JOURNAL OF
MOLECULAR
CATALYSIS

A: CHEMICAL

HVINO3I 10N

A 8
ELSEVIER Journal of Molecular Catalysis A: Chemical 164 (2000) 281-290

www.elsevier.com/locate/molcata

On the nature of highly dispersed vanadium oxide catalysts:
effect of the support on the structure of V€pecies

M.L. Ferreira, M. Volpé&
PLAPIQUI-UNS-CONICET-Camino La Carrindanga-Km 7, CC 717-8000i8&tanca, Argentina
Received 9 January 2000; accepted 19 June 2000

Abstract

The nature of VQ specie supported on TiOy-Al,O3 and SiQ is analyzed. The plausibility of different \(\Ospecie
(mono, di, pyrovanadates) is evaluated by means of a theoretical study of the extended Hiickel (EH) type. Theoretical results
are compared with published characterization data and discussion is performed taking account both results. The interaction
of VO, with the support and the structure of supported surface vanadia are influenced by the composition of the oxide carrier.
On SiG, only the monovanadate species are formedyo& .03, dimers seem to be the more plausible supported form
of VO,. On TiO,, monomers and dimers are present; however, the latter species being the most abundant. © 2000 Elsevier
Science B.V. All rights reserved.
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1. Introduction to V-oxide support interactions [10-12]. However, the
structure—catalytic behavior relationship is a subject
Supported vanadium oxides (\(Pare extensively  of discussion, mainly due to the difficulties associated
used as catalysts in a large number of oxidation pro- with the characterization of VQcatalysts.
cesses [1-3]. Depending on the oxide carrier,,VO The present study has been carried out in order
exhibit different catalytic pattern; for example, in the to investigate the role of the composition of the ox-
partial oxidation of methane, V@SiO, exhibits the ide carrier on the structure of vanadia catalysts. In
best performance in catalyzing the formation of par- order to do so, a theoretical study of the extended
tial oxidation products [4,5], while alternative systems Hiickel (EH) type was performed to gauge the plau-
such as VQITIO; or VO, /y-Al,03 are not selective  sibility of different surface V-structures supported
catalysts [6,7]. Titania presents a peculiar efficiency to on y-Al;03, SiC; and TiG; (anatase). In a previous
support VQ for the oxidation ofo-xylene to phtalic ~ study we have discussed the nature of \VEup-
anhydride [2,8], meanwhile SiDand ALOs show ported ony-Al,03 by a combination of a theoretical

poor selectivity [9]. study and experimental characterization. Some of

The difference in the catalytic behavior has been those results will be included and compared here
attributed to modifications of the nature of Y@ue [13].

Theoretical treatment of catalysts should be con-
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Table 1
Number of oxygen, cation and hydrogen atoms of SiQ0, and
v-Al,03 clusters

erally accepted that at low loading vanadia forms
mono or oligomeric vanadate species; with increas-
ing concentration polymeric two-dimensional species

Cluster Number of  Number of  Number of . .

O atoms cation H atoms appear. Finally, for concentration, above the mono-
S0y (100) 18 9 36 !ayer capacity of a given support, crystallineQ4
Siop (111) 14 22 32 is formed. The present study only accounts for cat-
Ti0, (001) 35 21 35 alyst_s with low vanadi_a Ioac_ling. Thus, we have not
y-Al,05 (100) 53 12 16 conS|dereq the two-dimensional surface monqlayer
y-Al,03 (110)C 24 8 19 or crystalline \bOs. We have modeled the following
v-Al,03 (110)D 28 7 42 specie: a monoxo vanadat¥)( VO43~ [10,16,20]

a divanate YV), V207*~ [13,18,21] and the corre-
sponding hydrated forms, a oxohydroxy vanadium
complex ¥h), VOH42~ [13,16,22] and a pyrovanate
(VVh), V207H,2~ [13].

1.1. Modeling the oxide support (\V/o

data taken from published chemical and spectroscopic
characterization results.

