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X-ray diffraction with high-energy photons (synchrotron) and neutron diffraction are performed on binary
vanadate glasses with MgO, NaO, K20 to determine their structural units. The interpretation includes results of
further binary vanadate glasses where vitreous V,Os plays a key role. Different to the V05 crystal the structural
model of the glass widely excludes three-fold coordinated oxygen according to Zachariasen’s rules of glass
formation. Results from the literature of an extensive analysis of vanadate crystals are used. VOg units exist in
definite deformations. The corresponding out-of-center displacements of the V°* ions are attributed to the

second-order Jahn-Teller effects. The corresponding mechanisms are suggested to be effective also in glass
structures. Two, three or four different V-O distances of this model are taken into account and allow a consistent
modelling of the distributions of the bond lengths.

1. Introduction

The oxygen polyhedra of some glass-forming oxides show clear de-
viations from a regular shape. For example, strong distortions of the
TeO4 or TeOs3 units in tellurite glasses exist that are related to the effects
of the non-bonding pair of electrons of the Te*t ion [1]. The structural
units of some other oxide glasses show distortions, as well, but the
corresponding causes seem widely unclear. One of these systems is that
of the vanadate glasses. The variations of their structural units and the
corresponding distortions are the subject of this work. Vanadium oxides
are candidates for rechargeable batteries [2]. Minor fractions of v
together with a majority of V°* ions cause semi-conductivity due to
polaron hopping [2]. Vanadium oxides are also interesting for applica-
tions in the catalysis [3].

The similarity of the stoichiometric formula of V905 with that of
P,05 may suggest a structural similarity with the phosphate glasses.
High-energy X-ray diffraction (HEXRD) on vitreous (v-)VoOs with high
real-space resolution shows that bonds of different lengths exist in the
VO, units [4,5]. The shortest V-O bonds are related to the V=0 double
bonds. These are known of crystalline (c-)V205 where V=0 bonds are
directed to the apices of edge-connected VOs square pyramids [6]. Short
P=0 double bonds exist for v-P5,Os5 [7] and c-P5O5 [8], as well. The P=0
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bond occupies one of the corners of the PO, tetrahedron. PO4 units are
the only known structural units throughout all compositions of phos-
phate glasses. Here, is noted the arguments for the formation of the
four-coordinated oxygen environments of the pentavalent phosphorus
atoms. The ratio r¢at/ran Of the ionic radii (cation in the center) is used to
assess the stability of definite polyhedral groups [9,10]. The optimum
ratio rea/Tan for efficiently filling the space of a tetrahedron or octahe-
dron is 0.225 or 0.414, respectively. The ratio for tetrahedral environ-
ment amounts to only 0.126 for the P>" and 0%~ ions whereby the radii
given by Shannon & Prewitt [11,12] are used. Simply for these
geometrical reasons, environments of the P>* with more than four ox-
ygen neighbors are very unlikely. The fifth valence of the P atom is
attributed to a n-bond that shortens the P=0 bond of the PO4 [13]. The
corresponding radius ratio for V°* and 02" ions is 0.263 for a VO, unit,
which is a little larger than the optimum for a tetrahedron. The ratio is
0.400 for a VOg unit. That is almost ideal to form VOg octahedra and
according to geometrical principles of dense packing, a regular VOg
octahedron should be favored. Such VOg octahedra would be possible in
the crystals c-V20s5 [6] or B-VOPO4 [14] according to their network to-
pology. However, the oxygens of some V-O-V bridges approach one of
the two V neighbors to a short bond of ~ 0.157 nm, while the distance to
the other side is elongated. In consideration of all these circumstances,
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the short V=0 bonds must have different origin than the P=0 bonds.

A possible underlying effect has been known for several decades. It is
the spontaneous symmetry breaking of molecular systems according to
the second-order Jahn-Teller (SOJT) effects [15-17]. Degeneracies of
the electron levels of the molecular system induce the distortions. The
d-orbitals of some transition metal ions Me*t such as Ti**, V°, cr®t,
Nb>*, Mo®" are empty. The energy gap between these empty d®-orbitals
of the Me*" ion and the filled p-orbitals of the 0% ligands of the MeOg is
small. Their mixing results in nearly degenerate configurations and the
elimination of the degeneracies produces the breakage of symmetry. For
the MeOg octahedron that means an out-of-center distortion of the Mek+
ion as it exists in numerous crystal structures (Kunz & Brown [18]). The
d%-Me** ion leaves the center of the MeOg unit though it would fit this
central position of MeOg geometrically very well.

The extent and direction of the out-of-center displacement of the
Me*" ions does not follow from the SOJT effects directly. The actual
distortions depend on outer factors such as network restrictions, struc-
tural incommensurations, and second-neighbor repulsions [18]. One
could argue that some Me*" ions do not form MeOg octahedra but only
MeOs pyramids or MeO4 tetrahedra. However, the MeOs and MeQj4 units
itself may result from strong SOJT distortions of the MeOg [18].

