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Raman, FTIR and theoretical evidence for dynamic structural
rearrangements of vanadia/titania DeNOx catalysts
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Insight into the selective catalytic reduction (SCR) of NO by {NéVer vanadia/titania catalysts is obtained from a combination of
Raman and FTIR spectroscopic investigations and density functional theory (DFT) calculations. Studies of the V-G#dndctional
groups under different conditions coupled with calculations of the stability and mobility of H atoms provide evidence that dynamic structural
rearrangements may occur during the SCR reaction. Hydrogen atoms are bonded more strongly to oxygen atoms that are coordinated to a
single vanadium atom (MO species), compared to bonding at oxygen atoms that are coordinated to multiple vanadiune atovh€-V
species); and, activation energy barriers for hydrogen transfer from@ $pecies to another/0 species and to a V-O-V species are
estimated from DFT calculations to be 60 and 130 kJ/mol, respectively. This dynamic nature of hydrogen transfer between oxygen atoms
having different coordination environments also appears to explain some of the spectroscopic changes observed for vanadia/titania catalysts
having different vanadia loadings.

KEY WORDS: FTIR; Raman; DFT; dynamic structural rearrangement; vanadia/titania catalyst; SCR-DeNOXx

1. Introduction Despite discrepancies about the detailed nature of the sys-
tem, there is general consensus from experimental studies
The removal of NQ in flue gas emitted from power that the reaction involves V-OH groups o=0 species or
plants remains a major environmental issue today. Despieth functionalities. In the literature it has been reported that
significant developments in alternative types of Ne- the temperature anq t'he presence o'f water have significant
moval processes and catalysts, the most widely used proc@igcts on the selectivity [23]. Thus, in order to understand
today is the selective catalytic reduction (SCR) by amm@ﬁ_e origin of these effects and to probe further the mecha-
nia over vanadia—titania based catalyst. Over the years, fiism of the SCR reaction, the present Raman and FTIR spec-
damental investigations [1—16] have been carried out to Jroscopic investigation was gonducted to addres; the nature
derstand the structural aspects of the catalyst, the natur@bese V-OH and %O functional groups and their depen-
the active sites and the reaction mechanism. For examglgNC€ On temperature and water. To help interpret the exper-
Inomataet al. [1] proposed that surfaceO sites are re- imental observations, theoretical calculations using density
lated to the catalytic activity, while Janssenal. [2,3] ex- unctional theory (DFT) were performed on various vana-

tended the active structure to be=8-O-V=0 moieties. dium oxide clusters.

Later, Wentet al.[4,5] found that both monomeric and poly-

meric vanadyl species were involved in the SCR reactiop; Experimental

however, the former species led to higher selectivity jn N

Several other studies [6-16] have proposed V-OH speciesThe catalysts studied were 0.6, 2 and 6 wt%¢/TiO».

as being the likely active sites. Our previous studies [12—16ese samples were prepared by impregnating the titania
have provided evidence that both V-OH ane-® groups Support (from Bayer, anatase form, surface area of 9@)m
are required for the SCR reaction. The reaction may be inigiith an oxalic acid solution of ammonium metavanadate,
ated by adsorption of ammonia on V-OH species, followd@!lowed by drying at 375 K and calcination at 675 K for 1 h.
by an activation of the adsorbed ammonia by interaction with Infrared spectra were recorded on a Bio-Rad FTS575C
V=0. The activated ammonia may then react with gaseolig/R spectrometer with an MCT (mercury—cadmium tel-
or weakly adsorbed nitric oxide to yield nitrogen and wal/ride) detector at a spectral resolution of 4cmThe sam-

ter [14-16]. The various different views from experimentB!€S were studied as self-supporting wafers (30 mé)dm

regarding the mechanistic aspects of the SCR reaction h&" Situ cell with Cak> windows. All IR spectra are shown

recently motivated several theoretical studies on the val?JEer baseline correction. )
dium oxide system [17—22]. The laser Raman spectra were measured on a Dilor

Labram laser Raman system equipped with a confocal mi-
* To whom correspondence should be addressed. croscope. The excitation source used for the present meas-
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urements is a 632.8 nm HeNe laser, which delivered about
8 mW power at the sample. Tha situ cell used is a
Linkam THMS 600 thermal stage. The catalysts are stud-
ied as pressed pellets. All Raman spectra are shown after
baseline correction.

