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A series of CuOx/WOx–ZrO2 catalysts were synthesized by impregnating different amounts of copper on
the coprecipitated WOx–ZrO2 support and were characterized by XRD, BET, XPS, NH3/NO chemisorption,
NH3-TPO and NH3-SCR activity measurements. A wide temperature range (200–320 �C) in which NO con-
version exceeds 80% is achieved on the 10 wt.% CuOx/WOx–ZrO2 catalyst. The activity and selectivity of
the catalysts for ammonia oxidation and NH3-SCR reaction are determined by the strength and amount
of Lewis acid sites and Brønsted acid sites, which are adjusted by the formation of WOx–ZrO2 solid solu-
tions and the addition of copper oxides. Two different reaction routes, ‘‘ammonia–NO2 route” at low tem-
peratures (<200 �C) and ‘‘amine–NO/NO2” at high temperatures (>250 �C), are presented for SCR reaction
over CuOx/WOx–ZrO2 catalysts.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Nitrogen oxides (NO, NO2 and N2O) emitted from stationary
boilers and mobile engines contribute to a lot of environmental
problems, for instance, acid rain, photochemical smog, ozone
depletion and greenhouse effects [1–3]. With increasingly strin-
gent requirements for fuel economy and vehicle exhaust emission
standards, the lean burn engine system has been widely used for
fuel economy. Due to the high A/F ratio used in lean burn condi-
tions, CO and hydrocarbons in exhaust of diesel engines are
remarkably decreased compared to those from gasoline engine,
which lead to a shortage of reducing agents for three-way catalysis.
Therefore, NOx abatement under oxygen-rich conditions receives
much attention. Selective catalytic reduction (SCR) using ammonia
[4] or hydrocarbons [5] as reducing agents, and NOx storage reduc-
tion catalysis (NSR) [6] are currently the most favored technologies
for purifying NOx in lean burn engine exhaust [7]. The commer-
cially available technology for reducing NOx emission from
stationary sources is the NH3-SCR over V2O5–WO3/MoO3–TiO2.
Commercially available catalysts contain 0.5–3 wt.% V2O5, 6–
10 wt.% WO3 (and/or MoO3) and titania (anatase) support [4,8].
V2O5–WO3/MoO3–TiO2 SCR catalysts, which have high NH3-SCR
activity in temperature range of 280–400 �C, have been demon-
stratively used in the reduction of NOx from heavy-duty diesel en-
gine with urea as reducing agent. NH3-SCR catalysts are also
investigated for deNOx of light-duty diesel engine [7]. However,
there are still a number of issues concerning improving conversion
ll rights reserved.
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of NO at low temperatures by developing NH3-SCR catalysts for
light-duty diesel vehicles [7,9–13].

Various catalysts have been investigated for low-temperature
NH3-SCR deNOx, such as transition metal oxides (CoOx/CuOx [13],
MnOx [14,15] and V2O5/TiO2 [16]), zeolite-based catalyst [10,17]
and precious metal catalysts [18,19]. Among these catalysts, V2O5

is toxic and precious metals are expensive. Transition metal ex-
changed zeolites (such as Cu-ZSM and Fe-ZSM), which present
both attractive NH3-SCR and HC-SCR activities at low tempera-
tures, have been extensively reported [20–23]. However, their
applications are greatly restrained by the poor hydrothermal sta-
bility of zeolites. Thus, it is important to develop more stable cat-
alysts such as metal oxides-based SCR catalysts [24].

Copper oxide catalysts on various supports, such as CuOx/ZrO2

[25–28], CuOx/c-Al2O3 [29], CuOx/SiO2 [30] and CuOx/TiO2

[31,32], show good low-temperature NH3-SCR activities. The activ-
ity and selectivity of copper-based catalysts are determined to a
great extent by texture and dispersion state of CuOx species which
are importantly influenced by surface state of supports [25–33]. It
has been reviewed that copper oxide supported on zirconia is more
active than those on titanium and alumina in the NO + NH3 reac-
tion, due to a faster NH3 dissociative chemisorption on the former
catalyst [33]. In order to improve the catalytic activity of copper
catalyst for NO reduction, more works are required to investigate
the relationship between the supports and active sites of catalysts
for high NH3-SCR activity. WO3 is widely used in V2O5–TiO2 (ana-
tase) modification to improve the dispersion of V2O5, thermal sta-
bility, surface area, sulfur resistance, NH3-SCR activity and
selectivity of V2O5–TiO2 catalysts [4,34]. WO3 is also added to zir-
conia for isomerization and alkylation of hydrocarbons due to the
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large surface area and high acid intensity of WO3–ZrO2 solid solu-
tions [35–40]. Recently, V2O5 supported on WO3–ZrO2 solid solu-
tions has been reported in the application of NH3-SCR [41] and
ammonia oxidation [42], which shows high resistance toward alka-
li poisoning. However, the temperature region for high NH3-SCR
activity of WO3–ZrO2-based catalysts is generally located at 350–
450 �C, indicating that the low-temperature activity of these cata-
lysts is still need to be improved.

