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ABSTRACT: CeO2−TiO2 catalysts have been intensively investigated for
their promising application prospect in the selective catalytic reduction of
NO by NH3 (NH3−SCR of NO). However, the optimal dispersion of CeO2
on CeO2−TiO2 catalysts is still controversial. In this work, using TiO(OH)2
and TiO2 as supports and different Ce precursors, TiO2-supported CeO2
with a controllable dispersion was prepared. It was uncovered that hydroxyl
groups on TiO(OH)2 could facilitate the even dispersion of Ce (high
dispersion, Ce/Ti−H), while the impregnation of cerium oxalate onto TiO2
would result in the generation of highly crystalline CeO2 (low dispersion,
Ce/Ti-L), even with a low CeO2 loading of 5 wt %. When cerium nitrates
were impregnated onto TiO2, slightly crystalline CeO2 (moderate
dispersion, Ce/Ti-M) was successfully fabricated. The NH3−SCR activity
on the prepared CeO2/TiO2 catalysts followed an order of Ce/Ti-M > Ce/
Ti−H > Ce/Ti-L, suggesting that small CeO2 particles on TiO2 could better facilitate the proceeding of the NH3−SCR reaction.
According to the results of the mechanism study, the superior redox capability of Ce/Ti-M enabled efficient activation of reactants,
thus achieving the best NH3−SCR activity. This study provided a strategic framework for the design of high-performance catalysts
by precisely engineering the dispersion of active species at the nanoscale.
KEYWORDS: dispersion of CeO2, CeO2−TiO2 catalysts, surface hydroxyl groups, redox performance, reactant activation

1. INTRODUCTION
Nitrogen oxides (NOx), as one of the typical air pollutants,
could pose a severe threat to human health and the ecological
environment.1 In the field of NOx emission control, selective
catalytic reduction of NOx with NH3 (NH3−SCR) technology
has received great attention due to its high efficiency.2,3 With
the increasingly stringent emission control regulations, the
development of adapted catalysts with better catalytic
performance has long been a research hotspot.4,5

TiO2 materials have been widely applied in the construction
of NH3−SCR catalysts for decades, which not only offered
high specific surface area and good thermal stability but also
provided abundant acid sites, thus improving the catalytic
performance of the catalysts.6−8 In general, V2O5/TiO2 and its
derived catalysts were the most successful catalysts for the
NH3−SCR of NOx. Previously, it has been reported that the
dispersion of V species on the TiO2 support played a key role
in determining the catalytic performance of V2O5/TiO2
catalysts.9−13 For example, by tuning the dynamic evolution
of vanadium oxide species on TiO2, Lian et al. revealed that
polymeric vanadyl species exhibited markedly higher activity
than monomeric vanadyl species and crystalline V2O5 species

in the NH3−SCR reaction.10−12 However, the relatively
inferior low-temperature NH3−SCR activity, low N2 selectiv-
ity, potential N2O emission risk, and the biotoxicity of
vanadium still hindered the further use of V2O5/TiO2 catalysts
in future industrial applications.14,15

Recently, TiO2-supported CeO2 or CeO2−TiO2 mixed oxide
catalysts have been recognized as promising candidates for
efficient NH3−SCR of NOx due to their excellent NH3−SCR
activity and significant advantages in terms of environmental
friendliness.16,17 Typically, due to the overlap of energy levels
in the Ce 4f-5d orbitals, as depicted in the Cotton atomic
orbital energy level diagram, the redox pair of Ce3+ ↔ Ce4+

(electron gain or loss) within CeO2 can effectively promote the
activation of O2 through the oxygen storage−release cycle,18

which in turn activated NH3 and NO molecules, and thus
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generating superior low-temperature NH3−SCR activity.19 In
addition, the Ce−Ti interaction as well as the acid sites
provided by TiO2 could further contribute to the proceeding of
the NH3−SCR reaction. To further tap the potential of CeO2−
TiO2 catalysts, various strategies, including morphology/crystal
phase control,20 Ce−Ti interface engineering,21 surface
modification,22 etc., have been applied. For example, CeO2
supported on a TiO2 nanotube showed higher dispersion and
exhibited better NH3−SCR activity.23 Moreover, hollow-
structured CeO2−TiO2 catalysts with large cavities exhibited
superior SO2 resistance in the NH3−SCR reaction.24

