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V2Os-WO3/TiO2 catalysts have been prepared by subsequent, al- 
ternating, and simultaneous grafting of vanadia and tungsta onto 
titania. The performance of these catalysts in the selective catalytic 
reduction (SCR) of NO by NH3 was compared with correspond- 
ing titania-supported single oxides prepared by the same method. 
For a given composition, the activity of the catalysts depended 
only marginally on the sequence of grafting for catalysts with low 
loadings (up to an experimental monolayer, ca. 10/zmol Vim 2 and 
6/xmol W/m 2, respectively). Increase of the calcination temper- 
ature from 573 to 773 K decreased the activity of catalysts with 
low loading. This behavior is attributed to spreading of the vana- 
dia species over the titania surface, resulting in an increase of less 
active monomeric vanadyl species. For catalysts with higher load- 
ing (>experimental monolayer), the interaction between vanadia 
and tungsta species was intensified with increasing calcination tem- 
perature, affording higher activity and new species with hydroxyl 
groups characterized by an IR-band at a frequency <3600 cm -1. 
The formation of weaker acid sites from which ammonia desorbed 
at temperatures <500 K was found to be correlated to SCR activ- 
ity. In contrast, no correlation was observed between the activity 
and the ease of reduction of the catalysts by ammonia. TOF-SIMS 
measurements indicated that V-O-W connectivities were present 
on the V2Os-WO3/TiO2 catalysts, indicating strong interaction be- 
tween vanadia and tungsta species, which results in a higher activ- 
ity compared to the corresponding titania-supported single oxides. 
The studies demonstrate that high activity can be achieved with 
ternary V2Os-WO3/TiO2 catalysts if the total loading exceeds an 
experimental monolayer and the catalyst is calcined at 773 K, or 
with catalysts derived from WO3/TiO2 calcined at 1023 K before 
vanadia deposition. © 2000 Academic Press 
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1. INTRODUCTION 

Various methods for the preparation of vanadia-based 
catalysts suitable for the selective catalytic reduction (SCR) 

1 To whom correspondence should be addressed. E-mail: baiker@ 
tech.chem.ethz.ch. 

of NO by NH3 have been reported (1, 2). Commercial 
SCR catalysts are mostly based on vanadia/titania and of- 
ten contain considerable amounts of tungsten oxide and/or 
molybdenum oxide (3). Numerous investigations exist on 
binary V205/TiO2 catalysts (1-5), whereas much less work 
has been expended on ternary V205-WO3/TiO2 catalysts. 
Typically, ternary V205-WO3/TiO2 catalysts are prepared 
by means of the incipient wetness (6-8) or wet impreg- 
nation method (9). Grafting of vanadium alkoxides on 
TiO2 and TiO2-SiO2 oxides allows good control of the 
vanadium loading in the submonolayer range (2, 10-12). 
This beneficial feature can be utilized to explore the in- 
teraction between grafted vanadia and tungsta species 
in ternary V2Os-WO3/TiO2 catalysts with low and high 
loading. 

An important, but still unanswered, question is how the 
sequence of the metal alkoxide graftings influences the 
structural and catalytic properties of as-prepared ternary 
catalysts. With this in mind we have prepared a series of 
binary (V205/TiO2, WO3/TiO2) and ternary (V205-WO3/ 
TiO2) catalysts. The ternary catalysts were prepared by se- 
quential, alternating, and simultaneous grafting. The main 
target was to elucidate the influence of the grafting se- 
quence of vanadia and tungsta on the catalyst properties. 
Catalyst preparation together with some structural prop- 
erties investigated by inductive coupled plasma atom ab- 
sorption spectroscopy (ICP-AAS), N2-physisorption, X- 
ray diffraction (XRD), laser Raman spectroscopy (LRS), 
X-ray photoelectron spectroscopy (XPS), temperature-  
programmed reduction (TPR) in hydrogen, and diffuse re- 
flection infrared Fourier transform spectroscopy (DRIFTS) 
have been the focus of a previous study (13). 

Here  we extend the structural characterization of these 
catalysts and describe their use in the selective catalytic re- 
duction of NO by NH3. Characterization of the catalysts 
by temperature-programmed desorption (TPD),  DRIFTS, 
TP R with NH3, and time of flight secondary ion mass spec- 
t rometry (TOF-SIMS) were applied to elucidate the re- 
lationship between surface properties and activity of the 
catalysts. 
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2. EXPERIMENTAL 

2.1. Catalyst Preparation 

Preparation of the differently grafted catalysts and their 
structural characterization by ICP-AAS, N2-physisorption, 
XRD, LRS, XPS, TPR with hydrogen, and DRIFTS have 
been described in detail in (13). In brief, the TiO2 support 
(P25, particle size 0.3-0.5 ram) was exposed to a precur- 
sor solution of either vanadyl triisopropoxide (VOTIP) or 
0.24 mmol tungsten (V) ethoxide in water-flee tetrahydro- 
furan (THF). After the solution was removed, the catalyst 
was washed with flesh tetrahydrofurane, dried, and finally 
calcined in dry oxygen at 573 K for 3 h. Higher loading 
was achieved by repeating the grafting procedure. To com- 
pensate for the higher reactivity of the vanadium alkoxide, 
a molar ratio of V : W precursor of 1 : 4 was used for the 
simultaneous grafting. 

The catalysts are referred to as "mlMJm2M2" where ml 
and m2 represent the number of grafting steps with the cor- 
responding metal precursor M1 or M2. The slash indicates 
that M2 was deposited after M1. A subscript indicates the 
calcination temperature, which is only specified if it is higher 
than the standard calcination temperature of 573 K. For 
example, 5W1023/3V means that the catalyst 5W was cal- 
cined at 1023 K before it was triply grafted with vanadia. 
Note that m(W/V) represents all catalysts of the alternat- 
ingly grafted series, e.g., W/V, WV/W, WVW/V, WVWV/W, 
and WVWVW/V. For simultaneous grafting of vanadia and 
tungsta m(W + V) is used. 

2.2. Catalyst Characterization 

DRIFTS. DRIFT spectra were recorded on a Perkin- 
Elmer 2000 NIR-FT-Raman spectrometer using a diffuse 
reflection cell (Spectra Tech 003-102) equipped with CaF2 
windows. The powdered samples were calcined in situ in 
7.2% O2/Ar (50 ml min -1) for i h at 573 or 723 K, respec- 
tively. Afterward, background spectra were recorded at de- 
creasing temperature. The catalysts were then exposed to 
an SCR feed gas mixture (see catalytic tests), heated to 
573 K, cooled to 323 K, and subsequently purged in an Ar 
flow (50 ml min -1) for i h. Adsorbed species were desorbed 
by increasing the temperature. The recorded spectra were 
displayed in Kubelka-Munk units with the calcined catalyst 
as background. 

