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A B S T R A C T

A series of CeO2 pretreated with different acids (i.e., CH3COOH (HAc), HNO3, HCl, H3PO4, and H2SO4) were
prepared with the purpose of exploring the influence of acid pretreatment on the physicochemical property and
catalytic performance of CeO2 for NH3-SCR. And then, these catalysts were characterized by means of XRD,
Raman, N2-physisorption, H2-TPR, NH3-TPD, in situ DRIFTS, XPS, and NH3-SCR reaction. The obtained results
indicate that different acids pretreatment has different influence on the structure, texture, reduction behavior,
surface acidity, surface property, and catalytic performance of CeO2. Especially, the sample pretreated by H2SO4

(i.e., CeO2-S catalyst) exhibits the best catalytic performance for NH3-SCR reaction at high temperature among
these catalysts due to the largest amount of surface acid sites (especially B acid sites) and Ce3+, as well as the
increase of defect sites (such as oxygen vacancy) and the most abundant reducible species. Furthermore, CeO2-S
catalyst also exhibits excellent catalytic performance (i.e., above 80% NO conversion) during the whole test of
H2O + SO2 resistance, which indicates that it has the potential to be applied in the practical denitration process.

1. Introduction

In recent years, the selective catalytic reduction of NO by NH3 (NH3-
SCR) has been considered as one of the most economical and efficient
techniques to reduce the emission of nitrogen oxides (NOx) from sta-
tionary and mobile sources, which is beneficial to controlling the at-
mospheric pollution, such as acid rain and photochemical smog, etc.
[1–3]. The commercial V2O5-WO3(MoO3)/TiO2 catalysts exhibit ex-
cellent catalytic performance for NH3-SCR reaction during 300–400 °C,
but they also have some drawbacks, such as the toxicity of V2O5, the
oxidation of SO2 to SO3, the formation of N2O at high temperature, and
so on [4,5]. Therefore, the design and development of environment-
friendly non-vanadium-based catalysts with superior denitration per-
formance become a hot research topic.

Ceria-based catalysts have been widely investigated in NH3-SCR
reaction due to the high oxygen storage/release capacity and good
redox property of CeO2 associated with the existence of oxygen vacancy
and facile Ce3+/Ce4+ redox cycle [6–8]. As early as 1990s, Topsøe
et al. [9] have pointed out that surface acidity and redox property of the
catalysts are the most important influence factors for NH3-SCR reaction.
Although CeO2 has good redox property, its surface acidity needs to be

further improved. Therefore, acidic metal-oxides (e.g., WO3 and MoO3)
were introduced to increase the surface acidity of CeO2, and further
enhance the corresponding denitration performance [10,11]. On the
other hand, some research results suggest that the presence of SO2 in
the reaction gases is conducive to the occurrence of NH3-SCR reaction
on the surface of TiO2, ZrO2, Al2O3, and CuO/Al2O3 catalysts due to the
production of active surface oxygen and the formation of sulfate spe-
cies, which improve the surface acidity of these catalysts effectively
[12,13]. After that, Gu et al. [14] discussed the influence of SO2 pre-
treatment (sulfation) on the catalytic performance of CeO2 for NH3-
SCR. They pointed out that SO2 pretreatment obviously enhances the
denitration performance of CeO2 due to the increase of active oxygen
species and surface acidity, which is beneficial to the adsorption and
activation of NH3. Yang et al. [15] further explored the promotion
mechanism of SO2 on the NH3-SCR reaction over CeO2. They found that
NH3-SCR reaction over the fresh and sulfated CeO2 also follows the
Eley-Rideal mechanism (i.e., the adsorbed NH3 reacts with gaseous NO),
and the sulfation obviously promotes the adsorption of NH3 on CeO2,
which results in the enhancement of catalytic performance for NH3-
SCR. Chang et al. [4] investigated the effect of surface and bulk sulfates
on the denitration performance of CeO2 for NH3-SCR, and reported that
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the surface sulfate species can promote the adsorption of NH3 to result
in good catalytic performance, while the bulk sulfate species deposit on
the surface of CeO2 covering the active sites, and lead to poor NH3-SCR
activity. Furthermore, Zhang et al. [16] studied the influence of sulfa-
tion temperature on the catalytic activity of the sulfated CeO2 for NH3-
SCR, and found that the sulfation process is gradually deepened, and
the existence states of sulfate species over CeO2 are changed from
surface sulfates to bulk-like sulfates and bulk sulfates with elevating the
sulfation temperature, in which the promotion effect of surface sulfates
is more remarkable than that of bulk-like sulfates and bulk sulfates. In
summary, through controlling the pretreatment conditions, SO2 pre-
treatment can obviously improve the surface acidity of CeO2 due to the
formation of sulfates, which is beneficial to the adsorption and acti-
vation of reactant molecule NH3, and further promotes the enhance-
ment of catalytic performance for NH3-SCR reaction.