The analysis of SOJT effects for crystal structures is comparably
simple [18]. The abundance and shape of the structural groups are
directly accessible from the known three-dimensional structure. The
step from knowing about SOJT effects of a transition metal ion such as
V>* to the understanding of the different VO, polyhedra in the case of
glasses is difficult. Diffraction methods on glasses yield only the distri-
butions of pair distances. However, from knowing the detailed lengths,
ryo, of different V-O bonds and mean V-O coordination numbers, Ny,
one can deduce a reasonable overview of the structural units of the
vanadate glasses. HEXRD is an excellent tool to determine Nyg and ryo
where the upper limit Qp,,x of the magnitude of scattering vector Q is the
critical value of the resolving power. Values Q depend on the radiation
wavelength A and the scattering angle 26 with Q = (4x /4)sind . Neutron
diffraction (ND) on spallation sources allows larger Qumax but the
coherent scattering of neutrons on vanadium atoms is extremely weak.
The combination of HEXRD and ND was often used in previous papers on
vanadate glasses [4,5,19-22]. The change of contrast allows resolving
the partial correlations of different atom pairs that contribute to the
first-neighbor range. X-ray diffraction work of small Q-ranges exist
[23-25] but such data are not included in our comparisons. Commonly,
the Qmax of HEXRD is smaller than that available at neutron spallation
sources. One cannot expect that excellent real-space resolution which
was realized, for example, for the lengths of the two different P-O bonds
in phosphate glasses [7,26,27]. A Qmax of 350 nm™ ! allows resolving
their difference with ~0.010 nm. Furthermore, variations of the dis-
tortions of the VO, units could smear out the details of different V-O
distances.

Diffraction results of some binary vanadate glasses modified with
MgO, Nay0, K50 are presented in this work. The corresponding struc-
tural parameters will be used together with those of former work [4,
20-22] to analyze the compositional evolution of the oxygen polyhedra
of the vanadate glasses. Comparisons with crystal structures will help to
interpret the distance distributions of the V-O bonds.

2. Experimental

The samples of the series (MgO0)x(V20s)1x and (A20)x(V20s)1.x
A=Na, K were prepared as described in [28] and [29], respectively. The
Mg vanadate glasses were prepared from V505 and MgO. The melting
temperatures were 750 °C to 1100 °C. The melts were quenched rapidly
between two brass plates. The glasses were annealed at temperatures of
50 °C below the glass transition temperatures. Samples with thicknesses
up to ~1 mm could be obtained. The mass densities of the samples were
measured by the displacement method using acetone as the immersion
liquid. In addition to the four samples of [28] (x = 0.1, 0.2, 0.3, 0.4), a
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glass with 50 mol% MgO was prepared. Its density was estimated by
extrapolation. The alkali vanadate glasses were prepared from alkali
carbonate and V505 by melting at ~850 °C in a platinum crucible. The
molar ratios R = (A20)/(V20s) of the samples were 0.4, 0.6, 0.8 for A =
K and 0.3, 0.6, 0.8, 1.2 for A = Na. The samples were obtained in glassy
state by twin-roller quenching technique. Annealing was not possible.
Densities were measured using the Sink-Float method or a helium pyc-
nometer. Finally, the Mg vanadate samples of x = 0.2, 0.5 and the alkali
vanadate glasses with R = 0.6 were used. Their sample labels are
MgV20, MgV50, KV037 and NaV37.

The diffraction experiments (HEXRD and ND) were performed
together with other series of the vanadate glasses. The alkali vanadate
glasses were measured together with the Zn vanadate series [4] and the
Mg vanadate glasses together with the Ca vanadate series [20]. HEXRD
was performed at the BW5 beamline of the former synchrotron DORIS III
of DESY Photon Science (Hamburg). The incident photon energy was
120.7 keV (radiation wavelength 2 = 0.01027 nm) or 118.0 keV (1 =
0.01050 nm) for the alkali or magnesium glasses. The sample powders
were loaded into thin-walled silica capillaries (diameters of 2.0 mm) and
measured with a beam size of 1 x 4 mm?. The scattering intensities were
obtained in step-scan mode with a solid-state Ge-detector that was
moved horizontally on a straight line. The intensities were obtained in
several intervals of scattering angle with different absorbers to reduce
the dead-time effects of the detector. Corrections were made for
dead-time, background, container scattering, polarization, absorption,
and varying sample-detector distance. The scattering intensities were
normalized to structure-independent scattering functions which were
obtained from a polynomial approach [30] of the tabulated atomic
elastic scattering factors [31] and atomic Compton scattering data [32].
Finally, the Compton fraction is subtracted and the Faber-Ziman
structure factors Sx(Q) [33,34] are calculated from the normalized
intensities.

