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ABSTRACT: In this work, the influence of sulfated temperature on the selective catalytic
reduction of NO by NH3 over the sulfated CeO2 was investigated. The NO conversion of
the sulfated CeO2 samples decreased with the increase of sulfated temperature. The fresh
CeO2 and the CeO2 sulfated at different temperatures were characterized by X-ray
diffraction (XRD), laser Raman spectroscopy (LRS), in situ diffuse reflectance infrared
Fourier transform spectroscopy (in situ DRIFTS), thermogravimetry and differential
thermal analysis (TG-DTA), H2-temperature-programmed reduction (H2-TPR), and X-ray
photoelectron spectroscopy (XPS). The obtained results indicate that the sulfation process
was gradually deepened, and the existence states of sulfate species over CeO2 were changed
from surface sulfates to bulk-like sulfates and to bulk sulfates with raising the sulfated
temperature. Meanwhile, the formed bulk-like and bulk sulfates were the main reason to
result in the decrease of catalytic activity. In addition, the corresponding model was proposed to understand the interaction
between sulfate species and CeO2 influenced by sulfated temperature. Finally, bulk sulfates could be eliminated by H2O washing
and the NO conversion of CeO2 sulfated at 550 °C was recovered after H2O washing, which supports the proposed model.

1. INTRODUCTION

Selective catalytic reduction of NOx with NH3 (NH3-SCR)
technology has been widely used for NOx emissions in
stationary sources such as coal-fired plants and is considered
as a candidate for NOx emissions in diesel engine vehicles.1,2

Vanadia-titanium based NH3-SCR catalysts have been used in
stationary sources. However, the obvious drawbacks of these
catalysts are overoxidation of NH3 to N2O or NO at high
temperature, and the toxicity of vanadium.3,4 Therefore, people
are trying to develop new environmental-friendly catalysts to
replace vanadium−titanium-based catalysts.
Ceria (CeO2) is playing an important role in environmental

catalysis due to its high oxygen storage-release capacity and
feasible Ce3+/Ce4+ redox cycle.5,6 In terms of NOx catalytic
elimination, ceria as a significant component has been
successfully used for NOx emissions of automotive vehicle in
three way catalysts (TWCs).7,8 In recent years, the studies of
ceria based NH3-SCR catalysts have been paid more and more
attentions,9 including CeO2−MnO2 based catalysts for the low
temperature NH3-SCR,

10−13 CeO2−TiO2 based,14−17 CeO2−
carbon nanotube,18 and CeO2−WO3 based catalysts for the
medium-high temperature NH3-SCR,

19−21 which were due to
their high NO conversion, high N2 selectivity, and environ-
mental-friendly properties.
In practical working conditions, especially for coal-fired

power plants, the effluent gases always contain a small amount
of SO2.

22 Thus, SO2 resistance performance must be
considered in NH3-SCR reaction. It is reported that ceria

could promote the resistance of SO2 poisoning at 150 °C over
Mn/TiO2 catalyst via inhibiting the formation of surface sulfate
species and lessening the sulfation of the main active phase
(MnOx).

23,24 Interestingly, although pure CeO2 has poor NH3-
SCR activity, previous literatures reported that pure CeO2
sulfated by SO2 + O2 at 300 °C had nearly 100% NO
conversion with high N2 selectivity during ca. 270−520 °C, and
researches suggest that surface sulfation could not only enhance
NH3 chemisorption but also inhibit the catalytic oxidization of
NH3 to NO.25,26 In addition, our previous study indicated that
the sulfated CeO2 exhibited good resistance of SO2 poisoning
in NH3-SCR reaction with SO2 at 300 °C.27 Consequently,
ceria and ceria based catalysts have the potential ability to solve
the problem of SO2 poisoning in NH3-SCR reaction.
Although pure CeO2 sulfated at specially pointed temper-

