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Glasses containing transition metal (TM) oxides exhibit polaronic conductivity which, according to a
well-accepted view, depends on the overall amount of TMO and the fraction of reduced TM ions. In
this study we show that in phosphate glasses containing WOz and MoOs, polaronic conductivity is
entirely governed by the structural features of the glass network and cannot be correlated with these
parameters. Tungsten glasses are found to exhibit six orders of magnitude higher conductivity
than their molybdenum counterparts despite a significantly lower fraction of W** ions and the
compositional change of DC conductivity is non-monotonic in both glass systems. We relate the
former effect to the tendency of WOg units to aggregate by forming W-O-W-0O-W bonds which
facilitate polaronic transport, in contrast to MoOg and MoO4 units which are prone to incorporate
into a phosphate network uniformly thus failing to provide such fast conduction pathways. More
interestingly, we show that the latter effect originates from the manner in which tungstate or molyb-
date units are mutually linked within the phosphate network: if they form chains with a sufficient
number of flexible terminal oxygen bonds (lower TMO content) polaronic transport is facilitated
whereas if they connect three-dimensionally, causing a reduction in the number of terminal oxygens
(higher TMO content), conductivity is hindered. A detailed analysis of frequency-dependent conduc-
tivity and permittivity using the MIGRATION concept helps us understand the structural features that
influence conductivity in these glasses and points out the importance of network connectivity in the
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glasses, TM ions are present in more than one oxidation state
and the conduction arises by the transfer of electrons from TM

1. Introduction

Interest in electronically conducting oxide glasses was initiated
more than 60 years ago by an investigation by Denton et al. on
the glass-forming characteristics and electrical properties of
vanadate glasses.! Since then, many other oxide glass systems
have been found to exhibit electronic conduction and studies
on the mechanism of electronic transport in these materials
have been reported extensively. Generally, electronic conduction
is a characteristic of oxide glasses containing transition metal
(TM) oxides such as V,05, WO;, MoO; and Fe,03.> In these

“ Division of Materials Chemistry, Ruder Boskovic¢ Institute, Bijenicka cesta 54,
10000 Zagreb, Croatia. E-mail: asantic@irb.hr

b Gisela Tech. Assz., Konrad-Adenauer-Ring 51, 69214 Eppelheim, Germany

“ LASIRE UMR-CNRS 8516, Université de Lille, Sciences et Technologies, Villeneuve
d’Ascq F-59655, Lille, France

 Department of General and Inorganic Chemistry, Faculty of Chemical Technology,
University of Pardubice, 53210 Pardubice, Czech Republic

t Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d3tc00954h

9628 | J Mater. Chem. C, 2023, 11, 9628-9639

ions in a low oxidation state to the ones in a high oxidation
state. In this process, the transferred electron becomes self-
trapped in the potential well formed by the displacement of
the surrounding atoms and, together with the atomic displa-
cements that produce the well, forms a quasiparticle called a
polaron. Accordingly, conductivity in glasses containing TM
oxides is polaronic by nature and follows the small polaron
hopping theory.? It has been widely accepted that the main
factors that influence polaronic conductivity in oxide glasses
are the amount of TM oxides, the fraction of TM ions in
different oxidation states and the distance between TM
ions.”® While the amount of transition metal oxides is a
matter of choice of stoichiometry and related glass-forming
ability, the fraction of TM ions in different oxidation states
depends on many parameters, including preparation condi-
tions such as the melting time, temperature and atmosphere,
types of raw materials, concentration of TM oxides and
presence of other substances in the batch.'®™*

This journal is © The Royal Society of Chemistry 2023
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Among various families of polaronic oxide glasses, phosphate
glasses containing WO; and MoO; are especially attractive due to
their wide glass-forming composition range and desirable phy-
siochemical properties. Incorporation of MoO; and WO; into the
phosphate glass increases the electrical conductivity and
improves the mechanical properties and chemical resistance
against atmospheric moisture as well as thermal stability against
devitrification.'® These properties make them important in var-
ious domains of applications including optical, photochromic
and electrochromic to those related to gas sensors and solid state
batteries.">"*

The first systematic study of the electrical transport in
binary phosphate glasses containing WO; and MoO; was
reported by Mansingh et al'*™” The authors investigated
glasses within a relatively narrow composition range, from
60 to 85 mol% of MoO;* and 67 to 80 mol% of WO,,'® and
proposed small polaron hopping as the conduction mechanism
in both glass systems. Furthermore, Murawski et al.” re-examined
the DC conductivity reported by Mansingh et al. in the framework
of Mott’s theory”> and proposed that in WO;-P,05 glasses hop-
ping of small polarons exhibits an adiabatic character. On the
other hand, MoO;-P,05 glasses were reported to show non-
adiabatic small polaron hopping” in which an electron may not
always follow the lattice motions and miss many coincident
events before making a hop. In a number of studies that
followed, the focus was placed on the effects of addition of
alkali oxides or additional TM oxides on electrical transport in
molybdenum- and tungsten-phosphate glasses whilst polaronic
conduction in simple binary MoO;-P,05 and WO;-P,05 glass
systems was investigated only sporadically.®>' In our recent
studies***® on electrical transport in alkali/silver-zinc-phos-
phate glasses containing WO; and MoOj3, we have showed that
a significantly higher conductivity of the 60WO3;-40P,05 (in
mol%) glass in comparison to that of the 60M00;-40P,05 (in
mol%) analogue is related to a high tendency of clustering of
tungstate units in the phosphate network which provides easy
conducting pathways for polaron transport. In the 60WO;-
40P,05 glass, high conductivity was achieved despite a low
fraction of W>'/W,, (< 2%) indicating that the glass structure
plays a pivotal role in the transport of polarons.

Through this work, we aim to gain deep insights into the
dynamics of polarons in these materials by a detailed structural
and electrical characterization of binary xMoO;-(100—x)P,05 and
XWO;-(100—x)P,05 glasses in a wider range of composition, x =
49-81 mol%, using various experimental methods (Raman, *'P
MAS-NMR, ESR and impedance spectroscopies) and numerical
modelling of electrical conductivity and permittivity spectra using
the MIGRATION concept.** The results reported in this work
prove that the glass structure is a key factor for polaronic
conductivity in these glasses. In particular, the structure can
facilitate or hinder the transport of polarons depending on the
manner in which the tungstate or molybdate units are linked.
These findings deepen our understanding of the nature of
polaron transport in binary oxide glasses and open possibilities
for engineering desired compositions of highly electronically
conducting tungsten- and molybdenum-phosphate materials.

