PHYSICAL REVIEW B 71, 155118(2005

Electronic structure of B-VOPO,
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Vanadium phosphorus oxides are used as catalysts in the selective oxidatibaotahe to maleic anhydride.
The working catalyst comprises besides the main pyrophosphate phase in which the vanadium is in a 4+
oxidation state also a, predominantly preparation dependent, amount of different pentavalent vanadyl-
orthophosphate phases. In order to elucidate the role of the pentavalent phases it is necessary to investigate
them in detail. The present work reports the synthesis, characterization and a detailed investigation of the
electronic structure of bull3-VOPQO, in company with simulated and experimental core-shell excitation
spectra.
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[. INTRODUCTION sity functional theory(DFT) were performed in order to
evaluate the bulk electronic structure. Core level spectro-

Vanadium phosphorus oxid€¥PO) are a very complex scopic methods were applied to experimentally probe the
and fascinating system characterized by an easy formatioglectronic structure at the ionized species: electron energy
and inter conversion of several crystalline phases. VPO arpss spectrometryEELS) at the oxygerK ionization edge
commercially used as catalysts for the synthesis of maleignd near edge x-ray absorption spectroscOpgXAFS) at
anhydride in the partial oxidation afi-butane. The phase the VK ionization edge. The gained spectra are interpreted
constitution and the morphology of VPO catalysts are founchy means of the calculated band structure and compared to
to be dependent on the preparation routes and the appligimulated spectra.
solvent as well as on details of activatibithe final catalyst
consists of the main ¥ phase(VO),P,0; and a mixture of
pentavalent phasésThese phases are crucial for the conver-
sion and selectivity rate of the final catalyst. It is believed The structure of3-VOPOQ, consists of PQtetrahedra and
that only a specific combination of4 and \P* phases leads irregular VQ; double pyramids. The double pyramids are
to the high catalytic performancethe presence of the crys- linked along thea direction by sharing a common apex. They
talline V°* phases in combination with the vanadyl pyro- form a zigzag-like chain in which the pyramid axis are alter-
phosphate is thought to enhance the rate of oxidation of thaately tilted by +20.8° toward the direction (see Fig. L
adsorbed intermediates and cause a reduction of the selvithin a double pyramid, the vanadium atom is shifted from
inhibition effect and hence an improved catalytic behaviorthe center of the square plane toward the vanadyl oxygen
\olta et al* have explored the correlation between presencégsee Fig. 2 The singly coordinated vanadyl oxygé®4)
of VOPQ, and catalytic behavior using a combination of defines the pyramid axes by a short V=0 double bond of
various physico-chemical techniques and found that an in1.57 A and an additional, faint interaction with the vanadium
crease in the selectivity to maleic anhydride, but a decreasgtom of the next pyramid at a distance of 2.59 A. Three
in butane conversion can be related to the presence-of structurally different oxygen€01-03 define the four equa-
VOPQ, together with(VO),P,0;. torial corners of the double pyramid: O1 defines the two

One way to get a more profound understanding of the reatorners in they direction, O2 and O3 define the corners in
catalyst and the role of the different phases is to reduce ththe x direction. The resulting distorted geometry of the pyra-
complexity of the system by investigating the specific occur-mids is typical for vanadium in an oxidation state of +5 or
ring phases in depth on their own. Several different poly—+4.1? Chains of VQ units are separated from each other by
morph of the oxidized VOPQ have been reported in PQ, tetrahedra which are linked to the oxygens of the equa-
the literature®  a-VOPQ,, o;-VOPQ,, B-VOPQ,, y-  torial plane. Each Pptetrahedron spans the space between
VOPQ,, 6-VOPQ,, e-VOPQ,, and w-VOPQ,. During ther-  three neighboring chains of double pyramids by sharing two
mal treatment at high temperature the consecutive transitionsorners(02, O3 with two subsequent double pyramids of
a— oy — B-VOPQ, or 66— y— B-VOPO, have been one chain and two cornef& X O1) with the adjacent chains
observed. B-VOPQ, is considered to be the most stable in the +b and b directions, respectively. The primitive cell
phase among anhydrous orthophosphates. Scheaddf’®  comprises four formula units.
observed the conversion g8-VOPQ, to (VO),P,0; at
500°C in 2%n-butane/air(VO),P,0; can also be oxidized
to B-VOPQ, by means of @.1*

