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Abstract

ðVOÞ2P2O7 has been studied at high temperatures by in situ X-ray powder diffraction in an inert atmosphere. Lattice parameters

indicate an anisotropic thermal expansion up to T c ¼ 214 �C, followed by an approximately isotropic expansion up to 490 �C. It is

proposed that T c is the temperature of a second-order phase transition between the known room temperature form with space group

Pca21 and a high-temperature form with space group Pcab. Above 490 �C a minority phase develops in the sample that was

identified as the V3þ containing compound V4ðP2O7Þ3, while the anisotropic expansion along a suggests that stoichiometric

ðVOÞ2P2O7 transforms into ðVOÞ2P2O7þx with interstitial oxygen located between the layers. With an onset at 706 �C all of the

ðVOÞ2P2O7 transforms into VPO4.

r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Vanadyl pyrophosphate ðVOÞ2P2O7 is used as an
industrial catalyst for the controlled oxidation of
alkanes; in particular, for the synthesis of maleic
anhydride from n-butane [1,2]. All studies have shown
that ðVOÞ2P2O7 is the major component of the catalysts,
but the presence of V5þ ions has been proposed to be
important for catalytic activity [3,4]. Alternatively,
VOPO4 was suggested to be detrimental to catalytic
behavior and the presence of both V4þ and V3þ was
proposed to be required for catalysis [4–6]. Further-
more, it appeared that in active catalysts the P:V ratio
can be slightly large than 1, thus providing another
parameter influencing the possible formation of other
e front matter r 2005 Elsevier Inc. All rights reserved.
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phases [4]. All studies show tuning of the structural and
morphological surface structure to be important for
catalytic behavior.
Interest in the low-temperature properties of

ðVOÞ2P2O7 concerns its quasi-one-dimensional magnetic
properties [7–10]. This interest motivated accurate
determinations of the crystal structure, after initial
reports suggested either Pca21 or Pcam or P21 space
groups [3,11,12]. The crystal structure of ðVOÞ2P2O7 is
now well established as orthorhombic with space group
Pca21 for temperatures between 100 and 300K [13–15]
(Fig. 1). Possible superlattice reflections in the diffrac-
tion at low temperatures have never been observed, thus
rendering a spin-Peierls mechanism for the magnetic
order at low temperatures unlikely.
The importance of ðVOÞ2P2O7 for catalysis makes

knowledge of the behavior of this compound at elevated
temperatures desirable. Spectroscopic techniques as well
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Fig. 1. Crystal structure of ðVOÞ2P2O7 at 100K. (a) Projection along a

of one layer and (b) projection along b of one double row of PO4

tetrahedra (light gray) and VO5 pentagonal prisms (dark gray). Circles

indicate oxygen atoms. Coordinates from Ref. [14].
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as X-ray powder diffraction have been used for this
purpose, but the latter was only applied to quenched
samples after high-temperature treatments under differ-
ent conditions. Here, we report the results of an in situ
X-ray powder diffraction study at high temperatures.
We have discovered a highly anisotropic thermal
expansion that becomes isotropic above 214 �C. It is
thus suggested that T c ¼ 214 �C represents a phase
transition from the known Pca21 crystal structure
towards a high-temperature form with the centrosym-
metric space group Pcab. At about 480 �C anisotropic
expansion sets in again, and at still higher temperatures
ðVOÞ2P2O7 is found to decompose into VPO4 and a
minority phase of V3ðP2O7Þ3.
2. Experimental

ðVOÞ2P2O7 was prepared by heating ðVOÞPO4 �
1
2
H2O

under argon [12,16]. Single-crystalline material was
prepared as described elsewhere [17]. A small piece of
single crystal was ground into a fine powder and
subsequently loaded into a capillary of diameter
0.3mm. The capillary was sealed by standard proce-
dures (gas welding), thus leaving a small amount of air
above the solid material. This provides an oxygen-free
atmosphere after the oxygen has reacted with
ðVOÞ2P2O7 at high temperatures.
In situ X-ray powder diffraction data of ðVOÞ2P2O7 at
high temperatures were collected in transmission with a
small environment cell for real-time studies on a motorized
goniometer head at beamline X7B at the National
Synchrotron Light Source (NSLS) at Brookhaven Na-
tional Laboratory. As detector, a MAR 345 image plate
reader was set up perpendicular to the beam path at
a distance of approximately 170mm from the sample.
LaB6 was used as an external standard to determine the
beam center, sample-to-detector distance, exact wave-
length (l ¼ 0:92135 (A), and tilting angle of the image
plate. The sample was contained in a sealed 0.3mm quartz
glass capillary loaded in a 0.8mm sapphire capillary
attached to a flow-reaction cell, similar to those described
in [18,19].
The temperature was monitored and controlled by a

