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In this study, two methods were used to prepare Ce-W oxide catalysts. A CeWOx catalyst prepared by homogeneous
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precipitation method showed excellent NH3-SCR performance, with over 80% NOyx conversion obtained from 225 to 450 °C

under a high GHSV of 300,000 h%. Characterizations revealed that the homogeneous precipitation method can achieve highly
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dispersed active species and intense interaction between Ce and W species on CeWOj catalyst, and thus results in enhanced

charge imbalance, superior redox functions, and outstanding adsorption and activation properties for reactants, which is

the main reason for the high efficient NOx abatement of CeWOx catalyst.

1. Introduction

NO, (NO and NO;) are major air pollutants inducing acid rain,
photochemical smog and haze and causing direct damages to
the respiratory systems of human bodies. NO, are mainly
produced during the combustion of fossil fuels from stationary
sources such as coal-fired power plants and mobile sources such
as motor vehicles. In recent years, great efforts have been
applied to the development and application of available
technologies for the control of NO, emissions.> Among these
technologies, selective catalytic reduction of NO, with NH;
(NH3-SCR: 4 NO + 4 NH3 + O; & 4 Nz + 6 H0), using vanadium-
based catalysts, has been widely applied for the removal of NO,
generated from stationary sources since 1970s.3> Three-way
catalysts have already been successfully adopted for the
simultaneous abatement of NO,, CO, and unburned
hydrocarbons from gasoline powered vehicles.* However, the
emission of NO, remains a major problem for diesel powered
vehicles.®

In addition to stationary sources, NHs3-SCR has also been
introduced into the market for diesel vehicles and is thought to
be one of the best technologies for meeting the ever tightened
emission standards.®” Together with NH3-SCR, vanadium-based
catalysts, especially V,0s-WO3/TiO,, were also employed as the
first generation of NH3-SCR catalysts on diesel engines.?*2
However, the toxicity of active vanadium species together with
the narrow operation temperature window restrained the
further applications of the V-based catalysts for diesel vehicles.
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NH3-SCR
have

Fe (or Cu)-exchanged zeolites, with superior
performance under high space velocity conditions,
received increasing attention for the purpose of mobile
application.® Starting from 1990s, great efforts have been made
to ZSM-5 catalysts.’®1! However, the insufficient low-
temperature activity of Fe-ZSM-5 and the poor hydrothermal
stability of Cu-ZSM-5 are still problems for their applications on
diesel vehicles. Recently, Cu containing small pore zeolites, such
as Cu-SSZ-13 1213 and Cu-SAPO-34 41> with CHA structure and
Cu-557-39 ¢ and Cu-SAPO-18 17 with AEl structure, were shown
to have very high activity and excellent hydrothermal stability
and thus received much attention for the applications on diesel
vehicles.1820

Various transition metal (such as Fe 21, Cu 22, Mn 2324 and Ce
2526)_hased vanadium-free oxide catalysts were also reported as
potential substitutions of V-based catalyst. There are limitations
to the catalyst volume that can be placed on board, which
requires that the SCR catalyst should work efficiently under high
space velocity conditions.* Nevertheless, the developed oxide
catalysts were usually tested under relatively low space velocity
conditions. In our previous study, we have successfully
developed a series of Ce-based oxide catalysts for NH3-SCR.26-2°
Among them, a Ce-W oxide catalyst showed very high efficiency
for the reduction of NO, emission from diesel exhaust.3° In this
study, we furtherly prepared the catalyst with different
methods, characterized the catalyst using various techniques,
reason for the excellent NH3-SCR
performance of the catalyst.

and investigated the

2. Experimental

2.1 Catalyst synthesis and activity test

The Ce-W oxide catalyst was prepared by homogeneous
precipitation method using cerium nitrate and ammonium
tungstate as precursors. (NH4)10W12041 and Ce(NOs)s-6H,0,
with a Ce/W molar ratio of 1:1, were dissolved in oxalic acid
solution, and then excessive urea was added into the solution.
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The mixed solution was heated to 90 °C and held there for 12 h
under vigorous stir. After filtration and washing with deionized
water, the resulting precipitant was dried at 100 °C overnight
and subsequently calcined at 500 °C for 5 h in air condition. The
obtained catalyst by this method was denoted as CeWO,.
Pristine CeO, and WQO3; were also prepared using the same
method as reference samples.

