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A study of the pseudomorphic transformation of the
VOHPO4 · 0.5H2O precursor (P/V51) to (VO)2P2O7 catalyst is
reported. Attention is paid to the nucleation and growth stages,
which are discussed in connection with the concept of topotaxy.
The transformation mechanism which accounts for the textural
change is established using electron microscopy techniques
and X-ray diffraction. The morphology change to a prismatic
shape at high temperature, approximately 870°C, is also dis-
cussed. ( 1998 Academic Press

INTRODUCTION

Topotaxy is a very important phenomenon in the field of
reactivity of solids. A topotactic reaction can be defined as
a transformation in which one crystalline phase is converted
into another with a definite and reproducible crystallo-
graphic orientation relationship between the two. Such
a definition is in agreement with the official definition of
topotaxy given by the International Union of Crystallogra-
phy and carries no implication regarding the transforma-
tion mechanism (1). A wide range of reactions can be said
topotactic, from reactions with conservation of the three-
dimensional structure to reconstructive reactions.

When one wants good control of crystal morphology, as
is necessary in the case of structure-sensitive catalytic reac-
tions, finding a precursor which yields the catalyst topotac-
tically provides opportunity. Indeed, the properties of the
pseudomorphic catalyst can be controlled in this way. This
is the case, for example, in the preparation of transition
aluminas from boehmite (2) or of metallic molybdates (3, 4),
and also for (VO)

2
P
2
O

7
, the well-known catalyst of the

selective oxidation of n-butane to maleic anhydride (5).
Indeed, when the precursor, VOHPO

4
) 0.5H

2
O, is dehy-

drated in an inert atmosphere, pseudomorphic crystals of
(VO) P O are obtained because of topotaxy (6, 7, 8).
2 2 7
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By varying the alcohol used as a reflux medium in prep-
aration of the precursor from V

2
O

5
and H

3
PO

4
, it has

been shown that primary (plates or thin sheets) and second-
ary (piles of plates or ‘‘roses of sand’’) particles may be
obtained for both precursor and catalyst (9, 10). The mor-
phology has also been shown to influence the reactivity of
the particles in an air—butane stream or in noncatalytic
reactions. For a while, two ‘‘forms’’ of vanadyl pyrophos-
phate, c and b (VO)

2
P
2
O

7
, were thought to exist because of

their differences of reactivity. Indeed, in oxygen, these sam-
ples were reoxidized to c-VOPO

4
and b-VOPO

4
, respec-

tively (11, 12).
Another point is that, in an air—butane stream, the

vanadyl pyrophosphate catalyst is partly oxidized with the
formation of V5`, or even transformed into several types of
VOPO

4
according to the conditions used by the various

authors (13, 14). Nguyen et al. (15) assumed that the exist-
ence of the V5` species is related to stacking faults, while
Thompson et al. (16) preferred to emphasize the role of
polytypes.

Torardi et al. (17) have recently noted that the final
product is made up of highly oriented vanadyl pyrophos-
phate microcrystals and that the large contraction of the
atomic structure in the direction perpendicular to the basal
plane induces cracks and voids within the crystal. The
present paper aims at describing the dehydration of
VOHPO

4
) 0.5H

2
O in terms of oriented nucleation and

growth related to the concept of topotaxy, in order to
account for the special texture which characterizes
(VO)

2
P
2
O

7
catalyst. The morphology change occurring at

high temperature will also be discussed.

EXPERIMENTAL

Preparation

a. VOHPO
4
) 0.5H

2
O (precursor). When the starting ma-

terials are V
2
O

5
and H

3
PO

4
, two distinct preparation

routes are mainly reported in the literature: preparation in
an aqueous medium with reduction by HCl or other acids,
0022-4596/98 $25.00
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FIG. 1. Powder X-ray diffraction pattern of VOHPO
4
) 0.5H

2
O pre-

pared in 2-butanol.
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and preparation in an organic medium, generally, alcohol
(18). Another synthetic route consists of the reduction of the
oxovanadium phosphate dihydrate, VOPO