0.010 in thermocouple (Omega) which was inserted
straight into the sapphire tube adjacent to and contact-
ing the sample capillary. The sample was aligned such
that the sample closest to the thermocouple was in the
X-ray beam path. The sample was heated in the
temperature range from room temperature up to
850 �C at 6:58 �C=min with a small resistance heater
wrapped around the sapphire tube. During exposure,
the samples was rocked for several degrees in order to
improve randomization of the crystallites. The exposure
time was 80 s plus 80 s for the readout of the image plate.
This implies a temperature interval of 17:9348 �C
between measurements, while each complete diffraction
pattern has collected the scattering off the sample over a
temperature range of DT ¼ 8:96 �C. The total time of
the experiment was 125.3min. Integration of the powder
patterns was performed using the program FIT2D
[20,21], resulting in diagrams of corrected intensities
versus the scattering angle 2y. Any reflections due to the
single-crystal sapphire capillary were excluded. It was
observed that the diffracted intensity was quite uni-
formly distributed over the Debije–Scherrer rings, ruling
out severe grain size effects and preferred orientation.
Low-angle diffraction peaks had a typical full-width at
half-maximum (FWHM) of 0:16� in 2y. Data reduction
on all powder diffraction patterns was performed using
the Powder3D program [22].
Visual inspection of the series of diffraction patterns

showed that a second phase starts to develop at
T ¼ 491:3 �C, while ðVOÞ2P2O7 transforms into a new
phase between T ¼ 706:5 and 796:2 �C (Fig. 2).
LeBail fits showed that the diagrams up to 473:4 �C

could be indexed by unit cells corresponding to
ðVOÞ2P2O7 (Table 1). The indexing was confirmed by
Rietveld refinements, employing the known crystal
structure [14,15]. One diffraction maximum at 2y �

15:6� was identified as due to quartz. This peak was
observed at all temperatures, and quartz might have
contaminated the sample through abrasion of the agate
mortar during the prolonged grinding of the sample. A
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good fit to the data was obtained by refinement of only
the scale factor and an overall temperature factor. This
fit was improved upon refinement of the atomic
coordinates, but standard uncertainties (s.u.) in the
latter amounted up to 0.2 Å. The good fit to the
Fig. 2. X-ray diffraction as a function temperature. (a) Diffraction at

low angles 2y. The development of a second phase starting around

500 �C and the phase transformation at about 730 �C are clearly visible

and (b) diffraction at high angles 2y. The (400) reflection shows the

thermal expansion of the lattice parameter a. This reflection disappears

at the phase transformation. Lowest temperature is 25 �C; highest

temperature is 850 �C.

Table 1

R values for the fit to the diffraction data for selected temperatures at

which ðVOÞ2P2O7 is the major phase

Temperature (�C) LeBail Rp Robs

Pca21 Pcab Pca21 Pcab

42.9 0.025 0.033 0.035 0.041 0.047

473.4 0.027 0.038 0.040 0.062 0.068

688.6 0.021 0.033 0.036 0.084 0.095

Rp is the profile R-value and Robs is the Bragg R-value. Results are

given for Rietveld refinements in the space groups Pca21 and Pcab as

well as for the LeBail fit.
diffraction data proves that the compound is
ðVOÞ2P2O7 indeed, but the large s.u. on the atomic
coordinates show that accurate crystal structures cannot
be obtained from the Rietveld refinements. The LeBail
fits provided the lattice parameters as a function of
temperature and thus gave the thermal expansion (Fig. 3).
LeBail fits were performed with the computer program
GSAS [23]. Rietveld refinements were performed alter-
natively with GSAS and JANA2000 [24].
It is noticed, that the structure of ðVOÞ2P2O7 can

approximately be described in the centrosymmetric
space group Pcab, which was not considered before
[11]. In order to map the Pca21 structure onto Pcab,
shifts are required of up to 0.06 Å for the V and P atoms
and of up to 0.35 Å for the oxygen atoms, showing that
the major part of the deviation from Pcab is rotations
of the polyhedral groups. The single-crystal data
at T ¼ 100K are significantly better fitted in Pca21
(RF ¼ 0:031) than in Pcab (RF ¼ 0:096), while many
Fig. 3. Thermal expansion of ðVOÞ2P2O7 as determined by in situ X-

ray diffraction. (a) Temperature dependence of the unit cell volume

and (b) relative changes of the lattice parameters. Values have been

normalized to the values at T ¼ 42:9 �C, which are a0 ¼ 7:7288ð1Þ,
b0 ¼ 9:5787ð2Þ, c0 ¼ 16:5873ð2Þ (A and V 0 ¼ 1228:0 (A