This journal is © The Royal Society of Chemistry 2023
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2. Experimental and computational
procedures

2.1 Experimental

Two binary glass series ¥WO;-(100—x)P,05 and xMoO;-(100—x)P,Os,
x = 49-81 mol%, were prepared by melt-quenching technique from
reagent grade chemicals H3PO, (85.0%, PENTA), WO; (99.9%,
Sigma-Aldrich) and MoO; (99.9% Sigma-Aldrich) in batches of
25 g. Homogenized starting mixtures were slowly calcined up to
600 °C and held at that temperature for 2 hours in order to remove
water. The reaction mixtures were then melted at 1300-1450 °C
under ambient air, in an alumina crucible, after which the melts
were transferred to a graphite mould preheated at T < Tj.
Obtained dark blue glasses were cooled to room temperature
and their amorphous character was checked by X-ray diffraction
analysis. The exact glass composition was determined using an
energy dispersive X-ray analyzer (EDS) by analyzing the surface and
cross-section of the prepared samples. The glasses in this work
were labelled according to their composition, for example, W-50
corresponds to the 50W0;-50P,05 (mol%) glass composition.

The glass density, p, was determined using a helium gas
pycnometer AccuPyc II 1340, while the glass transition tempera-
ture, Ty, was measured on bulk samples using a thermomechani-
cal analyzer TMA 402 F3 (Netzsch). Measurements were carried out
under an inert atmosphere of N, at a heating rate of 5 °C min™ .
From the obtained dilatometric curves, T, was determined from
the change in the slope of elongation vs. temperature.

The electron spin resonance (ESR) spectra of the samples
were recorded at ambient temperature at an X-band (~9.5 GHz)
using a spectrometer ESR 221 Magnettech. A microwave power
of 10 mW, sufficiently below the saturation power, was used.
The obtained ESR spectra were double integrated and experi-
mental parameters were used to obtain comparable areas of all
spectra. Using Mn*" as a standard, the spin concentration was
determined for all samples and the ratio of Mo®"/Moy,, and
W W, was calculated.

The Raman spectra of glasses were recorded in the range of
1500-200 cm™ " on glassy bulk samples at room temperature
using a DXR Raman spectrometer Thermo Scientific with a
532 nm solid-state (Nd:YAG) diode pumped laser. The complex
shape of the Raman spectra was analysed using the least square
fitting procedure assuming the Gaussian shape for all bands. The
position and intensity of each component band were determined
from the deconvoluted Raman spectra. To find the optimal fit, a
minimum number of bands corresponding to the number of
distinct features observed in the Raman spectra such as resolved
maximum and well detectable shoulders was used. The structural
units in the phosphate network were classified according to their
connectivity by Q" notation where n represents the number of
bridging oxygen atoms per PO, tetrahedron (n = 0-3).

3'p MAS-NMR experiments were performed at 162.9 MHz
using a 9.4 T AVANCE II Bruker spectrometer equipped with a
4-mm probehead operating at 12.5 kHz. Each spectrum was
collected with a pulse length of 1.5 ps (corresponding to a n/6
flip angle), 8-16 transients and a recycle delay of 5-15 s allow-
ing for quantitative measurements.

J. Mater. Chem. C, 2023, 11, 9628-9639 | 9629
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Impedance spectroscopy was used for measuring the con-
ductivity spectra of glasses. The glass samples were prepared
as ~1 mm thick discs and gold electrodes (6 mm in diameter)
were sputtered on both sides of the samples using a sputter
coater SC7620. Complex impedance was measured using an
impedance analyzer (Novocontrol Alpha-AN Dielectric Spectro-
meter) in wide frequency (0.01 Hz-1 MHz) and temperature
(from —90 °C to 240 °C) ranges. The temperature was controlled
to an accuracy of £0.2 °C.

2.2. Numerical modelling of the conductivity and permittivity
spectra

The modelling of the conductivity and permittivity spectra was
performed using the MIGRATION concept (an acronym for MIs-
match Generated Relaxation for the Accommodation and Trans-
port of IONs)*** which was developed for describing ion
dynamics in disordered structures such as ionic glasses, fragile
melts and salt-in-polymer electrolytes. This model is based on a
simple picture of understanding the success of the forward hop of a
central ion, made at ¢ = 0 to an adjacent suitable site, in terms of a
time-correlation factor, W(t). Since such a hop induces a dipole
moment, g(¢), and a corresponding dipole field in its neighborhood,
the multi-particle relaxation of the neighborhood triggers the
correlated forward-backward hops of the central ion. Thus, the
success (through a single attempt or repeated attempts) of the hop
of the central ion over time is dependent on its elementary hopping
rate as well as on the strength of the dipole moment and decay of
the dipole field, which in turn depends on the effective number of
ions, N(¢), in the neighborhood still responding to the dipole field.

Recently, we have shown that both the model leitmotif
and its formulation can be used to describe the conductivity
spectra and hence understand the charge transport in polaro-
nic glasses as well,” since the polarisation field caused by the
hopping polaron is to first order a dipole field. Furthermore,
as per the small polaron theory, since the electron is at all times
relaxed in the potential well of its lattice distortion (resulting in
an induced dipole moment) it can respond rapidly to the
induced dipole field, provided it finds transition ions of the
correct oxidation state in its immediate neighbourhood.

A detailed formulation of the model can also be found in
ref. 9. Here, it suffices to state in brief the essential fact that the
time correlation factor W(t) is calculated by solving two coupled
rate equations defining the time-dependent decay of both W(¢)
and g(t), and a related third equation describing the decay of
the dipole field, and these equations are formulated using three
model parameters. These equations are

N(1) = N(co) = [Bg()]*™
1)

—=—Bg;

o é — FoW ()N (1);

When introduced in a suitable scaled notation,*® the solution
for Wy(ts) is uniquely defined in terms of the three model
parameters B, K and N(o0) and the Fourier transform of it
yields an unique master curve of the conductivity and permit-
tivity spectra.*® In particular, this master curve, generated using
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a correct choice of value for parameter K, (1 < K < 3) yields an
appropriate fit reproducing the shape of the experimental
conductivity spectra for describing conductivity dispersion;
the choice of parameter B helps in modelling the height of
conductivity dispersion and a correct choice of parameter
N(o0), which is a measure of the effective number of charge
carriers in the neighbourhood which at long times are still
unshielded from the initial polarization field caused by the hop
of a central charge carrier, helps model the scaled permittivity
plateau at low scaled frequencies on experimental permittivity
isotherms.?® In Section 1 of the ESI,f more details on model-
ling, the parameters, and their implications for the transport of
charge carriers in various kinds of oxide glasses are given.