However, there are some imperfections for SO2 pretreatment of
CeO2: firstly, the treated amount of CeO2 is very limit, if the treated
amount is too large, the gas resistance will increase obviously, and
maybe generate some security risks; secondly, the price of standard SO2

gas is too expensive, which limits the wide application of this pre-
treatment method. Fortunately, compared with SO2 pretreatment, acid
pretreatment may also improve the surface acidity of CeO2, and further
exhibits some advantages, such as: (1) the operating method is very
simple, and suitable for the large-scale production, which is very sig-
nificantly for practical application; (2) there are many types of acid can
be chosen for this purpose, and most of them are cheaper than the
standard SO2 gas. However, as far as we know, the influence of pre-
treatment with different acids on the surface acidity and catalytic
performance of CeO2 for NH3-SCR reaction has not been reported.
Furthermore, it is well known that CH3COOH (HAc), HNO3, HCl,
H3PO4, and H2SO4 are widely used in industry for some other purposes,
which is because that they are very cheap and easy to get. Therefore, in
the present work, based on the consideration of low costs and abundant
resources, we chose these acids to pretreat CeO2 with the purpose of
improving its surface acidity, and further enhancing the corresponding
denitration performance. The obtained samples were characterized by
means of XRD, Raman, N2-physisorption, H2-TPR, NH3-TPD, in situ
DRIFTS, XPS, and NH3-SCR reaction to explore the influence of pre-
treatment with different acids on the physicochemical property and
catalytic performance of CeO2 for NH3-SCR. Finally, the aim of the
present work is attempting to screen the most suitable acid for the acid
pretreatment of CeO2 to enhance its denitration performance, which
can provide some scientific reference for the optimization of the prac-
tical denitration catalysts.

2. Experimental section

2.1. Catalysts preparation

CeO2 was prepared by the thermal decomposition of Ce(NO3)3·6H2O
at 500 °C for 5 h in the flowing air, after grinding in agate mortar for
30 min. And then, the desired amounts of CH3COOH (HAc), HNO3, HCl,
H3PO4, and H2SO4 were diluted in an appropriate amount of distilled
water, respectively. After that, the required amount of CeO2 was added
into the above-mentioned dilute acid solutions, and magnetically
stirred for 2 h. These suspensions were evaporated to dryness at 80 °C
during the oil bath. The as-prepared catalysts were oven dried at 90 °C
for 12 h, and finally calcined at 350 °C in the static air for 5 h.
Furthermore, the usage amount of acid was fixed at 5 mmol acid/g
CeO2, and these acid-pretreated catalysts were denoted as CeO2-Ac,
CeO2-N, CeO2-Cl, CeO2-P, and CeO2-S, respectively.

2.2. Catalysts characterization

X-ray diffraction (XRD) patterns of these catalysts were collected on
a Philips X’Pert3 Powder diffractometer with Ni-filtered Cu Kα

radiation (λ = 0.15418 nm). X-ray tube was operated at 40 kV and
40 mA.

Raman spectra of these catalysts were recorded on a Renishaw inVia
Reflex Laser Raman spectrometer with Ar+ laser beam. The excitation
wavelength and laser power are 532 nm and 5 mW, respectively.

Textural characteristics of these catalysts were obtained by N2-
physisorption at 77 K on a Belsorp-max analyzer via the Brunauer-
Emmet-Teller (BET) method. Before each analysis, the catalyst was
degassed under vacuum at 300 °C for 4 h.

H2-temperature programmed reduction (H2-TPR) experiments were
carried out on a dynamic sorption analyzer (TP-5076) with a thermal
conductivity detector (TCD). The reductant is H2-Ar mixture (7.0% H2

by volume, 30 ml min−1). Before the reduction, 50 mg catalyst was
pretreated in high purified N2 (30 ml min−1) at 300 °C for 1 h, and then
cooled to ambient temperature. After that, the H2-TPR started from
room temperature to 900 °C at a rate of 10 °C min−1.

