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Sol—gel synthesis and catalytic properties of vanadium phosphates

Sidi Abdelrazak Ennaciri 2, Karen MalkaP®, Catherine Louis®, Philippe Barboux ®*, Chakib R’Kha? and
Jacques Livage®
aDépartement de Chimie, Université Cadi Ayyad-Semlalia, Marrakech, Morocco
b Laboratoire de Réactivite de Surface, UMR CNRS 7609, Université Pierre et Marie Curie, 4 Place Jussieu, 75252 Paris Cedex 05, France
¢ Laboratoire de Physique de la Matiére Condensée, UMR CNRS 7643C, Ecole Polytechnique, 91128 Palaiseau Cedex, France
E-mail: philippe.barboux@polytechnique.fr
d Laboratoire de Chimie de la Matiere Condensée, URA CNRS 1466, Université Pierre et Marie Curie, 4 Place Jussieu,
75252 Paris Cedex 05, France

Received 21 December 1998; accepted 20 July 1999

Vanadium phosphates with variable specific surface areas were synthesized from vanadium akoxides and phosphoric acid by precip-
itation in various solvents. The catalytic properties were studied in the reaction of methanol oxidation. Although the specific activities
increase with the specific surface areas (BET), the intrinsic activities seem to depend on the particle morphology. The selectivities do
not vary within a large range. The same method of precipitation was applied to prepare vanadium phosphates on a silica support. It is
shown that the supported phase is highly dispersed, and that these supported catalysts are more stable than silica-supported vanadium

oxide for methanol oxidation.
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1. Introduction

Vanadium phosphates such as VOPO, and (VO),P,0O;
are known as catalysts for the mild oxidation of hydrocar-
bons and alcohols [1]. They exhibit a high activity and
selectivity and do not significantly sinter [2—4]. Vanadyl
phosphate dihydrate VOPQO,4-2H,0 is a common precursor
for the synthesis of VOPO, catalysts. It is readily obtained
by refluxing vanadium oxide in phosphoric acid for severa
days [5].

Previous works have shown that other precursors such
as alkoxides can be used to synthesize VOPO,-2H,0, and
its morphology depends on the nature of the precursor and
the presence of water during precipitation [6,7]. Vanadium
alkoxides can react with anhydrous phosphoric acid in var-
ious organic solvents and form VOPOy,:

VO(OR); + H3PO; — VOPO, + 3ROH (1)

This overall reaction can be analyzed through the reac-
tion mechanism of phosphatation, i.e., the formation of a
V—O—P bond and the elimination of alcohol:

=V-OR + H-O-P= — =V-O-P+R-OH (2

The kinetics of precipitation depends on the solvent
used and on the starting alkoxide. Precipitation is fast in
aprotic solvents, such as tetrahydrofuran (THF) or diethyl
ether [7]. In contrast, it is Slow and reversible when vana-
dium alkoxides react with phosphoric acid in their parent
acohol. In primary and secondary acohols (R = propyl),
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water (0 < HO/V < 10) acts as an inhibitor of the re-
action. It causes the hydrolysis of the vanadium alkoxides
and the condensation of oxovanadate species, such as de-
cavanadic acid. Hence, there is an equilibrium between
condensed oxo species (V—O-V) and phosphates (—V—-O—
P-O-V) [6]. As aresult, the morphology of the crystallites
depends on the reaction mechanism (with or without hy-
drolysis) as well as on the reaction kinetics [7,8]. Such pre-
cipitation methods can also be applied to prepare supported
catalysts.

The oxidation of methanol is an appropriate catalytic
reaction for the study of the acid—base properties of the
active sites (figure 1). In addition, it is a structure-sensitive
reaction with vanadium and molybdenum oxides ([9] and
references therein).

In the following, we study the catalytic properties for
methanol oxidation of VOPO,-2H,0O prepared by various
methods, unsupported and supported on silica. They will
be compared to those of V,0s.