For the three supports, the present model represents The plausibility of the_(_:omple: /\ was also
the surface as a two-layer oxide cluster. When mod- evaluated, however positive energy values were ob-

eling a crystal by a portion of the infinite solid, the tai_r;_Ed; thus thistsze\;:ies Wals disregarded.d led by fit
so-called dangling bonds appears; this disadvantage ' 'c>¢ SUPPorted vV-compiexes were modeled by it

was overcome by completing the internal cation coor- f—l|n%| VO, totlocal regions of tzef supﬁo;ted slurface.
dination with hydrogen atoms. The surfaces were con- yd rtt;]gefn a omstV{//ere rem?tve h rgrtn ydroxy g[roups
sidered to be as neutral and fully hydrated. The num- and the fragment VOwas attached to oxygen atoms.

ber of cations, oxygen and hydrogen atoms for each ;I'he |foltr;1]ce ?f tthe anc;horlr}g S't; |stat/o_r near trg)e c(:jen-
modeled cluster are reported in Table 1. er of the cluster surface in order to minimize border

effects.

1.1.1. SiQ
The structure of silica is similar to that of

B-crystobalite. The (100) and the (111) faces were
_considered to be_z_:ts the most abundant exposed pl_anes The semi-empirical EH method [23] has been ex-
in amorphous silica. Faces (100) present geminal
OH groups, while isolated silanol groups are on the
(111) face. The latter plane is presented at the 85%
of the surface.

1.3. Theoretical method

tensively applied to study the electronic structure of
molecules. In the present study we have employed
a modified version of this method, ICONC, devel-
oped by Calzaferri [24]. Although this method does
1.1.2. TiQ not calculate representative absolute energies, it can
Titania, in its anatase form, presents a tetragonal be used to predict the qualitative trends in model sys-
structure [14]. Titanium oxide exposes preferably the tems. ICONC has been applied to study thezOHl

(001) plane [15]. adsorption—oxidation process on®5s [25] and to the
analysis of Ziegler-Natta [26] and V@Al ,O3 catalyst
1.1.3. y-Al;03 [13].

We have considered three planes: (100), (110)C
and (110)D, which have been already modeled in the
previous study [13].

The EH method, as originally developed, is not suit-
able to optimize the distance of a determined moiety
to the surface of a cluster. Experimental data of bond
1.2. Modeling of VQ species on oxide supported length and distances must be used in this method and
surface the parameter selection determines the accuracy of the

results. However, in the modified version (ICONC)

A large variety of supported VO species have used in this study, repulsive terms are included; thus,
been postulated in the literature [2,16-19]. It is gen- besides the determination of relative energies, opti-
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Table 2 : R - . ;
EH parameters for V. Ti, i, Al, O and H This reaction is also depicted in the following
scheme:
Atom Orbital lonization Orbital exponents
potential (Ev) OH 4 0% //O —0 //O
Y 4s —8.81 1.30 _on X >{ + 2H0
4p 552 1.30 HO OH —0” OH
3d —-11.10 4.75 (0.4758) ) ,
1.70 (0.705%) The considered reaction for monovanadstdor-
o) 2s —31.60 2.163 mation is:
2p -16.78 2.750
3(]-OH) + VO4H3 — (}-0)3—-V=0 + 3H,0
Al 3s —-12.30 1.670
3p —6.50 1.383 When pyrovanadaféVh formation is analyzed, the
Si 3s _20.44 1.60 formation reaction is:
3 —12.41 1.60
P 2]~OH + 2VO4H3 — —([=0)2—V205H, + 3H,0
Ti 4s —6.30 1.50 . o .
4p -3.2 1.50 When the divanadate formation is considered, the
3d -5.90 4.55 (0.4206) reaction is
1.40 (0.7839)
H 1s 1360 100 2]-OH+ 2VO4H3 — —([-0)2—V203 + 5H,0
aCoefficients used in the double expansion of orbitals. WhenVO formation is involved, the reaction is

J-OH + VO4H5 —]-0-VO; + 2H,0

2. Results and discussion
mization of bond length and geometry may be per-

formed with an accuracy a£10%. Hoffman and Juan In Table 3 we have reported the RSE and relative
[27] have used ICONC to carry out the optimization formation energy (RFE) of all the modeled Y®pecie
of the bond length of H to a Fe surface. supported on silica and titania as calculated with

