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Abstract 

Transformation of electrical transport from ionic to polaronic in glasses, which are a potential class 

of new cathode materials, has been investigated in four series containing WO3/MoO3 and Li+/Na+ 

ions, namely: xWO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5, xWO3-(30-0.5x)Na2O-(30.5x)ZnO-

40P2O5, xMoO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5, and xMoO3-(30-0.5x)Na2O-(30-0.5x)ZnO-

40P2O5, 0≤x≤60, (mol%). This study reports a detailed analysis of the role of structural 

modifications and its implications on the origin of electrical transport in these mixed ionic-polaron 

glasses. Raman spectra show the clustering of WO6 units by the formation of W-O-W bonds in 

glasses with high WO3 content while the coexistence of MoO4 and MoO6 units is evidenced in 

glasses containing MoO3 with no clustering of MoO6 octahedra. Consequently, DC conductivity of 

tungstate glasses either with Li+ or Na+ exhibits a transition from ionic to polaronic showing a 

minimum at about 20-30 mol% of WO3 as a result of ionic-polaron interaction followed by a sharp 

increase for six orders of magnitude as WO3 content increases. The formation of WO6 clusters 

involved in W-O-W linkages for tungsten glasses plays a key role in significant increase of DC 

conductivity. On the other hand, DC conductivity is almost constant for glasses containing MoO3 
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suggesting an independent ionic and polaronic transport pathways for glasses containing 10-50 

mol% MoO3. 

KEYWORDS: Mixed ion-polaron glasses, Ionic and polaronic conductivity, Electrical transport 

mechanisms, Impedance spectroscopy 

_________________________________________ 

Corresponding Author: A. Moguš-Milanković, Address: Ruđer Bošković Institute, 10000 Zagreb, 

Croatia, Tel.:++385-1-4561-149; E-mail address: mogus@irb.hr; member of The American 
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1. Introduction 

Glasses are commonly formed by mixing glass forming oxides with modifier metal oxides. 

Transition metal oxides such as MoO3 and WO3 along with alkali oxides as Li2O or Na2O are able 

to form glasses with P2O5 in a broad compositional range that are mixed electronic-ionic conductors 

which are of interest as potential cathode materials in solid state batteries, memory switching and 

optical switching devices.1,2 From the point of view of large scale applications of solid state 

batteries the high cost and limited availability of lithium resources becomes a serious problem. On 

the other hand, sodium-ion batteries have generated great interest as an attractive alternative to 

lithium ones. Therefore, compositions containing MoO3 and WO3 as well as Li2O and Na2O in 

phosphate glass systems might be identified as new positive electrode materials. 

Introduction of a divalent oxide, such as ZnO, leads to an improvement in the mechanical and 

thermal expansion properties by increasing the bond strength in the phosphate glass network. This 

increase in strength is related to the shortening of the bonds which in turns enhances the 

compactness of phosphate structure.3-5
 

Molybdenum-phosphate and tungsten-phosphate glasses belong to those groups of glasses where 

MoO3 and WO3 show an exceptional ability of incorporation into phosphate network. It has been 

shown that large amounts of MoO3 and WO3, even up 60 mol%, can be easily added without 

devitrification.6-8 Besides that, both molybdenum-phosphate and tungsten-phosphate glasses exhibit 

interesting electrochromic properties and high polaronic conductivity that makes them prospective 

glasses for various electronic and optical devices. It is well known that in these glasses tungsten or 

molybdenum ions exist in two valence states9 and in such systems the electronic conduction takes 

place by small polaron hoping from lower to higher valence state.10 On the other hand, the exchange 

of MoO3 and WO3 by Li2O in phosphate glasses causes changes in the nature of the electrical 
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conductivity.11,12 At low Mo/P and W/P ratio, the DC conductivity is dominantly ionic whereas 

with increasing MoO3 and WO3 content, conductivity becomes predominantly electronic.  

Moreover, in some mixed ion-polaron glasses the variation of conductivity with the glass 

composition suggests an effect of ion-polaron interactions. This concept was first proposed by 

Bazan et al. more than two decades ago.13 The authors showed that the substitution of WO3 by Li2O 

in Li2O-WO3-P2O5 glasses results in a deep minimum in electrical conductivity which can be 

attributed to strong coupling of lithium ions and polarons which forms a neutral cation-polaron 

pairs. The mobility of these neutral entities is not involved in net displacement of electrical charge 

and therefore does not contribute to the electrical conductivity.11-13 However, in the interpretation of 

these results several crucial parameters for mixed ion-polaron transport, such as fraction of tungsten 

ions in different valence states and the role of glass structure have not been discussed. 

Further, in the more recent papers11,14 similar effects in different glass systems have been 

reported. In these studies a special attention was paid to the determination of various factors that 

might influence complex ion-polaron transport for example, number density of ions vs polarons, 

their mobility as well as specific structural features of the glass network. While the transition 

between predominantly ionic and predominantly polaronic conduction has been well evidenced in 

these glass systems containing alkali oxides and transition metal oxides, the existence of mutual 

interactions between ions and polarons in oxide glasses is still a matter of debate. 

In particular, recent studies have reported that there is no clear correlation between variation of 

electronic or mixed ionic-electronic conductivity as a function of the addition of MoO3 or 

Li2O/Na2O.11,12 These studies have demonstrated that the non-linear behavior of Mo5+/Motot ratio 

and the presence of a maximum are related to the structural changes in these glasses. However, the 

influence of structure as well as changes in molybdenum and tungsten valence states on the nature 

of electrical conductivity in mixed ion-polaron glasses has not been completely resolved. 
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Structure of molybdenum and tungsten-phosphate glasses is well documented in the literature. 

