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ABSTRACT: CeO2-based catalysts have attracted widespread
attention in environmental-protection applications, including selective
catalytic reduction (SCR) of NO by NH3, and their catalytic
performance is often intimately associated with the supports used.
However, the issue of how to choose the supports of such catalysts still
remains unresolved. Herein, we systematically study the support effect
in SCR over CeO2-based catalysts by using three representative
supports, Al2O3, TiO2, and hexagonal WO3 (HWO), with different
acidic and redox properties. HWO, with both acidic and reducible
properties, achieves an optimal support effect; that is, CeO2/HWO
exhibits higher catalytic activity than CeO2 supported on acidic Al2O3
or reducible TiO2. Transmission electron microscopy and X-ray
diffraction techniques demonstrate that acidic supports (HWO and
Al2O3) are favorable for the dispersion of CeO2 on their surfaces. X-ray photoelectron spectroscopy coupled with theoretical
calculations reveals that reducible supports (HWO and TiO2) facilitate strong electronic CeO2−support interactions. Hence, the
excellent catalytic performance of CeO2/HWO is mainly ascribed to the high dispersion of CeO2 and the optimal electronic
CeO2−support interactions. This work shows that abundant Brønsted acid sites and excellent redox ability of supports are two
critical requirements for the design of efficient CeO2-based catalysts.

■ INTRODUCTION

Nitrogen oxides (NOx) emitted from stationary and mobile
sources have raised significant concern due to their great
contribution to acid rain and photochemical smog.1 Selective
catalytic reduction (SCR) of NOx with NH3 is one of the most
promising abatement technologies. V2O5-based catalysts have
been used commercially for SCR,2−4 but the toxicity of
vanadium limits their widespread application. In response to
increasingly stringent environmental regulations, it is desirable
to develop environmentally benign catalysts to control NOx
emissions efficiently. CeO2 is an environmentally friendly active
component of such efficient catalysts for SCR,5−7 owing to its
excellent oxygen storage/release ability via the Ce4+/Ce3+ redox
cycle.8,9

Supports can influence the catalytic performance of CeO2-
based catalysts dramatically.10−13 To rationally design efficient
supports, a clear understanding of the SCR mechanism and the
synergistic CeO2−support effect is necessary. Eley−Rideal and
Langmuir−Hinshelwood models are often used to describe the
SCR mechanisms for CeO2-based catalysts, and the adsorption
and activation of NH3 are regarded as two key steps in both
models.14 NH3 that participates in the SCR reactions was found
to be mostly adsorbed on Brønsted acid sites and subsequently

activated.15 Therefore, supports with abundant Brønsted acid
sites and the ability to enhance the redox property of CeO2 are
favorable for NH3 adsorption and activation. An excellent
support can not only allow CeO2 to be highly dispersed on the
supports’ surfaces but also induce synergistic CeO2−support
interactions. Supports with acidic properties, especially those
with abundant Brønsted acid sites such as Al2O3

12,16 and
WO3,

17,18 are beneficial for the dispersion of CeO2 nano-
particles with basic properties. Reducible supports such as TiO2
and WO3 are often used to provoke CeO2−support interactions
via redox reactions.17−19 Thus, supports with both abundant
acid sites and excellent redox properties should be ideal for the
design of CeO2-based catalysts for SCR, but a systematic study
of support effect is still lacking.
Al2O3, TiO2, and WO3 with different acid and redox

properties have been used to prepare CeO2-based SCR
catalysts.16−20 For instance, CeO2 supported on acidic Al2O3
achieved high SCR activity at 250−350 °C.12 CeO2/TiO2 gave

Received: August 11, 2016
Revised: November 10, 2016
Accepted: December 2, 2016
Published: December 2, 2016

Article

pubs.acs.org/est

© 2016 American Chemical Society 473 DOI: 10.1021/acs.est.6b04050
Environ. Sci. Technol. 2017, 51, 473−478

D
ow

nl
oa

de
d 

vi
a 

FU
D

A
N

 U
N

IV
 o

n 
N

ov
em

be
r 

23
, 2

01
8 

at
 0

8:
44

:5
3 

(U
T

C
).