2. Experimental
2.1. Sample preparation

2.1.1. Bulk vanadium phosphate

I sopropanol (2-propanal), diethyl ether and tetrahydrofu-
ran (THF) were distilled over sodium before use. Vanadium
isopropoxide (VO(OR)3, R= 2-propoxy) was prepared by
reaction of ammonium vanadate with 2-propanol and elim-
ination of ammonia and water, according to a proce-
dure aready described [10]. Two solutions were prepared:
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Figure 1. Methanol oxidation steps (derived from [9]).

(i) vanadium alkoxide, 1 M, in 2-propanal; (ii) H3PO4 (an-
hydrous solid, Fluka), 1 M, in 2-propanol with water added
in the atomic ratio h = H,O/P with h = 0, 3 and 10.
The solutions of vanadium alkoxide and of phosphoric acid
were mixed in the ratio V/P = 1. Complete precipitation
occurred within 1 h, as already described [6]. Powders were
obtained after filtration of the precipitates and drying in air
at 80°C.

The same method was used in THF and diethyl ether by
the rapid mixing of phosphoric acid (h = 0) and vana
dium alkoxide solutions (1 M for THF, 0.2 M for di-
ethyl ether). In these cases, the precipitations were instan-
taneous.

VOPO,-2H,0 was aso synthesized upon reflux of V4,05
in phosphoric acid, according to the Ladwig method [5].

The V,05 powder was prepared from an agueous solu-
tion of vanadyl oxalate obtained from the reaction of am-
monium metavanadate NH;VOs (32 gl—1) with oxalic acid
C2H,04 (60 gl—1), and evaporated at 80°C for 60 min.
The residue was ground and calcined under oxygen flow at
450°C for 15 h (heating rate of 10°Cmin—! under an O,
flow rate of 145 ml min—1).

2.1.2. Slica-supported samples

Silica spherosil XOA 400 supplied by Rhoéne Poulenc
(France) was used as the support (400 m?g~*, pore
volume = 1.25 cm3g~?, average pore diameter ~80 A,
4 ppm of Ca and 60 ppm of Na).

Vanadium phosphate supported on silica (VP/SiO,) was
prepared in acohol because, as mentioned above, the pre-
cipitation is slower than in THF or ether, and should lead
to a more homogeneous impregnation of the silica support.
The induction time of precipitation is about 15 min. Hence,
silica was added to a freshly prepared solution (30 mig—?!
of dilica) containing the vanadium akoxide and the phos-
phoric acid solutions with ~ = 0, 3 and 10. The impreg-
nated powder was rapidly filtered before the onset of precip-
itation of bulk VOPQO,-zH,0. In all of the cases, the sam-
ples were dried at 80 °C overnight and equilibrated at room
temperature in air to recover the exact water stoichiometry
VOPQO,-2H,0. Chemical analysis of the vanadium content
was performed by colorimetry. The vanadium content was
2.1, 1.4 and 1.6 wt% for the sasmples with » = 0, 3 and 10,
respectively.

For comparison, vanadium oxide supported on silica
(hereafter called V/SiO,) was prepared as follows: an aque-
ous solution of vanadyl oxalate, obtained by dissolution of
ammonium metavanadate (NH4V O3, Merck, 99% purity)
in an agueous solution of oxalic acid (60 gl—*, Prolabo,
99.8% purity), was used to impregnate silica (7.5 ml g~
of silica). The V concentration was adjusted so as to get a
sample with 1 wt% V (1V/SIO,) and one with 10 wt% V
(10V/SIOy). The samples were dried at 60-70°C for 1 h
under continuous tirring, then at 80°C for 5 h in air. In
order to decompose and oxidise the vanadyl oxaate into
vanadium oxide, a calcination treatment was performed at
450°C (heating rate: 10°Cmin—1) for 2 h under pure oxy-
gen flow (25 ml min—1).

2.2. Techniques

Specific surface areas were measured using the BET
method with a Quantasorb apparatus. Scanning electron
microscopy was performed on a Jeol JSM35 microscope
and X-ray diffraction on a Philips X-Pert diffractometer.