Most of the structural studies are related to the binary15-17 and ternary glass systems.8,18,19 The 

structural network evolution of the binary NaPO3-WO3 and NaPO3-MoO3 systems has been 

investigated using high-resolution solid state NMR as well as Raman spectroscopy.16,17 It was found 

that the addition of tungsten or molybdenum to NaPO3 transforms the phosphate network by 

incorporation of various WOn or MoOn polyhedra into the phosphate structure. Structural studies 

also reported an irregular variation of glass transition temperature, Tg, with increasing WO3 or 

MoO3 content.16,20,21 

In several recently published papers the glass-forming ability and structure of series of ZnO-

WO3-P2O5 and PbO-MoO3-P2O5 glasses have been reported.20,21 The structural studies of these 

series of glasses obtained by Raman and 31P NMR spectroscopy have shown that at higher WO3 

content tungsten atoms are predominantly octahedrally coordinated whereas at high ZnO content 

the coexistence of WO4 and WO6 units is present.20 On the other hand, in PbO-MoO3-P2O5 glasses 

with high phosphate and molybdenum content MoO4 tetrahedra were formed.21 

Detailed understanding of the electrical transport mechanism in the mixed electronic-ionic glasses 

calls for deep analysis. The challenge now is how to expand our knowledge to the more complex 

mixed ion-polaron glass systems. Our intention in the current work is to investigate changes of 

electrical transport mechanisms in four families of glasses with general composition, Li2O-ZnO-

P2O5-WO3, Li2O-ZnO-P2O5-MoO3, Na2O-ZnO-P2O5-WO3 and Na2O-ZnO-P2O5-MoO3. The 

guiding principle is to examine the differences in glass structure due to the addition of MoO3 and 

WO3 and examine the influence on the ion and polaron transport in correlation to the local structure. 

Thus, the question arises how the replacement of WO3 and MoO3 by Li2O and Na2O along with 

reducing ZnO content affects the mobility of Li+ and Na+ ions as well as polaron-hopping in 

investigated glasses. The attractiveness of glass systems investigated from fundamental and 
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applicative point of view lies in the fact that these glasses exhibit electrical properties as both solid 

electrolytes and electronic conductors. Therefore, it is of interest to reinforce the key idea of the 

tunability of two transport mechanisms and examine if they are correlated or independent. 

2. Experimental 

Four series of glasses in the quaternary systems: 

A) xWO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5,  with x = 0, 10, 20, 30, 40, 50, 60 (mol%) 

B) xWO3-(30-0.5x)Na2O-(30-0.5x)ZnO-40P2O5,  with x = 0, 10, 20, 30, 40, 50, 60 (mol%) 

C) xMoO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5,  with x = 0, 10, 20, 30, 40, 50, 60 (mol%) 

D) xMoO3-(30-0.5x)Na2O-(30-0.5x)ZnO-40P2O5,  with x = 0, 10, 20, 30, 40, 50, 60 (mol%) 

with MoO3 and WO3 content varying from 10 to 60 mol% were prepared by conventional melt-

quenching using analytical grade Na2CO3 or Li2CO3, ZnO, H3PO4, WO3 or MoO3. ZnO content 

variation is needed in these glasses for charge neutrality. However, it is expected that Zn2+ itself 

does not contribute significantly to the electrical transport properties but its concentration plays a 

role in compactness of the glass structure.5 

The homogenized starting mixtures were slowly heated from room temperature up to 873 K 

keeping the maximum temperature for 2 hours to remove water. After that, the reaction mixtures 

were heated up to 1273-1623 K, depending on glass composition, in a platinum crucible with a lid. 

The melt was held at maximum temperature for 20 minutes and then poured into a preheated 

graphite mold. Obtained glasses were then transferred to the annealing furnace for 2 hours at a 

temperature 5 K below their glass transition temperature, Tg, and then cooled to room temperature. 

The volatilization losses checked by weighting were not significant, hence the batch compositions 

can be considered as reflecting actual compositions. The amorphous character of the glasses was 

confirmed by X-ray diffraction.  
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The glass density, ρ, of the bulk samples was determined using the Archimedes’ method using 

toluene as the immersion liquid. The glass transition temperature, Tg, was measured on bulk 

samples with dimensions of 25×5×5 mm3 using dilatometer DIL 402 PC (Netzsch), where Tg was 

determined from the change in the slope of the elongation vs. temperature plot. Dilatometric 

measurements were carried out in air at the heating rate of 3 K min-1. 

The Raman spectra were recorded on bulk samples at room temperature using a Horiba-Jobin 

Yvon LaBRam HR spectrometer. The spectra were recorded in back-scattering geometry under 

excitation with Nd-YAG laser radiation (532 nm) at a power of 12 mW on the sample. The spectral 

slit width was 1.5 cm-1 and the total integration time was 50 seconds. 

The electron spin resonance (ESR) spectra of powdered glassy samples were measured at ambient 

temperature at X-band microwave frequency (∼9.5 GHz) using a spectrometer ESR 221 Magnettech 

Berlin. Using Mn2+ standard the spin concentration was determined for all measured samples and 

the ratio of Mo5+/Motot was calculated from the obtained data. 

The fraction of tungsten ions in different valence states, W5+/Wtot, was determined from the 

temperature dependence of magnetization, measured from 2 K to 300 K in constant magnetic field 

of 0.1 T. This is possible due to the magnetic moment of single uncoupled electron sitting on the 

W5+ ion, whereas the W6+ ion is diamagnetic. Small amount of the paramagnetic ions in studied 

materials is possible to determine very precisely from magnetization measurements due to unique 

sensitivity of the MPMS5 SQUID magnetometer. However, in order to get the accurate results the 

measurements are performed with additional precaution needed to avoid any magnetic 

contamination, mounting the sample without grease as well as to maintain a stable temperature 

during measurement of each point.  