The ND experiments were performed at the spallation source ISIS of
the Rutherford Appleton Laboratory (Chilton/ UK) using the SANDALS
or GEM instruments for the alkali or magnesium vanadate glasses,
respectively. Only the two alkali vanadate samples of R = 0.6 that
revealed free of obvious crystal fractions after HEXRD have been
measured by neutrons. The powdered sample material was loaded into
vanadium cylinders (diameter 5.0 mm, wall thickness 0.025 mm). The
beam height was reduced to 10 mm due to the small amount of available
sample material. According to the small angular range of SANDALS the
Q-range is limited to 260 nm !. The Mg vanadate samples were
measured on the GEM instrument that supplies a larger angular range of
detector banks. The sample containers were the same vanadium cylin-
ders and the beam size was reduced to 10 x 10 mm? due to limitations of
sample material, as well. The data were corrected using standard pro-
cedures for container and background scattering, attenuation, multiple
scattering and inelasticity effects by the ATLAS program suite [35]. The
differential scattering cross-sections of the detector groups were used to
compose the total neutron Faber-Ziman structure factors, Sx(Q) [33,
34]. Before powdering the samples we tried to eliminate those flakes
which were no longer transparent. This was not fully successful but the
obvious crystal fractions of both alkali glasses and the 50 mol% Mg glass
are very small and do not affect the structural analysis of the glasses.

3. Results

The final SN(Q) and Sx(Q) structure factors are given in Fig. 1. The
Sx(Q) data are comparably noisy for Q > 200 nm™ ! due to the lack of
sufficient sample material. Fortunately, broad 0O-O, Mg-O and A-O dis-
tance peaks do not cause significant oscillations for larger Q-values.
Even the O-O correlations of v-V50s [4] do not show oscillations for Q >
200 nm™ L. For the Sx(Q) it is not clear if measuring ranges with Qmayx >
250 nm™! are really profitable. Such experiments would need much
more measuring time in case of the step-scan mode used in the
experiments.
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Fig. 1. Structure factors of the binary vanadate glasses obtained by ND (top) and HEXRD (bottom) experiments: (a) (A20)x(V20s);.x with x = 0.375 and A = Na, K (b)
(MgO)x(V20s)1.x with x = 0.2 and 0.5. The upper curves are shifted for clarity of the plot.

The correlation functions, Ti(r), are obtained from the Si(Q) data by
Fourier transform with

Omax

1) = amp, + > [ 0I5i(Q)= UM(Qsin(@ria0 ®

0

The Ti(r) functions of the four samples, where k means HEXRD or
ND, are plotted in Figs. 2 and 3. The values Qnax are given in the figure
captions, and also, if a damping function M(Q), according to Lorch [36]
is used. Damping reduces the effects of noise and unphysical features in
the scattering range of large Q. The number densities, po, of atoms of
samples KV037 and NaV37 are 62 and 69 nm™ ° as calculated from the
mass densities [29]. Values pg of 69 nm™ > are calculated for MgV20 and
MgV50 samples from the mass densities in [28].

The Tx(r) functions show clear V-O first-neighbor peaks that will
allow good determination of V-O coordination numbers. The V-O peaks
of KV037, NaV37 and MgV20 are somewhat asymmetric with the
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weaker drop on their right flank. The combination with the neutron data
is important in the case of MgV50 with an overlap of the V-O and Mg-O
peaks. The first-neighbor peaks (r < 0.30 nm) are approximated with
model functions that are composed of small series of Gaussian functions
for the V-O, Na-O, Mg-O pairs. Single Gaussians are used for the K-O and
0O-O pairs. The parameters such as coordination numbers, mean dis-
tances and peak widths (full width at half maximum) are adjusted by
means of least-square procedures. Termination effects of the Fourier
transformations at Qnax, the effects of the damping function and of the
Q-dependent X-ray weighting factors are simulated by convolution
methods described in [25,37-39]. The resulting parameters are given in
Table 1.

The asymmetric V-O peaks are well approximated with three
Gaussians whereby the split in these three contributions is not free of
arbitrariness. The total V-O coordination numbers decrease from 4.4 for
MgV20 to 4.17 for MgV50 which follows the general trend from ~4.4 (v-
V205 [4]) to ~4.0 at the metavanadate compositions (50 mol% metal
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Fig. 2. Comparison of the total correlation functions, T(r), of (A20)0.375(V20s)o.625 glasses obtained from ND and HEXRD experiments (black dotted lines) with
model functions in the range of the first-neighbor peaks (black solid lines): (a) A = K and (b) A = Na. The model partials are given as colored lines with V-O (solid —
pink), A-O (dashed - blue), and O-O (dash-dotted - orange). The T(r) are obtained with Quax = 260 nm™ 1 (ND) and 260 nm™ ! (HEXRD), both with damping according
to Lorch [36]. The upper curves are shifted for clarity of the plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 3. Comparison of the total correlation functions, T(r), of (MgO)x(V20s);.x glasses obtained from ND and HEXRD experiments (black dotted lines) with model
functions in the range of the first-neighbor peaks (black solid lines): (a) x = 0.2 and (b) x = 0.5. The model partials are given as colored lines with V-O (solid — pink),
Mg-O (dashed - blue), and O-O (dash-dotted — orange). The T(r) are obtained with Qyax = 180 nm™ 1 (ND) and 320 nm™ ! (HEXRD), the latter with damping according
to Lorch [36]. The upper curves are shifted for clarity of the plot. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

Table 1

Parameters of the Gaussian functions used for fitting the first-neighbor peaks of the Ty(r) and Tx(r) functions shown in Figs. 2 and 3. Parameters marked with asterisks
were fixed in the fits. Since the different V-O, Mg-O and A-O Gaussian functions are not clearly resolved but only used to improve the fit, error bars are not given for the
corresponding parameters. Distances and fwhm are given in nm (fwhm - full width at half maximum).