3
. Straight lines

are the result of linear fits to the points up to 150:5 �C and to the points

between 240:2 and 473:4 �C. They give different low-temperature and

intermediate temperature expansion coefficients: aLTV ¼ 7:2ð4Þ10�5;
aHTV ¼ 3:03ð5Þ10�5; bLTa ¼ 5:1ð3Þ10�5; and bHTa ¼ 0:68ð5Þ10�5. The

intersection of the two lines in Fig. 3a provides the transition

temperature Tc ¼ 214:1 �C.
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Fig. 5. Rietveld plot of the X-ray diffraction at 832:1 �C. The intense

diffraction maxima are all explained by the VPO4 structure (lower

trace of reflection markers), while the remaining diffraction peaks are

due to the impurity phase V ðP O Þ .

S. van Smaalen et al. / Journal of Solid State Chemistry 178 (2005) 2225–22302228
reflections have been observed that violate the b-glide
[14]. However, the powder diffraction data do not give
significant intensities for any of these forbidden reflec-
tions, as can be explained by the relatively high
background in the data. Although the Rietveld fits in
Pca21 are slightly better than those in Pcab at all
temperatures, the latter space group has half the number
of independent parameters and inspection of the profiles
indicate fits to the data of comparable quality (Fig. 4).
Therefore, it is concluded that the data are insufficiently
accurate to distinguish between Pca21 and Pcab by
refinements. However, the thermal expansion shows an
anomaly at 214:1 �C, indicating a second-order phase
transition to occur at this temperature (Fig. 3a).
Together with a good fit of a structure in Pcab this
strongly suggests that above 214:1 �C ðVOÞ2P2O7 is
centrosymmetric Pcab. This interpretation is in accor-
Fig. 4. Rietveld plot of the X-ray diffraction at 473:4 �C for refinement

of a structure model in (a) space group Pca21; (b) space group Pcab.

Shown are the measured and calculated intensities (upper trace), the

reflection markers and the difference between observed and calculated

intensities (lower trace). The shaded area contains a peak due to quartz

and was excluded from the refinements.

4 2 7 3
dance with the large anisotropic expansion along a (Fig.
3b). The latter indicates rearrangements of the atoms
within the unit cell in dependence on temperature, as
opposed to a homogeneous expansion. This could be the
result of rotations of the polyhedral groups, thus
eventually leading to a structure of higher symmetry.
Diffraction maxima indicating a second phase were

first observed in the pattern recorded at 491:3 �C. Their
intensities increased on increasing temperature, up to
670:7 �C. These diffraction maxima could be indexed
by a unit cell of a2 ¼ 7:3669, b2 ¼ 9:6659 and c2 ¼

21:359 (A, indicating that this second phase is V4ðP2O7Þ3
[25]. The second phase persisted into the high-tempera-
ture phase, but it represented a minority phase at all
temperatures.
With an onset at T ¼ 706:5 �C the bulk of the

material transformed into a new phase, that was
identified as VPO4 [26]. The transformation was
complete at T ¼ 796:2 �C. The three diffraction patterns
taken at 796.2, 814.1 and at the highest temperature
studied, 832:1 �C, could all be very well explained by the
structure of VPO4, with V4ðP2O7Þ3 as minority phase
[25,26] (Fig. 5).
3. Discussion

3.1. Anisotropic thermal expansion

We have found that vanadyl pyrophosphate is stable
up to a temperature of T ¼ 473:4 �C. Below T c ¼

214:1 �C the thermal expansion is anisotropic with a
linear expansion along a that is almost an order of
magnitude larger than that along b and c. This beha-
vior continues the anisotropic expansion as it was
observed between 100 and 295K [27]. At 214:1 �C the
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anomalously large expansion along a stops, and the
thermal expansion becomes nearly isotropic (Fig. 3b).
At this temperature the thermal expansion itself (aV)
also changes (Fig. 3a), thus suggesting a second-
order phase transition to occur at T c ¼ 214:1 �C. A
good candidate for the high-temperature form of
ðVOÞ2P2O7 is a structure with symmetry Pcab, that
can be obtained from the low-temperature Pca21
structure by relatively small rotations of the metal
oxygen polyhedra, as they are presumed to be at the
origin of the anisotropic thermal expansion. This
interpretation is further supported by the good
fit of the Pcab structure to the diffraction data
(Fig. 4) and by the fact that a transition from Pcab

towards Pca21 is allowed to be second-order by
symmetry [28].