The temperature dependence of magnetic susceptibility χ(T) (mass magnetization divided by 

magnetic field) was fitted very well with the Curie law: 
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where NA is the Avogadro number, µB is the Bohr magneton, kB is the Boltzmann constant, g=1.71 

is the gyromagnetic factor obtained from the EPR measurement of the investigated glass,  spin 

S=1/2 determined from the single electron on every W5+ ion, M is the molar mass of the glass 

reduced by the P/2 times the molar mass of oxygen atom, P is the free parameter fitted very reliably 

and χd is the additive constant included in describing the diamagnetic contribution of the glass. At 

the end, fraction of W5+ ions in the total number of tungsten ions was determined dividing P by the 

stoichiometric fraction of WO3 in glass. Errors of the obtained values are less than 1% and the 

fraction of tungsten ions values are given in Tables 1 and 2. 

Annealed samples for electrical property measurements were polished with SiC polishing papers.  

Gold electrodes, 7 mm in diameter, were sputtered onto both sides of 1 mm thick disks using 

Sputter Coater SC7620. Electrical properties were obtained by measuring complex impedance using 

an impedance analyzer (Novocontrol Alpha-AN Dielectric Spectrometer) over the frequency range 

from 0.01 Hz to 1 MHz and in the temperature range from 303 to 513 K. The temperature was 

controlled to an accuracy of ± 0.2 K. 

3. Results 

3.1. Thermal behavior 

Starting glasses 30Li2O-30ZnO-40P2O5 (Li-0TMO) and 30Na2O-30ZnO-40P2O5 (Na-0TMO) 

were clear and transparent. Glasses containing WO3 were of blue color, which deepened with 

increasing WO3 content whereas glasses containing MoO3 induce an intense green color. In Tables 

1 and 2 the glass compositions together with the experimental values of glass densities, ρ, glass 

transition temperatures, Tg, and fractions of W5+/Wtot and Mo5+/Motot are presented. 
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Figure 1(a-d) compares the dependence of Tg and ρ on the WO3 and MoO3 contents for all glasses 

in the present study. It can be seen that both Tg and ρ increase, Tg: from 579 to 741 K for Li-W and 

from 579 to 793 K for Na-W glasses. However, a step in increase of Tg for Li-W and Na-W glasses 

between 30-40 mol% of WO3 was observed. For Li-Mo and Na-Mo glasses the Tg almost linearly 

increases in entire compositional range whereas ρ remains constant at about 3.10 g cm-3. The 

increase in Tg for all glasses with increasing WO3 and MoO3 suggests an increase in thermal 

stability against crystallization as a result of stronger bonding in these glasses. 

3.2. Structural Analysis 

Raman spectra for lithium series of glasses containing WO3 and MoO3 are shown in Figure 2(a-

b). For the Na-W and Na-Mo series of glasses the evolution of the Raman spectra is presented in 

Supplemental Materials, Figure S1. Raman spectrum of the starting glass Li-0TMO is characteristic 

for polyphosphate structure.22,23 Dominant bands at 1165 and 705 cm-1 are associated with the 

symmetrical stretching vibration of non-bridging oxygens and symmetrical stretching vibration of 

bridging oxygens in Q2 phosphate units, respectively. A weak band at 1238 cm-1 attributed to the 

asymmetric stretching vibration of non-bridging oxygens, P-O-, in Q2 units along with the band at 

1045 and 1123 cm-1 related to the vibration in Q1 units are present in this lithium zinc phosphate 

glass.22-25 However, barely detectable band at about 1000 cm-1 is associated with Q0 phosphate 

units. Generally, it should be concluded that the Q2 and Q1 phosphate units are the most dominant 

units present in this glass. 

With the addition of WO3 to the lithium-zinc phosphate glass, Figure 2(a), a new strong band 

appears in the Raman spectra at 971 cm-1 with a shoulder at 914 cm-1. Raman bands and their 

assignments are presented in Supplemental Materials, Table S1. These bands are ascribed to the 

vibration of W=O or W-O- terminal bonds in WO6 octahedra incorporated into glass structure.16,20 

With increasing WO3 content up to 60 mol% maximum of the dominant band shifts to 993 cm-1 
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whereas its shoulder decreases in intensity. It is worth mentioning that the shift to higher 

wavenumber is related to the deformation of WO6 octahedra. Also, the presence of high frequency 

band at 993 cm-1 suggests that the terminal W=O is present in entire compositional range. 

For compositions containing more than 20 mol% of WO3 a weak band at 855 cm-1 appears and 

increases in intensity at higher WO3 content. This band is associated with the W-O stretching 

vibrations within W-O-W bond in tungsten clusters.16,20 Vibrational bands of phosphate units at 

1165 and 705 cm-1 decrease in their intensity with increasing WO3 content partly due to a high 

scattering cross-section of tungsten units. 

