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synthesis procedure enhances the presence of the crystal
X-ray diffraction patterns of catalysts based on (VO)2P2O7 faces responsible for the highly selective oxidation of n-

show peak broadening effects which cannot be explained by butane. However, this remains an unproved hypothesis.
strain and crystallite size effects. We show that the extensive The stoichiometry of an optimum VPO catalyst deviates
broadening of peaks where the h or l indices are odd is due to by small, but detectable amounts, from (VO)2P2O7 . There
extended defects. These defects can be modeled as stacking is a slight excess of P (e.g., P/V 5 1.05), and the vanadium
faults perpendicular to the a and c axes. The proposed defects oxidation state is slightly greater than 4 (e.g., 4.01). This
also explain the streaking effects observed by single crystal X-

nonstoichiometry had led some to propose (9, 10) that theray diffraction and by electron diffraction. One of the proposed
VPO catalyst is not single phase. Many optimum selectivedefects can explain the presence of some V51 in this phase. The
oxidation catalysts are, in fact, composed of more thanamount of V51 found both by titration and by 31P NMR spin
one phase. For example, the best catalyst for the oxidationecho mapping correlates well with defect concentration. The
of methanol to formaldehyde is a mixture of Fe2(MoO4)3NMR studies also confirm that the V51 present is associated

with (VO)2P2O7 rather than a second phase. The defects are and MoO3 . The reasons for the mixture in this case are
most prominent in samples prepared to be optimum catalysts understood (11). For the VPO catalyst however, careful
for the oxidation of n-butane to maleic anhydride. Our work diffraction and electron microscopy studies indicate the
suggests a new explanation for the fact that good VPO catalysts presence of a single phase if the catalyst has been allowed
must be prepared by dehydration of a V2P2O9 ? xH2O to achieve steady state in a catalytic reactor (4). Conse-
precursor.  1996 Academic Press, Inc. quently we have sought defects which might explain the

nonstoichiometry of the VPO catalyst.

INTRODUCTION
EXPERIMENTAL

The catalyst used for the commercial production of ma-
The catalyst precursor, V2P2O9 ? xH2O, was synthesizedleic anhydride by oxidation n-butane is a vanadium phos-

by refluxing V2O5 with H3PO4 (85%) in a mixture of isobu-phate (VPO) (1–3). In a laboratory reactor, this catalyst
tanol and benzyl alcohol using a P–to–V ratio of 1.2. Acan give maleic anhydride with a selectivity exceeding 80%
typical reaction used 24.7 g of H3PO4, 15.6 g of V2O5,(4). No other catalyst is known which can give a selectivity
250 ml of isobutanol, and 18 ml of benzyl alcohol. Afterapproaching 80% for this reaction. This unique catalyst is
refluxing for 24 h, the solid V2P2O9 ? xH2O was separatedbasically (VO)2P2O7 , but it must be prepared in a particular
by vacuum filtration. This product was washed thoroughlyway if it is to be an optimum catalyst. It is prepared from
with acetone to remove organic residue from the solid.a V2P2O9 ? xH2O precursor which has a layer structure (5)
Before this wash, the organic content was about 5 wt%;(Fig. 1) and a resultant platy morphology. A topotactic
after washing, it was less than 0.1 wt%. X-ray diffractiondehydration gives (VO)2P2O7 which retains the morphol-
showed single phase V2P2O9 ? xH2O.ogy of the precursor. It has been suggested (6–8) that this

Conversion of V2P2O9 ? xH2O to (VO)2P2O7 was carried
out under a variety of conditions (Table 1). The oxygen1 To whom correspondence should be addressed.
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FIG. 1. Dark polyhedra are PO4 or P2O7 groups. Lighter polyhedra are VO6 or VO5 groups. (a) Layered precursor structure. (b) Ideal (VO)2P2O7

structure. (c) (VO)2P2O7 structure with bc fault. (d) (VO)2P2O7 structure with ab fault.

fugacity, f (O2), during calcination was fixed so that the der diffraction data were obtained at room temperature
with a Siemens D-5000 diffractometer using CuKa radia-only product obtained regardless of heating time was