The methanol oxidation reaction was performed at
260°C in a continuous-flow isothermal fixed-bed reactor
operating at atmospheric pressure. The composition of the
CH30OH/Oy/He reactant feed was 7.7/16.3/76 molar ratio,
which corresponds to a methanol partial pressure of 58 Torr.
The reactant mixture was obtained by flowing an O,/He gas
mixture through a methanol saturator maintained at 11.3°C.
The overall flow rate (17 ml min—1) and the catalyst weight
(100 mg for VOPQ,-2H,0 prepared by the Ladwig method
and 20 mg for all the other samples) were chosen so as
to get a methanol conversion lower than 10%. The cat-
alytic measurements were performed at steady state, usually
reached after 15 min of reaction. On-line computerised gas
chromatography was used to determine the composition of
the outlet gas during the reaction. The reaction rates or ac-
tivities were expressed as the number of moles of methanol
consumed per hour and gram of catalyst (specific activ-
ity) or per surface unit of active phase (intrinsic activity).
The selectivity to a given product was calculated as the ra-
tio of the number of moles of methanol consumed for the
formation of this product to the total number of moles of
methanol consumed.

Before reaction, the samples, whether they were sup-
ported or unsupported, were calcined in the catalytic reactor
under oxygen flow at 450°C for 2 h.
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3. Results and discussion
3.1. Sample characterisation

3.1.1. Structural analysis

After synthesis and equilibration in air in order to re-
store the water stoichiometry, all the vanadium phosphate
powders exhibit a diffraction pattern characteristic of the
VOPQO,-2H,0 phase [5]. The materials synthesised by rapid
precipitation in THF exhibit broader diffraction peaks (fig-
ure 2(a)) than those obtained by slow precipitation (Ladwig
method or in acohol with hydrolysis) (figure 2(b)). This
is consistent with the fact that a slow precipitation usu-
aly favours a better crystallisation and the formation of
smaller particles. The colour, initially yellow, turned light
green within a few hours. This change is a well-known ef-
fect of reduction of V(V) into V(I1V). A second vanadium
phosphate phase was observed as traces (marked with x
in figure 2(b)). Upon ageing for longer times, the powders
turned dark green, and the proportion of the new phase
increased, so as to be the main one after one year (fig-
ure 2(c)). Hence, VOPO,4-2H,0 gradually transforms with
time into another compound. The diffraction peaks at 7.14,
6.92, 5.19, 4.53, 4.24, 3.56, 3.53, 3.39 and 3.04 A may be
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Figure 2. X-ray diffraction patterns of vanadium phosphates precipitated
in (& THF; (b) acohol (h = 3); (c) acohal (h = 3) then aged for one
year.
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attributed to H4V3P30]_6.5-J]H20 [ll], in which the V(V)
and V(IV) ions coexist. It is known that the reduction of
vanadyl phosphate occurs upon reaction with alcohol and
leads to vanadium(IV) hydrogen phosphates [12]. The slow
reduction of nanoparticles of vanadium phosphate by the
moisturein air was reported by Miquel et al. [13,14]. These
phosphates were prepared from VOCI3 and POCl; by a
flame pyrolysis method. These authors concluded that the
phase transformation was favoured by the small size of the
particles. Hence, the partia reduction of V (V) into V(I1V)
occurs when organics (al cohol) are adsorbed onto vanadium
phosphate crystallites or in the air moisture when the par-
ticles are small. Indeed, the reduction is not observed with
the powders obtained by the L adwig method, which contain
large particles (see below) and no organics.