Sample label Atom pair Coordination number Distance fwhm Total coordination number Mean distance
KVv037 V-0 1.75 0.167(2) 0.017(2) 4.17(15) 0.178(2)
2.32 0.183(3) 0.028(3)
0.10 0.223(8) 0.028*
K-0 11.0 0.290(10) 0.053
0-0 4.24 0.275(5) 0.033(5)
Nav37 V-0 1.55 0.165(2) 0.014(2) 4.23(15) 0.178(2)
2.23 0.182(3) 0.026(3)
0.45 0.202(5) 0.026*
Na-O 2.7 0.233 0.026 5.9(3) 0.248(4)
3.2 0.259 0.027
0-0 5.3(3) 0.279(5) 0.037(5)
MgV20 V-0 2.40 0.168(2) 0.021(2) 4.40(15) 0.177(2)
1.73 0.183(3) 0.030(3)
0.27 0.209* 0.030*
Mg-0 4.3 0.207(3) 0.022(4) 6.0(4) 0.208(4)
1.7 0.209* 0.030*
0-0 6.6(5) 0.279(5) 0.036(4)
MgV50 V-0 2.57 0.168(2) 0.017(2) 4.17(15) 0.175(2)
1.54 0.183(3) 0.026(3)
0.06 0.220% 0.025%
Mg-0 3.18 0.203(2) 0.019(3) 4.88(20) 0.209(3)
1.70 0.220* 0.025%
0-0 6.7(5) 0.282(5) 0.038(4)

oxide) [20]. All Nyq results used in the Discussion chapter follow this
behavior. An uncertainty of +0.1 for Nyo must be taken into account.
Oxygen coordination numbers of five to six are reasonable values for the
Mg?" and Na* ions. The oxygen coordination number of 11.0 for K™ is
too large. The separation of the K-O and O-O coordination numbers was
unsuccessful with too large Nk and too small Ngg values. To solve the
problem one would have to include distances of the V-O second neigh-
bors or to fix the K-O distances according to known crystal data.

4. Discussion
4.1. Distributions of the lengths of V-O bonds

Vanadium oxides exist in large varieties of structural units with VOy,

VOs and VOg polyhedra, each of them with different conformations and
connectivities [40]. A long list of spectral parameters allows classifying
these structures by 'V NMR techniques. On the other hand, NMR
studies of vanadate glasses are rare. A °'V NMR study of glasses
(MO)«(V205)1x for 0.30 < x < 0.55 and M = Ca, Sr, Ba [41] reported
VO, tetrahedral groups of different connectivities. A similarity with
phosphate networks was suggested [41]. However, the total V-O coor-
dination numbers from the diffraction methods are not constant four but
show a significant decrease with modifier additions from ~4.4 to ~4.0.
Some VOs or VOg groups must exist in the glasses of small modifier
content.

The diffraction measurements with large Qmax yield a good real-
space resolution with regard to the bond lengths. The broadening of
the peaks caused by the upper limit of the Fourier transforms (cf. Eq. (1))
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is small. It is therefore worthwhile to analyze the distance distributions
more closely. Fig. 4 shows the comparisons of numerous V-O model
peaks. The length distributions are calculated with the present (Table 1)
and reported parameters of Gaussian functions. The results are arranged
in groups of similar content of metal oxide (MO or M50). The model
distributions are free of any broadening that would arise from the
termination with Qnax and the use of damping in the Fourier transforms.
The model peaks are compared free of experimental influences such as
the different scattering weight of the V-O pairs.

The areas of the peaks in Fig. 4 are directly related to the numbers of
atomic neighbors as usual for the radial distribution functions RDF(r).
This function is obtained from the correlation function T(r) by RDF(r) =
r-T(r). It is common to perform the fits with Gaussian peaks to the T(r)
functions [38,39]. In this case, the Gaussian peaks correspond to dam-
ped sinusoidal contributions in the interference functions i(Q) = S(Q) - 1.
The Gaussian functions that are calculated with the parameters from
Table 1 are multiplied with distance r and renormalized by a factor
before added to the curves in Fig. 4.

4.2. Vitreous V205 and V205-P205 glasses

Fig. 4(a) starts with some remarkable V-O distances that were ob-
tained for the V,05-P20O5 glasses [21] and v-V20s [4]. Recent HEXRD
data of such glasses report V-O coordination numbers of 4.43 for v-V,05
and a subtle increase of Nyg with P,O5 additions [5], which agrees with
our findings [21]. Unfortunately, significant V** fractions are inevitable
if P5Os is added to V205 and this effect depends on the conditions of the
sample preparation. Large fractions V**/V of 0.57 were analyzed for a
glass with 44 mol% P50s [5] and 0.35 for a glass with 50 mol% P,05
[21].

