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Abstract

The effect of water vapor on the molecular structures of V,0s-supported catalysts (SiO,, Al,O;, TiO,, and CeO,) was
investigated by in situ Raman spectroscopy as a function of temperature (from 500°C to 120°C). Under dry conditions, only
isolated surface VO, species are present on the dehydrated SiO, surface, and multiple surface vanadium oxide species
(isolated VO, species and polymeric vanadate species) are present on the dehydrated Al,O,, TiO,, and CeO, surfaces. The
Raman features of the surface vanadium oxide species on the SiO, support are not affected by the introduction of water
vapor due to the hydrophobic nature of the SiO, support employed in this investigation. However, the presence of water has
a pronounced effect on the molecular structures of the surface vanadium oxide species on the Al,O;, TiO,, and CeO,
supports. The Raman band of the terminal V = O bond of the surface vanadia species on these oxide supports shifts to lower
wavenumbers by 5-30 cm ™' and becomes broad upon exposure to moisture. Above 230°C, the small Raman shift of the
surface vanadium oxide species in the presence of water suggests that the dehydrated surface VO, species form a hydrogen
bond with some of the adsorbed moisture. Upon further decreasing the temperature below 230°C, the hydrogen-bonded
surface VO, species are extensively solvated by water molecules and form a hydrated surface vanadate structure (e.g.
decavanadate). The broad Raman band at = 900 cm ™!, which is characteristic of the polymeric V-O-V functionality,
appears to be minimally influenced by the presence of water vapor and is a consequence of the broadness of this band.
Oxygen-18 isotopic labeling studies revealed that both the terminal V=0 and bridging V-O-V bonds readily undergo
oxygen exchange with water vapor. The current observations account for the inhibiting effect of moisture upon oxidation
reactions over supported metal oxide catalysts and are critical for interpreting in situ Raman data during hydrocarbon
oxidation reactions where H,O is a reaction product.
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1. Introduction
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face metal oxide phases [1-16]. In aqueous
environments, the oxide support equilibrates at
the pH which results in a net zero surface
charge (point zero surface charge (PZC) or iso-
electric point). Raman characterization of sup-
ported vanadium oxide, niobium oxide, rhenium
oxide, chromium oxide, and molybdenum oxide
catalysts under ambient conditions have demon-
strated that the molecular structures of the hy-
drated surface metal oxide phases are directly
related to the net surface pH at PZC of the
aqueous film which is determined by the com-
bined pH of the oxide support and the metal
oxide overlayer [12—18]. The hydrated surface
metal oxides can be present as isolated, poly-
merized, or clustered polyanions which is a
function of the net pH at PZC and the specific
oxide system.

Under in situ conditions, the adsorbed mois-
ture desorbs upon heating and the surface metal
oxide overlayers on the oxide supports become
dehydrated [2-6,14,19-21]. The molecular
structures of the surface metal oxide phases are
generally altered upon dehydration because the
surface pH can only exert its influence via an
aqueous environment. Consequently, Raman
shifts upon dehydration constitute direct proof
of the formation of a surface metal oxide over-
layer on an oxide support and the removal of
coordinated water [2—6,14,19-21]. It has gener-
ally been found that essentially the same surface
dehydrated metal oxide species are present inde-
pendent of the nature of the oxide support.
However, the relative concentrations of the sur-
face dehydrated metal oxide species, isolated
and polymerized, appear to vary somewhat with
the specific oxide support and the surface metal
oxide coverage (with the exception of the sur-
face dehydrated metal oxide/SiO, systems
which contain only isolated metal oxide species)
[5,19-21]. The molecular structures of the sur-
face vanadium oxide species have been exten-
sively characterized under in situ conditions
with Raman spectroscopy [4-7,22], infrared
spectroscopy [6], solid state °'V NMR spec-
troscopy [23], and X-ray absorption near edge

structure (XANES) spectroscopy [24]. The char-
acterization results uniformly agree that under
in situ conditions the surface vanadium oxide
species appears to be four coordinated [25].

