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Additives on a 1% V,0,/TiO, catalyst exhibit two types of inter-
actions with the surface vanadium oxide phase which are observed
by Raman spectroscopy under dehydrated conditions and metha-
nol oxidation. Under dehydration conditions, noninteracting addi-
tives (WO;, Nb,O;, and SiO,) coordinate directly to the oxide
support without significantly interacting with the surface vana-
dium oxide phase. Furthermore, the effect of the noninteracting
additives on the surface vanadium oxide phase is independent of
the order of preparation or precursor used. These noninteracting
additives do not affect the methanol oxidation activity and selectiv-
ity. Interacting additives (K,0O and P,0;), however, directly coordi-
nate with the surface vanadium oxide phase. Addition of K,0O
progressively titrates the surface vanadium oxide sites, as observed
from the changes in the structure and reactivity of the surface
vanadium oxide phase. The effect of P,Os on the surface vanadium
oxide phase depends on the concentration and sequence of prepara-
tion. Addition of higher concentrations of P,O; forms vanadium
phosphate compounds, and results in a change in methanol oxida-
tion activity and selectivity. The addition of 1% V,0; to a 5% P,0,/
TiO, sample, however, does not show any evidence of compound
formation, but a part of the surface vanadium oxide phase appears
to be titrated. Under ambient conditions, the additives change the
pH at point of zero charge of the surface moisture layer which
controls the structure of the surface vanadium oxide layer. Thus,
depending on the nature of the additive, interacting or noninter-
acting, the dehydrated structure and reactivity toward methanol
oxidation of the surface vanadium oxide phase are affected or
remain essentially unchanged, respectively. © 1994 Academic Press, Inc.

INTRODUCTION

Supported vanadia-titania catalysts typically used in
industry and research usually contain various additives
(impurities and promoters) that are intentionally or unin-
tentionally added (1-3). The oxides of tungsten, niobium,
silicon, potassium, and phosphorous are some of the main
additives usually considered for supported vanadium ox-
ide catalysts. Tungsten oxide and niobium oxide are used
as promoters for the selective catalytic reduction of NO,.

! To whom correspondence should be addressed.

Silica is typically present as an impurity on titania. Po-
tassium and phosphorous oxides are considered poisons
for certain reactions, but also increase the selectivity for
certain hydrocarbon oxidation reactions. In essence some
of these additives are detrimental to the catalytic oxida-
tion properties, whereas others are necessary to obtain
maximum catalytic efficiency. Furthermore, only a criti-
cal amount of additive is usually necessary to form the
active catalyst. A brief literature review of the influence
of additives upon V,0,/TiO, catalysts is presented below.

Van Hengstum et al. (4) observed that the influence
of phosphorous and potassium additives on V,0,/TiO,
catalysts depended on the type of hydrocarbon oxidized.
For the selective oxidation of toluene, the additives had
a large negative effect on the activity and yield of benzoic
acid. For the oxidation of o-xylene, the additives had a
negative effect for low vanadium oxide contents, but the
presence of additives improved the catalyst efficiency at
high vanadium oxide contents. The addition of phospho-
rous increased the surface acidity of the V,0;/TiO, cata-
lysts since the acid side reactions were enhanced. Po-
tassium altered the nature of the active sites, which was
attributed to the possible formation of amorphous bronzes
between vanadium oxide and potassium. The presence
of amorphous bronzes was concluded since bulk V,0q
features were not observed in the Raman spectra at load-
ings in slight excess of monolayer amounts. The presence
of potassium on the V,0,/TiO, catalysts also increased the
T,.x temperature in temperature programmed reduction
experiments, and the presence of phosphorous only
slightly influenced the T,, temperature. This study, how-
ever, did not provide structural information about the
surface vanadium oxide phase in the presence of the po-
tassium and phosphorous additives.

Zhu and Andersson (5, 6) studied the effect of potassium
and phosphorous additives on a 2 wt.% V,0,/TiO, cata-
lyst for the oxidation of toluene, and observed that the
oxidation activity decreased rapidly as the additives were
deposited. The addition of potassium decreased the se-
lectivity of the oxidative coupling and acid side reaction,
and increased the formation of carbon oxides. The addi-
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tion of phosphorous increased the selectivity of oxidative
coupling products and carbon oxides, and decreased the
selectivity to side-chain oxidation products. Characteriza-
tion of the surface vanadium oxide phase in the potassium-
and phosphorous-doped V,04/TiO, catalyst by X-ray
photoelectron and infrared spectroscopy, and X-ray dif-
fraction indicated that the additives (phosphorous and
potassium) and vanadium oxide are highly dispersed at
low additives concentrations. The formation of small
quantities of KVO; for K/V ratios of =1 were detected
from the X-ray powder diffraction pattern. Potassium in
excess of the amount bonded to vanadium resulted in a
decrease in surface area and an increase in the anatase-
to-rutile transformation. Addition of phosphorous, in ex-
cess of the P/V ratio of 1.25, resuited in agglomeration
of the phosphorous—vanadium-oxygen phase and the for-
mation of vanadium phosphate compounds which were
detected by XRD. In contrast to the potassium additives,
the phosphorous-doped V,0,/TiO, catalyst remained un-
changed and so did the anatase-to-rutile ratio.

Bond and Tahir (7) investigated the influence of po-
tassium and phosphorous on V,0;/TiO, catalysts for the
oxidation of butadiene. The addition of phosphorous had
little effect on the catalyst reducibility or activity for buta-
diene oxidation. The addition of potassium decreased the
catalyst reducibility and activity for butadiene oxidation.
Structural information of the surface vanadium oxide
phase upon deposition of the additives was not obtained.

Vuurman et al. (8) characterized the V,0,-WO,/TiO,
system in detail using Raman spectroscopy obtained un-
der ambient and dehydrated conditions. Under ambient
conditions, the structure of the surface vanadium oxide
species in the presence of tungsten oxide depended on
the surface pH at point of zero charge (pzc). Under dehy-
drated conditions, the surface vanadium oxide and tung-
sten oxides on TiO, were present as separate species,
and, essentially, were not influenced by the second sur-
face metal oxide at all loadings. The sequence of impreg-
nation of the vanadium oxide and tungsten oxide did not
change the nature of the surface vanadium oxide and
surface tungsten oxide species.

