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Combined Raman and IR study of MO,-V,04/Al,0;
(MO, = MoO;, WO, NiO, CoO) catalysts under

dehydrated conditions
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¢ Department of Chemical Engineering, University of Amsterdam, Nieuwe Achtergracht 166,
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The influence of a second metal oxide (tungsten oxide, molybdenum oxide, nickel oxide, cobalt oxide) upon a V,0,/Al,0,
catalyst has been investigated by a combined Raman and IR study under dehydrated conditions. The presence of tungsten or
molybdenum oxide was found to increase the concentration of polymerized surface vanadium oxide species, and this reflects the
higher surface coverages of the metal oxides on the alumina support. This is probably caused by competition between vanadium
and molybdenum oxide (or vanadium and tungsten oxide) species for reaction with the alumina hydroxy groups, since the IR
spectra showed that on addition of these metal oxides the same type of alumina hydroxy groups are consumed. The presence of
nickel or cobalt oxide on alumina increases the concentration of polymerized vanadium oxide species dramatically, which indi-
cates that the presence of these oxides is also experienced by the surface vanadium oxide. However, the hydroxy groups are not
affected as they are for the molybdenum and tungsten oxide systems.

It has been suggested that there are two types of supported
metal oxides on y-Al,0,.! The first type is metal oxides
having a high oxidation state (Re’ ", Mo®*, Wé*, Cr®* Nb°*
and V*7), and their surface structures are sensitive to the pres-
ence of water vapour.? This moisture is adsorbed from the air
when the sample is exposed to laboratory atmosphere after
calcination. Owing to the presence of the adsorbed moisture,
the surface metal oxides are hydrated and their surface struc-
tures become similar to those observed in aqueous solution.?
Upon heating at elevated temperatures, the adsorbed moisture
is desorbed.’> As a consequence the surface metal oxide
becomes dehydrated and the metal oxide structures are gener-
ally altered. This has been shown by many recent in situ
Raman studies, which revealed a drastic change of the metal-
oxygen vibrations upon dehydration.*~2° The sensitivity to
the presence of water vapour has been used as an argument
that metal oxides with a high oxidation state are adsorbed on
the surface of the support.! IR spectroscopy has indicated that
under dehydrated conditions the interaction between metal
oxide and support surface occurs by consumption of the
alumina hydroxy groups.!!-21-23

The second type of metal oxide supported on alumina con-
sists of oxides with low oxidation states (e.g. Ni**, Co?* and
Fe3*). It has been argued that these metal oxides are
absorbed into the subsurface of the alumina support, since
they can be accommodated in the y-Al,Oj lattice.>*~*° Based
on Raman spectroscopy, it has been proposed that the sup-
ported nickel oxide and iron oxide phases are not sensitive to
the presence of moisture.!** To our knowledge, the influence
of these metal oxides (Ni?*, Co?* and Fe*) on the alumina
hydroxy groups has not been studied by IR spectroscopy.

The purpose of the present investigation is to study the
interaction between the two types of metal oxides with a
V,05/A1,0; catalyst by vibrational spectroscopy and react-
ivity studies. In the present investigation, the interaction
between the metal oxides of a V,0,/Al,0; catalyst is deter-
mined using Raman and IR spectroscopy. In the following
paper, the interaction between the metal oxides with a
V,0./Al,0, catalyst is studied for the selective catalytic
reduction of NO with NH;. To study the interaction of the

first type of metal oxide with a V,0,/Al,O, catalyst,
WO,-V,0,/A1,0; and MoO;-V,0,/Al,0, samples are
studied. To study the interaction of the second type of metal
oxide with a V,0;/Al,0; catalyst, NiO-V,0,/Al,0; and
Co0O-V,0,/Al, 0, samples are studied. A second aspect of the
present study is that the dehydrated surface structures of these
supported systems are for the first time characterized by a
combined Raman and IR investigation. In addition, the inter-
action of these metal oxide species with the alumina-support
hydroxy groups is studied by monitoring the changes in the
OH stretching region by IR spectroscopy.