The above review shows that the molecular
structures of the supported metal oxide catalysts
around room temperature have been extensively
studied with or without the presence of water
vapor and that water vapor plays an important
role in controlling the surface metal oxide struc-
tures. Water vapor is usually also present in the
feed gas or as a reaction product in numerous
catalytic reactions at elevated temperatures.
However, little is currently known about the
effect of water vapor on catalytic oxidation
reactions and fundamental studies are needed to
obtain insights into the influence of moisture on
the surface properties of metal oxide catalysts at
elevated temperatures [26,27]. The water vapor
partial pressure can affect (a) the extent of
surface hydroxylation, (b) the ratio of
Brgnsted /Lewis surface acid sites or, (c) the
surface metal oxide structure via surface recon-
struction. These surface changes may also have
a dramatic influence on the catalytic properties
of hydrocarbon oxidation reactions and the se-
lective catalytic reduction of NO, over sup-
ported metal oxide catalysts [26-29]. No de-
tailed studies, however, have been performed to
determine the influence of water vapor on the
surface vanadia molecular structures at elevated
temperatures. This information is especially crit-
ical for interpreting in situ Raman data during
catalytic oxidation reactions where water is one
of the products [30,31].

Thus, it is of interest to perform a structural
characterization study of supported vanadium
oxide catalysts at elevated temperatures in the
presence of moisture. In this study, the effect of
water vapor on the molecular structures of sup-
ported vanadium oxide catalysts is investigated
by in situ Raman spectroscopy as a function of
surface vanadium oxide coverage, specific ox-
ide support (SiO,, TiO,, CeO,, and Al,O,) and
temperature (120-500°C). In addition, oxygen-
18 isotopic labeling studies were also examined
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to obtain direct information about the exchange
of oxygen between the surface vanadia species
and water vapor. These structural characteriza-
tion studies at elevated temperatures provide a
better understanding of the effect of water vapor
on the structures and reactivity of supported
vanadium oxide catalysts.

2. Experimental section
2.1. Materials and preparation

The supported vanadium oxide catalysts were
prepared by the incipient-wetness impregnation
method. The SiO, (Cab-O-Sil, =300 m?/g)
and Al,O, (Harshaw, = 180 m?/g) supports
were pretreated at 500°C for 16 h under flowing
dry air; the TiO, (Degussa, =55 m?/g) and
CeO, (Engelhard, =36 m®/g) supports were
pretreated at 500°C for 2 h under flowing dry
air. A certain concentration of vanadium iso-
propoxide (Alfa, 95-99% purity) in a methanol
(Fisher, 99.9% purity) solution was impregnated
into the oxide supports under a nitrogen envi-
ronment. The samples were dried at room tem-
perature for 2 h to remove excess alcohol, and
further dried at 120°C for 16 h under flowing
N,. The samples were finally calcined at 500°C
for 1 h under flowing N,, and for an additional
1 h (or 15 h) under flowing dry air to form the
surface vanadium oxide species on the TiO,
and CeO, supports (or on the SiO, and Al,O,
supports). The higher thermal stability of the
Si0, and Al,O; supports allowed for the more
extensive calcination treatment.

2.2. Raman spectroscopy

2.2.1. In situ Raman spectroscopy

The in situ Raman spectrometer system con-
sists of a quartz cell and sample holder, a
triple-grating spectrometer (Spex, Model 1877),
a photodiode array detector (EG & G, Princeton
Applied Research, Model 1420), and an argon
ion laser (Spectra-Physics, Model 165). The

sample holder is made from a metal alloy
(Hastalloy C), and a 100-200 mg sample disc is
held by the cap of the sample holder. The
sample holder is mounted into a ceramic shaft
which is rotated by a 115 V DC motor at a
speed of 1000-2000 rpm. A cylindrical heating
coil surrounding the quartz cell is used to heat
the sample and the temperature is measured by
an internal thermocouple. The quartz cell is
capable of operating up to 600°C, and flowing
gas is introduced into the cell at a rate of
100300 cc/min at atmospheric pressure. The
514.5 nm line of the Ar™ laser with 10-100
mW of power is focused on the sample disc in a
right-angle scattering geometry. An ellipsoid
mirror collects and reflects the scattered light
into the spectrometer’s filter stage to reject the
elastic scattering component. The resulting fil-
tered light, consisting primarily of the Raman
component of the scattered light, is collected
with an EG & G intensified photodiode array
detector which is coupled to the spectrometer
and is thermoelectrically cooled to —35°C. The
photodiode array detector is scanned with an
EG & G OMA III optical multichannel analyzer
(Model 1463).