NH3-temperature programmed desorption (NH3-TPD) experiments
were also performed on a dynamic sorption analyzer (TP-5076).
200 mg catalyst was pretreated in high purified N2 (30 ml min−1) at
300 °C for 1 h. And then, the catalyst adsorbed NH3-N2 mixture (1.0%
NH3 by volume, 30 ml min−1) at 50 °C for 1 h to be saturated, and
subsequently flushed with high purified N2 (30 ml min−1) for 1 h to
eliminate the gaseous NH3, and further cooled to ambient temperature.
Finally, the desorption process was carried out from room temperature
to 700 °C at a rate of 10 °C min−1.

In situ diffuse reflectance infrared Fourier transform spectra (in situ
DRIFTS) of these catalysts by NH3 adsorption were collected on a
Nicolet 5700 FT-IR spectrometer with a high-sensitive MCT detector.
Prior to the test, the catalyst was pretreated in high purified N2 at
300 °C for 1 h to remove the surface adsorbed water. The sample
background was collected after cooling to 25 °C (room temperature).
And then, the catalyst adsorbed NH3-N2 mixture (1.0% NH3 by volume,
50 ml min−1) at 25 °C for 1 h to be saturated, and subsequently purged
the gaseous NH3 with high purified N2 (50 ml min−1) for 1 h. Finally, in
situ DRIFTS were recorded at room temperature in high purified N2

(50 ml min−1) by subtracting the corresponding sample background.
X-ray photoelectron spectra (XPS) of these catalysts were collected

on a PHI 5000 VersaProbe system with monochromatic Al Kα radiation
(1486.6 eV), operating at an accelerating power of 15 kW. Prior to the
measurement, the catalyst was outgassed in a UHV chamber
(< 5 × 10−7 Pa) at ambient temperature. The charging effect of the
sample was compensated by calibrating the binding energy with C 1s
peak at 284.6 eV.

2.3. Catalytic performance measurement

The catalytic performance of these catalysts for NH3-SCR reaction
was measured under steady state, involving a feed stream with a fixed
composition of 500 ppm NO, 500 ppm NH3, 5% O2, 5% H2O (when
used), 100 ppm SO2 (when used), and N2 in balance. 400 mg catalyst
was fitted in a quartz tube and pretreated in high purified N2 at 300 °C
for 1 h, and then cooled to room temperature. After that, the mixed
reaction gases were switched on. The reaction was conducted at dif-
ferent temperatures with a space velocity of 60,000 ml g−1 h−1. NO
concentration of inlet ([NO]in) and outlet ([NO]out) was detected by a
chemiluminescence NO analyzer. Finally, NO conversion was calcu-
lated from the following equation:

=
−
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3. Results and discussion

3.1. Structural and textural characteristics (XRD, Raman, and N2-
physisorption)

The influence of pretreatment with different acids on the structural
characteristic of CeO2 was investigated by XRD and Raman, and the
corresponding results are exhibited in Fig. 1. It can be seen from
Fig. 1(a) that fresh CeO2 presents the (111), (200), (220), (311), (222),
(400), (331), (420), and (422) crystal planes at 28.5, 33.1, 47.6, 56.4,
59.1, 69.4, 76.8, 79.2, and 88.5°, respectively, which indicates a typical
cubic fluorite structure (PDF-ICDD 34-0394) [15,17]. XRD patterns of
CeO2-Ac, CeO2-N, and CeO2-Cl catalysts are very similar with that of

fresh CeO2, which suggests that the pretreatment of HAc, HNO3, and
HCl doesn’t change the crystal structure of CeO2. However, with regard
to CeO2-P catalyst, besides the characteristic diffraction peaks of CeO2,
there are some new peaks assigned to CeP2O7 (PDF-ICDD 30-0164) at
the corresponding positions, which result from the reaction between
CeO2 and H3PO4 during the calcination process [18–20]. Interestingly,
the diffraction peaks of CeO2 in CeO2-S catalyst are obviously weaker
than those of fresh CeO2 due to the formation of new Ce2(SO4)3 phase
(PDF-ICDD 52–1494) covering the surface of CeO2 [21]. These phe-
nomena indicate that the pretreatment of H3PO4 and H2SO4 can re-
markably change the crystal structure of CeO2, and will further lead to
the diversification of other physicochemical properties.

