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Abstract

A series of WO3/CeO, (WOx/CeO,) catalysts were synthesized by wet impregnation of ammonium metatungstate on a CeO, support.
The resulting solid acid catalysts were characterized by X-ray diffraction (XRD), UV-Vis spectroscopy (UV-Vis), Raman spectroscopy
(Raman), in-situ Fourier transform infrared spectroscopy (in-situ FT-IR) of ammonia adsorption, NH;-TPD, H, temperature-
programmed reduction (H,-TPR), NH3/NO oxidation and activity measurements for NOx reduction by NH3 (NH;-SCR). The results
show that polytungstate (WOx) species are the main species of tungsten oxide on the surface of ceria. The addition of tungsten oxide
enhances the Bronsted acidity of ceria catalysts remarkably and decreases the amount of surface oxygen on ceria, with strong interaction
between CeO, and WOx. As a result, the N, selectivity of NH; oxidation and NH3-SCR at high temperatures (> 300°C) is enhanced.
Therefore, a wide working temperature window in which NOx conversion exceeds 80% (NOx conversion > 80%) from 200 to 450°C,
is achieved over 10 wt.% WOx/CeO, catalyst. A tentative model of the NH3-SCR reaction route on WOx/CeO, catalysts is presented.

Key words: NOx reduction; WOx/CeO, catalyst; redox; NH; adsorption
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Introduction

In light of the increasingly stringent emission standards for
vehicle exhaust, interest in reducing NOx emissions has
received much attention in recent years. The most efficient
technology to remove NOx from stationary sources is the
selective catalytic reduction of NOx by ammonia (NH3-
SCR), and it is also currently the most favored technology
for lean burn engine exhaust deNOx (Busca et al., 2005).
Reduction of NOx emissions from a diesel engine requires
a highly efficient catalyst which operates in a temperature
range of 200-500°C and is capable of high space velocity.
To meet such a requirement, a typical commercial SCR
catalyst V,05-WO3(Mo00Os3)/TiO, (VWTi) with about 1
wt.% V,0s supported on 610 wt.% WO3/MoO; contain-
ing titania (anatase) was used first for stationary sources,
and was then introduced into application in diesel vehicles
(Sjovall et al., 2009; Klukowski et al., 2009; Schwidder et
al., 2008). VWTi oxides have high SCR activity in the tem-
perature range 300-500°C. Nevertheless, the high activity
for oxidation of SO, to SOs3, rapid decrease in activity and
selectivity at higher temperatures, low stability due to the
phase transformation of anatase to rutile and the toxicity
of the vanadia species limit their applications in diesel

* Corresponding author. E-mail: duanweng @tsinghua.edu.cn

deNOx (Brandenberger et al., 2008). Metal-exchanged
zeolites, especially ZSM-5, have been studied extensively
for removing NOx from diesel vehicles. However, some
inevitable problems with this catalyst system still remain;
for example, their relatively low stability in hydrothermal
aging, causing dealumination, leads to deactivation of the
zeolite catalysts. Coke transformed from hydrocarbons
can poison the active sites or block their access, and the
regeneration of zeolite catalysts, requiring the removal of
coke at high temperatures causes detrimental effects like
dealumination, degradation of the zeolite and sintering
of supported metals, etc. (Brandenberger et al., 2008;
Grossale et al., 2008; Guisnet and Magnoux, 1997).
Extensive efforts have been made over the past decade
to develop non-vanadium catalysts for deNOx, especially
CeO,-based NH;3-SCR catalysts, which have recently been
the subject of extensive development. MnOx-CeO, mixed
oxide showed better activity at low temperature, and the
addition of niobium oxides into the catalyst was found
to significantly enhance its low-temperature activity (Qi
et al., 2004; Casapu et al., 2009). A stiong—interaction———
between ceria and titania was found in Ceg0,-TiO, (Xu et
al., 2009; Gao et al., 2010) and V,05-CeOp/TiO, catalysts
(Huang et al., 2008), where a high concenfration of amor-
phous Ce** on the surface increased thd chemisorption
of weakly bound oxygen species and rg¢sulted in_-good
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activity. In addition, synergistic effects between CeO, and
other species in catalysts, which could generate active
oxygen species with high reducibility and increase acid
sites, were also considered to promote SCR reaction in
many CeO,-containing catalysts synthesized by different
methods (Gao et al., 2010; Liu et al., 2010; Si et al.,
2010; Zhu et al., 2010; Adamowska et al., 2008; Reddy
et al., 2003). Besides these studies, in recent years, WOx-
and CeO, containing catalysts have gained much attention
as a result of their good activity. Li et al. (Chen et al.,
2010) also reported CeO,/WO3-TiO; or CeO,-WO3-TiO,
novel catalysts with high activity for NH3-SCR of NOx
in the temperature range 200-450°C at a space velocity of
28,000 hr™'. WO; supported on CeO,-ZrO; solid solutions
has been reported to show high SCR activity within a
high temperature range (300-500°C) at a space velocity of
90,000 hr~! in NH3-SCR applications (Li et al., 2008). He
etal. (Shan et al., 2011) reported a novel CeO,-WO3 mixed
oxide catalyst prepared by a homogeneous precipitation
method which achieved nearly 100% NOx conversion in
a wide temperature range from 250 to 425°C under an
extremely high GHSV of 500,000 hr~!. Their work all
indicated that WOj crystallites can be finely dispersed
over the catalyst surface to enhance the acidity of ceria
catalysts, and some kind of synergetic effect between
tungsten oxides and ceria promoted the SCR activity by
ammonia. However, the specific synergistic effects be-
tween CeO, and WOx in the mixed oxide catalysts and
the corresponding SCR reaction pathways have not been
discussed in depth.