What makes modelling experimental spectra using the
MIGRATION concept unique is that it yields quantitative infor-
mation which can be correlated to factors influencing the
charge carrier dynamics. For example, one can calculate the
spatial extent of the localised diffusion of the charge carrier,*® a
material property of the glass. Since, as stated above, the local
glass structure is especially relevant for understanding charge
transport in polaronic glasses, a systematic modelling of con-
ductivity and permittivity isotherms for a wide range of com-
positions of polaronic glasses has been performed for the very
first time using the MIGRATION concept, to ascertain how
important is the role played by the glass network structure in
facilitating charge transport in any given series of glasses and
for a given glass composition,® and to help deepen our under-
standing of the fundamental features of polaronic transport in
binary oxide glasses.

3. Results and discussion

3.1. Glass composition, thermal properties and oxidation
states of molybdenum and tungsten ions

All glasses from both series, ¥*WO3-(100—x)P,05 and xMoOs-
(100—x)P,05, x = 49-81 mol%, were found to be fully amorphous,
except the W-81 glass where traces of crystallization were
detected. The glass composition determined by EDS analysis
and selected physical parameters of the samples are reported in
Table 1. The EDS analysis shows that glass samples contain very
small amounts of Al (<0.8 wt%) due to a slight dissolution of
AL,O; crucibles during melting, see Section S2 of the ESLf}
However, such small amounts are not expected to have any
influence on the structural and physical properties of glasses.
From Table 1, it can be seen that the addition of MoO; and WO,
to phosphate glasses results in a steady increase of the glass
density, p, but causes non-monotonic changes in the glass
transition temperature (T,). While a linear increase in p is related
to the replacement of phosphate ions with heavier molybdenum/
tungsten ones, the non-linear trend of T, reflects the changes in
the cross-link density and strength of the chemical bonds with
the incorporation of molybdate/tungstate units. The initial
increase in T, from 495 °C to 585 °C with an increasing
MoO; content from 49 to 57 mol% is associated with the higher
cross-link density between the molybdate and phosphate units.

This journal is © The Royal Society of Chemistry 2023
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Table 1 Composition and selected physical parameters for xWOsz-
(100—x)P,0s5 and xMoO3-(100—x)P,0Os, x = 49-81 mol% glass series

Composition determined
by EDS (mol%)

O/P p(gcm™) T, (°C) W Weor

Glass WO, P,05 ratio £ 0.02 +2 (%)
W-50 50 50 4.0 4.02 680 1.9
W-61 61 39 4.8 4.55 662 0.2
W-66 66 34 5.4 4.75 760 1.0
W-71 71 29 6.2 5.00 721 0.5
W-81¢ 81 19 8.9 5.68 735 0.5
Mo”* /MO

MoO, P,0s (%)
Mo-49 49 51 3.9 3.02 495 26.5
Mo-57 57 43 4.5 3.17 585 22.8
Mo-61 61 39 4.8 3.24 505 15.5
Mo-70 70 30 6.0 3.32 431 3.4
Mo-80 80 20 8.5 3.57 382 0.5

“ Partially crystallized sample.

However, with further MoO; addition, T, decreases as a result of
depolymerization of the phosphate glass network, see Section
3.2.1., and the effect of the replacement of stronger P-O bonds
(599 kJ mol™ ") with weaker Mo-O bonds (502 k] mol™") that
reduces the mean bond strength in the glass structure.””>°
Unlike in the MoO; series, the differences in T, values in the
WO; series are much smaller and vary within a span of 100 °C.
These variations result from the competing effect of the
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replacement of the P-O bonds by the stronger W-O bonds
(720 kJ mol ")*’"*° and a decrease in the cross-link density due
to the depolymerization of the phosphate network and the
clustering of WOg octahedra, see Section 3.2.1. Since the former
effect dominates the latter, T, of WO; containing glasses shows a
slight increase over the entire range of compositions. For the
same reason, tungsten glasses exhibit higher T, values (662-
760 °C) and hence form a more thermally stable glass network in
comparison to the molybdenum glasses (T = 382-585 °C).

The dominant oxidation states of TM ions in these glasses
are Mo®" and W®', with some small fractions of Mo>" and W>*
ions, see Table 1 and Section 3 of the ESL+ The fractions of W>*/
Wior (%) were found to be very low and approximately constant
(0.2-1.9%) for all samples. On the other hand, in the molybde-
num series, the Mo®*/Mo,, ratio decreases from 26.5% in the Mo-
49 glass to 0.5% in the Mo-80 glass showing the strongest
decrease from the Mo-61 sample to the Mo-70 sample. The higher
values of Mo>'/Moy, originate from the stronger reduction
tendency of molybdenum in comparison with tungsten ions in
the melting process.'?

3.2. Network structure in WO;-P,0; and MoO;-P,0; glasses

3.2.1. Raman spectroscopy. The Raman spectra of glasses
from both series are shown in Fig. 1. The spectra are dominated
by broad, overlapping peaks that are indicative of the amor-
phous structure and correspond to the metal-oxygen stretching
bands. The Raman spectra of glasses with a lower WO; content

—— §(P-O-P),v(P-O-P and P-O) v,(M-O-P) =] v(M-O" and M=0) in octahedra
in Q"' and @° I v (M-O-M), v, (M-O-M) [T v(M-O) in tetrahedra
W-81 Mo-80

Raman intensity (a.u.)

800 1000
Raman shift (cm™)

1200 1400

(b)

Raman intensity (a.u.)

200 400 600 800

1000 1200 1400

Raman shift (cm™)

Fig. 1 Raman spectra of glasses from (a) xWO3-(100—x)P,Os5 and (b) xMoO3-(100—x)P,0s, x = 49-81 mol%, series. The Raman spectra of W-61 and Mo-
57 are similar to those of W-66 and Mo-61, respectively; hence, they are not shown.

This journal is © The Royal Society of Chemistry 2023
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(x < 66 mol%) exhibit an intense band at ~1000 cm ™' which
corresponds to the stretching vibrations of terminal W—0 and
W-0" bonds in WO, octahedra, see Fig. 1(a).>’*° These spectra
also contain broad, less intense bands in the 750-880 cm™*
region, associated with the symmetrical and asymmetrical W-O
stretching vibrations within W-O-W bonds.””?° With the
increase in the WO; content, the intensity of the bands related
to the vibrations of bridging oxygen in W-O-W bonds gradually
increases, and for glasses with >71 mol% WO,, these bands
overpower the band associated with the vibrations of terminal
oxygens. This indicates that WO, octahedra have a strong
tendency to mutually interconnect and form a three-
dimensional structural network. This is also supported by the
fact that the band at ~400 cm’, related to the stretching
vibrations of P-O-W bonds,?*?**?” decreases with the addition
of WO; denoting a reduction in interconnectivity between WO
octahedra and phosphate units. Although the bands related to
the phosphate units are of much smaller intensity and are
greatly overlapped by the strong metal-oxygen bands, some
conclusions can be drawn on their presence. That is, for glasses
containing <66 mol% of WO;, the relatively weak bands at
~1080 cm ' and ~1210 cm™" reveal that pyrophosphate (Q")
and metaphosphate (Q*) units are present in the glass network.”?
With an increasing WO; content above 66 mol%, only the band
at ~1080 cm™ " related to pyrophosphate units remains present
indicating the complete depolymerization of metaphosphate
chains. Here, it should be noted that the vibrations associated
with the isolated orthophosphate (Q°) units are completely
covered by those of the tungsten-oxygen bands, so their presence
is impossible to identify from the Raman spectra.