ature displays excellent NH3-SCR activity, the present work
also showed that the catalytic activity of CeO2 was strongly
dependent on sulfated temperature and the NO conversion of
sulfated CeO2 samples decreased with the increase of sulfated
temperature. To understand the interaction between sulfate
species and CeO2 and the relationship between catalytic activity
and sulfated temperature, the quantitative and qualitative
analyses of sulfate species over the sulfated CeO2 were made
by means of X-ray diffraction (XRD), laser Raman spectroscopy
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(LRS), in situ diffuse reflectance infrared Fourier transform
spectroscopy (in situ DRIFTS), thermogravimetry, and differ-
ential thermal analysis (TG-DTA), H2-temperature-pro-
grammed reduction (H2-TPR), and X-ray photoelectron
spectroscopy (XPS). Finally, the corresponding model was
proposed to further explain the relationship between structure-
component and catalytic activity over the sulfated CeO2
influenced by sulfated temperature.

2. EXPERIMENTAL SECTION

2.1. Catalyst. CeO2 was prepared by thermal decom-
position of Ce(NO3)3·6H2O at 550 °C for 4 h in flowing air.
CeO2 was sulfated by 1000 ppm of SO2 + 5 vol % O2 at desired
temperature for 1 h. For simplicity, the sulfated CeO2 was
shortened for CeO2-T, where T was the corresponding sulfated
temperature.
2.2. Characterization. X-ray powder diffraction (XRD)

patterns were collected using a Philips X’pert Pro diffrac-
tometer with Ni-filtered CuKα1 radiation (0.15408 nm). The
X-ray tube was operated at 40 kV and 40 mA.
Specific surface areas of samples were measured by nitrogen

adsorption at 77 K on a Micrometrics ASAP-2020 analyzer by
the Brunauer−Emmet−Teller (BET) method. Before each
adsorption measurement, about 0.1 g of sample was degassed in
a N2/He mixture at 300 °C for 4 h.
Laser Raman spectroscopy (LRS) analysis was performed on

a LabRAM Aramis (Japan Horiba) Laser Raman spectroscopy
using Ar+ laser beam. The Raman spectra were recorded with
an excitation wavelength of 532 nm and the laser power of 10
mW.
In situ diffuse reflectance infrared Fourier transform

spectroscopy (in situ DRIFTS) experiments were performed
on a Nicolet Nexus 5700 FTIR spectrometer by using a diffuse
reflectance attachment (HARRICK) equipped with a reaction
cell (ZnSe windows). The number of scans was 32 at a
resolution of 4 cm−1, and the spectra were presented as
Kubelka−Munk function. Background spectra were recorded in
flowing high-purity N2 and subtracted from the sample
spectrum for each measurement. Prior to each test, the powder
sample was used and pretreated with high-purity N2 at 400 °C
for 1 h. After cooling to the target temperature, the sample was
exposed at a controlled stream of 1000 ppm of NH3 or 1000
ppm of SO2 + 5 vol % O2, with N2 balance at a flow rate of 10
mL·min−1.
Thermogravimetry and differential thermal analysis (TG-

DTA) of the samples was carried out on a Netzsch
thermoanalyzer STA 449C with a heating rate of 10 °C·
min−1 in a flowing air.
H2-temperature-programmed reduction (H2-TPR) was

carried out in a quartz U-tube reactor connected to a TCD
with H2−Ar mixture (7% H2 by volume) as reductant. Fifty
milligrams of sample was used for each measurement. Before
switching to the H2−Ar stream, the sample was pretreated in a
N2 stream at 200 °C for 1 h. TPR started from room
temperature to 850 °C at a rate of 10 °C·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) operating at an accelerating power of 15 kW.
Before the measurement, the sample was outgassed at room
temperature in a UHV chamber (<5 × 10−7 Pa). The sample
charging effects were compensated by calibrating all binding

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

2.3. Catalytic Activity Test. Catalytic reaction was
performed in a fixed-bed quartz flow reactor tube made from
quartz glass, at a gas hourly space velocity (GHSV) of ca.
90,000 h−1 at 300 °C. The flow gases for NH3-SCR reaction
were composed of 500 ppm of NO, 500 ppm of NH3, aand 5
vol % O2 balanced with N2. The activity data was collected after
1 h of steady-state reaction. Prior to catalytic test, samples were
pretreated in N2 at 200 °C for 1 h. The effluent gases including
NO, NH3, NO2, and N2O were continuously analyzed at 150
°C 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 were calculated by the
following equations:
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3. RESULTS AND DISCUSSION
3.1. Activity Measurements. The NH3-SCR activity at