4
) 2H

2
O, in

alcohol (6, 8, 19).
Well-characterized materials are needed for the present

purpose. Among the alcohols chosen, we had already no-
ticed (20) that 2-butanol led to the formation of thin plates
with definite morphology. Therefore, V

2
O

5
(11.8 g) and

H
3
PO

4
85% (14.9 g) were mixed in 2-butanol (250 ml). After

refluxing for 6 h, the light green suspension was separated
from the organic solution by filtration and washed several
times with the same alcohol (200 ml), and then with acetone
(500 ml), to remove organic residue from the solid. The
resulting light green solid was dried in an oven at 120°C
(15 h).

b. (VO)
2

P
2
O

7
(catalyst ). One gram of the precursor was

calcined in an alumina boat placed in a quartz tube and
heated at 5°C/min in a nitrogen flow (1 l h~1). Various
temperatures and times of calcination were used, yielding
samples called Pyro-420, Pyro-750, and Pyro-870 (Table 1).

c. Partially transformed catalyst. A TGA/DTA appar-
atus was used to control the formation of a material not yet
totally dehydrated (Setaram microbalance TG92, N

2
flow).

A 20 mg of Sample VOHPO
4
) 0.5H

2
O was heated to 420°C

(heating rate: 5°C/min) and quenched at room temperature
(sample called P420-Q). The loss of weight (7.2%), clearly
below the theoretical one (10.46%), confirms the partial
transformation of the sample.

Characterization

The precursor sample and the final products after calcina-
tion were characterized by powder X-ray diffraction (XRD)
and scanning and transmission electron Microscopy (SEM,
TEM).

XRD was performed on powders using an INEL CPS 120
(curve detector) and CuKa

1
radiation (0.15406 nm). The

Diffrac-At software was used to calculate the full width at
half maximum, b

%91
, for each main Bragg peak. The instru-

mental broadening b
*/45

was determined by a calibration
procedure using a well-crystallized V

2
O

5
material. The

broadening due to the sample itself, b
4!.1-%

, was calculated
by b2

4!.1-%
"b2

%91
!b2

*/45
. The average crystallite size (¸

.
)

and internal strain (e) data gathered in Table 1 were evalu-
ated satisfactorily using the Williamson—Hall formula (21):

b
4!.1-%

cos h"0.94 j/L
.
#2e sinh.

TEM observations were made in a JEOL 1200EX micro-
scope, operating at 80 kV to avoid modification of the
sample under the beam. Microdiffraction patterns were also
obtained to identify each sample. Powder samples were
dispersed in CCl

4
by ultrasonic waves and displayed onto
a lacey carbon film supported on a copper mesh grid. SEM
analysis was carried out using a JEOL 840C microscope to
obtain informations on external morphology.

Potentiometric titration was carried out using the
method of Niwa and Murakami (22) to estimate the average
oxidation number of vanadium.

The specific surface area was estimated by the one-point
BET method, using nitrogen gas at 77 K in Quantasorb
equipment.

RESULTS

VOHPO
4
) 0.5H

2
O

The VOHPO
4
) 0.5H

2
O phase crystallizes in the ortho-

rhombic system (P
../

) with a"7.416 As , b"9.592 As , and
c"5.689 As (23). The XRD pattern of the solid prepared in
2-butanol shows that the expected single phase,
VOHPO

4
) 0.5H

2
O, is well crystallized. No line broadening

of the (001) reflection, which could account for stacking
plates disorder such as when organic molecules are trapped
in between the sheets (24), is observed (Fig. 1). The value of
the internal strain, e, is thus very low (Table 1). The specific
surface area is low and amounts to 4 m2 g~1.

By SEM, the particles of precursor look like very thick
bitrapezoidal platelets (Fig. 2). The TEM observation of
several non-isolated particles confirms this particular mor-
phology (Fig. 3a). The presence of Bragg extinction con-
tours, as seen in Fig. 3a, indicates that the platelets are often
slightly bent, and that their crystalline state is good. The
selected area electron diffraction (SAED) pattern of an iso-
lated particle (Fig. 3b) corresponds to a single crystal lying
on the (001) plane, as confirmed by the sharpness of the
electron diffraction spots. This is also confirmed by the dark
field image of the same particle, which is completely illumin-
ated (Fig. 3b).



