and c, respectively. For
40ABS/CeO2, the first weight loss step started at ca. 290 °C and
meanwhile SO2 was detected. Interestingly, the ABS on C6Z4 began to
decompose at ca. 245 °C. It was obvious that the addition of ZrO2 to
CeO2 could decrease the decomposition temperature of ABS by 50 °C
and thus lessen the deposition of ABS on C6Z4 catalyst surface during
SCR reaction thus promoting its SO2 durability. The NH3-SCR activity of
S-C6Z4 in the presence of 200 ppm SO2 and 10 vol.% H2O was also
measured at 300 °C and 250 °C. As shown in Fig. S4, change was barely
observed in the catalytic performance of S-C6Z4 when SO2 and H2O was
introduced at 300 °C. When the reaction temperature was lowered to
250 °C, despite the deactivation of S-CeO2 could be observed when SO2
and H2O were added to the reaction gas, the NO conversion still could
maintain ca.80 % after 12 h.
3.2. Texture properties

Fig. 2. (a) The SO2 mass spectrometry signal of the trail gas released from the
samples loaded with ABS. Thermogravimetric curves of the (b) 40ABS/CeO2
and (c) 40ABS/C6Z4. Conditions: heating rates: 10 °C min−1, N2 atmosphere.

Both as-prepared CeO2 and C6Z4 samples only contained fluorite
phase CeO2, and no diffraction peaks of ZrO2 was observed for C6Z4 in
4
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Fig. 5. Normalized amounts of sulfate species on sulfated samples respectively
measured by H2-TPR and TG and corresponding surface area; Normalized ratio
of sulfate species to surface cerium content.

Fig. 3. XRD patterns of as-prepared and sulfated CeO2, ZrO2 and C6Z4.
Table 1
BET surface area, pore volume and average particle diameter of as-prepared
and sulfated CeO2, ZrO2 and C6Z4.
Samples

SBET
(m2/g)

Pore
volume
(cm3/g)

Particle
diameter
(nm)

(I600+I1180)/I470

Mass loss of
sulfate/%

S-C6Z4
C6Z4
S-CeO2
CeO2
S-ZrO2
ZrO2

81.7
107.1
20.3
44.7
42.4
41.8

0.11
0.13
0.03
0.06
0.14
0.13

6.2
5.8
14.9
10.4
/
/

0.59
0.34
0.09
0.06
/
/

3.55
/
1.46
/
0.27
/

thermodynamically favorable for cerium oxide to participate in a redox
reaction to form Ce2(SO4)3 rather than Zr(SO4)2 (Boaro et al., 2001).
Furthermore, the presence of sulfate ions would retard the crystallization process of SO42−/ZrO2 and stabilize the crystalline structure of
ZrO2 (REDDY et al., 2005; Reddy et al., 2006). It could be postulated
that the CeO2 particles would coagulate with each other when
Ce2(SO4)3 formed on CeO2 surface, and then the surface area of CeO2
decreased sharply and the particle diameter increased accordingly.
However, the addition of ZrO2 into CeO2 retarded the conjunction of
Ce2(SO4)3 on C6Z4 because ZrO2 exhibited good structure stability
under sulfation treatment thus acting as efficient physical segregators.
(Deshmukh et al., 2003) It is noteworthy that, S-C6Z4 had the largest
specific surface area among all sulfated samples (Table S1), making it a
promising catalyst for NH3-SCR reaction.
Raman spectroscopy was also used to further investigate the microstructure of different samples (Fig. S5). The distinctive signal at
470 cm−1 is marked as triply degenerate F2g model of the CeO2 fluorite
structure. (Peng et al., 2016) A CeO2 fluorite structure was both clearly
detected in as-prepared/sulfated CeO2 and C6Z4. There are a blue shift
and peak broadening in main F2g mode band of C6Z4 and the intensity
decreasing in comparison to CeO2, which indicates that the lattice

pore volume were all increased compared to as-prepared CeO2 and
ZrO2, and the average particle diameter, calculated from DebyeScherrer equation, significantly decreased due to the suppression of
CeO2 crystallite growth. (Huang et al., 2013) After sulfation treatment,
the surface area of CeO2 reduced by 55 % (from 44.7–20.3 m2/g) and
the average particle diameter increased by 43 % (from 10.4–14.9 nm),
while the decrease of surface area (24 %) and increase of particle size (7
%) for C6Z4 were inconspicuous. According to the previous study, it is