300 °C was evaluated over the CeO2 sulfated at different

temperatures, and the NO conversion results are shown in
Figure 1. About 48% NO conversion was achieved over the
fresh CeO2. When the fresh CeO2 was sulfated by SO2 + O2 for
1 h, the NO conversion was enhanced. As reported
elsewhere,25,28 the NH3-SCR activity of fresh CeO2 or
CeO2−ZrO2 could be promoted by the presulfation treatment.
It is worth noting that the NO conversion would decrease with
the increase of sulfated temperature from 150 to 550 °C. In the
meantime, the N2 selectivity of all sulfated CeO2 samples was
more than 99% (shown in Figure S1, Supporting Information).
In addition, pure Ce(SO4)2 and CeOSO4 were tested, and both
of them exhibited much worse catalytic activity than the
sulfated CeO2 samples. Furthermore, the catalytic performance

Figure 1. NO conversion of CeO2 influenced by sulfated temperature
in NH3-SCR reaction at 300 °C.

The Journal of Physical Chemistry C Article

DOI: 10.1021/jp511282c
J. Phys. Chem. C 2015, 119, 1155−1163

1156

http://dx.doi.org/10.1021/jp511282c


of CeO2 sulfated at 150, 350, and 550 °C was also evaluated as
a function of temperature (shown in Figure S2, Supporting
Information); it can be seen that the NO conversion obviously
decreased and N2 selectivity nearly kept unchanged with
increasing the sulfated temperature.
3.2. XRD and BET. Figure 2 shows the XRD patterns of the

fresh and sulfated CeO2 samples. It can be seen that all the
samples displayed the cubic fluorite-type phase CeO2 (PDF-
ICDD 34-0394). Interestingly, some new peaks appeared over
CeO2-550 sample. The peaks at 13.8 and 20.1° could be
ascribed to Ce(SO4)2 (PDF-ICDD 70-2097), and the peaks at
17.1, 25.3, and 34.8° could be assigned to CeOSO4 (PDF-

ICDD 39-0515), indicating that bulk sulfate species were
formed when the fresh CeO2 was sulfated at 550 °C.
The texture data of the fresh and sulfated CeO2 samples is

listed in Table 1. It can be seen that the sulfated temperature
almost had no influence on the average particle diameter of
CeO2. However, the BET surface area was decreased when
CeO2 was sulfated. CeO2-550 displayed the lowest BET surface
area probably due to the formation of obvious bulk sulfated
species. In addition, combined with the NO conversion results,
although the NO conversion decreased with the increase of
sulfated temperature from 250 to 450 °C, the BET surface areas
were almost unchanged (moreover, although the NO
conversion of CeO2-150 sample was nearly the same as that
of CeO2-250 sample, the BET surface area of CeO2-250 sample
decreased compared with CeO2-150 sample). Thus, the BET
surface area is not the key factor to the decrease of NO
conversion over the sulfated CeO2 influenced by sulfated
temperature.

3.3. Raman. Raman was conducted to further investigate
the existence states of sulfate species over the CeO2 sulfated at

Figure 2. XRD patterns of the fresh CeO2 and sulfated CeO2.

Table 1. BET Surface Area and Average Particle Diameter of
the Fresh and Sulfated CeO2

samples BET surface area (m2·g−1) average particle diameter (nm)

fresh CeO2 69.5 12.4
CeO2-150 58.4 12.4
CeO2-250 48.5 12.5
CeO2-350 45.6 12.8
CeO2-450 46.8 12.5
CeO2-550 39.7 12.3

Figure 3. Raman spectra of the fresh CeO2 and sulfated CeO2.

Figure 4. In situ DRIFT spectra of SO2 + O2 coadsorption over CeO2
at different temperature.