TABLE 1
Characteristics of VOHPO4 · 0.5H2O Prepared in 2-Butanol and of the Three Samples of (VO)2P2O7

Prepared at Various Temperatures and Times of Calcination

Temperature of Time of Surface area Oxidation state Average crystallite Internal strainb

calcination (°C) calcination (h) Color (m2/g~1) of vanadiuma sizeb Lm (As ) b (* 10~3)

Precursor — — Green 4 4 <1000 2.35

Pyro-420 420 48 Brown 5.6 4.146 437 9.26
Pyro-750 750 3 Grey 6.1 4.012 995 6.53
Pyro-870 870 24 Blue-grey 1 c <1000 4.32

aPotentiometric titration (22).
bCalculated by the method of Williamson and Hall (21).

cTitration could not be performed because of non dissolution of the sample.
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These results lead us to conclude that the vanadyl hydro-
gen phosphate hemihydrate platelets are monocrystalline
monolith particles, according to the classification proposed
by Figlarz et al. (25).

(VO)
2
P
2
O

7
The XRD pattern of the samples calcined at various

temperatures, characteristic of the (VO)
2
P
2
O

7
phases, has

been indexed in the monoclinic system P2
1

using the cell
parameters given recently by Nguyen et al.: a"7.7276 As ,
b"16.5885 As , c"9.5796 As , b"89.5796 (26) (Fig. 4).

The color, the surface area, and the average oxidation
state of vanadium vary with the temperature of dehydration
(Table 1). Compared with the precursor, a slight increase of
the surface areas of Pyro-420 and Pyro-750 is observed. The
FIG. 2. SEM image of VOHPO
4

average oxidation state of vanadium decreases, as observed
by Nguyen et al. (15), from 4.146 to 4.012.

When compared to the diffraction lines of the VOHPO
4
)

0.5H
2
O starting material, a significant broadening is ob-

served for Pyro-420 and Pyro-750 patterns. A weak
broadening effect is still noted for Pyro-870. The average
crystallite size of Pyro-750 calculated by the method of
Williamson-Hall is 995 As , and the internal strain e is
6.5]10~3, clearly below that of Pyro-420 (Table 1). How-
ever, let us note that the average line b

4!.1-%
cos h"f (2sin h)

obtained by the Williamson—Hall method does not fit
exactly the experimental points all.

SEM pictures show that the morphology of Pyro-420 and
Pyro-750 is different from that of Pyro-870. For Pyro-420
and Pyro-750, the pseudomorphism with precursor is evid-
enced because platelets with the same bitrapezoidal
) 0.5H
2
O prepared in 2-butanol.



FIG. 3. (a) Bright field image of several particles of VOHPO
4
)0.5H

2
O; (b) dark field image of a single precursor particle and corresponding SAED

showing the particle lying on the (001) plane.
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morphology are observed (Fig. 5a). The surface of each
particle is rough and some voids can be seen, especially in
the case of Pyro-750. For Pyro-870, the shape and size of the
precursor are not retained since particles are prismatic and
exhibit a certain degree of sintering between them (Fig. 5b).
Because of the size and thickness of the prismatic crystals of
Pyro-870, the TEM study could not be made in the same
way as for Pyro-420 and Pyro-750.

When examining Pyro-420 and Pyro-750, the first obser-
vation by TEM is that platelets are displayed on the (100)
plane as shown by SAED, and exhibit the same character-
istic shape as the precursor (Figs. 6, 7). SAED and dark field
images allow to make some distinctions between them. In
the case of Pyro-420, the platelets do not show any Bragg
extinction contour and seem to be composed of many
microcrystals (i.e., crystallites) (Fig. 6a). Most of the bright
regions in the TEM image are due to voids, as suggested by
Torardi et al. (17), that would explain why the surface area
increases a little as compared with the precursor’s (Table 1).
SAED shows that the diffraction spots are curved, indicat-
ing a small misorientation of these crystallites inside the
particle (Fig. 6b). Nevertheless, we can consider this sample
as made from single crystals lying on the (100) plane. The
average crystallite size (437 As ) calculated from XRD by