Ramis et al. (9) also examined the V,0,~WO,/TiO,
system by infrared spectroscopy under dehydrated condi-
tions and observed the presence of V=0 and W=0
vibrations exactly in the same position as the individual
supported metal oxide systems (V,0,/TiO, and WO,/
TiO,). From these results they concluded that the surface
vanadium oxide and tungsten oxide do not strongly inter-
act with each other.

Chen and Yang have studied the effect of WO, on the
V,0,/TiO, catalysts for the selective catalytic reduction
(SCR) of nitric oxide with ammonia (10). They observed
that the addition of WO, increases the activity of the SCR
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reaction and significantly increases the poison resistance
of the WO,-V,0,/TiO, catalysts to alkali and arsenious
oxides. An increase in the Brgnsted acidity was observed
upon the addition of WO, to the V,0,/TiO, catalyst. The
Brgnsted acid sites were proposed to be the active sites
for the SCR reaction. No structural characterization of
the surface vanadium oxide phase was performed and
all the conclusions were based on catalytic reaction
data.

The studies above suggest that the various additives
can influence the behavior of the V,04/TiO, catalysts dif-
ferently. However, none of the studies has attempted to
correlate the structure of the surface vanadium oxide
phase with the catalytic activity of the supported vana-
dium oxide catalysts in the presence of the various addi-
tives. Such a structure-reactivity relationship is critical
to the fundamental understanding of the influence of the
additives on the V,0/TiO, catalytic system. For this
reason, the purpose of this study is to add different addi-
tives (WQO;, Nb,Os, SiO;, P,0s, and K,0) to a 1% V,04/
TiO, catalyst and to observe the changes in the structure
and reactivity of the surface vanadium oxide phase by
Raman spectroscopy and methanol oxidation, respec-
tively. Models of the interactions of the various additives
with the surface vanadium oxide phase are developed
by correlating the structure and reactivity of the surface
vanadium oxide phase in the presence and absence of
the additives.

EXPERIMENTAL

Catalyst Preparation

The support material used for this study was TiO, (De-
gussa, P-25) with a surface area of 50 m?/g and an anatase-
to-rutile ratio of 95: 5. The support was calcined at 450°C
for 16 hr and sieved to <75 um prior to the preparation
of the catalysts.

Supported vanadium oxide on TiO, was prepared by
the incipient wetness impregnation of vanadium triisopro-
poxide oxide (Alfa, 95-98% pure) precursor in a methanol
solution. An equivalent amount of vanadium triisopropox-
ide oxide to form 1% V,0, by weight was added to known
amounts of methanol to form a solution for the incipient
wetness impregnation method. The impregnated catalysts
were thoroughly mixed and dried at room temperature
for 16 hr in a glove box under a nitrogen environment.
Room temperature drying for 16 hr was followed by drying
at 100-120°C under flowing nitrogen for 16 hr. Finally the
catalysts were dried at 450°C for 2 hr in flowing oxygen (or
air). The final catalysts were denoted as 1% V,04/TiO,.

Tungsten oxide, niobia, silica, potassium oxide, and
phosphorous oxide were added in order to study the
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TABLE 1
Precursors and Solvents Used for Impregnation of the Additives

Additives

on 1% V,04/TiO, Precursor Solvent

Tungsten oxide Ammonium metatungstate Water

Niobia Niobium ethoxide and Propanol
Niobium oxalate Water

Silica Tetramethyl orthosilicate Methanol

Potassium KOH solution (1-3 wt.%) Water

Phosphorous Dilute H,PO, (3-4 wt.%) Water

effect of additives on the 1% V,0,/TiO, sample. The
amounts of the additives were limited to monolayer
loadings in most cases since at these loadings the surface
vanadium oxide phase would be most influenced. The
precursors and solvents used to deposit the respective
additives on the 1% V,0,/TiO, catalyst are listed in
Table 1.

Niobia and silica were deposited on the 1% V,04/TiO,
sample by nonaqueous impregnation of a solution of the
respective precursors and solvents shown in Table 1. The
drying and heating of the samples were performed under
conditions similar to those for the 1% V,0,/TiO, sample.
Tungsten oxide, potassium oxide, and phosphorous oxide
were deposited on the 1% V,0,/TiO, sample by aqueous
impregnation of a solution of the respective precursors
and water (see Table 1). Niobia was also deposited on
the 1% V,0,/TiO, by the aqueous impregnation method
using double impregnation of 3% Nb,O; each time.
Calcination of these catalysts was done under similar tem-
peratures as before, except that the atmosphere was al-
ways oxygen (or air) instead of nitrogen in the drying
stage. These catalysts were denoted as % M, 0,/1%
V,0,/TiO,, where 2% M, O, stands for the weight percent
of the additive deposited on the previously prepared 1%
V,0,/TiO, sample.

Some catalysts were also prepared in the reverse se-
quence. For example, known amounts of niobium ethox-
ide and propanol, corresponding to 3% Nb,O; and incipi-
ent impregnation volume, were first deposited on the TiO,
support, then dried in nitrogen at room temperature and
120°C, and calcined at 450°C in air or oxygen. Known
amounts of vanadium triisopropoxide oxide and methanol
solution corresponding to 1% V,0; were added to the 3%
Nb,O/TiO, sample by incipient wetness impregnation,
followed by the necessary drying and calcination. Such
samples were denoted as 1% V,0s/z% M,0,/TiO,, where
% MO, stands for the weight percent of the additive
deposited initially on the TiO, support.