Figure 5. In situ DRIFT spectra of NH3 adsorption over CeO2 at 150
°C.
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different temperatures. It can be seen from Figure 3, the fresh
CeO2 had no signal from 1000 to 1400 cm−1. When the fresh
CeO2 was sulfated at the temperature below 450 °C, two broad
bands at ca. 1012 and 1158 cm−1 could be, respectively,
assigned to the symmetric S−O stretch (νs) and asymmetric S−

O stretch (νa) of sulfate species,
29 which indicates that surface

adsorbed sulfates or amorphous sulfate phases could be formed.
In terms of CeO2-550 sample, the bands at 1019 and 1052
cm−1 could be assigned to the bulk Ce(SO4)2 and the bands at
1009, 1101, 1137, 1186, and 1211 cm−1 could be ascribed to

Figure 6. TG-DTA curves of the fresh CeO2 and sulfated CeO2.
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the bulk CeOSO4.
30 This is in accordance with the results of

XRD. As Raman is a surface sensitive technique to characterize
oxide catalysts, the results of Raman suggest that sulfate species
covered on the surface of CeO2 are surface adsorbed or
amorphous phase when CeO2 is sulfated below 450 °C, while
bulk Ce(SO4)2 and CeOSO4 cover on the surface of CeO2
when CeO2 is sulfated at 550 °C.
3.4. Coadsorption in Situ DRIFTS of SO2 and O2. To

investigate the interaction between sulfate species and CeO2
during the sulfation process, the fresh CeO2 was exposed to
1000 ppm of SO2 and 5 vol % O2 for 1 h at different
temperatures and then purged by N2 for 30 min at 150 °C. The
DRIFTS spectra are shown in Figure 4. All the bands are
related to sulfate species. According to refs 31−33, the bands at
1118, 1003, and 900 cm−1 could be assigned to the symmetric
stretching frequencies of S−O species, while the bands at 1381
and 1308 cm−1 could be attributed to the asymmetric stretching
frequencies of SO species for surface sulfates adsorbed on
metal oxide. It can be seen that the sulfated CeO2 mainly
contained surface adsorbed sulfates when the sulfated temper-
ature was less than 350 °C. Interestingly, the bands due to
surface adsorbed sulfates disappeared when the sulfated
temperature was more than 350 °C. However, some new
bands obviously appeared, and the bands at 1176 and 1145
cm−1 could be ascribed to sulfates located in bulk or subsurface
of CeO2 (bulk or bulk-like sulfates), which is in agreement with
the literature.33 In addition, judging by the regularity of
intensity change, the bands at 1043 and 995 cm−1 were also
related to bulk or bulk-like sulfates. The intensity of all the
bands due to bulk or bulk-like sulfates enhanced with the
increase of sulfated temperature, indicating that the sulfation

process happened in the deeper interior of CeO2 and more bulk
sulfates were formed at higher sulfated temperature. Combined
with the results of XRD and Raman, only the sulfated
temperature at 550 °C led to the formation of bulk sulfates.
Thus, bulk-like sulfates were formed over the CeO2 sulfated in
the range of 350−450 °C (sulfates formed in the subsurface
layer or deeper interior of CeO2, which could not be detected
by XRD), while bulk sulfates detected by XRD were formed
over the CeO2 sulfated at 550 °C. The coadsorption DRIFTS
of SO2 and O2 demonstrates that the sulfation process was
gradually deepened and that the existence states of sulfate
species over the sulfated CeO2 were changed in the process
from surface sulfates to bulk-like sulfates and to bulk sulfates
with the increase of sulfated temperature.

