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Vanadinm oxide catalyst supported on TiO--Z1O: has been prepared by adding Ti(OH)-Z1{OH ), powder to an
aqueous solution of ammonium metavanadate followed by drving and calcining at high temperatures. The char-
acterization of the prepared cataly sts was performed using solid-state ' V NMR and FTIR. In the case of calci-
nation temperature at 773 K. vanadiuim oxide was in a highly dispersed state for the samples containing low
loading V-O: below 23 wt %. but for samples containing high loading V-Oxequal to or above 25 wt %, vana-
dium oxide was well crystallized due to the V-Os loading exceeding the formation of monolayer on the surface
of TiO~-Z1O:. The ZrV-0: compound was formed through the reaction of V-Os and ZrO- at 773-973 K. where-
as the V;TicOs: compound was formed through the reaction of V-Os and TiO- at 973-1073 K. The ViTigO:
compound decomposed to V~Os and TiO- at 1173 K. which were confirmed by FTIR and ¥V NMR.

Introduction

Vanadium oxides arc widcly uscd as calalysts in oxidation
reactions. e.g.. the oxidation of sulfur dioxide. carbon mon-
oxide. and hvdrocarbons.'™ These sysiems have also been
found Lo be cllective catalysts for the oxidation of mcthanol
to methylformate.*’ Vanadia catalysts supporicd on titania-
alumina mixed oxide and titamia modilicd with alumina
were found (o exhibit supcrior activitics in sclective catalyiic
reduction of NOx.*'' Much rescarch has been done to
understand the nature of active sites. the surfacce structure of
calalvsts and the role plaved by (he promoter of the sup-
poricd catalvsts. using infrared ([R). X-ray diffraction (XRD).
clectron spin resonance (E.S.R) and Raman spectros-
copv.” =1 Silica. titania. zirconia and alumina'*** have been
commonly cmployved as vanadium oxide supports. and com-
paratively few studics have been reported on binary oxide
TiO:-ZrO- as a support for vanadium oxide.

1t is well known that the dispersion and structural [caturcs
of supporicd specics can depend strongly on the support.
The promoting cileet of a TiO= support on the oxidation of
o-xylene on V:Os has been ascribed 1o an increase of the
number of surfacc V=0 bonds on the¢ V-Os/TiO- catalvsts
and the weakening of these bonds.~ In many studics con-
cerming the mechamsm mvolved in the catalytic reactions on
vanadium oxide. the V=0 spccics have been considered to
play a significant rolc as active sites for the reactions.™
Structurc and other phvsicochemical propertics of the sup-
porled mctal oxides arc considered to be in different states
comparcd with bulk mctal oxides because of their interac-
tion with the supports. Solid-statc nuclcar magnetic reso-
nancc (NMR) mcthods represent a novel and promising
approach (o these svstems. Since only the local environment
of a nuclcus under study 15 probed by NMR. this method 1s
well suited flor the structural analysis of disordered systems
such as the two-dimensional surface vanadium oxide phascs
that 1s of particular interest in the present study. In addition

Lo the structural information provided by NMR methods. the
dircct proportionality of the signal intensity to the number of
contributing nuclei makes NMR be uscful for quantitative
studics. In the present investigation. the techniques of solid-
stale "'V NMR and Fouricr transform infrared (FTIR) have
been utilized to characterize a serics of V-0s samples sup-
poricd on TiO--ZrO:- with various vanadia loadings.

Experimental Scction

Catalyst Preparation. The coprecipitate of Ti{OH)4-
Zr(OH)s was obtained by adding slowly aqucous ammonia
into a mixed aqueous solution of titaniwm tetrachloride and
zirconium oxychloride at room temperature with stirring
until the pH of the mother liquor reached about 8. The ratio
ol titanium tetrachloride to zirconiuwm oxychloride was 1 : 1.
The coprecipitate thus obtained was washed thoroughly with
distilled water until chloride ion was undctcctable. and then
dricd at 383 K for 12 h. The dricd coprecipilale was pow-
dered below 100 mesh,

The catalysts contaiming various vanadium oxide content
were prepared by adding the Ti(OH)+-Zr(OH)4 powder into
an aqucous solution of ammonmum metavanadatc (NHsVOs)
followed by dryving and calcining at high (cmperatures for 3
h m air. This scrics of catalysts arc denoled by their weight
percentage of V20s. For example. 10-V-0s/TiQ--ZrQ:- indi-
cates the catalyst containing 10 wt % VOs.