Experimental
Preparation of catalysts

The support used in this study was y-alumina (Harshaw, 180
m? g™'). The 10% MoO,/Al,0;, 5% WO,/ALO;, 5%
CoO/Al,0; and 6% NiO/Al,O, samples were prepared by
(incipient wetness) impregnation of an aqueous solution of
ammonium heptamolybdate, ammonium metatungstate,
cobalt nitrate and nickel nitrate, respectively. After the
impregnation step, the samples were dried at room tem-
perature and at 120°C, and finally calcined in dry air at
500°C overnight. The 5% V,0,/Al,0, sample was prepared
by (incipient wetness) impregnation with a solution of
VO(OPr'), (Alpha, 95-98% purity) in methanol. Owing to the
air- and moisture-sensitive nature of this alkoxide precursor,
the impregnation, subsequent drying at room temperature and
heating at 350°C were performed under a nitrogen atmo-
sphere. The sample was finally calcined in dry air at 500°C
overnight. The mixed MO,-V,0,/Al,O; samples were pre-
pared from MO,/Al,O, samples (with MO, = MoO,, WO,,
CoO and NiO) by adding vanadium oxide as described above.

Raman studies

Raman spectra were recorded from stationary samples pressed
into self-supporting wafers of ca. 150 mg, which were mounted
into a modified version of a Raman in situ cell developed by
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Wang and Hall.*® In a typical experiment, the wafer was
heated to 500°C in ca. 1 h, and maintained for 1 h while ultra-
high purity, hydrocarbon-free oxygen (Linde gas) was purged
through the cell. The sample was then cooled to ca. 50°C in
ca. 45 min. At this temperature, the Raman spectrum was
recorded on a Triplemate spectrometer (Spex, Model 1877)
coupled to an optical multichannel analyser (Princeton
Applied Research, Model 1463) equipped with an intensified
photodiode array detector (1024 pixels, cooled to —35°C,
resolution 2 cm™'). The acquisition time per scan was 30 s
and 25 scans were averaged. The 514.5 nm line of an Argon
ion laser (Spectra Physics) was used as the excitation source.
The laser power power at the sample was 15-40 mW. None of
the Raman spectra were smoothed.

FTIR studies

FTIR spectra were recorded on a Biorad FTS-7 spectrometer
(resolution 2 cm ™!, accuracy in peak position ca. 2 cm™!).
The samples were pressed into self-supporting wafers, and
mounted into a modified version of an in situ IR cell devel-
oped by Xiaoding.®” The experimental conditions were
exactly the same as those used for the Raman experiments.
For monitoring the surface hydroxy group stretching region
(4000-3000 cm ™) self-supporting walfers of 8 mg (ca. 10 mg
cm ™ 2) were used, and 1000 scans were averaged. The spectra
were smoothed to improve the signal-to-noise ratio. For
recording the metal-oxygen stretching region (1100-800
cm™!) and metal-oxygen first-overtone region (2150-1850
cm '), the samples were pressed into self-supporting wafers of
ca. 5 mg (ca. 6 mg cm~2) and 20 mg (ca. 25 mg cm ™ 2), respec-
tively. These spectra were baseline corrected to eliminate the
sloping background by subtracting the IR spectra of the
alumina support. Typically 100 scans were averaged for
recording the 1100-800 and 2150-1850 cm ™! regions.

Results and Discussion

The catalysts used in this study are listed in Table 1. The
(number of metal atoms) nm~2 were calculated assuming a
surface area of 180 m? g~ ! for the alumina support.