(VO)2P2O7 . The total pressure during this dehydration was tion. Strain and crystallite size data given in Table 1 are
based on both the Williamson–Hall (13) and Warren–about 1 atm; f (O2) was controlled using either Ar/O2 or

Ar/H2O mixtures. The gas exiting the furnace was continu- Averback (14) approaches.
The 31P transient NMR experiments were carried out atously monitored for f (O2) using a zirconia sensor. The

vanadium oxidation state in the products was determined room temperature on a Chemagnetics/Otsuka CMX-360
spectrometer operating with magnetic field of 8.0 T. Be-using the method of Nakamura et al. (12). The X-ray pow-

TABLE 1
DIFFaX Simulation Data

Calcination
conditions

% bc Fault Number of Oxidation Size Size Strain Strain
Temp. Time fault probability layers state ia 'a ia 'a

4008C 7 days 90 9.5% 7 4.10 197 Ȧ 495 Å 3.3 1.8
6458C 3 days 80 7% 65 4.06 409 Å 1181 Å 2.3 1.5
7058C 24 h 75 3% 500 4.03 928 Å 1020 Å 0.9 0.5
7908C 12 h 70 1% 500 4.01 1367 Å 1394 Å 0.9 0.5
Xtal 12 h no faults 0% 600 4.00 .1500 Å .1500 Å ,0.1 ,0.1
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FIG. 2. Observed (dark) and calculated (light) diffraction patterns for (VO)2P2O7 prepared under different conditions and described in Table
1. Highest calcination temperature is 4008C for (a), 6458C for (b), 7058C for (c), 7908C for (d), and 9008C for (e).

cause the linewidths generally exceeded the frequency h and l are both even is due entirely to these strain and
size effects. These effects can be estimated along the a andspectrum of the radio-frequency pulses, the method of
b axes by using the 200, 400, 020, and 040 reflections.‘‘spin mapping’’ (18) was used to obtain spectra. The spin-
Reflections of the type 00l are too weak to conduct a similarmapping frequency interval was 50 kHz. Spin-echoes were
analysis along the c axis. However, reflections of the typeobtained with a phase-cycled f/2 2 t 2 f pulse sequence
0kl where l is even fall into the same pattern as 0k0 reflec-where t 5 20 es. To allow for spin-lattice relaxation, the
tions, indicating similar parameters along b and c. Thus,recycle delay was 40 ms.
these 0kl reflections are used to estimate strain and crys-
tallite size perpendicular to a. The sharper peaks in theRESULTS
upper pattern of Fig. 2 are all 0kl reflections. This should be

Depending on the synthesis conditions used for taken as an indication that the crystallites are considerably
(VO)2P2O7 , very different X-ray diffraction patterns can larger perpendicular to the a direction (Table 1), consistent
be obtained (Fig. 2). Peak positions, relative to one an- with their known platy character. The pronounced broad-
other, shift by small amounts from sample to sample, but ening of the 200 and 400 is an indication of very small
this is a small effect not readily observable in Fig. 2. There crystallite dimensions along the a direction.
are, however, major differences in both peak shapes and The extreme broadening of reflections with h or l odd
the integrated relative intensities of some peaks. Much of cannot be related to strain or crystallite size effects. The
the variation in peak shape can be accounted for based on broadening of these reflection can, however, be explained
strain and crystallite size effects, after due consideration by assuming particular stacking faults perpendicular to the

a axis (bc faults) or perpendicular to the c axis (ab faults)for the very anisotropic nature of these crystallites (Table
1). In fact, we assume that the broadening of peaks where as shown in Figs. 1a and 1b. The software DIFFaX15 was
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used to calculate the effect of these stacking faults on the
X-ray diffraction patterns. Fault ab causes broadening of
reflections where l is odd, whereas fault bc causes broaden-
ing of peaks where h is odd. It was found that a good fit
to the observed peak broadening required both ab and bc
faults, although the bc fault dominates. The calculated
patterns are compared to observed patterns in Fig. 2. The
fitting parameters used to calculate these patterns are given
in Table 1. The number of layers is defined as the number
of unit cells along the a or c axes. All layers are identical,
but the layers are shifted with respect to each other. For
a given sample, both faults are calculated with the same
stacking fault probability. The broadening and the disap-
pearance of the hkl reflections with h or l odd relates
primarily to an increase in the stacking fault density. For
the sample prepared at 4008C, an expansion factor of 1.02