FIG. 3—Continued
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the Williamson—Hall method, is clearly much smaller than
the observed size of the platelets (several micrometers). The
dark field image confirms these results more explicitly (Fig.
6b), because only domains in Bragg position in relation to
the incident electron beam are observed. These images show
a large number of small white spots, the size of which is
about the same order of magnitude than the average crystal-
lite size calculated from XRD. Consequently, these white
spots ‘‘materialize’’ the crystallites. Finally, the relatively
high value (e"9.2]10~3) of the internal strain can be re-
lated to the presence of small angle boundaries between the
crystallites inside the grain. Therefore, we conclude that the
Pyro-420 platelets of (VO)

2
P

2
O

7
are monocrystalline mosaic
particles (25), i.e., they are built up by a great number of
small crystallites slightly misoriented with respect to each
other.

The microcrystals of Pyro-750 are bigger and exhibit
a more ‘‘chaotic’’ aspect, as for the particle shown Fig. 7a.
When looking at the center of this particle, some voids are
observed, together with a large, individual, crystallite which
seems to stand out of the particle. This is confirmed by the
dark field image which shows two distinct areas (Fig. 7b):
a large dark domain, and a mosaic domain characterized by
a large number of white spots. These spots are bigger than
those measured on Fig. 6b, confirming thereby the increase
of the crystallite size (Table 1). The large dark domain,



FIG. 4. Powder X-ray diffraction pattern of the three samples of
(VO)

2
P

2
O

7
. (a) Pyro-420; (b) Pyro-750; (c) Pyro-870.
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which corresponds exactly to the individual crystallite, does
not present any Bragg orientation in relation to the electron
beam. The fact that the Williamson—Hall relation does not
fit exactly all experimental points means that the sizes of the
crystallites are polydispersed in agreement with the TEM
observations, and/or that the internal strain e is not fully
isotropic. Consequently, the model of mosaic crystal, which
is convenient to describe Pyro-420, is not well adapted for
Pyro-750 because of its heterogeneous texture.

The XRD pattern of the partially transformed solid P420-
Q (Fig. 8) shows that a mixture of VOHPO

4
) 0.5H

2
O and

(VO)
2
P
2
O

7
is obtained, as expected from the loss of weight

(7.2%). No amorphous phase has been evidenced. The TEM
micrographs of this mixture show that the texture of the
particles is not different from that observed with Pyro-420
(Fig. 9). However, the SAED of a single platelet indicates the
simultaneous presence of the two phases VOHPO

4
) 0.5H

2
O

and (VO)
2
P

2
O

7
, in definite and reproducible crystallo-

graphic orientation between each other (Fig. 9):

[001]
)%.*

// [100]
1:30

and

[100]
)%.*

// [010]
1:30

.

No interphase boundaries between these phases could be
highlighted by TEM but the particle P420-Q seems to be
composed of VOHPO

4
) 0.5H

2
O and (VO)

2
P
2
O

7
small

microdomains.

DISCUSSION

We can now summarize the essential features characteriz-
ing the textural and morphological modifications occurring
during dehydration.
Whereas each bitrapezoidal platelet of VOHPO
4
)

0.5H
2
O is a monolithic single crystal, the dehydrated

pseudomorphic platelets (Pyro-420) of vanadyl pyrophos-
phate contain a large number of small, fairly well oriented,
crystallites (mosaic particle). After dehydration at higher
temperature (Pyro-750), the crystallite size Lm increases
while the internal strain decreases, which indicates a tex-
tural change. The prismatic morphology of particles of
vanadyl pyrophosphate is observed when the sample is
calcined at 870°C (Pyro-870).

We propose a mechanism of dehydration based on these
experimental observations, to account for the formation of
monocrystalline mosaic particles and of prismatic particles.

Dehydration Mechanism

The mechanism of dehydration is schematized in Figs.
10a—10d to account for the formation of the observed tex-
ture up to 750°C. Steps e and f (Figs. 10e and 10f ) refer to the
formation of prismatic particles at higher temperature.

