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A series of LO5/TiO, samples was synthesized by sol-gel and impregnation methods with
different contents of vanadia. These samples were characterized by x-ray diff(ad®br, Raman
spectroscopy, Xx-ray photoelectron spectrosc¢fi?S), and electronic paramagnetic resonance
(EPR. XRD detected rutile as the predominant phase for purg prépared by the sol-gel method.

The structure changed to anatase when the vanadia loading was increased. Also, anatase was the
predominant phase for samples obtained by the impregnation method. Raman measurements
identified two species of surface vanadium: monomeric vanad§t)\and polymeric vanadates
(V). XPS results indicated that Ti ions were in octahedral position surrounded by oxygen ions.
The VITi atomic ratios showed that V ions were highly dispersed on the vanadia/titania surface
obtained by the sol-gel method. EPR analysis detected thtédovi types: two of them were
located in axially symmetric sites substituting fof Tions in the rutile structure, and the third one

was characterized by magnetically interactinj\fons in the form of pairs or clusters. A partial
oxidation of V** to V®* was evident from EPR analysis for materials with higher concentrations of
vanadium. ©2001 American Vacuum SocietyDOI: 10.1116/1.1380720

[. INTRODUCTION The great disadvantage of the titania support prepared by
) o ) conventional ceramic processes is its low specific surface

Vanadia supported on fitania constitutes a well-knownyreq | addition, the anatase phase presents poor thermal
catalytic system for selective oxidation reactions of o'Xylene'stability at high temperature. Its partial transformation into

ammoxidation of hydrocarbon, and reduction of N®ith e jg thermodynamically favored but leads to a deteriora-

1-3 . . . . A
NH,. ™ The outstanding catalytic behavior of vanadia sup tion of catalytic performance. Then, the characteristics of the

po_rted on titania m_comparlson_wnh t_hat supported on Othersupport are fundamental for the stabilization of the active
oxides, such as SiOor Al,Os, is attributed to the strong

. : : . hase in the YO5/TiO, catalysts and depend mainly on
support-active-phase interaction. Vanadia supported on ana- . .
) L o : reparation methods. Several synthesis methods have been
tase presents higher activity and selectivity than vanadia sup-

ported on rutile. Vejux and Courtiigrroposed that a close employed, and of special importance are those in which the

epitaxial crystallographic match between the structure of thélCtiVe phase is dispersed.by aqueous impregna.tion O,f soluble
(010 plane of \LOs and the(001) plane of anatase leads to salts or by nonaqueous impregnation of alkoxides into the

1-13 ) - :
the spreading and preferential exposure of (&) crystal- supp.or.t? ~* The main objective of these methods is the
line active plane. Liettet al® proposed that the formation of Maximization of the catalyst effective region formed by the

a stable VQ monolayer over anatase and the similar elecTéagent/active-phase/support interfatédowever, in these
tronegativities of titanium and vanadium as the main reasonénPregnation methods, the dispersion, the active-phase con-
for apparent superior catalytic performance. centration, and the textural and structural properties of the
There has been a lot of controversy about the nature angptalyst are limited by the characteristics of the
functionality of the active sites of these catalysts. However,SUppOfﬁs’ls_17
we believe that the reaction mechanisms involving the sur- The sol—gel method has been proposed as an alternative
face VV*/V>' redox pair contribute to the activity and selec- route to synthesize catalysts with a high surface area and a
tivity of the V,0O5/TiO, system. This hypothesis has beenstable active phas€-2This method permits a better control

increasingly adopted in the literatutet® of the textural and structural properties of the catalytic sys-
tems, and an improved dispersion of the active phase on the
¥Electronic mail: nascente@power.ufscar.br SuppOI‘tz.z’23
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1159 Rodella et al.: Chemical and structural characterization 1159

In this work, we present the results of,®5/TiO, cata- * ¢ TiO, anatase
lysts prepared by a modified sol-gel method. The purpose of o TiO, rutile
this investigation is to develop a preparation method capable + Ti0, brookite
of maximizing the vanadia dispersion on the titania surface.

The conditions that favor the formation of rutile TiQre wt% of V,05
developed to show the influence of the active phase on the 9.0wWt%
V,05/TiO, structural and textural properties. We demon-

strate that the active phase permits the control of the textural
and structural properties, promoting materials with high sur-
face area and enabling a mixed anatase/rutile support at a 6.0wt%
low calcination temperature. We have employed x-ray dif-
fractometry (XRD), Raman spectroscopy, x-ray photoelec-
tron spectroscopyXPS), and electron paramagnetic reso-
nance(EPR to characterize the 3D5/TiO, catalysts.