In the present work, a series of WO3/CeO, catalysts
were prepared for the selective catalytic reduction of NOx
by NHj3. The structure of CeO,-supported WOx was char-
acterized through XRD, UV-Vis and Raman spectra. By
means of in-situ FT-IR tests of NHj3 adsorption, H,-TPR,
NH3/NO oxidation and the activity for NOx reduction by
NHj;, the effects of tungsten oxide modification on the
acidity, redox and activity of ceria catalysts were analyzed
and discussed.

1 Experimental

1.1 Catalyst preparation

The catalysts were synthesized by a wet impregna-
tion method. Corresponding amounts of ammonium
paratungstate (Beijing Beihua, China), ceria power (Amer-
ican BASF, 310 m?/g) and oxalic acid (Beijing Beihua,
China) were used as precursors. Ammonium paratungstate,
oxalic acid and deionized H,O were mixed by the mo-
lar ratio of 1:1.5:100 to obtain a clear solution, and
then the corresponding amount of CeO, powders was
added. The mixture was stirred at 100°C until all H,O
had evaporated. After that, the resulting powders were
dried at 100°C overnight and subjected to calcination at
600°C for 4 hr in static air. The catalysts were denoted
as (x)WOx/CeO, (XWC), where x represented the mass
percentage of WOs3. The pure ceria powders were also
calcined at 600°C for 4 hr in static air for use as a
reference.

1.2 Activity measurement

The activity measurements for NH3;-SCR were carried out
in a quartz reactor with 200 mg of catalyst (diluted to 1
mL by silica) inside. The reaction gas mixture consisted of
500 ppm NO, 500 ppm NHj3, 5% O, and N; in balance. The
total flow rate of the gas mixture was 500 mL/min at a gas
hourly space velocity (GHSV) of 30,000 hr~!. The SCR
activities of the catalysts were measured under steady-state
conditions at various temperatures. The concentrations
of NOx and NHj3 were measured by a Thermo Nicolet
380 Fourier transformed infrared spectroscopy (FT-IR)
detector after the NH3-SCR reaction reached a steady state.
NOx conversion (deNOx) was defined as follows:

CNO-in — CNO-out — CNOz—out - 2CN20—0uI

NOux conversion = x 100%

CNO-in
(1)

1.3 Catalysts characterization

X-ray diffraction (XRD) experiments were performed on a
Japan SHIMADZU s-7000 diffractometer employing Cu
Ko radiation (A = 0.15418 nm) operated at 40 kV and
120 mA. The X-ray diffractograms were recorded at 0.02°
intervals in the range of 20° < 20 < 80° with a scanning
velocity of 4°/min. The crystal phases were identified using
JCPDS (Joint Committee on Powder Diffraction Stan-
dards) cards, and the lattice constants and mean crystallite
sizes of ceria were calculated from Cohen’s method and
the Williamson-Hall equation.

Brunauer-Emmett-Teller (BET) surface areas were cal-
culated from N, adsorption data obtained using an F-Sorb
3400 apparatus (Gold APP Instrument) at —196°C. Before
the measurement, the sample was degassed in N, at
200°C for 2 hr.

The Raman spectra (Raman) were obtained with a
LabRAM HR 800 (HORIBA Jobin Yvon, France) spec-
trometer at room temperature (RT) and atmospheric
pressure. An argon ion laser beam with the wavelength of
488 nm was focused on a spot 1 um in diameter.

The UV-Vis spectra (UV-Vis) were measured in diffuse
reflectance mode using a Shimadzu UV-2100S spectrome-
ter with an internal integration sphere. A BaSO, pellet was
used as a reference. The spectra were recorded at RT in the
spectral range 200—800 nm.

H, temperature-programmed reduction (H,-TPR) was
performed in a fixed-bed reactor with the effluent gases
monitored using a quadrupole mass spectrometer (MS)
(Omnistar 200). Prior to the H,-TPR experiment, the 50
mg sample was treated with 2 vol.% O,/He with a total
flow rate of 50 mL/min at 550°C for 30 min, then cooled
down to RT in the same atmosphere, and subsequently

flushed with 50 mL/min He for 30 minrtoTemovethe
physically adsorbed molecules. Finally, the reactor tem-
perature was raised to 900°C at a constanf heating rate of
10°C/min in 5 vol.% H;/He with a flow ratg of 50 mL/min;
H; consumption during the experiment wgs monitoredby.
MS.
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Ammonia temperature-programmed desorption (NHj3-
TPD) experiments were carried out with a Nicolet-380
FT-IR spectroscopy detector. Before the experiment, 0.2
g catalyst was treated in 20% O,/N, at 500°C for 30 min.
After cooling down to RT, the sample was exposed to 1000
ppm NH3/N, for 30 min and flushed with N, for 30 min.
The experimental runs were recorded in N, while heating
to 500°C at a heating rate of 10°C/min.

In-situ FT-IR spectra for NHj3 chemisorption were
recorded using a thermo Nicolet 6700 FT-IR spectrometer.
The sample was pretreated at 500°C in N, for 30 min.
After cooling down to RT, the sample was flushed with N,
for 30 min for background collection. Then a gas mixture
containing 1000 ppm NHj3; and N, (100 mL/min) was
passed through the sample for 1 hr. The IR spectra were
collected after purging with N, flow for 30 min.