2.2.2. In situ Raman spectra

The in situ Raman spectra were obtained
with the following procedure. The dehydrated
Raman spectra were collected after heating the
sample to 500°C in a flow of pure oxygen gas
(Linde Specialty Grade, 99.99% purity) for 30
min. After the above treatment, the temperature
of the sample was sequentially decreased from
500°C to 120°C in order to obtain a series of
dehydrated Raman spectra. The sample was then
heated to 500°C again, and oxygen gas contain-
ing saturated water vapor at room temperature
(containing = 8 wt% H,0) was introduced into
the cell, and the Raman spectra in the presence
of water vapor were collected upon reaching
steady state by sequentially decreasing the tem-
perature from 500°C to 120°C. The Raman
spectra were recorded in the 100-1200 cm ™!
region at each experimental step and the overall
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resolution of the spectra was determined to be

better than 2 cm ™.

2.2.3. Oxygen-18 isotopic labeling

The oxygen-18 isotopic labeling experiments
were conducted in the following manner. The
dehydrated sample was reduced in a 1.3% bu-
tane /He (Air Products and Chemicals) static
environment at 200—450°C in the in situ Raman
cell. The reduced sample was then reoxidized in
a 3% '*0,/He (JWS Technologies, Inc., Math-
eson) static environment at 450°C. The reduc-
tion—oxidation cycle were repeated until oxy-
gen-18 was significantly incorporated into the
surface vanadia species. An =8% H,O in
O, /He mixture, containing only oxygen-16, was
then passed over the oxygen-18 containing sup-
ported vanadia catalyst at 300°C. The oxygen
isotopic exchange of the catalyst with the
gaseous mixture was monitored with in situ
Raman spectroscopy as a function of time.

3. Results

3.1. In situ Raman spectra of the supported
vanadium oxide catalysts under dry conditions

The in situ Raman spectra of the 1% V,O;
and 7% V,Os-supported on SiO, at various
temperatures in flowing oxygen are shown in
Figs. 1 and 2, respectively. A sharp and strong
Raman band appears at 1032-1038 cm ' which
is characteristic of the terminal V=0 bond of
the dehydrated surface vanadium oxide species
[5,32]. The slight shift of the surface V=0
Raman band from 1032-1038 cm™! with de-
creasing temperature reflects a shortening of the
terminal V=0 bond with decreasing tempera-
ture due to thermal effects [33]). The Raman
spectra of V,0Os-supported on TiO, and CeO,
in flowing oxygen were only collected in the
600—-1200 cm™! region due to the strong Ra-
man scattering of the TiO, and CeO, supports
below 600 cm™'. The dehydrated surface vana-
dium oxide species on TiO, exhibit a Raman

1% V, 0, /SIO, ass
(0:)

1038

Raman Intensity (Arbitrary Units)

—

1200 1000

T T T T

T T T T
800 600 400 200
Raman Shift (cm™)
Fig. 1. In situ Raman spectra of 1% V,04 /SiO, in presence of
oxygen at various temperatures.

1038 7%V, 0, /SIO,
(02)
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T T T T T T
600 400

1000 800
Raman Shift (cni')
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Fig. 2. In situ Raman spectra of 7% V,05 /SiO, in presence of
oxygen at various temperatures.
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Fig. 3. In situ Raman spectra of 1% V,0s /TiO, in presence of
oxygen at various temperatures.

band at 1027-1032 cm™' due to the terminal
V=0 bond (see Figs. 3 and 4) [34,35]. A
second Raman band at =920 cm™' is also
observed for the higher V,04 loading due to the
presence of the polymeric V-O-V functionality
(see Fig. 4) [34,35]. The weak band at 994
cm~! is due to trace amounts of microcrys-
talline V,0, particles. Two Raman bands at
1019-1027 and 900-920 cm ™' are also present
for the dehydrated 1% V,0,/CeO, and 3%
V,0,/Ce0, samples in flowing oxygen (see
Figs. 5 and 6). An additional Raman band at
~ 800 cm ™! is probably due to the formation of
V-Ce—0O compound, CeVOQ,, which is not per-
turbed upon dehydration and is consistent with a
microcrystalline phase [36]. In situ Raman spec-
tra of the 4% V,0; and 18% V,0Os-supported on
Al,O; at various temperatures in flowing oxy-
gen are shown in Figs. 7 and 8, respectively.
The Raman bands at 1016-1028, 800-900,
450-620, and 200-350 cm ™' are characteristic
of the multiple dehydrated surface vanadium
oxide species present on Al,O, [36]. The Ra-

