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Abstract In this contribution we analyzed the Vanadium speciation and structural
local environment in two V-bearing Na-phosphate glasses by means of V K-edge
X-ray Absorption Spectroscopy. The two glasses have starting molar proportions
Na;0:V,05:P,05 equal to 45:10:45 (NaPV10) and 10:80:10 (NaPV80). Accurate
analysis of the pre-edge peak of the two glasses allowed to determine the presence
of MV3* and PTV3* in NaPV80 and of B1V# and [®'V# in NaPV10. EXAFS derived
V-0 distances for the two glasses are in agreement with literature data for the above
mentioned V species. The determined V local geometries and the EXAFS derived
bond distances have been used to build four structural models for [41V3+ Blys+ Bly4+
and [®'V# in the studied glasses; these models have been in turn used to calculate
theoretical XANES spectra by means of the MXAN code. The partial contributions
of each V species have been summed in order to fit the experimental XANES spectra
of the two glasses. Iterative fitting of the structural parameters of each structural
model resulted in a good agreement between experimental and theoretical XANES
data. The analysis strategy used in the present work allowed to gain information of
V speciation and on the structural local environment of the 41V3+, B1y3+ BIv#+ and
[6ly4+ species present in the analyzed glasses. Combined use of different spectral
regions and data analysis routines allowed to successfully simulate XANES spectra
and to gain an in depth knowledge of V local environment even in a complex system
like amorphous glass containing different V species.
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17.1 Introduction

Glasses containing transition metals find applications in technological fields like
power cells [1] and high power laser devices [2] because of their peculiar optical,
electronic and magnetic properties. The semiconductive behavior and properties
of glasses containing transition elements, and in particular Vanadium phosphate
glasses, have long been known [3], but it was only after the theoretical studies by
Sir Nevil Francis Mott [4-6], that the scientific community started to be interested
in the possibility to exploit the properties of those kind of glasses for technological
applications.

Among several glass matrices, phosphate glasses are interesting due to their easy
preparation at low temperatures, strong glass forming role, high ionic conductivities
and several applications [7—11]. The properties of phosphate glasses can be change
by the addition of modifier halides or oxides of alkali, alkaline earth and transition
metals into the glassy network [12—16]. Moreover glasses containing transition metal
(TM) such as V,Os are especially attractive because of their applications as cathode
materials in batteries, memory switching, electrical threshold and optical switching
devices [17-19].

The electrical conductivity of these glasses containing different amounts of V,0s5
depends on the presence of two different valence states (V>* and V*) [20, 21].
The electronic conductivity is due to by small polaron hopping between such ions
while the alkali oxide (Li* or Na*) when added into a glass, can contribute to the
charge transport and mixed conductivity to be observed. Generally, ionic conduc-
tivity depends on alkali concentration and ion mobility and if we assume that the
motion of alkali ions and polarons are independent, the electrical conductivity
can increase with increasing alkali content. Glasses containing transition metals
and alkali, however, exhibit highly variable behavior—from strong conductivity
anomalies to conductivity only slightly dependent on alkali content in the glass
[22, 23].

17.2 Materials and Methods

17.2.1 Glass Synthesis

Two Na-V phosphate glasses have been synthetized with molar proportions
Na;0:V,05:P,05 equal to 45:10:45 (NaPV10) and 10:80:10 (NaPV80) by mixing
appropriate amounts of ammonium metavanadate (NH4VO3), ammonium dihy-
drogen orthophosphate (NHsH,PO,4) and sodium carbonate (Na,CO3), and heating
the mixture in a muffle furnace up to 450 °C. The powders were maintained at this
temperature for 3 h in order to decompose NH4H,PO,4 and NH,VOj3. After that the
mixtures were melted at 1000 °C for 30 min. The melt was then quickly quenched on
a graphite mold at room temperature and annealed for 2 h near the Glass Transition
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(Tg) temperature (300 and 230 °C for NaPV 10 and NaPV80 respectively) in order
to relieve mechanical stresses.

17.2.2 XAS Data Collection and Analysis

XAS spectra of the two glass samples have been collected at the XAFS beamline
of the ELETTRA storage ring, operated at 2.4 GeV in top-up mode with a typical
current of 160 mA and a maximum current of 300 mA. The monochromator was
equipped with a pair of Si(111) crystals. Harmonic were rejected using a pair of Pt-
coated mirrors. Spectra were collected in transmission mode and the intensities of the
incident and transmitted beams have been measured with two ionization chambers.