This work is focused on the characterization gf Due to the easy transformation between the different
VOPQ, by a combination of theoretical and experimental VOPO, polymorph and the close agreement in their synthe-
methods Ab initio band structure calculations based on den-sis procedure, the preparation has to be done very carefully.

IIl. GEOMETRIC STRUCTURE

IIl. SYNTHESIS AND CHARACTERIZATION
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FIG. 1. Crystal structure g8-VOPOQ,, viewed from[100] direc-
tion in (a) and from[010] direction(b). The orthorhombic unit cells
are indicateda, b, andc are parallel tox, y, andz axis, respec-
tively. Four structurally different oxygens are present: vanadyl oxy-
gen (04, black is bond only to vanadium, bridging oxyge(®1,
dark gray, O2, white and O3, gragre shared between vanadium
and phosphorus. For clarity, groups of atoms are combined tp VO
octahedra and PQetrahedra.

B-VOPO, was synthesized by oxydehydration of
VOHPQ,-0.5H,0 at 680°C fo 4 h under dry oxygen. In
order to check the phase purity of the synthesized product,

combination of characterization methods were applied: scan;

ning electron microscop¢SEM) and energy dispersive x-ray
detection (EDX) to investigate the morphology and the
atomic ratio, respectively; x-ray diffracticiXRD) for phase
analysis and high resolution transmission electron micros
copy (HRTEM) for microstructural analysis. The following
instruments have been used: SEM and EDX were performe
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FIG. 2. Arrangement and bonding distances of the different oxy-
gens inB-VOPQ,.

with a Stoe Powder Diffractometer with a position sensitive
detector and HRTEM investigations have been performed
with a Philips CM 200 field emission transmission electron
microscope.

The SEM investigation reveals th#-VOPQ, is com-
posed of irregular shaped particles of a size varying from 0.5
to 2 um (see Fig. 3 The measured atomic ratios are consis-
tent with the stoichiometry of3-VOPQ,. XRD measure-
ments obtained using Ok, radiation in the angular range
(26) of 15 to 75° show a good agreement with the simulated
(POWDERCELL softwaré?®) x-ray diffraction diagram in both
positions and intensities of the pealsee Fig. 4 No unas-
signed peaks are visible in the recorded angular range. Due
to the likely existence of small portions of phases which are
below the detection limit of XRD it can only be stated that
the synthesized product is at least “XRD pure.” Changes
during the recording process due to x-ray irradiation could
not be observed. The crystallinity BfVOPO, is observed in
lattice fringe images obtained by HRTEM as shown in Fig. 5.
However, amorphous parts were observed to appear during
high dose electron irradiation.

¢

d FIG. 3. SEM image showing irregular shaped particlesBof

with a Hitachi S-4000 SEM, XRD spectra were recordedVOPO,.
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XRD of B-VOPO,: calculation and experiment o O
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FIG. 4. XRD of B-VOPQ,. Calculated and experimental XRD FIG. 6. Electron density contour plot given for a plane perpen-
spectra present a good agreement in both peak positions artticular to theb axis, passing through V-O-P and V=0 bonds.

intensities. Bridging and vanadyl oxygens are labeled as &d G,, respec-
tively. Isolines of electron density are given in the range between
IV. CALCULATION AND EXPERIMENTS 0.1and 8 e/A in a square root scale.