Characterization. FTIR absorption spectra of V20s/TiQO:-
ZrO: powders were measured by the KBr disk method over
the range [200-400 cm™ . The samples for the KBr disk
method were prepared by grinding a mixture of the calalyst
and KBr powders in an agatc mortar and pressing them in
the usual way. FTIR spectra of ammonia adsorbed on the
catalyst were obtained in a heatable gas cell al room (emper-
aturc using a Mattson Modcel GL 6030E spectropholometer.
The sclf-supporting catalyst wafers contained about 9 mg/
em-. Before obtaining the spectra the samples were healted
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under vacuum at 673-773 K for 2 h.

1V NMR specetra were measured by a Varian Unity lnova
300 spectrometer with a static magnetic ficld strength of
7.05 T. Larmor frequency was 78.89 MHz. The ordinary sin-
gle pulsc scquence was uscd in which the pulse width was
sct at 2.8 s and the acquisition time was 0.026 s. The spectral
width was 300 kHz. The number of scans was adjusted from
200 1o 15.000. depending on the concentration of vanadium.
The signal was acquired [rom the time point 4 s afier the
cnd of the pulsc. The sample was static. and its icmperature
was ambient (294 K). The spectra were expressed with the
signal of VOCI; being 0 ppm. and the higher frequency shift
from the standard was positive. Praciically. solid NHsVO;
(-371.5 ppm) was uscd as the second external reference.™

Results and Discussion

Infrared Spectra. Figure 1 shows IR spectra of V-0sf
TiO:-Z1O: catalysts with various content calcined at 773 K
for 3 h. Although with samples below 235 wi % of VaOs the
definite peaks were nol obscrved. the absorption bands al
1022 and 820 ¢m™" appeared for 23-V-05/TiO»-ZrOs. 33-
V:05/Ti0:-ZrO-. and purce V:Os containing high V-Os con-
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Figure 1. Infrared specta of catalvsts caleined at 773 K (a) TiOa-
710z, (b) 3-V205/T102-710), (€) 10-V 0/ T10:-710)2, (d) 15-V20+/
Ti02-7x0)z, (&) 23-V:04Ti0:-710:, (1) 33-V:04Ti0:-7x0):, and
(g) VaOs,

Lun Hee Park ef al.

tent. The band at 1022 em™ is assigned to the V=0 stretch-
ing vibration. whereas the band at 820 cm™ is attributed to
the coupled vibration between V=0 and to V-O-V.** Gener-
ally. the IR band of V=0 in crystallinc V:Os shows at 1020-
10235 ¢m™" and the Raman band at 993 cm™'.*~" The intensity
of the V=0 absorption gradually decrcased with decrcasing
V:0= content. although the band position did not change. As
shown in Figurc 1. the catalvsts at vanadia loadings below
25 wt % gave no absorption bands from crystalline V:Os,
This observation suggests that vanadium oxide below 235 wit
% is in a highly dispersed state. [t is reported that V2Os load-
ing exceeding the formation of monolayer on the surface off
support is well erystallized and observed in the spectra of [R
and 'V solid statc NMR.**