5% V. O, /TiO, 784

d.
J170%, O,

1e.
225°C, O,

Raman intensity (Arbltrary Unlts)

1000 900 800 700
Raman Shift (cm™)

Fig. 4. In situ Raman spectra of 5% V,0s /TiO, in presence of
oxygen at various temperatures.
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Fig. 5. In situ Raman spectra of 1% V,0; /CeO, in presence of
oxygen at various temperatures.
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Fig. 6. In situ Raman spectra of 3% V,0; /CeO, in presence of
oxygen at various temperatures.
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Fig. 8. In situ Raman spectra of 18% V,05 /Al,0O; in presence of
oxygen at various temperatures.

200

man bands in the 1016—-1028 cm ™' region asso-
ciated with the terminal V=0 bond and the
other bands are related to the polymeric V-O-V
functionality. The weak and sharp band at 992
cm™! is due to trace amounts of microcrys-
talline V,0; particles. Raman bands of the de-
hydrated surface vanadium oxide species on the

different oxide supports at 230°C are summa-

Table 1
Raman bands of the dehydrated surface vanadia species on oxide
supports at 230°C

1016 480 230
] a.
500°C
T T T T T T T T T T T
1200 1000 800 600 400 200

Fig. 7. In situ Raman spectra of 4% V,05 /Al,0, in presence of

Raman Shift (cm")

oxygen at various temperatures.

Catalyst v=0 V-0-V bulk
(em™") (em™h V,M,0,
(cm™")

1% V,0, /Si0, 1038  — -

7% V,05 /Si0, 1037 - -

1% V,0, /TiO, 1028  — -

5% V,05 /TIO, 1030 920 -

1% V,0, /CeO, 1023 920 800 °
3% V,05 /CeO, 1026 900 800 *
4% V,05 /ALO; 1018 875, 800, 600,330 —

18% V,05 /AL,O, 1027 900, 800, 615, 530, —

460, 330, 240

* M =_Ce.
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Fig. 9. In situ Raman spectra of 1% V,0s /SiO, in the presence
of water vapor at various temperatures.

rized in Table 1. The slight Raman shifts are
due to the different support ligands and surface
coverage effects [5,19,25]. The Raman bands at
1023-1038 c¢cm ™' are assigned to the terminal
V=0 bond functionality and the bands at 800—
920 cm ™' are assigned to the polymeric V-O-V
functionality [19,25,34,35,37].

3.2. In situ Raman spectra of the supported
vanadium oxide catalysts in the presence of
water vapor

The terminal V=0 Raman band at = 1038
cm™ ! of the surface vanadium oxide species on
SiO, is not influenced upon the introduction of
water vapor into the in situ cell as shown in
Figs. 9 and 10 for 1% V,05 and 7% V,O4
loadings, respectively. For 1% V,0,/TiO,,
however, the terminal V=0 Raman band of the
surface vanadium oxide species shifts from 1024
to 1006 cm™' upon decreasing the temperature
from 450 to 120°C and becomes broad in the
presence of moisture (see Fig. 11). The shift of

7% V. Qs /Si0.
1037 (0: +H:0)

480
330
d. 037 228
170°C
910 800
c. hoss \3'3“0“%\_/
032
200 M
B b‘ f
350°C / 30 oo
895 /
la {
500°C
/ 800
895

1200 1000 800 600 400
Raman Shift (cm' )

Raman Intensity (Arbitrary Units)
N
8
-1

T T

200

Fig. 10. In situ Raman spectra of 7% V,Os /SiO, in the presence
of water vapor at various temperatures.
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la. 450°C
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T T T T
1200 1100 1000 800 800 700
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Fig. 11. In situ Raman spectra of 1% V,0Os /TiO, in the presence
of water vapor at various temperatures.
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Fig. 12. In situ Raman spectra of 5% V,05 /TiO, in the presence
of water vapor at various temperatures.