Fig. 4. In situ DRIFT spectra of SO2 + O2 coadsorption over CeO2, ZrO2 and C6Z4 at 200 °C. Reaction conditions: 1000 ppm SO2, 5 vol % O2 balanced with N2 at a
flow rate of 50 ml·min−1.
5
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Fig. 6. XPS results of Ce 3d over the as-prepared and sulfated (a) CeO2 and (b) C6Z4; O 1s over the as-prepared and sulfated (c) CeO2, (d) C6Z4.

catalytic activity of S-C6Z4 in NH3-SCR reaction, concentrations of the
surface oxygen defect on different catalyst surface might greatly contribute to their catalytic performance for NO removal. (Si et al., 2013)

Table 2
Surface atomic distributions of the as-prepared and sulfated CeO2 and C6Z4 by
XPS.
Samples

CeO2
S-CeO2
C6Z4
S-C6Z4

Atomic concentration/mol.%

Atomic ratio/%
3+

Ce

O

S

Zr

Ce

18.40
19.10
9.81
9.51

81.60
77.28
74.08
74.74

0.00
3.62
0.00
4.60

0.00
0.00
16.11
11.15

18.92
20.34
29.14
39.86

3+

/(Ce

+ Ce4+)

3.3. Analysis of sulfate species

O'/(O' +
O”)

To detect the sulfate species deposited on CeO2, ZrO2 and C6Z4
samples during sulfation process, the in situ DRIFTS of SO2 and O2 coadsorption has been carried out (Fig. 4). As we have expected, the intense bands, assigned to surface sulfate species (symmetric stretching of
S-O: 1114, 998, 971, 939, 900 cm−1; asymmetric stretching of S = O:
1373, 1342, 1299, 1235, 1014 cm−1), could be detected for all samples.
The weak peak at 1215 cm−1 was attributed to bulk sulfates. (Yang
et al., 2013; Zhang et al., 2015; Xu et al., 2009; Jin et al., 1986;
Yamaguchi et al., 1986; Waqif et al., 1997) It can be concluded that the
sulfated samples mainly contained surface adsorbed sulfates, which is
well in accordance with XRD results.
The amount of sulfate species on the sulfated samples and their
thermal stability were examined by thermogravimetry and differential
thermal analysis (TG-DTA) (Fig. S6). As-prepared CeO2, ZrO2 and C6Z4
were also tested as references. The main difference between sulfated
samples and as-prepared samples was the weight loss in the range of
600−900 °C, which could be accounted for the decomposition of sulfated species, and the main chemical reaction taking place in the process of thermal decomposition was simply proposed as: Ce2(SO4)3 →
2CeO2 + 3SO2 + O2 (Ma et al., 2018; Xu et al., 2009). The weight loss
of sulfated samples ascribed to the decomposition of sulfate species are
listed in Table 1. H2-temperature programmed reduction (H2-TPR) was

19.39
32.96
36.29
49.84

parameter and CeO2 environment changed because of the formation of
a solid solution. Sulfation treatment strengthens the trend of change in
peak intensity and width for the interaction between sulfate species and
CeO2. The bands at about 600 cm−1 and 1180 cm−1 are assigned to
characteristic peaks of surface oxygen defects. Raman spectrum can
also be employed to measure the surface defect concentration of studied
materials herein. The peak area of surface oxygen and Ce F2g ratios
((I600+I1180)/I470) could be considered as the relative concentration of
oxygen defects on the CeO2 surface. (Zou et al., 2015; Reddy et al.,
2005) The order of the surface oxygen defect concentration we observed was CeO2 < S-CeO2 < C6Z4 < S-C6Z4 (Table 1). It was proposed that Ce-O band was weakened to a certain extent by Zr doping.
Furthermore, surface and bulk oxygen could be consumed during the
sulfation treatment and the concentration of oxygen defects on CeO2
crystallite was significantly increased, which could facilitate the adsorption and activation of oxygen species. Considering the superior
6
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Fig. 7. In situ DRIFTS of NH3 adsorption on (a) C6Z4 and (b) S-C6Z4; (c) Percentages of the peak at 1290 cm−1 (C6Z4) and the peak at 1430 cm−1 (S-C6Z4); Reaction
conditions: 3000 ppm NH3, 50 ml·min−1.