The specific surface area of the vanadium phosphate
powders and the morphology of the particles strongly de-
pend on the synthesis method. For the synthesis in THF
and diethyl ether, the fast precipitation yields powders with
a high specific surface area (table 1). The powders are com-
posed of tiny microcrystallites with particles smaller than
50 nm, as shown in figure 3(a) in the case of THF. In
contrast, with the methods leading to slow precipitation
(Ladwig method and in acohol with A = 0,3, 10), ex-
tended platel ets are obtained, and the specific surface areas
are much smaller (table 1). The particle size ranges from
10 pm for the precipitation in alcohol (figure 3(b)) to 50 um
for the platelets obtained by precipitation by the Ladwig
method [5]. With the alcohol method, the vanadium phos-
phate solution can be deposited onto a glass substrate before
precipitation. After precipitation, the diffraction pattern of
the resulting coating is largely textured and only the (00l)
and (002) diffraction lines are observed [6]. This indicates
that the larger faces of VOPO,-2H,0 observed by SEM can
be attributed to the (001) crystallographic planes.

The silica-supported samples do not provide any XRD
pattern. Similarly to the bulk phosphates, the fresh powders
are yellow and slowly turn green upon ageing. This is an
indication of the formation of a phosphate.

The V/SiO, samples have an orange colour characteris-
tic of dispersed vanadium oxide. A characterisation study
by Raman and STEM [15,16] showed that the 10V/SIO,
sample contains V,Os microcrystallites, supported on sil-

Table 1
Specific surface area and catalytic properties of VOPO,4 and V05 samples.
Sample Specific  Particle size Activity Selectivity (%)
surface area (um) Specific Intrinsic CH,0 (CH30),CH>
(m2g—1 (mmolh—1g=1) (mmolh—1m—2)
Ladwig 2 50 0.3 0.15 71 17
Alcohol, h =0 9 ~10 2.7 0.3 60 25
Alcohol, h =3 8 ~10 2.8 0.35 60 25
Alcohol, h = 10 7 ~10 22 0.32 55 32
Ether, h =0 13 - 33 0.25 58 25
THF, h =0 40 0.05 5.0 0.12 55 30
V,05 from [15,16] 25 6.9 238 67 27
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Figure 3. Scanning electron microscopy of VOPO, precipitated in (8) THF and (b) acohol.

ica and unsupported, as well as isolated tetrahedral vanadyl
species. In 1V/SIO,, the vanadium loading is too low to
detect V species by Raman.

3.1.2. Thermal treatments

Vanadium phosphates obtained by precipitation in al-
cohol behave in the same way as those obtained by the
Ladwig method, during thermal treatment up to 700°C [6].
They undergo an endothermic dehydration between 100 and
200°C corresponding to 18% weight loss, i.e., to the loss
of two water molecules during the phase transformation
into o VOPQO,. Thistransformation is reversible even after

heating at 700°C for 2 h since the phase rehydrates into
VOPO,4-2H,0 upon equilibration in air at room tempera-
ture [17]. The therma decomposition of the phosphates
obtained by precipitation in THF is different. They also
exhibit an endothermic weight loss of 12% between 100
and 200°C, corresponding to only 1.3 H,O/V. This loss
is followed by an additional broad exothermic weight loss
up to 350°C (10%) that corresponds to the gradual de-
composition of the residua organics trapped onto or in-
side the vanadium phosphate because of incomplete con-
densation [17]. After heating at 700°C, X-ray diffraction
shows that the compound is a mixture of «;VOPO, and
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BVOPO,. These two phases do not easily transform back
to VOPO,-2H,0 in ar at room temperature. They usually
form by oxidation of reduced vanadium phosphates such as
VOHPO,4-0.5H,0 or by heating VOPO,4-2H,0 containing
reduced V(1V) species [18]. This may be the case here be-
cause of the presence of V(IV) produced by ageing in air
or during the calcination of the residual organics.

The morphology of the powders, observed by electron
microscopy is not affected either by thermal treatment at
450°C in oxygen or by the catalytic tests.