 
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

 

pubs.acs.org/est
http://dx.doi.org/10.1021/acs.est.6b04050


almost complete conversion of NO in a wide temperature
window (200−400 °C) because of the strong CeO2−TiO2
interactions via the surface Ce−O−Ti bridging bonds.19 Owing
to the acid property and redox characteristics of WO3, CeO2/
WO3 showed extraordinary catalytic performance in SCR at
200−450 °C even at a high gas hourly space velocity
(GHSV).21 However, these catalysts were tested under quite
different conditions, thus making the comparison of their
intrinsic activities impossible. Therefore, it is desirable to
distinguish the support effect under identical conditions to
choose suitable supports for CeO2-based catalysts.
In this work, we study the support effect in SCR over CeO2-

based SCR catalysts by using Al2O3, TiO2, and hexagonal WO3
(HWO) as representative supports (Scheme 1). The activities

of these CeO2-based catalysts were tested under the same
conditions, and these catalysts were characterized by various
techniques such as transmission electron microscopy (TEM),
synchrotron X-ray diffraction (SXRD), X-ray photoelectron
spectroscopy (XPS), and hydrogen temperature-programmed
reduction (H2-TPR). A conclusion on how to design efficient
CeO2-based SCR catalysts was then reached. This work could
assist the design of improved SCR catalysts from the support
effect point of view.

■ MATERIALS AND METHODS
Materials Preparation. HWO was prepared by a hydro-

thermal method.22 Briefly, a solution composed of
(NH4)10W12O41 (0.7 mmol), (NH4)2SO4 (63.0 mmol), oxalic
acid (23.3 mmol), and deionized water (80 mL) was sufficiently
mixed, transferred to a 100 mL autoclave, and put into an oven
at 180 °C for 12 h via rotary hydrothermal treatment. The
obtained slurry was filtered, washed with deionized H2O, and
dried at 105 °C. CeO2/MOx (M = Al, Ti, or W) was prepared
by precipitation: MOx (2.00 g) was mixed with 50 mL of CeCl3
(43 mM) solution, and 10 mL of NH3·H2O (2.5 wt %) solution
was then added. The suspension was aged for 0.5 h and then
centrifuged at 8500 rpm. The product was washed with
deionized water three times, dried at 105 °C for 12 h, and
calcined at 400 °C for 4 h.
Catalytic Evaluation. SCR was performed in a fixed-bed

quartz reactor (i.d. = 8 mm) under atmospheric pressure. The
mixed feed gas contained 500 ppm of NO, 500 ppm of NH3,
3.0 vol % O2, and balance N2. The total flow rate was 1000 mL·
min−1. For each run, a certain amount of catalyst (40−60
mesh) was charged. Different GHSVs were adopted by
changing the volumes of catalysts. The concentrations of NO
and NO2 in the inlet and outlet gas were measured by an online
chemiluminescence NO−NO2−NOx analyzer (42i-HL, Ther-

mo Electron Corp.). Data were recorded after the reactions
reached a steady state.

Materials Characterization. TEM, high-resolution trans-
mission electron microscopy (HRTEM), and dark-field
scanning transmission electron microscopy (STEM) studies
and energy-dispersive X-ray spectroscopy (EDX) mapping were
conducted on a JEM 2100F transmission electron microscope.
SXRD patterns were obtained at BL14B of the Shanghai
Synchrotron Radiation Facility (SSRF) at a wavelength of
1.2398 Å. XPS analysis was undertaken on a Kratos Axis Ultra-
DLD system with a charge neutralizer and a 150 W Al (Mono)
X-ray gun (1486.6 eV) with a delay-line detector (DLD). The
binding energy of the samples was calibrated according to C 1s
XPS at a binding energy of 284.6 eV. Curve fitting was carried
out by use of XPSPEAK 4.1 with a Shirley background. H2-TPR
experiments were performed on a 2920 adsorption instrument
(Micromeritics) with a thermal conductivity detector (TCD) to
monitor the consumed H2. H2-TPR was conducted at 10 °C·
min−1 in a 50 mL·min−1 flow of 5 vol % H2 in Ar.

Theoretical Calculations. The structures of the HWO
(100) surface, before and after Ce loading by adding ∼15 Å
vacuum, were optimized by the Vienna ab initio simulation
package (VASP). Density functional theory (DFT) calculations
were performed in the whole calculation process. General
gradient approximation (GGA) pseudopotentials were used to
express the exchange and correlation effects, and pseudopo-
tentials of the projector augmented wave method were used to
describe interactions between the core and valence electrons.
The energy cutoff for the plane waves was set to 450 eV. The k-
point sampling was generated with a 2 × 4 × 1 Monkhorst−
Pack grid. Lattice constants of the conventional hexagonal
HWO cell with space group P6/mmm and the three-
dimensional (3D) periodic-slab model of HWO (100) surface
before and after Ce addition are 7.319 Å × 7.319 Å × 3.881 Å,
14.924 Å × 7.456 Å × 26.482 Å, and 15.057 Å × 7.419 Å ×
26.698 Å by optimizing geometries, respectively.