the terminal V=0 Raman band from 1029 to
1018 cm™" with decreasing temperature is also
observed for the 5% V,05/TiO, sample (see
Fig. 12) in the presence of moisture. The broad
Raman band at = 920 cm ™!, which is charac-
teristic of the polymeric V-O-V functionality,
does not appear to be as affected by the pres-
ence of moisture. The presence of water vapor
also does not perturb the V,05 microcrystallites,
Raman band at 994 cm™!, which is consistent
with the three dimensional phase of this oxide
[8]. Raman spectra of the 1% V,0,/CeO, and
3% V,05/Ce0, samples (see Figs. 13 and 14)
reveal that the terminal V=0 Raman band shifts
and broadens toward lower wavenumbers from
1018 to 1009 cm™' and from 1023 to 1018
cm ™!, respectively, in the presence of moisture
as the temperature is lowered. The Raman in-
tensity of the polymeric V-O-V functionality
(Raman band at = 920 cm™') decreases some-
what with decreasing temperature in the pres-
ence of moisture. The Raman intensity of the
V-Ce—O (CeVO,) compound (Raman band at

1% V, O, /CeO,
(0, +H.0)

Raman Intensity (Arbitrary Units)

1200 1000 800 600
Raman Shift (cm’™)

Fig. 13. In situ Raman spectra of 1% V,05 /CeO, in the presence
of water vapor at various temperatures.

3% Vz 05 / 0503
(02 +H,0)

170°C

4 C.
230°C

Relative Intensity (a.u.)

b.
350°C

a.
lsoo"c
T T T
1200 1000 800 600
Raman Shift (cm™)

Fig. 14. In situ Raman spectra of 3% V,05 /CeQ, in the presence
of water vapor at various temperatures.
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Fig. 15, In situ Raman spectra of 4% V,0; /Al.O; in the
presence of water vapor al various temperatures.

=~ 805 cm™ ') increases with decreasing temper-
ature due to the presence of thermal broadening
at elevated temperatures [8]. The presence of
water vapor on the surface vanadium oxide
species on Al,O; also exhibits a Raman shift of
the V=0 functionality towards lower
wavenumber by = 10 cm ™' upon decreasing
the temperature from 500°C to 170°C for the
4% V,04 and 18% V,O; loading as shown in
Figs. 15 and 16, respectively. In addition, the
polymeric V-O-V functionality on Al,O, (Ra-

18% V2 05 /A, 0, |
(0. +H:0) sis
Nw\hv
! i 230
3 892 Aot U"”\k A
i [} M Y
\ mﬁM/‘”W ’ Mo, - \
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. la ] L
5 h7o'c | o W
! i
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g } //101390 A
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) 987 "
gs0°c 11023 ;WM A 1
J/ f"l\/\f“ w"\“ﬁ\\
o et
P a. / |
500°C :
T T T T T T T 1
1200 1000 800 600 400 200
Raman Shift (cm™)
Fig. 16. In situ Raman spectra of 18% V,0;/Al,O: in the

presence of water vapor at various temperatures.

man bands at 900-800, 620-450, and 350-200
cm™ ') does not appear to be significantly af-
fected by the presence of water vapor. The
presence of water vapor does not perturb the
trace V,05 microcrystallites. Raman band

992 c¢m™', present in the 18% V,0,/Al,0O,
sample. The in situ Raman bands of the sup-
ported vanadium oxide catalysts in the presence
of water vapor at 230°C are summarized in

Table 2
Raman bands of the surface vanadia species on oxide supports at 230°C in the presence of water vapor
Catalyst V=0 V-0-V bulk V.M O.
em™ ") {em™") cm ™ ")
1% V,05/8i0, 1038 (1038) - -
7% V.05 /8i0, 1037 (1037) -
% V.05 /TiO- 1018 (1028) -
5% V,04/TiO, 1029 (1030) 920 (920) -
1% V.05 /Ce0, 1012 (1023) 920 (920) 805 (800) *
3% V5054 /Ce0, 1018 (1026) 900 (920) 800 (800) *
4% V,05 /Al 0, 18 (1018) 865, 820, 586. 485, 330 (875. 800. 600, 330) -
18% V.05 /AL,0, 1013 (1027) 900, 800, 615, 530, 460. 330. 240 (900. 800, 615, 530, 460. 330. 240)

Values in parenthesis are Raman bands in the absence of water vapor (from Table 1).