The raw XAS spectra have been subject to background subtraction and to
normalization of the edge jump to one by using the Athena package [24].

Pre-edge peak data of the XANES spectra have been examined according to the
procedure already used in [25-27] in order to determine V oxidation state and local
coordination geometry. EXAFS data have been analyzed by means of the Horae
package, which gives a graphical interface to the IFEFFIT procedure.

Calculation of theoretical XANES spectra have been performed thanks to the
MXAN package [28, 29], that uses a Real Space Multiple Scattering (RSMS) method
in the Green function formalism to calculate the final states of the Dyson equation in
the framework of the muffin tin approximation for the Coulomb part of the potential.
The RSMS is the one contained in the CONTINUUM code [30], the self energy can
be chosen according to the Hedin-Lundqist and the X,; the damping of the XAFS
oscillations is taken into account using a plasmon resonance model. No thermal
displacement model is used.

A remarkable advantage of this code is the possibility to fit structural parame-
ters (e.g. bond distances and bond angles) together with non-structural parameters,
like muffin-tin spheres overlap, and fermi energy, with a least square method in
order to obtain a best fit between experimental and theoretical spectra. However,
this package does not use a Self Consistent Field method to calculate the potentials
and charge densities, so that variables like interstitial potentials must be input. This
choice (explained in details in [29]) has been made in order to save computational
time and perform a fit in a reasonable time without losing physical rigor.

This procedure has already been successfully used to calculate XANES theoretical
spectra in a set of vanadium model compounds with different V oxidation states and
coordination geometries [31], resulting in good agreement between experimental
and theoretical spectra.
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17.3 Results

17.3.1 V K-Edge XANES Pre-edge Peak

The XANES spectra of the two glasses are shown in Fig. 17.1: clear differences are
visible in the raw intensity of the pre-edge peak and in its energy position, indicating
the predominance of different V oxidation states and coordination geometries in
these two samples. Also marked differences in the EXAFS oscillation are evidence
different V-O distances.

In order to determine quantitatively the importance of different V species in the
samples, the pre-edge peak has been compared to those of V model compounds with
different oxidation states and coordination geometries according to the procedure
described in [25, 27]. The pre-edge peak of sample NaPV80 can be adequately
modeled by a linear combination of the pre-edge peak of Vanadinite and V,0s5
(containing V>* respectively in tetrahedral coordination and in square pyramidal
coordination). It is thus evident, that this glass contains dominantly V>* with two
different coordination geometry in almost similar amounts: 40 mol % *'V3* and
60 mol % B!V3* (where the term in square brackets represents the coordination
number).
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Fig. 17.1 V K-edge XAS spectra of the two glasses studied. The two spectra have been vertically
offset for clarity. In the inset, the EXAFS signal is shown as a function of the photoelectron wave
vector



17 'V K-Edge XANES Full Multiple Scattering Study of V-Bearing ...

W mmdmm

_.......-m-—-

E

Vy05

EXP
\ roral fir
"._ ¢ tm;pmn NS

V50,

VPNal( ~

]
J
/

4

cavansigg?

Normalized absorption jauw

N
N
x
AN

\

N

ot

Pre-edge peak normalized intensity jauw/

i -
@ Standards

0.6

04+

a

IV - Vanadinite

M Glasses @

a5 .

L ]
Palenzonaite
\

\
\

.\. 5
VPNaSO B ®
[Ehé+ . Cavansite
L
-
S

VPNa10 ‘\\_\5 S v,0,

(B3 .

e v,0,

Goldmanite

223

VH-v,0, o

5464 5468 5468.5 5469.3 5470.1 5470.9 5471.7

Photon energy [ eV)

5472 5476 5480

Pre-edge peak centroid position jeV)

Fig. 17.2 Background subtracted pre-edge peak of the 2 glass samples, compared with selected V
model compounds (left panel); IN the right panel are shown the pre-edge peak normalized intensity
and centroid energy of the 2 studied glasses, compared to those of V model compounds with
known V oxidation state and coordination environment. NaPV80 displays the presence of penta-
valent Vanadium in tetrahedral and square pyramidal coordination, whereas NaPV10 displays the
presence of tetravalent V in square pyramidal and in octahedral coordination

On the other hand, the pre-edge peak of sample NAPV10 displays normalized
Intensity and centroid Energy intermediate between those of cavansite and V,04
(containing V*#* respectively in square pyramidal and octahedral coordination). This
samples thus displays predominantly the presence of V#* with 2 different coordina-
tion geometries in very similar proportions: 45 mol % ®'V# and 55 mol % BIV#+*
(Fig. 17.2).