integral data of the peak areas are shown in Table S2. The H2 consumption peak at ca. 550 °C assigned to the reduction of sulfated species
on S-C6Z4 was much more intensive than those on S-CeO2 and S-ZrO2.
The increased amount of adsorbed sulfated species on C6Z4 suggests
that C6Z4 obtained enhanced adsorption capacity of SO2.
The amount of sulfate species could be calculated from TG plots
(Fig. S6) and listed in Table 1, and the peak area at ca. 550 °C in H2-TPR
profiles could be considered as relative content of sulfate species as
well. When taking the amount of sulfate species formed on CeO2 and its
surface area as 1, the normalized amounts of sulfate species on sulfated
samples and corresponding surface area were obtained, as shown in
Fig. 5. The amount of sulfate species calculated from TG plots and H2TPR curves coincided with each other quite well. Considering the specific surface area of CeO2 (44.7 m2/g) and C6Z4 (107.1 m2/g), which is
about 2.5 times that of CeO2, it could be concluded that the amount of
sulfate species was proportional to the specific surface area, and the
surface sulfate species were the main species formed on S-CeO2 and SC6Z4 during the sulfation process.
Furthermore, it should be noted that only ca. 40 % percent of surface cations on C6Z4 are cerium according to XPS results. While the
quantitative data of sulfate species normalized by surface cerium contents shown that the SO2 adsorption ability of C6Z4 still has 2 times
compared with CeO2 (illustration in Fig. 5). Considering the neglectable
SO2 adsorption ability of as-prepared ZrO2, it is clearly that the addition
of zirconium could promote the adsorption of SO2 on the surface of
samples and there should be a synergistic effect between Ce and Zr.

Fig. 8. NH3-TPD results of the as-prepared and sulfated CeO2, ZrO2 and C6Z4.

performed to study the redox property of samples and measure the
relative contents of sulfate species based on the reduction peaks assigned to sulfate species. The TPR profiles of CeO2, C6Z4, ZrO2, S-CeO2,
S-C6Z4 and S-ZrO2 are shown in Fig. S7. The broad peak of as-prepared
CeO2 and C6Z4 at ca. 430 °C could be assigned to the reduction of
surface active oxygen species on the surface. The peak at ca. 520 °C
resulted from the reduction of surface Ce4+ to Ce3+ and the peak at ca.
770 °C was assigned to the reduction of bulk lattice oxygen. (Huang
et al., 2013) The first peak of C6Z4 at 445 °C was more intensive than
that in CeO2, owing to more surface active oxygen species formed on
C6Z4. The peak at ca. 550 °C was considered as the reduction of
Ce2(SO4)3 formed on the surface of sulfated samples according to literature and our previous work. (Yang et al., 2013; Ma et al., 2018) It
also explains why the peak at ca. 520 °C disappeared after sulfation. The

3.4. Surface chemical state
X-ray photoelectron spectroscopy (XPS) experiments were used for
further details on the chemical state of elements on the prepared
samples. Fig. 6 showed the spectra for Ce 3d and O 1s with all bands
fitted by Gaussian-Lorentz curves, and the fitting results are presented
7
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Fig. 9. in situ DRIFTS of NH3 reaction with adsorbed nitrate species on as-prepared and sulfated (a), (b) C6Z4; (c), (d) CeO2 and (e), (f) ZrO2 at 250 °C. Reaction
conditions: 3000 ppm NO + 5 vol % O2 and 3000 ppm NH3.

in Table 2. In Fig. 6a and b, the peaks donated as u and v are individually attributed to Ce 3d5/2 and Ce 3d3/2 spin-orbit components
while the bands of u’ and v’ are allocated to Ce3+, and the rest bands
are assigned to Ce4+, according to previous studies. (Chen et al., 2017;
Peng et al., 2013; Xiong et al., 2015) The ratio Ce3+/(Ce3+ + Ce4+)
could be calculated from the following equation where Su and Sv were
the intensities of v and u lines:

Ce3 + (%) =

The peaks of O′ and O″ at 531.8 eV and 529.6 eV are assigned to the
surface oxygen species and oxygen of metal oxides (Fig. 6c, d). (Chen
et al., 2017; Xiong et al., 2015) The sulfated samples were characterized
with more surface oxygen species than as-prepared samples, which was
due to the oxygen of sulfate species formed on the sample surface after
sulfation and also chemisorbed oxygen, according to the previous study
(Ettireddy et al., 2012). XPS test was also performed on Ce2(SO4)3 to get
its O 1s spectra as reference (Fig. S8), and the peak position of O′ from
Ce2(SO4)3 agreed well with the results from S-CeO2 and S-C6Z4.
Accord to the results of XPS, Raman and H2-TPR, the sulfation
treatment can increase the concentration of surface oxygen defects and
Ce3+ species. The presence of Ce3+ on the surface of samples could
help to create oxygen vacancies and thereby increases surface chemisorbed oxygen which could be beneficial for the oxidation of NO to NO2
and then improve to activity of the catalysts. (Yang et al., 2006; Chen
et al., 2009; Ye et al., 2015)

S v' + Su
× 100
(S v + Su )

The surface concentration of Ce3+ increased after Zr doping into
CeO2 and increased further after sulfation treatment. The consistency
between surface exposed Ce3+ and the formation of oxygen vacancies
proved that the XPS results agreed well with Raman spectra. Increasing
Ce3+ in sulfated samples could be mainly due to the formation of
Ce2(SO4)3 on the surface of samples according to the reaction: 2CeO2 +
3SO2 + O2 →Ce2(SO4)3 (Zhu et al., 2016).
8
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bond in NH4+ species coordinated to Brønsted acid sites were characterized by bands at 1420−1450 cm-1 and 1650−1690 cm-1. The peak
around 1550 cm−1 suggested amine (-NH2) species. (Liu et al., 2014; Li
et al., 2017; Yao et al., 2017) The negative band at ca. 1350 cm−1 might
be the result of coverage or hydration of partial sulfate species by
NH4+. The peak at 1283 cm-1 was also assigned to ionic NH4+ bound to
Brønsted acid sites. (Yang et al., 2013) As reported in previous studies,
the sulfate species on the surface of catalysts accounted for the appearance of Brønsted acid sites (Ma et al., 2018; Xu et al., 2009). It
could be concluded that Lewis acid sites were major acid sites on the
surface of as-prepared samples while the overwhelming majority of the
acid sites on sulfated samples were Brønsted acid sites. The bands ascribed to Lewis acid sites almost disappeared after sulfation treatment.
In order to further investigate the difference between the acid strength
of as-prepared C6Z4 and S-C6Z4, the percentage of the integrated area
of the peak at 1290 cm-1 (Fig. 7a, C6Z4) and the peak at 1430 cm-1
(Fig. 7b, S-C6Z4) which could be respectively assigned to the relative
amount of ammonia species adsorbed on the Lewis acid sites and
Brønsted acid sites, are shown in Fig. 7c. When the temperature increased to 250 °C, the band ascribed to NH3 on Lewis acid sites of asprepared C6Z4 almost vanished, while the NH4+ species linked to
Brønsted acid sites still existed on the surface of S-C6Z even at 400 °C. It
could be concluded that the ammonia species on as-prepared C6Z4
were easier to desorb from the samples compared with that on the
Brønsted acid sites of S-C6Z4.
NH3-temperature programmed desorption (NH3-TPD) experiments
were performed to further evaluate the amount and strength of surface
acidity (Fig. 8). The integral data of the peaks in curves were listed in
Table S3. The NH3-TPD profiles of samples all display a broad peak and
the broad peak could be deconvoluted into three peaks assigned to
different adsorbed species. The three peaks, from low temperature to
high temperature, were attributed to the desorption of ammonia species
from physically/weakly adsorption sites, moderate acid sites and strong
acid sites, respectively. (Yang et al., 2013; Xiong et al., 2015) It was
interesting that the amount of surface acid sites increased greatly after
sulfation treatment and the amount of acid sites on S-C6Z4 was much
more than that on S-CeO2 which could come down to the introduction
of zirconium.
Combining the results of in situ DRIFTS of NH3 adsorption experiments and NH3-TPD, it’s clear that the sulfation treatment could increase the amount of acid sites on S-C6Z4 and enhance the acid strength
which are always linked to the improvement of NH3-SCR activity. It has
been reported that the Brønsted acid sites resulted from sulfation
treatment appears to be possible to improve the N2 selectivity of CeO2based catalysts significantly as well. (Gu et al., 2011)
3.6. Reaction mechanism
3.6.1. In situ DRIFTS of the reaction between NH3 and adsorbed nitrate
species
In order to investigate the mechanism of the reaction between adsorbed nitrate species and NH3, in situ DRIFTS of the reactions between
adsorbed nitrate species and NH3 were carried out and the spectra are
presented in Fig. 9. For as-prepared C6Z4 sample (Fig. 9a), when
NO + O2 was introduced to the DRIFTS cell, the bands ascribed to
different nitrate species emerged: 1025 cm−1, 1223 cm−1 and
1601 cm−1 (bridging bidentate nitrates); 1013 cm−1, 1245 cm−1 and
1542 cm−1 (chelating bidentate nitrates); 1572 cm−1 (bridging monodentate nitrite); nitro species (1354 cm−1). (Li et al., 2017; Yao et al.,
2017; Zhongbiao et al., 2007) After NH3 flowing into the DRIFTS cell,
the peak at 1601 cm−1 and 1223 cm−1 decreased and the bands at
1520 cm−1 and 1260 cm−1 increased (ascribing to monodentate nitrates), which could be taken for the deformation of nitrate species
driven by NH3 according to the previous study. (Yao et al., 2017) There
was a weak peak assigned to ammonia species appearing during NH3
treatment at 1620 cm−1 at the same time. The negative peak at