Previously, we also reported that CeO2 coated with a TiO2
layer exhibited satisfactory NH3−SCR activity and SO2
resistance.21 In addition, surface acidity modification was also
proved to be effective in improving the catalytic performance
of CeO2−TiO2 catalysts.25 As discussed above, a series of
highly efficient CeO2−TiO2 catalysts have been developed;
however, the optimal dispersion of CeO2 on TiO2 in the
NH3−SCR reaction has not been clarified yet. In particular,
amorphous CeO2 (or amorphous CeTiOx) and slightly
crystalline CeO2 were recognized as the most active species
in different studies.26−28 Notably, to the best of our knowledge,
there is still no facile preparation method for the construction
of CeO2 with controllable dispersion on a TiO2 support,
hampering researchers from determining the optimal dis-
persion of CeO2.

In this work, building upon our previous findings that the
hydroxyl groups on supports as well as the precursors of active
species showed a significant impact on the dispersion of active
species,29,30 a simple but effective strategy was proposed to
fine-tune the dispersion of CeO2 on the TiO2 support, and
serial CeO2/TiO2 catalysts with distinct CeO2 dispersion were
fabricated. According to the results of catalytic performance
evaluation and detailed characterizations, it was disclosed that
slightly crystalline CeO2 on TiO2 exhibited a much better
NH3−SCR activity than amorphous CeO2 and highly
crystalline CeO2 due to its superior low-temperature redox
capability. This work would benefit the future design of robust
CeO2−TiO2 catalysts for the NH3−SCR of NO.

2. METHODS
2.1. Catalyst Preparation. TiO(OH)2 and TiO2 supports

were prepared by a modified sol−gel method. Specifically, 20
mL of tetrabutyl titanate (TBOT) and 20 mL of ethanol were
first mixed and stirred to form a uniform solution, and then a
mixture of 20 mL of ethanol, 10 mL of acetic acid, and 10 mL

of deionized water was added to the above solution under
vigorous stirring. The obtained system was aged at room
temperature for 48 h, followed by being dried in an oil bath at
60 °C for 8 h. The resulting gel was washed with ethanol and
deionized water several times to remove impurities and
subsequently dried in an oven at 40 °C for 12 h. The obtained
solid was ground and ready for use, denoted as TiO(OH)2.
TiO2 was prepared by calcined TiO(OH)2 at 500 °C for 4 h.

To realize the modulation of Ce dispersion on TiO2,
different supports (TiO(OH)2 and TiO2) and Ce precursors
(Ce(NO3)3·6H2O and Ce2(C2O4)3·10H2O) were used. A
traditional incipient wetness impregnation (IWI) method was
used to deposit CeO2 onto TiO2. The loading amount of CeO2
was controlled at 5 wt %. After impregnation, the mixture was
calcined at 500 °C for 2 h. CeO2/TiO2 prepared with
Ce(NO3)3·6H2O and TiO(OH)2 was denoted as Ce/Ti−OH-
N or Ce/Ti−H (−H = high dispersion). CeO2/TiO2 prepared
with Ce(NO3)3·6H2O and TiO2 was denoted as Ce/Ti−N or
Ce/Ti-M (−M = medium dispersion). CeO2/TiO2 prepared
with Ce2(C2O4)3·10H2O and TiO2 was denoted as Ce/Ti−O
or Ce/Ti-L (−L = low dispersion). It should be noted that the
impregnation liquid containing Ce2(C2O4)3 was actually a
Ce2(C2O4)3 suspension, since Ce2(C2O4)3·10H2O was almost
insoluble in water.31 For better comprehension, the detailed
synthesis procedure is also illustrated in Figure S1.

2.2. Catalyst Characterization. The detailed descriptions
of catalyst characterization can be found in the Supporting
Information (Text S1).