WO,-V,0,/Al,0, and MoO,-V,0,/Al,0,

Metal oxide structures. The surface structures of these
samples were investigated by Raman and IR spectroscopy
under dehydrated conditions. The first series include the single
metal oxide systems (5% V,05/Al,0;, 5% WO;/Al,0,, and
10% MoO,;/A1,0;), in addition to the mixed metal oxide
systems (5% WO;-5% V,0,/A1,0; and 10% MoO;-5%
V,0,/Al,0;), and their Raman spectra are presented in Fig.
1. The Raman spectra in Fig. | are different from the Raman
spectra of the same samples obtained under ambient condi-
tions, which suggests that no compound formation takes place
between vanadium and these additive oxides (W and Mo). The

Table 1 Catalysts studied

M°* loading/ V loading/

catalyst atoms nm 2 atoms nm 2
5% V,04/A1,0, — 1.84
5% WO,/AL,0, 0.72 _
10% MoO,/Al,0, 2.32 —
5% WO,-5% V,0,/ALO, 0.72 1.84
10% MoO,-5% V,0,/AL0, 2.32 1.84
6% NiO/Al,O, 2.69 —
5% CoO/AlL, O, 2.23 —
6% NiO-5% V,0,/Al,0, 2.69 1.84
5%C00-5% V,04/Al,0, 2.23 1.84

“M = W, Mo, Ni, Co.
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Fig. 1 Raman spectra of (a) 5% V,0,/AL,0,, (b} 5% WO,/AL0O;,

(©) 10% Mo0,/AL,0;, (d) 5% WO,-5% V,0,/Al,0, and (¢) 10%
MoO;-5% V,0,/Al,0, under dehydrated conditions

IR spectra of the same series of catalysts under dehydrated
conditions are shown in Fig. 2 and 3 for the M=O0 stretching
region (1100-980 cm~!) and first M=O overtone region
(2150-1850 cm™!), respectively. IR bands of surface metal
oxide species below 980 cm~! could not be detected, since
they were obscured by strong absorption of the alumina
support. The Raman spectrum of the 5% V,05/A1,0, sample
[Fig. 1(a)] exhibits a narrow peak at 1025 cm™', a broad
band at 890 cm~! together with a shoulder at ca. 845 cm™*
and a weak bending mode at ca. 300 cm~ !, The 1025 cm
band has been assigned to a V=0 stretching mode of a
vanadyl species, possessing one short terminal V=0 bond
and three bridging V—O—Al bonds.?->*4-2% The IR spec-
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Fig. 2 IR spectra of the M=O stretching region under dehydrated
conditions: (a)—(e) as Fig. 1
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Fig. 3 IR spectra of the M=O overtone region under dehydrated
conditions: (a)—(e) as Fig. 1

trum shows a band at 1026 cm ™! [Fig. 2(a)] and, although a
similar IR band has been observed by Busca,>® this is the first
investigation in which both Raman and IR spectra are re-
ported for the same V,0,/Al,0, sample. The coincidence of
both Raman and IR bands further supports the assignment of
the 1025 cm ™! band to a mono-oxo vanadyl species. A vana-
date species with two short V=0 bonds would instead show
a symmetric and antisymmetric stretching mode with the
former more intense in the Raman spectrum than in the IR,
and vice versa. Similarly, the presence of only one IR band in
the overtone region at 2042 cm ! [Fig. 3(a)] is also consistent
with one short V=0 bond. The broad Raman band at 850
cm™! together with the shoulder at ca. 845 cm ™' have been
attributed to polymeric vanadate species.'>'¢!%2° This
assignment is based on the similarity in position of the bands
in this region with those for terminal V=0 bonds of polyva-
nadate anions in solution or e.g. crystalline Zn,V,0,.3° In
previous studies, it was shown that the ratio mono-
oxo : polymeric vanadium oxide species decreases, and that
the polymer chain becomes longer with increasing surface
coverage.'>:16:20