The experimental parameter (ionization energies ICONC. Both RSE and RFE determine the plausibility
taken from spectroscopic data) used in the presentof a given postulated VOspecies. The negative values
calculation are reported in Table 2 for Ti, Al, O, H indicate the favorable situation. Results correspond-
and V. Since for 4p level no experimental data are ing to the most plausible species 9l O3, from a
available in literature, we have employed parameters previous study [13], are also presented. To allow gen-
taken from ab-initio calculations [28]. eral comparison between the three oxide carriers, all

The relative stabilization energy (RSE) of a se- energy values were referred to the lowest calculated
lected supported VO species on an oxide carrier absolute value-£91.08 eV, corresponding té¢Vh on
is calculated as the difference between the energy TiOy). Figs. 1-7 show some of the modeled species
corresponding to V@ anchored to the cluster sup- supported on titania, alumina and silica clusters. For
port and the summatory of the energy of the cluster the sake of simplicity, all the atoms involved in the cal-
and a VQ unit infinitely separated from the surface culations are not shown in these figures, and only the
(Table 3). most relevant features of the structures are depicted.

We have also calculated the formation energy as Regarding Si@, it is interesting to note that none
the energy of the reaction between a specific support of the postulated V-structure can be attached to the
cluster and a given (modeled) vanadium species. For most abundant plane, the (11 1) one, since they do not
theVh formation, the involved formation reaction may match the structure of this surface. For (100) plane
be represented by the following equation: of silica, calculations have thrown negative RSE and

RFE values forV and Vh (depicted in Figs. 2 and
2]-OH+ VO4H3 — ([-0)2VO2H + 2H,O 3) specie, while unfavorable energetic situation arise
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Table 3
RSE, RFE and V-©bond lengths for the postulated YG&pecie
VO, species Support RSE (eV) RFE (eV) Vs-@ngth (A)
Vh TiO (001) —0.78 -0.84 2.01
oy oM Al,03 (110)D ~0.216 ~0.035 1.86
Ny Si0, (100) —0.14 -0.017 1.61
/\ SiO, (111) - - -
\Y TiO2 (001) —0.49 —0.588 1.98
i Al,03 (100) ~0.306 -0.027 1.80
/‘|’\ Si0, (100) ~0.208 - 1.40
Sio, (111) - - -
wW TiO, (001) ~0.86 ~0.98 2.01
%N o_ o A1,03 (110)D -0.47 -0.17 1.86
v~ ' Si0, (100) -0.14 —0.134 3.25
/N Siop (111) - - -
VVh TiO, (001) -0.88 —-1.00 211
OH \70 0\ OH Al,03 (110)D -0.21 -0.21 1.82
S V—o- S SiO, (100) 0.03 -0.10 3.20
Sio, (111) - - -
VO SiO; (111) —0.146 -0.07 1.3
O\ AP
v
)

for both dimeric complexes supported on silica. Thus studies [16,29,30], which indicate that, for low vana-
di- or pyrovanadates could not be formed on silica dia loading, the V-surface species is an isolated, VO
surface. This result is in agreement with numerous monomer. On the contrary, the present results are in
discrepancy with those from Arena et al. [31], who
postulated, from UV-VIS and DRS characterization

Y |(|) O\\ /o N0 results that di- or oligomeric structures are present on

v v v Nl W low loaded VQ/SIiO, catalysts. Our results are also
/([)\o o/ \o o/ o in disagreement with the studies carried out by Jon-
? [ LT son et al. [32] and Scharf et al. [33], who proposed the

l H,0 existence of oligomeric VQspecie on silica surface.
l *2H,0 As stated above, the present study is restricted to low
o\ o, o /OH 9y loaded catalys_ts; however, we could speculate tha_t, no

vh v AN 0 surface vanadia monolayer could be formed on$iO

C{ \o (L /V_O —V Wh since calculations reveal that \VQunits do not poly-
7 5 \(I) merize on the surface of silica. The dimer species on
I

SiO; (100) are not so stable as the monomeric one

(see Table 3).

b) 0\ /) As commented above, none of the postulated
V-structure match the anion array of the most abun-

I dant plane of Si@, the (11 1) one. Thus, the reported

diminution of the near infrared band corresponding

Fig. 1. (@)V, VV specie and their hydratated forms; {6 specie. to the isolated Si—OH groups on (11 1) plane with in-
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(0]