3.5. Adsorption in Situ DRIFTS of NH3. Surface acid sites
always play an important role in NH3-SCR process. The NH3
adsorption was conducted to investigate the influence of
sulfated temperature on surface acid properties. The fresh
CeO2 was sulfated as descripted in section 3.3, and then the
sulfated CeO2 at different temperatures was exposed to 500
ppm of NH3 for 1 h at 150 °C. The DRIFTS spectra collected
after NH3 adsorption for 1 h are shown in Figure 5. In terms of
the fresh CeO2, the bands at 1591 and 1543 cm−1 could be
respectively assigned to NH3 coordinated to Lewis acid sites
and amide species (−NH2), and the band at 1408 cm−1 could
be ascribed to NH4

+ coordinated to Brønsted acid sites.34,35

However, the surface acid properties of the sulfated CeO2
samples were significantly changed compared with the fresh
CeO2. With regard to all the CeO2 sulfated from 150 to 550 °C,
the intensity of band due to NH3 coordinated to Lewis acid
decreased and the band due to amide species disappeared. In
addition, the band due to NH4

+ coordinated to Brønsted acid
sites shifted to higher wavenumber at 1429 cm−1, and its
intensity enhanced compared with the fresh CeO2. Some
literatures reported that richer Brønsted acid sites could be
formed on metal oxides caused by adsorbed sulfate
species.36−38 In the meantime, this kind of Brønsted acid site
lead to an obvious promotion of the Eley−Rideal mechanism in
NH3-SCR process over sulfated CeO2.

26 Although the surface
acid properties of the sulfated CeO2 were different from those
of the fresh CeO2, it is worth noting that the sulfated
temperature had no obvious effect on surface acid properties.
Thus, the possibility that the decline of NO conversion with the
increase of sulfated temperature is mainly dependent on the
surface acid properties of the sulfated CeO2 can be ruled out.

3.6. TG-DTA. The fresh and sulfated CeO2 samples were
measured by TG-DTA to analyze the amount and thermal
stability of sulfate species formed during the sulfation process.
As shown in Figure 6, the weight losses of all the samples could
be mainly divided into three steps accompanying with an
exothermic peak at each step. Step I (25−200 °C) could be
mainly assigned to the desorption of adsorbed water on the
samples. O2 will be released from CeO2 by thermal treatment in
inert or reductive gas.39 Thus, the weight losses of Step II
(200−600 °C) were caused by the release of oxygen over the
CeO2 samples in N2. It can be seen that Step III (600−1000
°C) existed over the sulfated CeO2 and that no Step III was
found over the fresh CeO2. As reported elsewhere,

16,40,41 sulfate
species adsorbed on CeO2 or Ce/TiO2 catalyst would start to
decompose at more than 600 °C measured by SO2-TPD.
Combined with Raman and DRIFTS results, Step III contained
the desorption of sulfate species over the sulfated CeO2. In
addition, the amount of sulfate species can be decided by the

Figure 7. H2-TPR results of the fresh CeO2 and sulfated CeO2.

Table 2. Fitting Peak Area by H2-TPR and Weight Loss
Measured by TG-DTA of Sulfate Species over the Sulfated
CeO2

samples peak area (a.u.) weight loss (%)

CeO2-150 164.7 3.3
CeO2-250 198.3 3.9
CeO2-350 243.1 5.1
CeO2-450 397.7 7.5
CeO2-550 597.7 10.0
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weight losses and the results are listed in Table 1. It can be seen
that the amount of sulfate species increased with the increase of
sulfated temperature.

3.7. H2-TPR. To investigate the effect of sulfation on the
redox performance of CeO2, the fresh and sulfated CeO2

samples were characterized by H2-TPR. As shown in Figure
7, the fresh CeO2 sample had two broad peaks. The peak at ca.
550 °C could be attributed to the reduction of surface active
oxygen species, subsurface layers, or deeper interior of CeO2,
and the peak at ca. 780 °C could be assigned to the reduction of
bulk lattice oxygen.42,43 Compared with the fresh CeO2, the
sulfated CeO2 displayed a new peak α located at 530−610 °C,
which could be mainly assigned to the reduction of sulfate
species.26,33 Therefore, the peaks from 300 to 650 °C for the
sulfated samples could be attributed to the reduction of both
sulfate species and subsurface layers or deeper interior of CeO2.
Additionally, the center temperature of peak α raised with the
increase of sulfated temperature. Since DRIFTS results have
demonstrated that sulfate species over CeO2 were changed in
the process from surface sulfates to bulk-like sulfates and to
bulk sulfates with the increase of sulfated temperature, it can be
deduced that the reduction performance decreased by the order
of surface sulfates > bulk-like sulfates > bulk sulfates. In
addition, by fitting the peak areas from 300 to 650 °C for all the
samples, the amount of sulfate species was obtained by
deducting the peak area of the fresh CeO2 from the peak
area of the sulfated CeO2. The results are listed in Table 2, it

Figure 8. XPS results of (a) Ce 3d, (b) S 2p, and (c) O 1s over the fresh CeO2 and sulfated CeO2.