2.3. Catalytic Performance Evaluation. A fixed-bed
quartz tube reactor was used to evaluate the catalytic
performance of the prepared catalysts in the NH3−SCR
reaction. In each test, 100 mg of catalyst (40−60 mesh) was
loaded into the quartz tube, and the inlet gas with a flow rate of
100 mL·min−1 was composed of 500 ppm of NO, 500 ppm of
NH3, 100 ppm of SO2 (when used), 5% H2O (when used),
and 5% O2, using N2 as a balance. The weight hourly space
velocity was 60,000 mL·g·h−1. The composition of the outlet
gas was analyzed by an online Thermo Nicolet iS10 FTIR
spectrometer equipped with a 2 m path-length gas cell. NO
conversion and N2 selectivity on the prepared catalysts in the
NH3−SCR reaction were calculated as follows:

= [ ] [ ]
[ ]

×NO conversion (%)
NO NO

NO
100%in out

in

Figure 1. (a) TG profiles for TiO(OH)2. (b) ATR-FTIR spectra for TiO(OH)2, TiO1.5OH, and TiO2.
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N selectivity (%)
NH NO NH NO NO 2 N O

NH NO NH NO

100%

2
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The method for the catalytic performance evaluation in NH3
oxidation and NO oxidation reaction can be found in the
Supporting Information (Text S2).

3. RESULTS AND DISCUSSION
3.1. Structural Information. The TG experiment was first

conducted on TiO(OH)2 to confirm its exact composition. As
shown in Figure 1a, three weight loss steps were observed. The
first weight loss step (from 100 to 98.8%) at ca. 40 °C was
attributed to the desorption of H2O and impurities adsorbed
on the powder. The next two significant weight loss steps (40−
220 and 220−500 °C) should be related to the dehydration
process of TiOx(OH)y.

32 Considering that the residual
obtained at 500 °C could be approximated as TiO2, the
product after the first weight loss step can be calculated as
TiO0.9(OH)2.2 based on the weight loss value (from 98.8 to
79%), which was close to that of TiO(OH)2. That is,
TiO(OH)2 was successfully prepared in this work. In addition,
the product obtained at 220 °C was determined as TiO1.5OH.

An ATR-FTIR experiment was carried out to visualize the
different concentrations of hydroxyl groups on TiO(OH)2 and
TiO2. As shown in Figure 1b, the broad band within the range
of 3000−3500 cm−1 observed on TiO(OH)2, TiO1.5OH, and
TiO2 was assigned to the hydroxyl species (v(OH)).33,34

However, the v(OH) band on TiO(OH)2 was much more
intensive than that on TiO2, suggesting the existence of
abundant hydroxyl groups on TiO(OH)2.

As exhibited in Figure 2a, CeO2/TiO2 catalysts prepared
with different supports and Ce precursors showed distinct
colors, indicating the various dispersion of CeO2. Hence, XRD
patterns for TiO2 and supported CeO2 catalysts were collected

to determine their crystal phase and the dispersion of CeO2. As
demonstrated in Figure 2b, all XRD peaks on TiO2 could be
indexed to anatase TiO2 (JCPDS#21-1272). For Ce/Ti−OH-
N, no additional XRD peaks attributed to CeO2 species were
detected, indicating that TiO(OH)2 could facilitate the
dispersion of CeO2. For Ce/Ti−N prepared by impregnating
Ce(NO)3·6H2O onto TiO2, a weak XRD peak located at ca.
28.5 ° was observed, which could be attributed to the (111)
facet of CeO2 (JCPDS#34-0394). When changing the Ce
precursor from Ce(NO)3·6H2O to Ce2(C2O4)3·10H2O, the
crystallinity of CeO2 on Ce/Ti−O further increased,
suggesting the lower dispersion of CeO2. That is, the
dispersion of Ce on three CeO2/TiO2 catalysts followed an
order of Ce/Ti−OH-N > Ce/Ti-N > Ce/Ti−O. For better
understanding, Ce/Ti−OH-N, Ce/Ti−N, and Ce/Ti−O were
renamed as Ce/Ti−H, Ce/Ti-M, and Ce/Ti-L, respectively (−
H = high dispersion, −M = medium dispersion, −L = low
dispersion). In addition, the results of XPS analysis also
showed that the highest surface Ce concentration was achieved
on Ce/Ti−H (Table S1).