3.0wt%

[I. EXPERIMENTAL PROCEDURES

TiO,/V,05 samples with different contents obUs (1, 3, 1.0wWt% l h
6, and 9 wt % were synthesized using sol—gel and impreg- *..‘VJ

nation methods. The vanadium precursor,,MB;, was dis-
solved in nitric acid to controbH. Solution A was prepared
by dissolving NHVO; in nitric acid (pH=1) under 75 W
ultrasonic vibrations for 1 min. Solution B was prepared by
diluting tetraisopropyl-orthotitanate (@1,50,TiO) in iso- 10 20 30 40 50 60 70 80
propyl alcohol at a molar ratio of 0.25. After solubilization, 26 (Degree)
solution A was added to solution B and a gel was formed (A
immediately. The gel was then vigorously stirred for 5 min
under 75 W ultrasonic vibrations, and after a 24 h rest thé:'G'_l' Evolution.of the XRD patterns of )05 /TiO, xerogel with the va-

. . . adia concentration.
resulting gel was dried at 110 °C for 4 h, and calcined at 723
K for 16 h. Catalysts containing 6 and 9 wt % 05Qf; were
prepared by impregnation of P-25 DegussaIi&D nf/g) i The Q band spectra were taken with &line Varian Spec-
solution A. The solid was gradually dried and calcined in atrometer operating at 34 GHz. Theband(9.6 GH2 spectra
manner which was similar to the previous method. were measured using a magnetic-field modulation frequency

X-ray powder diffraction patterns were obtained using anof 85 kHz. Calibration ofg values was based on thg
automatic Rigaku Rotaflex diffractometer model RU 200B=1.9797 signal of a MgO:Gf marker.
with Cu K « radiation(40 kV/40 mA, 1.5405 A and a nickel
monochromator filter. Ill. RESULTS AND DISCUSSION

Raman spectra were obtained with 514.5 nm argon io%
laser line, Spectra Physics 2020, a Jobin-Yvon U1000 double”
monochromator with holographic gratings, and a computer- Figure 1 shows the typical XRD peaks attributed to the
controlled photon-counting system. The Raman spectra wergnatase, rutile, and brookite phases. Peaks associated with
obtained with an average of 100 scans, a spectral resolutiarystalline \,O5 are not observed for all samples prepared by
of 4 cm™* at room temperature, and a power excitation of 45the sol—gel method, indicating the efficient dispersion of va-
mwW. nadium in the titania matrix.

XPS analysis was performed in ultrahigh vacudlow Lietti et al® showed that the transformation of anatase to
10" 7 Pa rangg using a KRATOS XSAM HS spectrometer. rutile is only considered an efficient process for JiO
Mg Ka (hv=1253.6 eV) was used as the x-ray source, withsamples calcined at temperatures higher than 973 K. How-
a power determined by emission at 15 mA and 15 kV. Theever, the XRD results depicted in Fig. 1 indicate the pre-
high-resolution spectra were obtained with an analyzer passominance of rutile for titania calcined at a lower tempera-
energy of 20 eV. The samples were flooded with low-energyture (723 K). This may be the consequence of a decrease in
electrons from a flood gun to avoid charging effects. Thethe phase transition temperature of anatase to rutile promoted
binding energies were referenced to an adventitious carboloy the above preparation method. In acidic preparations, the
1s line set at 284.8 eV. The Shirley background and a leastiydrolysis of the titanium alkoxide is faster than the conden-
square routine were used for peak fitting. The sensitivity facsation, producing samples with many hydroxyl groups. The
tors for quantitative analysis were referencedsto =1.0. thermal treatment of these samples causes dehydroxylation,

EPR experiments were carried out using battand Q  and forms Va¢O?™ anionic vacancie&’ The high defect
bands on powdered samples. All EPR absorption spectreoncentrations of anatase crystals contribute to the decrease
were recorded as the first derivative of absorption at 77 Kin the anatase to rutile phase transformafidn.

Intensity (a.u.)

X-ray diffraction
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Fic. 2. Raman spectra of the, s /TiO, xerogel dehydrated at 473 K under FiG. 3. Raman spectra of X0 /TiO, prepared by the impregnation method
1073 Torr pressure. dehydrated at 473 K under 18Torr pressure.

- . . .. similarity in the position of these bands and those for termi-
A substantial increase in the anatase peak intensity is otE

d h dium loading i Thi b al V=0 bonds of polyvanadate anions in solution. As the
served as the vanadium oading Increases. This can be aF”' umber of vanadium centers in the polyvanadates increases,
uted to the strong vanadium—titanium interaction which in-

the number of terminal ¥=0O groups per vanadium de-

hibits the phase transformation of anatase to rutile. The, <o 10 accommodae-O—V linkages. The broad band
vanadium atoms can occupy the anionic vacancies, whic the region from 900 to 960 cnt and. centered at 930
were formed in the preparation method, and this occupancy, -1 g assigned to the termin’al and interna=D