Ammonia oxidation experiments were carried out using
a similar method to the NH3-SCR measurement in an
atmosphere of 500 ppm NH3 and 5% O, in N,. The gas
concentrations were recorded after the oxidation reaction
reached a steady state. Selectivity for the formation of
N, during NHj3 oxidation (Sn,, %) was defined by the
following equation:

CNOg-out + CNO»out + 2CNgO-out

Sn, = 1 x 100%

2
CNH;-in — CNH;-out

NO oxidation experiments were carried out using a
method similar to the NH5-SCR measurement, with 500
ppm NO and 5% O, in Nj.

2 Results

2.1 SCR activity

The NH;3-SCR performance of WOx/CeO, catalysts was
measured as a function of temperature (Fig. la). Pure
CeO, catalyst shows rather poor SCR activity over the
whole temperature range. The SCR activities of the
WOs3-modified catalysts are clearly promoted. Among the
catalysts investigated, 10WC catalyst shows the highest
SCR activity, obtaining over 80% NOux conversion over a
wide temperature interval of 200-450°C, which is compa-

100

80
60
Y

409

X€

NOx conversion (%)

L —=— CeO,
20 —e— 5WC
4oL —v— 10WC
r —%— 20WC 1
-60 1
1 L 1 L 1 L 1 L 1 L 1 L
150 200 250 300 350 400 450 500

Temperature (°C)

Fig. 1 SCR activity of CeO; and WOx/CeO; catalysts. (a) NOx conversion; (b) NO, and N, O outlet concentration. Reaction condit

rable to the performance of commercial V,05/WO3-TiO,
catalyst. The N, selectivity of the catalysts follows the
order 20WC > 10WC > 5WC > CeQO,, indicating that
the modification with tungsten oxide could inhibit the
formation of N,O and NO; during the SCR process. The
amount of NO,, which is mainly the product of ammonia
oxidation and NO oxidation, decreases with increasing
tungsten oxide loading. No N,O is observed over the
WOx-modified catalysts, while considerable N, O is gener-
ated over the CeO, catalyst. All these results indicate that a
synergistic effect on the NH3-SCR reaction exists between
the CeO, support and WOXx.

2.2 XRD

Figure 2 shows the XRD patterns of the catalysts with dif-
ferent WO3 loading. The symmetrical peaks of all samples
are consistent with the characteristic peaks of fluorite-like
ceria. No obvious peaks of tungsten oxides are observed,
indicating that tungsten oxides are finely dispersed on
the surface of ceria. According to the variations in the
average crystallite size of ceria as shown in Table 1, the
WO; addition seems to inhibit the sintering of CeOs,.
However, the blocking effect of the CeO, support pores by
the impregnated tungsten oxide accounts for the reduced
surface area of the modified catalysts.

The lattice constant of ceria was also calculated accord-
ing to the Williamson-Hall equation and the results are
summarized in Table 1. Generally, the lattice constant of
ceria is associated with the ratio of Ce**/Ce** and possible
incorporation of W"* into the ceria lattice. Considering the
smaller ionic radii of W°" (0.060 nm) and W>* (0.062
nm) compared to those of Ce** (0.087 nm) and Ce**
ions (0.110 nm), the incorporation of W"* cations into the
CeQ, lattice may result in shrinkage of the CeQO, lattice.

Table 1  Structural and textural properties of the catalysts
Sample BET surface Crystallite size Lattice constant
area (mz/g) of CeO, (nm) of CeO, (nm)

CeO, 117 13.3 0.5415
SWC 92 10.8 0.5407
10WC 56 13.4 0.5406
20WC 53 10.4 0.5405

180

| b

R Ce0,-N,0
140} !

—e— 5WC-N,0

— 120 —v— 10WC-N,0
E | —% 20WCN,0
£ 100f

= | —o— CeO,-NO,
£ 80F —o— SWC-NO,
g 6oL —v— 10WC-NO,
S L —— 20WC-NO,
S 40t

20/

-

250

300 350 450

Temperature (°C)

L 1 L
150 200 400 500

ons: [NO] = [NHz]

=500 ppm, [O2] = 5%, N> in balance, GHSV = 30,000 hr!. 5WC, 10WC, 20WC mean the mass percentages of WO3 are 5%, 109, 20%, respectively:
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Fig.2 XRD patterns of the catalysts.

Alternatively, the shrinkage of the ceria lattice could also
be due to the decreased amount of Ce* ions caused by the
interaction with tungsten oxide.

2.3 UV-Vis spectra

Figure 3 shows the UV-vis spectra of the catalysts. Ceria
shows an absorption edge corresponding to the Op-Ceys
transition with a band gap of 2.9 eV (Cormal et al,
2004; Tsunekawa et al., 2000). All the tungsten-containing
catalysts show an absorption edge between 405 and 456
nm, with a band gap of 3.0, 2.8 and 2.5 eV for SWC, 10WC
and 20WC, respectively, which may correspond to the
harmonics and combination absorption edges of the ligand-
to-metal charge transfer (Ozp-Wsq-Opp) of WOx species
and Oyp-Ceys charge transfer of CeO;. The absorption may
be ascribed to defects resulting from a partial dissolution
occurring at the interface of the two oxide phases. SWC
shows the lowest wavelength of the absorption edge at
405 nm. The blue shift of the absorption edge compared
to CeO,, with a band gap of 3.0 eV in SWC, mainly
results from the decrease of the Ce®*/Ce** ratio in the

a
20WC
’;i ________________________
&
E
= 10WC
<
=
2
Z
SWC
CeO,
I I
300 400 500 600 700 800

Wavelength (nm)