Evolution of Raman spectra of Li-Mo glasses, showed in Figure 2(b), is similar to the spectra of 

Li-W glasses at the first glance. However, some differences in glass structure are found. There is 

also a doublet of bands in the range of 800-1000 cm-1 with the strong band at 956 cm-1 and a 

shoulder at 912 cm-1 which can be ascribed to the vibration of Mo=O or Mo-O- terminal bonds in 

MoO6 octahedra present in the glass structure.17,26 

The decrease in the strength of vibrational bands of phosphate units at 1165 and 705 cm-1 is faster 

than at the analogous WO3 glasses. Further, for Li-40W and Li-40Mo glasses the deconvolution of 

Raman spectra, presented in Supplemental Materials, Figure S2, clearly shows that at high WO3 

content in Li-W glasses the bands associated with Q2 and Q1 phosphate units are still visible 

whereas for glasses containing more than 30 mol% of MoO3 in Li-Mo glasses the intensity of these 

bands are very weak. With further increasing MoO3 content maximum of the dominant band 956 

cm-1 shifts to higher wavenumber up to 985 cm-1. A new band at 874 cm-1 grows steadily with 

increasing MoO3 content, which is attributed to the MoO4 tetrahedra.21,26 In lower frequency range a 

band at 393 cm-1 attributed to the Mo-O-P bonds appears. This band is observed in entire 

compositional range of Li-Mo glasses. On the other hand, the same band at about 385 cm-1 related 

to the W-O-P bonds in Li-W glasses disappears as WO3 content increases. 
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3.3. Electrical Transport 

Conductivity spectra of Li-10W and Li-50W glasses are shown in Figure 3(a-b). Conductivity 

isotherms exhibit two features, plateau at low frequency that corresponds to the DC conductivity 

and dispersion at higher frequencies. At high temperatures and low frequencies for Li-10W glass 

containing 25 mol% of Li2O, a slight decrease in the conductivity was observed. Such a behavior is 

associated with the electrode polarization. On the other hand, with increasing WO3 and decreasing 

Li2O content in Li-50W glass the conductivity spectra show well defined DC plateau characteristic 

for polaronic glasses without evidence of effects of blocking electrodes. Similar conductivity 

spectra are observed for Li-Mo as well as for Na-W and Na-Mo glasses. 

Figure 4(a-d) shows a compositional dependence of DC conductivity at various temperatures for 

all four series of glasses. As is seen from Figure 4(a-d), the conductivity behavior of Li-W and Na-

W glasses is different than that of Li-Mo and Na-Mo glasses. Also, conductivity value of Li-0TMO 

glasses measured at 303 K is slightly lower, 1.95x10-13 (Ω cm)-1, then the value of 7.94x10-13 (Ω 

cm)-1 for Na-0TMO, Table 3. It is possible that the mobility of Li+ ions is hindered in 

predominantly metaphosphate structure since the Li+ ions might be more tightly bound to the 

discrete non-bridging oxygens in anionic metaphosphate units in comparison to Na+ ions.25,27 

Addition of WO3 either to sodium or lithium zinc phosphate glasses induces variations in DC 

conductivity, Figure 4(a-b). The conductivity of Li-W glasses passes through a sharp minimum at 

approximately 20-30 mol% of WO3, followed by an increase in conductivity for several orders of 

magnitude with increasing WO3 content. The indication of a slight minimum at about 30-40 mol% 

of WO3 was observed for Na-W glasses. The presence of Na2O produces a more gentle decrease in 

conductivity at 30 mol% of WO3 and then exhibits a sharp increase reaching the highest value in 

conductivity for binary 40P-60W glass. This behavior suggests a changeover from predominantly 

ionic to predominantly polaronic conductivity. 
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Figure 4(a-b) also shows that the minimum of DC conductivity for Li-W and Na-W glasses is 

influenced by temperature, and in particular it is observed that with increasing temperature the 

minimum becomes steeper at higher temperatures. This effect can be probably related to the relative 

mobility and number density of charge carriers: Li+, Na+ ions and polarons, at higher temperatures. 

Substantially different behavior of DC conductivity was obtained for Li-Mo and Na-Mo glasses 

as can be seen in Figure 4(c-d). In the entire compositional range in Li-Mo and Na-Mo glasses the 

DC conductivity is almost constant except for binary 40P-60Mo glass which does not contain any 

Li2O or Na2O. 

The changes in the dominant transport mechanism in the tungsten glass systems are clearly 

visible in the shape of the complex impedance plots, Figure 5(a-c). The complex impedance plot of 

glasses with predominantly ionic conductivity, such as Na-10W glass, exhibit a single impedance 

semicircle with characteristic low-frequency spur related to the electrode polarization, Figure 5(a). 

On the other hand, glasses which exhibit significant contribution of polaronic conduction along 

with the ionic one show two semicircles in the impedance plot, Figure 5(b). Such a behaviour is 

found to be typical for mixed conduction in various materials where selectively blocking electrodes 

(e.g. blocking for one carrier and non-blocking for the other one) are used.28-33 In our study we 

applied gold electrodes for electrical measurements which are blocking for ions and non-blocking 

for polarons. Therefore, the high frequency semicircle observed for Na-50W glass is associated 

with the dielectric relaxation of the bulk, whereas the additional semicircle at lower frequencies 

refers to a chemical relaxation due to unblocked polaronic diffusion.32,33 Similarly the two 

impedance plots were obtained for Li-W glasses confirming similar behaviour.  

It was shown that the shape of the low frequency impedance semicircle varies from the typical 

Warburg-type response (which gives a 45° line in the complex plane representation) to perfect 

semicircle depending on the ratios of concentration of ionic and electronic charge carrier and their 
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mobilities as well as electrode properties such selectivity and roughness.32,33 For Na-W and Li-W 

glasses which contained ≥40 mol% and ≥30 mol% WO3, respectively, and thus exhibit significant 

polaronic contribution, the low frequency semicircle is depressed without a clear indication of 

Warburg-type diffusion. This result suggests relatively low polaron concentrations in comparison to 

ionic one, however yet large enough to increase the total conductivity of the glass. 

It should be noted that the low-frequency semicircle can be easily mistaken for contact effects 

related to the roughness of the sample surface. However, in our case these effects have been 

completely eliminated because repeated polishing of the sample had no effect on the complex 

impedance plots of these glasses. As a matter of fact, the presence of two semicircles has its origin 

in the coexistence of two transport mechanisms, namely ionic and polaronic. 