3. DFT calculation methods

Quantum chemical calculations employing density func-
tional theory were conducted to probe the energetics for vari-
ous types of vanadium oxide clusters and to probe the bond-
ing of hydrogen atoms on different types of oxygen atoms
in these clusters. The clusters used in this study were con-
structed from the crystal structure ob®s [24] by select-
ing adjacent vanadium atoms and all oxygen atoms bonded
directly to these vanadium cations. Hydrogen atoms were
added to maintain charge neutrality.

The DFT calculations were carried out using DEC work-
stations with the Jaguar software package (Schrodinger,
Inc.) The chosen DFT method uses a hybrid method employ-
ing Becke’s three-parameters approach, B3LYP [25]. This
functional combines the exact HF exchange, Slater’s local
exchange functional, Becke's 1988 non-local gradient cor-
rection to the exchange functional, with the correlation func-
tionals of Vosko—Wilk—Nusair (VWN) and Lee-Yang—Parr

Intensity (a.u.)

(T

(LYP).

The basis set employed in all calculations (LACYP f T T ] ]
uses an effective core potential on all V atoms, developed at 1100 1050 1000 950 9910 850
Los Alamos National Laboratory by Hay and Wadt [26]. The Wavenumber (cm™)

electrons treated explicitly on V are the outermost core and

6 Figure 1. Raman spectra of the 6% Q®s/TiO, (a) at ambient condition,
valence electrons (§2p 4323d3)' The H, N, and O atoms and after heating in a flow of £0Ar at 673 K for 16 h (b), and subsequently

have been treated with the 6-3Ttasis set, with all elec- cooled to (c) 573 K, (d) 373 K and (e) room temperature.
trons being treated explicitly.

The energy change for hydrogen addition to each clusteeatment shows a broad band feature below 1000%cm
was determined for the following stoichiometric reaction: This spectrum changed significantly upon heat treatment.
Figure 1(b) shows the spectrum at 673 K after treatment
in flowing O, at 673 K for 16 h. A well-defined band at
Accordingly, we calculate the energy change of this rea¢028 cnt! appears together with a broad band at around

H(g) + V<O, H; cluster— V,O,H_1 cluster

tion, A Ey, from the following terms: 923 cntl. The higher frequency band can be assigned
to isolated terminal %O species [4,27-29], while the
AEn = (Ev4) — (Ev + En), broad band feature at lower frequency may be attributed to

where Ey, is the energy of a gaseous H atom, ang and bridge-bonded V-O-V specﬁes in _polymgric vanadyl struc-
Evy represent the energies of the®,H, cluster and the tures [27-29]. Upon cooling in flowing&Jfigure 1 (c)(€)),

V,0,H, 1 cluster, respectively. the intensity of the high frequency=O band gradually de-
creases, whereas the band due to polymeric structures re-

mains unchanged. At room temperature (figure 1(e)), the

4. Results high frequency band has broadened somewhat and shifted
slightly downward with the appearance of a shoulder. It
4.1. In situ Raman studies is important to note that these structures appear to repre-

sent different equilibrium distributions, since these spectral
Vanadia/titania catalysts containing 0.6, 2, and 6% vanehanges were found to be reversible upon subsequent heat-
dia were studiedn situ under a flow of 14.8% &Ar ing.
(60 ml/min) as a function of temperature. The Raman spec- Figure 2 compares the spectra at 673 K in flowing O
tra obtained for the 6% XOs/TiO2 sample are shown in fig- of the 6% \bOs/TiO2 sample with those of the 0.6 and 2%
ure 1. The spectrum in the region from 840 to 1100¢ém V,0s/TiO> catalysts. It is seen that the high frequency ter-
(figure 1(a)) obtained at room temperature prior to the hemtnal V=0 band is presentin all three samples, but the band
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Figure 2. Raman spectra of (a) 6%0s5/TiO5, (b) 2% V,0s5/TiO5, and (c)
0.6% V»>Os/TiO5 at 673 K after pretreatment in a flow of,@\r at 673 K
for 16 h.