catalyst (Tsunekawa et al., 2000). The lattice relaxation of
ceria by tungsten modification may induce the oxidation of
Ce’* to Ce**, decreasing the charge transfer gap between
the Oy, and Ceyr bands. Such an absorption edge shift
depends on the extent of WOj3 loading, which is consis-
tent with the literature (Singh and Singh, 2011; Yagoubi
and Hogarth, 1993). The gradual increase in the surface
density of tungsten oxide increases the concentrations
of octahedral [WOg] and tetragonal [WOy] units, which
causes the creation of a large number of donor centers
which can accept electrons from O,, and then donate
them to Ceys. As a result, the impurity band becomes
more extended into the main band gap. This development
shifts the absorption edge towards lower energies, leading
to a significant shrinkage of the band gap. This can be
attributed to the strong electron interaction between CeO,
and WOux species. Moreover, the increased size of WOx
domains, which cannot be detected in XRD patterns, can
also result in continuously decreasing E,; values (Lin et al.,
2009; Barton et al., 1999; Onfroy et al., 2005).

2.4 Raman spectra

Figure 4 shows the Raman spectra of the catalysts. In
contrast to the XRD patterns that give information related
mainly to the cation sublattice, the Raman spectrum is
dominated by the oxygen lattice vibration of CeO, and
the surface structure of WOux on ceria (Wachs et al., 20006;
Wang et al., 2007; Bigey et al., 2001). The band around
460 cm™! is ascribed to the F>; Raman-active mode of
the cubic fluorite structure (Wang et al., 2007; Mineshige
et al., 2000; Vidal et al., 2000). This band shifts from
455 cm™! for CeO, to 461, 463 and then back to 460
cm™! for SWC, 10WC and 20WC, respectively. These
shifts of peaks indicate a similar trend of variation in
the crystallite size of ceria, which matches well with the
XRD results in Table 1 (Reddy et al., 2002, 2003). It
is known that the intensity of Raman band depends on
several factors, including the grain size and morphology.

(FR)-hv)'?

T {4 l I I
1.5 2.0 2.5 3.0 35 4.0 4.5 5.0
Photo energy (eV)

Fig. 3 UV-Vis spectra of WOx/CeO catalysts. (a) plotted as the Kubelka-Munk function vs. wavelength; (b) plotted as the (F(R))2v)!/? function/vs:

photon energy.



http://www.jesc.ac.cn

No. 7 Effects of WOx modification on the activity, adsorption and redox properties of CeO, catalyst for NOx reduction with ammonia 1309
a 455 b
CeO,
s 810 950
~ Z SWC .
;’, £ ’; 980
< .
g z :
5 B 10WC .
2 . . . . 5 : 921
- 200 300 400 500 600 70 = .
Wavenumber (cm™") = X
lowC 463
20WC__460
Il Il Il 1 L L 1 L
200 400 600 800 1000 1200 600 700 800 900 1000 1100

Wavenumber (cm™)

Wavenumber (cm™)

Fig. 4 Raman spectra of the WOx/CeO, catalysts in the wavenumber range of (a) 200-1200 and (b) 600-1100 cm™!.

However, all these F, bands are weakened and become
less symmetrical with the increase of WOx content, as
seen in Fig. 4a. Considering the increasing size of ceria
crystallites as reflected by the XRD results, it is reasonable
to suggest that the surface content of ceria decreases as a
consequence of WOx coverage and a stronger interaction
between CeO, and surface tungsten oxide species. The
bands at 265 and 600 cm™! indicate the presence of some
defects in CeO,, which could lead to a relaxation of
selection rules. In particular, these bands have been linked
to oxygen vacancies in the CeO, lattice (Wang et al., 2007,
Mineshige et al., 2000; Vidal et al., 2000) which disappear
when the WO3 loading exceeds 5%.

Raman spectroscopy gives additional structural infor-
mation about tungsten species in catalysts. Tungsten-
containing catalysts exhibit a band at 810 cm™! assigned to
W-0 stretching modes (A1) (Bigey et al., 2001; Mamede
et al., 2004; Huang et al., 2007; Cortés-Jacome et al.,
2007), which is a typical characteristic of polytungstate
species possessing [WOs5/WOg] coordination (Wachs et al.,
2006; Bigey et al., 2001; Mamede et al., 2004; Huang
et al., 2007). The bands at 921-1000 cm™' are ascribed
to terminal W=0O groups, which correspond to [WO4]
coordination in polytungstate species (Wachs et al., 2006;
Bigey et al.,, 2001; Mamede et al., 2004; Huang et al.,
2007). No bands of nano-crystallite WOs5 particles are
observed, as indicated by the absence of bands at 714 cm™!
assigned to W-O stretching modes (E;) and 271 cm™
assigned to the W—O-W bending mode (f73,) (Lin et al.,
2009; Wachs et al., 2006; Bigey et al., 2001; Mamede
et al., 2004). This indicates a high dispersion of WOux
on these catalysts in the form of surface polytungstate
species, which correlates well with the XRD and UV-Vis
results. Compared with SWC, the band assigned to the
W=0 vibration for the 10WC sample shifts from 950 to
980 cm™!. This W=0 band becomes larger with increasing
surface density of tungsten oxide, which is related to
polymerization of the surface WOx species (Wachs et al.,
2006; Kim et al., 2007). However, the W=O vibration
band shifts to lower wavenumber at 921 cm™! for 20WC,
implying a strong interaction between ceria and tungsten
in parallel with the decrease of surface CeO, content,
which is found to be similar to a published report that the

typical band of a W=0 vibration affected by Ce—O bonds
is located near 920 cm™' (Mamede et al., 2007).