337

Raman Spectrometer

The laser Raman spectra were obtained with an Ar”
laser (Spectra Physics, Model 2020-50). The incident laser
line delivered 1-20 mW of power measured at the sample
and tuned to 514.5 nm. The scattered radiation from the
sample was directed into an OMA 111 (Princeton Applied
Research, Model 1463) optical multichannel analyzer with
a photodiode array detector thermoelectrically cooled to
—35°C. About 100-200 mg of the pure catalysts were
made into wafers and placed in the in situ cell. The in
situ cell consisted of a stationary sample holder, which
has been described elsewhere (8). The in situ cell was
heated to 300°C for 4 hr and then cooled to room tempera-
ture before the Raman spectra were obtained. The entire
procedure was performed in a stream of flowing oxygen
(ultra high purity grade) over the catalyst sample to ensure
complete oxidation of the catalysts. The Raman spectra
of the catalysts were also obtained under ambient condi-
tions to check for the effect of hydration—-dehydration
treatments and compound/crystallite formation.

Methanol Oxidation Reaction

A reactant gas mixture of CH,OH/O,/He in the molar
ratio of ~6/13/81 was used for the methanol oxidation
reaction. The oxygen/helium mixture from two mass flow
controllers (Brooks) was bubbled through a saturator con-
taining methanol operating at ~9.5°C by flowing cooled
water obtained from a Neslab cooler (RTE 110A). The
total gas flow rate was maintained at ~100 standard cubic
centimeter per minute (sccm) for all the catalytic runs.
The gas flow through the differential reactor was from
top to bottom. The reactor was held vertical and made out
of Pyrex glass of 6.2 mm outer diameter. The temperature
around the reactor was maintained by a furnace (Linberg)
connected to a temperature controller (Eurotherm). The
outlet of the reactor to the gas chromatograph (HP 5840A)
was heated to 120-130°C. Analysis of the reactants and
the products was performed on the GC using two TCDs
and a FID with two packed columns (Poropak R and
Carbosieve S1I) connected in parallel. The amount of cata-
lyst was controlled to achieve less than 10% methanol
conversion in order to maintain differential reaction con-
ditions and eliminate problems due to heat and mass trans-
fer. The product data were collected for 4-5 hr and
checked for any rapid deactivation. The total conversion
of methanol was found not to vary by more than 10%
over the 4-5 hr. The conversion data obtained after 10-20
min were used to calculate the turnover frequency (TOF)
as they are most representative of the structural data
obtained in a fully oxidized atmosphere. Three to five sets
of data were obtained for all the catalysts, and the average
value of the activity and selectivity is presented. The
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FIG. 1. Raman spectra of niobium oxide-doped 1% V,0./TiO, sys-
tem. Spectra obtained under dehydrated conditions. (a) 1% V,04/TiO,;
(b) 3% NbOs/1% V,04/TiO; (aq.); (c) 6% Nb,Os/1% V,04/TiO; (aq.);
(d) 6% Nb,0O4/1% V,04/TiO, (non-aq.).

turnover frequency (units = s~!) was calculated from the
total moles of methanol converted per mole of vanadium
atom present per second.

RESULTS

Raman Spectra

Niobia-vanadia-titania system. The Raman spectra
of the series of niobia-promoted 1% V,04/TiO, catalysts
are shown in Fig. 1 in the 700-1200 cm™' region. The
intense vibrations of the TiO, support dominate the spec-
trum below 700 cm™' and are not shown. The spectrum
of the 1% V,04/TiO, catalyst is included for reference.
The Raman spectrum of unpromoted 1% V,04/TiO, ex-
hibits a band at 1027 cm™~! and a peak at 790 cm™'. The
latter peak arises from titanium-oxygen vibrations and
exists in the Raman spectrum of the pure TiO, support
(8). None of the Raman spectra of the niobia-doped 1%
V,04/TiO, catalysts shows the Raman features arising
from niobium—oxygen vibrations. This is due to the low
cross section of the niobium—oxygen vibrations compared
to the vanadium-oxygen vibrations. The Raman spectra
of 6% Nb,0,/TiO, under dehydrated conditions exhibit
Raman bands at 985 and 930 cm™' (11). The Raman band
at 1027 cm™! is due to the vanadium-oxygen terminal
vibration of the surface vanadium oxide species on TiO,
(8, 12). As 3 and 6% Nb,O; are added to the previously
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prepared 1% V,0,/TiO, catalyst by aqueous impregnation
(niobium oxalate and water; final calcination at 450°C in
oxygen), the Raman band at 1027 cm™' shifts to 1030
cm~!, and a broad Raman feature is observed at 920-930
cm ™! arising from additional vanadium oxygen vibrations.
The assignment of the 920-930 cm™~! Raman band to the
vanadium-oxygen vibration rather than the niobium-
oxygen vibration is due to the absence of any niobium-
oxygen vibration at 985 cm™!. Addition of 6% Nb,O; to
previously prepared 1% V,0/TiO, by nonaqueous im-
pregnation (niobium ethoxide and propanol; final calcina-
tion at 450°C in oxygen) shows the presence of Raman
bands at 1030 and ~930 cm™!, which is similar to the
Raman features observed for the aqueous impregnation
of niobium oxide. The Raman spectrum of 1% V,0, added
to previously prepared 3% Nb,O,/TiO, shows the pres-
ence of the Raman features due to the vanadium oxygen
vibrations at 1030 and 925 cm™!. The Raman spectra of
the various dehydrated niobia-doped 1% V,04/TiO, sam-
ples are different from the corresponding Raman spectra
obtained under ambient conditions. Under ambient condi-
tions, the Raman bands due to the surface vanadium oxide
phase on titania are shifted from ~950 cm™! to ~980 cm™!
when niobia is added. No Raman features of bulk V,O;
and Nb,Og are present in any of the spectra. Monolayer
loadings of the Nb,0,/TiO, and V,0,/TiO, systems corre-
spond to ~7% Nb,Os and 6% V,Os, respectively (8, 11,
12).