The evolution of the Raman spectra of phosphate glasses
with the addition of MoO; shows somewhat different changes
in the glass network, see Fig. 1(b). The most intense band at 980
em~ ' accompanied by a band at 939 cm ™' and a shoulder at
1012 cm ™' in the spectrum of the Mo-49 glass is ascribed to the
stretching vibrations of terminal Mo-O~ and Mo—0O bonds in
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MoOg octahedra.”®*" However, in this spectrum, there is an
additional band at 883 cm™" which is related to the stretching
vibration of Mo-O~ bonds in MoO, tetrahedra.’®?' with an
increasing MoOj; content, the intensity of v(Mo-O") in MoO,
tetrahedra increases while that of 1¢(Mo-O") in octahedra
decreases indicating the change in the coordination of molybde-
num ions from six to four. Also, by comparing the spectra of both
glass series, there is an obvious difference in the intensity of
stretching bands of TM-O-TM and TM-O-P bonds. First, in
tungsten containing glasses, {W-O-W) bands are strong through-
out the whole series, whereas in MoO;-P,05 glasses, {Mo-O-Mo)
bands are not so pronounced and their intensity does not increase
so drastically. Second, the Raman band that corresponds to the
stretching vibration of Mo-O-P bonds at ~400 cm ' is more
pronounced than the equivalent band of W-O-P bonds and
retains intensity throughout the glass series. These differences
indicate that while in tungsten containing glasses WOg units
mostly interconnect mutually, in molybdenum glasses molybdate
units are more prone to associate with phosphate ones, thus
forming a uniform phosphate-molybdate glass network.

However, along with the differences, there are also some
similarities between the two glass series. In both systems, the
increase in WO; and MoO; contents causes the depolymeriza-
tion of metaphosphate chains and consequently the increase in
the fraction of pyrophosphate units. But even more important
is the fact that the Raman spectra of glasses containing less
than 70 mol% of both WO; and MoO; (lower bright yellow
panels in Fig. 1) are dominated by intense vibrations of
terminal oxygen bonds, whereas for glasses with >70 mol%
of WO; and MoOj; (upper panels in Fig. 1) the bands related to
bridging oxygens in W-O-W and Mo-O-Mo bonds prevail. The
ratio between the terminal and bridging oxygen bonds will be
shown to have surprisingly important implications for polaro-
nic transport which is reported in the next sections.

3.2.2. *'P MAS-NMR spectroscopy. The *'P MAS-NMR spec-
tra are reported in Fig. 2. All the experiments were performed

(a) (b)
W-81 “ﬁ_/\ Mo-80
w7+ W/LM
W-66 Mo-61
W-61 Mo-57
W-50 Q - M
P W e
40 0 -40 -80 -120 40 0 -40 -80 -120

31P chemical shift / ppm

31P chemical shift / ppm

Fig. 2 3P MAS-NMR spectra of glasses from (a) xXWO3-(100—x)P,Os and (b) xMoO3-(100—x)P,Os, x = 49-81 mol%, series.
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with very short recycle delays (5-15 s) compared to standard
phosphate glasses (120-300 s) owing to the presence of W>" and
Mo’" paramagnetic species. At very low amounts, the paramag-
netic species decrease the relaxation time without disturbing
the acquisition and the spectrum lineshape.”” At higher
amounts, the paramagnetic species significantly increase the
peak broadness, resulting in a loss of signal. The analysis
performed on the WO;-P,05 system are presented in Fig. 2(a).
The spectra do not seem to be significantly disturbed by the
paramagnetic species in line with the very low W>*/W,, values
reported in Table 1. Two different signals can be observed for
the W-50 samples at —24.7 and —36.6 ppm. Based on previous
investigations,*'**> these two signals were assigned to Q" and Q>
species (where Q denotes the phosphate tetrahedron and n
represents the number of connected P atoms), respectively.
These two signals shift toward more positive values when the
amount of WO; increases, suggesting that the phosphate net-
work is depolymerized by the addition of tungsten oxide. The
presence of these Q? and Q' sites is not expected because of the
O/P ratio of 4. This ratio is usually associated with the presence
of isolated Q° species. This difference can be explained by the
presence of oxygens in the glass matrix that are not attached to
any phosphorus atom. In the binary formulations studied here,
these oxygens can only be associated with W-O-W bonds in line
with the presence of clustered tungstate regions within the glass
matrix. The *'P MAS-NMR spectra of the MoO;-P,0; glasses are
shown in Fig. 2(b). In this series, the paramagnetic effect of the
Mo>* ions on the *'P NMR signal can be clearly observed,
especially for the low MoO; content samples: Mo-49, Mo-57
and Mo-61. For the two letters, the Mo®" paramagnetic effect
causes a complete disappearance of the NMR signal suggesting
that Mo>" ions are completely distributed within the phosphate
network. For the Mo-49 sample, the presence of the NMR signal
suggests a longer distance between the paramagnetic ions and
the P atoms than in the Mo-57 and Mo-61 compositions. No
further analysis is allowed because of the low signal to noise
ratio of the *'P MAS-NMR spectra.

+ € % % @ v
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3.3. Polaronic transport in WO;-P,05; and MoO;-P,0; glasses

3.3.1. DC conductivity and parameters of the Austin-Mott
equation. Fig. 3(a) shows the conductivity isotherms of Mo-61 glass
as representative conductivity spectra for all studied glasses.
Typically, the conductivity spectra of polaron conducting glasses
exhibit two features. At lower frequencies, conductivity is frequency-
independent and corresponds to the translational motions of
polarons (DC conductivity) whereas at higher frequencies it
increases with increasing frequency (conductivity dispersion) due
to their correlated backward-forward hopping. With increasing
temperature, the transition frequency between DC conductivity
and dispersion shifts towards higher values and so, in the con-
ductivity spectra, the DC conductivity mainly prevails at highest
temperatures while dispersive behavior dominates at lowest tem-
peratures. In the following, we analyze in detail both conductivity
features, first by addressing the temperature and composition
dependence of the DC conductivity and second by examining the
dispersive part of the conductivity spectra within the framework of
the MIGRATION concept.