17.3.2 V K-Edge EXAFS

From the data obtained, we built 4 different clusters with V bonded to 4, 5 or 6
oxygens, choosing appropriate V-O distances according to literature data for 4'V>*,
B3+ BIv# and [01V4* species. These starting clusters were used in order to calculate
single- and multiple-scattering paths to be used for EXAFS data analysis.

The two clusters used for NaPV10 consist of:
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Fig. 17.3 Fit results for the V K-edge EXAFS spectra of the NaPV 10 (left) and NaPV80 (right)
glasses studied

(i) V in fivefold coordination, with a vanadyl V-O bond at 1.6 A, 4 basal V-0
bonds at 1.95 A with 4 O-P bonds at 1.53 A (so at 3.48 A from the central V)
and an unbonded oxygen at 2.9 A;

(ii) V in a regular sixfold coordination with 6 symmetric V-O bonds at 1.95 A
(average value from literature data) and 6 O-P bonds at 1.53 A (at 3.48 A from
the central V).

The two clusters used for NaPV80 consist of:

(1)  V in fivefold coordination, with a vanadyl V-O bond at 1.58 A, 4 basal V-0
bonds at distances ranging from 1.78 to 2.05 A with 4 O—P bonds at 1.53 A;

(ii) V inaregular tetrahedral coordination with 4 V—O bonds at 1.71 A and 6 O-P
bonds at 1.53 A (at 3.48 A from the central V).

Single scattering amplitude and phase have been calculated for every V-0, V-
V, and V-P distance. EXAFS data analysis included fitting thee distances, a global
amplitude factor, the ratio between “'V3* and BIV>* (for NaPV80) or P'V# and
[6ly4 species (for NaPV10), and two different edge energies (each relative to a
different V species) for each spectrum.

The results of the fit are shown in Fig. 17.3, whereas the fitted distances are
reported in Table 17.1.

17.3.3 Theoretical V K-Edge XANES Spectra

The results of the EXAFS fit have been used in order to modify the initial structural
model used to calculate EXAFS contribution; these, in turns have been used in order



17 'V K-Edge XANES Full Multiple Scattering Study of V-Bearing ... 225

Table 17.1 Results of the EXAFS data fit.

NaPV10
Square pyramid Octahedron
V—Ovanady! 1.60(1) A (V=0) 1.90(2) A
(V=0) 201(D) A (V—P) 3.223) A
(V=P) 3.47(7) A
V—Ounbonded 2.90(2) A
[61y4+/([STy4+ 1 6y4+y — 0.27(2)

NaPV80
Square pyramid Tetrahedron
V=OVanadyl 1.61(3) A (V=0) 1.82(2) A
(V-0) 1.99(1) A
(V-P) 3.45(73) A
V—Ounbonded 2.86(2) A
(V-V) 3.094) A

BlIy3+/[@y3+ 4 Blysty = 0.80(2)

The numbers in parenthesis represent uncertainty in the last digit

to calculate XANES theoretical spectra. Follows the description of the structural
model used for the calculation of the theoretical XANES spectra.

NaPV10 V* in octahedral coordination

According to literature data [32, 33] [61y4+ commonly has a shorter bond length (not
necessarily a vanadyl, i.e. a double V=0 bond), a long trans bond opposed to it and
4 equatorial bonds with intermediate bond lengths. In particular the vanadyl bond
is in the range 1.48-1.74 A, the trans bond in the range 2-2.6 A and the equatorial
bonds in the range 1.86-2.16 A. Our choice was thus to refine 3 individual distances:
a vanadyl distance, a trans distance and one individual distance for the 4 equatorial
bonds. The bond angles were optimized in couples using the same fit variable for
opposite couples of atoms. The P atoms were linked to the respective O atoms. Since
the refinement of V,O4 in [31] was not accurate enough, the muffin-tin fit parameters,
i.e. the overlap and the interstitial potential, were let to move almost freely.

NaPV10 V* in square pyramidal coordination

In this case from literature data [33, 34] we know that V has a short vanadyl
double bond V=0, 4 basal bonds and sometimes a trans bond that can be considered
unbonded. The vanadyl bond distance is in the range 1.48-1.66 A, the basal bond
distances in the range 1.86-2.12 A and the trans oxygen distance (to the opposite
site of the vanadyl bond) is at about 2.9 A. The fit variables were thus chosen as in
the case of the octahedral part: one distance for the vanadyl bond, one for the trans
bond, one for all the 4 basal bonds. Again, the bond angles were optimised coupling
opposite atoms. The P atoms were linked to the respective O atoms and the MT
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variables were again chosen from the values found in [31] and let free to slightly
vary (a few percent) around the starting value.