■ RESULTS AND DISCUSSION
The catalytic activities of CeO2, supported CeO2 catalysts, and
corresponding supports were tested under the same conditions.
A high GHSV of 300 000 h−1 was adopted to distinguish the
catalytic activities. The NO conversions (XNO) at 300 °C are
shown in Figure 1a, and the XNO values as a function of reaction
temperature are shown in Figure S1. CeO2 and three supports
give only very low XNO, whereas the SCR activities of supported
CeO2 catalysts are obviously enhanced. The catalytic activities
follow the sequence CeO2/HWO > CeO2/TiO2 > CeO2/
Al2O3. The reaction kinetics of SCR over CeO2/Al2O3, CeO2/
TiO2, and CeO2/HWO were studied at low XNO, and the
steady-state reaction rates are shown in an Arrhenius plot
(Figure 1b). The apparent activation energy (Ea) for CeO2/
HWO is ∼48 kJ·mol−1, slightly lower than that (50 kJ·mol−1)
for CeO2/TiO2, whereas the pre-exponential factor for CeO2/
HWO is 3.5 × 106 s−1, larger than the corresponding value (2.7
× 106 s−1) for CeO2/TiO2 (Table S1). A significantly smaller
pre-exponential factor for CeO2/Al2O3 gives a good explanation
for its low activity although it has a low activation energy.
According to the well-established reaction mechanisms that

involve commercial V2O5-based catalysts,23,24 two important
cycles, acid-site and redox cycles, are involved in SCR. These
cycles almost simultaneously occur on the adjacent dual sites of
HO−V−O−VO (V−OH is a Brønsted acid site and VO is
responsible for activation of NH3) for NH3 adsorption and

Scheme 1. Illustration Showing the Design of CeO2-based
Catalysts with Three Representative Supports According to
Acid and Redox Properties
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activation.25,26 Presumably, such adjacent dual sites are present
at the periphery of the interface between CeO2−Al2O3 or
CeO2−HWO, because CeO2 has redox property and both
Al2O3 and HWO are acidic supports. The presence of adjacent
dual sites may partly explain the higher activity of CeO2/Al2O3
and CeO2/HWO compared with CeO2 alone. Although TiO2
normally has fewer Brønsted acid sites on its surface, CeO2/
TiO2 is even more active than CeO2/Al2O3, indicating that the
redox property may be indispensable to reach high activity in
SCR.
Figure 2 shows the SXRD patterns of the samples. The

diffraction of Al2O3, TiO2, and HWO can be readily indexed to
corundum, hexagonal, and anatase structures, respectively.
When 12 wt % CeO2 is loaded, the structures of supports are
almost preserved. The weak reflection assigned to crystalline
CeO2 can be discerned for both CeO2/Al2O3 and CeO2/HWO,
and the CeO2 nanoparticles of CeO2/HWO are smaller than
those of CeO2/Al2O3 because the latter has relatively stronger
peaks due to CeO2 (insets, Figure 2). This implies the presence
of strong CeO2−HWO interactions. Moreover, the size of
CeO2 on TiO2 is slightly bigger than that of CeO2 on Al2O3
according to the intensity of CeO2 in the SXRD patterns. Thus,
the dispersion of CeO2 nanoparticles is much easier on acidic
supports than on basic supports.11,27

Figure 3 shows TEM and HRTEM images of supported
CeO2 catalysts. CeO2 nanoparticles, with a sub-10 nm size, are
highly dispersed on Al2O3 (Figure 3a,b).12 However, CeO2
nanoparticles with sizes larger than 10 nm can be observed on
TiO2 (Figure 3c,d). By comparison of the TEM images of
HWO (Figure S2) and CeO2/HWO (Figure 3e), it is relatively
difficult to distinguish CeO2 from HWO (Figure 3e,f) because

the atomic number of Ce is only slightly smaller than that of W.
According to EDX mapping (Figure S3), the Ce species are
highly dispersed on HWO nanorods. In the HRTEM images of
Figure 3, fringes with a separation distance of ∼0.31 nm are
observed in three samples, which can be ascribed to the
CeO2(111) planes. Although the Ce species are also highly
dispersed on TiO2 and Al2O3 (Figures S4 and S5), it is clear
that the CeO2 nanoparticles supported on acidic Al2O3 and
HWO are smaller than those on TiO2, indicating that supports
with abundant Brønsted sites make basic CeO2 nanoparticles
highly dispersed on the surfaces through acid−base inter-
actions. In contrast, bigger CeO2 nanoparticles are formed on
basic TiO2 support due to the absence of acid−base
interactions.28

The electronic states of the catalysts were studied by XPS.
For nonreducible Al2O3 support, there is no strong CeO2−
Al2O3 interaction because no distinct shift is observed in the Al
2p XPS before and after CeO2 loading (Figure S6). Note that

Figure 1. (a) XNO over three CeO2-based catalysts together with their
supports and pure CeO2. Reaction conditions: 300 °C, 500 ppm of
NO, 500 ppm of NH3, 3 vol % O2, balance N2, and GHSV 300 000
h−1. (b) Arrhenius plot for CeO2/Al2O3, CeO2/TiO2, and CeO2/
HWO in SCR.