Band-structure calculations of the density of std@8S) formed with 80k points in the irreducible part of the Bril-

were performed in the framework of density functionalI -
. Lo in zone an lane wav ff parame®gy,,, of 7.
theory by using the full potential linear augmented planeOu one and a plane wave cutoff para ax Of 7.0

14 T . (corresponding to an energy cutoff of 28.7)Ryhe general-
Wraversr:(\)/\(/jr(\ai\NrI]ElelK\./v ;I'h|simpe}ct<ag(|a ngrclzdens rthEEILNES ized gradient approximatiofGGA) was used for the
progra ch allows 1o simulate electron energy 10Ss Specéxchange-correlation potentidl. The values of muffin-tin
tra (EELS by calculating the sum over site and angular-

i ‘ected DOS and DOS : itioli phere radii were taken equal to 1.45 Bohr for V and P and
momentum projecte 0> and DUJS-Cross 1erms mulliplieq 5 gy for O, respectively. In order to get a good basis set
by the appropriate transition matrix elemehtdzor the cal-

lati imol it cell d. and three-di . for the projection of the DOS ontp and d states in the
culation a simple unit cell was used, an ree-aimension imulation, the local coordinates at each atom of the tilted

periodic bqun_dary conditions ensure that th? Space'9r°“905 pyramids were chosen such that theaxis coincides
symmetry is included properly. The calculation was PeWwith the direction of the V=0 vanadyl bond. This choice

also determines the orientation of the local coordinates at the
PQ, tetrahedra except for the one oxygen that is shared with
a VO; pyramid of different orientation.

The EELS measurements were performed with a Philips
CM 200 field emission transmission electron microscope
equipped with a Gatan image filter for EELS measurements.
The microscope was operated at 200 kV. The obtained en-
ergy resolution in the recorded spectra, estimated from the
full-width at half maximum of the zero-loss peak, was 0.9
eV. The spectra were recorded at a spectrometer acceptance
angle of 3=9.8 mrad in order to average out any effects of
anisotropy. The beam convergence angle was in the range of
a=1.5 mradt’ Special care was taken in order to minimize
irradiation effects. The NEXAFS of the X edge was re-
corded at the Berlin electron synchrotron facility BESSY.

V. RESULTS AND DISCUSSION
A. Electron density

Figure 6 shows the electron density within a plane per-
pendicular to theb axis, chosen to intersect with vanadium
centers and the bonds formed to bridging oxygéh©-P)
FIG. 5. HREM image of3-VOPQ, in the [132] zone axis. and vanadyl oxygen&/=0). From the electron density dis-
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tribution one can conclude that the bonds between vanadiun Contf'but'ons to the DOS

centers and vanadyl oxygen exhibit more covalent than ionic ] ]
bonding character, whereas in the case of bonds to bridgin¢ 40 Total DOS
oxygens the situation is reversed. The electron density 1 1
also reveals the reason for the characteristic difference 7 A m W h »Aq W
betweens-VOPQ, and the layer structures afj-, «;-, -, 0 . s MRS S N —

and 5-VOPQ,: In case of 3-VOPQ,, the weak interaction

between the vanadium center and the vanadyl oxygen be 307 7

longing to the neighboring vanadium centat a distance of 20 i
2.59 A) is “bridged” by strong covalent bonded R@nits. ] v

They form a three-dimensional network by linking two oxy- __ 10 .
gens of two subsequent \{Qpyramids. In the layer com- 1 ]

b. units)
1
it

pounds, PQ units connect four V@ pyramids within a
plane, and the only interaction between planes is defined bys 6 .
the weak bond from the vanadium centers to the distant vag 1
nadyl oxygens of the next layer. The three dimensional net-& ™|

work of B-VOPGQ, is the reason for its greater stability and 2

the fact that the transformation from the layer VORibases . A

into B- 0
VOPQ, is irreversible. In view of catalysis, the greater sta-

bility might also explain the lower activity oB-VOPQ, as 30 ]
compared to the layered VORQhases? which offer a 20 ’AMM ]

higher redox rate and higher rates of diffusion of oxygen into

the bulk structure.
10 12 14 16 18 20

40 -8 4 2
B. Density of states E EF (eV)