Furthermore, binary 40P-60W and 40P-60Mo glasses exhibit single impedance semicircle 

without any signature of electrode polarisation which is typical for purely polaronic conductors, 

Figure 5(c).28,32,33 

An important factor which should be considered in this analysis is the fraction of tungsten and 

molybdenum ions in different valence states, W5+/Wtot and Mo5+/Motot, Figure 6, Tables 1 and 2. 

For Li-W and Na-W glasses the W5+/Wtot increases, although in the range between 20 and 30 mol% 

of WO3 almost constant values were observed while for Li-Mo and Na-Mo the fraction values of 

Mo5+/Motot linearly increases except for Li-50Mo glass. It should be mentioned that the values of 

W5+/Wtot fraction for Li-W and Na-W glasses are significantly lower than that for Mo5+/Motot in Li-

Mo and Na-Mo glasses, Tables 1 and 2. This difference can be associated to the different redox 

potential of Mo and W, i.e. stronger reduction tendency of molybdenum causes higher proportion of 

reduced Mo5+ species in the present glasses.15 
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Going further in the interpretation of conductivity, the activation energy of DC conductivity, EDC, 

for each sample in four series of glasses was determined from the slope of log ���� vs. 1/T using 

the equation: 

���� = ��
∗exp�−%�� k'�⁄ �    (2) 

where σDC is the DC conductivity, σ0
* is the pre-exponential factor, kB is the Boltzmann constant 

and T is temperature. The Arrhenius plots of the DC conductivity, σDC, from which activation 

energies for Li-W and Li-Mo glasses were calculated, are shown in Figure 7. The corresponding 

activation energy values for all glasses investigated are listed in Table 3.  

Figure 8(a-b) shows the compositional dependence of activation energies, EDC, and pre-

exponential factor, σ0
*, for all glasses present in this study. As can be seen, the behavior of 

activation energies, EDC, for Li-W and Na-W glasses exhibits a steep decrease above 20 mol% of 

WO3 for Li-W and 30 mol% of WO3 for Na-W glasses whereas activation energies for  

Li-Mo and Na-Mo glasses just slightly change with addition of MoO3 content. It was expected that 

a decrease in DC conductivity is related to the increase in activation energy and vice versa. Figure 8 

contrasts these predictions showing constant values for activation energy up to 20 mol% of WO3 

and up to 30 mol% of WO3 in Li-W and Na-W glasses, respectively. This result suggests that in 

compositional range up to 20 mol% and 30 mol% of WO3 for Li-W and Na-W glasses, respectively, 

the structure is almost same implying that the height of energy barriers is nearly the same. It should 

be mentioned that the pre-exponential factor, σ0
*, decreases in the region at 20 mol% and 30 mol% 

of WO3 for Li-W and Na-W series of glasses. 

4. Discussion 

The evolution of Raman spectra exhibits the transformation of phosphate network which includes 

shortening of metaphosphate and pyrophosphate chains and incorporation of WOn and MoOn 
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polyhedra into phosphate structure, Figure 2(a-b) and Table S1. For glasses containing up to 20 

mol% of WO3 the structure consists of PO4 units in metaphosphate chains interlinked to WOn units 

in the glass network. Such a behavior is evidenced by the Raman bands at 1165 and 705 cm-1 

confirming the presence of metaphosphate units in glass containing 20 mol% of WO3, Figure 2(a). 

Also, the Raman spectra show the cross-linkage between phosphate chains and tungsten units via P-

O-W connectivity. As previously reported, Raman spectra for glasses with higher WO3 content 

exhibit bands at 854 and 760 cm-1, for Li-50W glass, which are attributed to the asymmetric and 

symmetric stretching of W-O-W bonds interlinked in WO6 octahedra indicating formation of three-

dimensional clusters. Similar findings are reported by de Araujo et al. for NaPO3-WO3 glasses.16 

They have shown that by the addition of WO3 two structural transformations can be separated. 

Initially, the addition of WO3 to NaPO3 forms P-O-W bonds which crosslinks phosphate chains in 

one-dimensional structure and transforms it into the thee-dimensional network of interconnected 

PO4 and WO6 polyhedra.16 On the other hand, in highly WO3-concentrated glasses structural studies 

indicated the formation of WO6 clusters as a result of the presence of W-O-W bonds.18,19 Since 

these glasses show specific photochromic and electrochromic properties it was also suggested that 

such highly polarizable clusters are responsible for non-linear and photochromic properties.34 In this 

connection it could be concluded that at high content of WO3 in Li-W and Na-W glasses, the WO6 

octahedra form clusters involved in W-O-W bonding. Therefore, the observed slight step in Tg for 

glasses containing ≥ 40 mol% of WO3 (Figure 1.) is probably directly correlated with the formation 

of such clusters. 

Slightly different behavior was found in lithium molybdate-phosphate glasses. In accordance with 

the previously published papers17,21 bands at 956 cm-1 and 912 cm-1 that appeared in Raman spectra 

with the initial addition of MoO3 are related to the terminal Mo-O bonds with either 

four-, five- or six-coordinated Mo atoms. Such a behavior indicates an interconnection between the 
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phosphorus and molybdenum by forming Mo-O-P bonds in this compositional region. Moreover, 

the intense band at 874 cm-1 detected for glass with higher MoO3 can be ascribed to the symmetric 

mode of tetrahedral MoO4 units present in the glass structure. The band at 874 cm-1 is close to the 

band at 870 cm-1 observed in the Raman spectrum of polycrystalline PbMoO4.
21 Thus comparing 

these two values, the presence of MoO4 tetrahedra in Li-Mo glass structures with higher MoO3 

content (40, 50 and 60 mol%) is assumed. Also, shoulder which usually appears at lower 

wavenumber values at 840-850 cm-1 and corresponds to the Mo-O-Mo bond in the glass network 

was not evidenced in the Raman spectra of glasses containing high MoO3. Small band observed at 