The Raman spectrum of the 5% WO;/Al,O; sample [Fig.
1(b)] exhibits a sharp band at 1010 cm ™, a weak broad band
at ca. 900 cm ™! and a weak band at ca. 300 cm~ . The 1010
cm~ ! band has been assigned to the W=0 stretching mode
of a highly distorted mono-oxo (one short W=0 bond) tung-
state species with an octahedral coordination of the W®*
cation.?® In situ X-ray absorption near-edge spectroscopy also
indicated a highly distorted octahedral coordination of the
W6* cation.*® The W=0 stretching mode is also observed in
the IR as a very weak band at ca. 1010 cm ™' [Fig. 2(b)], and
its overtone occurs at ca. 2009 cm~! [Fig. 3(b)]. The coin-
cidence of the Raman and IR band and the presence of one
band in the overtone region again support the mono-oxo
model, as discussed for the vanadyl species. Both IR bands,
however, appear to be very weak compared with those associ-
ated with the V=0 stretching mode of the surface vanadyl
[Fig. 2(a) and 3(a)]. Although the number of vanadium atoms
is more than twice as that of tungsten (see Table 1), the very
weak IR bands indicate that the molar absorption coefficient
of mono-oxo tungsten oxide is less than of the mono-oxo
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vanadium oxide. The origin of the very weak ca. 900 cm™*

Raman band is not yet clear.?’ It has been attributed to a
small amount of microcrystalline tungstate formed from
cationic impurities on the alumina surface,*' or to the
W—O—W stretching mode.*? The latter assignment implies
that the highly distorted mono-oxo tungstate is not isolated.
In a previous study, additional Raman bands at ca. 940, 590
and 215 cm ™! were observed at higher tungsten oxide load-
ings (> 10%WOQO,/Al,0,), which were attributed to polymeric
tungsten oxide on the dehydrated alumina surface.?°

The 10% Mo00O,/Al,O; sample reveals a sharp Raman band
at 1000 cm ™!, a broad band at ca. 870 cm ™! and a band at ca.
300 cm ! [Fig. 1(c)]. The 1000 cm ™' band has been assigned
to a highly distorted mono-oxo (one short Mo=0O bond)
molybdate species with an octahedral coordination of the
Mo®* cation.?? The IR spectra of this sample show a band at
1000 cm ™ !, together with its overtone at 1992 cm ™! [Fig. 2(c)
and 3(c), respectively], which support the mono-oxo model.
The origin of the very weak ca. 870 cm ™! Raman band is not
yet clear.?® It has been attributed to a small amount of
mirocrystalline molybdate formed from cationic impurities on
the alumina surface.*®> It has, however, been proposed by
other authors that the broad 870 ¢cm~™' band should be
assigned to the stretching mode of Mo—O—Mo linkages®®
and that the presence of this band indicates the polymerized
character of the mono-oxo molybdate species. In a previous
study, additional Raman bands at ca. 940, 580, 360 and 208
cm~!  were observed at higher loadings (>10%
MoQ,/Al,0,), which were attributed to polymolybdate
species on the dehydrated alumina surface.?°

The Raman spectrum of the  mixed 5%
WO;-5%V,0,/Al,0; sample [Fig. 1(d)] exhibits basically
the same bands as the 5% V,0,/A1,0, sample [Fig. 1(a)],
although the broad 890 cm ™' band of the polymeric vana-
dium oxide surface species seems to be slightly enhanced com-
pared with the 1025 cm~! band. The Raman bands of the
surface tungsten oxide species are overshadowed by the vana-
dium oxide bands due to the lower intensities of tungsten
oxide, as discussed above. Similar observations have recently
been made for the WO,;-V,0,/TiO, system, which also
revealed a slight increase in the concentration of polymeric
vanadium oxide species.** The IR spectra of the M=O0O
stretching and M=0O overtone region [Fig. 2(d) and 3(d),
respectively] are consistent with the Raman spectrum and
reveal the V=0 stretching mode of the mono-oxo vanadate
species at 1026 cm ™! together with its overtone at 2043 cm™ .
Both IR bands show a weak shoulder on the low frequency
side, which is due to the very weak tungsten oxide bands at ca.
1010 and 2010 cm ™, respectively.