Figure 2. SXRD patterns of CeO2/Al2O3, CeO2/TiO2, and CeO2/
HWO with their supports. Short vertical lines show the possible Bragg
positions of CeO2 diffraction.

Figure 3. TEM and HRTEM images of (a, b) CeO2/Al2O3, (c, d)
CeO2/TiO2, and (e, f) CeO2/HWO.
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for reducible HWO and TiO2, the supported CeO2 significantly
changes the electronic states of the surface W and Ti species.
According to curve-fitting of the XPS data, ∼9% of surface W6+

species transform into W5+ species when CeO2 is loaded onto
HWO (Figure 4a). Likewise, when CeO2 is loaded onto TiO2,

∼50% of surface Ti4+ on TiO2 transform into Ti3+ (Figure S7).
These results demonstrate that the redox properties of HWO
and TiO2 induce strong CeO2−support interactions.
The Ce 3d XPS data for CeO2/Al2O3, CeO2/HWO, and

CeO2/TiO2 are shown in Figure 4b, and curve-fitting was
applied to calculate the surface Ce3+/(Ce4+ + Ce3+) ratio
(RCe

3+). RCe
3+ of CeO2/Al2O3 is ∼10%, whereas the RCe

3+

values of CeO2/HWO and CeO2/TiO2 are ∼20% and ∼25%,
respectively, implying that the CeO2−support interactions of
the latter two catalysts are stronger. When it is considered that
the CeO2−Al2O3 interaction is weak, the presence of a small
portion of Ce3+ on CeO2/Al2O3 may be due to the presence of
some surface defects. For CeO2/TiO2, in view of the presence
of a significant amount of Ti3+ on the surfaces (Figure S7) and
the basic medium during the preparation, the high RCe

3+ value
might imply the formation of CeTiO3,

29 which can provide the
catalytically active Ce−O−Ti structure for SCR.19 As for
CeO2/HWO, the high RCe

3+ value is beneficial for enhance-
ment of the redox ability30 and thereby the SCR activity.18

The reducibility of the catalysts was investigated by H2-TPR
(Figure 5). In the temperature range 250−450 °C, no
reduction peak is observed in the H2-TPR profile of Al2O3.
An onset of the weak reduction peaks of TiO2 can be discerned
at ∼320 °C. The reduction peaks are very weak for CeO2/
Al2O3 and CeO2/TiO2. A weak peak at ∼330 °C appears in the
CeO2 profile, and a very strong reduction peak of the HWO
support starts at the same reduction temperature of ∼330 °C,
which shifts down to a low-onset temperature of ∼260 °C for

CeO2/HWO, indicating the surface oxygen species of CeO2/
HWO have a strong redox ability at low temperatures. The
downshift of the low-temperature reduction peak might be
mainly ascribed to surface oxygen species of the Ce−O−W
structure, which play an important role in SCR. Janssen et al.23

used labeled oxygen to verify that lattice oxygen participates in
the SCR reaction through a reduction/oxidation mechanism
over traditional V2O5-based catalysts, and Topsøe reported
similar results,25 which can be applicable to current CeO2/
HWO catalysts.21 Often, redox ability is closely associated with
SCR activity, and the stronger the redox ability, the higher the
SCR activity.31 Possibly, the low-temperature redox property of
CeO2/HWO accounts for its high catalytic reactivity at low
temperature, leading to the highest catalytic activity among the
three CeO2-based catalysts.
As for supported metal oxide catalysts, it was reported that