intensity and frequency decrease as the vanadia loading is
lowered on the titania surface. Moreover, the broad band fea-
ture near 923 cm! seen in the 6% YOs/TiO» sample is not
present in the spectra of the two samples with lower vanadia
loading. The decrease in the intensity of the high frequency
terminal V=0 band shows that the number of terminat@ | I | | |
groups decreases for lower vanadia loadings, whereas the si- 1050 1000 950 900 850
multaneous downward frequency shift reflects a lengthening Wavenumber (cm'1)
of the V=0 bond. The absence of the broad band feature at
lower vanadia loadings indicates that significant amounts @fure 3. Raman spectra of the 6%®s/TiO, (a) at ambient condition,
polymeric vanadia species are not present in catalysts watli after heating in a flow of £Ar at 673 K for 16 h and subsequently
vanadia loadings lower than 2%. exposed to @ + HyO/Ar flow at (b) 673 K, (c) 573 K, (d) 373 K, and
To study how water can affect the surface structime, (e) room temperature.

situ Raman spectra were recorded for the 6%O§/TIO, o i
catalyst at various temperatures under a flow of €@n- (figure 4(b)) and the titania support (figure 4(c)) (all wafers

taining saturated water vapor. These spectra are reporté8 of the same thickness). The characteristic pands at 3720,
in figure 3. Only negligible difference in the=xO band 3674, and 3645 cm', which are due to the different hy-

is detected upon changing from flowing @ a flow of O droxyl groups on the titania surface [30], are replaced by
and HO at 673 K (compare figure 3(b) with figure 1(b))_mainlya band at 3667 cni for the 2% \bOs/TiO; catalyst.
When the temperature is lowered, the intensity of the tefs SOmewhat weaker broad band envelope at slightly lower
minal V=0 band decreases slightly, while the intensity dfequency is observed for the 6%Ws/TiO; catalyst. This,

the broad band at lower frequency increases (figure 3 @gcording to previous studies [12,14,15,31] is attributed to
and (d)). At room temperature, larger spectral chang¥sOH groups. Figure 5(a) shows a series of IR spectra in
caused by water are observed (figure 3(e)). Besides a lakg@ O—H stretching region of the 6%Ws/TiO catalyst un-
intensity decrease, the high frequency® band has broad- der a flow of Q/Ar as a function of temperature. Prior to
ened and shifted downwards to 1018 cmIn addition, the recording these spectra, the sample had been pretreated in
intensity of the lower frequency band-914 cntl) has in- flowing O; at 673 K for 16 h and cooled to room tempera-
creased significantly. Note that this spectrum at room terire. The series of spectra show that the band intensity de-
perature is different from the spectrum of the hydrated saéeases significantly with increasing temperature (from top

ple (figure 3(a)) prior to heat treatment in.O to bottom). The intensity of the O—H band is considerably
higher at room temperature (top spectrum), and the band
4.2. In situ FTIR studies consists of an overlap of several band contributions. At in-

creasing temperatures, the high frequency band contribution
Figure 4 shows IR spectra in the O—H stretching vibrat 3655 cn! gradually decreases, such that a broad band
tion region of 6% \80s/TiO> (figure 4(a)), 2% \¥Os/TiO,  centered at 3633 cmt remains at 673 K (bottom spectrum).
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Figure 4. FTIR spectra in the OH stretching regions of (a) 63@y/TiOo,
(b) 2% V»05/TiO5, and (c) TiQ (similar thickness used in all samples).

These spectral changes with varying temperatures are com-
pletely reversible with temperature, as shown in figure 5(b),
where the sample has been cooled to again room tempera-
ture.

Figure 5(c) shows the same series of spectra but in the
spectral region, 2200—1900 cth corresponding to the first
overtone vibrational band of ¥O species [31]. In contrast
to the O—H stretching band region, the=® band centered
at 2036 cm® is slightly more intense at higher temperatures
(top spectrum). At lower temperatures, the band can be re-
solved into two bands at 2042 and 2004 &nfbottom spec-
trum). As observed for the VO-H band, the spectral feature
in the V=0 overtone band is completely restored upon cool-
ing to room temperature (figure 5(d)).