TPR. NH3-TPR experiments were performed in a 
continuous-flow fixed-bed quartz microreactor with 4 mm 
internal diameter. Volumes of 0.126 cm 3, corresponding to 
35-75 mg of catalyst granules, were used for the measure- 
ments. The catalysts were pretreated in situ in 50 ml min -1 
7.2% Oz/He for 3 h at 573 or 773 K, respectively. After cool- 
ing to room temperature, 3600 ppm NH3/He was passed 
over the catalyst bed for 1 h, and then the temperature 
was raised at 10 K min -1 to 723 or 773 K, respectively. The 

concentrations of NH3 and the products of NH3 oxidation, 
H20, NO, N2, and N20, were monitored by mass spectrom- 
etry (MS). 

TPD. SCR-TPD experiments were performed in situ 
with the same sample and apparatus as used for the cata- 
lytic tests (see below). SCR feed gas (50 ml min -1) was 
passed through the catalyst bed at 300 K for 45 min after 
complete SCR testing (20 h, see below). After purging for 
1.5 h with He (99.999%, 50 ml min-1), the temperature 
was raised at 10 K min -1 to 773 K and the concentrations 
of the evolving species H20, NH3, NO, N2, and N20 were 
monitored by mass spectrometry (MS). For ternary cata- 
lysts after calcination at 573 K burning of organic residues 
at temperatures higher than 623 K can not be excluded. 
This can result in an enhancement of the nitrogen (due to 
fragments of CO and CO2 at m/z = 28) and water signal at 
temperature >623 K. 

TOF-SIMS. Positive and negative secondary ion mass 
spectra were recorded with a Physical Electronics Model 
7200 instrument. The spectrometer was equipped with a 
pulsed Cs primary ion gun. The gun was delivering Cs +- 
pulses with an energy of 8 kV and a pulse width of less than 
i us. This resulted in a mass resolution M/AM of more than 
5000 at mass m/z = 28. The sample particles were attached 
to a standard sample holder with a pad of a conductive 
adhesive. Charging of the sample was neutralized with an 
electron flood gun. During experiments the ion beam was 
rastered over an area of 300 × 300/zm and the ion doses 
were kept well below the static SIMS limit of 1013 ion/cm 2. 

Catalytic tests. Studies of SCR of NO by NH3 were car- 
ried out in a continuous-flow fixed-bed quartz microreactor 
with 4 mm internal diameter. Volumes of 0.126 cm 3 corre- 
sponding to 35-75 mg of catalyst granules were used for 
the measurements. Before activity tests, the catalysts were 
pretreated in situ in 50 ml min -1 7.2% O2/He for 3 h at 573 
or 773 K, respectively. The reaction gas mixture consisted 
of 900 ppm NO, 900 ppm NH3, and 1.8% O2 in a helium bal- 
ance. This gas mixture, which is referred to as the SCR feed, 
was mixed from He (99.999%) and single component gases 
in an He balance (3600 ppm NO/He, 3600 ppm NH3/He 
certified by +2%, Carba Gas). Feed and product concen- 
trations of NO, NO2, NH3, H20, N20, 02, and N2 were 
quantitatively analysed on-line using a Balzers quadrupole 
mass spectrometer QMG 420 equipped with an QMA 125 
analyser with 90 ° off axis SEV detector. 

Conversion measurements as a function of temperature 
were carried out at a gas hourly space velocity, GHSV, of 
ca. 24,000 h -1 (referred to total bed volume) between 380 
and 623 K in steps of 15 K. For activity measurements, 
the space velocity was gradually raised from 17,000 to 
85,000 h -1 and the temperature was adjusted to keep the 
NO conversion between 14 and 20% in order to main- 
tain conditions close to differential reactor conditions. For 
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integral and differential runs, steady-state conditions were 
moni tored after 30 min at each temperature.  Selectivities to 
N2 and N20  were defined as Si = Fi/(FN2 + FN2o), where Fi 
is the molar  flow rate (mol/s) of species i (N2 or N20)  at the 
reactor outlet. NO2 was not observed in any run. However ,  
decomposit ion at the cathode of some NO2 formed cannot 
be ruled out completely. The criterion of Weisz and Prater  
(14) (Da = -robsR2/(DeffCg < 1) was used to estimate the 
possible influence of internal mass transfer. For 5W1023/3V 
the Damk6hle r  number  was calculated to be Da  = 0.8 at 
T =  470 K (rNo/CNo = 5.48 s -1, R = 0.25 mm, DNo = 4.3 
10 -7 m 2 s-l) ,  indicating that pore  diffusion was not limit- 
ing at temperatures  <470 K. This is further corroborated 
by measurements  with V2Os/TiO2 aerogels with similar re- 
activity but higher pore  volume and lower mean pore  di- 
ameter. There the kinetic data were independent  of the 
particle size (<500/zm)  between 395 and 440 K (15). Thus 
the majority of the kinetic tests were run at temperatures  
lower than 470 K. 

For all measurements  a nitrogen balance including 
feed and product  s t ream concentrations of all nitrogen- 
containing compounds was calculated. Even for high con- 
versions of NO and NH3 the error  in the N-balance did not 
exceed 4-5%. 

3. RESULTS 

Preliminary investigations indicated that, depending on 
the loading, the grafting sequence has a different effect on 
structural and catalytic propert ies  of the catalysts. Conse- 
quently we have structured the presentat ion of the results 
by distinguishing three ranges of loading. In section A the 
catalysts with a total loading (V + W) of less than an exper- 
imental monolayer  are presented.  Note that different sug- 
gestions concerning the experimental  monolayer  (referred 
to as the monolayer  throughout  the paper)  are repor ted in 
the literature, depending on the measuring technique used 
(2, 16-20). Here  we use the values assigned by XPS de- 
termined in our previous work (13), corresponding to ca. 
10/zmol g / m  2 and 5-6 #mol  W/m 2, respectively. Section B 
concerns catalysts with a total loading of about  a mono-  
layer, and in section C catalysts with loadings exceeding a 
monolayer  are discussed. In the final section, D, we address 
catalysts derived f rom WO3/TiO2 calcined at 1023 K before 
grafting with vanadia. 

3.1. Catalytic Behavior in the Selective Reduction 
of NO with NH3 

For all ternary catalysts the N20  production was gen- 
erally not significant up to 573 K; only with catalysts of 
higher vanadia loading (three graftings with vanadia) and 
after calcination at low tempera ture  (573 K) were signifi- 
cant amounts of N20  found, but always lower than 11 p p m  
(SN20 < 1.2%) at 573 K. 