Fig. 2. Vh supported on Si®(100).

creasing vanadia loading [34] could not be explained Regarding TiQ andy-Al,O3, RSE and RFE val-
if only V or Vh specie are considered. For this rea- ues suggest that dimeric species are more plausible
son we have postulated an additional V€pecies, a  than monomeric ones, since both relative energies are
dioxovanadat&/O represented in Table 3 and Fig. 3. lower for pyro and divanadates than for the monomeric
Certainly, this structure has not been proposed for species. However, this trend is more pronounced for
V-supported complex, however in the light of the +v-Al2Os, for which RSE and RFE diminish approxi-
present results it is highly plausible. Furthermore, it mately by half when monomeric structures condense
could be related with unassigned strong Raman bandto form dimeric VQ.. This theoretical result would
in the 400-600 cm’ region [34]. indicate that while on alumina mainly dimer specie
Monomers would be predominant on both planes of would be present, for Ti® both species could co-
silica, monoxo vanadaté on the (100) plane, while  exist at low vanadia loading. In Fig. 5 the dimeric
VO would exist on (111) plane. VV supported on (11 0)C plane of alumina is shown,

v 0]

e

Fig. 3. VO supported on (111) plane of SiO
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Fig. 4. Vh supported on (100) plane afAl20s.

while in Figs. 6 and 7 Vh and VV supported on tita- while ony-Al2O3 VV andVVh dimers would be the
nia are represented. Some researchers have suggestgutedominant specie.
the presence of V-dimers on alumina catalysts [21,35]. When comparing the supports of different com-
Unfortunately, we cannot corroborate the result cor- position, one can observe that V-surface specie on
responding to titania with experimental facts since, to TiO, are the most stable ones since they posses the
our knowledge, the relative concentrations of isolated lowest RSE values (in the-1.00~0.49 eV range).
and oligomeric VQ units have not been quantified. = The fact that dispersed vanadia is highly stable on
Summing up, from the evaluation of RSE and RFE, titania is reflected by the long life of V@TiO> in-
the following scenario could be envisaged; uniquely dustrial catalysts [2,8,36]. On the other hand, VO
monomersyY andVO are present on Sisurface; on on SiG posseses the most unfavorable stabilization
TiO2 Vh monomers an&/Vh dimers would coexists,  energy values (in the 0.20/~0.14 eV range). This, in

Fig. 5. VV supported on (110)C plane gfAl,0s.
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Fig. 6. Vh supported on (001) plane of Tilanatase form).

agreement with the fact that a sintering of dispersed dispersed vanadia that can be accommodated without
vanadia, occurs when crystalline vanadium pentoxide the formation of three-dimensionab®s, on a given

is present on silica [19].
The areas corresponding to the most plausiblg VO

support, TiQ, SiO;, or y-Al,03. The calculated max-
ima loading are reported in Table 4 (as VOnits per

species were calculated taking into account the struc- ni? of the carrier). In line with this, one could expect

ture of the VQ moieties and the lattice parameters

that the specific amount of dispersed vanadia fixed

of the support. The minima distances to avoid repul- by the support follows the increasing order 3iG
sion were also taken into account. These values arey-Al,03 > SiO,. The predicted order is in agree-

presented in Table 4 (as Rrper VO, unit). It can be

ment with the results of Went et al. [16] who have

observed that relatively low areas correspond to titania established, by means of,@hemisorption, that for

and alumina (0.14 and 0.24 Rnrespectively) while

a given specific vanadium concentration, vanadia is

the specific surface occupied by a V-surface structure most highly dispersed on Tihan ony-Al ,03, while

on SiQ is rather large (1-0.65 nfh The areas could
be related with the maximum amount of molecularly

o

Fig. 7. VV supported on (001) plane of Ti(anatase form).

the capacity of Si@to disperse vanadia is the lowest.