surface A−O−S bridging bonds are intimately associated with
catalytic performance (A and S represent cations of active
components and supports, respectively).32−35 The highest
catalytic performance of CeO2/HWO might originate from
the number and activation ability of Ce−O−W bridging bonds,
because CeO2/HWO possesses smaller CeO2 nanoparticles
(Figures 2 and 3) and higher reducible properties (Figure 5).
Essentially, the electronic states of Ce−O−W structure are
closely related to its activity. Hence, we carried out theoretical
calculations based on the DFT method. The electronic density
difference contours of Ce−O−W structure motif on HWO
(100) and HWO (001) planes are depicted in Figure 6a. The
electronic density of Ce overlaps with that of O in the Ce−O−
W structure motif, indicating the presence of electronic
interactions between CeO2 and HWO via Ce−O−W bridging
bonds. Comparing with the DOS of W and O species of pure
HWO support, we found that the Bader charges of both W and
O increase after loading of CeO2 on HWO (Table S2). These
results agree fairly well with the XPS data that the amount of
W5+ species increases and a downshift of the binding energy of
O 1s orbitals appears after loading of CeO2 on HWO (Figure
S8). In fact, according to a recent report,19 such an electronic
interaction between CeO2 and reducible supports also exists in
CeO2/TiO2 via Ce−O−Ti bridging bonds.
Figure 6b shows the density of states (DOS) of the Ce−O−

W structure motif at the periphery of CeO2−HWO interfaces.
The DOS of W 5d, O 2p, and Ce 5d orbitals of the Ce−O−W
structure motif appear at the same energy regime, demonstrat-

Figure 4. (a) W 4f XPS of HWO and CeO2/HWO and (b) Ce 3d
XPS of the catalysts.

Figure 5. H2-TPR profiles of supported CeO2 catalysts together with
their supports and pure CeO2. The onset temperatures (Tonset) of
CeO2/HWO, CeO2, and HWO are also shown.
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ing the existence of hybridization of these orbitals to form
molecular orbitals. The highest occupied molecular orbital
(HOMO) is mainly composed of O 2p and W 5d orbitals, but
the lowest unoccupied molecular orbital (LUMO) primarily
consists of W 5d and Ce 5d and 4f orbitals (Figure S9).36 The
high DOS of O 2p levels is close in energy to the HOMO,
which may readily provide electrons for SCR. As discussed
above, there is a redox cycle in SCR, meaning the existence of
electron transport between reactants and catalysts. Such
electron transport should become much easier on CeO2/
HWO with a very small energy difference among O 2p, Ce 5d
and 4f, and W 5d orbitals regardless of the HOMO and LUMO
levels. The electronic CeO2−HWO interactions produce the
strong support effect responsible for high SCR activity.
Therefore, an increase in CeO2 loading will increase the
number of Ce−O−W structure motifs, thus increasing the SCR
activity of CeO2/HWO, as confirmed in Figure S10, where
CeO2/HWO catalysts give increasingly high XNO over a wide
reaction temperature range when the CeO2 loading reaches 8%
in weight or more.
These results demonstrate that, for basic and redox CeO2

active component, it is suitable to choose supports with acid
and redox properties, which are favorable to disperse CeO2
nanoparticles and to produce a strong support effect via surface
Ce−O−M bridging bonds. The support effect originates from
two important reactions between active components and
supports: (i) acid−base reaction and (ii) redox reaction. The
acid−base reaction generally determines the number of surface
A−O−S bridging bonds, and the redox reaction governs the
activation ability of the surface A−O−S bridging bonds, thus
regulating catalytic performance.
For supported metal oxide catalysts, the choice of supports is

essentially determined by the acid/base and redox properties of
active components. On one hand, for basic metal oxides with
redox properties, acid and reducible supports are desirable to
enhance catalytic performance. For instance, MnOx/WO3 had
much higher activity in oxidation reactions than MnOx/CeO2.

37

On the other hand, for acidic metal oxides with redox
properties, basic and reducible supports should be more

suitable. Proft and co-workers38 studied the support effect of
acid VOx catalysts and found that an increase in activity is
observed according to the sequence VOx/ZrO2 > VOx/TiO2 >
VOx/Al2O3 > VOx/SiO2. Such a support effect originates from
the nature of A−O−S structures with different electronic
densities.34,35 Therefore, our results can possibly serve as a
general strategy to design and develop efficient supported metal
oxide catalysts.
In summary, we chose three representative supports, Al2O3,

TiO2, and HWO, according to their acidic properties and redox
abilities and systematically studied the support effect of the
CeO2-based catalysts in SCR. The combination of character-
ization techniques and theoretical calculations demonstrated
that Brønsted acidic supports are beneficial for improvement of
the dispersed state of CeO2, besides adsorption of NH3 reactant
in the SCR reaction, and that reducible supports facilitate the
formation of the support effect through strong electronic
CeO2−support interactions. Therefore, the largest number and
highest activation ability of the Ce−O−W bridging bonds are
mainly responsible for the highest catalytic performance
caompared with catalysts with an acidic Al2O3 or reducible
TiO2 support. This work provides a strategy to design
supported metal oxide catalysts by optimizing the support
effect.
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