TABLE 1 

SCR-DeNOx on V205/TiO2 and WO3-V205/TiO2 Catalysts: 
Turnover Frequencies (TOF) at 423 K and Apparent Activation 
Energy (Ea) 

Loading Tcalc SBEr TOF Ea 
Catalyst (/zmol/m 2) (K) (m2/g) (NO/(V*ks)) (kJ/mol) 

1V 3.8 ~' 573 50 0.10 68 ± 2 c 
773 42 0.05 68 4- 2 

2V 6.6 573 48.4 0.35 65 -4- 2 
773 40.5 0.33 65 4-1 

3V 8.3 573 48.1 0.47 66 ± 2 
773 40.2 0.42 66 4- 2 

4V 10.1 573 46.6 0.48 60 ± 3 
773 40.1 0.46 65 ± 3 

2V/1W 5.6 1.2 b 573 47.2 0.38 67 4- 6 
773 0.30 68 ± 2 

2V/2W 5.0 2.6 573 46.2 0.43 66 =t: 5 
773 0.43 67 4- 2 

4V/1W 8.9 0.9 573 46.2 0.47 60 ± 2 
773 40.0 0.42 62 4- 3 

4V/2W 7.8 2.1 573 45.5 0.45 61 4-1 
773 39.5 0.49 62 4- 3 

4V/3W 7.3 3.6 573 44.7 0.45 59 4- 4 
773 39.7 0.58 59 4- 2 

a v loading in/xmol V/m 2. 
b W loading in tzmol W/m 2. 
c Ninety-five percent confidence limits of Arrhenius type linear regres- 

sion. 

Table i lists the catalytic results for the binary V205/YiO 2 
catalysts. Up to the third grafting the intrinsic activity (TOE 
Table 1) increased with vanadia loading for VzOs/TiOz cata- 
lysts and then remained constant, in line with the literature 
(21). Also, the values of the apparent  activation energy of 
64 -4- 5 kJ/mol agree well with li terature values (22). 

The catalyst 4V and some ternary catalysts were tested in 
the SCR f rom 300 K on; already at this t empera tu re  a con- 
version to nitrogen and water  of ca. 1% could be  observed. 
This observat ion corroborates  the finding of Hu  and Apple 
(23), who repor ted SCR activity for V2Os/TiO2 catalysts at 
room temperature.  

A. Catalysts with a total loading o f  less than a mono- 
layer. Note  that for all ternary catalysts the T O F  values 
are referred to the total amount  of vanadium. As the binary 
WO3/TiO2 catalysts were only active at tempera tures  above 
ca. 500 K, it was assumed that the W sites in the ternary cata- 
lysts were not significantly active in the catalytic reaction 
at 423 K. Ternary catalysts of low total loading and vanadia 
loading _<3 #mol  V/m 2 (2W/1V, W/V, WV/W, m ( W  + V)) 
exhibited only low intrinsic activity (TOF_< 0.26 NO/  
(V.ks) ,  Tables 2 and 3). These catalysts also showed high 
activation energies (ca. 79 kJ/mol, Tables 2 and 3). Catalyst 
2V/1W with higher V loading was more  active (Table 1); 
its activation energy was in the range of that of the binary 
g205/YiO2 catalysts. 
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T A B L E  2 

SCR-DeNOx on V2Os-WO3/TiO2 Catalyst: Turnover Frequencies 
( T O F )  at 423 K and Apparent Activation Energy (Ea) 

Loading Tcalc SBET T O F  Ea 
Catalyst (/zmol/m 2) (K) (m2/g) (NO/(V*ks))  (kJ/mol) 

2W/1V 2.7 ~ 3.0 b 573 48.4 0.18 79 -4- 3 c 
773 43.5 0.16 72 ± 2 

2W/2V 4.6 3.0 573 48.2 0.43 68 ± 2 
773 41.2 0.43 63 4- 2 

2W102fllV 2.8 5.2 d 573 28.2 0.53 68 ± 4 
773 25.5 0.37 66 4- 2 

2W1023/2V 4.4 5.3 d 573 27.7 0.67 62 4- 3 
773 24.3 0.54 60 4- 3 

5W/1V 2.3 6.0 573 46.6 0.21 68 ± 2 
773 43 0.42 64 4-1 

5W/2V 3.9 6.0 573 45.7 0.35 64 4- 3 
773 40.4 0.59 60 4- 4 

5W/3V 5.5 6.0 573 44.7 0.42 62 ± 2 
773 39.3 0.66 56 :I: 1 

5W1023/1V 2.3 8.0 d 573 35 0.62 54 :t: 2 
773 31.9 0.68 56 4- 5 

5Ww23/2V 3.6 7.8 d 573 34.9 0.57 57 4- 3 
773 30.1 0.72 55 4- 1 

5W1023/3V 5.2 7.9 d 573 34.7 0.47 55 4- 2 
773 30.7 0.62 53 4-1 
823 30.6 0.62 52 4- 2 
873 30.5 0.65 50 i 2 
900 29.0 0.65 49 4- 4 

V loading in/~mol V/m 2. 
b W loading in/~mol W/m 2. 
c Ninety-five percent confidence limits of Arrhenius type linear regres- 

sion. 
dNot representing the loading at the surface because enclosing of W 

during sintering is not considered. 

Increasing the calcination temperature from 573 (stan- 
dard) to 773 K resulted in a decrease of activity for all low 
loaded catalysts (TOE Tables 1-3). The activation energy 
decreased for all catalysts, except 2V/1W, which already ex- 
hibited low activation energy after calcination at 573 K. 

B. Catalysts with a total loading of about a monolayer. 
For the ternary catalysts with similar V and W load- 
ings, 2V/2W, 2W/2V, and WVW/V, no significant differ- 
ences in the intrinsic activity (TOF = 0.43-0.47 NO/(V*ks), 
Tables 1-3) or in the activation energy were observed. The 
activation energy was in the range of the binary VzOs/TiO2 
catalysts, and turnover frequencies were similar to those of 
the high loaded V2Os/TiO2 catalysts. Note that the loading 
of catalysts 4V/1W and 4V/2W was also about a monolayer 
due to dissolution of vanadia during the preparation pro- 
cess (13). For these two catalysts the same activity (TOE 
Table 1) was found as for the other catalysts with mono- 
layer loading. All monolayer catalysts showed no significant 
change in activity or activation energy when the calcination 
temperature was increased from 573 to 773 K (Tables 1-3). 

C. Catalysts with a total loading exceeding a monolayer. 
For the alternatingly grafted catalysts the intrinsic activ- 
ity (TOE Table 3) increased with the total metal loading 
up to the fourth grafting (approximately monolayer cov- 
erage) independent of the last grafting step (vanadia or 
tungsta). However, it slightly decreased with the fifth and 
sixth grafting (WVWV/W and WVWVW/V) when exceed- 
ing a monolayer. In contrast, for the catalysts 5W/mV, where 
vanadia was grafted onto WO3/TiO2, the intrinsic activity 
increased with the vanadia loading when exceeding mono- 
layer coverage (Table 2). For 4V/3W no change in intrinsic 
activity was observed compared to the lower loaded sam- 
ples of this series. The activation energy was lowest for 
4V/3W (59 k J/tool) and 65 4- 3 kJ/mol for the other catalysts. 

Increasing the calcination temperature from 573 to 773 K 
enhanced the intrinsic activity for all high loaded catalysts 
between 30 and 100%. Highest TOF was found for 5W/3V. 
With the exception of 4V/3W, the activation energy de- 
creased and was only 56 kJ/mol for the catalysts with the 
highest loadings (5W/3V and WVWVW/V). 