g(_)nt_lrlbutfefs t(t) the Stalb'tl'z(;itt'o?h()f titania in thfe_anata_l:-,_e phas‘%tretches;/(V:O), of polyvanadate groups, and the broad
imi ah[ eftec zarﬁ re iaer’t 0 e_bpresdence 0 r']mpl.m ;es,l_sduc and centered at 822 crhis attributed to thex(V—0O-V)
as sultate and phosphateyr attributed to a chemical solid \ipation of polymeric vanadaté$.Our Raman spectra do

mttleracrt]lon bﬁ tween van|ad|a and ? gaﬁfg' is d ined not exhibit the characteristic bands of crystallingdy at 997
n short, the structural nature obWs/ TIO, Is aetermined 514 703 ¢ml 34 These results are in agreement with those

by vanadig—titania interactions, WhiCh, are more evident forobtained by XRD and indicate an efficient dispersion of va-
the V,O5/TiO, system prepared from liquid precursdr®.

: . nadium into the titania matrix.
In the case of the YO5/TiO, catalytic system prepared by According to comparative studies carried out by Vejux

the impregnation method, all XRD spectra show the PreSenCind courtind using Fourier transform infrared spectroscopy

Of.b.Oth anatase and rutlle_ ph?‘ses' as are expected from tgﬂd Raman scattering, the vibrational frequencies of vana-
original structure of the titania support. Three very Weakdate species do not depend strongly on hydration/
peaks of crystalline YOy are present in the spectra. Many dehydration treatments

author$®>?’~?°reported the formation of monomeric vanadyl The Raman spectra of samples prepared by the impreana-
and polymeric vanadate species for vanadia loadings Corer 1 method arepshown in Fig.p3. Tphep6 wt 0/(;(/% sam:))le g
sponding to less than the monolayer capacity of theZTios ectrum presents the bands of vanadyls and vanadates
support. Increasing the vanadia loading above the monolay roups, but for the 9 wt % sample these bands disappear. The
capacity of the TiQ support, crystallites of ¥O5 are formed. sharp :;md intense band at 998 ¢nand the broad band at
For the P25 suppﬁrt, the monolayer capacity is estimated t903 cmi %, corresponding to crystalline,@s, are clearly vis-
be 4.0 wt% \;Os, but for our samples the monolayer ca- j o o poth samples. The intensities of these two bands
pacity is higher. increase as the vanadia content increases from 6 to 9 wt %,
indicating a decrease in the vanadium dispersion on the sup-
B. Raman spectroscopy port surface. Contrary to the samples prepared by the sol—gel
Figure 2 displays Raman spectra of the catalysts showing€thod, the increase in vanadium content in the samples
a well-defined absorption band at 1030 ¢hand two broad ~Prépared by impregnation causes a partial oxidation bt v
bands at 900-960 and 770-850 ¢mThe band at 1030 t© V°' surface ions.
cm ! is attributed to monomeric vanadyls species bound di- .
rectly to the TiQ support®=3*The number of bonds anchor- C. XPS analysis
ing the vanadyl group to the support cannot be determined The XPS binding energies of the main peaks are summa-
from the Raman spectra. This assignment is based on th&ed in Table I. The O & satellite and the V B3, peaks

J. Vac. Sci. Technol. A, Vol. 19, No. 4, Jul /Aug 2001
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TasLE |. XPS characterization of the )05 /TiO, samples.

Binding energies

(eV)
V,05 Surface atomic
(wt %) O1s Ti2pap, V 2psp, ratio (V/Ti)
6 sol—gel 530.178) 459.3 517.6 0.13
532.2(22)
9 sol-gel 530.588) 459.0 517.5 0.19
532.1(12)
6 impregnation 530.784) 459.4 517.1 0.18
532.0(16)
9 impregnation 530.879) 459.2 516.9 0.20
531.7(21)

overlap, making it difficult to analyze the samples of low the support is more pronounced, indicating an enhancement
vanadia concentratioil and 3 wt%. Two O 1s compo- in the dispersion of the surface vanadium. The formation of
nents, resolved by curve fitting, can be distinguisiiadone  crystalline \L,O5 was not detected in the sol—gel samples by
between 530.3 and 530.7 eV affi] the other between 531.7 either XRD (Fig. 1) or Raman spectroscofyig. 2). Thus,
and 532.2 eV. The number in parenthesis is the atomic peranadium remained dispersed on the titania surface as mo-
centage of each contribution to the @ fieak. These binding nomeric vanadys groups and polymeric vanadates due to the
energies refer to Tf—O and OH, respectively, in agree- high surface area, which is characteristic of the solids ob-
ment with results obtained by Carleyt al3® and Pouilleau tained by the sol—-gel methdd-%
et al*® The binding energy values for Tig,, correspond to
Ti*" in an octahedral symmeti.The presence of adsorbed
hydroxyl speciefOH) can be due to water adsorbed on the
surface of the catalysts. The \pg, binding energy values Figure 4 shows theQ-band EPR absorption derivative
are similar for all samples, corresponding t&*Vions?*  spectra of the 1 wt % )MOg/TiO, catalysts at 77 K. This EPR
However, an overlap can occur foPVand V' peaks. spectrum is well resolved and indicates the presence of at
For the samples prepared by the impregnation method, theast three families of ¥ ions: two sets characterized by
V/Ti ratios increase slightly as the percent of vanadium in-structured EPR signalspecies A and B in Fig.)4superim-
creases. In the case of the samples prepared by the sol-g®ised on a broad signal centeredyat1.93(signal Q. Spe-
method, the V/Ti ratios increase with vanadium content orcies A and B, which present a resolved hyperfine structure,