At present, the interactions of the V> and V** sites in the glasses are
not understood. Surprisingly, the crystals p-VOPO4 with V°* [42] and
(VO)2P507 with V** [43] form similarly distorted VOg units, each with a
short V-O bond (0.156 nm and 0.160 nm). The appropriate mixture of
the V-O distances of these crystals agrees excellently with the bond
lengths of the (V204.65)0.5-(P205)o5 glass [21]. An EXAFS work [44]
reported that the variations of the V#*/V ratio of V,05-P205 glasses
change the signal only marginally. Thus, V> and V** ions have similar
oxygen environments in those crystals [42,43] and in the corresponding
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glasses. The distorted VOg units of the crystals and glasses are inter-
preted as VOs square pyramids. The peak of the short V=0 bond is
separate from all V-O bonds to the base of the pyramid (Fig. 4a top). The
latter bonds form V-O-P bridges (8-VOPO4 [42]), which is adopted for
the corresponding glass, as well. With decreasing P,Os content, the
V-O-V bridges between VOs pyramids cannot simply replace these V-O-P
bridges. Three corners of the pyramidal base of the VOs units of ¢-V,05
[6] have three-fold coordinated O atoms. The neighboring pyramids are
connected via edges. Presumably, these constraints prevent forming
equivalent networks in the V05 glass. Three-fold coordinated oxygens
and edge-connected units are not suited as building principle for glass
formation according to Zachariasen’s rules [45]. The value Nyo of
v-V405 is only ~4.5 [5,21] but not five as for c-V,0s [6]. The peak of
short V=0 bonds of v-V,05 (Fig. 4a) shifts to a little larger distance if
compared with that of the V,05-P50Os5 glasses. Hence, not all of the
structural units of vitreous V505 can own a terminal V=0 double bond.
A plausible description of the structure of vitreous V,0Os is still unknown.
An even smaller V-O coordination number of only 3.9 was obtained for
molten V305 [46]. The resolving power of that diffraction experiment
was small. The short V=0 distances were not detected separately.

4.3. Additions of modifier oxide

The changes of the V-O bonds with the additions of metal oxides are
illustrated in Fig. 4 beginning with v-V50s in Fig. 4a. Three to seven
distributions for each of the four intervals of compositions are shown in
Fig. 4b. The curves of an interval are very similar each other. The data of
the measurements of this work are given as dashed lines. The data of the
MgV20 and MgV50 samples fit the older data very well. The V-O lengths
of the NaV37 and KV037 samples show two peak components and are a
little broader than those of the glasses modified with MO. The distri-
butions of V-O bonds seem not to change smoothly from v-V5Os to the
metavanadate glasses (50 mol% MO). The character with three peak
components as for v-V7Os is still visible for the 10 mol% SrO glass but it
is lost for the 20 mol% glasses. Starting from that point, the distributions
change smoothly. Mean values of several parameters are indicated in
Fig. 4. The Nyo’s decrease to finally four at metavanadate composition,
which is accompanied by a just significant shortening of the mean dis-
tances ryo. The more obvious change is a continuous narrowing of the

Fig. 4. Evolution of the V-O first-
neighbor distances of numerous binary
vanadate glasses by means of their
radial distributions. The peaks are ar-
ranged in groups according to the glass
compositions. The curves are calculated

(MO),(V205) 1.«

Nyo =4.23
Iyo = 0.177 nm
fwhm = 0.029 nm]

with the fit parameters as given for: (a)
two vanadium-phosphate glasses and v-
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distributions with fwhm values of 0.032 nm for 10 mol% to 0.022 nm for
50 mol% MO. The evolution of the P-O distances of modified phosphate
glasses shows partial similarities beginning with a small peak of P=0
bonds and a three-times larger peak of single P-O bonds for v-P20s [7].
Except for the isolated PO4 of orthophosphate glasses with a single peak
one finds always two distance peaks, both with equal fractions at
metaphosphate compositions [27].

Many crystal structures are known for the (MO)x(V20s5)1x systems
but all of them with 0.5 < x. VOs square pyramids exist in the structures
of x = 0.5 for M = Zn, Mg, Ca, Sr [47-50] while Ny values close to four
are found for the corresponding metavanadate glasses. That suggests
VO, tetrahedra connected via two corners such as proposed by >'V NMR
[41]. VO4 units are known of the NaVOg [51] and KVOs3 [52] crystal
structures (x = 0.5) with two V-O bonds of 0.164 nm to the terminal sites
and two bonds of 0.180 nm in V-O-V bridges. If the lengths would be
changed to 0.167 nm and 0.178 nm that would allow an excellent fit
with two peaks of equal area in case of sample MgV50. One can assume
the lengths of MgV50 to represent bond valencies of 1.5 and 1.0 of the
V-0 bonds where Mg?" ions interact only with the terminal O sites. Close
interaction of the alkali ions with the O in the V-O-V bridges elongates
(weakens) the bridging bonds while the terminal V-O bonds are short-
ened (strengthened). That explains the differences to the bond lengths of
the alkali MVOj; crystals. The Ny of sample MgV50 is a little larger than
four and a few V-O bonds of lengths ryp > 0.19 nm exist. This fraction is
attributed to few VOs units of unknown conformation.