Figure 9. Normalized amounts of sulfate species respectively measured
by XPS, H2-TPR, and TG-DTA as a function of sulfated temperature.
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can be seen that the amount of sulfate species increased with
the increase of sulfated temperature, which is in accordance to
the conclusions drawn from TG-DTA results.
3.8. XPS. XPS was conducted to investigate the surface

component and chemical state change of elements over the
fresh and sulfated CeO2 samples. The XPS results are shown in
Figure 8, and the bands were fitted by Gaussian−Lorentz
curves. The Ce 3d XPS of the fresh and sulfated CeO2 samples
after deconvolution are shown in Figure 8a. The bands labeled
u and v were respectively represented 3d3/2 spin−orbit states
and 3d5/2 states. The bands labeled as u′ and v′ were ascribed to
the primary photoemission of Ce3+, and the other six bands
labeled as u‴ and v‴, u″ and v″, and u and v were assigned to
Ce4+.44 The fitting results listed in Table 2 indicate that the

atomic concentration of Ce3+ over the sulfated CeO2 was
slightly larger than that of the fresh CeO2 and gradually
increased with raising the sulfated temperature, which could be
caused by the reduction of CeO2 by SO2.

45,46

In terms of the sulfated CeO2 samples (in Figure 8b), two
XPS bands of S 2p at ca. 169.6 and ca. 168.4 eV, respectively,
due to the photoelectron peaks of S 2p1/2 and S 2p3/2, were
characterized as the S6+ oxidation state.40,47 This also indicates
that sulfate species were formed over the sulfated CeO2 as
confirmed by DRIFTS. In addition, the atomic concentration of
sulfur measured by XPS is listed in Table 2. It can be seen that
the atomic concentration of sulfur increased with the increase
of sulfated temperature.
The O 1s XPS of the fresh and sulfated CeO2 samples are

shown in Figure 8c. The bands O′ at 531.6 eV were attributed
to surface oxygen species, and the bands O″ at ca. 529.3 eV
were assigned to the lattice oxygen species.48 Interestingly, as
listed in Table 2, the surface oxygen species over the sulfated
CeO2 were much more than those over the fresh CeO2, which
was related to sulfate species formed during the sulfation
process. Additionally, the amount of surface oxygen species
increased with the increase of sulfated temperature, indicating
that more sulfate species were formed at higher sulfated
temperature.

3.9. Sulfation Model over CeO2 Influenced by Sulfated
Temperature. As discussed above, with raising the sulfated
temperature, more sulfate species are formed over CeO2. To
further identify the change process of sulfate species over the
sulfated CeO2 influenced by sulfated temperature, the
quantitative data of sulfate species measured by TG-DTA,
H2-TPR, and XPS was normalized by CeO2-150 sample. The
results are shown in Figure 9 and Table 3. It can be seen that
the normalized amounts of TG-DTA and H2-TPR nearly
displayed the same change tendency, in which the normalized
amounts became larger and larger with raising the sulfated
temperature. However, the normalized amounts of XPS just
slightly increased with raising the sulfated temperature. It is
well-known that XPS is a surface sensitive technique and that
the sulfate species measured by XPS are mainly on the surface
of the sulfated CeO2 samples. In contrast, TG-DTA and H2-
TPR can measure all sulfate species including not only on the
surface but also in the bulk phase of the sulfated CeO2 samples.
Therefore, as shown in Figure 9, the difference values of
normalized amount between by TG-DTA/H2-TPR and by XPS
became larger and larger with the increase of sulfated
temperature, which indicates that the intensity of sulfation
over CeO2 was enhanced by increasing the sulfated temper-
ature, and also supports the process from surface sulfates to
bulk-like sulfates and to bulk sulfates as demonstrated by in situ
DRIFTS. The change process of sulfate species over CeO2
influenced by sulfated temperature can be expressed as shown
in Figure 10. With raising the sulfated temperature, the