D. Catalysts derived from WO3/Ti02 calcined at 1023 K. 
Calcination of WO3/TiO2 catalysts at 1023 K resulted 
in significantly higher activity compared to their calcina- 
tion at 573 K as previously found (24, 25). The catalysts 
mlW1023/m2V showed markedly different behavior in com- 
parison to the corresponding catalysts mlW/m2V, reflected 
by higher activity and lower activation energy (Table 2). 
After single grafting with vanadia the TOF was three 
times higher for 2W1023/1V and 5W1023/1V than for 2W/1V 

TABLE3 

S C R - D e N O x  on Alternatively and Simultaneously grafted V 2 O s -  

WOf lT iO2  Catalyst: Turnover Frequencies (TOF) at 423 K and 
Apparent Activation Energy (Ea) 

Loading Tcalc SBET TOF Ea 
Catalyst (/xmol/m 2) (K) (m2/g) (NO/(V*ks))  (kJ/mol) 

W/V 3.0 a 1.8 v 573 49.8 0.13 80 J= 3 c 
773 42.3 0.09 69 4-1 

WV/W 2.8 3.2 573 48.8 0.26 75 -4- 2 
773 42.4 0.19 714- 2 

WVW/V 4.7 3.3 573 47.8 0.47 69 4- 2 
773 42.3 0.48 66 ± 3 

W V W V / W  4.5 4.8 573 46.2 0.44 68 4- 2 
773 41.6 0.58 60 4- 4 

W V W V W / V  6.3 4.8 573 44.5 0.40 65 4- 3 
773 38.0 0.61 56 ± 3 

I ( W + V )  1.1 1.2 573 50.0 0.01 
2(W + V) 1.9 2.1 573 50.0 0.06 

773 0.04 
3(W + V) 2.3 2.4 573 49.8 0.12 79 ± 3 

773 43.0 0.07 69 4- 2 

a V loading in/zmol V/m 2. 
v W loading in/xmol W/m 2. 
c Ninety-five percent confidence limits of Arrhenius type linear regres- 

sion. 
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and 5W/1V, respectively. Whereas for 2W1023/2V a fur- 140- 
ther increase with the second grafting was observed, for 130- 
5W1023/mV the intrinsic activity decreased with vanadia 120-" 

110 - 
loading. The activation energy for catalysts 2Wlo23/mV was ~ 100 - 
in the range of that of the catalysts with loadings of a mono- -. ~ 90 - 
layer or more, whereas 5W1023/mV exhibited a lower acti- ~ 80- 

70- 
vation energy (55 ± 2 kJ/mol, Table 2). ~ 60 - 

For 2W1023/mV, TOF  decreased when the catalyst was ~ 50-" 
40 -" calcined at 773 K, as observed with the low loaded cata- "~ - 
30 

lysts. In contrast, for 5W1023/2V and 5W1023/3V the intrinsic 20 
activity increased significantly, as found for the high loaded ~0 
ternary catalysts. No significant change in the activation en- 0 
ergy was observed when the calcination temperature was 40 
increased. 5Wlo23/3V showed no significant change in ac- 35 
tivity or activation energy when calcined between 773 and 

30 
900 K (Table 2). 

~" 25 
For all ternary catalysts, of this study activities (TOFs) at 

423 K were higher than for the binary V2Os/TiO2 catalysts 
with corresponding vanadia loading. ~-~ 

3.2. Surface Chemical Properties 

The catalysts were characterized by various methods, in- 
cluding ICP-AAS, N2-physisorption, XRD, LRS, XPS, and 
TP R  in hydrogen. The results of these investigations have 
been reported together with the catalyst preparation in a 
previous publication (13). Here  we extend the characteri- 
zation to SCR-TPD, DRIFTS, TPR in ammonia, and TOF- 
SIMS investigations. 

3.2.1. Temperature-Programmed Desorption (SCR- TPD) 

TPD investigations were carried out after catalytic mea- 
surements and cooling of the samples in SCR feed gas to 
300 K, loading with SCR feed gas, and purging with He, as 
described under Experimental.  

Ti02 and binary WO yTi02 reference catalysts. In Fig. 1 
the desorption profiles are shown for the pure titania sup- 
port  P25 and WO3/TiO2 catalysts. A strong water desorp- 
tion with maximum at 440 K was observed for P25, which 
decreased in intensity with increasing tungsta loading and 
shifted to 380 K for 5W. A second water desorption maxi- 
mum of P25 appeared at 650 K, together with maxima of N2 
and NO evolution. With increasing tungsta loading a weak 
water maximum developed around 700 K. P25 showed NH3 
desorption maxima at 375 and 560 K. Both maxima de- 
creased with increasing tungsta loading, and new maxima 
developed around 480 and 670 K. The strong N2 evolution 
at 400 K observed for P25 decreased in intensity with in- 
creasing tungsta loading and shifted to 360 K for 5W. 

For all WO3/TiO2 catalysts, increasing the calcination 
temperature from 573 to 1023 K resulted in reduced NH3 
desorption, whereas the position of the maxima did not 
change. The amount of evolving nitrogen decreased. 
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FIG. 1. Influence of tungsta  loading on TPD profiles of  pure titania 
support  (P25) and WO3/TiO2 (mW) catalysts. Desorp t ion  curves of H20, 
NH3, N2, and NO measured  after catalytic testing up to 573 K and subse- 
quent  exposure to SCR feed at room temperature  (SCR-TPD).  The con- 
centrat ions are referred to the total surface area (BET) of the samples. 
TPD in flowing He (50 ml/min, STP); sample bed volume, 0.126 ml; heating 
rate, 10 K/min. Sample designations are explained under  Experimental .  

Binary V2OJTiO2 reference catalysts. Desorption pro- 
files for the V2Os/TiO2 catalysts (Fig. 2) were greatly dif- 
ferent  from those of the pure titania support (P25) and the 
WO3/TiO2 catalysts. Instead of the dominant water desorp- 
tion at 440 K only a weak water desorption at 380 K was ob- 
served for the singly grafted catalyst 1V. A water maximum 
at 680 K was accompanied by nitrogen evolution. NH3 des- 
orption was shifted toward higher temperature  compared 
to P25, with a plateau spanning from 420-470 K and a max- 
imum at ca. 630 K. The N2 evolution at 360 K, observed for 
P25 and WO3/TiO2 catalysts, was only weak, but new small 
N2 and NO evolutions occurred around 470 K. Distinct 
changes appeared with the second grafting, whereas with 
the third and fourth graftings the changes were less pro- 
nounced. The first water maximum increased with higher 
vanadia loading. Starting with the second grafting a shoul- 
der developed at 420 K together with maxima of N2 and 
NO evolution. Further  water maxima were observed at 495 
(2V) and 480 K (3V, 4V), respectively. Interestingly, at the 
same temperatures NH3 maxima were also observed. The 
water and N2 evolutions at 680 K were shifted to 580 K for 