Another Ce-W oxide catalyst was prepared by solution
evaporating method using the same Ce and W precursors.
(NH4)10W12041 and Ce(NOs)3-6H,0, with a Ce/W molar ratio of
1:1, were dissolved in oxalic acid solution, and then the water
in the mixed solution was evaporated at 100 °C for 36 h. After
that, the collected solid was calcined at 500 °C for 5 h in air
condition. The obtained catalyst by this method was denoted as
Ce0,-WOs.

Before NH3-SCR activity test, the powder catalysts were pressed,
crushed and sieved to 40-60 mesh. The SCR activity tests of the
sieved powder catalysts (0.08 mL) were carried out in a fixed-
bed quartz flow reactor at atmospheric pressure. The reaction
conditions were controlled as follows: 500 ppm NO, 500 ppm
NHs, 5 vol.% O,, N, balance, and 400 mL/min total flow rate. The
effluent gas, including NO, NH3, NO; and N,O was continuously
analyzed by an online FTIR gas analyzer (Nicolet Antaris IGS
analyzer). The concentration data were collected after 0.5 h
when the SCR reaction reached a steady state.

2.2 Characterizations

The surface areas of the catalysts were obtained from N;
adsorption/desorption analysis at -196 °C using a Micromeritics
ASAP 2020. Prior to N, physisorption, the catalysts were
degassed at 300 °C for 4 h. Surface areas were determined by
BET equation in 0.05-0.35 partial pressure range.

Powder X-ray diffraction (XRD) measurements of the catalysts
were carried out on a computerized PANalytical X'Pert Pro
diffractometer with Cu Ka (A = 0.15406 nm) radiation. The data
of 26 from 20 to 80 ° were collected at 8 °/min with the step size
of 0.07 °.

The XPS of the catalysts were recorded on a Scanning X-ray
Microprobe (Axis Ultra, Kratos Analytical Ltd.) using Al Ka
radiation (1486.7 eV). The binding energies of Ce 3d, W 4f and
0O 1s were calibrated using C 1s peak (BE = 284.8 eV) as standard.
The H,-TPR tests were carried out on a Micromeritics
AutoChem_ll_2920 chemisorption analyzer. The samples (100
mg) in a quartz reactor were pretreated at 400 °C in a flow of air
(50 mL/min) for 1 h and cooled down to room temperature.
Then H,-TPR was performed in 10 vol % H,/Ar gas flow of 50
mL/min at a heating rate of 10 °C/min.

The NO,-TPD and NHs3-TPD were performed using the same
reactor as activity tests. A typical experiment of NO,-TPD used
600 mg sample and a gas flow rate of 200 mL/min. The
experiment consisted of four stages: (1) degasification of the
catalyst under N; at 350 °C for 1 h, (2) adsorption of 500 ppm
NO and 5 vol.% O, at 50 °C for 1 h, (3) isothermal desorption
under N, at 50 °C, and (4) temperature-programmed desorption
under N> at 10 °C/min up to 500 °C. A typical experiment of NHs-
TPD used 100 mg sample and a gas flow rate of 200 mL/min. The
experiment procedure of NH3-TPD was similar with that of NO-
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TPD, but in stage (2) the adsorption was carried out under 500
ppm NHjs condition.

3. Results and discussion
3.1 NH;-SCR activity
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Fig. 1 NOx conversions and N20 productions (inserted) over the catalysts.
Reaction conditions: [NO] = [NHs] = 500 ppm, [Oz] = 5 vol.%, N2 balance and
GHSV = 300,000 h*%.

Fig. 1 shows the NO, conversion over the catalysts with different
preparation methods under a high GHSV of 300,000 hl. Both
pristine CeO, and WO3 showed rather poor SCR activity in the
whole temperature range. However, both the CeWO, catalyst
(prepared by homogeneous precipitation method) and the
Ce0,-WO0Os catalyst (prepared by solution evaporating method)
exhibited much higher NHs-SCR activity in a broad temperature
range. This result indicates that a synergistic effect might exist
between Ce species and W species for the NH3-SCR reaction
over CeWOy and Ce0,-WO3 catalysts.

The CeO,-WOs; catalyst just presented good activity in the
medium temperature range from 250 to 350 °C. Under the same
space velocity condition, the CeWO, catalyst prepared by
homogeneous precipitation method showed excellent activity
in a broad temperature range, with over 80% NO, conversion
from 225 to 450 °C. Furthermore, the N,O production during
NH3-SCR over CeWO, was lower than that over Ce0,-WOs3 (see
the ESIT for details of the N,O formation analysis). Compared
with Ce0,-WO0O3, the CeWOy catalyst was clearly more efficient
for NO, abatement, with higher NO, conversion and lower N,O
production in the whole temperature range. In addition, a Ce-
W oxide catalyst was also prepared by citric acid method.3'-33
However, this catalyst just showed rather low NO, conversion
in the whole temperature range (see the ESIt for details of this
catalyst).