The crystal phase of TiO2 as well as the dispersion of CeO2
on CeO2/TiO2 catalysts was also evaluated by Raman spectra
(Figure 2c). Five peaks at 146, 198, 398, 519, and 642 cm−1

observed on the TiO2 support could be ascribed to Raman
active modes of anatase TiO2 with symmetries of Eg, Eg, B1g,
A1g, and Eg, respectively.35 After the deposition of CeO2,
Raman shift peaks associated with the F2g mode of CeO2
emerged at 485 cm-1,36 and the intensity of the CeO2 F2g peak
also followed an order of Ce/Ti-L > Ce/Ti-M > Ce/Ti−H,
matching well with the results of XRD. According to the results
of N2-physisorption (Table S2 and Figures S2 and S3),
although Ce/Ti-H (101.5 m2·g−1) showed a higher specific
surface area than TiO2 (77.9 m2·g−1), Ce/Ti-M (66.2 m2·g−1)
and Ce/Ti-L (67.2 m2·g−1), which should be due to the
formation of the Ce−O−Ti interaction between highly
dispersed CeO2 and TiO2 on Ce/Ti−H during the calcination

Figure 2. (a) Photographs of the TiO2 support and CeO2/TiO2 catalysts. (b) XRD patterns and (c) Raman spectra for the TiO2 support and
CeO2/TiO2 catalysts.
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process, TiO2 and CeO2/TiO2 catalysts showed similar pore
structures.

Since it was difficult to directly recognize CeO2 on the TiO2

support by HR-TEM and HAADF-STEM technologies, EDS
elemental mapping images were collected to evaluate the size

of CeO2 species on CeO2/TiO2 catalysts (Figures S4−S6 and
3). As shown in Figure 3a, even a dispersion of Ce was
observed on Ce/Ti−H, indicating the high dispersion of CeO2.
For Ce/Ti-M, a slight agglomeration of CeO2 was observed
(Figure 3b). Moreover, significant aggregation of CeO2 was

Figure 3. HAADF-STEM images and the corresponding EDS elemental mapping images of (a) Ce/Ti−H, (b) Ce/Ti-M, and (c) Ce/Ti-L. Surface
models for (d) Ce/Ti−H, (e) Ce/Ti-M, and (f) Ce/Ti-L.

Figure 4. (a) NO conversion and (b) N2 selectivity on TiO2 and CeO2/TiO2 catalysts in the NH3−SCR reaction. (c) NO conversion on CeO2/
TiO2 catalysts in the NH3−SCR reaction with the addition of SO2 and H2O into the feeding gas. Reaction conditions: 500 ppm of NO, 500 ppm of
NH3, 5% O2, 100 ppm of SO2 (when used), and 5% H2O (when used), using Ar as a balance, WHSV = 60,000 mL·g−1·h−1.
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found on Ce/Ti-L (Figure 3c). Several crystalline CeO2
particles were also observed in the HR-TEM images of Ce/
Ti-L (Figure S6). The results of EDS elemental mapping
matched the conclusion drawn from XRD, XPS, and Raman
spectra that the dispersion of CeO2 on CeO2/TiO2 catalysts
followed an order of Ce/Ti−H > Ce/Ti-M > Ce/Ti-L (Figure
3d−f). In short summary, due to the unique function of
hydroxyl groups on TiO(OH)2 in facilitating the dispersion of
CeO2, as well as the distinct nature of Ce(NO3)3·6H2O and
Ce2(C2O4)3·10H2O, CeO2/TiO2 catalysts with different CeO2
dispersions were successfully prepared.

3.2. Catalytic Performance in NH3−SCR Reactions.
CeO2−TiO2 catalysts have been intensively studied in the
NH3−SCR reaction.37 However, the optimal dispersion of
CeO2 on CeO2−TiO2 catalysts for the NH3−SCR of NO has
not been clarified. In this work, the catalytic performance of
TiO2, Ce/Ti−H, Ce/Ti-M, and Ce/Ti-L in the NH3−SCR
reaction was evaluated.