1. Total DOS FIG. 7. Total DOS and the contributions of V, P, and O to the

The total DOS and the contributions of vanadium, oxy-DOS of 3-VOPQ,. Note the different scaling for the intensities in
gen, and phosphorus to the DOS in an energy region betwedhe diagrams.
-10 and 20 eV around the Fermi-level are presented in Fig.
7. Below the Fermi level the DOS consists of three blocks ofV originates mainly from V 8 states with only a small|2
bands. From a comparison of the different contributions fol-contribution from oxygen. Due to crystal field effects tthe
lows that these bands mainly comprise oxygen states that ak&nd is split into three parts. This can be understood by
mixed with phosphorus states in the lower two sets of band§onsidering the double pyramid as a distorted octahedron, in
between -9 and -5 eV and with vanadium states in the en\NhICh thez axis coincides with the direction of the Vanadyl
ergy range between —4.5 eV and the Fermi level. Above thé)ond The dey orbital is found well Separated at the bottom
Fermi level the DOS is dominated by vanadium states wittPf the d band and formsr" combinations with the oxygen
only a small contribution from oxygen states in the lowerligands of the pyramid base. The intermediate block, also
conduction band between around 1.5 and 6 eV and by a
combination of phosphorus and oxygen states in the uppe ———
conduction band above 8 eV.

A

Pl DR IS

2. Projected DOS

A deeper insight into the bonding relations and the hy— ]
bridization of states is obtained form the angular momentumc B LTI R
projected DOS at the vanadium, phosphorous, and oxygern ]
sites, which are presented in Figs. 8—10. An inspection of thes. |
lower lying valence states reveals that bonding phosphrus & o= &
states are concentrated in the region between -9 and -7.5 eQ ]

with a; and the latter wittt, symmetry. In contrast, the oxy-
gen D states in the region between -4.5eVandtheFermi- 4, &5 & 4 2 0o 2 4 6 8 10 12 14

\

|
followed by states op character between —-6.5 and -5 eV. i § " v, ]
Both form strong covalens bonds with D states from the S R ... B N
surrounding oxygen atomg1, O2, and OB the former . i!'; vd

[

!

level form bonding combinations with states of \d 8har- E-E, (eV)
acter. The conduction band starts after a band gap of around
1.7 eV. The low lying conduction band between 1.7 and 6.2 FIG. 8. V d-projected DOS.
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corresponding to antibonding’ states, is made up frou,,
andd,, orbitals. They are slightly shifted to higher energies
because of the small bonding distance to the vanadyl oxygen
in z direction. Antibondings” states are formed bg2_> and

d,2 orbitals at the top of thd band. After an additional band
gap of around 1 eV the conduction band is dominated by
antibonding combinations of oxygernp Xtates with phos-
phorus 3 states. The appearance of oxygem ¢haracter
over the whole range of unoccupied states as well as the
mixing of vanadium 8 states with oxygen |2 states in the
valence band attests a covalent contribution to the bonding.

3. Differently coordinated oxygens

The existence of structurally different oxygetsee Fig.

o 2) becomes evident when the conduction band region of the
different atom projected DOS are compared with each other.

In the case of the vanadyl oxygen O4 the hybridization with
vanadium 8 states leads to very localized antibonding
states at around 3 eV. These states are formed by a combi-

02 DOS
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FIG. 10. O1, 02, 03, and Og projected DOS.
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TABLE I. Summary of the main V 8-0 2p orbital overlap B-VOPO,: Simulation/Experiment
contributions. L LI R LI A S B
1 V-Ly V-L, V,0,
o1 02 03 04 . .
V3dxy 2px 2py 2py :g _ O-K 510 520 530 540 550 560
V 3dy, 2p; 2p; 2Px E ——ELNES - Experiment |
V 3d,, 2p, 2py 8 —— Simulation: O-K edge
V 3d,e-y2 2p, 2py 2p, g
V 3d,2 2p, £