380-399 cm-1, according to Šubčik et al.26 present in the Raman spectra of molybdate-phosphate 

glasses, is attributed to the Mo-O-P bonds. Since this band slightly increases in intensity and is 

present in entire compositional range it seems that formed Mo-O-P connectivity stabilizes glass 

structure which is observed in the increase of Tg in entire compositional region, Figure 1. On the 

basis of all these observations it should be concluded that with relatively high MoO3 content and 

constant P2O5 at 40 mol%, the dominant molybdenum coordination is four suggesting that there is 

no clustering of molybdate units via Mo-O-Mo bonds. However, it should be noted that along with 

MoO4 units the octahedrally coordinated molybdenum, MoO6, are also present in these glass 

structures as can be seen in Raman spectra, Figure 2. Similar findings are reported for PbO-MoO3-

P2O5 glasses where at high phosphate and high molybdenum content tetrahedrally coordinated 

molybdenum are formed.21 Therefore, depending on composition, especially on phosphate content, 

the glass network of Li-Mo glasses consists of both MoO4 tetrahedra and MoO6 octahedra. This is 

consistent with the solid state 95Mo NMR data obtained for NaPO3-MoO3 glasses showing two 

main broad resonances which are assigned to MoO6 and MoO4 units.17 Moreover, this study reports 

that with increasing MoO3 content a significant amount of lower-coordinated Mo is present.  
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Further, in Raman spectra bands at 839 and 781 cm-1 that correspond to the Mo-O-Mo bonds are 

observed in binary 40P-60Mo glass. This indicates that with high MoO3 content these bonds appear 

in the glass network but does not imply clustering of MoO6 octahedra. 

In view of the above mentioned modifications of glass structure, the variation in conductivity can 

be interpreted. Behavior of the DC conductivity in Li-W and Na-W glasses is different in 

comparison to Li-Mo and Na-Mo glasses. 

The pronounced decrease in DC conductivity up to 20 mol% of WO3 in Li-W glasses is probably 

due to both a decrease of Li2O content from 30 to 20 mol% and tight linkage of Li+ ions to the 

terminal non-bridging oxygens in more depolymerized phosphate units, which reduces its mobility. 

On the other hand, Na+ ions having lower electronegativity (0.9) if compared to Li+ ions (1.0) and 

bigger size cause weaker bonding to the phosphate network. In this case, the addition of WO3 in the 

compositional range up to 30 mol% of WO3 shows almost constant conductivity. There are two 

possible reasons for such a behavior. One is related to the increase of the mobility of Na+ ions 

because of the depolymerization of phosphate chains which facilitates ionic transport and the other 

is an addition of WO3 which increases a polaronic contribution that has a compensating effect on 

the decrease in the concentration of mobile ions. In other ways, the interaction between ions and 

polarons in compositional region of 30-40 mol% of WO3 content in Na-W glasses produces a 

minimum. Further addition of WO3 content sharply increases DC conductivity at 303 K by almost 

six orders of magnitude for both Na-W and Li-W glasses. Such a behavior is directly related to the 

structural modifications observed with increasing WO3 content as a result of the formation of 

clusters of WO6 octahedra in Li-W and Na-W glass network. 

At high WO3 content clusters formed of WO6 octahedra involved in W-O-W bonds facilitate the 

mobility of polarons. Therefore, enhanced transport through W5+-O-W6+-O-W5+ bonds in clusters 

suggest easier pathways for electrons resulting in a rapid increase of DC conductivity. 
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In addition, the two semicircles observed in the impedance plots of Li-40W and Na-40W glasses 

confirm the coexistence of two transport mechanisms: at higher frequencies mixed ionic-polaronic 

conduction in bulk of glass, and polaronic conduction at lower frequencies, Figure 5. However, it is 

fascinating that two semicircles were obtained just for tungsten glasses at higher WO3 content 

suggesting a significantly high polaronic contribution to the total conductivity. 

As mentioned earlier, essentially different behavior of DC conductivity was found in Li-Mo and 

Na-Mo series of glasses, Figure 4(c-d). In compositional region from 0 to 50 mol% of MoO3, DC 

conductivity is almost constant. However, there is a slight change in the conductivity of Li-Mo 

glasses observed at 303 K. Structural transformations by the addition of MoO3 to the lithium zinc 

phosphate glass might contribute to the conductivity in two different ways, in the region of lower 

MoO3 content up to 20 mol% and higher, above 30 mol%. The addition of 10 and 20 mol% of 

MoO3 increases DC conductivity slightly. This can be explained by the changes in the glass 

structure as the results of faster depolymerization of Q2 and Q1 phosphate units as Li2O is replaced 

by MoO3 in this phosphate network. Thus, it can be assumed that the MoOn polyhedra inserted into 

phosphate chains favor the release of Li+ ions linked to non-bringing oxygens in depolymerized 

phosphate network. When sufficient Li+ ions are present at low MoO3 content, the mobility of free 

cations is probably greater than the motion of polarons which leads to discrete increase in dominant 

ionic conductivity. This result implies a different behavior of DC conductivity with addition of 

MoO3 when compared to the WO3 in the same compositional region. 

With further increase of MoO3 and decrease of Li2O content reduction of ionic conductivity is 

expected. At the same time, the polaronic contribution to the total conductivity is expected to 

increase. However, since no systematic increase is observed in the compositional range between 30 

to 40 mol% of MoO3 content, it is possible that the pathways for polaron transport is discontinuous. 