As illustrated in Figure 4a, after the impregnation of CeO2,
the catalytic performance of TiO2 was drastically improved,
indicating that the synergistic effect between CeO2 and TiO2
was the key to high NH3−SCR activity. Interestingly, the
NH3−SCR activity on CeO2/TiO2 catalysts followed a
sequence of Ce/Ti-M > Ce/Ti−H > Ce/Ti-L, which implied
that TiO2-supported CeO2 with a medium dispersion could

better catalyze the NH3−SCR reaction. Moreover, the low T90
(the temperature at which the NO conversion reached 90%) of
ca. 220 °C and the wide operating temperature window (220−
400 °C) on Ce/Ti-M made it comparable to those of recently
reported novel CeO2−TiO2-based catalysts (Table S3). In
addition, all CeO2/TiO2 catalysts showed high N2 selectivity
(> 95%) throughout the test (Figure 4b).

To further highlight the unique role of hydroxyl groups on
TiOx(OH)y in tuning the dispersion and catalytic performance
of CeO2, CeO2 (5 wt %) supported on TiO1.5OH (Ce/
TiO1.5OH) was also prepared and applied in NH3−SCR of
NO reaction (Figures S7 and S8). It was found that the activity
on CeO2/TiO1.5OH at low temperatures (< 250 °C) was
higher than that on Ce/Ti−H but still slightly lower than that
on Ce/Ti-M.

In the practical application of NH3−SCR catalysts, SO2/
H2O poisoning is an unavoidable obstacle. To evaluate the
industrial application prospect of Ce/Ti-M, the catalytic
performance of CeO2/TiO2 catalysts in the presence of SO2
and H2O was tested at 250 °C (Figure 4c). Upon the
introduction of SO2 (100 ppm) to the feeding gas, NO
conversion on Ce/Ti−H, Ce/Ti-M, and Ce/Ti-L decreased
accordingly, which meant that SO2 could result in the
deactivation of all CeO2/TiO2 catalysts. After several hours,
the NO conversion on Ce/Ti−H, Ce/Ti-M, and Ce/Ti-L

Figure 5. (a) NH3-TPD profiles and (b) CO-TPR profiles for TiO2 and CeO2/TiO2 catalysts. (c) Ce 3d XPS for CeO2/TiO2 catalysts. (d) O 1s
XPS for TiO2 and CeO2/TiO2 catalysts. (e) NH3 conversion on TiO2 and CeO2/TiO2 catalysts in the NH3 oxidation reaction. (f) NO conversion
on TiO2 and CeO2/TiO2 catalysts in the NO oxidation reaction.
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stabilized at 29, 60, and 15%, respectively. That is, Ce/Ti-M
still substantially outperformed Ce/Ti−H and Ce/Ti-L in the
presence of SO2. Furthermore, when 5% H2O was also
switched on, the NO conversion on Ce/Ti-M only slightly
decreased, and then quickly recovered upon switching off H2O,
indicating that the competitive adsorption between H2O and
reactants was the main reason for the deactivation caused by
H2O. However, turning off SO2 would not result in the obvious
increase of NO conversion on Ce/Ti-M, which meant that the
deactivation caused by SO2 was almost irreversible at 250 °C.
To reveal the reasons for the deactivation of Ce/Ti-M in the
presence of SO2, temperature-programmed desorption (TPD)
experiments were conducted on the spent catalysts (treated
with NH3−SCR + SO2 reaction flow for 8 h). As shown in
Figure S9, the intensity of the SO2-desorption peak on Ce/Ti-
M was more intensive than that on Ce/Ti−H and Ce/Ti-L,
suggesting that small CeO2 particles on Ce/Ti-M showed a
stronger affinity for SO2. Moreover, an in situ DRIFTS of
NH3−SCR + SO2 experiment was performed on Ce/Ti-M at
250 °C to determine the deposited sulfate species (Figure
S10). Several IR bands attributed to sulfate species (1250−
1350 cm−1) and NH4