H,0 can significantly influence the catalytic performance of the
NHs-SCR catalysts.343 Therefore, the effects of H,0 on the NO,
conversion over the CeWO, and CeO,-WOs; catalysts were
further tested. The results indicated that the existence of 5%
H,0 in the feed gas could induce a decrease of low temperature
activity while an enhancement of high temperature activity.
Over 80% NOx conversion could still be obtained from 250 to
450 °C over the CeWOy catalyst (see the ESIt for details of the
effects of H,0).

This journal is © The Royal Society of Chemistry 20xx
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3.2 Separated NO/NH; oxidation
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Fig. 2 (A) NO2 productions during separate NO oxidation reaction and (B) NH3
conversions during separate NH3 oxidation reaction over CeWOy and CeO-
WOs catalysts. Reaction conditions: (A) [NO] = 500 ppm, (B) [NHs] = 500 ppm,
[02] = 5 vol.%, N2 balance and GHSV = 300,000 h-1.

For low temperature NH3-SCR, NO oxidation to NO; is very
important to promote deNO, efficiency by accelerating the
“fast SCR” process (2 NH3 + NO + NO, = 2N, + 3H;0). If a
catalyst can effectively oxidize NO to NO; in situ under NH3-SCR
conditions, the NO, can be efficiently removed at low
temperature.3538 In this study, separated NO oxidation tests
were carried out over CeWO, and Ce0,-WOs3, and the NO;
production during the tests were shown in Fig. 2(A). The low-
temperature NO; production over CeWO, was clearly higher
than that over Ce0,-WOs;, implying that CeWO, was more
efficient for the oxidation of NO during NH3-SCR reaction and
thereby showed higher low-temperature SCR activity. In
addition, as shown in Fig. 2(B) the NHs oxidation ability of
CeWO, was also obviously higher than that of CeO,-WOs3, while
the formed N,O over CeWO, was lower than that over CeO,-
WOs3 (see the ESIT for details of the N,O formation).

3.3 BET surface area and XRD

Table 1 BET surface area, crystallite size and surface Ce/W atomic ratio

of the catalysts

Crystallite size (nm)

BET surface area Surface Ce/W

Sample

(m?*/g) Ce0, WOs atomic ratio !
CeWOx 69.9 9.5 / 1.27
Ce02-WO0s3 39.8 9.9 18.8 1.03

[a] According to XPS analysis

As shown in Table 1, the BET surface area of CeWO, (69.9 m?/g)
was higher than that of Ce0,-WOs (39.8 m?/g), which might be
a reason for the higher NH3-SCR activity of CeWO;.

From the XRD results in Fig. 3, we can see that the coexistence
of Ce and W species could inhibit the crystallization of CeO, and
WO3, which probably lead to much higher dispersion of active
species. Both CeO; and WOs; crystallites were detected in CeO,-
WOs3, while only CeO, crystallite was observed in CeWO,.
Compared with the diffraction pattern of pristine CeO,, the
intensities of CeO, crystallite for CeWO, and Ce0,-WO3 both
weakened. According to the calculations by Scherrer equation,

This journal is © The Royal Society of Chemistry 20xx
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the average crystallite size of cerianite CeO, in CeWOy is smaller
than that in CeO,-WO3 (Table 1). Due to the significant
difference between the ionic radii of Ce** (0.097 nm) and W¢*
(0.062 nm), it is less likely to form a solid solution by
incorporation of W®* into the lattice of CeO,. Considering the
previously proposed structure of Ce-W oxides, such as that
proposed by Peng et al.,, the W species in CeWOy probably
existed as amorphous phase, or crystallite phase with very small
particle size.3? In such case, it is reasonable to see no clear
diffraction peak of W species.

| + Cerianite CeO, * WO, I

. +Ce0, +

A A Cewo,

Intensity (a.u.)

T
20 30 40 50 60 70 80
26 ()

Fig. 3 XRD patterns of the catalysts.