In the present work, we employed a WO3–ZrO2 solid solution
support (10 wt.% WOx) instead of pure zirconia in order to improve
the low-temperature NH3-SCR activity of the Cu-containing cata-
lysts and to broaden the temperature window for NO conversion.
The effect of the copper loading amount on the activity of the cat-
alyst was studied. By means of in situ FTIR tests of NH3, NO and
NH3 + NO + O2 adsorption, the effects of WOx modification on the
surface properties of catalysts and mechanisms of NH3-SCR reac-
tion over CuOx/WOx-ZrO2 at various temperatures were explored.

2. Experimental

2.1. Catalysts preparation

WOx-ZrO2 solid solutions were synthesized by coprecipitation
method. ZrO(NO3)2�5H2O (AR grade, 99%, Rongruida) and
5(NH4)2O�12WO3�5H2O (AR grade, 99%, Tianjin Juneng) with the
weight ratio of W:Zr = 1:9 weredissolved in deionized water bymag-
netic stirring. Excess ammonia was added to keep the pH value of the
mixed solution at 10. The obtained mixture was dried at 100 �C for
4 h.Then,theprecipitatesweredriedat110 �Covernightandcalcined
at 500 �C for 3 h in static air in a muffle to obtain the WOx–ZrO2 solid
solution powders. ZrO2 was prepared by the similar method.

CuOx/WOx–ZrO2 catalysts were prepared by wet incipient
impregnation method. Water absorption capacity of WOx–ZrO2

powders was measured as 23 wt.%. The copper nitrate was dis-
solved in the maximal amount of water absorbable by the support
and then mixed with WOx–ZrO2 powders. The mixture was dried at
100 �C for 4 h and calcined at 500 �C for 1 h in static air in a muffle
to obtain CuOx/WOx–ZrO2 catalysts with the compositions listed in
Table 1. The nominal weight ratios of copper oxide loaded and the
tungsten oxide in the WOx–ZrO2 support were calculated in terms
of CuO and WO3, respectively.

2.2. Characterizations

The powder X-ray diffraction (XRD) experiments were per-
formed on a Japan science D/mas-RB diffractometer employing Cu
Ka radiation (k = 0.15418 nm). The X-ray tube was operated at
40 kV and 120 mA. The X-ray powder diffractogram was recorded
at 0.02� intervals in range of 20� < 2h < 80�. The identification of
the phases was made with the help of JCPDS cards (Joint Committee
on Powder Diffraction Standards). The mean crystallite sizes of
tetragonal zirconia and CuO were calculated by Scherer formula.

The specific surface areas of the samples were measured using
the N2 physisorption at �196 �C by Brunauer–Emmett–Teller
(BET) method using an automatic surface analyzer (Quantachrome
NOVA instrument). The samples were degassed in flowing N2 at
200 �C for 2 h.
Table 1
Compositions of the catalysts.

Sample CuOx (wt.%) WOx (wt.%) ZrO2 (wt.%)

W10ZrO2 – 10 90
Cu5W10ZrO2 5 9.5 85.5
Cu10W10ZrO2 10 9 81
Cu20W10ZrO2 20 8 72
Cu10ZrO2 10 – 90
The X-ray photoelectron spectroscopy (XPS) experiments were
carried out on a PHI-Quantera SXM system equipped with a mono-
chromatic Al Ka X-rays under UHV (6.7 � 10�8 Pa). Sample charg-
ing during the measurement was compensated by an electron
flood gun. The electron takeoff angle was 45� with respect to the
sample surface. The XPS data from the regions related to the Cu
2p and W 4f core levels were recorded for each sample. The binding
energy was calibrated internally by the carbon deposit C 1s binding
energy (BE) at 284.8 eV.

In situ FTIR spectra of adsorption species arising from NO or NH3

chemisorption were recorded in the range of 4000–650 cm�1 using
a thermo Nicolet 6700 FTIR spectrometer equipped with a high-
temperature environmental cell fitted with KBr window. Prior to
reactant gas (NH3 or NO) chemisorption, the sample was placed
in a crucible located in the high-temperature cell and heated up
to 500 �C in a 20% (v/v) O2/N2 flow (100 ml min�1). After the oxida-
tion treatment at 500 �C for 30 min, the samples were cooled down
to the corresponding temperature, and subsequently, flushed by
100 ml min�1 N2 for 30 min to remove the physisorbed molecules
for background collection. Then, the gas mixture contained
1000 ppm NO + 1% O2 or NH3 + 1% O2 in N2 (100 ml min�1) was
passed through the sample at the corresponding temperature for
30 min. The FTIR spectra were collected after purging the weak ad-
sorbed gas molecules by N2 flow gases for 30 min.

In situ FTIR spectra of adsorption species arising from NO, NH3

and O2 co-adsorption on catalysts, which were operated in the sim-
ilar conditions of NO chemisorption, were collected after co-
adsorption by 1000 ppm NO and 1000 ppm NH3 in 1% O2 + N2.