Fig. 10. Co-adsorption in situ DRIFTS of NO, O2 and NH3 on (a) as-prepared and
(b) S-C6Z4 at 250 °C, (c) NO + O2 with adsorbed NH3 on S-C6Z4 at 250 °C.
Reaction conditions: 3000 ppm NO + 5 vol % O2 and 3000 ppm NH3.

3.5. Acidity properties
In NH3-SCR reaction, the surface acid sites on catalysts influenced
the NO removal efficiency greatly likewise. Therefore, in situ DRIFTS of
NH3 adsorption was performed over C6Z4 and S-C6Z4 (Fig. 7a, b) using
CeO2, ZrO2, S-CeO2 and S-ZrO2 as references (Fig. S9). The peaks at
1090−1290 cm−1 and 1590−1620 cm−1 were allocated to asymmetric and symmetric bending vibrations of NeH bond in NH3 connected to Lewis acid sites. Asymmetric and symmetric bending of NeH
9
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Fig. 11. Adsorption and reaction scheme of as-prepared and sulfated C6Z4.

1161 cm−1 vanished with time, representing the adsorption of NH3,
which indicates that NH3 hardly reacts with adsorbed nitrate species at
250 °C, and competitive adsorption between nitrate species and ammonia would inhibit the reaction. As-prepared CeO2 and ZrO2 (Fig. 9c,
e) showed a similar adsorption trajectory. For sulfated C6Z4 and CeO2
samples (Fig. 9b, f), NOx hardly adsorbed on their surface comparing
with as-prepared samples, which indicates that the sulfation treatment
of C6Z4 could prevent non-reactive nitrates species from depositing on
the surface. On the other hand, S-ZrO2 still adsorbed a relatively large
amount of nitrate species (Fig. 9f) while ZrO2 in S-C6Z4 barely adsorbed nitrate species (Fig. 9b). To further testify that NO deposition
was inhibited, NO-TPD experiment was performed on S-C6Z4 and
C6Z4. As shown in Fig. S10, the amount of NOx desorbed from S-C6Z4
was much less than that from fresh C6Z4, especially at high temperature (400−600 °C), which meant that C6Z4 had larger NO adsorption
capacity. The results fitted well with the in situ DRIFTS experiments.
Taken the enhancement of acid sites and acidic strength after surface
sulfation into consideration, S-C6Z4 adsorbs more NH3 than as-prepared samples because of the Brønsted acid sites provided by sulfate
species and much fewer adsorbed nitrate species.