2.5 NHj; adsorption

NH;-derived species on the WOx-CeO, catalysts were
investigated by FT-IR spectroscopy, and the results are
shown in Fig. 5. Bands at 1437, 1663, 2791, 3000 and 3196
cm™!, which are only observed on the tungsten-containing
catalysts, are assigned to NH; species on Bronsted acid
sites (Zhu et al.,, 2010; Ramis et al., 1999; Vargas et
al., 2007). These bands of NH:[ species increase with
increasing WOx loading, indicating that Bronsted acid
sites mainly arise from polymerized WOx. Bands at 1061—
1241 and 3393 cm™! are attributed to NH; coordinated
to Lewis acid sites (Mamede et al., 2004; Ramis et al.,
1999; Vargas et al., 2007) which are found on both ceria
and the WOx-modified ceria, and their intensity decreased
with increased WOux loading. Bands at 1554, 1300 and
1136 cm™'are assigned to the NH; shear vibration, swing
vibration and rocking vibration, respectively (Zhu et al.,
2010; Ramis et al., 1999). These results clearly indicate
that Lewis acid sites are much more prevalent on the
CeO, catalyst, while WOx-CeO, catalysts mainly possess
Bronsted acidity. WO5 has been reported as an important
additive that increases the amount and strength of Bronsted
acid sites for V,05-WO3/TiO, catalysts (Sjovall et al.,
2009; Klukowski et al., 2009; Schwidder et al., 2008). The
negative band at 1003 cm™"' is typical for the fundamental
overtone of the W=O stretching mode of surface poly-
tungstate species (Onfroy et al., 2005; Vargas et al., 2007).
Besides these, large amounts of NH, are present on pure
ceria due to the de-protonation of ammonia coordinated
on Lewis acid sites by active surface oxygen on ceria.
No bands of NH; are observed when the loading amount
of tungsten oxide exceeds 10%, suggesting that ammonia
oxidation may be inhibited by tungsten oxide modification.

NH;-TPD experiments were performed to evaluate the

acidity of the catalysts. The low-temperat 2
peaks around 130°C are ascribed to th¢ desorption of
physically weakly-adsorbed ammonia, wlich is prone to

desorb at temperatures above 200°C. Thefefore, this kind
of adsorbed ammonia cannot be used to evaluate the acidity
of the catalysts. The high-temperature peaks are aseribed
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Fig. 5 FT-IR spectra of ammonia derived species on catalysts at room temperature.

to chemisorbed ammonia, which can reflect information
on acid sites on catalysts. As shown in Table 2, compared
with CeQ,, the acid site density (total number of acid
sites per unit BET area) of SWC decreased from 0.88 to
0.70 umol/m?. This is ascribed to the blocking of coordi-
nately unsaturated Ce**(Lewis acid sites) by the supported
tungsten oxides (Onfroy et al., 2005; Cortés-Jacome et al.,
2007), which can explain the decreasing intensity of bands
attributed to Lewis acid sites. For the WOx-containing
catalysts, with the increase of the tungsten content, more
ammonia is desorbed, representing the increase of acidity
of the catalysts. Combined with the results above, stronger
acidity is mainly brought about by the greater number of
Bronsted acid sites.

Table 2 Acidity of catalysts derived from NH3-TPD experiment

Catalyst WO3 loading Acidity

(Wt.%) Acid site density (umol/m?) Tm (°C)
CeOy 0 0.88 192
SWC 5 0.70 227
10WC 10 0.80 251
20WC 20 0.98 235

2.6 In-situ DRIFTS of NH; adsorption

Figure 6 shows DRIFT spectra of NHj3-derived species
on CeO, and 10WC catalysts by N, purging at various
temperatures. In Fig. 6a, bands at 1560, 1310 and 1138
cm™! are ascribed to NH; (scissoring, wagging and rocking
modes respectively) arising from ammonia oxidation on
the surface of ceria. The band at 1067 cm™! is contributed
to NHj3 (0,s) on Lewis acid sites (Zhu et al., 2010; Mamede
et al., 2004; Ramis et al., 1995). The weak bands at 1435
and 1666 cm™! are attributed to NH; (o) and NH} (04)
on Bronsted acid sites (Mamede et al., 2004; Ramis et al.,
1995). As indicated by the bands of NH;3-derived species,
N, purging at 300°C causes the overall desorption of NH;
and NHj species on ceria.

Figure 6b shows the spectra of NH3-derived species on
the 10WC catalyst. Both coordinated ammonia (NH3(o):
1254, 1178 and 1117 cm™!) and ammonium ions (NHI
(05): 1417-1436 cm™!; NH;r (0g): 1672 cm™!) are ob-
served on the catalyst. Two bands for coordinated ammonia
indicated that ammonia is coordinated on two different
Lewis acid sites, i.e., Ce"* and W"*. Compared with CeO,
in Fig. 6a, tungsten modification leads to the formation
of more ammonium ions involving W-OH centers, as
indicated by the intense band at 1436 cm~!. In addition,
no protonation of NH; (NH,) is observed, indicating that
ammonia oxidation on ceria is effectively inhibited by
WOx modification. The adsorbed NH3 species could even
exist stably at 400°C after N, purging, indicating that
tungsten oxide modification can enhance the stability of
adsorbed NH3; on CeO,, which, to some extent, favors the
SCR reaction at high temperatures.