In the theory proposed by Austin and Mott,”"” the conduc-
tion process in TM oxide glasses occurs by phonon-assisted
hopping of small polarons between nearest localized states. In
this model, the temperature dependence of DC conductivity is
given by the following expression:

3,15

_ vpre?C(1 = C)

TR exp(—2aR) exp(—W /kgT) (2)

oDpC

where vy, is the phonon frequency (~10'° Hz), e is the charge
of electron, C is the fraction of metal ions in the lower oxidation
state, kg is the Boltzmann constant, 7T is the temperature, R is
the average spacing between transition metal ions (R = N~ *%), o
is the tunneling factor and W is the activation energy for DC
conduction. As shown in Fig. 3(b), all glasses display the linear
temperature dependence of log(opcT) vs. 1000/T, and from the
slopes the activation energy for DC conductivity, W, was deter-
mined, see Table 2. As expected, the compositional dependence

W-50 Mo-49

]
®
A
v
*

oA pon

log (c,. T/ ((Q cm)'K))

15 20 25 30 35 40 45 50 55
1000 T ' /K

(a) Conductivity spectra at different temperatures of the Mo-61 glass and (b) DC conductivity as a function of reciprocal temperature of

phosphate glasses containing WOs (solid symbols) and MoOs (open symbols). The straight lines were obtained by linear regression. The error bars are at

most of the order of the symbol size.
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Table 2 Values of electrical parameters: DC conductivity, apc, activation energy, W, the number of transition metal ions per volume, N, average spacing
between transition metal ions, R, polaron radius, rp,, tunneling term, exp(—2«R), and rate of the wave function decay, «, for glasses from xWOQOs3-

(100—x)P,0O5 and xMoO3-(100—x)P,0s, x = 49-81 mol%, series

Glass opc/(Q cm) ™" at 303 K W (eV) N (em™?) x 10 RA)=N13 o (A) exp(—2aR) o (A7
W-50 8.53 x 10°° 0.36 6.48 5.36 2.16 4.63 x 1074 0.72
W-61 1.66 x 107° 0.33 8.49 4.90 1.98 4.40 x 1073 0.55
W-66 2.40 x 107> 0.28 9.38 4.74 1.91 7.96 x 1074 0.75
W-71 7.74 x 1077 0.35 10.4 4.58 1.85 1.41 x 107° 0.72
W-81 8.04 x 107 0.53 12.9 4.26 1.72 1.18 x 10°° 0.79
Mo-49 1.94 x 107% 0.67 6.24 5.43 2.19 1.28 x 107° 1.04
Mo-57 2.13 x 10 0.62 7.60 5.09 2.05 1.41 x 107° 1.10
Mo-61 4.96 x 1071° 0.49 8.31 4.94 1.99 4.08 x 10> 1.02
Mo-70 9.84 x 10~ 0.55 9.76 4.68 1.89 7.35 x 10°° 1.02
Mo-80 1.02 x 107" 0.62 10.2 4.37 1.76 9.76 x 10°* 0.79
of activation energy for glasses containing WO; and MoO; —8— xWO_-(100-x)P,0
3 275

shows the opposite trend as does the DC conductivity. Accord- —8— xMo0,-(100-x)P,0,
ing to the small polaron hopping theory, the polaron is

g p . PPInE . A P . 24 region 1 region 2
expected to be localized in the potential well from which the ]
hopping process occurs in an adiabatic or a non-adiabatic way. 4
In the adiabatic regime, the tunneling probability exp(—2«R) is . J
approximately 1 and negligible while in the non-adiabatic :E* -6+
regime it is much less than 1, meaning that the chance of é 1
polaron tunneling between two potential wells is rather small. = 81
The tunneling term for all the glasses is calculated from the b8 1
pre-exponential factor and is found to be far less than 1, see = 10+
Table 2. Although these values are indeed larger by an order of o 1
magnitude in the binary tungsten phosphate glasses when 121
compared to the molybdenum phosphate systems, they are 14 ]

nevertheless much less than one, and we believe that it does
not lend to any evidence of an adiabatic character of the
polaronic transport for the tungsten phosphate glasses as
proposed by Murawski et al.’ Thus, our analysis shows the
non-adiabatic hopping process in glasses from both WO;-P,05
and MoO;-P,0s series, see Table 2. The values of the tunneling
factor, o, average spacing between transition metal ions, R, and
polaron radius, 7, estimated from the expression proposed by
Bogomolov and Mirilin,*® r, = %(%)1/3, are also reported in
Table 2. The values of the rate of the wave function decay, o,
and the polaron radius, 7}, are in good agreement with similar
polaron conducting glasses.**>1¢18

3.3.2. What does the network structure got to do with the
transport of polarons? The compositional dependence of DC
conductivity, opc, at 303 K shown in Fig. 4 exhibits two
remarkable effects upon the addition of MoO; and WO;. The
first one is related to the significantly higher conductivity of
tungsten glasses throughout the entire range of compositions
and the second one is ascribed to the non-monotonic trend
of DC conductivity with maxima at 61 mol% of MoO; and
66 mol% of WOj;.

In order to explain the observed conductivity trends, several
parameters need to be discussed. According to the classical
understanding of the polaronic transport in oxide glasses, one
of the most important factors for conductivity is the fraction of
reduced TM ions (TM’"/TM,). The increase of this fraction

9634 | J Mater. Chem. C, 2023, 11, 9628-9639

x WO, / MoO, (mol%)

Fig. 4 Compositional dependence of DC conductivity at 303 K for x\WOx-
(100—x)P,0s and xMoOs3-(100—x)P,0s, x = 49-81 mol% glass series.
Region 1 includes glass compositions up to the conductivity maximum
with the 2D interconnection of TM units, whereas region 2 corresponds to
the glass compositions above the conductivity maximum where the 3D
interconnection of TM units occurs. The lines are drawn as a guide to the
eye.

usually causes an increase in polaronic conductivity due to the
increase in the number of TM>*~TM®" ion pairs through which
the electron transfer occurs. Our results, however, contradict this
hypothesis. For one, the fraction of W>*/W, is <1.9% through-
out the entire series but the DC conductivity varies largely. On the
other hand, with the addition of MoO; from 49% to 61%, the
Mo>* /Moy, ratio decreases while the DC conductivity simulta-
neously increases, see Table 1. Even if we take into account the
increase in the MoO; content and calculate the number density
of Mo®" ions we see that this value changes from ~1.7 x 10>
em ™ to ~1.3 x 10*' em™? as the amount of MoO; increases to
61%, which, again, cannot explain the observed increase in
conductivity. Secondly, if we compare the two glass systems,
tungsten glasses exhibit significantly higher DC conductivity than
their molybdenum counterparts despite a significantly lower
W' /W, ratio. This difference is especially pronounced at the