In the Raman spectrum of the 10% MoO;-5%V,0,/Al,0,
sample [Fig. 1(e)], the sharp band of the mono-oxo vanadium
oxide species (ca. 1025 cm ™ !) is now present as a shoulder on
the 1000 cm~! band of the mono-oxo molybdenum oxide
species. The corresponding IR spectra [Fig. 2(e) and 3(e)] of
this mixed oxide sample are consistent with the Raman spec-
trum, and show bands (overtone bands in parentheses) at 1026
(2043) cm ™! and ca. 1000 (1990) cm ! of the mono-oxo vana-
dium and molybdenum oxide, respectively. The broad Raman
band in the 800-900 cm™' region has become broader and
increased in intensity. This increase appears to be larger than
the cumulative contributions of the broad bands observed in
the Raman spectra of the individual systems. Furthermore, the
weak bending mode shifts from ca. 300 to ca. 320 cm ™~ ! and a
new weak band at 240 cm~! appears. These effects, the
increase of the broad 800-900 cm™! band, the shift of the
bending mode and the appearance of a new band in the 200-
250 cm ™! region (indicative of M—O—M bonds,2%), have
also been observed in the single V,0;/Al,0; and
Mo0O,/Al,0; systems with increasing coverage, and indicate
the formation of more polymerized surface-metal-oxide
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species.”® Thus, the presence of both molybdenum oxide (or
tungsten oxide) and vanadium oxide on the dehydrated
surface has the same effect on the metal oxide structures as
increasing the surface coverage of the corresponding single
component systems.

Support hydroxy groups. The OH stretching region of the
Al,O; support, and of the first series of samples are shown in
Fig. 4. Pure alumina exhibits three major IR bands at 3775,
3730 and 3680 cm ™!, which have been assigned to basic,
neutral and acidic OH groups, respectively.> Upon addition of
5% V,05, 5% WO; or 10% MoO, [Fig. 42), (b) and (c),
respectively], the intensities of these hydroxy group stretching
modes, especially those of the basic and neutral hydroxy
groups, decrease. The consumption of hydroxy groups is less
pronounced in the IR spectrum of the 5% WO,/Al,0; sample
[Fig. 4b)] owing to the metal oxide loading of this sample
being lower than the vanadium and molybdenum oxide
samples (see Table 1). The consumption is very clear in the
case of 10% MoO,/Al,0, [Fig. 4(c)], in which most of the
basic hydroxy groups (3775 cm™! band), and a large part of
the neutral hydroxy groups (3730 cm™' band) and acidic
hydroxy groups (3680 cm ™! band) are removed. These find-
ings are in agreement with other IR studies and show that
metal oxides with a high oxidation state such as vanadium,
tungsten and molybdenum oxide consume the same type of
hydroxy groups.?!

The IR spectrum of the mixed 5% WO;-5%V,0,/Al,0O,
sample [Fig. 4(d)] reveals a further reduction compared with
the single 5% WO;/Al1,0; and 5% V,0,/Al,0, systems. The
depletion of OH,,, groups is very extensive in the case of 10%
MoO;-5%V,0,/Al,0,;, and only a weak, broad band
remains in the IR spectrum [Fig. 4(e)]. Similar observations
have been made in previous IR studies on the single
V,0,/Al,0;, WO,/A1,0; and MoO,/Al,0, systems with
increasing metal oxide loadings.?! Thus, the addition of two
metal oxides, which have high oxidation states, to the alumina
support results in competition for the same alumina hydroxy
groups, and has the same effect as increasing the surface
coverage in the single component systems. The IR spectra
showing the OH stretching region, however, do not reveal any
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Fig. 4 IR spectra of the hydroxy group region under dehydrated
conditions: (a)-(e) as Fig. 1. The spectrum of the alumina support is
also shown.