Since the electron transfer process is related to the Mo5+-O-Mo6+ bonds, it seems likely that the 
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weaker connection of molybdenum units diminishes the electron mobility. Hence, a realistic view to 

take is that both ionic and electronic conduction occur simultaneously. However, their pathways are 

probably independent of each other. 

Further, moving to the structural modifications of Li-Mo and Na-Mo glasses it is evidenced that 

there is no formation of clusters of MoO6 octahedra interconnected by Mo-O-Mo bonds at high 

MoO3 content, Figure 2. Thus, the addition of MoO3 in entire compositional range produces P-O-

Mo linkages by incorporation of MoO3 into phosphate structure forming a three-dimensional glass 

network. Such a stable glass structure allows transport of ions and polarons through the ionic and 

polaronic pathways independently. 

In order to gain a complete picture of the difference in the structural modifications between WO3 

and MoO3 glasses few important findings should be considered. First, the incorporation of MoOn 

polyhedra into phosphate chains is much faster than that of WOn polyhedra in analogous glass 

systems. According to Raman spectra, Figure 2, initial addition of MoO3 to phosphate network 

produces Mo-O-P connectivity with molybdenum in octahedral coordination. Second, with further 

addition of MoO3 the tetrahedral units are clearly detected in Raman spectra as band at 889 cm-1 

appeared. This band increases in intensity as MoO3 content increases while band at 839 cm-1 related 

to the Mo-O-Mo bonding appears just in purely polaronic glass containing 60 mol% of MoO3, 

Figure2. In the latter glass along with MoO4 units, the Mo-O-Mo bonds are also evidenced. 

Therefore, this leads to the conclusion that Li-Mo and Na-Mo glasses are free of Mo-O-Mo bonds 

up to 50 mol% of MoO3 which supports an assumption of no clusters formation in these glasses.  

At the same time, Raman spectra clearly indicate completely different evolution of WO3 glass 

structures. The appearance of bands that corresponds to W-O-W bond at about  

855  and 761 cm-1 for WO3 glasses in compositional range from 20 to 60 mol% of WO3 suggests 

both that no WO4 tetrahedra are formed and that WO6 units are dominant in entire compositional 
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region. Thus, at higher WO3 content, the closely linked WO6 units easily form clusters through W-

O-W bonds. Finally, the incorporation of WO3 and MoO3 into zinc phosphate based glasses 

produces different glass network by forming or not clusters which are directly correlated with 

different behavior of DC conductivity. In particular, W-O-W bond formation due to progressive 

clustering of WO6 in Li-W and Na-W glasses acts as a crucial factor in significant enhancement of 

DC conductivity. 

Considering another factor such is a fraction of molybdenum in Mo5+ and tungsten in W5+ 

valence state it should be mentioned that the W5+/Wtot ratio increases showing a plateau at about 20-

30 mol% of WO3 whereas Mo5+/Motot ratio increases linearly for Na-Mo glasses. Ratio Mo5+/Motot 

for Li-Mo glasses also increases having slightly higher values than that of Na-Mo glasses while an 

exception appeared for Li-50Mo showing an unexpected decrease. As illustrated in Tables 1 and 2, 

Mo5+/Motot ratio reaches the highest value for 40P-60Mo glass suggesting that such a high content 

of molybdenum in Mo5+ valence state makes a significant contribution to the enhancement in DC 

conductivity. According to Poirier et al. findings15 the reduction in melt only occurs when W or Mo 

are in octahedral coordination indicating that WO6 and MoO6 octahedra exist in both tungsten and 

molybdenum glasses.  

However, one of the most intriguing results of this study is exceptionally high electrical 

conductivity of the binary 40P-60W glass in comparison to binary 40P-60Mo, Figure 4. Both 

glasses are purely polaronic conductors with the same molar percent of transition metal oxide. 

Hence it is expected that their conductivities are mainly dependent on the fractions of transition 

metal ions in different valence states, i.e. W5+/Wtot and Mo5+/Motot, Table 1 and 2. However, 

40-60W glass has drastically lower fraction of transitional metals in reduced form (W5+/Wtot=1.45 

%) than 40P-60Mo glass (Mo5+/Motot=37.04 %) and despite this it exhibits approximately six orders 

of magnitude higher polaronic conductivity. This surprising result is most probably related to the 
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structural characteristic of tungstate glasses, in particular clustering identified by Raman 

spectroscopy, Figure 2. It seems likely that the formation of tungstate clusters in this glass forms 

continuous -W5+-O-W6+-O-W5+- bridges which consequently strongly increase the probability of 

polaron transfer resulting in a very high conductivity. In this context, it is clear that the structure has 

the most important role for polaronic transport in these glasses and not the parameter such as 

fraction of W5+ ions.10 

According to Arrhenius equation (2), the electrical conductivity has an exponential dependence 

on activation energy. Thus, it was expected that the decrease of DC conductivity in Li-W glasses 

containing up to 20 mol% of WO3, is due to an increase in activation energy, EDC. However, Figure 

8(a) shows that the activation energy for Li-W and Na-W glasses in compositional range up to 20 

mol% and 30 mol% of WO3, respectively, has remained constant. 

This behavior viewed on structurally local level could be that the mobility of Li+ ions is reduced 

by both a reduction of Li2O content and reduction of movement through the pathways with higher 

energy barriers. This is consistent with the high values of activation energy of 105.7-104.4 kJ mol-1 

for Li-0TMO and Li-20W glasses, respectively. On the other hand, much lower activation energy of 

88.4 and 84.2 kJ mol-1 was obtained for Na-0TMO and Na-30W glasses implying an easier 

transport of Na+ ions along conduction pathways. This implies that the Li+ ions have lower mobility 

in these glasses due to strong interactions with the structural units in the glass network. Also, with 

increasing temperature, the trend is reversed which indicates that the temperature increases the 

mobility of Li+ ions much faster than Na+ ones. 