nation of O4 3, with V 3d,, and O4 3, with V 3d,, orbit- .
als, respectively. The remaining O4,2rbital contributes to
a less localizeds” combination with the V @8,._,2 orbital ; . ' ' . . ' ' '
between 4.5 and 6.1 eV. The hybridization between these 510 515 50 525 530 535 540 545 550 555 560 565
states is attested by the close agreement in the shapes of the Energy Loss (eV)
projected DOS. Three structurally different oxygens set up )
the pyramid base. O1 makes up the two corners inythe  FIG. 11. EELS spectra 0-VOPO, and simulated oxygei
direction of the base and forms' combinations with the ionization edgédotted ling. For comparison, the spectrum of@s
V 3d,, orbital and o* combinations along thg direction is given in the uhpper right corr|1er. The e;]qstelnce of dlstorteqt,.voh
between its P, orbital and the V 8,>_2 orbital. 02 and O3 ]Eyramld_s n ]?Oht compounc(ijs eads fo the close agreement in the
define the corners of the pyramid basis in thelirection. Irst region of the oxyger edge.
Their 2py orbitals form 7" combinations with the V&, |ation of their intensities fails. For this reason the following
orbitals, while their bx orbitals formo combinations with discussion is focused on the Kionization edge_
V 3d,z-y2 orbitals. Due to the longer bond length between the  Figure 11 shows the close agreement between simulation
V atom and the oxygen atoms of the pyramid base compareghd experiment although the core hole left by the excited
to the bonding distance of the vanadyl oxygéd4), the electron and the high-energy tail of the preceding.Jedge
splitting between bonding and antibonding combinations isyere not taken into account in the simulation. As already
lower for the former. This explains the fact that the and  observed in the discussion of the DOS, the first empty states
o’ combinations formed in the pyramid plafiee., d,y and  above the Fermi level are formed by a combination of unoc-
dy2-y2) lie lower in energy than those formed with the va- cupied V 3 states with some admixture of QpZharacter.
nadyl oxygen. Since the oxygen atoms of the pyramidaiThe shape of the & edge in the EELS spectrum between
plane also form a bond to a phosphorus atom, theiaround 528 and 535 eV therefore resembles the electronic
2p-projected DOS show intensities from antibonding andstructure at the distorted \i@yramid. This becomes evident
bonding combinations with the Po3 states which are absent when this region is compared to the spectra gDy which
in the case of the vanadyl oxygen O4. An overview of over-consists of similarly distorted VOpyramids (see inlay in
lapping orbitals is given in Table I. Fig. 11). Two clearly developed peaks, separated by a ligand
field splitting of approx. 2 eV reproduce transitions from a
oxygen b state into unoccupiedr and ¢ states, respec-
tively. Above 535 eV another feature arises from transitions
EELS as well as NEXAFS were applied to probe the localinto unoccupied states formed by hybridization of @ahd
electronic structure of oxygen and vanadiumg@awOPQ,, P 3o states. A closer insight into the structure of the
respectively. The shape of the vanadium and oxygen edges @ K-edge is gained by splitting it into the contributions aris-
strongly related to the oxidation state of the vanadium and tang from the differently coordinated oxygens as shown in
the distortion of the coordination polyhedfa. Fig. 12. This clearly demonstrates the role of the tightly
EELS measurements were performed in the energy regiobound vanadyl oxygen for the development of the first peak.
of the V L, 3 and the oxygerK ionization edges. A recorded The contributions from O2 and O3 are very alike, reflecting
spectrum is presented in Fig. 11 after background subtractiotine close agreement in their surrounding. O1 contributes with
and multiple scattering correctiA.The V L, 5 ionization  a higher weight to the spectrum since it occupies two equiva-
edges correspond to transitions from Y, 2 and 2o/, states  lent positions in each VOpyramid.
to empty 3l states and show up as narrow peéihkite lineg The VK ionization edge NEXAFS is presented in Fig.
at about 525.7 and 519 eV, respectively. From their positior13. A narrow pre-edge peak is observed in front of the main
the oxidation state of vanadium can be estim&tes +5. edge. It arises mainly from dipole transitions to the lowest
While the fine structure of the ®& ionization edge resembles empty states localized at the coordination polyhedron of va-
the density of unoccupied statespé€haracter, the shape and nadium. As already discussed, these states are mainly made
intensity of the VL, ; edges are strongly influenced by elec- up from vanadium 8 atomic orbitals. Transitions into these
tron correlation effects. These effects are not accounted fdinal states occur only because of the nonzermmomponent
within a one-electron approximation and therefore the simurelative to the vanadium atom that is produced by the super-