Table 3. Surface Components of the Fresh and Sulfated CeO2 Obtained by XPS Analysis

atomic concentration (mol %) atomic ratio (%)

samples Ce O S Ce3+/(Ce3+ + Ce4+) O′/(O′ + O″)
fresh CeO2 23.35 76.65 0.00 10.87 29.06
CeO2-150 20.01 75.50 4.49 11.86 40.46
CeO2-250 18.88 76.62 4.50 11.85 43.30
CeO2-350 19.00 76.29 4.71 14.02 48.08
CeO2-450 18.42 76.25 5.33 14.92 50.24
CeO2-550 17.56 76.95 5.49 15.19 52.52

Figure 10. Schematic view of relationships between the existence state
of sulfate species and NO conversion over the sulfated CeO2.

Figure 11. Effect of H2O washing on the catalytic activity of CeO2-550
sample.
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intensity of interaction between sulfate species and CeO2 is
gradually deepened and the sulfation process will happen in the
deeper interior of CeO2 even forming bulk sulfates, which can
be detected by XRD. Previous research suggests NH3-SCR can
proceed via the synergistic catalysis between surface sulfates
and bulk CeO2 over the sulfated CeO2.

25,26 Meanwhile, both
the literature25,26 and our experimental results27 have
demonstrated that surface sulfates over CeO2 sulfated at or
below 300 °C could promote the NH3-SCR reaction. However,
in terms of CeO2 sulfated at higher temperature (more than
350 °C), bulk-like sulfates in much deeper interior of CeO2 or
bulk sulfates are formed. Activity measurement results indicate
that bulk Ce(SO4)2 and CeOSO4 have poor NH3-SCR activity,
thus bulk-like or bulk sulfates covered on CeO2 block the
synergistic catalysis between surface sulfates and bulk CeO2.
To further validate the above relationships between sulfate

species and catalytic activity over the sulfated CeO2, CeO2-550
sample was washed by H2O for 24 h (denoted as CeO2-550-H).
XRD results shown in Figure S3, Supporting Information,
indicate that the bulk sulfates Ce(SO4)2 and CeO(SO4) over
CeO2-550 sample could be eliminated by H2O washing. In the
meantime, CeO2-550-H sample was tested in NH3-SCR, as
shown in Figure 11, CeO2-550-H sample exhibited better
catalytic activity than CeO2-550 sample, and the catalytic
activity of CeO2-550-H sample was as good as CeO2-150
sample, indicating the elimination of bulk sulfates over the
sulfated CeO2 is beneficial to recover the catalytic activity.
Therefore, the above results support that bulk sulfates covered
on the sulfated CeO2 resulted in the decrease of NH3-SCR
activity.

4. CONCLUSIONS

In terms of the sulfated CeO2, the increase of sulfated
temperature led to the decrease of NO conversion. The sulfated
temperature can influence the existence states of sulfate species
over the sulfated CeO2 and thus influence the catalytic activity.
With raising the sulfated temperature, the intensity of sulfation
is deepened and sulfate species over the sulfated CeO2 are
changed from surface sulfates to bulk-like sulfates and to bulk
sulfates. However, bulk-like and bulk sulfates showing poor
NH3-SCR activity covered on the sulfated CeO2 can block the
synergistic catalysis between surface sulfates and bulk CeO2 and
result in the decrease of catalytic activity. Therefore, in terms of
CeO2 or rich CeO2-based NH3-SCR catalysts, to maintain the
good resistance of SO2 poisoning, the key is to prevent the
sulfation happening in the deeper interior of CeO2 at higher
reaction temperature. To achieve this goal, modifying CeO2
with additives to control the sulfation mainly proceeding on the
surface of CeO2-based catalysts should be considered.
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