EFFECT OF GRAFTING SEQUENCE OF V2Os-WO3/TiO2 405 

60- 

50- 

40- 

© 20 

lO 

2O 

15 

~ 10 

."i\ 4V/3W HzO : i \ 

i '.. i 

J 

4V• NH3 1 80 
70 

3V . . ~ . ~ 3 ~ W  60 ~ ~" 

50 

- 4 0  

- 30 

- 20 Q 

- 10 

-0 
' I ' I ' I ' I  ' ' I ' l ' I ' 

N ~  ~ 5 ~ NO 25 • 3.0 

.2.5 

4V/3W . 2.0 ~ 

~ ~J)A~ 4V .1.5 ~ 

5 2 V /  ~ " ~ ' ~  2V .0.5 

j ~ 1V 
o i ,o.o 

300 400 500 600 700 400 500 600 700 
Temperature / K Temperature / K 

FIG. 2. Influence of vanadia and tungsta loading on TPD profiles 
of V205/TiO2 (mV) and WO3-V205/TiO2 (4V/3W) catalysts. Desorption 
curves of H20, NH3, N2, and NO measured after catalytic testing up to 
573 K and subsequent exposure to SCR feed at room temperature (SCR- 
TPD). Same conditions as in Fig. 1. 

3V and 4V. In the NH3 desorption curve both the maximum 
at 480 K and a shoulder at ca. 410 K increased with higher 
vanadia loading. 

Increasing the calcination temperature from 573 to 773 K 
had only a minor influence on the shape of the desorption 
profiles, but the amount of desorbing ammonia per m 2 in- 
creased by ca. 10-20%. For water, N2, and NO, slight in- 
creases were also observed. 

A. Catalysts with a total loading of less than a monolayer. 
The TPD profiles of the ternary catalysts (Figs. 3 and 4) 
of low total loading and vanadia loading _<3 /xmol V/m 2 
(2W/1V, W/V, WV/W, m(W + V)) exhibited characteristics 
similar to those of the singly grafted V205/TiO2 catalyst 1V 
(cf. Fig. 2). As for the activity (Tables 1-3), catalyst 2V/lW 
differed from the other low loaded catalysts and showed 
profiles similar to those of catalyst 2V. 

When catalysts were calcined at 773 K instead of 573 K, 
the NH3 desorption maximum around 550-600 K shifted 
toward higher temperature (ca. 20 K, not shown). 

B. Catalysts with a total loading of about a monolayer. 
All catalysts with about monolayer loading (2V/2W, 2W/2V, 
WVW/V, 4V/lW, and 4V/2W) exhibited desorption profiles 

similar to those of the multiply grafted binary V205/TiO2 
catalysts with two NH3 maxima at 400 and 500 K, and 
only weak desorption above 550 K (compare 2W/2V and 
WVW/V in Figs. 3 and 4). Besides the water maximum at 
375 K, shoulders or maxima around 415, 505, and 630 K 
were observed. These maxima coincided with maxima of 
N2 (415, 630 K), NO (415 K), and NH3 evolution (500 K), 
respectively. 

No significant shift in the NH3 desorption maxima was 
observed when the calcination temperature was increased 
from 573 to 773 K (not shown). 

C. Catalysts with a total loading exceeding a monolayer. 
Grafting of tungsta onto V205/TiO2 had little influence on 
the desorption profiles. For 4V/3W (Fig. 2), a decrease of 
the amount of adsorbed ammonia was observed, compared 
to that of 4V, and the NH3 maxima became more distinct. 
Whereas the water maxima at 380 K decreased in intensity, 
the water maximum as well as the nitrogen maximum at 
higher temperature grew in intensity and shifted to 635 K. 
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FIG. 3. Influence of calcination temperature on TPD profiles of WO3/ 
TiO2 catalysts (2W calcined at 573 K and 2W1023 calcined at 1023 K) and 
corresponding catalysts grafted with vanadia (2W/mV and 2W1023/mV). 
Desorption curves of H20, NH3, N2, and NO measured after catalytic 
testing up to 573 K and subsequent exposure to SCR feed at room tem- 
perature (SCR-TPD). The V205-WO3/TiO2 catalysts with corresponding 
number of graftings had equivalent vanadia loading per surface area. Same 
conditions as in Fig. 1. 
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FIG. 4. Influence of alternating grafting with tungsta and vanadia on 
the TPD profiles of WO3-V205/TiO2 (roW/V) catalysts. Desorption curves 
of HzO, NH3, N~, and NO measured after catalytic testing up to 573 K and 
subsequent exposure to SCR feed at room temperature (SCR-TPD). Same 
conditions as in Fig. 1. 

The 5W/mV series showed two NH3 maxima (not pre- 
sented), one at low tempera ture  (400 K) and the other 
shifting f rom 550 to 500 K with increasing vanadia load- 
ing. The amount  of ammonia  desorbing below 500 K in- 
creased, whereas that above 500 K decreased with increas- 
ing vanadia loading. Water  maxima at 380 K and around 
500-550 K behaved similarly. Weak H20, N2, and NO max- 
ima at ca. 420 K, and strong water  and N2 maxima around 
670 K, were observed, the latter shifting to lower tempera-  
ture with increasing vanadia loading. 

For the alternatingly grafted catalysts with the fifth and 
sixth graftings no significant changes in the form of the 
TPD profiles occurred compared  to those of WVW/V; only 
the amount  of desorbing ammonia  increased with the sixth 
grafting (Fig. 4). 

Increasing the calcination tempera ture  f rom 573 to 773 K 
resulted in a shift (ca. 15 K) of the NH3 and H 2 0  max imum 
around 500 K to lower tempera ture  for all catalysts with 
a total loading exceeding a monolayer.  N2 and N O  evolu- 
tions at ca. 415 K increased in intensity• The decrease in the 
intensity of water  and m/z = 28 signal at T > 623 K can be 
attributed to the burning of organic residues during calci- 
nation at 773 K. 

D. Catalysts derived from WOs/Ti02 calcined at 1023 K. 
Catalyst 2W10%/1V showed more  pronounced  changes in 
the NH3 desorption compared  to 2W1023 than 2W/1V com- 
pared  to 2W, indicating a significant effect of calcination at 
1023 K before vanadia grafting. For 2W1023/1V the NH3 des- 
orpt ion profile (Fig. 3) was similar to that for the multiply 
grafted V205/TiO2 catalysts (Fig. 1); this contrasts with the 
behavior  of 2W/1V with a profile (Fig. 3) resembling that of 
1V (Fig. 1). Similar but less pronounced differences were 
observed for the catalysts 5W and 5W1023 grafted with vana- 
dia (not shown). Af ter  the second grafting with vanadia 
the desorption profiles became similar (compare  2W1023/2V 
and 2W/2V in Fig. 3). 

With higher calcination tempera ture  (773 K), the NH3 
desorption maximum above 500 K shifted ca. 20 K to 
higher tempera ture  for 2W1023/1V, whereas for 2W1023/2V 
and 5W1023/mV no significant shift in the NH3 desorption 
max imum was observed. For all catalysts the water  and N2 
evolution around 650 K decreased in intensity. 