The dehydration reaction starts by the oriented nuclea-
tion of the vanadyl pyrophosphate phase onto the (001)
plane of the precursor (Fig. 10a), as expected from the
similar atomic arrangement in the (VOHPO

4
)
=

sheets and
in the (100) plane of (VO)

2
P
2
O

7
(26, 27). From a thermodyn-

amic point of view, this is the most favorable situation
corresponding to the lowest nucleation energy. One can
propose that the reaction begins on the precursor platelet
edges because of the easier escape of the water molecules
situated between the layers. However, this proposal is not
supported by our experiments because no interphase
boundary could be evidenced in the partly transformed
product (P420-Q).

During the oriented growth stage, the hemihydrate/pyro-
phosphate interphase boundary moves while maintaining
the structural orientation relationship between the two
phases. Due to the low crystallographic misfit (0.13% along
[010]

)%.*
// [001]

1:30
and 11.8% along [100]

)%.*
// [010]

1:30
),

the existence of a coherent interface between the two phases
makes the (VO)

2
P
2
O

7
nucleation easier during the further

growth. The elastic strains resulting from the mismatch of
the lattices are relaxed by the formation of dislocations,
which move and assemble (dislocation loops) as the reaction
proceeds, to form crystallite boundaries (Figs. 10b, 10c).
These strains limit the pyrophosphate growth in space.
However, as domains of (VO)

2
P
2
O

7
keep an orientation

close to the topotactic one, they are weakly misoriented. As
the interface progresses, some pyrophosphate nuclei in
topotactic relation, but which cannot grow normally be-
cause of the produced strains, are still in formation. For this
reason, each particle, which appears in SAED as a single
crystal, is built up of a large number of small, slightly
misoriented, crystallites (Fig. 10d). Both crystallite size and
internal strain support the model assuming a mosaic texture



FIG. 5. SEM image of Pyro-750 (a) and Pyro-870 (b).
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for each (VO)
2
P
2
O

7
particle. Indeed, the mosaic texture

implies the existence of disorganized areas between each
crystallite. These defects, which consist mainly of disloca-
tions, are responsible for the slight misorientation of these
crystallites. Therefore, the internal strain e appears as a stat-
istic measure of the inhomogeneous strains due mainly to
these dislocations.

According to this reaction mechanism, the formation of
a mosaic texture is a way to minimize the elastic strains
produced, and, as such, is influenced by several factors.
Indeed, the textural characteristics of the mother phase
(shape, size and texture) and the mismatch between the
lattices are decisive for the mechanism by which strains are
relaxed. The number of dislocations and the rate at which
they occur play also an important role in the textural
modifications of the reaction product. The operating para-
meters (temperature, heating rate, and atmosphere) deter-
mine the kinetics of the reaction.

It is worth noting that the dehydration mechanism,
though topotactic, is a reconstructive reaction: V—O, O—H,
and P—O bonds are broken and a new VPO network is
reconstructed. Despite the structural similarities between
the hydrate and the final oxide phase, the structural ele-
ments are not stricto sensu maintained during the course of
the dehydration reaction. In our experiments, the XRD
pattern of the partially dehydrated VOHPO

4
) 0.5H

2
O

sample P420-Q shows no indication of an amorphous
phase, but exhibits only the lines of the precursor and of the



FIG. 6. (a) Bright field image of a particle of Pyro-420; (b) dark field image of the same particle and corresponding SAED showing the particle lying on
the (100) plane.
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final (VO)
2
P
2
O

7
solid. However, several reports suggest the

formation of such an amorphous intermediate (28, 29) which
can be accounted for by our model. Let us consider the stage
of the reaction schematized in Figs. 10b and 10c. Particles
are composed of many domains of both precursor and
pyrophosphate, smaller than the initial particle. Line
broadening would result from these small domains, as well
as from the strains produced in this mixed particle, to such
an extent that a disappearance of Bragg peaks could be
expected (16). These samples being metastable, the ‘‘stabiliz-
ation’’ of an X-ray amorphous state is strongly dependent
on heat and mass transfers.
Textural and Morphology Evolution