3.2. Catalytic reaction

3.2.1. Bulk vanadium phosphates

The activity of al the VOPO, powders is constant dur-
ing the catalytic reaction (up to 16 h). The specific activity
increases with the surface area (table 1) whereas the intrin-
sic activity (activity per m? of catalyst) decreases (table 1
and figure 4). One should not take into account the intrin-
sic activity of the sample obtained by the Ladwig method
because its specific areais determined with atoo large error
(241 m?/g). Hence, the highest intrinsic activities are ob-
tained for the precipitates prepared in alcohol (A = 0-10).
As indicated above, the most developed face in the platelets
of these precipitates (~10 um) isthe (001) one. Inthe THF
or ether-synthesised catalysts, whose intrinsic activities are
lower, the particles are more tiny and spherical (50 nm).
Their (001) faces are probably less developed than in the
samples prepared in acohol. This would indicate that the
(001) face has the largest catalytic activity.

It is interesting to compare the structure and the cat-
alytic properties of V2,05 and VOPO,. VOPO,-2H,0 is
known to be modified during catalytic reactions: it trans-
forms into SVOPO, during oxidation of butene and into
(VO),P,07 during oxidation of butane or pentane [4]. We
have no information about the phases present during the
methanol oxidation but the X-ray diffraction patterns of
the VOPO, catalysts collected after catalytic reaction and
after exposure to air indicate that the main phase is till
VOPQy-2H,0 with traces of H,VOPO,4-nH,0O. Therefore,
the phase present during the methanol oxidation reversibly
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Figure 4. Specific activity and intrinsic activity of vanadium phosphate
catalysts as a function of their specific surface area.

transforms into VOPO,4-2H,0 and probably derives from
it by a topotactic reaction of dehydration or a partial re-
duction of V(V). It is proposed that the orientation of the
surface vanadyl groups during methanol oxidation is the
same as in VOPO,-nH0, i.e., perpendicular to the (001)
plane[17,19]. Hence, for V2,05 and the phosphate catalysts,
the vanadyl groups are protruding outward from the (001)
plane but their environment is different. In V,0s, they are
bonded through V—O-V bridges whereas in VOPQ,, they
are bonded to phosphates through V—O—P bridges.

This could explain that their catalytic properties are dif-
ferent:

(i) The phosphates have a much smaller intrinsic activity
than V,0s (table 1). It has been shown that methanol
oxidation on V,0s isastructure-sensitive reaction. The
(100) and (010) side faces do not exhibit any peculiar
selectivity to a given compound, but they are more
active than the (001) face by about one order of mag-
nitude [20]. As discussed above, this is the reverse in
the case of the vanadium phosphatesin which the (001)
face appears to be the most active.

(ii) The same reaction products are formed with the

VOPO, samples and V,0s, i.e, formadehyde, di-

methyl ether and methylal (table 1). Although the

Ladwig sample shows a dlightly higher selectivity to

formaldehyde (>70%), al the phosphates exhibit al-

most the same selectivities (table 1). The selectivity
to dimethyl ether is three times larger on the VOPO,
samples than on V,0s. It is known that the dehydration
of methanol into dimethy! ether is characteristic of the

presence of strong Bransted acid sites [9] (figure 1).

Hence, the comparison of the selectivities indicates a

stronger acidity for the phosphates than for V,0s. This

is consistent with the fact that the ionic character of
the P-O bond is lower than that of V-O, so the oxygen
atom in V-O-P is expected to be more acidic than that

in V-O-V.

3.2.2. Slica-supported vanadium catalysts

No catalytic activity is observed with 1V/SIO,. The ac-
tivity of the 10V/SiO, sample passes through a maximum,
drastically decreases after 100 min on stream, and vanishes
after 5 h (figure 5(a)). In contrast, the VP/SIO, samples
(h = 0 and 3) exhibit a constant activity within the 17 h of
reaction (figure 5(b)), and the activity of VP/SIO, (h = 10)
increases with the reaction time (figure 5(c), table 2). The
selectivities of al these samples remain constant during the
reactiontime. Hence, the VP/SiO, catalysts are more stable
than the V/SiO, ones.