NaPV10 optimization of the theoretical XANES spectrum

The fit of the experimental spectrum was performed by summing two contributions,
so that the structural and non structural parameters of one contribution are fitted
every time, keeping fixed the other contribution. The relative importance of each
contribution (i.e. the value BV3*/(141v>*+ 4 BIV3+)) was initially chosen according
to the values determined by the pre-edge peak (i.e. 0.5). This value has been then
refined during each optimization cycle. Since there is no possibility to refine the
relative quantity of the two contributions and the relative energy shift, to estimate
those quantities we adopted this strategy.

MXAN allows to add a previously calculated spectrum and fit the difference; If
we want to fit a spectrum in which two components are predominant so that S = vA
+ (1 — v)B, we can consider the case 0.5 < v < 1 (i.e., the case with a dominant A
species). We can first calculate the theoretical spectra for each V species (A and
By), then we can fix B to By (because, the less important contribution is thought to
influence the least the spectrum) and refine A; the fit result (A), can be then fixed
and we can do a second cycle of refinements, this time fixing A; and refining By.
This procedure can be repeated several times until the residual of the fit does not
change significantly.

We performed 10 optimization cycles, checking the value of the residual until we
got a stable value of the disagreement index. We will not report all of the procedure,
but only show the final results. The best fit is shown in Fig. 4a, while the best fit
parameters are displayed in Table 17.2. The calculated spectrum is in very good
agreement with the experimental one. All the features of the experimental spectrum
are reproduced in the theoretical spectrum, with the correct energy position and
intensity. In particular the resonance peaks “a” and “b” are present and accurately
reproduced. This is an indication that the MS is accurately calculated. The small
discrepancy in the position and intensity of peak “c” can be due to (i) a badly estimated
broadening of the spectrum and (ii) the presence of Na which is not included in the
structural model used for the calculation of the theoretical spectrum. The refined
bond distances are in good agreement with those determined by the EXAFS analysis
and so an overall agreement with bond distances is found in tetravalent V. For the
octahedrally coordinated V we have found that a better fit is obtained if the 6 distances
are not all regular, but distorting the polyhedron. This is in good agreement also with
literature data, both for crystalline structures [26, 33] and for V phosphate glasses
[35].

The result of this procedure is reported in Table 17.2.

From the calculations we found out that the ratio ©1V/BIV + [0V is around 0.3,
i.e. closer to the value found in the EXAFS refinement (0.27) than that found in the
pre-edge peak analysis (0.45). We believe that the actual value is so somewhere
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Fig. 17.4 Fit results for the V K-edge XANES spectra of the NaPV10 (left) and NaPV80 (right)
glasses. The black dotted lines represent the experimental spectra, whereas the black continuous
lines the weighted sum of the theoretical spectra calculated for each Vanadium species (colored
dotted lines)

Table 17.2 Parameters used for the XANES fit

NaPV10 [61y4+/([STy4+ 1 [6ly4+y —
0.30
Overlap (%) | V MuffinTin radius A) Voinp (eV) |Ep (eV) |coordination
24 (2) 1.094 —9(1) 54775 | Bly+
25 (4) 1.297 -9(3) 5477.6 | loly4+
NaPV80 [5]V5+/([4]V5+ + [5]V5+) —
0.70
Overlap (%) | V MuffinTin radius (A) Voinp (eV) |Ep (eV) |coordination
25 (2) 1.146 —11 () 5478.9 | ly3+
257 (2) 1.072 —125(6) |54774 |DBlys+
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intermediate between 0.3 and 0.45, i.e. intermediate between the pre-edge peak
determination, the EXAFS fit and the XANES fit.

NaPV80 optimization of the theoretical XANES spectrum

The fit procedure was the same of NaPV 10, and a convergence was achieved after 6
cycles, even though, as exposed before, for the fivefold coordinated V some further
refinements were necessary. The best fit, as determined by the residual, is shown in
Fig. 4b, while the fit parameters are displayed in Table 17.2.

The calculated spectrum is in very good agreement with the experimental one. For
clarity, in Fig. 4b we also displayed a calculation without the plasmon broadening
(the energy dependent part of the broadening, see Sect. 17.2.2). This has been shown
because some features (“c” and “d”) are a bit less prominent after the broadening.