This journal is © The Royal Society of Chemistry 2023
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lowest TMO content of about 50-60 mol%, where the greatest
difference between W>*/W,,, and Mo>"/Moy,, is observed. A similar
difference in conductivity between these two glass systems was
reported in previous studies; however, therein, glasses were inves-
tigated in a relatively narrow range of compositions.”®** For
instance, Sayer and Mansingh® reported approximately five orders
of magnitude higher electrical conductivity of 50WO;-50P,05 than
that of the 50M00;-50P,05 glass and our recent study** showed
a similar conductivity difference for 60WO;-40P,05 (4.26 X
107° (Q cm) ') and 60M00O;-40P,05 (2.76 x 10~ (Q cm) ")
glasses. In these studies, the higher electrical conductivity of
tungsten glasses in comparison to molybdenum analogues was
ascribed to the clustering of tungstate units that ease the polaronic
transport; ie. the higher number of facilitating W-O-W bonds in
comparison to the higher number of inhibiting Mo-O-P bonds in
molybdenum glasses. In our present study, we show that the
higher conductivity of tungsten glasses is evident throughout the
wide compositional range, x(TMO) ranging from 50 to 80 mol%,
and that, indeed, this difference can be related to the glass
structure. In fact, as per the analysis in Section 3.2.1., it emerges
that all tungsten containing glasses are characterized by a high
tendency of WO, units to mutually connect and form W-O-W-O-
W bonds that gradually start to dominate the glass network as the
amount of WO; increases. On the other hand, in the molybdenum
glasses, MoOg octahedra and MoO, tetrahedra are interconnected
with the phosphate units forming a mixed phosphate-molybdate
glass network. From this, it is reasonable to assume that the
network composed of tungstate clusters provides more conductive
pathways for polarons via W-O-W bonds than the mixed phos-
phate-molybdate network with preferred Mo-O-P bonding. There-
fore, the increase in the polaronic conductivity of glasses
containing up to 66 mol% of WO; and 61 mol% of MoO; (marked
as region I in Fig. 4), as well as the difference between the two
series, is directly related to the increase in the number of W-O-W
and Mo-O-Mo bonds with increasing TMO, as well as a generally
higher fraction of W-O-W bonds in comparison to Mo-O-Mo
bonds (see Fig. 1).

However, although the formation of the fast polaron trans-
port pathways via bridging TM-O-TM bonds explains well the
trends up to the conductivity maximum, it fails to explain the
decrease in conductivity with the further addition of both
oxides. In particular, it is interesting to observe that the
decrease in conductivity is especially strong in tungsten glasses
for which the formation of W-O-W bonds is extremely favored.
Again, this result is in disagreement with the general idea that
clustering of TM units has a facilitating effect on polaron
transport. So, the main question to be answered is, what is
the cause of the observed decrease in conductivity at high
amounts of WO; and MoO;? From the Raman spectra shown
in Fig. 1(a), we observe that above 66 mol% of WO;z;, WO,
octahedra form a three-dimensional network by consuming
oxygen atoms for linking and hence causing a strong decrease
in the number of terminal oxygen bonds (see upper panels in
Fig. 1). Such formation of WO clusters with a small number of
terminal oxygens results in a rigid tungstate network which
seems to be unfavorable for the structural rearrangement

This journal is © The Royal Society of Chemistry 2023

View Article Online

Journal of Materials Chemistry C

involved in polaron formation and hence its conductivity. This
is especially evident in the W-81 glass for which the polaronic
conductivity shows the strongest decrease along with the
strongest decrease in the intensity of the Raman band corres-
ponding to the terminal oxygen atoms, compare Fig. 1(a) and 4.
This further indicates that the key factor that governs the
polaronic transport in these glasses is the way in which the
tungstate units interconnect, or more precisely the interplay
between the number of bridging and terminal oxygen bonds
which defines the flexibility of the tungstate network. Accordingly,
when the former bonds start to overpower the latter, the network
becomes rigid and the conductivity gets hindered. A similar
finding on the importance of the flexibility of the bonds involved
in polaronic transport was recently reported for crystalline V,05.%*
Based on the DFT+U calculations, the authors showed that the
least favourable polaron migration pathway is through the stiff 3-
coordinated oxygen atom connected between vanadium centres
that results in a distorted transition state structure with high
energy. In contrast, bridging V-O-V bonds appear to be favorable
for polaron migration even though their hopping distance is quite
large. The reason for this is the higher flexibility of bridging oxygen
atoms which causes a less constrained transition state structure
and a lower transition state energy. Furthermore, our most recent
study on binary V,0s-P,Os glasses exhibits an almost linear
increase in the polaronic conductivity, even up to 90 mol% of
V,O0s, followed by a gradual increase in the intensity of bridging
V-O-V bonds but with the retained high intensity of terminal
V-O bonds over the entire compositional range.*> These
findings support our conclusion that for fast polaron transport
it is crucial to have TM-O-TM bonding; however, once the
clustering of TM units starts to occur three-dimensional with a
significant loss of flexible terminal oxygen bonds, polaronic
transport gets hampered.

Similar correlations can also be made for molybdenum
glasses in which the polaronic conductivity drops above 61 mol%
of MoO; (see region II in Fig. 4). In this system too, the Raman
spectra show that the three-dimensional networking of molybde-
num units takes place above 61 mol% of MoO; and eventually rigid
oxygen bonds dominate causing a decrease in polaronic conductiv-
ity. However, here, the decrease, while significant for Mo-70, does
not decrease further for Mo-80. The network connectivity
offered by MoO, tetrahedra vis-a-vis the significant loss of
flexible terminal oxygen bonds has an obvious role in this
implying that the coordination of TM ions, i.e. octahedral vs.
tetrahedral, also plays a role in the ease of charge conduction in
these glasses. In the next step, we aim to shed some light on
these trends with our analysis of the conductivity and permit-
tivity spectra using the MIGRATION concept.