3262 J. Chem. Soc., Faraday Trans., 1996, Vol. 92

View Article Online

information on the possible interaction of metal oxide species
with other alumina surface sites such as Lewis acid sites
(coordinative unsaturated sites), as will be discussed below.

NiO-V,0,/Al, 0, and CoO-V,0,/Al,0,

Metal oxide structures. The Raman spectra of the second
series of catalysts, which includes the single 6% NiO/Al,O,
and 5% CoO/Al,O, systems and the mixed 6% NiO-5%
V,0,/Al,0; and 5% CoO-5% V,0,/Al,0, samples, are pre-
sented in Fig. 5. The Raman spectrum of the 5% V,0,/Al,0;
sample is also included for comparison. The Raman spectra in
Fig. 5 are different from the Raman spectra of the same
samples obtained under ambient conditions, which suggests
that no compound formation takes place between vanadium
and these additive oxides (Ni and Co). The Raman spectrum
of the 6% NiO/Al,O; catalyst reveals a broad band at 550
cm~! [Fig. 5(b)], which has been assigned to a surface
nickel(n) oxide phase with the nickel incorporated into the
subsurface of the alumina support.! Support for this assign-
ment can be found in a variety of spectroscopic studies, e.g.
X-ray photoelectron spectroscopy, ion scattering spectro-
scopy, diffuse reflectance spectroscopy, extended X-ray ab-
sorption fine structure spectroscopy and photoacoustic
spectroscopy.2*~27 These studies revealed that nickel oxide
diffuses into the surface octahedral and tetrahedral sites of y-
alumina to form stoichiometric or non-stoichiometric surface
spinel compounds. The ratio of octahedrally coordinated
nickel to tetrahedrally coordinated nickel (Ni,, : Ni.,) was
found to be dependent on the calcination temperature. A
diffuse reflectance spectroscopy study by Scheffer et al. showed
that these octahedrally coordinated Ni** ions experience a
weaker field than NiAl,O, and it was argued that the Ni,,
are located near the surface, while the Ni,.,, ions are located in
the bulk of the alumina support.?*

The Raman spectrum of the single 5% CoQO/Al,O5 sample
[Fig. 5(c)] exhibits weak bands at ca. 680, 600 and 475 cm 1.
The ca. 680 and ca. 475 cm ™! bands match those of crystalline
Co,0, particles, although they are slightly shifted to lower
wavenumber and somewhat broader, indicating a small par-
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Fig. 5 Raman spectra of (a) 5% V,04/ALO;, (b) 6% NiO/AL,O;,

(©) 5% CoO/Al,0,, (d) 6% NiO-5% V,0,/A1,0; and (f) 5%
Co0O-5% V,0,/Al,0, under dehydrated conditions
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ticle character.3® The broad ca. 600 cm™! band has been
assigned to a dispersed surface cobalt oxide phase.>® Other
studies also concluded that in CoO/Al,O; a dispersed phase is
present, which consists of Co>* ions in the surface layers of
the alumina support.28-3® It was demonstrated that these
Co?* ions are non-reducible and non-sulfidable, which sug-
gests that they are located in the surface of the alumina
support.3'-32 Mdssbauer spectroscopy and IR chemisorption
studies, however, showed that some of the cobalt ions are
octahedrally coordinated.?®3% These cobalt ions were not
identified earlier by diffuse reflectance spectroscopy, since this
technique is not very sensitive to Co in octahedral coordi-
nation. The Co,, ions were shown to be affected by sulfiding
treatment and accessible for NO adsorption, which suggests
that these cobalt ions are located near the alumina
surface.?8-4

