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Abstract

'H MAS NMR spectra of molybdenum oxide catalysts supported on anatase and rutile polymorphs of TiO, reveals the presence
of two types of OH groups (acidic and basic) on the surface of TiO,.
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1. Introduction

Supported oxides and sulfides of molybdenum
are the subject of extensive investigation because
of their significant catalytic role in many industri-
ally important reactions including hydrodesulfur-
ization (HDS), oxidation and metathesis of
olefins. It is well documented that the efficiency
of supported molybdena catalysts mainly depends
on the dispersion of the active component, which
in turn can be greatly influenced by the nature of
supported oxide and the method of preparation of
the catalysts. In the recent past many studies have
been made attempting to correlate the structural
information of the supported molybdenum
oxides/sulfides with their catalytic properties.
Among the supported molybdena systems,
MoO;/TiO, catalysts have been the subject of
recent investigations.
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TiO, as a support has received much attention
in catalysis research over the last decade because
of the interaction between group VIII metals and
certain reducible oxides. Apart from metal cata-
lysts supported on TiO,, metal oxides supported
on TiO, such as the V,04/TiO, system is a clas-
sical example of support enhancement of the
active phase. A considerable amount of research
work has been carried out so far to characterize
MoO,/TiO, catalysts by various spectroscopic
techniques which include the use of ESCA [1-4],
laser Raman spectroscopy [1,2,5,6], FT-IR [7],
ion scattering spectroscopy (ISS) [7], X-ray dif-
fraction [2,7] and EXAFS [8]. In recent years
the development of high resolution solid state
NMR spectroscopy provided new possibilities for
studying the adsorption and catalysis. The use of
magic angle spinning (MAS) of the samples for
narrowing of NMR lines makes it possible to
obtain high resolution NMR spectra of solid cat-
alysts and adsorbed molecules. In '"H NMR MAS
spectra of various acidic and basic catalysts, sig-



L6 K.V.R. Chary et al. / Journal of Molecular Catalysis A: Chemical 96 (1995) L5-L8

nals from different surface OH groups bound to
certain elements are often resolved, and thus allow
an accurate measurement of their chemical shifts.
Recently, Mastikhin et al. [9] reviewed the appli-
cation of "H NMR studies of a variety of hetero-
geneous catalysts. Enriquez et al. [10] reported
the effect of distribution of OH groups on the
localization of surface water on anatase. In the
present investigation, we report new complemen-
tary results of 'H MAS NMR of molybdenum
oxide catalysts supported on the anatase and rutile
polymorphs of TiO,.

2. Experimental

A series of MoO; catalysts with Mo loadings
ranging from 2% to 12% w/w supported on ana-
tase (Ti-oxide UK Ltd., surface area 92 m> g~!)
and rutile (Ti-oxide UK Ltd., surface area 33 m*
g~ ') were prepared by incipient wetting of the
supports using an aqueous solution containing
ammonium heptamolybdate at pH 8. The impreg-
nated samples were dried at 383 K for 16 h and
then calcined at 773 K for 16 h in air.

The "H NMR spectra were obtained on a Bruker
CXP-300 spectrometer at 300.066 MHz, using a
frequency range of 50 kHz. The 7/2 radiation in
pulse was 5 ms and the pulse repetition frequency
0.2 Hz. Prior to NMR experiments the samples
were placed in special NMR tubes of 7 mm o.d.
and 12 mm length and then evacuated at 523 K at
1073 Pa for 24 h. The spinning of the samples was
performed in quartz rotors at frequency 3-3.5 kHz
using a probe with minimal background signal.
The probe head, rotor and the sample tubes were
dried to remove the traces of water from their
outside surfaces. Chemical shifts were measured
relative to tetramethyl silane (TMS) as an exter-
nal reference.

3. Results and discussion

The representative "H NMR spectra of various
MoQ; catalysts supported on anatase and rutile
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Fig. 1. '"H NMR MAS spectra of TiO, (anatase) and MoQ,/TiO,
(anatase) samples at various ‘Mo’ levels. (a) TiO, (anatase) ; (b)
2% Mo ; (¢) 4% Mo ; (d) 8% Mo ; (e) 12% Mo.

modifications of TiO, are shown in Figs. 1 and 2.
The dependence of the total signal intensity meas-
ured relative to the standard sample (SiO, evac-
uated at 573 K for 4 h contained 5 10'® OH
groups) as a function of MoO; content for both
anatase and rutile supported catalysts, are illus-
trated in Fig. 3.