C. O-K ELNES and V-K NEXAFS
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T T T T T T T T V-K edge: NEXAFS and Simulation
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o . Energy Loss (eV)
FIG. 12. Contributions of the different oxygens to the ELNES

spectra ofg-VOPO,. FIG. 13. B-VOPQ,: VanadiumK edge: NEXAFS experiment
and DFT simulatior{dotted ling. Note that the energy scale of the
position of the neighboring oxygen atqurorbitals due to the  simulated spectra was stretched by a factor of(4e2 text for more
p-d mixing. Comparison with the simulated spectrum showsdetails.
a good agreement although the energy scale in the simulation
had to be stretched in order to account for self-energy effectsonic bonding was gained from an inspection of the site and
These effects, which are a consequence of the choseangular momentum projected density of states. The view of
exchange-correlation functional, are larger for th&\édge chemically independent ROand VQ building blocks is
than for the OK edge and it is well known that generalized therefore justified by the fact that contributions to the density
gradient (“GGA”) functionals include unphysical electron of states are well separated in energy for different bonds. The
self-interactions which lead to an energy-dependent comelectronic structure is thus most sensitive to the local sur-

pression of the energy axis in the simulated speifa. rounding of the vanadium atoms and the geometry of the
PQ, tetrahedra, but less sensitive to the orientation of the
D. Conclusion PO, units with respect to the V-O-P bonding axis, which

. _ . ‘ finally determines how the three-dimensional structure is set
In the field of VPO systems with its huge variety o up. In a following paper, the electronic structuregf, o

phases it is of importance to elucidate the electronic structure and8-VOPO, will be compared to each other with a focus
O.f the possmlg phages In a systematic way. Itis a key ISSUE 18, this aspect. Preliminary results demonstrate the small ef-
view of the high scientific interest focused on the family of ¢, ¢ differently oriented PQlinking units on the elec-
VPO compounds from a variety of fields. Not only in VIew yonic srycture of VOPQ phases with consist of corner

of catalysis, where the knowledge of the electronic SUUCIUrhared structural units. Simulated core excitation spectra are

of B-VOPQ, helps to understand and follow possible rans-j, yery close agreement with the experimental spectra, al-

formations between different phases of working VPO Cata.'though simulations were based on ground-state DFT calcu-

!ysts, but also in 'the field of mﬁterials scign;:c;:, whetr1e Lljations. This offers the possibility of tracing back structural
intercalated VPO is used as cathode material for rechargga ¢ res present in recorded spectra to the underlying transi-

able batteries, a systematic investigation of the underlyingjons ot the corresponding sites. Spectral features are hence
VPO phases is of high priority. In this work, the electronic, e ynderstood and can be used to interpret spectra from

structure of3-VOPQ, has been determined in terms of elec- VPO samples of unknown phase composition as well as

tron density and density of states and used for the simulatioeh(,jm(‘:]eS observed during experiments suchn astu XAS.
of core excitation spectra. The electron density distribution

reveals how corner sharing of \{@Qyramids and strongly
bonded PQ units forms a three-dimensional network which
is responsible for the higher stability g-VOPQO, with re- This work is supported by the SFB 546 of the Deutsche
spect to the layered VOR(hases. A detailed insight into Forschungsgemeinschaft. The author would like to thank J.
bonding properties such as hybridization and covalent versuB. Wagner for helpful discussions.
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