The two alkali vanadate samples NaV37 and KV037 possess com-
positions of 37.5 mol% M-O. For a structure of corner-connected VOg4
units similar to that of phosphate glasses a numeral ratio of terminal to
bridging V-O bonds of 0.67 is expected. Thus, fractions of 1.6 and 2.4
should result for the short and long V-O bonds, respectively. These
values agree with the results in Table 1 with bond lengths of ~0.166 nm
and ~0.182 nm. This is a surprising success. The V-O peaks in Fig. 2 are
broad without any visible split. Obviously, the characteristic asymme-
tries of these peaks have influenced the fit. The small excess of Nyo > 4.0
and few longer distances ryp > 0.19 nm are attributed to few VOs units
of unknown conformation. For comparisons, the structure of the LiV30g
crystal [53] is considered. Its composition is equivalent to a glass of 33
mol% M50. Three different V sites exist which form distorted VOg units.
Two of them can be interpreted as VOs square pyramids, one VOg shows
another distortion.

4.4. Simple structural model

Assuming the model of phosphate glasses for the MgV20 sample
(Nyo = 4.3) that should give a numeral ratio of short and long V-O bonds
of 0.45. The numbers in Table 1 yield a ratio of 1.4. It is not possible to
obtain reasonable V-O distances together with that ratio of 0.45. Thus,
the vanadate glasses require another model. In a first step, we focus on
the structure of vitreous V50s. In previous work with results on v-V,05
[4,5,54,55] a V-O coordination number of ~4.5 is obtained. The atomic
configurations from reverse Monte-Carlo (RMC) [55] show a special
dilemma. The V-O peak is well reproduced by the simulations. As ex-
pected for v-V50s, most O atoms form V-O-V bridges while a small part
forms terminal V=0 bonds. The mixture of VO4 and VOs units of various
conformations satisfies Nyo = ~4.5. The given constraints are average
parameters that are effective only throughout all structural units. The
RMC work [55] does not take account of the individualities of the units.
No one constraint in RMC will prevent long terminal V-O bonds or V-O-V
bridges with two short bonds. The bond lengths correlate with the va-
lences of the bonds according to the bond valence model [56]. The sum
rule of bond valences demands the sum of valences of the bonds of an
atom to equal the valence of this atom [56]. Thus, the large variety of
shapes of the VO, polyhedra from RMC is rather not real but owed to the
randomness in the algorithm. Probably, less diversity of groups exists.
One might improve the method of structural simulation and try to
construct a VoOs model that takes into account the bond valences. Here
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we suggest to consider the detailed V-O distances from HEXRD and to
use the knowledge of the structures of the vanadate crystals.

The fit of the V-O distances of v-V,0s [21] (Fig. 4a) yielded 1.5
neighbors at 0.164 nm, 2.1 at 0.182 nm, 0.9 at 0.204 nm and few longer
distances. The different V-O distances can be attributed to definite bond
valences on the basis of selected crystal structures (Table 2). The
approximation of Brown & Altermatt [58] yields very similar results.
Thus, the large maximum at ~0.180 nm represents the single V-O bonds.
The short bonds include a fraction of terminal V=0 double bonds. Other
short bonds participate in V-O-V bridges and, therefore, must be
balanced with the longer bonds.

An extensive analyses of numerous vanadate crystals has already
been carried out [59] namely with regard to the second-order Jahn--
Teller (SOJT) effects (cf. Introduction) [18,60]. The variety of possible
VOg, VOs and VOy4 units reduces according to this consideration. Regular
VOg do not exist. Regular VO4 units are known of orthovanadate crystals
such as Li3VO4 [57] but are not expected for v-V50s. These isolated VO4
are formed due to the lack of oxygens and a large volume fraction of the
modifier ions which require large interstices in the case of orthovana-
dates. Common characteristics of the VO, oxygen environments are the
distortions that are attributed to the SOJT effects [18,59,60]. The
starting point is the MeOg octahedron where the transition metal ion
Me*" must leave the central position. Three out-of-center displacements
of the transition metal ions MeX" with empty d%-orbitals are known [18,
60] (cf. Fig. 5) that are observed for the different MeX* in characteristic
ways.

Here, the specifics given in [59] for the V°* ion are summarized: V>
ions are classified as strong distorters. Large out-of-center displacements
of ~0.040 nm of the V°* jons exist (mean value). The direction of
displacement is mostly a corner of the VOg octahedron, which results in
VOs square pyramids with one short bond. Another fraction shows dis-
placements to an edge. This can result in distorted VO4 tetrahedra with
two short and two medium bonds while the two O sites of the longer
bonds may be too far to be registered. Displacements to faces do not play
any role for the V°* ions. A few crystal structures show intermediate
forms of distortions. Regular VOg do not exist. The authors [59] have
also analyzed if the oxygens of the VOg resist in their octahedral posi-
tions after the out-of-center displacements of the V°*. The main effect is
the displacement of the V> jon while the oxygen positions appear less
shifted.