Experiments were carried out on the 2%Q04/TiO2 cata-
lyst and the TiQ support to probe whether the O—H stretch-
ing vibration region showed the same variation with tem-
perature as exhibited by the 6%®5/TiO, catalyst. Fig-
ure 6 shows the IR spectra of these samples in the O-H

stretching region recorded at different tempergtures. In coaéure 5. FTIR spectra of the V_OH (a, b), ané-® overtone band (c, d)
trast to the 6% YOs/TiO2 sample, the relative spectralyf the 696 \,0g/TiO, pretreated in a flow of @Ar at 673 K for 16 h, and
changes are much smaller for the 2%Q4/TiO, catalyst (a, c) cooled to room temperature, and subsequently reheated to 373, 473,
(figure 6(a)) and even smaller for the titania support (fig3. and 673 K (from top to bottom), and (b, d) is recorded after cooling to

ure 6(b)).
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Figure 7. Structures of ¥and V3 clusters. (a) Top and front view ofy/
b cluster, (b) top and side view ofa/cluster. Arrows indicate direction of
view.
vanadium atoms. Hydrogen atoms were then added to each
cluster to maintain charge neutrality. As seen in figure 7,

I T T I these clusters contain terminal hydroxyl groups as well as
3750 3700 3650 3600 coordinated water.
Wavenumber (cm") Th(_e geometrle_s _of these vanadium o_X|de clusters were
optimized to minimize the total electronic energy accord-
Figure 6. FTIR spectra in the OH stretching region of (a) 2%0O4/TiOo, Ing to three scenarios. In _th_e first S(:,enano’ the@/ and
and (b) TiQ pretreated in a flow of @/Ar at 673 K for 16 h and cooled to V—O bond lengths were optimized, while the positions of the
room temperature, and subsequently reheated to 373, 473, and 573 K (fs@nadium atoms were fixed, the V-O-H angles were fixed,
top to bottom). the V=0 groups in the clusters containing 2 or 3 vanadium
atoms were constrained to be parallel, and the\VOO-H
4.3. DFT calculations dihedral angles were held constant. In the second scenario,
the positions of the V atoms were also allowed to relax,
4.3.1. Energetics for bonding H atoms to®H; clusters  while maintaining all other constraintsd., the V-O—H an-
The crystal structure of 05 [24] contains vanadium gles were fixed, the O groups in the clusters containing 2
atoms that are coordinated to oxygen atoms in a distorteg3 vanadium atoms were constrained to be parallel, and the
octahedral geometry. Each vanadium atom is capped bya\V-O-H dihedral angles were held constant). In the third
doubly-bonded vanadyl oxygen atom with a bond length gtenario, the V—-O—H angles were also optimized to mini-
154 pm, and also shares four single bonds (177-202 pmjze the electronic energy, while maintaining the remaining
with four neighboring oxygen atoms. The octahedral coordtonstraintsi(e., the V=0 groups in the clusters containing
nation is completed by a weak (281 pm) bond with a vanadglor 3 vanadium atoms were constrained to be parallel, and
oxygen atom belonging to the vanadium atom in the crystiéle O=V—O—-H dihedral angles were held constant). For the
layer beneath it. This structure contains oxygen atoms codf; cluster, the positions of the hydrogen atoms belonging to
dinated to 1, 2 or 3 vanadium atoms, denoted as O[1], O[#le coordinated water molecules were fully relaxed in each
or O[3], respectively. of the three optimization scenarios. Values for the different
To probe the energetics for the bonding of H atoms %-O distances in the ¥07H4-(H20), and V30;1H7 clusters
the different oxygen atoms in the vanadia structure, clusterse presented in table 1 for the three geometry optimization
containing 2 and 3 vanadium atoms were constructed. Thasenarios.
clusters (denoted asy\and Vs, respectively) are shown in  Upon optimization of the YO;H4-(H20), cluster, the
figure 7, and they are based on the following stoichiomé&ngth of the V—-OH bond was approximately 240 pm in
tries: Vo,O7H4-(H20)2 and V3011H7. Each cluster was ini- scenarios 1 and 2. Moreover, when the cluster was fully
tially constructed by taking the appropriate number of vanaptimized according to scenario 3, the V—-©bbnd length
dium atoms from a (010) plane of,Ds, including all oxy- increased to 327 pm, effectively placing the two vanadium
gen atoms within the plane that are directly bonded to theatms in tetrahedral environments. The tetrahedral structure
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Table 1 Table 2
V-0 distances (pm) in vanadium oxide clusters for different geometry op~V and O-H distances (pm) in vanadium oxide clusters for different
timization scenarios. geometry optimization scenarios.
Scenario 1 Scenario 2 Scenario 3Cluster Scenario 1 Scenario 2 Scenario 3
V207:(H20); cluster V=VinVy 342 341 335
V=0 157-158 158 157-158 \Vin Vo-H(O[1]) 342 346 343
V-OH 180-183 180-184 177-178 \V in Vo—H(O[2]) 342 365 374
V-0-V 178 178 178 O-H in Vo—H(O[1]) 97.5 97.4 97.5
V=OHy 246-248 235-238 321-327 O-H in Vo-H(O[2]) 98.0 97.8 97.9
V3011H7 cluster V-Vin Vg 308-356 319-347 320-351
V=0 156-157 157 157 v-VinV3-H(O[1]) 308-356 320-350 322-348
V-OH 177-181 178-182 177-181 vV in V3-H(O[3]) 308-356 333-395 330-423
V=0[2]-V 186-205 186-212 187-212 O-H in V3-H(O[1]) 97.2 97.0 96.8
V-0I[3]-V 192-194 190-203 190-199 O-H in V3-H(O[3]) 97.3 97.3 97.3
top view front view top view side view
H(O[]) a H(O[1])