FIG. 3. Spin-mapped 31PNMRspinecho spectra.Chemical shiftswerewas used at the stacking fault. This is necessary to account
measured relative to a phosphoric acid (85%) reference solution. Fromfor the small but significant shifts of peak positions relative bottom to top, the titrations gave vanadium oxidation states of (a) 4.00, (b)

to each other. This effect is only noticeable when the stack- 4.01, (c) 4.05, (d) 4.18, and (e) 4.96. X-ray diffraction shows only a
ing fault density is very high. As might be expected, strain (VO)2P2O7-type pattern for the samples shown in a–c. Only a VOPO4 pat-

tern was found for the sample shown in e. Both the (VO)2P2O7 and VOPO4parallel and perpendicular to the a axis increases (Table
phases were evident in the X-ray pattern of the sample shown in d.1) as the stacking fault density increases.

Ebner and Thompson (16) reported streaking involving
hkl reflections where the indices are even–even–odd or
even–odd–odd. We find that DIFFaX calculations can sim- shows only the one peak related to V41. None of the

previous studies have presented a VPO spectrum withoutulate these streaks based on our conclusion of a dominant
bc fault. Bordes and Courtine (8), on the other hand, report peaks due to V31 or V51. As the average oxidation state

of vanadium increases from 4.00 to 4.01, a peak appearsin electron diffraction studies streaking along both 100 and
001 directions. We have used DIFFaX to simulate the at about 0 ppm. This peak continues to grow as the

average vanadium oxidation increases to 4.05 in a samplestreaking along 100 with bc faults and to simulate the
streaking along 001 with ab faults. We can, therefore, con- that appears to be single phase by X-ray diffraction. The

sample with an average oxidation state of 4.18 showedclude that a combination of ab and bc faults explains all
the experimental results from electron diffraction and X- VOPO4 as a second phase. The peak near 0 ppm is

distinctly different for VOPO4 (Fig. 3e) and VPO samplesray diffraction and that no simpler defect could explain
the observations. which do not show a VOPO4 second phase by X-ray

diffraction. The non-magnetic character of the P environ-Recently, another type of extended defect was reported
(17) to form in VPO catalysts as they age. We have ment of the 0 ppm site in VOPO4 is emphasized by its

long spin-lattice relaxation time (T1 p 20 s) comparedsimulated the effect that this 012 fault would have on an
X-ray diffraction pattern. We find that this defect cannot with 31P associated with V41 (T1 p 20 ms). The peaks

observed near 0 ppm in the two samples shown in Fig.produce the observed line broadening and that the line
broadening produced by this type of defect is not observed 3b and 3c also exhibit rapid spin-lattice relaxation showing

that they are influenced by V41 even though their shiftsin actual VPO catalysts. This does not indicate the absence
of such a defect, but it does show that such defects are show that they are most closely associated with V51. This

confirms that the peak near 0 ppm in Figs. 3b and 3c ispresent in concentrations much lower than the ab and
bc faults. associated with a V51 defect in (VO)2P2O7 .

We have explored the nature of line broadening andPrevious studies of VPO catalysts by 31P NMR spin echo
mapping have concluded that peaks at p4650, p2600, and spectral structure in the V41 line using magic angle spin-

ning NMR (MAS-NMR) at spinning frequencies up top0 ppm are related to V31, V41 , and V51, respectively
(18–20). However, in no previous study were the spectra 5500 Hz. These studies revealed a complex structure

consisting of a small number of discrete isotropic shiftscorrelated with the average state oxidation of vanadium.
Our results on some of our samples are shown in Fig. (sites) whose lines are broadened by the anisotropic shift

produced by the paramagnetic V41. In contrast, we were3. None of these samples shows any evidence of the
presence of V31. The sample which has a very low concen- unable to resolve distinct shifts within the V51 lines near

0 ppm.tration of defects and no detectable concentration of V51
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DISCUSSION throughout the dehydration process. Thus, at no time dur-
ing the precursor to catalyst conversion is there significant