Tungsten oxide—-vanadia—titania system. The Raman
spectrum of 7% WO,/V,0,/TiO, catalysts is shown in Fig.
2 in the 700-1200 cm™! region along with the spectrum
of 1% V,0,/TiO, for reference. The Raman spectrum of
7% WO,/1% V,0,/TiO, shows the presence of two sharp
features at 1030 and 1010 cm™!, and a broad Raman band
at 925 cm™'. The Raman spectra of 7% WQ,/TiO, show
Raman features at 1010 cm™! due to the W==0 vibration
(8). Hence, the Raman band at 1010 cm™! for the 7% WO,/
1% V,04/TiO, sample is due to the W==0 vibration, and
the remaining bands at 1030 and 930 cm~! are due to the
vanadium-oxygen vibrations. Similar to the niobia—va-
nadia-titania system, the Raman band of the vanadium
oxygen terminal vibration of the surface vanadium oxide
phase is shifted from 1027 to 1030 cm™' and a broad band
appears at 930 cm™!. A previous detailed investigation by
Vuurman et al. of the tungsten—vanadia—titania system
shows that the sequence of impregnation of the vanadium
oxide and tungsten oxide does not change the Raman
spectra of the surface vanadium oxide and tungsten oxide
phases (8). No features of bulk V,0O5 or bulk WO, are
observed for the 7% WO0,/1% V,0,/TiO, sample. Mono-
layer loadings of the WO,/TiO, system correspond to
~8% WO, (8). The Raman spectra obtained under dehy-
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FIG. 2. Raman spectra of tungsten oxide-doped 1% V,04/TiO, sys-
tem. Spectra obtained under dehydrated conditions. (a) 1% V,04/TiOs;
(b) 7% WO,/1% V,04/TiO,.

drated conditions of these samples (Fig. 2) are different
from the corresponding Raman spectra obtained under
ambient conditions, and the Raman band of the surface
vanadium oxide phase shift from ~950 to ~980 cm ™! when
tungsten oxide is added.

Silica~vanadia-titania. The Raman spectrum after
the addition of 3% SiO, to a previously prepared 1% V,0./
TiO, catalyst is presented in Fig. 3 and the Raman spec-
trum of 1% V,0,/TiO, is shown for reference. Monolayer
loadings of SiO, on TiO, have not been determined, but
3% SiO, corresponds to ~0.8 monolayers of V,0, on TiO,
on an equimolar basis. The Raman spectrum of 3% SiO,/
1% V,0,/Ti0O, shows a slight downward shift of the band
from 1027 to 1024 cm™' due to the addition of silica. No
evidence of the broad Raman feature at 925-930 cm™! or
features of bulk V,0s are observed. Dehydration experi-
ments of the 3% Si0,/Ti0, sample are not very conclusive
since a change in the Raman spectra during hydration and
dehydration conditions is not evident (13). The presence
of bulk SiO, cannot be excluded since bulk SiO, possesses
weak and broad bands in the 700-1200 cm™ region and,
hence, may not be observable. The Raman band under
ambient conditions of the vanadium oxide phase in the
3% Si0,/1% V,0s/TiO, sample is similar to the Raman
band of the 1% V,04/TiO, sample (~940 cm™"). Decreas-
ing the amount of SiO, (1% Si0,) in the 1% V,0./TiO,
sample does not provide any additional information since
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essentially the same Raman spectra are observed under
ambient and dehydrated conditions.

Potassium oxide—vanadia—titania. The Raman spec-
tra of various amounts of K,O added to 1% V,0,/TiO,
are shown in Fig. 4 in the 700-1200 cm™' region along
with 1% V,0,/TiO, as reference. Various loadings of K,O
were investigated because of the pronounced influence of
K,O on the Raman spectra of 1% V,0,/Ti0,. Addition
of 0.05% K,O shifts the Raman band of the terminal V=0
bond from 1027 to 1025 cm™', and a new broad shoulder
appears at 1001 cm™'. Larger amounts of K,O further shift
the Raman band of the V=0 bond to lower wavenumbers
(from 1027 to 1009 cm™") and increase the relative inten-
sity of the broad Raman features in the 980-1000 cm™!
region. The Raman bands obtained under ambient condi-
tions of the potassium-doped 1% V,0./TiO, samples oc-
cur at lower wavenumbers (880-910 cm™') compared to
the undoped 1% V,0,/Ti0, sample (~950 cm™"), and are
different from the corresponding Raman spectra obtained
under dehydrated conditions.

Phosphorous oxide—vanadia—titania. Various combi-
nations and sequences of the preparation of P,O, and 1%
V,0;s deposited on TiO, are shown in Fig. 5 along with
the spectrum of 1% V,04/TiO, as reference. Addition of
1% P,0s to previously prepared 1% V,0,/TiO, shows a
slight shift along with broadening of the Raman band at

Raman Intensity (arbitrary units)

1200 1100 1000 900 800

Raman Shift (cm'1 )

FIG. 3. Raman spectra of silica-doped 1% V,0/TiQ, system. Spec-
tra obtained under dehydrated conditions. (a) 1% V,04/TiO,; (b) 3%
Si0,/1% V,04/TiO,.
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FIG. 4. Raman spectra of potassium-doped 1% V,04/TiO, system.
Spectra obtained under dehydrated conditions. (a) 1% V,05/TiO,;
(b) 0.05% K,0/1% V,04/TiOy; (c) 0.2% K,0/1% V,04/TiOy; (d) 0.7%
K,0/1% V,05/TiO,.

1027 cm™' due to the V=0 bond. Addition of 3% P,0Os to
previously prepared 1% V,0s/TiO, shows two relatively
intense and broad Raman bands at 1035 and 923 cm™'.
The Raman bands of 3% P,Os on 1% V,04/TiO, are the
same when obtained under ambient conditions, and

closely correspond to the Raman bands of bulk a-VOPO,

(dehydrated)

1030
923

035

Raman Intensity (arbitrary units)

1 (@)

1200 1100 1000 900 800

Raman Shift (cm '1)

FIG. 5. Raman spectra of phosphorous-doped 1% V,0s/TiO, sys-
tem. Spectra obtained under dehydrated conditions. (a) 1% V,0,/TiO,;
5% P,04/TiO,;.
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in the 700-1200 cm ™' region (14). The conclusive evidence
of bulk a-VOPO, in the 3% P,0/1% V,0,/TiO, sample
can only be confirmed by the application of other charac-
terization techniques. The Raman spectrum of 1% V,0;
on previously prepared 5% P,0s/TiO, only possesses a
broad band at 1035 cm™!. The Raman spectra of the 1%
P,04/1% V,04/TiO, and 1% V,0+/5% P,04/TiO, samples
obtained under ambient conditions reveal Raman bands
at ~973 and ~984 cm ™!, respectively, and are different
from the corresponding spectra obtained under dehy-
drated conditions.