General ly  it can be stated that for all catalysts, indepen- 
dent of the sequence of grafting, the changes in the TPD 
profiles after the grafting of vanadia were more  pronounced 
than those after the grafting of tungsta. 

3.2.2• Diffuse Reflectance Infrared Fourier Transform 
Spectroscopy (DRIFTS) 

Acid centers detected by DRIFTS after exposure to SCR 
conditions. Adsorbed  ammonia  gives rise to several bands 
in infrared spectra. Bands between 3400 and 3150 cm -1 and 
around 1600 and 1200 cm -1 are assigned to Lewis bound 
ammonia .  Bands around 3000, 2800, 1680, and 1450 cm -1 
are assigned to BrCnsted bound ammonia  (26-28). Figure 5 
shows the D R I F T  spectra after exposure of catalyst 5W/3V 
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FIG. 5. SCR-TPD experiment carried out on WO3-V2Os/TiO2 cata- 
lyst 5W/3V monitored by DRIFTS. Sample was previously calcined in situ 
at 723 K in flowing O2/Ar (7.2). Desorption in flowing Ar after exposure to 
SCR-feed up to 573 K and cooling to 323 K. BrCnsted and Lewis sites are 
designated as B and L, respectively, according to (26, 28). The spectra are 
displayed in Kubelka-Munk units after subtraction of the corresponding 
catalyst background spectra. 
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to SCR feed gas (SCR-TPD, catalyst previously treated 
in SCR feed up to 573 K) and subsequent purging in Ar. 
At 323 K only weak bands due to Lewis bound ammonia 
(L) were observed, whereas bands indicative of Br0nsted 
bound ammonia (B) were prominent. With increasing tem- 
perature mainly the Br0nsted band decreased in intensity 
up to 473 K. At  573 K only weak bands due to Lewis bound 
ammonia remained. 

Influence of  calcination temperature on type of  hydroxyl 
group. The D R I F T  spectra in Fig. 6 show the bands as- 
sociated with hydroxyl groups which are consumed dur- 
ing the adsorption of ammonia on the catalysts. In panel 
A, catalysts derived from WO3/TiO2, calcined at 573 or 
1023 K before the grafting of vanadia, are compared. Cata- 
lyst 5W1023/1V showed a new V - O H  band at 3597 cm -1, 
whereas the bands around 3646 cm - t  of V - O H  groups are 
less intense than those for 5W/1V (13). In panel B, catalyst 
WVWVW/V is compared after in situ calcination at 573 
and 723 K, respectively. Catalyst ~ 9 v g w g w / g 7 2 3  , calcined 
at 723 K, also showed a new V - O H  band at 3598 cm -1, and 
bands around 3646 cm -1 were less intense than those for 
WVWVW/V. 

3.2.3. Temperature-Programmed Reduction with NH3 

To elucidate a possible correlation between the cata- 
lytic activity and the reducibility by ammonia, some cata- 
lysts were investigated by means of NH3-TPR. Comparing 
5W/1V and 5W1023/1V (with the same vanadia loading per 
surface area) reveals that N2 production, indicative for re- 
duction of the catalyst by NH3, set in at lower temperature  
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FIG. 6. Acidic hydroxyl groups on V2Os-WO3/TiO2 catalysts probed 
by ammonia adsorption. The v(OH) stretching region of the diffuse re- 
flectance FTIR (DRIFT) spectrais displayed. The OH-bands consumed by 
ammonia adsorption (background: catalysts before adsorption) are shown. 
(A) Comparison of singly vanadia-grafted WO3/TiO2 catalysts where the 
WO3/TiO2 precursor was calcined at 573 and 1023 K, respectively. Samples 
were previously calcined in situ at 573 K in O2/Ar (7%). (B) Comparison 
of catalyst WVWVW/V after in situ calcination in O J A r  (7%) at 573 and 
723 K, respectively. 
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FIG. 7. TPR profiles of V2Os-WO3/TiO2 catalysts reduced by NH3. 
Samples were previously calcined in situ in flowing O2/He (7.2%) for 3 h at 
573 and 773 K, respectively. TPR in flowing NH3/He (3600 ppm); heating 
rate, 10 K/min. N2 concentrations are referred to the total surface area 
(BET) of the samples. Sample designations are explained under Exper i -  
mental. 

for 5W1023/1V. For both catalysts, higher calcination temper- 
ature (773 K) led to a similar shift of the onset of reduction 
to lower temperature (Fig. 7). For 5W/1V773 and 5W1023/ 
1V, the same onset temperature  was observed, but for 
the latter the reduction at T < 600 K was more intense. 
Between 600 and 680 K the highest rate of reduction 
was observed for 5W/1V, and above 680 K the highest 
rate was observed for 5W/IV773. N2-production curves of 
WVWVW/V after calcination at 573 and 773 K coincided 
below 550 K, but they became very different at higher 
temperature. 

3.2.4. Time of  Flight Secondary Ion Mass Spectrometry 

To gain structural information concerning the possible 
presence of vanadia-tungsta connectivities, i.e., the pres- 
ence of V - O - W  bridges, secondary ion mass spectra were 
recorded for catalysts 4V, 5W, 5W/3V773,  and 5W1023/3V. 
Whereas no relevant information could be obtained from 
the positive spectra, the negative spectra provided valuable 
insight into catalyst surface composition. 

Measurements on four different samples of catalyst 
5W1023/3V afforded virtually the same spectra, indicating 
the homogeneity of the catalyst surface. 

Figure 8A shows the relevant part of the TOF-SIMS spec- 
trum of 5W, with major peaks at m/z = 327, 328, 329, and 
331. Minor peaks were found at m/z = 325, 326, and 330. 
Other peaks in this region were not  significantly higher than 
the background noise. For 5W/3V773 (Fig. 8B) four major 
peaks were observed, at m/z = 329, 330, 331, and 333, as 
well as minor peaks at m/z = 327, 328, 332, and 334. Sim- 
ilar peaks were found for catalyst 5W1023/3V. For 4V no 
such peaks occurred. The different peak positions for the 
ternary catalyst compared to those of the binary catalysts 
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FIG. 8. Negative TOF-SIMS spectra in the m/z = 320-340 region for 
(A) WO3/TiO2 (5W) and (B) V2Os-WO3/TiO2 (5W/3V773) catalysts. Con- 
ditions are explained under Experimental. 

indicate that the ternary catalyst contains different surface 
species than the binary catalysts, which will be discussed in 
Section 4.2. 

4. DISCUSSION 

The SCR-TPD results will be discussed first, because they 
are used in the succeeding discussion of the interrelation 
between catalytic activity and surface chemical properties. 