We have taken special care to produce homogeneous reduction or oxidation of vanadium. X-ray diffraction of
VPO catalysts. Typical VPO catalysts which have been our partially converted VPO suggests that there is no inter-
studied are clearly inhomogenous. This inhomogeneity mediate amorphous phase. Partially converted materials
could cause peak broadening features which we wished to instead always show a mixture of crystalline V2P2O9 ? xH2O
avoid because this would complicate our already complex and (VO)2P2O7 . Thus, we believe that the transformation
analysis. Inhomogeneities of a VPO catalyst could result is truly topotactic and that our samples are highly homoge-
either from the way it is used in a reactor or from the way neous. It should be emphasized that some line broadening
the precursor is transformed to catalyst. A VPO catalyst during a topotactic reaction is expected. As a particular
from a plug-flow, fixed-bed reactor will be exposed to a crystallite transforms, it will contain domains of both pre-
different temperature and a different gas phase mixture cursor and product. These domains will necessarily be
at different regions in the bed. This then could lead to, for smaller than the original crystallite. Thus, line broadening
example, a different average vanadium oxidation state for will result from both the smaller domains and the strain
catalyst taken from different regions of the reactor. This produced in such mixed particle. In the extreme, such ef-
in turn might have some small, but significant, impact on fects will cause a disappearance of the Bragg peaks in an
X-ray peak shapes. X-ray diffraction pattern during the intermediate stages

Freshly prepared VPO catalysts are also inhomogeneous of a topotactic reaction, but such a disappearance is not
when prepared by standard methods. This is caused primar- evidence that the reaction is not topotactic in nature. In the
ily by the fact that the vanadium oxidation state is not well topotactic dehydration, a single crystal of V2P2O9 ? xH2O is
controlled during a typical conversion of the precursor to converted to a single crystal of (VO)2P2O7 without change
the catalyst. Literature reports (1–8, 20, 21, 22) nearly al- in morphology.
ways describe this conversion being carried out under air. Despite the uniqueness and importance of the vanadium
At this condition, (VO)2P2O7 will eventually be converted phosphate catalyst for butane oxidation, this catalyst re-
completely to VPO5. Limiting the calcination time can lead mains poorly understood. Part of the problem is due to
to a product where the oxidation state of vanadium is close the nature of any alkane oxidation reaction. The first step
to 4, but the average oxidation state of vanadium is very of activating butane is the step that is rate limiting in the
likely to be significantly different from particle to particle, overall oxidation reaction. This then precludes studying
with some variation within a particle as well. The most com- butane chemisorption or examining reaction intermediates
mon method of preparing VPO catalysts involves the use of on the surface of the catalyst. However, aside from the
organic chemicals. Normally, these chemicals are not com- difficulty of understanding the mechanism of butane oxida-
pletely removed before calcination. During calcination tion, there has been a problem of defining the bulk and
there are then competing redox processes. Reduction of the surface structures and compositions of the catalyst. This
vanadium oxidation state to values below 4 may occur by catalyst is routinely prepared with a considerable excess
reaction with the organic residue. On the other hand, the of phosphorus, yet there is only a slight excess of phospho-
vanadium in VPO may be oxidized to values greater than 4 rus in the final catalyst. This excess phosphorus is likely
by oxidation with air. Thus, it is likely that during normal at the surface (9). The vanadium oxidation state in a cata-
precursor conversion, the center of a sample may be initially lyst that has come to steady state in a catalytic reactor is
reduced at the same time that the exterior regions are being always slightly greater than 4 (3). Furthermore, if a VPO
oxidized. Recent NMR studies (20) have, in fact, confirmed catalyst is used to oxidize n-butane in the absence of oxy-
that different regions of a converted precursor have differ- gen, the oxidation state of vanadium is not noticeably low-
ent oxidation states for vanadium. Dehydration of the pre- ered by the time at which selective oxidation ceases (6,
cusor under inert gas or vacuum is equally unsatisfactory for 23). This suggests that most of the V51 is associated with
producing homogeneous materials because such conditions defects within the bulk of (VO)2P2O7 .
are actually reducing and tend to produce some V31. A discussion of the defects in (VO)2P2O7 must first start