Methanol Oxidation

Additives on titania. The methanol oxidation activi-
ties (A,) and selectivities to formaldehyde (HCHO), di-
methyl ether (DME), dimethoxy methane (DMM), methyl
formate (MF), and carbon oxides (CO,) of different oxides
(used in this study) supported on TiO, support are shown
in Table 2 along with data for the 1% V,04/TiO, sample
and the pure TiO, support. The moles of the cation of the
different supported phases are also included. Comparison
of the different activities and selectivities in Table 2 re-
veals that the surface vanadium oxide species forms the
redox sites and that the redox activity (A, x selectivity
of HCHO) is more than three orders of magnitude greater
than the redox activity of the next most active catalysts
(1% K,0/Ti0,). The rest of the catalysts show no detect-
able redox activity under the present conditions. The 7%
WO,/TiO, and 5% P,0/TiO, samples show an increase
in activity to acid products (dimethyl ether), suggesting
that these additives form acidic sites, but the total activity
is still less than the 1% V,0,/TiO, catalyst by greater than
1.5 orders of magnitude. The Nb,O4/TiO, catalyst shows
a slight increase in the total activity compared to pure
TiO, and dimethyl ether is the only product. The SiO,/
TiO, sample shows a slight decrease in the methanol oxi-
dation activity to dimethyl ether, suggesting that part of
the TiO, surface is exposed and/or the surface silica spe-
cies is inactive toward methanol oxidation. Thus, the reac-
tivity of the series of additives on 1% V,04/TiO, catalysts
is dominated by the redox properties of the surface va-
nadia species, and the influence of the additives upon the
surface vanadium oxide species can be determined.

Niobia—vanadia—titania. The effect of adding differ-
ent amounts of niobia to the 1% V,0,/TiO, sample to
methanol oxidation turnover frequency (TOF) is shown
in Table 3. The TOF for the 1% V,05/TiO, sample is 2.0
s~! and is included for reference. The selectivity of all
these samples is greater than 96% to formaldehyde. No
appreciable change in the TOF (1.5-1.6 s™) for methanol
oxidation is observed for addition of up to 6% Nb,Os by
the aqueous impregnation method. In addition, no appre-
ciable change in the TOF (1.4-1.8 s7') is observed when



EFFECT OF ADDITIVES IN V,0,/TiO, CATALYSTS

341

TABLE 2
Activity and Selectivity of Additives on TiO,, 1% V,04/TiO,, and TiO,

Selectivity (%)

Mole?

Sample Al (x10%g) FA MF DMM DME Co,
3.0% Nb,0,/TiO; 0.007 2.26 —_ _ — 100 —
5.0% Nb,O5/TiO* 0.006 3.76 — —_ —_ 100 _
7.0% WO,/TiO, 0.013 3.02 — — — 100 Tr
3.0% SiO,/TiO, 0.001 S —_ — — 100 —_
1.0% K,0/TiO, 0.005 2.13 10 —_— — 89 1
5.0% P,04/TiO, 0.015 7.04 —_ — — 100 —
1.0% V,0,/TiO, 0.81 1.10 99 — — Tr —_
TiO, 0.002 — — — —_— 91 9

9 Moles of methanol converted per gram catalyst per hour.
b Mole of deposited cation based on weight percent oxide.

¢ From Ref (I1).

the sequence of impregnation of vanadium oxide and nio-
bium oxide are reversed or the niobium oxide precursor
(niobium ethoxide/niobium oxalate) is changed.

Tungsten oxide—vanadia—titania and  silica—va-
nadia—titania. The effect on the TOF for methanol oxi-
dation is shown in Table 4 as tungsten oxide and silica
are added to the previously prepared 1% V,0;/TiO, sam-
ple. The TOF of 1% V,0/TiO, is included for reference.
The selectivity of all of the samples is greater than 93%
to formaldehyde. From Table 3 it is observed that the
TOF for methanol oxidation is unaffected by the addition
of tungsten oxide or silica. Reversing the sequence of
depositing tungsten oxide and vanadium oxide shows sim-
ilar TOF values.

Potassium oxide—vanadia-titania. Table 5 shows the
TOF for methanol oxidation of the potassium-doped 1%

TABLE 3

The TOF for Methanol Oxidation of Niobia-Doped 1%
V,05/TiO, Samples

Selectivity (%)

V,04/TiO, samples. Upon addition of potassium to the
1% V,0s/TiO, sample a gradual decrease in the TOF for
methanol oxidation is observed and an order of magnitude
decrease of the oxidation activity (TOF) occurs upon addi-
tion of 0.7% K,O to the 1% V,0s/TiO, sample. An in-
crease in the selectivity toward carbon oxides is also ob-
served for greater than 0.7% amounts of K,O on the 1%
V,0,/TiO, sample.

Phosphorous oxide—vanadia—titania. The effect of
the addition of phosphorous to the 1% V,0,/TiO, sample
on the TOF and selectivity of methanol oxidation is shown
in Table 6. Addition of 1% P,O; results in a slight decrease
in the methanol oxidation turnover frequency and a corre-
sponding slight increase in the selectivity to dimethyl
ether. Addition of 3% P,0; to a previously prepared 1%
V,04/TiO, sample shows a drastic change in the TOF
and selectivity. The TOF for the 3% P,04/1% V,0,/TiO,
sample, 6.4 X 107% 57!, is about two orders of magnitude
less than the TOF of the 1% V,0,/TiO, sample, 2.0 X 10°
s”!, and the selectivity of the 3% P,0,/1% V,0,/TiO,

TABLE 4
The TOF for Methanol Oxidation of Silica- and Tungsten

Sample TOF* FA DMM DME CO, Oxide-Doped 1% V,05/Ti0O, Samples

1% V,04/TiO, 2.0 99 — Tr —_

3% szOg/l% VZOS/TIOZ 1.5 97 3 Tr — Selec[ivity (%)
(aqueous prep.)