3.2. High-temperature stability of ðVOÞ2P2O7

With an onset at T ¼ 491:3 �C a second phase
develops in our sample, that was identified as
V4ðP2O7Þ3. The gradual increase with temperature of
the intensities of the Bragg reflections corresponding to
this phase should not be interpreted as a shift of the
equilibrium between the two phases with temperature,
because it is known from several studies that the
reactions of ðVOÞ2P2O7 with, for example, oxygen are
slow [4] and our experiment lasted for 2 h only.
V4ðP2O7Þ3 is a reduced compound as compared
to ðVOÞ2P2O7, with a valence of vanadium of 3þ.
Therefore this phase cannot be the result of oxidation
of ðVOÞ2P2O7, e.g. by the tiny amount of oxygen in
our capillary. Instead, it might be the result of
decomposition of ðVOÞ2P2O7 into an oxygen-rich
phase ðVOÞ2P2O7þd with the ðVOÞ2P2O7-type structure
and the reduced phase. This interpretation is in
accordance with reports in the literature, where the
presence was proposed of interstitial oxygen between
the layers in the ðVOÞ2P2O7 structure [4,29]. Also, the
anomalously large thermal expansion of the a-axis
above T ¼ 491:3 �C supports this interpretation.
Furthermore, it is in agreement with the observation
that a low but finite oxygen partial pressure is required
for the stabilization of ðVOÞ2P2O7 at high temperatures
[12,30].
Between 706:5 and 796:2 �C ðVOÞ2P2O7 transforms

into VPO4, which is again reduced as compared to
ðVOÞ2P2O7, containing V4þ. This finding is in accor-
dance with our previous observations on the decom-
position of ðVOÞ2P2O7 in true inert atmospheres [17,30],
while other studies have reported the stability of
ðVOÞ2P2O7 up to 750 �C [31]. We do not have a good
explanation for the loss of oxygen, and we can only
speculate that it will have build up some high pressure
inside the capillary and thus is forced out of the capillary
through minor cracks.
3.3. V– P– O catalysts

Vanadyl pyrophosphate has been shown to be the
major phase of V–P–O catalysts [1]. Optimal working
conditions are close to 400 �C, that is in the middle of the
stability region of the high-temperature form of
ðVOÞ2P2O7. The preparation of the active catalyst often
involves higher temperatures up to 550 �C. The im-
portance of the proposed phase transition and the
observed anisotropic thermal expansion for the under-
standing of the catalytic mechanism is not immediately
clear. However, our results on the thermal expansion
give strong support for mechanisms of catalytic beha-
vior that involve the incorporation of additional oxygen
into the ðVOÞ2P2O7 lattice. Furthermore, detailed
computations like electronic band structure calculation
will have to take into account the different symmetry as
well as different lattice parameters of ðVOÞ2P2O7 at the
temperature of operation of catalysts. Unfortunately,
our X-ray powder diffraction data are of insufficient
resolution to determine accurate crystal structures.
4. Conclusions

Vanadyl pyrophosphate has been shown to exhibit
highly anisotropic thermal expansion between �170 �C
and Tc ¼ 214:1 �C. The high expansion along a stresses
the importance of the role (100) surface in catalysis. A
second-order phase transition is observed to occur at
T c ¼ 214:1 �C. It is proposed to be a transition from the
known Pca21 structure towards a high-temperature form
of ðVOÞ2P2O7 with space group Pcab. The high-tempera-
ture structure can be obtained from the room temperature
structure by rotations of the metal oxygen polyhedra.
Above 491:3 �C an autoredox reaction was observed

resulting in a minor amount of V4ðP2O7Þ3 and probably
the development of an oxygen-rich vanadyl pyropho-
sphate phase ðVOÞ2P2O7þx (x40). This observation
strongly supports any mechanisms for the catalytic
activity of vanadyl pyrophosphate catalysts, that involve
additional oxygen within the ðVOÞ2P2O7 lattice. In a
non-oxidizing atmosphere vanadyl pyrophosphate was
found to decomposed into VPO4 above 706:5 �C.
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