2.7 H,-TPR

Figure 7 shows the H,-TPR profiles of the catalysts. Pure
ceria presents a sharp reduction peak at 320°C and a
broad peak at about 770°C. The low-temperature peak is
associated with the reduction of surface active oxygen, and
the high-temperature one is attributed to the reduction of
bulk oxygen in ceria (Zhu et al., 2010). All WO3/CeO,
catalysts show two defined peaks in the temperature range
of 500-600°C and 700-800°C. Bulk WO5 can be reduced
by H, via multiple steps: WO3 — WO,9 —» WO, — W,
with three reduction peaks at 430°C (WO3; — WO,y),
630°C (WO,9 — WO,) and 730°C (WO, — W) (Barton et
al., 1999; Santiesteban et al., 1999). Accordingly, the peak
at 500-585°C is assigned to the WO; to WO, reduction
process and the reduction of some surface ceria. The

broad overlapping peak centered at 730fC is attributed
to the reduction of WO, to W as well|as bulk CeO,.
Clearly, the reduction peak of surface Ce{D, decreases in
intensity and shifts to higher temperaturps from 320 to
500°C at the very start of the addition of [tungsten oxid¢;
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Fig. 6 DRIFT spectra of NH3 derived species over CeO; (a) and 10WC (b) catalyst arising from contact of NHj at different temperatures.

indicating that the active surface oxygen on the CeO;
surface is diminished by WOx modification to a large
extent. The first reduction peak of the WOx-containing
catalysts shifts to high temperatures with increased WOx
loading, revealing a strong interaction between CeO, and
WOx species.

Table 3 lists the H, reduction characteristics of the
samples, of which the last column is the theoretical
consumption of Hp due to reduction of WO3 to WO,.
The reduction of WO3; to WO, is always considered to
be sensitive to the size of WOx domains: the reduction
becomes easier with the increased size of WOx domains
on WOx/ZrO,, WOx/SiO, and WOx/Al,03, with the re-
duction of WO3 to WO, at about 630°C (Barton et al.,
1999; Santiesteban et al., 1999). In this work, the reduction
peak ranged from 500-585°C for all WOx/CeO, catalysts,
which is lower than the above results. The initial reduction
temperature of these dispersed WOux species is determined
by the strength of the W-O bonds that contain oxygen
shared with the support (Vargas et al., 2007). It should be
noted that unlike WOx loaded on irreducible supports, the
active oxygen from W—O—Ce domains is easily reduced by
H; due to the promotion effects of CeO, on WO reduction
in WOx/CeO, catalysts. Therefore, the lower reduction
peak in WOx/CeO, catalysts can be considered as a
reduction peak of the bridging oxygen from W-O-W and
W-0-Ce domains. For example, more H, (0.305 mmol/g)
is consumed at 500°C for the low-WOux-loading sample
(5WC) than the theoretical H, consumption for reduction
of WO; to WO, (0.216 mmol/g), demonstrating the above
assumption. All these results show that WOx modification
increases the onset temperature of WOx/CeO, catalysts

2
770
CeO,
§
2 500 730
g H
Z |swe
S
=

20WC

100 200 300 400 500 600 700 800 900
Temperature (°C)
Fig.7 H)-TPR profiles of WOx/CeO, catalysts.

during H,-TPR, while more available bridging oxygens are
generated in W-O-W and W-O-Ce domains. Therefore,
the reduction peak of WO3 to WO, shifts to higher temper-
atures and the H, consumption of this process increases.

2.8 NH; oxidation and NO oxidation

Generally, ammonia oxidation and ammonia consumption
by NO reduction proceed in parallel on acid sites of
catalysts during the SCR reaction. It is widely accepted
that at low temperatures the reaction between ammonia
and NO is dominant, whereas at high temperatures oxygen
becomes a more powerful oxidant than NO for ammonia
oxidation (Liu et al., 2006). It is clear in Fig. 8a that the
NH; oxidation activity of the ceria catalyst is lowered
by the addition of tungsten oxide. Among the catalysts

Table 3 Redox properties of the catalysts derived from H,-TPR results

Sample Low-temperature peak High-temperature peak Theoretical Hy consumption:
Temperature H; consumption Temperature H, consumption reductionrof-Wos
°C) (mmol/g) °C) (mmol/g) to WO (jnmol/g)

CeOs 320 0.39 770 0.62 -

SWC 500 0.31 730 0.31 0.22

10WC 530 0.42 733 0.35 043

20WC 585 0.59 727 0.14 0.86
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investigated, 20WC has the lowest ammonia oxidation
activity, which correlates well with the highest N, selec-
tivity at high temperatures. The lower activity of ammonia
oxidation for WOx/CeO, catalysts ensures the availability
of ammonia in the SCR process at high temperatures. In
Fig. 8b and c, it can be seen that ammonia could hardly be
oxidized to NO, NO, and N,O on all the WOx-modified
catalysts, while large amounts of over-oxidized products
including NO, NO, and N,O are formed on ceria. The
higher selectivity for WOx/CeO, catalysts in ammonia
oxidation decreases the amount of unexpected outlet by-
products.

Figure 9 shows the NO, concentration profiles during
the NO-TPO process. NO, generation over ceria starts
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Fig. 9 NO; and NO outlet concentration of WOx/CeO, catalysts in the
NO oxidation experiment.

at 250°C and reaches a maximum (250 ppm) at about
400°C due to the strong oxidation of NO. With increasing
tungsten oxide loading, the oxidation of NO is gradually
inhibited. The amount of NO, derived from NO oxidation
decreases significantly with tungsten oxide modification,
which can be considered to be the reason for the high N,
selectivity obtained with the W-containing catalysts in the
SCR reaction.