6% Nb,0Os/1% V,04/TiO, 1.6 96 3 1 — Sample TOF FA DMM DME CO,
(aqueous prep.) -

6% Nb,0s/1% V,05/TiO, 1.8 97 2 1 — 1% V,04/TiO, 2.0 99 — Tr —
(nonaqueous prep.) 3% Si0,/1% V,04/TiO, 2.7 96 3 Tr Tr

1% V,05/3% Nb,Os/TiO, 1.4 96 3 1 — 7% WO,3/1% V,04/TiO, 34 93 5 2 —
(nonaqueous prep.) 1% V,05/7% WO,/TiO, 2.0 99 1 Tr —

¢ Based on total activity.

¢ Based on total activity.
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TABLE $§

The TOF for Methanol Oxidation of Potassium Oxide-Doped 1% V,0s/Ti0O, Samples

Selectivity (%)

TOF?
Sample Al (s7) FA MF DMM DME co,
0.04% K,0/1% V,04/TiO, 0.960 2.4 97 —_ 2 Tr Tr
0.16% K,0/1% V,05/TiO, 0.460 1.2 99 — - Tr —
0.3% K,0/1% V,04/TiO, 0.200 0.5 100 — — — —
0.7% K,0/1% V,04/Ti0, 0.026 0.07 100 — — Tr —

* Moles of methanol converted per gram catalyst per hour.
b Based on total activity (A.).

sample is 52% to dimethyl ether compared to negligible
amounts of dimethy! ether (<1%) for the undoped sample.
The addition of 1% V,0s to a previously prepared 5%
P,0,/TiO, sample shows a different behavior toward
methanol oxidation. The methanol oxidation TOF for 1%
V,04/5% P,0s/TiO, (~1.0 x 10~ s~ ") is an order of magni-
tude less than that for the 1% V,0,/TiO, sample. In addi-
tion, the selectivity of methanol toward dimethyl ether of
the 1% V,0s/5% P,0s/TiO, sample is ~1[5%.

DISCUSSION

In order to understand the effect of additives on the
1% V,0,/TiO, sample, it is worthwhile first to discuss the
structure and reactivity relationship of the unpromoted
V,04/TiO, system as a function of vanadium oxide
loading.

Under ambient conditions, where moisture is present,
metavanadate and decavanadate species are observed on
the TiO, support (15, 16). The relative ratio of the two
vanadium oxide species on TiO, depends on the surface
vanadium oxide loading—the decavanadate species is
predominantly present at monolayer coverages (>95%).
The maximum vanadium oxide loading that can be depos-
ited on the TiO, support (Degussa P-25, 55 m?/g) as a

molecular dispersed phase corresponds to 6% V,0; (8,
12).

Upon dehydration, a change in the Raman spectra (8,
12) and solid state 'V NMR spectra (16) is observed,
and four coordinated species on the surface of TiO, were
proposed for low vanadium oxide loadings (1% V,0s/
TiO,). For low vanadium oxide loadings, the Raman spec-
tra are dominated by a band at 1027 cm™', and at high
loadings, an additional band at 920-930 cm ™! is observed
(8, 12, 17, 18). The 920-930 cm ™! band has been assigned
to a polymerized surface vanadium oxide species by many
investigators (8, 17-19). The ratio of these two Raman
bands of the dehydrated catalysts is a function of vana-
dium oxide loading. The dehydrated structure of the sur-
face vanadium oxide species is used for the structure—
reactivity relationship since under reaction conditions
(200-400°C) the surface moisture present under ambient
conditions desorbs. The methanol oxidation turnover fre-
quency (TOF) shows a similar value of 1.1-2.7 s~! for
the 1-6% V,0,/TiO, samples with a selectivity of more
than 95% to formaldehyde (20) suggesting the insensitivity
of methanol oxidation to the ratio of the 1027—-1030 and
920-930 cm™' bands. Bulk V,Os, in comparison, pos-
sesses a TOF of 2.2 x 107%s™! for methanol oxidation (21).

Under ambient conditions, the surface of the oxide sup-

TABLE 6

The TOF for Methanol Oxidation of Phosphorous Oxide-Doped 1% V,0,/TiO, Samples

TOF* Selectivity (%)
(s™h
Sample Al FA MF DMM DME CO,
1% P,04/1% V,04/TiO, 0.520 1.3 92 — 6 Tr -
3% P,04/1% V,04/TiO, 0.025 0.06 25 — — 52 23
1% V,04/5% P,0s/TiO, 0.066 0.17 74 — 13 13 —

2 Moles of methanol converted per gram catalyst per hour.
% Based on total activity (A4,).
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port possess a film of water, and the structure of the
surface vanadium oxide phase is controlled by the pH at
pzc of the water film (15). Addition of additives to the 1%
V,04/TiO, sample changes the pH at pzc of the surface
water film and, consequently, changes the structure of
the surface vanadium oxide phase as would be expected
from the aqueous phase diagram (22). A lower pH, or
acidic additive, would dictate more polymerized and six
coordinated vanadium oxide structures (the decavanadate
ion and its corresponding hydrated analogues) to be pres-
ent. A higher pH, or basic additive, would dictate isolated
and four coordinated surface vanadium oxide species (or-
thovanadate ion and its corresponding hydrated ana-
logues) to be present. Indeed, upon addition of tungsten
oxide, phosphorous oxide, and niobia, the structure of
the surface vanadium oxide species becomes predomi-
nantly six coordinated as reflected by the upward shift of
the Raman band from ~950 to 970-980 cm ™! upon addition
of these additives to the 1% V,04/TiO, sample. Addition
of potassium to the 1% V,05/Ti0O, sample, however, re-
sults in a gradual decrease in the Raman band from ~940
to 880 cm~!. No change of the Raman spectra of the
surface vanadium oxide species is observed for the silica-
doped 1% V,0,/TiO, sample, contrary to what is expected
for acidic additives. Thus, under ambient conditions the
additives can be classified as acidic (WO, Nb,Oy, and
P,0Os) and basic (K,0), and the structure of the surface
vanadium oxide species is controlled by the net surface
pH at pzc. The behavior of silica as an additive to the
1% V,05/TiO, system does not follow any trend and may
be classified as neutral. The 3% P,05/1% V,0+/TiO, sam-
ple is an exception to the net surface pH at pzc behavior
since a vanadium phosphate microcrystalline compound
is formed, which is not a two-dimensional phase.