The activities per gram of VP/SIO, samples are in the
same range as those of the bulk VOPO,4-2H,0 (tables 1
and 2) although the amount of vanadium per gram of cat-
alyst is about 50 times lower. This is consistent with the
dispersion of the active phase onto the silica support. Us-
ing the vanadium content determined by chemical titration,
one may calculate the specific activity per gram of active
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Table 2
Catalytic properties of VP/SIO, samples.
Sample V loading Specific activity? VOPQ, activity®  Surface area of Dispersion of
(Wt%) (mmolh—1g—1) after 400 min  supported VOPO,4¢  supported VOPO,

After 10 min  After 400 min  (mmolh—1g—1) (m?/g) (%)
VPISO; h =0 21 6.9 54 66 220 25
VPISIO; h =3 14 77 6.8 126 420 48
VP/SIO; h = 10 16 7.6 10.8 175 583 66

aPer gram of catalyst.
b Per gram of VOPO,-2H,0.

¢ Assuming that the intrinsic activity of supported VOPO, is the same as that of the bulk phosphates: ~0.
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Figure 5. Activity as a function of the reaction time for (a) 10V/SiO,,
(b) VP/ISIO, obtained with h = 0, (c) VPISIO; obtained with h = 10.

phase (table 2). The highest specific activity is obtained
for the sample prepared in alcohol with A = 10, indicating
that the dispersion of VOPO,4-2H,0 is probably higher in
this sample.

Assuming that the intrinsic activity of the supported
VOPO, phase is the same as that of the bulk phosphates
obtained in alcohal, i.e., ~0.3 mmol h—m~2, the surface
area of the supported VOPO, phases can be estimated. It
varies from 220 to 580 m?/g (table 2). From the cell di men-
sion of VOPO,-2H,0 (tetragonal symmetry: a = 6.2 A,
c=T7.4A, density: 2.29 [5]), the specific surface area of a
monolayer of VOPO,-2H,0 oriented perpendicular to the
(001) direction can be estimated to be 880 m?/g. The dis-
persion of VOPO, on silica can be deduced (table 2). The
highest, 66%, is obtained for the sample prepared in alco-
hol with » = 10. However, it may be noted that silicais far
from covered by VOPO,-2H,0 since the full coverage of
the silica support (400 m?/g) by a monolayer of vanadium
phosphate would be reached with a vanadium loading of
7 wt%.

A difference from bulk VOPO, materials is the forma-
tion of methyl formate, CO and CO,. This may be an
effect of the slica support. Indeed, in a former work
on Mo/SIO, [21], it has been shown that the reaction
of methanol oxidation is sensitive to the dispersion of
molybdenum supported on silica. In addition, previous re-
sults have shown that the nature of the crystalline VOPO,
phases formed upon thermal treatment [22] as well as their

reducibility [23] depend on the extent of interaction of
VOPO, with silica. This interaction may induce a change
in the selectivity for the methanol oxidation.

4, Conclusion

The synthesis of vanadium phosphates by reaction of
vanadium alkoxides with phosphoric acid in organic sol-
vents provides powders with specific surface area up to
~40 m?g~1. Thelargest specific surface areas are obtained
in anhydrous and aprotic solvents such as diethyl ether and
THFE Thisisrelated to the high rate of precipitation in these
solvents. The highest specific activities in the reaction of
oxidation of methanol are obtained with these catalysts but
not the highest intrinsic activities, which are obtained with
the VOPO, samples synthesized in 2-propanol. All these
vanadium phosphates are less active than V,0s, and exhibit
dightly different selectivities, indicating that they possess
stronger acid surface sites.

Vanadium phosphates can be dispersed onto a silica sup-
port by reaction of phosphoric acid with alkoxidesin 2-pro-
panol. They are more active than the corresponding bulk
powders because of their dispersion on silica. Their cat-
alytic properties are very stable compared to those of sup-
ported V,0Os5 catalysts. Estimation of the surface area of
the supported vanadium phosphate phase indicates a high
dispersion state.
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