The Raman spectra of the mixed 6% NiO-5% V,05/Al,0,
[Fig. 5(d)] and 5% CoO-5% V,0,/Al,O, samples [Fig. 5(¢)]
show the V==0 stretching mode of the mono-oxo vanadium
oxide at 1023 and 1025 cm ™', respectively. This is in agree-
ment with the IR spectra, which reveal this band at 1024 and
1025 ecm ™! [Fig. 6(b) and 6(c)] and the first V=0 overtone at
2039 and 2041 cm~! [Fig. 7(b) and 7(c)], respectively. The
weak Raman bands of the supported nickel and cobalt oxides
are overshadowed by the bands of the supported vanadium
oxide species, because the Raman intensities of the nickel and
cobalt oxide phases are smaller. A low Raman intensity is
commonly found for metal oxides with low valency, since they
possess forbidden ligand-field transitions in the visible region,
causing a decrease in Raman intensity.>® Thus, the Raman
spectra do not provide information on the influence of the
surface vanadium oxide species on the nickel and cobalt oxide
phases. The Raman spectra of the mixed oxide samples,
however, show that in the presence of nickel or cobalt oxide
the 890 cm ™! band becomes much more intense [Fig. 5(d) and
5(e)]. Thus, the combined Raman and IR spectra show that
the mono-oxo and polymeric vanadium oxide structures are
not changed by the presence of nickel or cobalt oxide, since
the 1015 and 890 ¢cm ™! bands are hardly shifted in frequency.
The enhanced intensity of the 890 cm ™! band, however, indi-
cates that the presence of nickel or cobalt oxide promotes the
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Fig. 6 IR spectra of M=0O stretching region under dehydrated con-
ditions of (a) 5% V,0;/A1,0;, (b) 6% NiO-5% V,0,/Al,0; and (c)
5% CoO-5% V,0,/Al, 0,
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Fig. 7 IR spectra of the first overtone M=0 stretching region under
dehydrated conditions: (a)—(c) as Fig. 6

formation of the polymeric vanadium oxide species under
dehydrated conditions. The enhancement of the 800-900
cm~! band is much greater than observed for the
Mo0O,-V,0;/Al,0, sample [Fig. 1(e)], and demonstrates that
the presence of cobalt or nickel oxide influences the supported
vanadium oxide phase much more than the presence of
molybdenum oxide or tungsten oxide. The enormous impact
of nickel and cobalt oxide on the vanadium oxide species also
indicates that (part of) the nickel and cobalt oxide must be
located in the surface region near the vanadium oxide species.

Support hydroxy groups. The interaction of the metal oxides
of the second series with the alumina hydroxy groups is
shown in Fig. 8 The IR spectra of Al,O0; and 5%
V,0,/A1,0, [Fig. 8(a)] are again shown for comparison.
Addition of 6% NiO to the alumina resuits in a slight inten-
sity decrease of the 3775 and 3680 cm ™! bands of the basic
and acidic hydroxy groups, respectively, but does not influ-
ence the neutral hydroxy groups [Fig. 8(b)]. The 5%
CoO/Al1,0, sample reveals a slight decrease of only the basic
hydroxy group band at 3775 cm ™! [Fig. 8(c)]. Although the
IR spectra reveal that nickel and cobalt oxide react to some
extent with the alumina hydroxy groups, it is clearly not as
extensive as for vanadium and molybdenum oxide. The 6%
NiO-5% V,0,/Al,0;, and 5% CoO-5% V,0;/Al,0,
samples show basically the same IR spectra, with a further
reduction of the basic hydroxy group band (3775 cm™?) as the
5% V,0,/Al,0, sample, as shown in Fig 8(d) and 8(e), respec-
tively.

Based on a simple correlation between the metal oxide
surface structures and the depletion of specific hydroxy groups
of the support, a huge increase in concentration of polymeric
vanadium oxide species should coincide with a dramatic
decrease of neutral and acidic alumina hydroxy groups.
However, this is not observed in the IR spectra of the mixed
5% CoO-5% V,05/Al,0; and 6% NiO-5% V,0,/Al,0,
samples [Fig. 8(d) and 8(e)]. Moreover, the IR spectra of the
5% WO;-5% V,0,/Al,0, and the 6% NiO-5% V,0,/Al,0,
are similar [Fig. 4d) and 8(d), respectively], but the ratios of
mono-oxo : polymeric vanadium oxide are completely differ-
ent [Fig. 1(c) and 5(d), respectively]. Thus, the correlation
between the surface metal oxide structures of e.g. vanadium,
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Fig. 8 IR spectra of the hydroxy group region under dehydrated
conditions: (a)—(f) as Fig. S. The spectrum of the alumina support is
also shown.

