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A B S T R A C T

CeO2-TiO2 hollow spheres with distinct cavity sizes of ca. 500 nm and 5 μm were prepared from carbon spheres
and hybrid Ce–C sphere templates, respectively. After 40 h of successive operation in SO2-containing gas stream
for the NH3-SCR reaction, the catalyst with large cavity showed only 4.7% activity loss, while that with small
cavity exhibited sharp decrease (ca. 72.6%) in its deNOx activity. Results of physicochemical characterizations
manifested that accelerated decomposition of NH4HSO4 on the CeO2-TiO2 catalyst with larger cavity size is likely
largely responsible for the improved SO2 resistance of catalyst activity loss.

1. Introduction

Elimination of nitrogen oxides (NOx) has become an urgent task due
to their heavy damage to the environment (e.g., photochemical smog,
acid rain, etc.) and human respiratory system [1]. Selective catalytic
reduction of NO with NH3 (NH3-SCR) is proved to be most effective for
abating NOx from flue gas. Currently, vanadia/titania based solid ma-
terials are the commercial NH3-SCR catalysts [2]. However, the dis-
advantages of the technology like narrow temperature window of op-
eration (ca. 300–420 °C) and V2O5 toxicity prevent their further
widespread application. Therefore, much effort has been devoted to
developing efficient environmental-friendly deNOx catalysts.

Due to the prominent oxygen storage/release capacity and mobility
in ceria-based materials, as the result of suitable Ce3+/Ce4+ redox
potential, these materials attract great interest as potential practical
NH3-SCR catalysts [3]. Among them, CeO2-TiO2 catalysts have drawn
significant attention. For instance, Xu et al. [4] were among the first to
explore CeO2/TiO2 catalyst in NH3-SCR, where they showed their ex-
cellent catalytic performance in the 275–400 °C range. Shan et al. [5]
introduced a CeO2-TiO2 catalyst synthesized by an optimized homo-
geneous precipitation method, displaying over 90% NOx conversion in
the 250–450 °C range. Recently, Li et al. [6] reported the synthesis of
CeO2-TiO2 catalysts with rich Ce-O-Ti entities and excellent deNOx ef-
ficiency at 200–450 °C. It should be noted, however, that SO2 resistance
ability must also be considered in designing practical deNOx catalysts.
Generally, CeO2-TiO2 catalysts exhibit poor performance when exposed

to SO2. For example, Xu et al. [7] found that CeO2/TiO2 catalyst lost
more than 50% of its activity after 50 h of operation at 300 °C in a SO2-
containing flue gas stream. Many attempts have been reported so far [8]
towards the improvement of SO2 resistance of CeO2-TiO2 catalysts, and
the use of metal or non-metal elements as dopants or promoters com-
prise the principal approach.

Hollow structured materials were found useful in many technical
fields due to their superior physicochemical properties, such as low
density, large specific surface area and a large number density of active
sites [9]. There are some recent works employing hollow structured
materials for the NH3-SCR [10]. However, till now no study on hollow
CeO2-TiO2 for NH3-SCR has been reported. Moreover, as an important
parameter of the hollow structured materials, i.e., the influence of
cavity size, has been poorly understood.

Herein, we prepared two kinds of CeO2-TiO2 hollow structured
catalysts with distinct cavity sizes. To our surprise, we found that even
though their catalytic activities were slightly different, a significant
enhancement of the SO2 resistance of the catalyst with larger cavity size
was displayed. A variety of characterizations were conducted based on
which the improved SO2 resistance could largely be attributed to the
accelerated decomposition of ammonia bisulfate formed during NH3-
SCR.
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2. Experimental