2.3. Activity measurement

The catalytic activity measurement for the reduction of NO by
ammonia (NH3-SCR) with excess oxygen was carried out in a fixed
bed reactor made of stainless steel with 0.5 g catalysts (diluted to
2 ml by silica) inside. The reaction gas mixture simulating diesel
engine exhaust gases consisted of 500 ppm NO, 500 ppm NH3, 5%
O2 and N2 in balance. The NO conversion was measured from room
temperature to 500 �C at a heating rate of 10 �C min�1. The total
flow of the gas mixture was 1 L min�1 at a gas hourly space velocity
(GHSV) of 30,000 h�1. The concentrations of nitrogen oxides and
ammonia were measured at 120 �C by a Thermo Nicolet 380 FTIR
spectrometer equipped with 2 m path length sample cell (250 ml
volume). Gas path from the reactor to FTIR spectrometer was
maintained a constant temperature at 120 �C to avoid NH4NO2/
NH4NO3 deposition.

The NO/NH3 conversions were calculated as follows:

NO=NH3 conversion ð%Þ ¼ Cin � Cout

Cin
� 100 ð1Þ

where Cin and Cout denoted the inlet and outlet gas concentration of
NO (or NH3), respectively.

Ammonia temperature-programmed oxidation (NH3-TPO) tests
were carried out using a similar method to NH3-SCR experiment
with 500 ppm NH3 and 5% O2 in N2. Onset temperatures of ammo-
nia and NO conversions were defined as the temperature when
ammonia and NO conversions exceeded 4%. The temperature win-
dow for SCR reaction was defined as the temperature region in
which NO conversion exceeded 80%.

3. Results

3.1. Activity studies

3.1.1. Activity for NH3 oxidation
NH3-TPO experiments were carried out to test the ammonia

oxidation activity of catalysts. Fig. 1a shows the ammonia conver-
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sion as a function of temperature during NH3-TPO process over
various catalysts. W10ZrO2 catalyst, on which the onset tempera-
ture of ammonia oxidation is 300 �C, presents a much lower
ammonia oxidation activity than Cu10ZrO2 catalyst. This demon-
strates the role of copper oxides as the main active sites for ammo-
nia oxidation. It is also confirmed by the order of onset
temperature on CuOx/WOx–ZrO2 catalysts as a function of CuOx

loading amount: the higher the CuOx loading amount, the lower
the onset temperature of ammonia oxidation. On the other hand,
given the same loading amount of CuOx (10 wt.%), the onset tem-
perature of ammonia conversion on Cu10W10ZrO2 (215 �C) shifts
to higher temperature by 15 �C compared to that on Cu10ZrO2

(200 �C). It implies the inhibition effect of WOx on ammonia oxida-
tion over the catalyst.

The evolution of NOx (NO, NO2 and N2O) generated during NH3-
TPO process is shown in Fig. 1b–d, respectively. On all catalysts,
containing WO3 or not, increasing temperature causes the NOx

products to increase monotonically. However, the productions of
NOx are obviously inhibited by the WOx–ZrO2 solid solution sup-
port. On the other hand, the higher the copper loading amount,
the lower temperature at which NOx start to generate, and the
higher amount of NOx is produced. The production of N2 was not
detected due to the limitation of laboratory instruments. However,
the delay between ammonia conversion and NOx evolutions can be
Fig. 1. (a) NH3 conversion as a function of temperature over various catalysts during NH3

during NH3-TPO process. (c) NO2 generation as a function of temperature over various cat
various catalysts during NH3-TPO process.
considered to arise from ammonia oxidation to N2 at low temper-
atures [43,44]. With increasing the temperature, the oxidation of
ammonia to NOx becomes the dominant reaction.

3.1.2. Activities for NH3-SCR
NH3-SCR performances of various catalysts were measured as a

function of temperature, and the results are shown in Fig. 2a. For
W10ZrO2 catalyst, NO conversion starts at 250 �C and exceeds
77% at 380–480 �C. The onset temperature of NH3-SCR reaction de-
creases down to 150 �C for Cu5W10ZrO2 and about 125 �C for those
catalysts with higher CuOx content. Thus, copper oxide plays an
important role in low-temperature NH3-SCR reaction. Among these
catalysts, Cu10W10ZrO2 shows the highest low-temperature NH3-
SCR activity. Comparatively, the maximal NO conversion on
Cu10ZrO2 only reaches 70%, indicating that WOx addition can
remarkably enhance the NH3-SCR activity of CuOx/ZrO2 catalysts
and broaden the temperature window for NO conversion.