In addition, we have calculated the specific concen-
tration of dispersed vanadia from the published data
from the specific concentration of dispersed vanadia
taken by a support. These values are presented as VO
loading (U nn72 of the carrier) the third column of
Table 4. It is worth to note that supports with dif-
ferent specific area, amount of impurities, etc. have
been used to prepare the supported vanadia catalysts.
Furthermore, different precursors and preparation con-
ditions have been involved. However, as it can be ob-
served in Table 4, the specific amount of vanadium
fixed by the support is quite characteristic for a spe-
cific oxide and it could have been predicted form the
theoretical data. Besides, this agreement indicates that
the model of the support cluster is quite representative
of the real system and that almost all the OH groups
are reactive sites for the anchoring of VO
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Table 4
Specific vanadia loading and \(Carea
Support Surface area VO, loading (U nnt?) References VQ area (nr) from VO, loading (U nnt?)
(m? g1 from published data modeled clusters from modeled clusters
TiO2 50 8.74 [12] 0.14VV) 6.9 (VV) TiO2 (001)
TiO2 50 5.84 [37]
v-Al203 180 3.6 [12] 0.24 V) 4.7 WV) Al20s (110)D
v-Al203 138 4.9 [21]
SiO, 300 0.3 [38] 0.65Y) 2.4 (V)SIiO; (100)
0.7 [40] 1.28 V) 0.78 (V) SiO (100)
2.6 [34] 1.01 yO) 0.99 VO) Si0p (111)

When calculating RSE for a determined V-surface dependence of RSE on Vs®ond lengths is shown.
structure, bond lengths and angles were varied in order As it can be observed in the Table 3, the lengths,
to obtain the lowest energy value. RegardirgQ/and and for consecution, the strengths of \ii-@ary with
V—-OH bond lengths, for all the considered supports, the support composition. According to our results the
the energy minima were obtained for values similar to trend in the strength of the bond V-surface would be
those corresponding to typical inorganic compounds SiO, > y-Al>,03 > TiO»,. These calculations would
(1.63 and 1.78 A for ¥O and V—OH, respectively).  explain the origin of the influence of the support on
On the contrary, the optimal V-QOs, lattice oxy- the catalytic pattern of VQcatalyst supported on dif-
gen) bond lengths are strongly influenced by the ox- ferent oxide carriers and would be in agreement with
ide carrier composition. In Table 3 we have reported Wachs et al. [10,12] who suggested that bridging oxy-
the optimal lengths of V-©bonds and in Fig. 8 the  gen atoms are responsible for the catalytic behavior of

0.00 —
n a
n n
- — ) o — |
0.20 S
b
S -040 —
L
w
& "
0.60 — n
C
_____ -
" | -
080 — .
[ [ [ [ |
1.4 16 1.8 2.0 22 24

V-Os bond length (Os: lattice oxygen) in A

Fig. 8. RSE vs. V-@bond length fo a V species supported on (a) Sidb) y-Al,03 and; (c) TiG.
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supported catalysts when hydrocarbon oxidation reac- lack of acidity:V or VO specie (the most important

tions are considered. They concluded that the differ- ones on Si@) has no acidity, neither Bronsted nor

ence in catalytic activity (TOF) would depend on the Lewis.

strength of V—Q bond and would correlate with the

ease of oxygen removal from the carrier. On the other

hand, some researchers have addressed the activity o8. Conclusion

supported vanadia catalysts with terminad@® bonds

[22]. This interpretation is in disagreement with our The nature of the VQspecie depends on the com-

results, since this bond is not modified by the compo- position of the support. At low vanadia loading, SiO

sition of the oxide carrier or by the local surrounding surface is covered with V-monomers; for the case

of the V atoms and similar catalytic pattern should be of y-Al,0O3 and TiQ, dimeric V-structures are pre-

expected for vanadia supported on any of the carriers. dominant. The composition of the support also influ-

Only for the case o¥O supported on Si@one could  ences the V@-support interaction, since the strength

suggest that the %O bond is active, since the only  of V-Og bond is altered by the nature of a given sup-

V-0Os bond is quite short; however, this supposition is  port. Taking into account the present results, the differ-

quite speculative. ence in catalytic behavior corresponding to the,VO
Temperature programmed reduction (TPR) ex- catalysts supported on silica, alumina or titania should

periments have been widely used to investigate the be addressed to vanadia—support interaction.

different types of VQ specie present in vanadia

catalyst [38,39]. The temperature of the peak max-

ima, Tmax, is Observed to be a strong function of Acknowledgements
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