Raman results (Fig. 1(b)) display that fresh CeO2 shows a strong
vibration band at 463 cm−1 and a shoulder around 610 cm−1, which
can be attributed to F2g vibration mode of cubic fluorite structure and
defect-induced mode (labeled as D, such as oxygen vacancy) of CeO2,
respectively [10,22]. No obvious difference can be observed in Raman
spectra before and after the pretreatment of CeO2 by HAc, HNO3, and
HCl, indicating that the influence on the structure of CeO2 can be ig-
nored, which is consistent with XRD results. However, some interesting
phenomena can be found in CeO2-P and CeO2-S catalysts. Firstly,
compared with fresh CeO2, F2g vibration band of CeO2-P and CeO2-S
catalysts weakens obviously, while the intensity of D band strengthens
to some extent, which suggest that the pretreatment of H3PO4 and
H2SO4 increases the defect sites (such as oxygen vacancy) of CeO2, ef-
fectively. Secondly, a new considerable Raman vibration band at
1034 cm−1 can be detected over CeO2-P catalyst, which is assigned to
the symmetric stretching vibration mode of PO3 terminal groups from
CeP2O7 [18,19,23]. Finally, besides the vibration bands of F2g and D,
CeO2-S catalyst exhibits a strong band at 1021 cm−1 and a weak band
at 1104 cm−1, which can be ascribed to Ce2(SO4)3 [24]. These ob-
servations suggest that the influence of H3PO4 and H2SO4 pretreatment
on the structure of CeO2 is very significant, which is in well agreement
with XRD results.

Textural characteristics of these catalysts were obtained by N2-
physisorption, and the corresponding results are listed in Table 1. We
can find that the BET specific surface area and total pore volume of
CeO2, CeO2-Ac, CeO2-N, and CeO2-Cl catalysts are very close. However,
CeO2-P and CeO2-S catalysts exhibit obviously smaller BET specific
surface area and total pore volume than fresh CeO2 due to the change of
structure after H3PO4 and H2SO4 pretreatment. Especially, the specific
surface area of CeO2-S catalyst is too small to be measured by BET
method. Interestingly, the catalytic performance of CeO2-P and CeO2-S
catalysts for NH3-SCR reaction is remarkably better than that of fresh
CeO2 (see below), which indicates that the BET specific surface area
and total pore volume are not the most important influence factors in
the present work.

3.2. Reduction property (H2-TPR)

The reduction properties of CeO2 pretreated with different acids

Fig. 1. (a) XRD patterns and (b) Raman spectra of CeO2 pretreated with different acids.

Table 1
Quantitative analysis of N2-physisorption, H2-TPR, and NH3-TPD over CeO2 pretreated with different acids.

Catalyst N2-physisorption H2-TPR NH3-TPD

BET specific surface area
(m2 g−1)

Total pore volume
(cm3 g−1)

Peak temperature (°C) H2 consumption (μmol g−1) Acid amount (a.u.) Total acid amount
(a.u.)