3.3.3. Insights into the structure-conductivity correlations
on modelling the frequency-dependent conductivity and per-
mittivity using the MIGRATION concept. A scaled model spec-
trum from the MIGRATION concept is generated for a
particular set of values of the three model parameters, K, B &
N(o0), described earlier. The very nature of the model and the
formulation makes this model spectrum satisfy the time-
temperature superposition principle (TTS). Hence, it is plotted
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in a scaled representation as log(os(ws)) vs. log(ws), where
o*(cus)’ with wg = L _r Using opc determined from
oDC wo Vo

the experiment, the suitable model spectrum is chosen on
shifting the experimental isotherm on the scaled x-axis by
log(v,), which is defined as the onset frequency of conductivity
dispersion for that temperature, such that the shape and form
of the experimental isotherm match that of the model iso-
therm. Here, the crucial model parameter describing the shape
of the isotherm around the onset of conductivity dispersion is
K. Normally for ionic glasses, B can be chosen arbitrarily large
and N(o0) can be set to zero for this step. However, in polaronic
glasses, as in mixed former ionic glasses,*® rather a small value of
B is needed to describe the shape of the permittivity isotherm,
and a non-zero value of N(0) is additionally needed to model the
gradual onset of conductivity dispersion at lower frequencies of
the isotherm. The model permittivity spectrum is plotted as &5(cy)
vs. log(ws), and is defined as &(ws) = s;w((:) - (e(ws) — &(c0)). In

D!

polaronic glasses, the scaled permittivity isotherm exhibits a
reasonably well-defined low-frequency plateau, &5(0). Note that
g(o0) is the permittivity due to faster electronic relaxation pro-
cesses and is not related to the slower relaxation processes
connected with polaronic hopping. In Fig. 5, we plot conductivity
and permittivity isotherms in the scaled representation for W-66
and Mo-61 glasses, superimposed on the model curves that best
describe the experimental spectra. The experimental conductivity
spectra of the Mo-61 glass are shown in Fig. 3a, whereas its
permittivity spectra as well as the conductivity and permittivity
spectra of the W-66 glass are shown in Fig. S1 of the ESL¥

as(ws) =

1.2
(a) W-66
101 o 183k
O 213K
081 o 243k
= 06 —— model curve,
g 041
0.2
0.0+
2
log,(®,)
2.5 (c) Mo-61
O 273K
2.01 O 303K
O 333K
. 157 o 363K
A O 393K
= 1.0{ 0 423K
L model curve,
0.5
0.0 =

log, (®,)
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Table 3 Values of model parameters of the MIGRATION concept for

glasses from xWOsz-(100—x)P,Os and xMoOs3-(100—x)P,0Os, x = 50—
80 mol% series

Glass K B N(0) & (0) (Fioc2(0))*® in A
W-50 2.0 12 0.12 2.67 1.47 4+ 0.06
W-61 1.9 12 0.09 2.81 1.27 £ 0.05
W-66 1.9 12 0.11 2.66 1.21 4+ 0.03
W-71 2.0 12 0.02 4.31 1.53 £ 0.02
Mo-57 2.2 12 0.02 5.25 2.08 + 0.07
Mo-61 2.1 12 0.08 3.15 1.11 £ 0.03
Mo-70 2.2 12 0.13 2.73 1.06 £+ 0.05
Mo-80 2.2 12 0.10 3.03 0.92 + 0.03

In Table 3, we present the parameters of the model spectra
used for modelling the conductivity and permittivity spectra of
glasses from the xWO;-(100—x)P,05 and xMoO;-(100—x)P,05
series. To recall, the W-81 glass was excluded from analysis due
to partial crystallization, and Mo-49 due to the lack of a good
permittivity plateau in experimental isotherms. In considering
the observed changes in the parameter K, two comments are in
order. Firstly, the variation in K shows a neat inverse correlation
to DC conductivity for both systems. Secondly, the absolute
values of K for glasses containing WO; are lower (K = 1.9 and
2.0) than those for glasses containing MoO; (K = 2.1 and 2.2)
which is in agreement with the trends exhibited for the values
of DC conductivity in these glasses, see Fig. 4. From the body of
spectra which have been so far modelled using the MIGRATION
concept, it has been found that for the majority of the
single-alkali ionic glasses be it borate, silicate or phosphate
glasses or in mixed glass formers systems, the parameter K has

4
(b) W-66
O 183K
3 O 213K
O 243K
model curve,
> 2
14
0_ T T T T
-2 -1 1 2
|OQ‘0(UJS)
4
(d) Mo-61
O 273K
34 O 303K
O 333K
O 363K
- 24 O 393K
;,m O 423K
N —— model curve,
14 N, =0.07
0_ T T T

log, (®,)

Fig. 5 Scaled experimental (a and c) conductivity and (b and d) permittivity spectra of W-66 and Mo-61 glasses superimposed on corresponding model

curves with B = 12.
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a value of 2.0.%%:263¢

In ionic glasses, values of K > 2.0 could be
correlated to either a lower connectivity of conductivity path-
ways or a lower number density of the charge carriers.>’° On
the other hand, for polaronic iron phosphate-based glasses, the
value of K was found to be 1.9, indicating an earlier onset of
long-range charge transport in contrast to ionic glasses.’ It is to
be noted that although the K parameter has been found to have
values from 1 to 3 in the spectra of materials modelled so far, a
difference of 0.1 on either side of K = 2.0 is significant. Thus,
one of the factors responsible for a much higher value of 6p¢ in
the W-66 glass as compared to that of Mo-61, see Fig. 4, is the
ease of the transport of polarons in the former. Also, it is
important to note that although the value for the two glasses
W-61 and W-66 is K =1.9 as in the polaronic iron phosphate
glasses,” the factors responsible for it are different. In the latter
systems, the fraction of the reduced iron ions is correlated
directly to opc, see Fig. 8 in ref. 9, while the phosphate glass
network structure remains very similar. This is not true for
phosphate glasses containing tungsten and molybdenum
oxides studied here. In our current study, it is evident that
the polaron conductivity is driven by the structural features of
the glass such as the network connectivity of different struc-
tural units (see Fig. 1 and discussions following it) and is not
correlated to the TM>" fraction. Therefore, we infer that an
increase from K = 2.1 for Mo-61 glasses to K = 2.2 for all other
MoO; contents is indicative of lesser available pathways for the
polaron transport in the glass network in the latter samples. On
the other hand, the value of K decreasing from 2.0 for W-50 and
W-71 glasses to 1.9 for W-61 and W-66 samples suggests that
the network connectivity is less important than the faster local
relaxations which implies shallow potential wells and hence
faster polaronic transport. Indeed, from the structural results
based on the analysis of Raman and *'P MAS-NMR spectra, we
can infer that one main advantage of the clustering of tungstate
units is that they could allow for fast local relaxations. And a
larger value of o as well as this small value of K= 1.9 allows us
to put forth a picture of tissue connectivity, where the polaron
transport within the nodules composed of two-dimensionally
connected tungsten units is fast and there is a conducting
pathway to the next cluster.