+ species (1436 and 1695 cm−1) emerged
after switching on SO2, which should be related to the
formation of ceric sulfates or ammonium sulfates.38 When
using the ATR-FTIR spectra for (NH4)2SO3, (NH4)2SO4, and
NH4HSO4 as references, it was found that IR characteristic
peaks for them did not match those IR bands attributed to
sulfate species on Ce/Ti-M well (Figure S11), suggesting that

the intensive IR bands assigned to NH4
+ were mainly related to

the accumulation of ceric sulfates serving as Brønsted acid
sites. That is, the main reason for the irreversible deactivation
of Ce/Ti-M was the sulfation of the surface metal sites.

3.3. Surface Acidity and Redox Performance. Since the
NH3−SCR reaction was composed of two half reactions, i.e.,
acid cycle and redox cycle,39 surface acidity and the redox
performance of CeO2/TiO2 catalysts were investigated. The
NH3-TPD experiment was first conducted, and the results are
shown in Figure 5a and Table S4. It was found that the NH3
desorption amount on the TiO2 support and CeO2/TiO2
catalysts was roughly positively correlated with the surface
area. Ce/Ti−H with the largest specific surface area (101.5 m2·
g−1) showed the highest NH3 desorption amount (401 μmol of
NH3·g−1). TiO2, Ce/Ti-M, and Ce/Ti-L with comparable
specific surface areas (ca. 70 m2·g−1) possessed similar NH3
adsorption amounts (ca. 300 μmol NH3·g−1). When the results
of N2-physisorption were taken into consideration, it was
found that more surface acid sites were formed on Ce/Ti-M
per unit surface area (Figure S12a). It was also noted that the
ratio of peaks β and γ to the total NH3-desorption peak area on
Ce/Ti-M surpassed that on Ce/Ti-L and Ce/Ti−H (Figure
S12b), indicating that Ce/Ti-M showed a higher average acid
strength. That is, Ce/Ti-M showed the best surface acidity in
terms of acid site amount per unit area and average acid
strength, which might also contribute to its better catalytic
performance in the NH3−SCR reaction.

Figure 6. In situ DRIFTs of NO + O2 reacting with preadsorbed NH3 on (a) Ce/Ti−H, (b) Ce/Ti-M, and (c) Ce/Ti-L at 200 °C. (d) Normalized
peak area centered at 1173 cm−1 as a function of reaction time. In situ DRIFTs of NH3 reacting with preadsorbed NOx on (e) Ce/Ti−H, (f) Ce/Ti-M, and (g)
Ce/Ti-L at 200 °C. (h) Illustration of dominant reaction pathways on Ce/Ti−H, Ce/Ti-M, and Ce/Ti-L.
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A CO-TPR experiment was carried out to investigate the
redox property of CeO2/TiO2 catalysts. As shown in Figure 5b,
CO-TPR profiles for all samples could be divided into three
regions, which should be related to the reduction of surface
oxygen species (< 300 °C), surface Ti4+ or Ce4+ species (300−
450 °C), and bulk TiO2 or CeO2 species (> 450 °C). When
the CO consumption amount on TiO2 was normalized to 1.00,
the normalized CO consumption amount corresponding to
different species on various catalysts was calculated and is
listed in Table S5. It was found that the CO consumption
amount associated with surface oxygen species on TiO2 and
CeO2/TiO2 followed an order of Ce/Ti-M (0.41) > Ce/Ti−H
(0.34) > Ce/Ti-L (0.24) > TiO2 (0.09), which corresponded
well to the sequence of their low-temperature NH3−SCR
activity. In addition, the result of CO-TPR also matched well
with that of H2-TPR (Figure S13 and Table S6). That is, the
low-temperature redox capability of CeO2/TiO2 catalysts
played a decisive role in the NH3−SCR reaction. The
significantly different low-temperature redox capability should
be directly related to the different dispersions of the loaded
CeO2. CeO2 with a moderate dispersion showed better redox
performance than highly dispersed CeO2 or highly crystallized
CeO2.