4.1. Temperature-Programmed Desorption (SCR-TPD) 

For the binary WO3/TiO2 catalysts NH3 desorption 
was observed up to highest temperature, indicating the 
strongest Lewis sites for these catalysts (28). Assuming an 
even distribution of tungsta over the titania surface, the con- 
stantly decreasing intensity of the N2 desorption at 400 K 
with increasing tungsta loading (Fig. 1) indicates a progres- 
sive coverage of the titania surface. For 5W the N2 evolution 
was 10% of that for the pure support, suggesting that about 
10% of the titania surface was still uncovered. 

For the multiply grafted V2Os/TiO2 and ternary catalysts, 
N2 and NO evolution occurred around 415 K (Figs. 2-4). 
Such an evolution can be explained by oxidation of ad- 
sorbed NH3 or stabilization of NO-NH3 reaction interme- 
diates at room temperature on the catalyst surface. Because 
such an evolution was not observed in NH3-TPD experi- 
ments (21, 25, 29), it is probably due to decomposition of a 

reaction intermediate. For WO3/TiO2 no N2 or NO evolu- 
tion was observed around 415 K, indicating that WOflTiO2 
catalysts can not stabilize a reaction intermediate as ob- 
served with the other catalysts. 

On singly vanadia-grafted binary and ternary cata- 
lysts ammonia desorption was dominant at high temper- 
ature (T> 500 K, Figs. 2-4), whereas on the high loaded 
V2Os/TiO2 and ternary catalysts predominantly NH3 des- 
orption from weaker acid sites was observed with desorp- 
tion maxima at 400 K and ca. 490 K (Figs. 2-4). The sec- 
ond maximum is assigned to desorption from BrCnsted acid 
sites as indicated by the comparison of different TPD ex- 
periments (25, 29). The first maximum can be attributed to 
NH3 desorbing from either BrCnsted or Lewis sites (25, 28- 
30), which cannot be distinguished from SCR-TPD alone. 
The DRIFT spectra for 5W/3V (Fig. 5) indicated that under 
SCR-TPD conditions NH3 desorbs also at 400 K, predomi- 
nantly from BrCnsted acid sites. Lewis acid sites can be con- 
verted into BrCnsted acid sites through adsorption of water, 
which is present as a reaction product in the SCR reaction 
even at room temperature for catalysts in this study. Exper- 
iments concerned with the adsorption of water on catalysts 
with preadsorbed NH3 showed the transformation of Lewis 
bound into BrCnsted bound ammonia (25, 29). The transfor- 
mation of Lewis sites into BrCnsted sites can consequently 
also occur when these sites have been already covered by 
ammonia. 

The SCR-TPD profiles changed after the grafting of 
vanadia, but differed only slightly after the grafting with 
tungsta. In line with this, SCR-TPD profiles of high loaded 
ternary catalysts resembled those measured for V205/TiO2. 
Thus we conclude that the surface acidity of the ternary 
catalyst is mainly influenced by vanadium oxide. 

4.2. Interrelation between Catalytic Activity and Surface 
Chemical Properties 

For binary and ternary catalysts of low loading and with 
low intrinsic activity (TOF < 0.3 NO/(V*ks), Tables 1-3), 
ammonia desorbed predominantly at high temperatures 
(T> ca. 500 K, Figs. 2-4) and the N2 and NO desorp- 
tions due to reaction intermediates were very weak and 
occurred at relative high temperature (maximum at ca. 
450 K). For catalysts with high intrinsic activity (TOF > 0.3 
NO/(V*ks), Tables 1-3), NH3 desorption at high temper- 
ature was less prominent and desorption at low temper- 
ature was enhanced; N2 and NO desorption occurred at 
ca. 415 K and was more pronounced (Figs. 2-4). These ef- 
fects, especially illustrated by comparing catalysts 2W/1V 
and 2W1023/1V (Table 2 and Fig. 3), with the same vanadia 
loading per surface area, indicate the importance of weak 
acid sites for SCR-DeNOx. 

Increasing the calcination temperature from 573 to 773 K 
resulted in a shift of the high-temperature NH3 desorption 
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maximum to lower temperature for catalysts with signifi- 
cantly enhanced intrinsic activity (30% or more, TOF in 
Tables 1-3). For catalysts with unchanged intrinsic activity, 
no shift was observed, and for catalysts with decreased ac- 
tivity, a shift to higher temperature was observed, further 
supporting the correlation between activity and weak acid 
sites. 

The triply grafted ternary catalysts 2W/1V, WV/W, and 
3(W + V), which exhibited similar DRIFT spectra (13), also 
showed similar SCR-TPD profiles (Figs. 3 and 4). Compa- 
rable profiles were also observed for the quadruply grafted 
catalysts with virtual the same vanadia and tungsta load- 
ing and about monolayer coverage (2V/2W, 2W/2V, and 
WVW/V). Also, their activities were not significantly dif- 
ferent and did not change markedly when the calcination 
temperature was increased to 773 K (Tables 1-3). Thus no 
influence of the preparation sequence at monolayer cover- 
age was observed on the catalyst properties, when similar 
vanadia and tungsta loading were present. 

For catalysts with a total loading of less than a mono- 
layer (three graftings) a decrease in intrinsic activity was 
observed when the calcination temperature was raised to 
773 K (Tables 1-3). This can be explained by the spreading 
of vanadia over the titania surface (31). Machej et al. (32) 
observed the disappearance of V205 crystallites at 723 K, 
which were still present after calcination at 673 K. Although 
the microscopic mechanism of "solid-solid wetting" is still 
not understood in detail, the phenomenon is attributed to 
a minimization of surface free energy (33). Thus vanadia 
can migrate over the surface and polymeric vanadates are 
transformed into monomeric vanadyl species, which are less 
active (34, 35). Migration on the free titania surface is pre- 
ferred, because titania possesses a higher surface free en- 
ergy than tungsta (28-38 and 10/zJ/cm 2, respectively (33)). 
A decrease of the polymeric species with increasing tem- 
perature was also observed in the Raman spectra for the 
present catalysts (36). The high activation energy for the 
low loaded ternary catalysts (ca. 80 kJ/mol, Tables 2 and 3) 
compared to that of the V2Os/TiO2 catalysts hints toward an 
interaction between both oxides. After calcination at 773 K 
the activation energy was (ca. 70 kJ/mol) only slightly higher 
than that for the V2Os/TiO2 catalysts, thus indicating less in- 
teraction between both oxides. Thus a breaking of possible 
V-O-W bridges due to spreading of vanadia could result in 
decreased activity. 

For catalysts with monolayer coverage free space is no 
longer available on the titania surface. Thus the migration of 
vanadium oxide is hindered and no similar restructuring can 
occur, which could explain the observed unchanged activity 
(Tables 1-3), activation energy, and SCR-TPD profiles. 

At loadings higher than a monolayer an increase of 
the activity with the calcination temperature was observed 
(Tables 1-3). The higher calcination temperature seems 
to intensify the interaction between vanadia and tungsta. 