' M= Ce.
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Fig. 17. In situ Raman spectra of oxygen-18 containing 4%
V,05 /ZrO, in the presence of H,'°0/'00, at 300°C as a
function of time. (a) after 25 reduction—oxidation cycles at 450°C
with butane and l802, respectively and cooled to 300°C, (b) after
flowing H,'°0/'50, at 300°C during 400 s, and (c) after
flowing H, '®0/ 0, at 300°C during 600 s.

Table 2 and compared with the corresponding
dehydrated results (in parentheses).

The influence of gases '°0, and H, '°0 upon
the behavior of oxygen-18 containing surface
vanadia species on ZrO, was also investigated
with in situ Raman spectroscopy and shown in
Fig. 17. The oxygen-18 containing 4%
V,0,/ZrO, sample possessed the Raman band
due to the terminal V="80 bond at 990 cm '
compared to the 1030 cm~! Raman band for the
oxygen-16 containing 4% V,0,/ZrO, sample.
The oxygen-18 containing surface vanadia
species was stable in a flowing '°0, stream and
did not undergo isotopic exchange within 30
min. In contrast, addition of 8% H 2160 to the
16O2 stream exchanged the oxygen-18 of the
surface vanadia species within 400 s. No signif-
icant additional changes occur up to 600 s by
which time the terminal V=0 bond is com-
pletely exchanged by oxygen-16. This isotopic
experiment demonstrates that moisture directly

interacts with the surface vanadia species at
elevated temperatures and rapidly exchanges its
oxygen with the surface vanadia species.

4. Discussion

The effect of water vapor on the molecular
structures of the surface vanadium oxide species
on different oxide supports (SiO,, Al,O;, TiO,,
and CeO,) at elevated temperatures was studied
by in situ Raman spectroscopy. The influence of
water vapor was determined from a comparison
of the Raman spectral features of the dehydrated
surface vanadium oxide species with those of
the corresponding surface vanadium oxide
species in the presence of water vapor. The
dehydrated surface vanadium oxide species on
oxide supports possess a mono-oxo V=0 termi-
nal bond (Raman band in the 1038-1018 cm ™!
region) and a polymeric V-O-V functionality
(Raman bands in the 920-800, 620—450, and
350-240 cm ™! region). The molecular structure
of the polymeric surface vanadia species is not
completely known at present as well as its
Raman cross section relative to the isolated VO,
species [25]. The relative intensities of these
two surface vanadium oxide species are depen-
dent on the surface vanadium oxide coverage
(see Figs. 1-7) [25,34,35,37]. The isolated VO,
species are dominant at low surface vanadium
oxide coverage (1 wt%), and the concentration
of the polymeric vanadate species increases with
increasing surface vanadium oxide coverage.
However, only isolated VO, species are present
on the SiO, support at all surface vanadium
oxide coverages (see Figs. 1 and 2).

At low surface vanadium oxide coverages
and high temperatures (450 and 500°C), the
presence of water vapor has very little or no
effect on the V=0 Raman bands in the 1018-
1038 cm™! region (see Figs. 9, 11, 13 and 15).
This suggests that the molecular structures of
the dehydrated surface vanadia species on oxide
supports are stable in the presence of water
vapor at elevated temperatures and low surface
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coverages. The slight Raman shifts, from 1016
to 1012 cm ™' for the V,0;/Al,0; system (see
Fig. 15), and from 1027 to 1024 cm ™' for the
V,0,/TiO, system (see Fig. 11), indicate that
some hydrogen bonding between the surface
vanadium oxide species and adsorbed water
molecules occurs at these high temperatures.
The V=0 terminal Raman bands in the 1018-
1038 cm™' region, however, further shift to
lower wavenumbers by an additional 5-12 cm™'
upon decreasing the temperature to 230°C (with
the exception of the V,0;/Si0, system, see
Fig. 9). The intensity of these Raman bands also
decreases and become broader as the tempera-
ture is decreased. The V=0 Raman bands of
the surface vanadia species on the TiO,, CeO,,
and Al,O; supports shift down to 1009-1000
cm ' upon further reducing the temperature to
170°C. which indicates that the surface vana-
dium oxide species become more extensively
coordinated by water molecules. The interaction
of water molecules with the accessible surface
hydroxyl groups (which are usually present on
the oxide support surface at low surface vanadia
coverage) adjacent to the surface vanadia species
can also lead to a shift of the Raman band to
lower wavenumber. The solvated surface vana-
dium oxide species possess a structure which
approaches the hydrated surface vanadate
species (e.g. decavanadate which possesses the
terminal V=0 band at 990 cm™') due to the
formation of a moisture layer on the oxide
supports at these lower temperatures (with the
exception of the V,0,/Si0, system) [12.25].
These results demonstrate that the molecular
structures of the surface vanadia species on
oxide supports are especially affected by water
vapor at lower temperatures (T < 230°C) since
the amount of surface moisture increases with
decreasing temperature. The effect of water va-
por on the molecular structures of the surface
vanadia species is also dependent on the spe-
cific oxide support since V,05/SiO, is hy-
drophobic (especially Cab-O-Sil Si0O,, which
has a low surface hydroxyl density of = 10
OH /nm? [17]) and very little adsorbed moisture