2.1. Catalysts preparation

2.1.1. CeO2-TiO2 hollow spheres (large cavity size: CeTi-L)
Typically, 10mmol Ce(NO3)3·6H2O and 20mmol glucose were dis-

solved in 10mL and 20mL distilled water, respectively. The mixture
was transferred to a hydrothermal process occurred at 180 °C for 24 h.
After filtration and stepwise washing with distilled water and absolute
ethanol, the dark precipitate was dried at 80 °C and then calcined in N2

at 600 °C for 3 h to obtain hybrid CeC.
The coating of TiO2 was performed using 0.4 g hybrid CeC spheres

dispersed in 100mL absolute ethanol and after adding 7.8 mmol
NH3·H2O (28 wt%). After the addition of tetrabutyltitanate (2.2 mmol),
the solution was kept at 45 °C for 24 h with continuous stirring. The
product was collected by filtration and washed with distilled water and
absolute ethanol. Finally, the solid sample was calcined in air at 600 °C
for 3 h to get CeTi-L.

2.1.2. CeO2-TiO2 (small cavity size: CeTi-S)
The carbon spheres (~ 400–600 nm) were prepared according to

our previous report [11]. Carbon spheres (0.2 g) were mixed with Ce
(NO3)3·6H2O and NH4Ac·2H2O (nCe: nNH4Ac= 1: 11.86) in 20mL
ethanol solution, and then a solvothermal treatment (180 °C, 4 h) was
carried out. The brown product collected by centrifugation was dried at
80 °C to get the anticipated C@Ce. TiO2 shell was coated on C@Ce
according to the same procedure as with CeTi-L. Finally, CeTi-S was
obtained after calcination.

2.2. Catalysts characterization

Scanning electron microscopy (SEM) images were collected on a
Philips XL30 electron microscope (10.0 kV). Transmission electron
microscopy (TEM) images were captured on a JEM-2100 instrument
operated at 200 kV. High-resolution transmission electron microscopy
(HRTEM) and High-angle annular dark field-scanning transmission
electron microscopy (HAADF-STEM) studies were conducted using a
JEOL 2100F microscope (200 kV), equipped with an EDX analysis
system when HAADF-STEM was used. Powder X-ray diffraction (XRD)
was performed on a Shimadzu XRD-6000 diffractometer with Cu Kα
radiation (λ=1.5418 Å). Nitrogen adsorption-desorption isotherms
were recorded on a Micrometrics ASAP-2020 analyzer at −196.15 °C.
X-ray fluorescence analysis (XRF) was carried out on an ARL-9800
apparatus (60 kV and 20mA). X-ray photoelectron spectroscopy (XPS)
analysis was implemented on a PHI 5000 Versa Probe system (15 kW).
H2-Temperature programmed reduction (H2-TPR) experiments were
carried out using 7 vol% H2/Ar gas mixture as reducing agent. Fourier
translation infra-red spectra (FT-IR) were recorded on a NICOLET iS10
FT-IR spectrometer. Ion chromatography (IC) analyses were conducted
on a DIONEX ICS-1100AR instrument. Thermogravimetric-differential

thermal analysis (TG-DTA) was carried out on a Netzsch thermo-
analyzer STA 449C.

2.3. Catalytic activity performance studies

NH3-SCR experiments were conducted using the feed gas composi-
tion: 500 ppm NO, 500 ppm NH3, 5 vol% O2, 50 ppm SO2 (when used)
and balance N2, at the total flow rate of 100mLmin−1 and a GHSV of
60,000mL g−1 h−1. 100mg sample was placed into a fixed-bed quartz
reactor and a catalyst pretreatment (30min) at 200 °C using high-purity
N2 was performed before the introduction of NH3-SCR feed gas stream.
The concentrations of the gases before and after reaction were mea-
sured by an online Thermofisher IS10 FTIR spectrometer. The NO
conversion and N2 selectivity obtained from the catalyst for the NH3-
SCR was determined based on the following Eqs. (1)–(2):
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where [NO]in and [NO]out are the molar flow rates (e.g., mol/min) of
NO in the inlet and outlet of reactor. A similar interpretation holds for
the N2O, NO2 and NH3 in Eq. (2).