Thus for catalysts 5W/3V and WVWVW/V new species 
were formed which possess hydroxyl groups with a char- 
acteristic frequency _<3600 cm -1 (Fig. 6). Such hydroxyls 
were not observed for V2Os/TiO2 (13). Interestingly, with 
the formation of the new species the activation energy de- 
creased compared to that of V2Os/TiO2 catalysts (Tables 1- 
3). Similar differences were observed comparing 5W/1V 
and 5W1023/1V, the latter being three times more active 
(Table 2) and possessing hydroxyl groups characterized by 
a band at 3597 cm -1 (Fig. 6). These results corroborate the 
importance of Br~nsted acidity for SCR-DeNOx (37-39). 

Comparing the ternary catalysts 5W/1V and 5W1023/1V, 
the latter being three times more active than the former 
(Table 2), no difference in the reduction of vanadia by hy- 
drogen was observed (13). NH3-TPR (Fig. 7) showed re- 
duction of the more active catalyst at lower temperature. 
However, increasing the calcination temperature to 773 K 
led to a similar shift of the reduction to lower temperature 
for both catalysts (Fig. 7), although the activity doubled for 
5W/1V, but did not increase significantly for 5W1023/1V (Ta- 
ble 2). For WVWVW/V no difference in the NH3-TPR up 
to 550 K was observed for either calcination temperature 
(Fig. 7), although the activity increased by 50% upon raising 
the calcination temperature (Table 3). Between 550 K and 
650 K the reduction rate of WVWVW/V calcined at 573 K 
was even higher (Fig. 7). From these results no correlation 
is apparent between the ease of reduction of the catalysts 
by hydrogen or ammonia and the activity. 

Substances with one tungsten atom give rise in TOF- 
SIMS measurements to a characteristic pattern of four 
peaks due to the four main tungsta isotopes 182W, la3w, 
1Sew, and lS6w. Consequently, such a pattern could not be 
identified for V2Os/TiO2. For the WO3/TiO2 catalyst 5W the 
four characteristic peaks at m/z = 327, 328,329, and 331 can 
be assigned to [W 6+ Ti 4+ 0 2- H+] -. A calculated isotopic 
pattern for [WTiO6H] can be seen as an inset in Fig. 8A. 

For the ternary V2Os-WO3/TiO2 catalyst 5W/3V773 and 
5W1023/3V a similar pattern was found in the same region, 
but shifted by two m/z numbers compared to 5W. The pat- 
tern can be explained by an overlap of the spectra of [W 6+ 

5+ 2 -  - 5+  5+  2 -  + - 6+  4 +  2 -  + - V O6 ] ,[W V 0 6 H ] ,or[W V 0 6 H ] and 
the above-mentioned [W 6+ Ti 4+ 0 2. H +] -, the contribution 
of the first cluster-ion being the most important. The inset 
in Fig. 8B shows the isotopic pattern of this ion. The peaks 
at m/z = 327 and 328 can be asigned to [WTiO6H]-, those 
at m/z = 332 and 334 to [WVO6H]-. This type of cationiza- 
tion by addition of a proton is very common in TOF-SIMS 
experiments. The identified [WVO6]- cluster ions clearly in- 
dicate the presence of W-O-V connectivities on the catalyst 
surface of the ternary catalysts 5W/3V773 and 5W1023/3V. 

Tran et al. (40) found that the highest occupied molec- 
ular orbital of pseudotetrahedral oxovanadium groups 
(-O3V=O) is a nonbonding a2 symmetry orbital localized 
on the basal plane ligands. This is in line with the suggestion 
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of D e o  et aL (41) that  the bridging oxygens mus t  be re- 
sponsible for  substrate  effects. The possibility that  the basal  
plane ligands can exert  a s t rong effect on  the metal  center  
has been  discussed in detail  by  Feher  et aL (42). The inter- 
act ion be tween  vanadia  and tungsta  observed in this and 
other  studies (13, 43, 44) m a y  occur  th rough  oxygen bridg- 
ing of  po lyhedra  and/or  th rough  the conduct ion  band  of  
TiO2 (43). A l e m a n y  et al. (43) in terpreted for high loaded  
ternary  catalysts a shift to  higher  f requency of  the I R  band  
at 700 cm -1, which is associated with W x O y  species, as slight 
evidence for  the presence  of  mixed W x V y O z  species. Also,  
grafting, DRIFT ,  and XPS da ta  suggested the fo rmat ion  of  
bridging oxygen be tween  V and W (13). To our  knowledge,  
the present  T O F - S I M S  measu remen t s  provide  for  the first 
t ime direct evidence for  the existence of  V - O - W  bridging 
bonds  which can explain the higher  activity of  te rnary  cata- 
lysts compared  to binary V2Os/TiO2 catalysts. 

5. CONCLUSIONS 

The influence of  the sequence  of  grafting steps on the 
surface chemical  proper t ies  and  catalytic activity of  t e rnary  
V2Os-WO3/TiO2 catalysts, p r epa red  by the grafting of  V- 
and W-alkoxides on a TiO2 support ,  has been  investigated. 
T P D  and D R I F T S  studies and catalytic measurements  of  
S C R  of N O  by NH3 showed that  the surface chemical  prop-  
erties and the activity of  the catalysts were independen t  of  
the sequence of  graft ing steps up to an exper imental  m o n o -  
layer  for  catalysts with comparab le  composi t ion.  Increase  
of  the calcination t empera tu re  f rom 573 to 773 K resul ted 
in lower  activity for  loadings of  less than a monolayer .  This 
is t raced to the spreading of  the vanadia  species leading to 
an increased popula t ion  of  the less active monomers .  A t  
m o n o l a y e r  coverage no spreading can occur  due to lack of  
free ti tania surface; thus no  difference in activity was ob-  
served when  the calcination t empera tu re  was increased. A t  
loading higher  than a m o n o l a y e r  the interact ion be tween  
vanadia  and tungsta  species is intensified with higher  cal- 
cination tempera ture ,  affording new species with hydroxyl  
groups character ized by a vibrat ional  band  at a f requency  
lower than 3600 cm -1 and higher  activity. This cor robora tes  
the impor tan t  role of  BrOnsted sites in SCR-DeNOx.  

The fo rmat ion  of  weaker  acid sites f rom which ammo-  
nia desorbs at t empera tures  <500 K and activity seem to 
be related,  whereas  no corre la t ion could be found  be tween  
activity and the ease of  reduc t ion  of  the catalysts by hydro-  
gen or  ammonia .  The surface acidity seems to be mainly 
influenced by vanad ium oxide. 

T O F - S I M S  measuremen t s  indicated that  V - O - W  con- 
nectivities are present  on the te rnary  catalysts. Thus V and 
W interact  directly th rough  an oxygen bridge, result ing in 
a higher  activity c o m p a r e d  to the binary catalysts. 

Highes t  tu rnover  f requencies  and lowest activation en- 
ergies resulted when  (i) vanadia  and tungsta were  present  

on the catalyst, (ii) the loading exceeded an exper imental  
monolayer ,  and (iii) WO3/TiO2 was calcined at 1023 K be- 
fore  vanadia  deposi t ion or  the final V2Os-WO3/TiO2 cata- 
lyst was calcined at 773 K. 
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