3 Discussion

3.1 Structure of WOx/CeQ, catalysts

According to the WO; loading, the apparent surface den-
sities of WOx are in range of 1.4-9.8W atoms/nm? for
the WOx/CeO, catalysts synthesized by the impregnation
method, regardless of the water used for impregnation and
calcination temperatures, due to the similar BET surface
area of catalysts. Some researchers found that a definite
crystalline tungsten compound Ce;(WOy)s is preferential-
ly formed when the surface density of W exceeds 10.8
atoms/nm? in WOx/CeO, catalysts (Mamede et al., 2004).
In the present work, the formation of neither crystalline
WOj3 nor the tungsten compound Ce,(WO4); was detected
by XRD; however, the results of UV-Vis and Raman
imply the strong interaction of CeO, and WOx on the
WC catalysts. For the given loading amount of WOs;,
a stronger W-Ce interaction is created, along with more
bridging oxygen in the W-Ce interface accompanied by the
oxidation of Ce* to Ce**.

It has been reported that if the surface coverage of WOx
on supports like ZrO, and Al,Oj3 is lower than a monolay-
er, the dominant WO species are monomeric or polymeric
tetrahedrally coordinated tungsten oxide. Tetrahedral WOx
species transform to octahedrally coordinated WOx when
the monotungstate polymerizes to polytungstate species.
With a further increase in the tungsten surface density,

WOs3 nano-particles or even bulk WO;rmay—form—vta
the polymerization of surface WOx spegies (Onfroy et
al., 2005; Kim et al., 37; Gregorio and Keller, 2004).
The XRD, UV-Vis and Raman results syggest that only,
highly dispersed polytungstate species forfned on the W€
catalysts, and no crystalline WO3; was detected.
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Fig. 10 Scheme of the structure evolution of CeO; to WOx/CeO,.

Figure 10 shows a scheme for the structural evolution
of CeO, to WOx-containing catalysts. WOx coverage
reduces the amount of surface active oxygen, and at
the same time the stronger electron interaction between
Ce"*and W"* reduces the amount of oxygen vacancies and
Ce**. The surface WOXx polytungstate species, composed
of polymeric octahedral [WOs/WQg] species connected
by W-O bonds and tetrahedral [WO4] species connected
by W-O and W=0 bonds, are highly dispersed on the
catalyst surface. These highly dispersed WOx species
could increase the amount of active sites on the catalyst
surface for reactant adsorption and reaction.

3.2 Acidity properties

In the NH; adsorption experiment, both Lewis and
Bronsted acid sites were observed on the WOx-CeO,
catalysts. The acidity of catalysts increased with WOx
loading, and reached the maximal acidity for the 20WC
catalyst. According to the literature reports (Onfroy et al.,
2005; Gregorio and Keller, 2004; Martin et al., 1998), the
Lewis acid sites on WOx/CeO, arise from the electroni-
cally deficient unsaturated Ce™* cations and W"* cations
in the CeO, and dispersed octahedral polymeric [WOg]
species. The Bronsted acid sites arise from the partially
hydrated tungsten species, like the hydration of bridging
Ce-O-W and W-O-W in octahedral polymeric [WOg]
species and terminal W=0 in tetrahedral [WOy] species.
The acid sites on WOx-CeQO, catalysts are able to undergo
a facile transformation from Lewis to Bronsted acid sites
when WOx species interact with NH; or H,O (Reactions
(3) and (4)). The initial decrease in Lewis acid sites on
SWC compared with CeO, may arise from the blocking
of coordinatively unsaturated Ce"*(Lewis acid sites) by
the supported tungsten oxide. With further increase in
the WOx loading, the formation of octahedral polymeric
[WOg] domains contributes to the increase in the amounts
of both Lewis and Bronsted acid sites.

W=0 + H,0 «— W-OH + OH" 3)
W=0 + NH; «— W-OH + NH, 4)

Figure 11 shows the relationship between the total
acidity of the catalyst and the WOux surface density. The
acidity of the catalyst was calculated from the ammonia
desorption per unit BET surface of catalyst in the NHj3-
TPD experiment. The (Lewis and Bronsted) acidity of the
catalyst behaves as a function of the WOx surface density.
According to the previous reports (Wachs et al., 2006;
Kim et al., 2007), below monolayer coverage of WOx
on WOx/ZrO, model catalysts, the surface acidity of the
catalyst is mainly brought about by the polymerized WO,
species, and increases linearly with the surface density of
tungsten oxide. Basically, our results demonstrate that 20
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Fig. 11 The trend of the catalyst acidity as a function of tungsten oxide
surface density.

wt.% WOx content (9.8 W atoms/nm?) does not exceed the
upper limitation of monolayer surface coverage of WOx on
the CeO, support.

3.3 Redox properties

It is seen from the H,-TPR results that the amount of
surface active oxygen on CeO, is reduced by WOux addi-
tion. CeQ; is considered to possess good OSC ability. The
oxygen storage capacity is tightly related to the oxygen
transfer process from bulk ceria to the surface in which
oxygen vacancies play an important role (Vidal et al.,
2000; Reddy et al., 2002, 2003; Schulz et al., 2003). The
oxygen vacancies are formed through the process as Eq.