3. Results and discussion

3.1. Catalysts morphology and structure

SEM images (Fig. S1, ESI) showed that both samples exhibit sphe-
rical morphology with hollow interiors, where the cavity sizes of CeTi-L
and CeTi-S were close to 5 μm and 500 nm, respectively, the same as
those of the corresponding template (Fig. S2, ESI). TEM images (Fig. 1)
further indicate that both samples actually display yolk-shell structure.
HADDF-STEM images (Fig. S3, ESI) confirmed the hollow and yolk-shell
structures of both samples. Besides, homogeneous distribution of Ce, Ti
and O elements on both samples were observed. HRTEM images (Fig.
S4, ESI) reveal the obvious lattice fringes of CeO2 and TiO2, thus sug-
gesting good crystallinity.

XRF characterization (Table S1, ESI) provided almost the same Ce/
Ti ratios for both samples. Thus, the influence of catalyst composition
on deNOx activity, likely due to differences in elemental composition,
cannot be considered. XRD patterns collected to study crystalline
structures (Fig. S5, ESI) showed that the diffraction peaks of both
samples were attributed to fluorite CeO2 (JCPDS no. 34-0394) and
anatase TiO2 (JCPDS no. 21-1272), showing well and comparable
crystallinity. Besides, N2 adsorption/desorption isotherms presented in
Fig. S6 (ESI) manifested that both samples were of type-IV isotherms,
showing the presence of mesoporous structure. Comparable BET surface

Fig. 1. TEM images of CeTi-L (a) and CeTi-S (b) solid samples.
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areas and total pore volumes are found in Table S2 (ESI). Besides, si-
milar pore diameter distribution is displayed (Fig. S6 inset, ESI).
Therefore, no obvious differences in the textural properties of the two
samples were observed.

3.2. NH3-SCR performance

As shown in Fig. 2a, the two catalysts exhibit similar trend of ac-
tivity change with reaction temperature. CeTi-L catalyst shows higher
deNOx activity (about 15%-units) than CeTi-S. On the other hand, si-
milar N2-selectivity values were observed (Fig. S7, ESI). Surprisingly,
significant differences between the two catalytic systems appear re-
garding their SO2 resistance. As displayed in Fig. 2b, before introducing
SO2 in the feed stream, the two catalysts exhibit comparable NO con-
versions, namely 84% and 73% at 300 °C. When SO2 was switched on,
both catalysts show an initial increase of activity, which is in line with
previous reports that the presence of SO2 could promote the NH3-SCR
performance on CeO2 [12]. A gradual deactivation of catalysts with
continuous flow of SO2 was observed (Fig. 2b). However, the deacti-
vation trend exhibited by the two catalysts is largely different. The NO
conversion of CeTi-L was kept above 80% (4.7% loss), while that of
CeTi-S declined sharply to 20% (72.6% loss) during the 40-h stability
test in the presence of SO2.

Two SO2 poisoning mechanisms are widely proposed [7]. In the first
one, SO2 could react with active components to form metal sulphites or
sulfates. It could largely influence negatively the redox property of
CeO2- or MnOx-based SCR catalysts and inhibit NH3 activation and
nitrite species formation, thus resulting in severe catalyst deactivation.
For instance, deactivation of Ce- and Mn-based catalysts is mainly at-
tributed to the chemical transformation of CeO2 and MnOx to Ce2(SO4)3
and MnSO4, respectively [13,14]. This kind of SO2 poisoning is termed
chemical poisoning, which is closely related to the redox features of the
catalysts. On the other hand, the formation of ammonium bisulfate
(ABS), a type of sticky and corrosive material formed by the reaction of
SO2 with NH3 in the presence of O2 and H2O, is widely believed to be
another primary factor for SCR catalysts deactivation [15]. The de-
position of ABS on catalyst surface via physical or chemical effects [16]
could block active sites and hinder the proceeding of NH3-SCR. This
kind of SO2 poisoning is referred to as physical poisoning. Thus, to get
some good insight into the reasons for the significant different SO2

resistances of the two catalysts observed in this work, their physico-
chemical properties were further characterized.