It has been reported that the smaller CeO2 particle size
would facilitate the formation of more Ce3+, surface oxygen
defects and adsorbed oxygen species.40−42 XPS experiments
were carried out to characterize the surface chemical states of
the prepared catalysts. According to the fitting analysis of Ce
3d XPS (Figure 5c), the surface concentration of Ce3+ on Ce/
Ti-M (25.4%) was much higher than that on Ce/Ti-L (17.5%),
which should be due to the smaller CeO2 particles on Ce/Ti-
M, matching well with the expectation. However, Ce/Ti−H
with highly dispersed Ce species showed a Ce3+ concentration
(23.0%) that was lower than that of Ce/Ti-M, which meant
that the formation of abundant Ce−O−Ti structures and the
lack of crystalline CeO2 were conducive to the generation of
Ce3+ species. O 1s was also collected (Figure 5d). It was found
that the concentration of surface-adsorbed oxygen species on
CeO2/TiO2 catalysts decreased in the order of Ce/Ti-M > Ce/
Ti−H > Ce/Ti-L. The higher concentration of surface Ce3+

and surface-adsorbed oxygen species was always related to
better redox performance.43,44 In addition, the results of Ti 2p
XPS suggested that the electron donation from the TiO2
support to small CeO2 particles could be another reason for
the generation of more Ce3+ on Ce/Ti-M (Figure S14).

To further investigate the effect of the redox capability on
the activation of reactants, the reactivity of CeO2/TiO2
catalysts in NH3 oxidation and NO oxidation reactions was
evaluated. As shown in Figure 5e, Ce/Ti-M performed better
than Ce/Ti−H and Ce/Ti-L in the NH3 oxidation reaction,
which meant that CeO2 with moderate dispersion could
effectively activate NH3. It was also found that all CeO2/TiO2
catalysts showed comparable N2 selectivity, although Ce/Ti-M
performed the best among those CeO2/TiO2 catalysts (Figure
S15). Moreover, as expected, Ce/Ti-M also showed the best
NO oxidation activity among the three CeO2/TiO2 catalysts,
indicating that NO could be better activated on Ce/Ti-M
(Figure 5f). It could be inferred from the results of CO-TPR,
XPS, NH3 oxidation, and NO oxidation that TiO2-supported
CeO2 with moderate dispersion (Ce/Ti-M) exhibited better
low-temperature redox capability, which could better facilitate
the activation of the reactants and further contribute to
superior NH3−SCR activity.

3.4. Reaction Mechanism. A systematic in situ DRIFTS
study was designed to further elucidate the reaction
mechanism on the CeO2/TiO2 catalysts. The reactivity of
adsorbed NH3 was first investigated by in situ DRIFTS of NO
+O2 reacting with preadsorbed NH3. As shown in Figure 6a−c,
NH3 species adsorbed on Lewis acid sites (1173, 1227, and
1574/1594/1601 cm−1, in red fonts) and Brønsted acid sites
(1436 and 1695 cm−1, in blue fonts) were observed on three
CeO2/TiO2 catalysts when exposed to NH3 flow.42,45,46 The
more intensive IR bands attributed to NH3 adsorbed on Lewis
acid sites (1173 and 1227 cm−1) suggested that acid sites on
the CeO2/TiO2 catalyst were dominant in the form of Lewis
acid sites. According to the results of in situ DRIFTS of NH3
adsorption on TiO2 and CeO2/TiO2 catalysts (Figure S16), IR
bands at ca. 1173 and 1574 cm−1 could be attributed to NH3
adsorbed on Ce sites, while IR bands at ca. 1227 and 1601
cm−1 could be ascribed to NH3 adsorbed on Ti sites. Upon the
introduction of NO+O2 to CeO2/TiO2 catalysts preadsorbed
with NH3, NH3 species adsorbed on both Lewis acid sites and
Bronsted acid sites were consumed gradually. Simultaneously,
several bands attributed to nitrate species emerged (1365,
1535, 1552, and 1620 cm−1).39,47 The consumption of
adsorbed NH3 by NO+O2 flow suggested that the NH3−
SCR reaction on CeO2/TiO2 catalysts could follow the Eley−
Rideal (E−R) mechanism. To better compare the con-
sumption rate of adsorbed NH3, the normalized peak area of
the band at 1173 cm−1 as a function of reaction time was
plotted and is shown in Figure 6d. It was clearly demonstrated
that the consumption rate of NH3 on CeO2/TiO2 catalysts
followed an order of Ce/Ti-M > Ce/Ti−H > Ce/Ti-L, and
NH3 adsorbed on Ce/Ti-M could be almost consumed in 10
min, further confirming that the efficient activation of NH3 on
Ce/Ti-M could be one of the main reasons for its better NH3−
SCR activity.