/ H(O[1D)

front view

side view

H(O[2)) H(O[2])

Figure 8. Top and front views of structures of \¢luster after addition of
H atom at (a) the O[1] position and (b) the O[2] position. Arrows indicateH o
direction of view. (OBD)

o o ) Figure 9. Top and side views of structures of ®Muster after addition of
observed under full optimization is in agreement with pul+ atom at (a) the O[1] position and (b) the O[3] position. Arrows indicate

lished V-51 NMR [32] and EXAFS [33] results, indicating direction of view.
that the vanadium cations in surface vanadia structures are
four-coordinated, with one terminal0O bond and three table also shows O—H bond lengths for thg ahd V3 clus-
bridging V-0 bonds. Further details of the bonding @f0H ters after addition of a hydrogen atom at the O[1], O[2], and
molecules to vanadium atoms in vanadia clusters will be di®{3] positions. It can be seen that the O—H bond is shorter
cussed separately [34]. for a hydrogen atom at the O[1] position compared to the
Figures 8 and 9 show the geometries for theavid V3  O[2] position in the \4 cluster, and the O—H bond is shorter
clusters, respectively, after addition of a H atom to each cluer a hydrogen atom at the O[1] position compared to the
ter at the O[1], O[2], and OJ[3] positions where appropriat®[3] position in the \4 cluster. These trends suggest that the
For both the \¢ and V3 clusters, it was found that the V-V hydrogen atom is bonded more strongly to the O[1] atom in
distances did not change significantly when a hydrogen atdrath clusters.
was bound to the cluster at O[1]; however, addition of a hy- The energy changes for addition of a hydrogen atom to
drogen atom at a bridging oxygen atom (O[2] or O[3]) rethe V> and V3 clusters are summarized in table 3 for the
sulted in significant expansion of the V-V distances. Théree geometry optimization scenarios. It can be seen in this
V-V distances for the ¥ and V3 clusters are shown in ta-table that for each of the geometry optimization scenarios,
ble 2 for the three geometry optimization scenarios. Thike energy change for addition of a hydrogen atom at the
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Table 3 Table 5
Energy changes (kJ/mol) for addition of hydrogen atom #aa¥d V3 clus- Energy changes of reactiom\¢) and activation energy
ters for different geometry optimizationscenarios. barriers Eacy) for hydrogen atom transfer from O[1] to
- - - ) OJ[1] and from O[1] to O[2].
Reaction Scenario 1 Scenario 2 Scenario 3
Hydrogen transfer AE Eact
Vo +H — VoH(O[1]) —298 —283 —275 (kd/mol) (kd/mol)
Vo +H — V3H(0[2]) —199 —214 —204
O[1] — O[1] 0 +60
V3 +H — V3H(O[1]) —265 —265 —273 O[1] — O[2] 150 14130
V3+ H — V3H(O[3]) —201 —246 —259
Table 4 top view a front view

Vibrational frequencies (cml) of V5 cluster with a hydrogen atom added
at the O[1] and O[2] positions.