TI TII SI SII SI + SII Sα Sβ Sγ Sδ Sα+Sβ+Sγ+Sδ

CeO2 69.8 0.2382 511 837 590 970 1560 2286 1057 / / 3343
CeO2-Ac 69.5 0.2380 507 826 541 917 1458 1657 717 / / 2374
CeO2-N 66.4 0.2062 416 821 890 789 1679 862 2202 539 / 3603
CeO2-Cl 67.8 0.2542 477 798 734 1064 1798 972 1481 1766 678 4897
CeO2-P 6.6 0.0477 608 842 830 300 1130 219 499 2859 506 4083
CeO2-S / 0.0150 736 / 5958 / 5958 1311 3016 2307 1728 8362
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were measured by H2-TPR, as shown in Fig. 2. H2-TPR profile of fresh
CeO2 can be divided into two regions, the reduction peak in region I at
low temperature is attributed to the reduction of surface CeO2, while
the reduction peak in region II at high temperature is ascribed to the
reduction of bulk CeO2 [8,17,25]. CeO2-Ac catalyst exhibits similar
reduction behavior with fresh CeO2. Combined with Table 1, we can
find that the peak temperature and H2 consumption of CeO2-Ac catalyst
are very close to those of fresh CeO2, indicating that HAc pretreatment
has no obvious influence on the reduction property of CeO2 due to the
weak acidity of HAc as well as the decomposition and evaporation of
HAc during the heating process. It can be seen from Fig. 2 that the low-
temperature reduction peak (region I) of CeO2-N catalyst is remarkably
stronger than that of fresh CeO2. Table 1 also shows that the peak
temperature of CeO2-N catalyst in region I (i.e., TI) shifts to low-tem-
perature direction and H2 consumption of CeO2-N catalyst in region I
(i.e., SI) increases obviously compared with fresh CeO2, which suggest
that HNO3 pretreatment can increase the amount of surface active
oxygen species over CeO2, efficiently. CeO2-Cl catalyst also presents
two reduction peaks in region I and region II, respectively. Moreover,
H2 consumption of CeO2-Cl catalyst is larger than that of fresh CeO2,
which may be related to the residue of Cl− over CeO2-Cl catalyst. With
regard to CeO2-P catalyst, both of the reduction peaks in region I and
region II are obviously shifting to high-temperature direction, and the
corresponding H2 consumption is smaller than that of fresh CeO2,
which indicate that H3PO4 pretreatment causes the reduction of CeO2 to
become difficult due to the formation of CeP2O7. Interestingly, the re-
duction behavior of CeO2-S catalyst is obviously different from the
other catalysts in the present work, which exhibits a single strong re-
duction peak at 736 °C. According to the results of XRD and Raman, the
single peak of CeO2-S catalyst can be ascribed to the reduction of sulfate
species and bulk CeO2, which is similar to the previous literature [16].
Especially, H2 consumption of CeO2-S catalyst is remarkably larger than
that of fresh CeO2 due to the reduction of Ce2(SO4)3, which suggests
that H2SO4 pretreatment can efficiently increase the amount of re-
ducible species over CeO2.

3.3. Surface acidity (NH3-TPD and in situ DRIFTS of NH3 adsorption)

Surface acidities of CeO2 pretreated with different acids were
measured by NH3-TPD, and the corresponding results are displayed in
Fig. 3. It is widely reported that the desorption peak temperature is
positively correlated with the acid strength of the catalysts [26,27].
Therefore, the two desorption peaks of fresh CeO2 between 50 and
300 °C (labeled as α and β) can be attributed to the desorption of
physisorbed NH3 and the desorption of chemisorbed NH3 bonding on
the weak acid sites, respectively. NH3-TPD profile of CeO2-Ac catalyst is

very similar with that of fresh CeO2. However, Table 1 shows that the
total acid amount of CeO2-Ac catalyst is smaller than that of fresh CeO2,
which indicates that HAc pretreatment possibly destroys some acid sites
of CeO2. Three desorption peaks (labeled as α, β, and γ) can be ob-
served in NH3-TPD profile of CeO2-N catalyst, which are ascribed to the
desorption of physisorbed NH3 as well as the desorption of chemisorbed
NH3 bonding on the weak acid sites and medium strength acid sites,
respectively. Moreover, the total acid amount of CeO2-N catalyst is
slightly larger than that of fresh CeO2, which may be related to that a
small amount of nitrates or nitrites highly dispersed on the surface of
CeO2 after HNO3 pretreatment, and increased the acid sites of CeO2.
Interestingly, all of CeO2-Cl, CeO2-P, and CeO2-S catalysts exhibit four
desorption peaks (labeled as α, β, γ, and δ), which are assigned to the
desorption of physisorbed NH3 as well as the desorption of chemisorbed
NH3 bonding on the weak acid sites, medium strength acid sites, and
strong acid sites, respectively. Furthermore, Table 1 displays that the
total acid amount of CeO2-Cl, CeO2-P, and CeO2-S catalysts is re-
markably larger than that of fresh CeO2, which indicates that HCl,
H3PO4, and H2SO4 pretreatment can efficiently improve the surface
acidity of CeO2. Especially, CeO2-S catalyst exhibits the largest acid
amount among these catalysts, which is beneficial to the adsorption and
activation of NH3, and further promotes the enhancement of catalytic
performance for NH3-SCR reaction.