The consideration of the VOg distortions is helpful because three to
four different V-O distances must co-exist in the various VO, units of v-
V205 (cf. Fig. 5). A VOs has one short and four long V-O bonds. The VO4
unit has two short and two long V-O bonds. The possible remaining V-O
distances of the VOg are much longer (ryo > 0.22 nm) and contribute
only little bond valence. From the influence of the SOJT effects we
suggest characteristic units for v-V,0s. That is a VOs square pyramid
with a short V=0 double bond (0.158 nm), two single bonds of 0.182 nm
and two weaker bonds (bond valence 0.5) of 0.203 nm. The VO4 has two
short bonds of 0.167 nm (bond valence 1.5) and two single bonds of
0.182 nm. Both units exist in equal fractions. One can construct a
network with these VOs and VO4 forming linkages that are balanced
concerning their valencies (cf. Fig. 6). The bridges with bond valencies

Table 2

Lengths of V-O bonds in dependence on their bond valence. The given lengths
belong to linkages of appropriate bond valence in definite crystal structures. The
length to bond valence 1.5 is taken from the short bond of the MgV50 meta-
vanadate glass. For bond valence 0.5 only a rough estimation is possible.

Bond valence Bond length (in nm) Crystal structure

2.0 0.156 B-VOPO4 [14]
1.5 0.167 estimated
1.25 0.172 LisVO, [57]
1.0 0.178 ¢-V20s [6]
0.75 0.189 B-VOPO, [14]
0.5 0.203 estimated
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— MeO, octahedron

I'vieo

@) Me< ion

@ oxygen

Fig. 5. Out-of-center distortions of the V atoms in octahedral oxygen envi-
ronments according to the SOJT effect [15-18]. The typical directions of
distortion are indicated in the left-upper octahedron by three arrows. The
corresponding distortions are shown in the other three octahedra. The resulting
distributions of bond lengths (V-O) of each octahedron are indicated by
bar graphs.

@ network of vitreous V,0s
]

@ V> ion @ bridging oxygen O terminal oxygen

Fig. 6. Section of the network model for the vitreous V,0s. V-O bonds of
different valencies are identified by their line width or line type: V=0 — double
line; bond valence 1.5 - thick solid line; single bond - thin solid line; bond
valence 0.5 — thin dashed line.

1.5 and 0.5 connect a VO4 with a VOs unit while the bridges with single
bonds can connect any like or unlike groups. This flexibility of linkages
guaranties that the units can form a disordered network. Fig. 7 shows a
good fit of these V-O distances with the appropriate abundances of
different bonds to the bond length distribution of v-V50s. Small varia-
tions of the bond valencies (bond lengths) as well as few longer distances
(rvo > 0.22 nm) do not change the main features of this model.

The effects of metal oxide additions are modelled similar to that of
the phosphate glasses so that, in accordance with the observations of
Nyo = ~4.0 for x = 0.5, metavanadate glasses are formed of chains of
two-fold corner-connected VO4. These VO4 possess distortions similar to
those of the VO4 suggested for v-V20s. Two VO4 chain groups replace a
pair of VOs and VOy4 of v-V20s for each entity MO that is added. The
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Fig. 7. The V-O first-neighbor distances of vitreous V,Os [21] and of three
modified vanadate glasses ([22], this work) calculated from their fit parameters
by means of the radial distributions (open circles). Three or four Gaussian
functions are adjusted to fit the distributions where the fractions of distances
(Fig. 8) follow the simple structural model. The Gaussians represent: V=0
double bond ~0.158 nm (short dashed line), other overbonded V-O of ~0.166
nm (solid line), single V-O bonds with lengths of ~0.180 nm (dashed lines),
underbonded V-O >0.190 nm (dash-dotted line).

terminal V-O (bond length 0.166 nm) of the chain groups coordinate the

metal cations. There are three types of V-O bonds in the simple model

(V-Oshort ~0.166 nm; V-Opigdle ~0.180 nm; V-Ojopg ~0.20 nm). The

corresponding numbers N;j of bonds per V atom are calculated with
(3- 2x) (1-2x)

N=""Y Ny=2 and N =
ST 2(1- %) N )