Fig. 2b shows the NH3 conversion as a function of temperature
over various catalysts during NH3-SCR reaction. Ammonia conver-
sion on CuOx-containing catalysts all start around 120 �C and reach
100% in the temperature range of 220–250 �C. However, ammonia
conversion over W10ZrO2 does not start until 280 �C or reach a
maximum even at 500 �C. It is clear by comparison between Figs.
2b and 1a that the onset temperatures of ammonia conversion over
-TPO process. (b) NO generation as a function of temperature over various catalysts
alysts during NH3-TPO process. (d) N2O generation as a function of temperature over



Fig. 2. (a) NO conversion as a function of temperature on various catalysts during NH3-SCR process. (b) NH3 conversion as a function of temperature on various catalysts
during NH3-SCR process. (c) NO2 generation as a function of temperature on various catalysts during NH3-SCR process. (d) N2O generation as a function of temperature on
various catalysts during NH3-SCR process.
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CuOx-containing catalysts in SCR reaction (120 �C) are much lower
than those in NH3-TPO tests (above 200 �C). Furthermore, if we
compare Fig. 2b with Fig. 2a, NH3 conversion is found to follow
the trend of NO conversion initially but exceed the latter at tem-
peratures higher than 250 �C. It implies that ammonia prefers to
reacting with NOx-derived species (such as nitro compounds)
rather than O2 at low temperatures, and the latter becomes the
dominant oxidizing agent for ammonia oxidation at high tempera-
tures. Thus, it is assumed that the NH3-SCR reaction may follow
different mechanisms at various temperature ranges (<200 �C
and >250 �C).

The evolution of NO2 during NH3-SCR reaction is shown in
Fig. 2c. NO2 forms at 300 �C at which ammonia conversion reaches
100%, which is lower than the onset temperature of NO2 generation
in NH3-TPO process (370 �C in Fig. 1c). This fact indicates that the
NO2 originates from NO oxidation with the consumption of ammo-
nia in NH3-SCR reaction. The NO2 production increases with
increasing the CuOx content in catalysts, which is ascribed to the
strong activity of copper species for NO oxidation.

The outlet N2O concentration during NH3-SCR reaction was also
recorded, and the results are shown in Fig. 2d. N2O is not observed
over W10ZrO2 during the whole testing process, but appears at
temperatures above 200 �C on those CuOx-containing catalysts.
Similar as the generation of NO2, the N2O production also increases
as a function of the CuOx loading amount. Busca et al. [4] have re-
viewed that nitrous oxide generation is mainly related to ammonia
oxidation at high temperatures and ammonia nitrate formation at
relative lower temperatures over low-temperature catalysts. This
point of view is confirmed in our work that the onset temperatures
of N2O generation in NH3-SCR process are much lower than those
in NH3-TPO reactions. Much less N2O is produced on Cu10W10Z-
rO2 than on Cu10ZrO2, indicating the inhibition effect of WOx mod-
ification on the N2O generation due to the restrained formation of
nitrates on the surface of tungsten-containing catalysts. N2O pro-
duction increases with the increase in copper content both in
NH3-TPO and NH3-SCR process, indicating that ammonia oxidation
may account for the N2O generation at relative high temperatures.

3.2. BET and XRD studies

The presence of zirconia, copper oxides and tungsten oxides
crystallites was ascertained by XRD, and the diffraction patterns
of all samples are shown in Fig. 3. The characteristic peaks of both
tetragonal-ZrO2 (t-ZrO2) and monoclinic-ZrO2 (m-ZrO2) are ob-
served in the diffraction pattern of tungsten-free Cu10ZrO2, while
only those of t-ZrO2 appear on the tungsten-containing samples.
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It agrees with the previous reports that transformation of the t-
ZrO2 phase to the more thermodynamically stable m-ZrO2 phase
can be restrained by the addition of transition metals [37,38]. No
characteristic peaks of WOx are found for all samples, indicating
the formation of WOx–ZrO2 solid solutions [37,38]. According to
smaller ionic radii of W6+ (0.65 Å) and W5+ (0.66 Å) than that of
Zr4+ ions (0.79 Å), W6+ and W5+ ions may be incorporated into
the zirconia lattice to form WOx–ZrO2 solid solutions and stabilize
the t-ZrO2 [37]. Compared to Cu10ZrO2, the intensity of CuO (1 1 1)
diffraction peak at 2h = 38.6� is obviously decreased on Cu10W10Z-
rO2, which suggests the better dispersion of CuOx on WOx–ZrO2 so-
lid solutions than on zirconia. The intensity of CuO peaks increases
as a function of the loading amount due to the crystallization and
sintering of CuOx on the surface of WOx–ZrO2.

The BET surface areas, crystal size of CuO and ZrO2 of the cata-
lysts, are summarized in Table 2. The specific surface area of the
catalyst decreases with the increase in the CuOx content, which
may be caused by blocking effect of the support pores by the load-
ing of metal oxide. Smaller crystallite sizes of CuO on WOx–ZrO2

indicate the higher dispersion of copper oxide on WOx–ZrO2 than
on ZrO2.