In situ dehydration results in the removal of surface
moisture, and the structure of the vanadium oxide species
is no longer controlled by the pH at pzc of the surface
moisture layer. Therefore, the structure of the surface
vanadium oxide species no longer controls the reactivity
and the dehydrated surface vanadium oxide structure is
more closely related to the reactivity information. The
Raman spectra (Figs. 1-5) and methanol oxidation results
(Tables 3-6) of the various additives on the 1% V,0/
TiO, sample indicate two types of interactions that exist.
Addition of tungsten oxide, niobia, and silica does not
significantly affect the terminal oxygen (V==0) vibration
of the dehydrated surface vanadium oxide phase. Addi-
tion of tungsten oxide and niobia gives rise to an additional
Raman band at 920-930 ¢cm™!, which is similar to the
effect of increasing the vanadium oxide loading of the
V,0,/TiO, system. However, by comparison the increase
in the 920-930-cm~' Raman band is much smaller than
the same band present at monolayer V,0; loadings on
TiO, (6% V,04/Ti0,). The behavior of silica toward the
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surface vanadium oxide phase is slightly different from
that toward tungsten oxide and niobia since no 920-930
cm™! band is observed and the V=0 terminal bond de-
creases from 1027to 1024 cm™'. Consequently, these addi-
tives (WO,, Nb,O,, and SiO,) seem to interact directly
with the support, and in some cases (WO, and Nb,0O;)
result in the same effect as artificially increasing the vana-
dium oxide loading and the formation of the second vana-
dium oxide species that possesses the 920-930 cm™! Ra-
man band. The noninteracting behavior of these additives
(WO,, Nb,0s, and SiO,) with the surface vanadium oxide
phase is substantiated by the methanol oxidation studies
since no detectable change in the TOF is observed and
the selectivity remains primarily to formaldehyde. The
additives on TiO,, in the absence of the surface vanadium
oxide phase, are essentially inactive in the partial oxida-
tion of methanol (Table 2). Based on the structure—reac-
tivity information a model can be developed summarizing
these observations, illustrated in Fig. 6.

The model in Fig. 6 shows that the isolated four coordi-
nated vanadium oxide species, the predominant species in
the 1% V,05/TiO, sample (Raman band 1027-1030 cm ™),
remains essentially unaffected upon addition of the nonin-
teracting additives (M,0,). Formation of the second spe-
cies (Raman band at 920-930 cm™") is also observed in
the Raman spectra of some of the noninteracting additives
(WO, and Nb,Os) on the 1% V,04/TiO, sample, but the
second species only form a minor fraction. The formation
of the second species, however, would not be expected
to change the TOF for methanol oxidation since the TOF
is not a function of vanadium oxide coverage. In addition,
the preparation method and sequence of preparation of
the noninteracting additives do not change the structure
or reactivity of the surface vanadium oxide phase. No
compound formation of these additives (WO;, Nb,Os, and
SiO,) with the surface vanadium oxide phase is observed,
nor is any crystal formation of these additives or the
surface vanadium oxide phase detected.

The addition of potassium has a more pronounced effect
on the surface vanadium oxide species as is evident from
the Raman spectra of the potassium-doped 1% V,0,/TiO,
samples (Fig. 4). Addition of potassium to the 1% V,0,/

o
M0, M0, [\‘, M,0, MO,
| L | |
TITANIA SUPPORT

Mx°y=w°x or Nbox or Sle

FIG. 6. Model of noninteracting additives with the surface vanadium
oxide species on titania. Noninteracting additives denoted as M,0,,
where M O, = WO,, NbQ,, or SiO,.
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TiO, sample results in a decrease in the Raman band of the
V=0 bond to a lower wavenumber, which corresponds to
an increase in the bond length of the terminal V=0 bond
(23). New Raman bands simultaneously develop in the
900-1000 cm ™! region, suggesting the formation of addi-
tional species. Solid-state 'V NMR dehydration studies
indicate that the surface vanadium oxide species is four
coordinated for the potassium-doped 1% V,0/TiO, sam-
ples with a growth of a shoulder at ~—550 ppm (polymeric
four coordinated vanadium oxide structure) in addition to
the ~—-660-ppm peak of the undoped dehydrated surface
vanadium oxide sample (24). It should be noted that none
of the Raman bands observed under dehydrated condi-
tions is similar to the Raman bands observed under hy-
drated conditions, which suggests that no microcrystalline
compounds are formed at these levels of potassium and
vanadium oxide. This is the first direct structural evidence
that the potassium oxide coordinates with the surface
vanadium oxide phase but does not form microcrystal-
line compounds.

The interaction of potassium with the surface vanadium
oxide phase is also reflected by the methanol oxidation
experiments. Addition of potassium results in the de-
crease in the TOF caused by poisoning of the surface
vanadium oxide redox sites. The exact interaction method
of potassium with the surface vanadium oxide site is cur-
rently not clear. Potassium definitely decreases the bond
strength of the V=0 bond since the Raman spectra of the
potassium-doped 1% V,0,/TiO, samples possess Raman
bands lower than 1027 cm ™', It also must affect the vana-
dium-oxygen—support bridging bond since this bond con-
trols the reactivity of the V,0,/TiO, samples for methanol
oxidation (21). The most probable model of this inter-
acting additive (potassium) with the surface vanadium
oxide species on titania is shown in Fig. 7, where the
potassium ion is shown to interact with the terminal V=0
bond and/or the vanadium-oxygen-support bridging
bond.