3.3. Redox property and surface composition

Primarily, the redox property of SCR catalysts plays a vital role in
their SO2 tolerance performance [17], and H2-TPR is an appropriate
technique to probe for this. As shown in Fig. S8a (ESI), the TPR trace
could be divided into two regions, one at 280–530 °C (section I) and the
other one at 540–900 °C (section II). Section I could be attributed to the
reduction of surface cerium and titanium species, whereas section II to
the reduction of bulk cerium and titanium species [18]. Notably, re-
duction peaks of CeTi-L catalyst shifted to lower temperatures and
showed larger H2 consumption compared to CeTi-S, which indicates
improved reducibility of CeTi-L solid.

XPS characterization was also performed to investigate oxidation
states of surface species. As displayed in Fig. S8b (ESI), the Ce3d spectra
can be deconvoluted into eight components, namely: Ce3d3/2 with the
peaks labelled as u and Ce3d5/2 with the peaks labelled as v. As re-
ported elsewhere [19], the two peaks u' and v' represent Ce3+ species,
while the other six peaks (u, v, u″, v″, u‴ and v‴) are attributed to Ce4+

species. For the O1s signal, two overlapped peaks assigned to Oα (~
531.7 eV) and Oβ (~ 529.4 eV) were observed in Fig. S8c (ESI). In
general, Oβ with lower binding energy represents lattice oxygen spe-
cies, while peak Oα is associated with surface adsorbed oxygen species
or hydroxyl groups, which is usually relevant to surface defects of the
catalysts [20]. Fig. S8d (ESI) illustrates the Ti2p XPS spectra and no
obvious change is observed. As listed in Table S1 (ESI), it is noteworthy
that the ratio of Ce3+/(Ce4++Ce3+) in CeTi-L is larger than that of
CeTi-S, which is in line with the Oα/(Oα+Oβ) ratio. This result de-
monstrates that there are more active oxygen species on the surface of
CeTi-L, which agrees well with the H2-TPR analysis and could well
account for the improved NH3-SCR activity of CeTi-L solid.

As it is known, better redox performance usually implies higher SO2

oxidation ability. In this respect, SO2 oxidation reaction for both cata-
lysts was carried out and results are shown in Fig. S9 (ESI). CeTi-L
shows higher SO2 oxidation activity than CeTi-S. From the viewpoint of
chemical poisoning, the enhanced SO2 oxidation of CeTi-L is expected
to result in severer deactivation of catalyst, which is opposite to the
experiment phenomenon observed. Thus, the present results suggest
that the main reason for the different SO2 resistances exhibited by the
two catalysts is very likely to be related with physical than chemical
poisoning. For further exploration of the latter, the aged catalysts (after
SO2 resistance activity test) were characterized for obtaining detailed
information about the presence and behavior of ABS.

Fig. 2. NO conversion (a) and SO2 resistance performance (b) of CeO2-TiO2 samples with different cavity sizes.
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3.4. Exploration studies of ABS on the aged catalysts

The presence of ABS on CeO2-TiO2 catalysts was firstly explored by
FTIR spectroscopy. As shown in Fig. 3, FTIR spectra demonstrate the
presence of sulfate species on the catalysts. The IR bands at 1444 cm−1

are attributed to the N–H deformation vibrational mode due to NH4
+

coordinated on Brönsted acid sites [21], and the IR band at 1264 cm−1

is characteristic of the HSO4
− species [18]. In addition, IR bands in the

region 1240–925 cm−1 (1189, 1152, 1114, 1094, 1058 and 983 cm−1)
are ascribed to vibrational modes of sulfate species (SO4

2−) [22]. These
results clearly evidenced the presence of ABS on the catalysts. Notably,
less ABS was present on the aged CeTi-L catalyst as can be deduced
from the comparison of the integral IR band intensities. between the
two aged catalysts.

TG analysis was further carried out to explore details of ABS de-
composition on the aged catalysts. At the decomposition region of ABS
(300–700 °C), it is interesting to note based on the results of Fig. S10a
(ESI) that the aged CeTi-L possessed scarcely any weight loss (0.5%),
while that of aged CeTi-S exhibits much higher weight loss (1.8%).
These results manifest that CeTi-L catalyst with larger cavity size had
lower amount of residual ABS following the SO2 resistance activity loss
test, in full agreement with the FTIR analysis.