It is well known that surface acidity of catalysts is an important
influence factor for NH3-SCR reaction. However, there is some con-
troversy that whether the role of Brønsted acid (B acid) or Lewis acid (L
acid) is more significant. Furthermore, NH3-TPD can effectively char-
acterize the surface acidity of catalysts, but it can’t distinguish B acid
and L acid. Therefore, NH3-adsorption in situ DRIFTS experiment was
chosen to further identify B acid and L acid on the surface of CeO2

pretreated with different acids, as shown in Fig. 4. It can be seen from
Fig. 4 that fresh CeO2 exhibits several infrared vibration bands at 1035,
1110, 1165, 1264, and 1311 cm−1, which are attributed to NH3 co-
ordinated to L acid sites [28–31]. The infrared vibration bands corre-
lating with L acid are also detected over CeO2-Ac catalyst. But the in-
tensity of these bands is weaker than that of fresh CeO2, especially that
the bands at 1110 and 1165 cm−1 are absent, which suggest that the
surface acidity of CeO2-Ac catalyst is worse than that of fresh CeO2.
With regard to CeO2eN catalyst, besides the infrared vibration bands
assigning to L acid of CeO2, two new bands appear at 1428 and
1536 cm−1, which ascribed to NH3 bonded to B acid sites and amide
species (-NH2), respectively [16,29]. The appearance of these two
bands is related to HNO3 pretreatment, which indicates that HNO3

pretreatment can increase the surface acidity of CeO2 to some extent.
For CeO2Cl catalyst, the infrared vibration bands for L acid can be

Fig. 2. H2-TPR profiles of CeO2 pretreated with different acids.
Fig. 3. NH3-TPD profiles of CeO2 pretreated with different acids.
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observed at the corresponding positions, and the intensity of these
bands is obviously stronger than that of fresh CeO2. In addition, a new
band correlating with B acid can be detected at 1408 cm−1 [16], which
may be related to the residue of Cl−. These phenomena suggest that
HCl pretreatment can improve the surface acidity of CeO2, efficiently.
Some interesting results can be observed over CeO2-P and CeO2-S cat-
alysts. The infrared vibration bands assigning to L acid are absent, and
only a strong infrared vibration band ascribing to NH3 bonded to B acid
sites appears at 1448 cm−1 over these two catalysts [30,32], which may
be related to the reaction between H3PO4 or H2SO4 and CeO2 during the
acid pretreatment process. Especially, the band intensity of B acid over
CeO2-S catalyst is obviously stronger than that of other catalysts in the
present work, which indicates that H2SO4 pretreatment is beneficial to
generate more B acid sites on the surface of CeO2.

3.4. Surface analysis (XPS)

Surface properties of CeO2 pretreated with different acids were
analyzed by XPS, and the corresponding results are presented in Fig. 5.
It can be seen from Fig. 5(a) that Ce 3d spectrum of fresh CeO2 consists
of eight components, labeled as u‴, u″, u′, u0(u), and v‴, v″, v′, v0(v). In
which, u′ and v′ are related to Ce3+ species, and the other six peaks are
ascribed to Ce4+ ions [3,8,10,33]. Similarly, Ce3+ and Ce4+ species are
also detected over CeO2-Ac, CeO2-N, CeO2-Cl, CeO2-P, and CeO2-S
catalysts. It is widely reported that the content of Ce3+ (i.e., Ce3+/
(Ce3+ + Ce4+)) can be estimated by the following equation [34,35]:

=
+

+
×+ ′ ′Ce S S

S S
(%)

Σ( )
100u v

u v

3

Ce3+ contents of these catalysts are summarized in Table 2. We can
find that Ce3+ contents of CeO2, CeO2-Ac, CeO2-N, and CeO2-Cl cata-
lysts are very close, which indicates that HAc, HNO3, and HCl pre-
treatment has no obvious influence on the valence state of Ce element.
However, Ce3+ contents of CeO2-P and CeO2-S catalysts are remarkably
larger than that of fresh CeO2, which may be related to the reaction
between CeO2 and H3PO4 or H2SO4 during the acid pretreatment pro-
cess, and accompanied by the increase of defect sites (such as oxygen
vacancy). Especially, CeO2-S catalyst exhibits the largest content of
Ce3+ among these catalysts, which may be because that CeO2 reacts
with the decomposition products (SO2 and O2) of H2SO4 through the
equation of 2CeO2 + 3SO2 + O2 = Ce2(SO4)3 [31,36].