In the right-hand side panels of Fig. 5, we present the scaled
permittivity spectra of W-66 and Mo-61 samples with the
corresponding master spectrum (the similar representation of
the modelled scaled permittivity spectrum for other glasses is
shown in Fig. S2 of the ESIf). Here, a suitable value of the
parameter, N( o), helps us to find the plateau value of &5(0). The
value of B could be ascertained by modelling the permittivity
spectrum and is found to be rather small, implying that for the
lowest measured temperature, conductivity dispersion cannot
be more than 5.2 decades on the logarithmic scale. This further
implies that, for instance, for the Mo-61 glass at the lowest
temperature (namely 183 K), the high-frequency conductivity
plateau would lie just close to a few MHz. This result in itself is
sensational, since polaronic glasses have not been measured at
higher frequencies and, based on this inference from model-
ling, it could imply that any further dispersion one would

This journal is © The Royal Society of Chemistry 2023
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observe in conductivity at higher frequencies may not corre-
spond to processes contributing to translational charge trans-
port, but rather to localized relaxation processes of the oxide
network. We also observe that B = 12 fits the permittivity
spectrum of the highly conductive W-66 glass, although even
at 183 K, due to the higher value of DC conductivity, the tail
of ¢(o0) attaining a zero value is not yet observed in the
experimental frequency range. A perusal of Table 3 reveals that
the value of ¢(0) changes from 5.25 to 2.73 for the glasses
containing MoOj; while it is around 2.7-2.8 for glasses contain-
ing WO;, except for W-71.

In Table 3, we additionally quantify the length scale of the
localized polaronic hops, (rie.>(0))® for each composition
using the relationship (3):

o 6kBGDcT 83(0)
B Nyg? ™o

I‘]OCZ(OO) (3)
Note that by definition this quantity is independent of tem-
perature if w, oc opcT is valid. This further implies that the
Summerfield scaling of conductivity spectra is valid. The results
of the model-free investigation of the scaling properties of these
glasses using the Summerfield and Sidebottom procedure are
given in the Section 4 of the ESL{ As can be seen from these
results for all glasses modelled here, except for Mo-57, the
Summerfield scaling procedure yields a conductivity master-
curve. However, for Mo-57, since we showed that the Sidebottom
scaling is valid, and since the shape parameter K also remains the
same with temperature, the length scale of the localized polaro-
nic hops is also temperature-independent. Also note that, unlike
in ref. 9, where we used N, = C-N, and the experimental (A¢-T) to
calculate (ri,.(00)), here we define N, to be the total content of
TM ions in the glass, N, and use the model value of ¢0) to
calculate (r1,°(0)). This choice of N, is justified based on various
inferences made so far on the structural results and the exhibited
trend of opc and parameter K with the glass composition which
led us to conclude that structural aspects influence polaron
transport and the role of C is minimal. The square root of the
quantity (rj,c(00)) which can be viewed as a kind of dynamic
polaron radius® is found here to be smaller than r,, (compare
their values in Tables 2 and 3) unlike in iron phosphate glasses.
One strong reason could be that the deformation of the local
potential wells is smaller (and shallower as proposed earlier).
Furthermore, we note that the values are lower for those glass
compositions with higher opc and this seems to indicate that
these values of the dynamic polaron radius correlate with the
trend in opc.

In considering the parameters in Table 3, it is interesting to
note that in these glasses despite a steady increase in N as a
function of the TM oxide content, see Table 2, all dynamic
values of polaron transport, parameter K, (rio.>(00))*> and &4(0)
mirror each other. This confirms the inferences from a detailed
structural analysis that the dynamics of polaron transport in
these glasses is guided by the interconnectivity of structural
units and hence the formation of conduction pathways for the
polarons. Two features that are worthy of comments are (i) for
the glasses containing MoOyj, there is a strong decrease of 4(0),
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which is also reflected in the trend shown by (ri,.>(00))
(ii) an increase in &4(0) for the W-71 glass in the series containing
WO;. We recall that the Mo-57 glass exhibits the lowest con-
ductivity among the four compositions that could be modelled
for this series. As discussed earlier, the number of Mo-O-Mo
bonds increases with the increase in the MoO; content which
explains the ease of polaron conductivity due to better network
connectivity. In contrast, for the W-71 glass, the absence of
terminal oxygen bonds means the three-dimensional network-
ing of WO, octahedra and hence increased charge stored in W-
O-W-O-W bridges in clusters, which is reflected both by an
increase in £4(0), as well as in parameter K and (rc>(0))%>.

One last feature worth mentioning is that unlike in the
mixed glass former glasses with ions as charge carriers,*® where
(ri0c”(00))%® features the same compositional dependence as
opc; here, the typical polaronic hopping length is inversely
correlated with opc, compare Fig. 3 and Table 3, similarly as in
polaronic iron phosphate glasses.”*® This brings to focus the
fact that polaronic conductivity has distinctive features that
distinguish them from ionic charge carriers. As it is the trans-
port of charge that propagates in the form of polaronic hops,
whereas in ionic glasses, there is a spatial propagation of the
charged species. Correspondingly, the value of (rj,.>(0))*” is a
physical quantity there, whereas it is a characterization of the
spatial extent of the local dipolar disturbance field in polaronic
glasses.

4. Conclusions

This study reports on the nature of polaronic conductivity in
binary phosphate glasses containing WO; and MoO; in a wide
compositional rage: xWO3-(100—x)P,05 and xMoO;-(100—x)P,Os,
X = 49-81 mol%. The results show that the parameters of the
polaronic transport cannot be correlated to the fraction of reduced
tungsten and molybdenum ions and the overall amount of WO,
and MoO;, which are the factors that are generally acknowledged
to have the most important role in electrical processes in glasses.
In contrast, our detailed structural and electrical studies using
Raman, *'P MAS-NMR, ESR and impedance spectroscopies, as well
as numerical modelling of the conductivity and permittivity spec-
tra using the MIGRATION concept revealed that the polaronic
conductivity in these glasses is entirely governed by the structural
characteristics of the glass network. Firstly, a significantly higher
conductivity (nearly six orders of magnitude) of glasses containing
WO; in comparison to their MoO; counterparts results from the
high tendency of WO units to aggregate by forming W-O-W-O-W
bridges which act as easy conduction pathways. Molybdenum
units, MoO, and MoOQg, on the other hand, tend to uniformly
incorporate into the phosphate network by forming P-O-Mo
bonds that hinder the ease of polaron hops. Secondly, the non-
monotonic trend of polaronic conductivity as a function of glass
composition, showing maxima at 61 mol% of MoO; and
66 mol% of WO;, indicates that the key factor that governs
the polaronic transport in these glasses is the manner in which
the tungstate and molybdenum units interconnect mutually.

9638 | J Mater. Chem. C, 2023, 11, 9628-9639

View Article Online

Paper

While the two-dimensional interconnection of these units has a
positive effect on the dynamics of polarons by providing fast
conduction pathways, the three-dimensional linking negatively
affects the polaron transport due to a decrease in the number of
terminal TM-O bonds which are important for the formation
and transport of polarons. To state it simply, the clustering of
transition metal units in oxide glasses does not facilitate the
polaronic conductivity per se; it is the manner in which these
units are connected that governs the conduction process.
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