D. EPR analysis

MgO:Cr3+

|

Fic. 4. EPRQ-band spectra of the 1
wt % V,O5 xerogel catalyst obtained
at 77 K. The MgO:Ct" (g=1.9797)
was used as a reference sigria). Ex-
perimental spectra antb) Simulated
spectra: (b1) hyperfine interactions
and (b2) dipolar interactions.

1.0wt%V,0,/TiO,

1 ; 1 L 1 ) 1
12000 12500 13000 13500

Magnetic Field (G)
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TasLE II. Hamiltonian spin parameters for the*Vions obtained by com- A and B signal decreases with the increase of vanadia.
puter simulation of the spectra. Raman spectroscopy, which probes the catalyst surface,
signal g, g A(G) A.(G) AH,(G)  shows thatthe vanadyl () and vanadate (V) groups are
present in all samples prepared by sol-gel. The EPR inten-
A 1.956 1.901 152.37 39.25 12.5 sities of signals A and B level off for higher vanadia content,
B 1.953 1.905-1.910  141.30 25-39 7.1 ; _ ) i A
c 1.926 200 and the intensity of signal C increases significantly. Thus, we
conclude that a partial oxidation of*V to V°' takes place
for higher concentrations of YDs. The oxidation of V* in
rutile has been reported in the literatéfe.
are related to magnetically isolated vanadium ions. The
broad and structureless signal C is due to magnetically intet\/. CONCLUSIONS
acting V' centers probably consisting of clusters or pairs of
vanadium ions close enough to cause dipolar broadening Q;
the EPR line and smearing tA®&/ hyperfine structure. Simi-
lar spectra were previously observed fopQ4/TiO, cata-
lysts for both the anatase and the rutile phasigg:25:38-41
The experimental ¥ EPR spectra of the Y¥Ds5/TiO,
catglysts \were analyzed _by n_umerically solving the_ Hamil- amples obtained by the impregnation method, the,TiO
tonian spin using Lorentzian line shapes. The best fittings o

. . .. 2> ~structure is independent of the vanadia loading, and crystal-
the experimental spectra were achieved for the Hamlltonla_rﬂne V,0s was observed. Raman spectra identified two spe-

Spin paramgters summarized in Table II. As can be S€eN 1Bies of surface vanadium: monomeric vanadyl and polymeric
Fig. 4,_the S|.mulated spgctra closely_reproche the main fe.‘%/'anadates to xerogels and crystallingOy in samples pre-
tures,llncludmg the position and the intensities of the prom|-pared by impregnation. XPS results indicated the presence of
nent lines. V°". The V/Ti atomic ratios showed that the sol-gel method

The analysis c.)f the E.PR parameters _for S|gnal.s A .and I%avored the vanadium deposition on the titania surface, but
shows that species A differs from species B mainly in the

I f thes hvperfi tant dA hich some vanadium was incorporated into the rutile structure. At
value ot the yperfine constantéA, andA, ), which are 051 three families of ¥ ions were identified: two isolated
definitely higher for species A. The fact thgit>g, andA,

. _ | V*"ions in locations with octahedral symmetry, substituting
>A, for both species suggests that'Vons associated with Ti** in the rutile structure, and magnetically interactinj’V

signals A_anq B are Io$§ted N s_|tes_ with ogtahedral Symmefons, present in pairs or clusters, giving rise to a broad and
try, substituting the Ti" in the titania matrix of the rutile

2.39-43 11 - unresolved EPR line. For 9 wt %,®@s, a partial oxidation of
structure? _ _Thls may be dL_Je to the fact that the rqtlle V4 (paramagneticto V3" (diamagnetig was observed by
phase of TiQ is tetragonal, with two nonequivalent “Ti

: : I . . EPR. The quantity of ¥ ions in the samples obtained b
ions per unit cell, where each ion is surrounded by six neigh d Y P y

) o ; the impregnation method is very small.
boring oxygen atoms, giving rise to an orthorhombic crystal

field at .the tltanlrum ion position. 'Therefore, there are tWOACKNOWLEDGMENTS
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