3.3. XPS studies

In order to obtain the information of oxidation state of copper
cations on the catalyst surface, XPS spectra of the samples was de-
tected. The Cu 2p spectra of the CuOx-containing samples are
shown in Fig. 4a. The fittings of Cu 2p peaks were performed by
two components, which present BE at 933.9 and 932.9 eV corre-
sponding to surface Cu2+ and Cu+/Cu0 species, respectively. It has
been well established that the presence and absence of the
shake-up peak centered at 944 eV are indicators of Cu2+ species
and lower valence copper species (Cu+/Cu0) [24,26]. The relative
percentages of copper species were calculated by the area ratio
of the corresponding characteristic peaks. The results are listed in
Table 3. In comparison with the Cu10ZrO2 catalyst, more Cu2+ are
reduced to low-valence copper species on the surface of the
WOx–ZrO2 support, which may be ascribed to the well dispersion
of CuOx on WOx–ZrO2 and strong interaction between metal and
support. With increasing the loading amount of CuOx, the sintering
of CuO clusters leads to an increase in the Cu2+/(Cu+/Cu0) ratio.

The W 4f spectra of the tungsten-containing samples are shown
in Fig. 4b. The W 4f7/2 BE values are located at 35.8 ± 0.2 and
34.8 ± 0.2 eV, corresponding to characteristic of W6+ and W5+,
Fig. 3. XRD patterns of the catalysts.
respectively [37]. The W6+/W5+ ratios calculated by the area ratios
of corresponding peaks are shown in Table 3. In comparison with
pure WOx–ZrO2 solid solutions, the loading of copper oxide leads
to a partial reduction of W6+ to W5+. Again, this fact suggests some
strong interaction between copper and tungsten which will be
demonstrated in further work.

3.4. NH3 chemisorptions

FTIR spectra of adsorbed species on surface of catalysts arising
from ammonia adsorption at room temperature are shown in
Fig. 5a. All spectra show sharp bands in the region of 1615–
1600 cm�1 and 1220–1200 cm�1, corresponding to ras and rs mod-
el of NH3 coordinated to Lewis acid sites, respectively. The band at
1600 cm�1 in the spectrum of W10ZrO2 shifts to 1615 cm�1 after
loading CuOx, indicating the increased Lewis acidity of CuOx/
WOx–ZrO2. Sharp bands at 1680 and 1470 cm�1 are found only in
the spectrum of WOx/ZrO2, which are attributed to rs NH4

+ and
ras NH4

+ resulting from ammonia coordinated to Brønsted acid
sites. By loading CuOx, the concentration of Brønsted acid sites de-
creases according to the obviously weakened band at 1470 cm�1

on Cu5W10ZrO2, Cu10W10ZrO2 and Cu20W10ZrO2. The concen-
trations of Lewis and Brønsted acid sites on catalysts were deter-
mined by the area of the absorption bands corresponding to the
rs NH3 and ras NH4

+ models, respectively [32]. High concentrations
of Lewis acidity are obtained on tungsten-containing catalysts with
intense and broad adsorption bands at 1213 cm�1. Moreover, the
band shape seems to be regardless of the loading amount of copper
oxide, implying the preferential adsorption of NH3 on WOx–ZrO2

solid solutions. This may reduce the ammonia inhibition effect,
which is usually caused by competitive adsorptions of NH3 and
NO on Cun+ active sites [45] and will be discussed later. In compar-
ison with W10ZrO2, the weak bands at 1680 and 1470 cm�1 in
spectra of CuOx/WOx–ZrO2 catalysts indicate the negative effect
of CuOx on Brønsted acidity.

Fig. 5b shows the FTIR spectra of adsorbed species on surface of
catalysts arising from ammonia adsorption at 200 �C. In compari-
son with the spectra obtained at room temperature, ammonia
adsorption at 200 �C yields complex bands in the region of 1500–
1290 cm�1 and a new band at 1710 cm�1, which are ascribed to
ammonia oxidation intermediates and Brønsted bonded NH4

+

[32]. Bands corresponding to rs model of NH3 become sharpened
and shift from 1213 to 1240–1220 cm�1, indicating that ammonia
bonded to Lewis acid sites are more stable. Intensity of the band at
1615–1600 cm�1 greatly decreases due to desorption of ammonia
at high temperatures. The diminishing of adsorption bands on
Cu10ZrO2 indicates that ammonia species adsorbed on the tung-
sten-free catalyst are less stable.

3.5. NO chemisorptions

FTIR spectra of adsorbed species on surface of catalysts arising
from NO adsorption at room temperature are shown in Fig. 6a.
According to the literature [25], NO adsorption on Cu–ZrO2/SO4

2�

yields an intense band at 1900 cm�1 and a weak band at
Table 2
Textural and structural properties of the catalysts.

Samples BET surface area
(m2 g�1)

Crystallite size of
CuO (nm)

Crystallite size of t-
ZrO2 (nm)

Cu10ZrO2 19.0 12.7 14.4
W10ZrO2 99.3 – 7.0
Cu5W10ZrO2 74.0 4.3 8.6
Cu10W10ZrO2 70.0 5.5 8.6
Cu20W10ZrO2 50.0 8.7 10.5



Fig. 4. XPS spectra of catalysts: (a) Cu 2p and (b) W 4f.

Table 3
Different oxidation states of surface Cu (2p) and W (4f) measured by XPS.