Ion chromatography (IC) was also performed to examine the con-
centration of ions present on the catalyst surface and which resulted
after decomposition of ABS. As shown in Fig. S10b (ESI), the presence
of SO4

2− was reconfirmed and the resulting concentrations in the two
aged catalysts were quite different. It can be seen that the aged CeTi-L
catalyst possessed lower amount of SO4

2−, in good agreement with
both the IR and TG results.

The above-mentioned combined characterization of ABS results re-
veals that CeTi-L with larger cavity accommodated less amount of ABS
after the long-term SO2 resistance activity loss test. However, allowing
for the improved redox property of CeTi-L compared to CeTi-S, a larger
amount of ABS should be formed on the catalyst. We speculate that this
apparent inconsistency might be caused by the different formation and
decomposition rates related to ABS since the amount accumulated is the
net results of these two rates. It is thus proposed that the larger cavity
size has accelerated ABS net decomposition rate.

3.5. Decomposition of ABS on different cavity sizes

In order to verify the above assumption, both catalysts were

preloaded with ABS (see S1.1, ESI). Fig. 4 displays TG-DTA curves of
the two ABS-contained samples. The weight loss in the range of
20‐200 °C could be attributed to the evaporation of physically adsorbed
and chemically bonded water, while the weight loss in the 200–800 °C
temperature range is linked to the ABS decomposition. Based on the
sharper weight lost slope, it is obvious that CeTi-L-ABS exhibits faster
decomposition rate than CeTi-S-ABS. Additionally, it is noteworthy that
the DTA curve of CeTi-L-ABS exhibits stronger signal than the CeTi-S-
ABS, illustrating the more intense decomposition of ABS on CeTi-L.
These results showed clearly that the ABS decomposition rate on hollow
CeO2-TiO2 catalysts has a close relation with their cavity size.

To clarify the chemical SO2 poisoning effect on CeO2-TiO2 related to
the ABS decomposition, and further confirm the cavity size effect,
chemically inert SiO2 hollow spheres with different cavity sizes were
prepared according to a recent study (Fig. S11, ESI) [23]. TG curves of
the three ABS-deposited samples (Fig. S12, ESI) reveal clearly that ABS
decomposition temperature over the SiO2 hollow spheres decreases
with increasing cavity size, ca. from 300 to 580 nm. This result provides
solid support for the speculation made that larger cavity size could
promote ABS decomposition rate.

As for the possible reason of the accelerated decomposition of ABS
on CeO2-TiO2 hollow spheres with larger cavity size, we speculate that
it might be connected to the different equilibrium vapour pressure in-
duced by the surface with different curvature radius [24]. It is known
from Kelvin equation that for a certain substance, higher vapour pres-
sure can be obtained on a curved surface with larger curvature radius.
Therefore, it is deduced that the ABS on CeTi-L is more inclined to
vaporize and then decompose in gaseous phase, thus providing less
residual to cover active sites, and as a result of this leading to an im-
proved catalyst SO2 resistance activity loss, as illustrated in Scheme 1.

4. Conclusions

Two kinds of hollow CeO2-TiO2 NH3-SCR catalysts with different
cavity sizes were prepared and tested for their SO2-resistance activity
loss. The catalysts showed similar elemental composition and textual
properties and their redox property was not also much varied.
However, the SO2-resistance performance of the CeTi-L catalyst during
40-h of NH3-SCR testing was significantly enhanced compared with that
of CeTi-S. After a detailed investigation of the physicochemical prop-
erties of the catalysts, CeO2-TiO2 with larger cavity size was found to be
more active in promoting ABS decomposition, which is believed to be
responsible for the improved SO2 resistance.

Fig. 3. FTIR spectra of the aged samples after SO2 resistance activity test (–U
refers to used (aged) sample after SO2 resistance activity test).

Fig. 4. TG-DTA curves of ABS deposited on the various catalyst samples.
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