Fig. 5(b) presents that O 1 s spectra of these catalysts can be fitted
with two peaks, labeled as O′ and O″ at low and high binding energy

positions, which can be attributed to the lattice oxygen of CeO2 and
surface oxygen species, respectively [10,16]. We can find that O 1 s
spectra of CeO2, CeO2-Ac, CeO2-N, and CeO2-Cl catalysts are very si-
milar, i.e., the intensity of O′ is obviously stronger than that of O″.
However, some interesting phenomena can be observed on CeO2-P and
CeO2-S catalysts. The intensity of O″ is remarkably stronger than that of

Fig. 4. NH3-adsorption in situ DRIFTS of CeO2 pretreated with different acids.
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Fig. 5. XPS results of CeO2 pretreated with different acids.
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O′ for these two catalysts, which may be attributed to the formation of
CeP2O7 and Ce2(SO4)3 on the surface of CeO2 after H3PO4 and H2SO4

pretreatment.
N 1s, Cl 2p, P 2p, and S 2p spectra of these catalysts are also dis-

played in Fig. 5(c). It can be seen that N 1s, Cl 2p, P 2p, and S 2p spectra
exhibit a single peak at 407.0, 198.1, 133.1, and 168.8 eV, respectively,
which suggests that a part of N, Cl, P, and S elements can be remained
on the surface of CeO2 after HNO3, HCl, H3PO4, and H2SO4 pretreat-
ment.

3.5. Catalytic performance and H2O + SO2 resistance (NH3-SCR reaction)

Catalytic performance results of CeO2 pretreated with different
acids for NH3-SCR reaction are given in Fig. 6(a). We can find that NO
conversion of these catalysts exhibits a similar change trend, which is a
volcano-type curve. Firstly, NO conversion increases with the elevation
of temperature because that more energy can be provided by the in-
crease of temperature to promote the selective catalytic reduction of NO
by NH3. Secondly, further increasing temperature leads to the decrease
of NO conversion due to the side reaction of NH3 oxidized by O2. This
side reaction can consume some reductant NH3 to generate NO, so it is
harmful to NH3-SCR reaction. It can be seen from Fig. 6(a) that fresh
CeO2 presents poor catalytic performance between 100 and 500 °C, the
highest NO conversion is not higher than 50%. NO conversion of CeO2-
Ac catalyst is very similar with that of fresh CeO2 during the whole test
temperature range. However, CeO2-N, CeO2-Cl, CeO2-P, and CeO2-S
catalysts exhibit remarkably better catalytic performance than fresh
CeO2, which suggests that HNO3, HCl, H3PO4, and H2SO4 pretreatment
is beneficial to enhance the catalytic performance of CeO2 for NH3-SCR
reaction.

During the temperature range of 100–300 °C, NO conversion of
these catalysts is in the order of CeO2 ≈ CeO2-Ac < CeO2-N < CeO2-
S < CeO2-P < CeO2-Cl, which indicates that HCl pretreatment is the
most efficient to improve the catalytic performance of CeO2 for NH3-
SCR reaction at low temperature. However, when the temperature is
higher than 300 °C but lower than 500 °C, NO conversion of these
catalysts is ranked by CeO2 ≈ CeO2-Ac < CeO2-P < CeO2-
N < CeO2-Cl < CeO2-S, which suggests that H2SO4 pretreatment is
better than other acids pretreatment to enhance the catalytic perfor-
mance of CeO2 for NH3-SCR reaction at high temperature. Especially,
the highest NO conversion of CeO2-Cl catalyst is approximately 80%,
while CeO2-S catalyst gives the highest NO conversion nearly 100%
during the test temperature range. In summary, CeO2-S catalyst exhibits
the best catalytic performance for NH3-SCR reaction at high tempera-
ture due to the largest amount of Ce3+ and surface acid sites (especially
B acid sites), as well as the increase of defect sites (such as oxygen
vacancy) and the most abundant reducible species. It is well known that
more reducible species over ceria-based catalysts is conducive to gen-
erate more Ce3+ and oxygen vacancy during the reaction process,
which benefit to the dissociation of NO species [37,38]. Furthermore,
the increase of surface acid sites can promote the adsorption and acti-
vation of NH3. All of these properties lead to the excellent catalytic

performance of CeO2-S catalyst for NH3-SCR reaction.
Water (H2O) and sulfur dioxide (SO2) usually exist in the practical