The reactivity of adsorbed nitrates on CeO2/TiO2 catalysts
was also estimated by in situ DRIFTS of NH3 reacting with
preadsorbed NOx (Figure 6e−g). Interestingly, the adsorption
of NOx on the CeO2/TiO2 catalysts was relatively weak. The
bands at 1184, 1365, and 1552/1556 cm−1 could be assigned
to bridging bidentate nitrates, nitro species, and monodentate
species, respectively,39,42,48 which were not consumed by
introduced NH3 throughout the experiment. In contrast, the
band at ca. 1634 cm−1 related to adsorbed NO2 species on Ce/
Ti−H and Ce/Ti-M could be rapidly consumed by the NH3
flow in the first 2 min,49,50 indicating that the NH3−SCR
reaction on Ce/Ti−H and Ce/Ti-M could be efficiently
proceeded by the Langmuir−Hinshelwood (L−H) mecha-
nism. The generation of adsorbed NO2 species should be due
to the oxidation of NO on Ce/Ti-M and Ce/Ti−H with a
better redox capability. In order to exclude the possibility of
NO2 reacting with NH3 to form inert species, the IR spectra of
NH3 reacting with preadsorbed NOx on Ce/Ti-M in the first 2
min were stacked and enlarged to better demonstrate the
changes upon the introduction of NH3 (Figure S17). It was
clearly observed that no band attributed to adsorbed NOx was
enhanced or emerged (marked in black font), while the band
attributed to adsorbed NO2 decreased, suggesting that NO2
was consumed by NH3 through the L−H mechanism.

To simplify for better comprehension, the privilege reaction
mechanism on CeO2/TiO2 catalysts is demonstrated in Figure
6g. For Ce/Ti-M, the NH3−SCR reaction could be efficiently
proceeded by both E−R and L−H mechanisms. Similarly, the
NH3−SCR reaction on Ce/Ti−H also followed E−R and L−
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H mechanisms. However, due to the relatively inferior redox
performance of Ce/Ti−H compared to that of Ce/Ti-M, Ce/
Ti−H exhibited lower activity than Ce/Ti-M. For Ce/Ti-L, the
NH3−SCR reaction on it dominantly followed the E−R
mechanism with low efficiency.

4. CONCLUSIONS
By utilizing the inherent properties of hydroxyl groups on the
oxide support in promoting the dispersion of active sites,
coupled with the distinct dispersion behaviors of various Ce
precursors on supports, TiO2-supported CeO2 catalysts with
gradient dispersions were successfully constructed. It was
found that Ce/Ti-M with moderate dispersion of CeO2
(slightly crystalline CeO2) exhibited much better NH3−SCR
activity than Ce/Ti−H with highly dispersed CeO2 (amor-
phous CeO2) and Ce/Ti-L with highly crystalline CeO2.
Further mechanistic studies confirmed that the superior low-
temperature redox capability of slightly crystalline CeO2 on
Ce/Ti-M mainly accounted for its satisfactory NH3−SCR
activity. The NH3−SCR reaction on Ce/Ti-M efficiently
proceeded by the E−R and L−H mechanisms. That is, the
optimization of catalysts should extend beyond merely
pursuing the high dispersion of active species, emphasizing
instead the importance of customized design based on the
unique characteristics of active species and their targeted
reactions. This study provided valuable insights and
fundamental knowledge for the rational design of high-
performance catalysts, which held significant promise for
advancing pollutant emission control technologies.
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