It is interesting to notice that those peaks have analogues in the V,0Os spec-
trum, in particular the peaks “d” and “f” in [31]. MXAN slightly underestimated the
same peaks in V,0Os as in NaPV80. This can be an indication that using a similar
atomic configuration for the two samples was a good choice. The “a” and “b” peaks,
that correspond to the strongest MS contribution, are less accurately determined for
NaPV80 than for NaPV10. This could possibly happen due to the presence of V in
the second coordination shell, which leads to stronger multiple scattering that is less
accurately calculated by MXAN at low energy [30]. The V-O bond distances in the
fourfold coordinated contribution are shorter than those calculated with the EXAFS
refinement, but closer to the average of the V-0 distances in the literature (1.72 A
[33]). All of the bond distances found in the square pyramidal contribution were
slightly longer with respect to those found in EXAFS, with the exception of the trans
V-0 bond, that we found to be shorter (2.52 A vs. 2.86 A of EXAFS). The XANES
distances are anyway compatible to the EXAFS distances within the error bars.

As for NaPV 10, after the fit we tried to optimize the energy shift and the ratio a
= BIV/Bly 4 MV by calculating the residual as a function of a and Energy shift.
The results are summarized in Table 17.2. In this case the lower residual for the
a parameter (0.7) was found to be closer to that calculated with the pre-edge peak
analysis (0.60) than to that determined by the EXAFS analysis. Anyway, the XANES
value falls in the limit of the error bar, so probably the actual value is somewhere
intermediate between those obtained from the EXAFS and the XANES calculations.
The determined relative energy shift was found to be 1.5 eV.

NaPV80 V5* in tetrahedral coordination
From the EXAFS analysis we were able to determine only the first coordination
shell of atoms, i.e. the 4 neighbouring oxygens. For the XANES analysis we kept
as starting parameters this configuration, according to literature data [36]. We also
considered the tetrahedron to be regular for the bond distances, using a single fit
variable for the 4 V-O distances. We refined the 4 bond angles independently.

The MT parameters were chosen from the model compounds analysis and let free
to slightly vary around the values found for 'V3* in [31] i.e. 0.2 for the MT overlap
and —13 eV for the interstitial potential.
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NaPV80 V3* in square pyramidal coordination
In this case the EXAFS analysis did not give us a clear answer about the V local
structure, so we performed several trials with different atomic configurations to deter-
mine the most suitable one according to the residual. The details will not be reported
here, but the trials involved (i) the removal of the P atom with an eventual substitu-
tion of a V atom at opportune distance determined by the V,0Os structure (the three
configurations being thus with a P atom in the second coordination shell, a V atom
in the second coordination shell and no atoms in the second coordination shell);
(ii) the removal of some of the V atoms in the second coordination shell. The best
configuration was found to be: (i) a vanadyl bond; (ii) a trans bond opposed to it;
(iii) a basal bond with two V atoms in the corner (a configuration already found in
V,0s, see [37] and [31]); (iv) a basal bond with a P atom opposed to it; (v) two basal
bonds bended towards the 2 V atoms in the second coordination shell. The fit was
performed in different steps:

first we varied the structural parameters in groups (basal oxygens, second shell
atoms, vanadyl and trans oxygens) to check the behaviour of those parameters on
the theoretical spectrum; after reaching a configuration that was satisfactory we have
released all the variables as previously done for P1V#* in NaPV10: one common
fit parameter for the basal oxygen atoms, one for the vanadyl and one for the trans
oxygen. The bond angles were varied in couples, the P atom was linked again to the
corresponding O atom. The V atoms coordinates in the second coordination shell
were independent and free to move.

17.4 Conclusions

In both cases we have shown how the combined analysis of all the regions of
the absorption spectrum can lead to a deep knowledge on the V local structure of
phosphate glasses, even in complex cases when several different Vanadium species
are present. The pre-edge peak analysis was able to give us precious information about
(i) the coordination geometries and (ii) oxidation states of the glasses. In systems
like V-bearing glasses, in which V can be in a variety of coordination geometries
and oxidation states, this procedure provided important information: in fact, by deter-
mining the V coordination geometries we were able to build the starting cluster, while
by determining the V oxidation state we were able to estimate if the bond distances
determined by ab-initio calculations were reasonable. Through EXAFS analysis we
were able to refine the bond distances obtaining a radial distribution function that at
the end we geometrically refined by means of MS geometrical fits of the XANES
region.

The analysis performed on the different parts of the spectra converged to the same
results, even though some questions, like the Na structural role in these glasses and
the long V—O bond distances in the P'V3* component of NaPV 80, are still unsolved.
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