denitration process, and affect the catalytic performance of catalysts to
some extent. Therefore, H2O + SO2 resistance of CeO2-S catalyst was
explored, and the corresponding result is displayed in Fig. 6(b). In
addition, Fig. 6(a) shows that CeO2-S catalyst exhibits the highest NO
conversion around 400 °C, so the reaction temperature is chosen at
400 °C to measure its H2O + SO2 resistance. It can be seen from
Fig. 6(b) that the variation trend of NO conversion over CeO2-S catalyst
is very interesting. Firstly, NO conversion is very stable in the first
120 min without H2O and SO2. Secondly, NO conversion declines to
some extent in the middle 480 min when H2O and SO2 are introduced.
Finally, NO conversion recovers partly in the final 120 min when H2O
and SO2 are cut off. It is widely reported that there are mainly four
reasons cause the decrease of NO conversion by H2O and SO2 for NH3-
SCR catalysts: the first one is the competitive adsorption of H2O and
reactant molecules (i.e., NO, NH3, and O2), which is a reversible de-
activation; the second one is the formation of hydroxyl groups (eOH)
on the surface of catalysts, which is an irreversible deactivation; the
third one is the accumulation of (NH4)2SO4 and NH4HSO4 on the sur-
face of catalysts, which can be decomposed at high temperature when
H2O and SO2 are removed from reaction gases; the last one is the sul-
fation of active species, which is a permanent deactivation [39–41].
However, the adsorption of H2O can be obviously weakened at high
temperature (such as 400 °C). Moreover, CeO2-S catalyst is prepared by
the H2SO4 pretreatment of CeO2, so the influence of sulfation of active
species on the catalytic performance can be ignored for CeO2-S catalyst.

Table 2
Surface composition and atomic ratio of CeO2 pretreated with different acids calculated
from XPS.

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

Ce O N Cl P S Ce3+/(Ce3+ + Ce4+)

CeO2 18.53 81.47 / / / / 17.57
CeO2-Ac 34.48 65.52 / / / / 16.98
CeO2-N 29.12 66.29 4.59 / / / 17.12
CeO2-Cl 19.36 71.66 / 8.98 / / 17.69
CeO2-P 12.94 71.80 / / 15.26 / 18.89
CeO2-S 11.72 74.14 / / / 14.14 43.80
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Therefore, we think that the decrease of NO conversion for CeO2-S
catalyst in the presence of H2O and SO2 is mainly resulted from the
following two factors: one is the formation of hydroxyl groups (eOH)
on the surface of CeO2-S catalyst; and the other is the accumulation of
(NH4)2SO4 and NH4HSO4, which is derived from that the rate of gen-
eration is larger than the rate of decomposition. Interestingly, the sur-
face hydroxyl groups (eOH) are not easy to be desorbed even at 400 °C,
while (NH4)2SO4 and NH4HSO4 can be decomposed gradually at high
temperature when H2O and SO2 are removed from reaction gases,
which can explain the reason for only partial recovery of NO conversion
for CeO2-S catalyst after cutting off H2O and SO2. Furthermore, we can
find that CeO2-S catalyst exhibits excellent catalytic performance (i.e.,
above 80% NO conversion) during the whole test of H2O + SO2 re-
sistance, which indicates that it has the potential to be applied in the
practical denitration process.

4. Conclusions

In the present work, the influence of CH3COOH (HAc), HNO3, HCl,
H3PO4, and H2SO4 pretreatment on the physicochemical property and
catalytic performance of CeO2 for NH3-SCR reaction was investigated.
We can find that all of these acids can remarkably enhance the catalytic
performance of CeO2 except HAc. Interestingly, the pretreatment of
HCl, H3PO4, and H2SO4 is more beneficial to improve the surface
acidity of CeO2 than HAc and HNO3 pretreatment. Furthermore, the
pretreatment of H3PO4 and H2SO4 can result in the formation of CeP2O7

and Ce2(SO4)3 on the surface of CeO2, as well as the increase of defect
sites (such as oxygen vacancy) and Ce3+ content. However, H3PO4

pretreatment causes the reduction of CeO2 to become difficult due to
the formation of CeP2O7, while H2SO4 pretreatment increases the H2

consumption of CeO2 obviously owing to the generation of Ce2(SO4)3.
Especially, CeO2-S catalyst exhibits the largest amount of surface acid
sites and Ce3+, as well as the increase of defect sites (such as oxygen
vacancy) and the most abundant reducible species among these cata-
lysts pretreated by different acids, which result in the optimal catalytic
performance for NH3-SCR reaction at high temperature. Moreover,
CeO2-S catalyst also shows good H2O + SO2 resistance, which indicates
that it has the potential to be applied in the practical denitration pro-
cess.
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