(5):
2Ce* «— 2Ce* + Vacancy O** + O* %)

According to the results of XRD, UV-Vis and Raman
measurements, the impregnation of WOx on the ceria
surface causes a higher degree of ceria crystallization, a
lower amount of Ce** and a lower amount of oxygen
vacancies in ceria, which can be ascribed to the electron-
withdrawing nature of W atoms in polytungstates. In
this way, the special electron interaction between ceria and
tungsten oxides causes an electron transfer from Ce™* to
W"*_stabilizing the ceria in a relatively high valence state,
which leads to a decrease in Ce®* and oxygen vacancies.
The decreased amount of oxygen vacancies results in
the inhibition of oxygen transfer from the bulk CeO,
phase to the surface, and this thereby would decrease the
reducibility of the catalysts.

3.4 Catalytic behavior

Overall, the N, selectivity and NH3-SCR activity of cat-
alysts are controlled by the redox properties and acidity
of catalysts. The reduced redox properties of ceria due to
tungsten oxide modification leads to smaller production of
NO; and NO in the NH; oxidation experf
in the NO oxidation experiment. The enhanced Bronsted
acidity of ceria caused by tungsten modjfication results
in stronger ammonia adsorption on acid sites, and the
adsorbed ammonia is more stable at high temperatures.
Therefore, the activity and selectivity of WOx-CeQ» cat-
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Fig. 12 Tentative models for the NH3-SCR reaction route on CeO; (a) and 10WC (b) catalysts.

alysts for the NH3-SCR reaction increase with the loading
amount of WOx. NHj3 adsorbed on acid sites tends to form
amide species as a result of the de-protonation of NHj;
and NHI. On WOx/CeO; catalysts, the NH3-SCR reaction
proceeds between adsorbed amide species and gaseous
nitric oxide, in which NH, and NH;’ act as important
intermediates in SCR and ammonia oxidation reactions
(Busca et al., 1998; Liu et al., 2006; Ramis et al., 1990;
Dumesic et al., 1996). Moderate oxidation of ammonia
to NH, species is an important step in the activation
reaction, and then gaseous NO reacts with activated NH, to
give nitrogen and water. Excessive oxidation of ammonia
may generate NH or even N and subsequently N,O and
NO, leading to decreases in both SCR activity and Nj
selectivity.

The reduction of Ce** to Ce* can release active oxygen,
facilitating the oxidative dehydrogenation of ammonia.
The special electron interaction between ceria and tungsten
oxides inhibited the reduction of Ce**. This effect is
beneficial to form a WOx/CeO, structure bearing moderate
oxidation ability. Ceria exhibits the worst activity and N,
selectivity, due to its strongest abilities for ammonia and
NO oxidation. For WOx/CeO, catalysts, the continuous
decrease of reducibility caused by WOx modification
restrains both NOx formation and ammonia oxidation. A
similar mechanism exists in NO oxidation over all the
tungsten-containing catalysts.

On the basis of the literature and our experiments, two
tentative reaction routes for the SCR reaction over CeO,
and WOx/CeO, catalysts are presented in Fig. 12. For
ceria, a large amount of ammonia is mainly adsorbed on
Lewis acid sites. The active surface oxygen accelerates the
successive H-abstraction process of NH3 to form NH; and
NH species. NH then reacts with NO and O, to form N,O
and the further oxidation of NO generates NO, (Reactions
(6)—(10)). The consumed surface oxygen can be rapidly
supplemented by gaseous oxygen. For WOx-containing
catalysts, the increased amount of acid sites due to tungsten
modification promotes NHj3 adsorption. Meanwhile, the
decreased amount of surface oxygen prevents the excessive
de-protonation of NHj species to NH. More NH, species
form from NH3 deprotonated by bridging oxygen from W-
O-Ce and W-O-W domains. NH, reacts with NO and O,

to generate water and nitrogen. The decrease of surface
oxygen inhibits the generation of NO, from NO. The
oxygen vacancies left behind by the reaction of bridging
oxygen are further oxidized by gaseous oxygen (Reaction

13)).

NHj3(ads) + O* — NH,(ads) + OH (6)

NHj(ads) + O* — 2NH(ads) + OH @)

2NH(ads) + 2NO(gas) — 2NHNO(ads) — N,O + H,0

(3)

NH(ads) + O* — HNO(ads) — NO )

NO(ads) + O* — NO,(ads) — NO, (10)
NH;(ads) + NO (gas) —» NH,;NO(ads) - N, + H,O

(11)

2NH;(ads) — NyHy(ads) + Oy(gas) — N, + 2H,0 (12)

0, — 20% (13)

“O*” represents surface active oxygen or bridging oxygen,
“ads” represents adsorption species, and “gas” represents
the gas phase species.

4 Conclusions

Both the acidity and redox properties of WOx/CeO, cat-
alysts are determined by the structure of WOx species
and the strong interaction between WOx and ceria, and
thereby the activity and selectivity of WOx/CeO, catalysts
is explained.

(1) 10WOx/CeO; calcined at 600°C shows the best SCR
activity with a wide working temperature interval (NOx
conversion > 80%) of 200-450°C.

(2) For all WOx/CeO, samples, isolated surface poly-
tungstate is the main dominant species on ceria, and
no crystalline WO3 nanoparticles were observed. With
increasing tungsten oxide loading, the electron interaction

of WOx and CeQO; increases, and the size pfpotytungstate
domains grows.

(3) The modification by tungsten oxides also enhances
the strength of the acid sites, which promgptes the adsorp-
tion of ammonia and enhances the stability of adsorbed
ammonia. The activity of surface oxygen is inhibited
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with WOx loading, which is mainly caused by the strong
interaction between WOx and CeQ,, leading to the lower
oxidation ability of catalysts to inhibit NH; and NO
oxidation, which favors the SCR reaction. These effects
result in high NH3-SCR activity and high selectivity for
nitrogen with the tungsten containing catalysts.
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