The usual uncontrolled conversion of precursor with a description of the ideal, defect-free structure. Two
V2P2O9 ? xH2O to (VO)2P2O7 can apparently diminish the independent reports of this structure were given in 1979
crystallinity of the intermediates in this conversion. Several (24, 25). The basic structural features (Fig. 1) are double
groups (22) have reported an amorphous intermediate V–O chains along the a axis with P2O7 groups linking the
when the crystalline precursor is transformed to crystalline chains together. Vanadium may be described as octahe-
catalyst. We find that this generally occurs if the organic drally coordinated to oxygen, but with a strong vanadyl-
residue is not washed from the catalyst. In our procedure, type distortion. Thus, V–O distances along the a axis alter-
the organic residue is removed before dehydration of the nate long (p2.36 Å) or short (p1.60 Å) with four interme-
precursor, and the oxygen partial pressure is controlled diate equatorial V–O distances (p1.95 Å). The long V–O
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bond is not shown in Fig. 1. Thus, in Fig. 1, square pyrami- within the accuracy of the titrations. Furthermore, we find
that the vanadium oxidation state of a given VPO catalystdal polyhedra are used to describe the environment around

vanadium. These pyramids point either up or down along does not change significantly after equilibration at oxygen
fugacities differing by several orders of magnitude. Thus,the a axis. These units share edges in pairs; the apexes of

these two pyramids of this pair point in opposite directions. it seems likely that the amount of V51 in a VPO catalyst
is primarily associated with some defect in the bulk, ratherThe original refinements of the (VO)2P2O7 structure did

not give completely satisfactory agreement between ob- than being mainly associated with the surface. Analysis of
(VO)2P2O7 magnetic susceptibility data also leads to theserved and calculated structure factors (R p 18 to 9%).

Thompson and Ebner (16) have achieved better agreement conclusion that the V51 in VPO is associated with a defect
in the bulk of (VO)2P2O7 rather than a second V51 con-between observed and calculated structure factors (R P

0.035) by distributing each vanadium atom over two differ- taining phase (27). This conclusion is further confirmed by
the NMR results presented in this paper.ent crystallographic sites only 0.2 Å apart. Problems with

typical (VO)2P2O7 crystals have been attributed to defects A possible explanation for the presence of some V51 in
(VO)2P2O7 is that not all (PO4)42 groups dimerize duringor disorder. Diffuse spots and streaks have been reported

in both electron diffraction and single crystal X-ray diffrac- the topotatic transformation. In fact, the bc stacking fault
(Fig. 1) apparently prevents the formation of some pyro-tion patterns (8, 16). We have obtained (VO)2P2O7 crystals

which give diffraction patterns devoid of streaking effects. phosphate groups across the fault. This could lead then to
a formula of the type (V41

122xV51
2x O)2(P2O7)12x(PO4)2x atThis has allowed us to refine the structure to a low R value

(3.1%) without introducing any disorder or defects (26). the bc stacking fault. If the apical oxygens of the VO5

square pyramids are not shared between two such units,We find that the actual space group is monoclinic rather
than one of the orthorhombic space groups (Pcam, Pcaa, there is even more excess oxygen and thus more V51. This

stacking fault therefore can readily rationalize all or aor Pca21) that had been considered previously. Our more
precise definition of the ideal structure does not, however, substantial fraction of the V51 found in VPO catalysts. No

change in composition or oxidation state is expected duealter the basic structural features of (VO)2P2O7 as shown
in Fig. 1. to ab faults.

The extended defects found in VPO catalysts may beDuring the topotactic transformation of V2P2O9 ? xH2O
to (VO)2P2O7 , there is ample opportunity for stacking directly related to its catalytic properties. The best catalysts

are those where these defects are very prominent. Thisfaults to occur. The precursor crystal structure is a layered
structure with no V–O or P–O bonds bridging the layers. suggests the possibility that the active sites for selective n-

butane oxidation are associated with regions where theThese layers (Fig. 1a) are held together only by van der
Waals and hydrogen bonding. As the water is removed extended defects meet the surface. Since there is currently

no accurate way to determine the number of active sites atduring the topotactic reaction, both V–O and P–O bonds
form across the layers where there were previously no the surface, this hypothesis cannot be checked at this time.
such bonds. Mistakes can be made as these layers become
strongly bound to each other. The lower the temperature ACKNOWLEDGMENTS
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