is present in this system at low temperatures
(T < 230°C). Thus, the coordination of water
molecules with the surface vanadia species or
the oxide support surface hydroxyls can shift
the Raman band to lower wavenumber.

At high surface vanadium oxide coverage,
approaching monolayer coverage, both isolated
and polymerized surface vanadia species are
present on the oxide support [25,34.35,37]. The
formation of a surface vanadia overlayer occurs
by the reaction of the surface vanadia species
with the surface hydroxyl groups of the oxide
support [38]. The interactions of the two-dimen-
sional vanadium oxide overlayer with the sur-
face hydroxyl of alumina support were deter-
mined by "H MAS-NMR spectroscopy, and in-
dicate that the surface vanadium oxide overlayer
is homogeneously distributed over the alumina
surface and essentially titrate all the accessible
surface hydroxyls at monolayer coverage [39].
Since almost all the accessible surface hydrox-
yls of the oxide support have been titrated by
the surface vanadium oxide overlayer at mono-
layer coverage, water molecules predominantly
adsorb directly onto the surface vanadia species.
For the V,0,/TiO, system, monolayer cover-
age of vanadium oxide on TiO, was achieved
due to the detection of a trace of V,05 crystal-
lites (Raman band at 994 cm ', see Fig. 12).
Since no significant reactive surface hydroxyl
groups remain on the TiO, surface, the water
molecules should predominantly coordinate to
the surface vanadia species and shift the Raman
frequency to lower wavenumber, by 1-14 cm ™',
at lower temperatures (7 < 230°C). The coordi-
nation of water molecules with the surface
vanadia species is also observed for high vana-
dia surface coverages on CeO, and Al,O, sam-
ples at lower temperatures (7 < 230°C) when
the terminal V=0 Raman band shifts to lower
wavenumber by 9 and 14-23 c¢cm™', respec-
tively (see Figs. 14 and 16). The Raman band in
the 800-900 cm ™' region, characteristic of the
polymerized V—-O-V functionality, appears to
be very little influenced by the presence of
water vapor, which is primarily related to the
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broadness of this Raman band relative to the
sharper Raman bands at 1018—1038 cm ™! asso-
ciated with the terminal V=0 functionality. The
isotopic oxygen-18 experiments, however, re-
vealed that the polymeric V-O-V functionality
also readily undergoes oxygen exchange with
moisture. At higher temperatures (7 > 350°C),
the molecular structures of the supported vana-
dium oxide catalysts at high V,0O coverage are
not significantly affected by the presence of
water vapor.

The oxygen-18 isotopic labeling experiments
demonstrate that the surface vanadia species
readily undergo oxygen exchange with mois-
ture, in a matter of several minutes at 300°C and
8% H,O, but not efficiently undergo oxygen
exchange with O,. The origin of this different
oxygen exchange behavior between H,O and
O, is related to the ability of moisture to hydro-
gen bond to the oxygen functionalities of the
surface vanadia species (V=0, V-O-V and
V—-O-Support). The ability to isotopically oxy-
gen exchange both the terminal V=0 and bridg-
ing V-0O-V functionalities reveals that mois-
ture is capable of interacting with these oxygen
bonds. The hydrogen bonding is directly ob-
served for the terminal V=0 bond as a shift of
this sharp Raman band to lower wavenumbers,
but is not directly observed for the bridging
V-0-V bond because of the broadness of this
Raman band. The formation of solvated vanadia
species at low temperatures, < 230°C, also re-
veals that moisture is able to hydrolyze the
V-O-support bond. However, at elevated tem-
peratures, > 230°C, the hydrolysis reaction does
not appear to occur to a significant extent and
the surface vanadia species are stable on the
oxide supports in the presence of moisture. Thus,
moisture is able to interact with the oxygen
functionalities of the fully oxidized surface
vanadia species via hydrogen bonding and struc-
tural transformation only occurs at low tempera-
tures (< 230°C).