According to previous work [11-16] the ana-
tase surface consists predominantly of the most
dense (001) plane, with admixture of (010) and
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Fig. 2. '"H NMR MAS spectra of TiO, (rutile) and MoQO;,TiO,
(rutile) samples at various ‘Mo’ levels. (a) TiO, (rutile); (b) 2%
Mo ; (b) 4% Mo ; (¢) 8% Mo ; (d) 10% Mo.

(100) planes having about the same structure. Ti
atoms in these planes are pentacoordinated with
respect to oxygen. There are two types of oxygen
atoms on each of (001),(010) and (100) planes
of TiO, surface. Oxygen atoms of the first type
are coordinated to Ti atoms and have a formal

charge —2/3, assuming all the bonds in TiO, are
pure ionic. They are located 0.41 A above the
(001) plane. The oxygen atoms of second type,
located 0.41 A below (001) plane, are three-co-
ordinated to Ti atoms are neutral. For (010) and
(100) planes, all oxygen atoms are located in the
plane. Dissociation of H,O molecules over a TiO,
surface results in the formation of OH groups with
the formal charges of —1/3 and 1/3 on the pro-
tons respectively. Yates [ 16] found the existence
of two types OH groups on the anatase surface
and was confirmed by the infra-red studies (two
stretching infrared absorption bands at 3715 and
3675 cm™'). The band at 3675 cm ~ ' corresponds
to the adjacent OH groups interacting via weak
hydrogen bonds, while the band at 3715 cm ™' can
be attributed to OH groups attached to Ti atoms.
Tanaka and White [ 17] reported similar types of
OH groups are also characteristic for rutile TiO,.
The observation of two main peaks in the 'H MAS
NMR spectra of the molybdenum oxide catalysts
supported on anatase and rutile samples of the
present study are in agreement with this model.
The downfield peak at 6= 6.5 ppm can be attrib-
uted to ‘acidic’ OH groups co-ordinated to two Ti
atoms, while the signal with 6=2.1-2.5 ppm is
more likely to belong to ‘basic’ OH groups co-
ordinated to one Ti atom. The low field peak most
probably can be ascribed to the more acidic OH
groups localized on bridging oxygen atoms and
forming weak hydrogen bonds with adjacent to
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Fig. 3. The concentration of the surface OH groups as function of
Mo content on various MoO3/TiO, catalysts. @ Mo/anatase ; O
Mo/rutile.
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oxygen atoms. While the high field peak was
ascribed to the more basic OH groups, where
hydrogen atoms are bound with terminal oxygen
atoms. The unidentified sharp line at 6= 10.9 ppm
most probably belongs to some OH groups asso-
ciated with impurities present in the samples under
study.

The results presented in Figs. 1 and 2 unambig-
uously show that the selective interaction of Mo
atoms with the ‘acidic’ Ti—OH groups while the
‘basic’ OH groups are remain unperturbed when
MoQ; is supported on the TiO, surface. The impu-
rity OH group also decreases in the sample with
supported MoO;. The decrease of the NMR signal
intensity proceeds rapidly at the lowest concentra-
tion (2% Mo w/w on TiQ,) studied, there after
the decrease in intensity becomes much less pro-
nounced (Fig. 3). This is the case for both anatase
and rutile supported molybdena catalyst samples.
It should be noted that the largest Mo concentra-
tion (12% Mo w/w on TiQ,), is larger than the
formal ‘monolayer’ amount of MoO,. This obser-
vation indicates that there is a non uniform distri-
bution of MoO; on the TiO, surface in agreement
with the ‘patchy-monolayer’ model of Mo/AlL,O5
catalysts discussed elsewhere [18].

A comparison of the quantity of reacted OH
groups with the quantity of adsorbed Mo atoms
reveals that, at the lowest content of molybdenum
(2% Mo w/w on TiO,) each Mo atom reacts with
approximately one OH group. However, at the
higher Mo contents several Mo atoms are required
for the interaction with one OH group. Therefore,
most probably at the low Mo (2%) concentration

in the catalyst monomeric isolated Mo species are
formed, while at the larger concentrations of Mo
in the catalysts most probably the clusters con-
taining several Mo atoms are created on the TiO,
surface. Thus 'H magic-angle-spinning NMR
spectra of MoO; catalysts supported on anatase
and rutile polymorphs reveal the presence of two
types of OH groups on the surface: one ascribed
to OH groups of acidic nature and other to basic
OH groups.
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