As shown in Figurce 1. or samples below 23 wit% of V05
calcined at 773 K the crystalling V2Os was not obscrved in
their IR spectra. suggesting the monolayer dispersion of
V-0x on the surface of TiOx-ZrQ: as the amorphous phasc.
Howcver. it is necessary to examine the formation of crystal-
linc V:Os as a lunction ol calcination (cmperature. Varia-
tions ol IR spectra against calcination temperature for 10-
V-0«/Ti0:-Z1O: are shown in Figurc 2. For the samplc.
there arc no V=0 strciching bands at 1022 ¢cm™" from the
calcination temperature of 673 K to 1073 K. indicating no
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Figure 2. Intrared spectra ot 10-V20+/Ti0:-7r() calcined at (a)
673K (b) 773K (¢)873K. () 973 K. (¢) 1073 K. and (£) 1173 K.
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formation of crystalline V:Os. However. as shown in Figure
2. V=0 sirctching bands duc to crystalline V:Os at 1173 K
appearcd at 1022 cm™! together with lattice vibration bands
of V:0s and TiO:-ZrO- below 900 cm™ > The formation
of ecnvstalline V-Os at 1173 K can be explained in tcrms of
the decomposition of V;TizOy7 compound. which was
formed through the reaction of V:Os and TiO; at 973-1073
K. In the present work. the triclinic phasc of crystalline
V:TigOy7 was conflirmed by X-ray diffraction. X-ray diffrac-
tion patterns showed the triclinic phase of V3TigOv7 (26 :
27.6. 283, 28.4. 36.2. and 41.4) in the samples calcined at
973-1073 K. and for sample calcined at 1173 K the V3TigOy7
phasc disappcarcd duc to the decomposition of ViTigOyz.
lcaving the V205 phase and the rutile phasc of TiO.. These
results arc in good agreement with those of ™'V solid state
NMR described later.

Figure 3 shows IR specira of 23-V:0s/TiO--ZrO: calalysis
calcined at 673-1173 K for 3 h, Unlik¢ 10-V-0O5/TiO-ZrO-
for 23-VA0s/TiO>-ZrO: crvstalline V:Os appeared at lower
calcination temperature from 673 K (o 873 K and consc-
quently V=0 stretching band was obscrved at 1022 cm™.
This is because V:0s loading exceeding the formation of
monolayer on the surface of ZrO- is well crystallized.™
However. at 973-1073 K all V-0s reacted with ZrO- or TiO:
and changed into ZrV-0; or V;TigOs7 so that V=0 strciching
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Figure 3. Infrarcd spectra of 25-V2Os/T10--Zr0s caleined al (a)
673 K. (01773 K. () 873K (d) 973 K. () 1073 K. and (N 1173 K.
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at 1022 em™! disappeared compleicly. as shown in Figure 3.
At the calcination temperature of 1173 K somc ol the
V;3TigOr7 decomposed into V:Os and TiO:. and then the
V=0 stretching band due 10 the crystalling V-Os was again
obscrved at 1022 em™. These results arc in good agreement
with those of 'V solid statc NMR.

Sy Solid State NMR Spectra. Solid statc NMR methods
represent a novel and promising approach to vanadium
oxide cataly tic materials. The solid state *'V NMR spectra of
V:0+/TiO:-ZrO: catalysts calcined at 773 K arc shown in
Figurc 4. There are three types of signals in the speotra of
catalysts. with varying intensitics depending on V-Os con-
tent. At low loadings or up to 13 wi% V0= a shoulder at
about -260 ppm and the intense peak at -390 ~ -730 ppm arc
obscrved. The lormer is assigned to the surface vanadium-
oxygen structures surrounded by a distorted octahedron of
oxygen atoms. and the latter is attributed to the tetrahedral
vanadium-oxygen structures.*'*

Howcever. the surface vanadium oxide structure is remark-
ably dependent on the metal oxide support material, Vana-
dium oxide on TiO; (anatasc) displays the highest tendency
Lo be 6-coordinated at low surface coverages. whereas in the
casc of 1Al:Os a tetrahedral surface vanadium specics is the
favored. > As shown in Figure 4. at low vanadium loading
on Ti0--ZrO: a (ctrahedral vanadium speeics is exclusively
dominant comparcd with a octahedral speeics. [n gencral. it
1s known that low surface coverages favor a tetrahedral coor-
dination of vanadium oxide. but at higher surface coverages
vanadium oxide becomes increasingly  octahedralcoordi-
nated. As shown in Figure 4. the peak shapes for the vana-
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Figure 4 Solid state *'V NMR spectra of V2Os/Ti0:-710s
catalysts caleined at 773 K.
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dium specics on TiO--ZrQ. arc narrower and more
symmetric comparced with those of vanadium specics on
TiO- or %-ALO:; reported in other studics > It secms likely
that the different physical and chemical propertics of TiO:-
Z10O- compared with TiO; or »ALOs affect the symmctry of
the surface vanadium-oxy gen structures.