Samples Cu2+/Cu+ W6+/W5+

Cu10ZrO2 6.6 –
W10ZrO2 – 2.5
Cu5W10ZrO2 1.2 1.3
Cu10W10ZrO2 1.3 1.0
Cu20W10ZrO2 1.9 0.9
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1810 cm�1 corresponding to Cu2+–NO and Cu+–NO, respectively. In
this case, the band at 1885 cm�1 on CuOx/WOx–ZrO2 catalysts can
be assigned to Cu2+–NO. It is known that Cu+ ions can be oxidized
to Cu2+ in the presence of NO, which may explain the absence of
Cu+–NO species [24,28]. Band assigned to Cu2+–NO species disap-
pears in the spectrum of Cu10ZrO2, implying rapid desorption of
NO from the catalyst. The spectrum of W10ZrO2 shows two broad
bands at 2112 and 1935 cm�1, assigned to the first overtone of
W = O stretching modes (with another band at about 980 cm�1 as-
cribed to W = O symmetrical stretching mode) and Wn+–NO,
Fig. 5. FTIR spectra of the adsorbed species on surface of catalysts arising
respectively. With increasing the CuOx loading amount, the absorp-
tion band in the region of 2200–2000 cm�1 disappears and the
band at 980 cm�1 decreases sharply, which are probably caused
by coverage of WOx by CuOx. It is seen by the variation in intensity
of band at 1885 cm�1 that the Cu2+–NO bond is more stable on
highly dispersed CuOx species. From the weak bands at 1615–
1600 cm�1 for the CuOx-supported catalysts, nitrate formation on
WOx–ZrO2 is inhibited by CuOx loading. Instead, nitro compounds
(1500–1450 cm�1) are more easily formed on these catalysts.

The NO adsorption test was also performed at 200 �C, and the
FTIR spectra are shown in Fig. 6b. Band at 1900–1850 cm�1 disap-
pears due to the instability of metal mononitrosyls at this temper-
ature. Band at 1600 cm�1 in the spectrum of W10ZrO2 splits into
bimodal bands at 1622 and 1568 cm�1, which are assigned to t3

models of bridging and bidentate nitrates, respectively [40]. Mul-
ti-bands in the regions of 1500–1360 and 1350–1200 cm�1 as-
cribed to the surface nitro compounds are observed for all
samples. The negative bands at 1650–1550 cm�1 implies the easy
desorption of surface nitrates from the CuOx-containing catalysts.
Bands at 1002 cm�1 in the spectra of tungsten-containing catalysts
from ammonia adsorption: (a) at room temperature and (b) at 200 �C.



Fig. 6. FTIR spectra of the adsorbed species on surface of catalysts arising from NO adsorption: (a) at room temperature and (b) at 200 �C.
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may be ascribed to W = O species [36]. There is no obvious differ-
ence between the spectra obtained at 250 �C (not shown) and
those collected at 200 �C.

3.6. NH3, NO and O2 co-adsorption

In order to investigate possible reactions among the reactants,
NH3, NO and O2 co-adsorption measurements at various tempera-
tures were carried out on W10ZrO2, Cu10ZrO2 and Cu10W10ZrO2

catalysts. The infrared spectra obtained at 200 �C are shown in
Fig. 7a. Bands at 1710 and 1430 cm�1 correspond to rs and ras of
NH4

+ adsorbed on Brønsted acid sites, respectively. Asymmetric
band at 1500–1400 cm�1 may be caused by overlapping of bands
of NH4

+ and nitro compounds [10]. In comparison with the spectra
obtained in NH3 chemisorptions, the enhanced Brønsted acidic sur-
face of Cu10W10ZrO2 may result from the contact of water (gener-
ated in NH3-SCR process) and W = O on surface of catalysts [46].
The small band at 1888 cm�1 in the spectrum of Cu10W10ZrO2 is
ascribed to NO adsorbed on Cun+ species. The absence of absorption
bands (1600–1550 cm�1) indicates that nitrate formation is inhib-
ited to a large extent compared to the case of NO chemisorption
Fig. 7. FTIR spectra of the adsorbed species on surface of catalysts arising
(Fig. 6), which may be caused by the competitive adsorption and
followed reactions among NH3, NO and O2. No absorption bands
of NH4

+ are observed in the spectrum of Cu10ZrO2. The overlapping
of rs NH3 and t1 modes of nitrite induces a broad band at 1300–
1050 cm�1 for Cu10ZrO2. Bands at 1613–1604 and 1240–
1200 cm�1 can be ascribed to ammonia adsorbed on Lewis acid
sites. The band at 1215 cm�1 indicates the formation of chelating
nitro compounds on the surface of W10ZrO2 [45].