The hydrogen bonding of moisture with the
oxygen functionalities of the surface vanadia
species has significant implications for oxida-

tion reactions over such catalysts. The ability of
moisture to efficiently interact with the surface
vanadia species at elevated temperatures implies
that moisture competitively adsorbs with reac-
tants, or even blocks such adsorption sites, dur-
ing oxidation reactions. Thus, the rate of oxida-
tion reactions over supported vanadia catalysts
should generally decrease upon the exposure of
moisture and the influence of moisture should
increase with decreasing reaction temperature.
Quite a few studies have investigated the influ-
ence of moisture upon the selective catalytic
reduction of NO, with NH; because of the
presence of significant amounts of moisture typ-
ically present in such industrial streams
[28,29,39-43]. All of these studies demon-
strated that the presence of moisture decreases
the conversion of NO and that the effect of
moisture is more pronounced at lower reaction
temperatures [43]. The strong suppression of
reactivity by moisture at low reaction tempera-
tures, < 230°C, makes it undesirable to com-
mercially operate such supported vanadia cata-
lysts in the presence of significant amounts of
moisture at such low temperatures. In addition,
the selectivity towards N,O formation is sup-
pressed by the presence of moisture, which has
been attributed to surface hydroxylation
[28,29,40,43]. In situ IR studies during SCR
over vanadia/titania catalysts have shown that
moisture hydrogen bonds to the surface hy-
droxyl groups, increases the surface hydroxyl
concentration and coordinates to the surface
vanadia species [28,29]. Thus, moisture compet-
itively adsorbs on the surface of supported
vanadia catalysts to both decrease the reactivity
and to modify the reaction selectivity.

5. Conclusions

The effect of water vapor on the molecular
structures of V,Os-supported catalysts (SiO,,
Al,O,, TiO,, and CeO,) was investigated by in
situ Raman spectroscopy as a function of tem-
perature (from 500°C to 120°C). Under dry
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conditions, only isolated surface VO, species
are present on the dehydrated SiO, surface, and
multiple surface vanadium oxide species (iso-
lated VO, species and polymeric vanadate
species) are present on the dehydrated Al,O;,
TiO,, and CeO, surfaces. The Raman features
of the surface vanadium oxide species on the
Si0, support are not affected by the introduc-
tion of water vapor. This indicates that the
molecular structure of the surface vanadium
oxide species on SiO, is not affected by the
presence of water vapor due to the hydrophobic
nature of the SiO, (Cab-O-Sil) support. How-
ever, the presence of water has a pronounced
effect on the molecular structures of the surface
vanadium oxide species on the Al,O,, TiO,,
and CeO, supports. The Raman band of the
terminal V=0 bond on these oxide supports
shifts to lower wavenumbers by 5-30 cm ! and
becomes broad compared to that under dry con-
ditions. Above 230°C, the Raman shift of the
surface vanadium oxide species in the presence
of water suggests that the dehydrated surface
VO, species form a hydrogen bond with some
adsorbed moisture. The hydrogen-bonded sur-
face VO, species are extensively solvated by
water molecules and form a hydrated surface
vanadate structure upon further decreasing the
temperature below 230°C (e.g. decavanadate).
The Raman band in the 800-900 cm ™' region,
which is characteristic of the polymerized V-
O-V functionality, appears to be little influ-
enced by the presence of water vapor primarily
due to the broadness of this Raman band. Oxy-
gen-18 isotopic labeling studies reveal that both
the terminal V=0 and polymeric V-O-V bonds
readily undergo oxygen exchange with mois-
ture. The current observations account for the
inhibiting effect of moisture upon oxidation re-
actions over supported vanadia catalysts.
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