3.4 XPS results of Ce 3d

The highly dispersed small CeO, crystallites has been identified
as the main active sites for Ce-based catalysts. According to the
XPS results, the surface Ce/W atomic ratio of CeWO, was clearly
higher than that of CeO,-WOs (Table 1), which indicates that the
homogenous precipitation method could induce more
abundant CeO, crystallite and thus increase the amount of
active sites on the catalyst surface.

Ce 3d Ce* ratio

Intensity (a.u.)

‘ ‘ T T T ‘ ‘ ‘ ‘
925 920 915 910 905 900 895 890 3885 880 3875
Binding energy (eV)

Fig. 4 XPS results of Ce 3d of CeWOx and Ce02-WOs catalysts.

The Ce 3d peaks were fitted by searching for the optimum
combination of Gaussian bands with the correlation coefficients
(r*) above 0.99 (Fig. 4). The sub-bands labelled u' and V'
represent the 3d'%4f! initial electronic state corresponding to
Ce3*, and the sub-bands labelled u, u", u"', v, v", and v'"
represent the 3d'04f° state of Ce**. The Ce3* ratio, calculated by
Ce3*/(Ce3* + Ce*), of CeWO, (40.8%) was significantly higher
than that of Ce0,-WO3 (24.5%). The presence of Ce3* could
result in a charge imbalance, which would lead to oxygen
vacancies and unsaturated chemical bonds and generate

J. Name., 2013, 00, 1-3 | 3
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additional chemisorbed oxygen or weakly adsorbed oxygen
species on the surface of catalyst.*9*2 The XPS results of O 1s of
the CeWO, and CeO,-WOs3 catalysts confirmed that the ratio of
surface adsorbed oxygen (such as the 0,2~ and O~ belonging to
defect-oxide or hydroxyl-like group) on CeWO, was higher than
that on Ce0,-WOs3 (see the ESIT for details of XPS results of O
15).434> Therefore, the higher Ce3* ratio of CeWO, would
beneficial for the higher NH3-SCR activity. In addition, the Ce3*
ratio might affect the redox ability and reactants adsorption and
activation capacities of the catalysts.

3.5 H,-TPR

751

286

H, consumption (a.u.)

437

100 200 300 400 500 600 700 800 900
Temperature (°C)

1000

Fig. 5 H2-TPR profiles of CeWOx and Ce02-WOs catalysts.

The H,-TPR profiles of CeWO, and CeO,-WO; catalysts are
shown in Fig. 5. The two peaks at 538/548 and 751/765 °C were
associated with the reduction process from WOs3 to W0O,.4647
The reduction peak of CeWO, at 437 °C can be attributed to the
reduction of surface Ce** to Ce3*, while no such a peak was
clearly observed for CeO0,-WO03.#84° The peak of the two
catalysts at 896/872 °C could be assigned to the reduction of
bulk CeO.,. In addition, the onsite H, consumption of CeWO, was
observed at 286 °C, which was obviously lower than that of
Ce0,-WO3 at 333 °C. The H,-TPR profiles strongly suggest a
better redox property of CeWOy than that of CeO,-WOs.

A well-known catalytic cycle for the SCR reaction involving both
acid-based and redox functions was proposed by Topsge et al.
50 previous studies by Lietti et al. have indicated that the redox
functions of NH3-SCR catalyst govern the catalytic reactivity in
the low-temperature region.2 Therefore, the superior redox
property of CeWOy due to intense interaction between Ce and
W species would beneficial for the low temperature NH3-SCR
activity.

3.6 NO,/NHs-TPD

To investigate the NO, and NHs; adsorption/desorption
capabilities of the catalysts, NO,-TPD and NHs-TPD were
performed on CeWO, and Ce0,-WOs (Fig. 6).

In the NO,-TPD profiles in Fig. 6(A), the first NOy peak at ca.
100/125 °C was due to the desorption of physisorbed NO,, while
the second NO, peak at ca. 225/200 °C was mainly associated
with the decomposition of chemsorbed NO, species.>>** The
additional small peak at ca. 400 °C was probably related to the
decomposition of bridging nitrate species and bidentate nitrate
species with higher thermal stability.>® The chemsorbed NO,
species on CeWO, was evidently higher than those on CeO,-

4| J. Name., 2012, 00, 1-3

WOs. In addition, the NO, adsorption capacity of CeWO, was
17.9 umol/g, which was obviously higher than that of CeO,-WO;
(9.7 umol/g). The NO profiles of the two catalysts were similar
with those of NOy. Interestingly, high NO, desorption associated
with the chemsorbed NO, species was observed on CeWOy,
while almost no NO, desorption was observed on CeO,-WOs.
This result indicates that CeWO, was more effective for the
oxidation of NO to NO; and thus enhanced the chemical
adsorption of NOy as nitrate species at low temperature, which
is consistent with the separated NO oxidation result. Previous
study have shown that NO, species was mainly adsorbed on Ce
sites of Ce-W oxide catalyst during NH3-SCR reaction.3®
Therefore, more Ce species dispersed on the surface of CeWOy
obtained by homogeneous precipitation method would
beneficial for the adsorption and activation of NO, at low
temperature.