Band O[1]-H O[2]-H

V=0 1123 1070, 1093, 1107,
(1091

VO-H 3708 3548

aDFT intensity-weighted average frequency. . .
top view b front view

O[1] position for the \4 cluster is more favorable than for
addition at the O[2] position. In addition, the energy change
for addition of a hydrogen atom at the O[1] position for the®
V3 cluster is more favorable than for addition at the O[3] po
sition. These results are in agreement with the trends not
above with respect to the O—H bond lengths for the bind-
ing of H atoms at the different positions on the &¥nd Vs

cI_u_sters. Itis importantto note that the en_e_rgy_Change for aIgg';ure 10. Top and front views of structures of Wuster after addition of
dition of a hydrogen atom at the O[1] position is comparablg atom at O[1] and full relaxation of O[1] atoms: (a) optimized O[1]-H
for the V» and the \§ clusters. Therefore, the results fromcluster and (b) transition state for hydrogen transfer between O[1] atoms.
DFT calculations on Yand V3 clusters suggest that the O[1]

position is the most favorable site for binding of a hydroget.3.3. Activation energy barriers for hydrogen transfer
atom, followed by the O[3] position, and then followed by The activation energy barriers for hydrogen transfer be-
the O[2] position. Our conclusion that the binding energiween neighboring O[1] atoms and between O[1] and O[2]
for addition of a H atom to an O atom should be strongeétoms were investigated using the ¥uster. In order to fa-

at the O[1] position than at the O[2] or O[3] positions is ircilitate hydrogen transfer, the,\Eluster was optimized ac-

agreement with DFT calculations for slabs of(% [22]. cording to scenario 2, but the positions of the O[1] atoms
were fully relaxed to allow @V-V=0 bending and twist-
4.3.2. Calculated infrared spectra &% clusters ing. Upon re-optimization of the O[1]-H and O[2]-H clus-

Vibrational spectra were calculated of the ®Musters af- ters, the energy change for transfer of a hydrogen atom from
ter the addition of a hydrogen atom at O[1] and O[2]. Th®[1] to O[2] decreased from a value of 69 kJ/mol (see sce-
calculated frequencies of the=O and VO-H stretching nario 2 in table 3) to a value of 50 kJ/mol.
bands for each cluster are shown in table 4. Upon trans- The energy changes and activation energy barriers for hy-
fer of a hydrogen atom from the O[1] to the O[2] posidrogen transfer between two O[1] atoms and hydrogen trans-
tion, the VO-H stretching frequency decreases by 160'cmfer from O[1] to O[2] atoms are listed in table 5. The struc-
from 3708 to 3548 cm!. Although the calculated magni-ture of the re-optimized ¥ cluster with the H atom at the
tude of the frequency shift is greater than the frequency sh®{1] position and the approximate transition state for hy-
observed experimentally, the direction of the shift is cordrogen transfer between two O[1] atoms are shown in fig-
sistent with our experimental infrared spectra, in light afire 10. The transfer of a hydrogen atom between neigh-
our calculations showing that hydrogen addition at O[1] isoring O[1]-H atoms takes place with a modest activation
energetically preferable to hydrogen addition at O[2], angarrier of 60 kJ/mol. The transition state for this hydrogen
that O[2]-H species should be favored at higher tempdransfer occurs at a O[1]-H bond distance of 120 pm.
atures. The fundamentalxO stretching frequency also  The structure of the re-optimizedy\tluster with the H
shifts slightly €a. 32 cnm1) upon transfer of a hydrogenatom at the O[2] position and the approximate transition
atom from O[1] to O[2], from a value of 1123 cth when state for hydrogen transfer from O[1] to O[2] are shown in
the hydrogen atom is at the O[1] position to a DFT intensityfigure 11. The transfer of a hydrogen atom from O[1] to O[2]
weighted average value of 1091 chwhen the hydrogen proceeds with an activation barrier of 130 kJ/mol, which is
atom is at the O[2] position. This downward shift is consissignificantly higher than that for hydrogen transfer between
tent with the experimental results. two O[1] atoms. The reaction takes place in two steps. The
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Lop view a front view frequency with increasing vanadia loading, and also that the
band intensity decreases significantly with increasing load-
ing. The latter result reflects a relatively lower concentra-
tion of hydroxyl groups in the polymeric vanadate structures,
which dominate in the higher loading catalysts.