et al., 2017; Ma et al., 2015)
Similar process of experimental operation was performed on S-C6Z4
(Fig. 10b) to examine the reaction mechanism on the sulfated samples.
A significant amount of NH4+ species coordinated to Brønsted acid sites
has been found on the sulfated S-C6Z4 samples. No distinct band of
nitrate species was detected during the experiment, which further
supports the E-R mechanism of the reaction.
In situ DRIFTS of NO + O2 (3000 ppm NO + 5.0 % O2) reacting with
pre-adsorbed NH3 on S-C6Z4 was performed at 250 °C to further understand the reaction mechanism. As shown in Fig. 10c, the ammonia
species on sulfated samples were consumed rapidly, followed by gas
phase adsorption of nitrogen oxide, which were characterized by weak
bands at 1629 cm−1 and 1603 cm−1. Adsorption and reaction mechanism scheme was proposed and shown in Fig. 11. It is noteworthy
that a competitive adsorption between NO and NH3 existed on the
surface adsorption sites of as-prepared C6Z4. By contrast, S-C6Z4 had
much more active sites to adsorb NH3 according to both in situ DRIFTS
and NH3-TPD.
4. Conclusion
In summary, gas phase sulfation treatment was a convenient and
efficient method to promote the NH3-SCR performance of CeO2-ZrO2
solid solution and S-C6Z4 showed the highest activity among all sulfated samples. C6Z4 exhibited higher resistance to SO2 poisoning
mainly due to less ABS formation on the surface in comparison with
CeO2. The formed sulfate species were mainly present on the catalyst
surface rather than in the bulk phase, when the sulfation process was
operated at 200 °C for 2 h. The formation of surface acid sites mainly
contributed to Brønsted acid sites on S-C6Z4. Sulfation treatment could
effectively prevent nitrate species from depositing on the surface of
C6Z4, which did not participate in NH3-SCR reactions but occupied
reaction sites. The NH3-SCR reaction mainly proceeded thorough EleyRideal (E-R) mechanism on S-C6Z4. The gas phase sulfation treatment
could be used as a facile but efficient method to design a promising
deNOx catalyst based on conventional ceria-zirconia solid solutions,
which is highly valuable in practical industrial application.

3.6.2. In situ DRIFTS of SCR reaction
To further understand the SCR reaction mechanism, in situ DRIFTS
of NO + O2 + NH3 co-adsorption at 250 °C was performed on C6Z4 and
S-C6Z4. A series of time-resolved spectra have been obtained and
shown in Fig. 10a, b. For as-prepared C6Z4 (Fig. 10a), most peaks detected by the in situ DRIFTS could be assigned to nitrate species according to the previous literature: 1601 cm−1 (bridging monodentate
nitrates); 1013, 1572 and 1546 cm−1 (bidentate nitrates); 1520 cm−1
(monodentate nitrates). The bands around 1620 cm−1 and 1161 cm−1
were attributed to ammonia species on Lewis acid sites, while the bands
at 1442 cm−1 could be the bending vibration of NH4+ adsorbed on
Brønsted acid sites. (Li et al., 2017; Yao et al., 2017; Larrubia et al.,
2000; Amores et al., 1997) When gas mixture was introduced into the
DRIFTS cell, within 10 min, peaks assigned to nitrate and ammonia
species could be detected. After 15 min, bands ascribed to nitrate species enhanced while the peak at 1161 cm−1 which ascribed to the
ammonia species receded with time. It indicates that the adsorbed
ammonia species could be consumed by the flowing reaction gas and
NOx would take more adsorption sites when the reaction reached
equilibrium. There should exist a competitive adsorption between NO
and NH3 on C6Z4 surface. Considering that adsorbed ammonia species
could be consumed during the co-adsorption process, and given that no
reaction proceeded between NH3 and pre-adsorbed NO + O2 (Fig. 9a),
NO + O2 reacted with pre-adsorbed NH3 on C6Z4 surface and the reaction mainly proceeded through Eley-Rideal (E-R) mechanism. (Liu
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