(Ao B 1 1y
e f\ 7 i
E° { A ’ L8
.E [/k{\\.\.&z”muv‘; H i
g . . g = pmolig
805 - > > B W EEe
g sio g @ i ERmrra
] = Temperature (°C)
60+
1 —=—CeWO,_
0. 1 —e—Ce0, WO,

iy
'h\17.9 umollg

20_"2? 7 —

. .
(L 1
9.7 umollg .'...o.o'00.l-:="‘hl'...‘=

100

NO, concentration (ppm)

150 200 250 300 350 400 450 500
Temperature (°C)
(B)‘IOU
— L —=—CeWO,
g 80 /J' '\.h —e—Ce0, WO,
[ =
G 60 ¥ 1
= -_....... \.
E 1'.\ \.
= / he w 152.8 pmol/g
S a0, e » 5
[« S [ ]
Q /./ %, ®
[=] w \.‘. .\-
O 20 f .
T 95.0 u mollg ®ey "m
®, '
= 0 ol ....'"“'lilu
100 200 300 400 500

Temperature (°C)

Fig. 6 (A) NOx-TPD and (B) NHs3-TPD profiles of CeWOx and Ce0O2-WOs3

W has been widely used as an additive for NH3-SCR catalysts and
the effects of W species were attributed to the enhancement of
catalyst redox properties and the increase of acid sites.>%>2>>56
It has been indicated that surface acidity plays an important role
in the adsorption and activation of NH3, and the SCR reaction in
the high-temperature region is likely controlled by the surface
acid properties.>>>> In this study, the NHs adsorption capacity of
CeWOy (152.8 umol/g) was clearly higher than that of CeO,-
WO3 (95.0 umol/g). When the NH3 adsorption capacity was
normalized by BET surface area, similar results for the two
catalysts (2.2 umol/m? of CeWOy and 2.4 umol/m? of Ce0,-WO3)
were obtained, which indicates that the higher NH3 adsorption
capacity of CeWOy was mainly associated with its higher surface
area. The high NHs; adsorption capacity was probably an

This journal is © The Royal Society of Chemistry 20xx
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important reason for the superior NH3-SCR activity of CeWOy at
high temperature.

Conclusions

Ce-W oxide catalysts were prepared by homogeneous
precipitation method (CeWO,) and solution evaporating
method (Ce0,-WOs3). The CeWO, catalyst was clearly more
efficient for NO, abatement, with higher NO, conversion (over
80% NOx conversion from 225 to 450 °C under a high GHSV of
300,000 h?) and N,O production in the whole
temperature range.

The BET surface area of CeWOy was higher than that of CeO,-
WOs3, which is associated with the higher NH3-SCR activity of
CeWOy. The XRD results showed that the coexistence of Ce and
W species in CeWOy could remarkably inhibit the crystallization
of CeO; and WOs3, which will lead to a high dispersion of active
species. The XPS results revealed high Ce3* ratio on CeWO,,
which could result in a charge imbalance and thus beneficial for
NH3-SCR reaction. The NO,-TPD and separate NO oxidation
results indicate that CeWOy is very effective for the oxidation of
NO to NO; and thus enhance the chemical adsorption of NOy as
nitrate species, which can promote the NH3-SCR activity at low
temperature. The NH3-TPD results indicate that CeWO, has
outstanding NHj3 adsorption capability, which might be an
important reason for the superior NHs3-SCR activity at high
temperature.

lower

Based on the above results, we can expect that the CeWOy
catalyst prepared by homogeneous precipitation method can
achieve highly dispersed active species and intense interaction
between Ce and W species, and thus results in enhanced charge
imbalance, superior redox functions, and outstanding
adsorption and activation properties of reactants. That is the
reason for the excellent NH3-SCR activity of CeWOy catalyst.
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Characterizations were used to investigate the main reason for the high efficient NO,

abatement by CeWO; catalyst.