T The dynamic nature of the vanadia surface structure is
revealed by the temperature dependence of various surface
functional groups. The asymmetry of the VO—H band and
the presence of an apparent shoulder toward lower frequency

for the 6% \LOs/TiO, catalyst suggest the presence of dif-

ferent surface OH groups. The large decrease in the intensity

of the VO-H band together with the downward frequency

shift in the band position with increasing temperature shown
Li

in the IR spectra indicate the presence of surface structural
changes. Such temperature effects are apparently smaller for
Figure 11. Top and front views of structures of the aluster after addition the lower vanadia loading catalyst and minimal for the tita-
of H atom at O[2] and full relaxation of O[1] and O[2] atoms: (a) transitiornia support. Thus, surface structural changes predominate in
state for hydrogen transfer between O[1] and O[2] atoms and (b) optimizgga high loading catalyst and are thus likely to be associated
Of2}-H cluster. with the presence of polymeric vanadate species. Further

hydrogen atom at O[1] is first transferred to O[2], passin@upport fo_r thi$ Is given k?e'o‘_"’- )

through an energy maximum at a O[2]-H bond distance of A po§S|bIe mterpretatlon is outlined bglow for the spec-

approximately 110 pm. After transfer of the hydrogen atofihoscopic observations and the.theoretlcal results of.the
from O[1] to O[2], the transferred hydrogen atom rotatgresent study. In the lower loading catalyst where mainly

about the V-V axis until it is pointed away from the twomonomeric structures are found, the concentration of sur-
V=0 groups. This rotation is a non-activated process. face_ termme_ll VO-H groups is relat|vely_h|gh in comparison
to high loading catalyst where polymeric vanadia structures

predominate. At lower temperatures, terminal OH groups
5. Discussion are favored, whereas at elevated temperatures, H atoms be-

come mobile, such that some of these atoms are transferred
5.1. Dynamic nature of the vanadia surface structures ~ from the energetically favored O[1] position to other posi-

tions, including nearby oxygen atoms which are multiply-

Various theoretical studies of vanadia surfaces have bemordinated to vanadium atoms.§, O[2] and O[3] posi-
conducted using quantum mechanical calculations basedtimms). For example, the activation energy barrier calculated
either cluster [17—21] or periodic slab models [22]. The catr the present studyi.€., 130 kJ/mol) for transfer of a hy-
alytically important \bOs(010) surface contains three struc-drogen atom from O[1] to O[2] leads to a rate constant of
turally different oxygen sites,e., oxygen atoms coordinatedca. 1 min—1 at 473 K, indicating that this hydrogen transfer
to one (O[1]), two (O[2]) and three (O[3]) vanadium atomss very feasible at the experimental conditions of the present
It is seen that the results of the present cluster DFT calcstudy. The expected increase in O-H bond length caused
lations for the binding energies of H atoms on the three dify the transformation from terminal to multiply-coordinated
ferent oxygen sites.€., O[1]-H > O[3]-H > O[2]-H) are OH groups is reflected by the observed downward frequency
in contrast with previous cluster calculations [17—-21] whichkhift with increasing temperature. In addition, the hydrogen
indicate that the OH bond strength decreases in the ordgéom may also be transferred from the V-O[1] position to
of O[3]-H > O[2]-H > O[1]-H. The discrepancy betweenform new Ti—-OH groups. As a result, the decrease in termi-
our results and previous cluster calculations may be duertal V—-OH is not accompanied by a similar increase in other
the fact that previous cluster studies determined OH boldOH bands. Moreover, the band related to the formation of
strength through the addition of a proton, giving the clust®H groups coordinated to multiple vanadium cations and/or
a positive charge, whereas our clusters are electrically neo-titanium cations may be rather broad, thereby leading to
tral. In fact, our results are in agreement with results fromn apparent decrease in the band intensity. Thus, singly co-
previous slab calculations [22]. ordinated VO[1]-H groups predominate at room tempera-
The present results show that the vanadia structure on thee, whereas OH groups coordinated to multiple vanadium

titania surface depends not only on the vanadia loading kttions and/or to titanium cations dominate at higher tem-
also on the temperature. The Raman results show that bp#ratures.
monomeric and polymeric vanadia species are present onin contrast to the VO—H band, the overtone band of the
the catalyst at higher vanadia loading (6%), whereas piNé=0 groups in the IR spectra does not decrease in intensity
dominately monomeric vanadia species are present on lowéth increasing temperature. Rather, a slight increase in in-
loading catalysts. This behavior is confirmed by the IR reéensity is seen at higher temperatures, together with a down-
sults which show that the VO-H band shifts downwards ward frequency shift. This observation suggests the forma-