FTIR spectra arising from NH3, NO and O2 co-adsorption at
250 �C are shown in Fig. 7b. New intense bands appear in the re-
gion of 1580–1540 cm�1, indicating the formation of large
amounts of amine or hydrazine at 250 �C [32]. Adsorption of NH3

on Lewis acid sites at 1260–1255 cm�1 is greatly reduced, while
the bands at 1710–1670 and 1442–1419 cm�1 related to ammonia
coordinated on Brønsted acid sites (NH4

+) increase significantly,
indicating less stability of NH3 on Lewis acid sites. The absence
of the latter bands in the spectrum of Cu10ZrO2 implies that
Brønsted acid sites derive mainly from interaction between H2O
produced by SCR reaction and WOx–ZrO2 solid solutions. The bands
in the regions of 1500–1300 and 1300–1200 cm�1, together with
weaker bands at 1100–1000 cm�1, are ascribed to surface nitro
from NH3, NO and O2 co-adsorption: (a) at 200 �C and (b) at 250 �C.
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compounds [28]. The broad negative band at 1280 cm�1 in the
spectrum of Cu10ZrO2 is caused by the desorption of nitro
compounds.
4. Discussion

According to the above results, the difference in the onset tem-
peratures of various gases in NH3-TPO and NH3-SCR tests reveals
the importance of NO2 formation for NH3-SCR reaction at low tem-
peratures, which depends on the copper loading amount of cata-
lysts. However, the temperature window of catalysts for NH3-SCR
does not depend on the copper loading amount alone, and the
activity of the tungsten-free catalyst is seriously deactivated at
high temperatures. The variation of acid properties on catalysts
introduced by copper addition and tungsten modification is sug-
gested to be responsible for the above phenomena. The following
discussion is focused on the correlations between acid properties
and NH3-SCR performances of the catalysts.

Based on the models reported [24–29], possible reaction routes
for ammonia oxidation and NH3-SCR processes are presented in
Eqs. (2)–(16), respectively. In these reactions, Lewis acid sites
and Brønsted acid sites play different roles at various temperatures
[4]. Ammonia adsorption experiment shows that no Brønsted acid-
ity was observed on the surface of Cu10ZrO2. However, this cata-
lyst presents ultra high activity in NH3-TPO reaction, indicating
that Brønsted acidity is not necessary for ammonia oxidation. Le-
wis acid sites on CuOx/WOx–ZrO2 catalysts may arise from the
unsaturated coordination of Cun+ and Wn+ ions. The redox proper-
ties of Lewis acidic transition metal oxides are related with reduc-
ibility of transition metal ions (Mn+). From the XPS results, copper
species with lowered valence are generated on catalyst due to
tungsten modification. Therefore, the ammonia oxidation activity
of catalysts is decreased because of the lowered oxidation activity
of copper species (NH3-TPO results)

NH3ðgÞ þ L�ðLewis acid siteÞ ! NH3ðadsÞ ð2Þ
NH3ðgÞ þ B�ðBr£nsted acid siteÞ ! NHþ4 ðadsÞ ð3Þ
NH3ðadsÞ ! NH2ðadsÞ þHþ þ e� ð4Þ
NHþ4 ðadsÞ ! NH2ðadsÞ þ 2Hþ þ e� ð5Þ
2NH2ðadsÞ $ N2H4ðadsÞ ð6Þ
N2H4ðadsÞ þ OðadsÞ ! N2 þ 2H2O ð7Þ
2NH2ðadsÞ þ OðadsÞ ! 2NHðadsÞ þH2O ð8Þ
NHðadsÞ þ OðadsÞ ! HNOðadsÞ ð9Þ
2HNOðadsÞ þ OðadsÞ ! H2Oþ 2NO ð10Þ

The reduction of NO to N2 by NH3 in excess O2 is suggested to
follow different routes at various temperatures. At low tempera-
tures (<200 �C), the possible reaction steps are:

NOþ OðadsÞ ! NO2ðadsÞ ð11Þ
2NH3ðadsÞ þNO2ðadsÞ þ NO! 2N2 þ 3H2O ð12Þ

While at high temperatures (>250 �C), the possible reaction steps
are:

NH2ðadsÞ þ NOðgasÞ ! NH2NOðadsÞ ð13Þ
NH2NOðadsÞ ! N2 þH2O ð14Þ
NH2ðadsÞ þ NO2ðadsÞ ! NH2NO2ðadsÞ ð15Þ
NH2NO2ðadsÞ ! N2 þH2Oþ OðadsÞ ð16Þ

According to high low-temperature SCR activities of all the
CuOx-containing catalysts, Lewis acid sites should serve as impor-
tant active sites at temperatures lower than 200 �C. Since nitro
compounds and ammonia coordinated to Lewis acid sites are ob-
served as the dominant species on CuOx/WOx–ZrO2 at 200 �C, it is
reasonable to assume that these species are main intermediates
in low-temperature NH3-SCR reaction. In this way, NH3-SCR pro-
cess follows Eqs. (11) and (12). NO is supposed to be firstly oxi-
dized and then reduced by ammonia. The corresponding
reaction mechanism is defined as ‘‘ammonia-NO2 route”, in which
both ammonia adsorption on WOx–ZrO2 solid solutions (results in
NH3 chemisorptions) and NO oxidation to nitro compounds on
copper oxides are essential (results in NO chemisorptions). The
active sites are regenerated by the consumption of NO2

� and ad-
sorbed ammonia with oxygen. Without loading copper oxide, the
accumulation of surface nitrites and nitrates on WOx–ZrO2 solid
solutions results in difficulties for the desorption of nitro com-
pounds and consequently non-low-temperature SCR activity of
W10ZrO2, which is called as ‘‘NOx inhibition effect” in the previ-
ous literature [47]. After loading copper oxide, nitro compounds
are easier to desorb due to quick adsorption/desorption of NO/
NO2 on copper species. In turn, ammonia is preferentially ad-
sorbed on WOx–ZrO2 solid solutions, which helps to avoid the
ammonia inhibition effect on NO adsorption on copper active
sites.