Increasing the V2Os content on the TiO;-ZrO: surlace
changes the shape of the spectrum to a rather intensc and
sharp peak at about -300 ppm (&) and a broad low-intensity
pcak at about -1400 ppm(& , ). which ar¢ duc 1o the crystal-
linc V-Os of squarc pyramid coordination*~ These observa-
tions of crystallinc V:Ox for samples containing high V:Ox
content above 13 wi % are in good agreement with the
results of the IR spectra in Figure 1. Namely. this is because
V:0s loading exceeding the formation of monolayer on the
surface of TiO--Zr0O- is well crystallized.™

However. for 23-V-0s5/TiO--ZrO; a sharp peak at -800
ppm duc to crystalline ZrV:0; appeared. indicating the for-
mation of a new compound from V:0s and ZrQ-. Other
investigators™! reported the formation ZrV-05 from V-Os
and ZrO: at the calcination temperature of 873 K for 1.5 h,
In this casc. since the sample was prepared by calcining for 3
h. it seems likely that the formation of ZrV-0- occurred cven
at 773 K of calcmation tcmperature. As discussed below. the
cubic phasc of ZrV-0O; was confirmed by X-ray dillraction.
Morcover. the mcrcase in V-Os content resulted in the
appcarance of additional signals with a peak at -730 ppm.
The mtensity of the signal incrcases with increase in VaOs
loading, Dillerent peak positions normally indicate dilTer-
ences 10 the spectral paramelers and arc obscrved duc to dil-
ferent local cnvironments of vanadium nuclei. ™ Thus.
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Figure 5. Solid state 'V NMR spectra of 10-V20s/Ti0:-7r0s
caleined at different iemperatures.
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species at -390 ppm and -730 ppm can be attributed to two
types of tetrahedral vanadium complexes with dilferent oxy-
gen environments. Namely. the signals at -390 ppm can be
attributed to the surface vanadium complexcs containing OH
groups or water molccules in their coordination sphere.™
becausc the evacuation treatment decrcascs the intensitics
remarkably. On the other hand. the signals at -730 ppm arc
duc to the surface tetrahedral vanadium complexes. which
do not contain OH groups or adsorbed water molccules.

[t is nccessary o examing the clfect ol calcination temper-
ature on the surface vanadium oxide structure. The spectra
of 10-V:05/TiOx-ZrQ: containing lower vanadium oxide
content and calcined at various (cmperatures are shown in
Figurc 3. The shape ol the spectrum is very diflerent
depending on the calcination temperature. For the sample
calcined at lower temperatures (673-773 K). there are two
peaks at about -260 ppm and -390 ~ -730 ppm. a result of the
octahcedral and tctrahedral vanadium-oxvgen  structures.
indicating the monolayer dispersion of V-0s on the ZrO:
surlace. which are in good agreement with the results of [R
spectra of Figure 2. However. for samples caleined at 873 K.
only a sharp pcak at -800 ppm. duc to crystalling ZrV-O;,
appcared. indicating that most of V20s on the surlace of
TiO--ZrO- was consumed to form the ZrV-0; compound.
For samplc calcined at 873 K. X-ray diffraction patterns for
the cubic phasc of ZrV:0; (26 : 20.0. 339, 46.3. 52.8. and
54.5% were observed. At 973-1073 K calcination tempera-
turcs. we also obscrved only a sharp peak at -800 ppm. For
samples calcined at 973-1073 K. X-ray difTraction pattcrns
of V3TicOy7were obscrved. In previous work™ it was known
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1173K
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Figure 6. Solid state ™'V NMR spectra of 25-V20+/ TiOx-2r0;
caleined at different temperatures.
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Figure 7. Infrared spectra of NHs adsorbed on 10-V:0+/Ti0:-7.x0):
caleined al 973 K. (a) background of 10-V,0:/110:-210,
evacuated at 673 K for 1 h. (b) NIia (20 torr) adsorbed on (4), and
(c) b sample evacuated at 303 K tor 0.3 h.