When the temperature of calcination is higher than
420°C, the crystallinity of the material improves, owing to
the usual mechanism of growth of coherent domains. There-
fore, the crystallite size increases while the internal strain
decreases. During a first period, the evolution of the crystal-
linity of (VO)

2
P
2
O

7
leads to a textural change without

modification of morphology. The process begins at the
center of the mosaic particle, inducing the formation of
some cracks and holes (Fig. 10e). Then, the central crystal-
lites grow before they break away the particle. This stage of



FIG. 6—Continued
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textural evolution corresponds typically to the Pyro-750
sample. Therefore, the mosaic model becomes a less faithful
representation of the real texture. The previous process
spreads inside all the particle, leading to its total fragmenta-
tion in several single crystals. In the same time, the primary
particles would sinter during the increase of calcination
temperature to give the final prismatic morphology
(Fig. 10f). This is in accordance with the TEM picture of
Fig. 11, which represents a vanadyl pyrophosphate particle
calcined, at 800°C for 24 h under nitrogen. Moreover, such
a transformation explains the difference between the sizes of
the bitrapezoidal platelets and of the final prismatic par-
ticles. It is worthwhile to note that the morphology of
Pyro-870 is quite similar to the equilibrium shape of
(VO)

2
P
2
O

7
crystal obtained by Curie-Wulff construction

and surface energy considerations (30).
Finally, as far as defects are concerned, the vanadium

oxidation state is seen to increase with the increase of
internal strain, i.e., with the increase of the calcination
temperature (Table 1). Such an observation is not surprising
if we assume that any V5` is associated with defects in the
bulk of (VO)

2
P
2
O

7
(intercrystallite boundaries), rather than

with a V5`-containing phase, like VOPO
4
. Nguyen et al.

(16) have the same opinion when they modelize these defects



FIG. 7. (a) Bright field image of a particle of Pyro-750; (b) dark field image of the same particle and corresponding SAED showing the particle lying on
the (100) plane.
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as bc stacking faults which hinder the dimerization of some
(PO

4
)3~ groups during dehydration process, and therefore

imply the formation of V5`.

CONCLUSION

The dehydration of VOHPO
4
) 0.5H

2
O to (VO)

2
P
2
O

7
is

a kind of oriented nucleation-growth, similar to the dehy-
dration of Ni(OH)

2
to NiO studied by Figlarz et al. (31). The

considerations on oriented nucleation and growth stages
explain why the dehydration reaction yields (VO)

2
P
2
O

7
particles constituted by a great number of slightly mis-
oriented, small crystallites, and also why these particles are
monocrystalline. This process avoids the formation of a ran-
dom texture and is responsible for the pseudomorphism.
The textural modification observed when the temperature
of calcination is very high explains the change of morpho-
logy into prismatic vanadyl pyrophosphate, due to frag-
mentation and sintering of the initial plates.

The formation of such a mosaic texture may be beneficial
to catalytic performance, especially by the creation of addi-
tional surface area. Moreover, the intercrystallite bound-
aries, which are disorganized areas, may play a catalytic role
in the selective oxidation of n-butane to maleic anhydride
(12, 32).



FIG. 7—Continued

FIG. 8. Powder X-ray diffraction pattern of partially transformed VOHPO
4
) 0.5H

2
O (P420-Q), heated at 420°C (TGA/DTA), showing the

coexistence of (VO)
2
P

2
O

7
and VOHPO

4
) 0.5H

2
O (*) lines.
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FIG. 9. Bright field image and SAED of a partially transformed VOHPO
4
) 0.5H

2
O (P420-Q) particle, showing the structural orientation relation-

ships between the hemihydrate (H) and (VO)
2
P

2
O

7
(P).

FIG. 10. Scheme of the topotactic dehydration showing textural modification (a—d) and morphology change (e—f ). See text for details.
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FIG. 10—Continued

FIG. 11. Bright field image of a precursor particle calcined at 800°C under nitrogen for 24h.
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