Ammonia-derived species such as NH2 (Eq. (2)–(6)) become
main surface intermediates for SCR reaction at 250 �C, which
agrees with the previous reports [25,32]. Thus, ‘‘amine-NO/NO2

route” as Eqs. (13)–(16) become another important NH3-SCR
reaction pathways at high temperatures. Both NO and its oxida-
tion product NO2 react with amine to form nitrite and nitrate
which then decompose to nitrogen. Since both Lewis acid sites
and Brønsted acid sites can promote the formation of amine,
the increased concentrations of two types of acid sites are
responsible for the enhanced activity of CuOx/WOx–ZrO2 with re-
spect to Cu10ZrO2. However, Lewis acid sites are also active for
ammonia oxidation to N2 or nitrogen oxides (Eqs. (6)–(10)),
resulting in a decrease in high-temperature NH3-SCR activity.
WOx–ZrO2 solid solution can generate considerable Brønsted acid
sites during NH3-SCR process as confirmed by the results of NH3,
NO and O2 co-adsorption, which enhance the adsorption of
ammonia in the form of more thermally stable NH4

+ than
NH3(ads) on Lewis acid sites [4,45], and thus effectively inhibit
the deep oxidation of ammonia. In this way, WOx-ZrO2 as sup-
port provides moderate Lewis acidity and abundant Brønsted
acidity to balance the activity of catalysts for NH3-SCR and
ammonia oxidation. As a result, the Cu10W10ZrO2 catalyst pre-
sents the highest NH3-SCR activity and widest temperature win-
dow. However, the more detailed mechanism still needs to be
investigated.

It is found that the selectivity to N2 for NH3-SCR reaction de-
creases with the loading amount of copper oxide and increases
with tungsten modification, which is also related to the acid prop-
erty of the catalyst. According to the results of XRD, XPS and NH3

chemisorption, the formation of WOx–ZrO2 solid solutions results
in lower-valent copper species and consequently decreases the Le-
wis acidity [35–40]. Thus, the ammonia oxidation ability of tung-
sten-containing catalysts is reduced compared to Cu10ZrO2.
Ammonia oxidation at high temperature leads to the NH3 shortage
in reactant gases and oxidation of NO to NO2 in excess O2. Conse-
quently, NO2 production correlates well with the loading amount
of CuOx (Eq. (11)).

N2O is known to be mainly produced through ammonia nitrate
decomposition or ammonia oxidation over CuOx-containing cata-
lysts [29,48] (Eqs. (17)–(20)). In this work, both nitrate formation
and ammonia oxidation are restrained by WOx modification due
to decreased Lewis acidity and increased Brønsted acidity (which
may arise from the partially hydrated tungsten species [45]) with
lower oxidation activity. Therefore, N2O generation amount is
greatly reduced on CuOx/WOx–ZrO2 and is close to zero on WOx–
ZrO2
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NO2ðadsÞ þ OðadsÞ ! NO�3 ðadsÞ ð17Þ
NHþ4 ðadsÞ þ NO�3 ðadsÞ ! NH4NO3ðadsÞ ð18Þ
NH4NO3ðadsÞ ! NÞ2Oþ 2H2O ð19Þ
2HNOðadsÞ ! H2Oþ N2O ð20Þ
5. Conclusions

CuOx/WOx–ZrO2 catalysts were prepared via two steps, and
their activities for ammonia oxidation and NH3-SCR were evalu-
ated. 10 wt.% CuOx/WOx–ZrO2 catalyst shows remarkably en-
hanced NH3-SCR performances than WOx-ZrO2 and CuOx–ZrO2

catalysts, achieving NO conversion exceeding 80% at a wide tem-
perature range (200–320 �C). The onset temperatures of NH3-TPO
and NH3-SCR on catalysts depend on acid properties introduced
by CuOx and WOx–ZrO2 support. Two different reaction routes,
‘‘ammonia–NO2 route” at low temperatures (<200 �C) and
‘‘amine–NO/NO2” at high temperatures (>250 �C), are presented
based on the experimental results. In such mechanisms, WOx–
ZrO2 as support provides moderate Lewis acidity and abundant
Brønsted acidity to balance the activity of CuOx/WOx–ZrO2 for
NH3-SCR and ammonia oxidation. And the Lewis acid sites intro-
duced by copper oxide result in easier formation of nitro com-
pounds and the quick adsorption/desorption of NO/NO2 on
catalysts, facilitating the higher NH3-SCR activity.
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