top view b front view
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tion of new V=0 groups with slightly longer bond length.depend on the degree of dehydration, since our Raman re-
The observation that the opposite trend is seen in the sults show that much larger intensity variations are observed
tensity variation as a function of temperature for the® for samples subjected to less extensive dehydration pretreat-
overtone band as compared to the VO-H band supports thent. As vanadia/titania catalysts are never completely de-
above scenario regarding the mobility of H atoms at high@ydrated under realistic SCR reaction conditions, such dy-
temperature, with a simultaneous creation of new termina@mic effects may well play an important role in the reac-
V=0 groups. tion.

At higher temperatures, hydrogen atoms become mobile On the extensively dehydrated vanadia surface, there is
on the vanadia/titania catalysts, and they populate the enlétle influence of water on the surface vanadyl structures at
getically less-favorable bridging oxygen positions, as illugemperatures above 573 K. However, at lower temperatures,
trated: as also seen previously by Amiridis al. [36], the effect of

o OH 0 0 water on the surface structure is mainly reflected in the Ra-
[ | I | man spectra by some broadening in the terminaO/band
o\\\yv\o/v""wo — o\\‘yv\o/v""'llo and enhancement in the intensity of the polymeric V—O-V
/d (o) \Ti Ti/ 9 | (o) \Ti band. The spectral changes seen in taeO/band indicate
! | H some coordination with wateia hydrogen bonding. The in-
crease in the band intensity of the polymeric V—O-V is most
and/or likely related to an increasing degree of polymerization as-
o o sociated with extensive solvation of surface vanadia species.
0\\\711\0/”/(1//0

SO
Ti

Ti

Ti | | | |
Ti Ti Ti Ti

6. Conclusions

Significant changes are observed in the surface V—-OH and
vanadyl structures with varying temperatures. In accordance

The formation of these structures leads to a decrease "E : ) .
. . : . with results from DFT calculations on vanadium oxide clus-
the intensity of the terminal OH band and a shift to lower LT
. . ters, these changes observed in ithesitu IR and Raman
frequency due to bridged VO-H species, as well as an in-

crease in the number ofO groups. In contrast, mobil- spectra can be explained by the mobility of H atoms at ele-

. . . vated temperatures. Specifically, this dynamic phenomenon
ity of hydrogen does not occur in the lower loading cata-
. . . Involves a temperature dependent transfer of H atoms from
lysts where predominately monomeric vanadia structures afe . . . .
) : € singly coordinated terminal VO[1]-H groups to multiply
present, and the hydrogen atoms appear to be primarily as- . . .
. . g coordinated oxygen atoms, accompanied by the formation of

sociated with the titania support. . :

o . . new terminal \=0 groups. DFT calculations show that hy-
It is interesting that these dynamic changes should res

rogen atoms are bonded more strongly to oxygen atoms that

in a temperature dependence for the number of active site . . . .
involved in the catalyst, and this behavior may influence thaer% coordinated to a single vanadium aton-(y species),

S . compared to bonding at oxygen atoms that are coordinated
apparent activation energy. It is noteworthy that such d}’d multiple vanadium atoms(g, V-O-V species). The ac-
namic effects would be expected to dominate in the catal ¥ :

. . . ; . ivation energy barriers for hydrogen transfer from an O[1
with higher vanadia loading, as observed in the present Stlgbm to anot%);r O[1] atom a)r/1d tc? an O[2] atom are 60 a[m]d

les. In thg ab_ove cont(_axt, I cpuld be recalled_that the ar3o kJ/mol, respectively. The dynamic structural rearrange-
parent activation energies of high and low loading catalys entis found not only to depend on the temperature but also

have been reported to be different [35]. Clearly d|ffereritn the vanadia loading and water. The mechanistic impli-

adsorption characteristics of high and low loading catalys Stions of these findings on the SCR reaction are presently
also play a role [35], but it would be interesting to reinterE1

pret the kinetics also taking into accountthe present dynami
changes in the concentration of active sites.

%ing investigated.
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