molybdenum and tungsten oxide, and the depletion of specific
alumina hydroxy groups is less straightforward than expected
on the basis of structural changes of these metal oxide species
and consumption of hydroxy groups with increasing
loading.20-?!

A possible explanation could be that metal oxide species do
not only interact with the surface by reaction with hydroxy
groups, but also interact with other surface sites on alumina
such as Lewis acid (coordinative unsaturated AlI**) centres
(approximately one out of seven alumina sites, depending on
the calcination temperature*®). These interactions will not be
observed in the 4000-3000 cm™! region of the IR spectra,
since they do not involve hydroxy groups. Infrared pyridine
chemisorption can be used to identify Lewis acid sites
(presence and acid strength), but the results reported in the
literature have not been straightforward. The reason is that
the addition of a metal oxide might consume Lewis acid sites,
but can also generate new Lewis acid centres.*~*® The
number of Lewis acid sites has been reported to increase with
increasing loading, e.g. the WO,/Al,O; system,*’ but to
decrease upon addition of molybdenum or vanadium oxide to
alumina.?! The influence on the Lewis acid sites upon addi-
tion of cobalt or nickel oxide has not been reported in the
literature, but preliminary pyridine adsorption experiments in
our laboratory show that the cobalt and nickel oxide slightly
decrease the number of alumina Lewis acid sites.*® Experi-
ments by Van Veen and co-workers on the MoO;/Al, O,
system have indicated that at low loading the molybdenum
oxide reacts with the basic hydroxy groups, while at higher
loadings molybdenum oxide is physisorbed on the Lewis acid
sites.’9~52 Although the decrease of neutral and acidic
hydroxy groups at high molybdenum oxide loading cannot be
satisfactory explained by this model, it supports the possibility
that not only the surface hydroxy groups are involved in the
interaction between metal oxide species and support surface,
but also support Lewis acid sites. A competition between
cobalt or nickel oxide (sub)surface species and vanadium
oxide species for reaction with these Lewis acid sites would
account for the crowding caused by nickel and cobalt oxide.
This crowding is experienced by the vanadium oxide species
as an increase in surface coverage leading to an increase of

3264 J. Chem. Soc., Faraday Trans., 1996, Vol. 92
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concentration of polymeric vanadium oxide species. Thus, the
Raman spectra clearly show that cobalt and nickel oxide
strongly influence the surface vanadium oxide species but
more work is required to understand the exact nature of this
interaction.

Conclusions

The influence of a second metal oxide (tungsten oxide, molyb-
denum oxide, nickel oxide or cobalt oxide) on a V,0,/Al,0,
catalyst has been investigated by a combined Raman and IR
study under dehydrated conditions. The presence of tungsten
or molybdenum oxide was found to increase the concentra-
tion of polymerized surface vanadium oxide species, and this
reflects the higher surface coverages of the oxides on the
alumina support. This is probably caused by competition
between vanadium and molybdenum oxide (or vanadium and
tungsten oxide) species for reaction with the alumina hydroxy
groups, since the IR spectra reveal that upon addition of these
metal oxides, the same type of alumina hydroxy groups are
consumed. The presence of nickel or cobalt oxide on alumina
increases the concentration of polymerized vanadium oxide
species dramatically, which indicates that the presence of these
oxides is also experienced by the vanadium oxide as an
increase in surface coverage. The mechanism for the influence
of cobalt or nickel oxide on the surface vanadium oxide
species, however, is not clear since the alumina hydroxy
groups are not extensivlely consumed by cobalt or nickel
oxide.
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