@

and their sum is Nyq. Here, x is the metal oxide content. The fraction Ny
includes the very short V=0 bonds of ~0.156 nm. These short bonds are
shown in Fig. 7 as separate peak for v-V505 and partially for SrV10. It is
assumed that the V=0 of a VOs participate in the M-O coordination
which elongates this bond to ~0.166 nm (two V=0 for each M2+). The
evolution of the N; numbers (Eq. (2)) is shown in Fig. 8 where it is
compared with the behavior of the phosphate glasses with two types of
P-O bonds [27]. The total Nyq's of the model agree with the behavior of
the mean values of experimental Nyq that are given in Fig. 4. Fig. 7
shows the corresponding modelling of the distributions of the V-O bonds
for the glasses SrvV10 and MgV20. A fit with only two types of V-O bonds
according to the fractions P-Or and P-Op of phosphate glasses (Fig. 8)
was not successful for these samples. modelling of the V-O distances of
the NaV37 glass is satisfactory, as well. Since this glass has a composi-
tion close to the metavanadate one, also the fit with two types of V-O
bonds according the fractions of P-Ot and P-Og bonds was successful.
The VOs5 square pyramid was already discussed as a structural unit of
the (V205)0.5(P20s)o.5 glass (chapter 4.2), which is also in accordance
with the SOJT effects. The four corners of the pyramidal base can form
four equivalent bonds with the isolated PO4 units. That stabilizes the
displacement of the V> to a corner of the VOg (forming a V=0 bond). A
work on (V205)0.33(TeO2)o67 glass [25] reports dominating TeOs
trigonal pyramids together with VOs and VOg units. Due to limited
resolving power their detailed distances cannot be discussed. The
(V205)x(TeO3)1 .« glasses of 0.04 < x < 0.25 studied by diffraction of
better real-space resolution was aimed at analyzing the TeOy, units [61].
Short V-O bonds of ~0.165 nm are clearly visible. The other V-O dis-
tances overlap with the Te-O distances. Due to the larger number of Te
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Fig. 8. Behavior of the mean numbers of V-O bonds of three distances ac-
cording to the typical groups of the simple structural model. The fractions of the
VOs square pyramid and the VO, tetrahedron change with the metal oxide
content and, accordingly, the fractions of bond lengths. The total Nyo is
compared with the mean values of V-O coordination numbers from Fig. 4. The
total Npo of modified phosphate glasses is constant four where the fractions of
short P-Ot and long P-Op bonds change with the metal oxide content.

atoms together with their two times stronger X-ray scattering a certain
determination of the character of the distorted VO, units was not
possible.

Some recent work investigates structure and properties of multi-
component vanadate glasses, for example, LizO-V205-P205-FeoO3
glasses as cathode material for rechargeable batteries [62] or
V205-P20s-Fey03 glasses of good water durability [63]. Clarification of
the VO, units by HEXRD would be difficult. EXAFS could help because it
yields the environments of selected elements. The authors [62,63] have
used V K-edge EXAFS but the corresponding Fourier transforms are only
qualitatively discussed. A thorough analysis of the EXAFS data is diffi-
cult in the case of several prominent bond lengths, i.e. in the case of
strongly deformed structural groups. A straightforward analysis such as
known for the pair distributions from HEXRD is not possible.

5. Conclusions

The description of the structure of the binary vanadate glasses al-
ways suffered from the poor understanding of the structure of glassy
V20s. According to the increase of the V-O coordination number from
~4.0 for (M0O)5(V20s)g 5 glasses to ~4.5 for vitreous V405 a structure
between that of vitreous P2O5 and that of the V5,05 crystal must be ex-
pected. Thus, a structure between three-fold corner-connected VOg4
tetrahedra and edge-connected VOs square pyramids should exist. On
the other hand, the structure of the (V205)¢ 5(P205)0.5 glass is obviously
formed of the same building blocks as its crystalline counterpart VOPOy,
thus, with dominantly corner-connected VOs square pyramids.

The latter crystal shows features that are important for the formation
of a glass: It is free of three-fold coordinated oxygen and there are no
edge-connected groups. One could simply replace the four-fold corner-
connected PO4 by VO4 to obtain a V505 structure because that would
satisfy the coordination number 4.5. However, that would not satisfy
that distribution of V-O distances of v-V205 which was obtained by
HEXRD. Previous reverse Monte-Carlo simulations of v-V,0s5 satisfied
both Nyp = 4.5 and the distribution of V-O distances from HEXRD.
Unfortunately, the diverse VO, groups did not meet the requirements of
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balanced bond valences sufficiently.

At this point it was remembered the SOJT effects which explain the
formation of distorted VOg groups of numerous crystalline vanadates,
among them in V505 and VOPOj4. VOs square pyramids (one short, four
longer bonds) and distorted VO4 (two short and two longer bonds) result
from the common out-of-center displacements of the V> in VOg octa-
hedra. Finally, the disordered network of these groups produces the
experimental length distribution of V-O bonds of v-V20s. The VO4 chain
groups are formed if modifier oxide MO is added. These VO4 have the
same distortion as those suggested for the network of v-V,0s but the
oxygens in their short V-O bonds are terminal and coordinate the
modifier ions. Now, a satisfactory fit of the distributions of the V-O
distances from HEXRD of the binary vanadate glasses of small modifier
content was possible.

The use of HEXRD was revealed to be very useful because distance
distributions of the V-O bonds with two or three prominent distances
help to identify the structural groups. The use of a large collection of
samples measured with HEXRD increases the certainty of the results.
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