that the ZrV-0; compound decomposed completely to VaOs
and ZrO- at 1073 K. Thercfore. on the basis ol previous
work and the present resull it is clear that a sharp peak al
-800 ppm for 10-V-O/TiO--ZrO: calcined at 1073 K is duc
to the crystalline ViTigOpy phasce formed by the rcaction
between Va0s and TiO- However. at 1173 K of calcination
tcmperature we observed only (the peaks of cryvstalling V-Os
at =300 ppm and about -1400 ppm. indicating thc decompo-
sition of VaTigOy7. These results arc in good agreement with
thosc of IR spectra in Figure 2.

The spectra of 23-Va0s/TiO--Zr0- conlaining  higher
vanadium oxide content than monolayer loading and cal-
cincd at various temperaturcs arc shown in Figure 6. Unlike
10-V-05/TiO~-ZrOs. lor 25-V-04/TiO~-ZrO- calcined cven
at the lower temperature of 673 K a sharp peak duc Lo crys-
tallinc V2Os appeared at -300 ppm and -1400 ppm together
with a peak at -390 ~ -730 ppm duc to the (etrahedral surface
species. However. the for sample calcined at 773 K. in addi-
tion 10 a peak at -300 ppm duc to crvstalline V-Os. a sharp
peak al -800 ppm duc (o ZrV-0O7; compound appearcd. As
shown in Figurc 6. the peak miensily of ZrV-0; increased
with an increase in calcination temperature. consuming the
content of crvstalling V-0s. Conscquently. at 973 K of calci-
nation tcmperature only a pcak duc to the Zrv-0O; and
V,TigOy7 phascs appeared at -800 ppm. As mentioned above.
simce at 1073 K the ZrV~07 decomposes completely to V-0sx
and ZrQ-. a sharp peak at -800 ppm for 23-V-0+/TiO--ZrO-
calcmed at 1073 K is duc 1o the crvstalline V3TigOy7 phasc.
At the calcination tecmperature of 1173 K a sharp peak of
crvstalling VAOs at 300 ppm duc to the decomposition of
V3 TigOy7 was again obscrved.
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Acidic Properties. Infrarcd spectroscopic studics of
ammonia adsorbed on solid surfaccs have made it possiblc
1o distinguish Bronsted acid sites from Lewis acid sites. ™/
Figurc 7 shows the IR specira of ammonia adsorbed on 10-
V20+/TiO>-ZrO; calcined at 973 K and cvacuated at 673 K
for 1 h. For 10-V-0s/TiQ>-ZrQ:- the bands at 1434 ¢cm™ are
the characteristic peaks of ammonium ion. which arc lormed
on the Bronsted acid sitcs and the bands at 1620 em™ are
contributed by ammonia coordinately bonded to Lewis acid
sites.” indicating the presence ol both Bronsted and Lewis
acid sites. Other samples having diflerent vanadium content
also showed the presence of both Lewis and Bronsted acids.
Therefore. these V-0Os/TiO--ZrO: samples can be used as
catalysts for Lewis or Bronsted acid catalysis.

Conclusions

This paper shows that a combination of FTIR and 'V
solid-statc NMR can be used to perform the characterization
of V205 catalysts supported on TiO:-ZrQ:. On the basis of
results of FTIR and solid statc ~'V NMR. at low calcination
temperature of 773 K up to 13 wi% of vanadium oxide was
well dispersed on the surface of TiOx-ZrO-. However. high
V-0x loading (cqual to or above 23 wi%) exceeding the for-
mation of monolayer on the surface of TiO:-ZrO: was well
crystallized. The ZrV20O; compound was formed through the
rcaction o Vx0s and ZrO: at 773-973 K. whereas the
ViTigO7 compound was formed through the reaction of
V-0s and TiO- al 973-1073 K. The V3TigOy7 decomposed to
V20: and TiO; at 1173 K. which were confirmed by FTIR
and “'V NMR. Infrarcd spectroscopic studics of ammonia
adsorbed on V204/TiQ:-ZrO: catalysts showed the presence
ol both Lewis and Bronsted acids.
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