The addition of phosphorous to the 1% V,0/TiO, cata-
lyst is the most complicated of the additives studied since
the order of addition of the supported oxide phases is
critical. Small amounts of phosphorous (1% P,0s) do not
appear to affect most of the surface vanadium oxide spe-
cies since the vanadium oxide vibration still exists at

ﬁ - gt
PN -

TITANIA SUPPORT

FIG. 7. Model of interacting additives (potassium) with the surface
vanadium oxide species on titania.
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FIG. 8. Model of interacting additives (phosphorous) with the sur-
face vanadium oxide species on titania.

~1027 cm™!. This is substantiated by the solid-state 'V
NMR (24) and the methanol oxidation studies since no
additional vanadium oxide structures are observed, and
only a slight decrease in the TOF is detected. Additional
amounts of phosphorous, however, result in the formation
of microcrystalline vanadium phosphate compounds since
the Raman spectra upon hydration and dehydration exper-
iments are the same. The methanol oxidation reaction
reveals a decrease in TOF and an increase in dimethyl
ether selectivity, which also suggests the formation of a
different catalytic active site.

Changing the sequence of preparation, e.g., by depos-
iting 1% V,05 on a previously prepared 5% P,O./TiO,
sample, results in a different Raman spectrum and metha-
nol oxidation activity. No compound formation is ob-
served for the 1% V,04/5% P,04/TiO, sample since the
Raman spectra change during hydration and dehydration
experiments. In perspective, the Raman spectra of the
P,0,/TiO, system do not change during hydration and
dehydration experiments, and suggest a strong interaction
(compound formation) of phosphorous oxide with the
TiO, support (25). The methanol oxidation data show that
the deposition of 1% V,05 on the 5% P,04/TiO, sample
results in a decrease in the TOF. The TOF for methanol
oxidation of the V,04/TiO, system is controlled by the
vanadium-oxygen-titanium bond (21), and the decrease
in TOF and the strong interaction of phosphorous oxide
with the TiO, support in the P,O4/TiO, system suggest
that part or all of the phosphorous oxide phase is present
near the surface. Thus, the surface vanadium oxide phase
appears to form vanadium-oxygen-phosphorous bonds
with the surface phosphorous oxide phase, which would
explain the decrease in the methanol oxidation TOF. The
difference in the Raman spectra and methanol oxidation
activity/selectivity data on changing the sequence of im-
pregnation of phosphorous and vanadia on titania suggests
that the phosphorous oxide does not discriminate between
the TiO, surface or the surface vanadium oxide phase and
interacts strongly with both. The model of the phospho-
rous interaction with 1% V,0,/TiO, sample is illustrated
in Fig. 8. Figure 8 tentatively explains the behavior of
phosphorous with the surface vanadium oxide phase as
described above.

This study establishes the effect of additives on the
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structure and reactivity of the surface vanadium oxide
phase on titania. Recent studies have shown that similar
behavior is observed for additives on different oxide sup-
ports (Al,0,) and higher vanadium oxide loadings. Thus,
the interacting and noninteracting behavior of the addi-
tives is not restricted to the 1% V,0,/TiO, system (26,
27). While studying the oxidation activity of promoted
supported vanadium oxide catalysts, however, other fac-
tors usually need to be considered when relating the above
information. For example, the surface acidity may pro-
vide certain critical reactivity parameters in addition to
the redox activity of the surface vanadium oxide phase
for determining the overall reactivity of additives on sup-
ported vanadium oxide catalysts (4, 10). Such factors are
not considered in this study. However, the behavior of
interacting and noninteracting additives toward the sur-
face redox vanadium oxide site in the V,0,/TiO, system
is a major step in forming a basis for understanding the
effect of additives on supported vanadium oxide catalysts.

CONCLUSIONS

The effect of additives on the structure and reactivity
of the surface vanadium oxide phase on low loading V,0O./
TiO, samples was successfully studied by Raman spec-
troscopy and the methanol oxidation, respectively. Under
ambient conditions, the effect of the additives is to change
the pH at pzc of the surface moisture layer and change
the structure of the surface vanadium oxide depending
on the aqueous acid/base characteristic of the additives.
The Raman spectra of the dehydrated samples and metha-
nol oxidation behavior of the various additives on the 1%
V,05/TiO, sample reveal that there are essentially two
types of interactions between the additives and the surface
vanadium oxide phase. Noninteracting additives (WO;,
Nb,0O;s, and SiO,) do not significantly affect the structure
of the surface vanadium oxide phase, and no change in the
methanol oxidation activity or selectivity of the surface
vanadium oxide phase is observed. The order of impreg-
nation or preparation method of the noninteracting addi-
tive does not affect the structure or methanol oxidation
activity of the surface vanadium oxide phase. Interacting
additives (P,O5 and K,O), however, have a pronounced
effect on the structure and reactivity of the surface vana-
dium oxide phase. The addition of potassium to the V,0,/
TiO, sample gradually poisons the surface vanadium ox-
ide redox site. This is reflected in changes in the Raman
spectra and a decrease in methanol oxidation activity.
The effect of phosphorous on the V,0,/TiO, sample de-
pends on the sequence of impregnation. When phospho-
rous is deposited on a previously prepared V,0,/TiO,
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sample, the Raman spectra suggest that a vanadium phos-
phate compound is formed at high phosphorous loadings,
and a decrease in methanol oxidation activity as well as
an increase in selectivity to dimethyl ether is observed.
When vanadium oxide is deposited on a previously pre-
pared P,O,/TiO, sample, no compound formation is indi-
cated from Raman spectroscopy, but a corresponding de-
crease in the methanol oxidation activity suggests that
the poisoning of the surface vanadium oxide site occurs,
presumably by the formation of vanadium-oxygen—phos-
phorous bonds.
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