Furthermore, for Li-Mo and Na-Mo glasses the activation energy, EDC, and pre-exponential 

factor, σ0
*, show the same trend which is in correlation with changes in DC conductivity. This 

corroborates our previous conclusions that the modifications of the structure that occurs by the 
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additions of WO3 and MoO3 are different for Li-W and Na-W glasses in comparison to Li-Mo and 

Na-Mo glasses. 

5. Conclusion 

The effect of compositional changes observed by the addition of WO3 and MoO3 in four glass 

series with the compositions: xWO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5, xWO3-(30-0.5x)Na2O-

(30-0.5x)ZnO-40P2O5, xMoO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5, and xMoO3-(30-0.5x)Na2O-

(30-0.5x)ZnO-40P2O5, (x=0-60 mol%) on the electrical transport has been investigated. The main 

findings in this study are that the observed changes in DC conductivity for these mixed ionic-

polaronic glasses strongly depend on the structural modifications occurred with the addition of WO3 

and MoO3 content. The results reveal a different behavior of DC conductivity for either lithium or 

sodium glasses containing WO3 compared to the glasses with MoO3. The observed transition from 

ionic to polaronic conductivity exhibits a minimum at 20 and 30 mol% of WO3 content in DC 

conductivity for Li-W and Na-W glasses probably due to varied nature of charge transfer. As can be 

seen in Raman spectra the initial addition of WO3 clearly shows the cross-linkage between 

phosphate chains and tungsten units via P-O-W connectivity supporting dominant ionic mobility of 

lithium and sodium ions. However, as the number of density of polarons increases and that of ions 

decreases, the conduction pathways are possibly obstructed for either the charge carriers causing an 

observed minimum in compositional region at 20-30 mol% of WO3 content for Li-W and 30-40 

mol% of WO3 content for Na-W glasses was observed. Further addition of WO3 content sharply 

increases DC conductivity for almost six orders of magnitude for both Na-W and Li-W series of 

glasses. Thus, at high WO3 content the clusters formed of WO6 octahedra via W-O-W bonds 

facilitates the mobility of polarons. Therefore, enhanced transport through W5+-O-W6+-O-W5+ 

bonds in clusters suggests easier pathways for electrons resulting in a significant increase of 

conductivity. On the other hand, for glasses containing high MoO3 content the structure is not 
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characterized by the formation of clusters involved in Mo-O-Mo linkages. The addition of MoO3 

content in entire compositional range produces the P-O-Mo bonds by inserting the MoOn polyhedra 

into phosphate network forming a three-dimensional glass network. Such a glass structure allows 

movement of ions and polarons through the ionic and polaronic pathways independently. 

Also, one of the interesting observations of this investigation is an exceptionally high DC 

conductivity of binary 40P-60W glass in comparison to the binary 40P-60Mo glass despite lower 

fraction of W5+/Wtot. This extraordinary result is most probably related to the formation of tungsten 

clusters which forms continuous W5+-O-W6+-O-W5+-O-W6+ bridges increasing consequently the 

probability of polaron transfer and resulting in high conductivity. Finally, the most important factor 

of polaronic transport in these glasses is the glass structure and not the parameters such as fraction 

of W5+ and Mo5+ions. 
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Table captions 

Table 1. Composition and experimental data for xMO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5 

(M = W, Mo) series of glasses. 

Table 2. Composition and experimental data for xMO3-(30-0.5x)Na2O-(30-0.5x)ZnO-40P2O5 

(M = W, Mo) series of glasses. 

Table 3. DC conductivity, σDC, activation energy, EDC, and pre-exponential factor, σ0
*, for all 

investigated series of glasses. 
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Figure captions 

Fig. 1. Compositional dependence of the glass transition temperature, Tg, and density, ρ, for all 

investigated series of glasses (a) Na-W; (b) Na-Mo; (c) Li-W and (d) Li-Mo. 

Fig. 2. Raman spectra of xMO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5 (M = W, Mo) series of 

glasses. 

Fig. 3. Conductivity spectra at different temperatures for (a) Li-10W glass and (b) Li-50W glass. 

Fig. 4. DC conductivity trends of all investigated series of glasses (a) Li-W; (b) Na-W;  

(c) Li-Mo and (d) Na-Mo. 

Fig. 5. Complex impedance plots for selected Na-W glasses (a) Na-10W, typical ionic plot; (b) 

Na-40W and (c) 40P-60W glass, typical polaronic plot. 

Fig. 6. Compositional dependence of W5+/Wtot for both tungsten series of glasses (Li-W and Na-

W). Inset: Compositional dependence of Mo5+/Motot for both molybdenum series of 

glasses (Li-Mo and Na-Mo). 

Fig. 7. Arrhenius plots of temperature dependence of DC conductivity for (a) Li-W and 

(b) Li-Mo series of glasses. 

Fig. 8. Compositional dependence of pre-exponential factor, σ0*, and activation energy, EDC, for 

(a) Li-W and Na-W series and (b) Li-Mo and Na-Mo series of glasses. 
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Tables 

 

Table 1. Composition and experimental data for xMO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5 (M = 

W, Mo) series of glasses. 

 WO3 Li2O ZnO P2O5 
Tg 
(K) 

ρ 
(g cm-3) 

W5+/Wtot 

(%) 
Li-0TMO 0 30 30 40 579 2.91 0 

Li-10W 10 25 25 40 609 3.04 0.48 
Li-20W 20 20 20 40 614 3.20 0.66 
Li-30W 30 15 15 40 642 3.37 0.79 
Li-40W 40 10 10 40 716 3.69 1.39 
Li-50W 50 5 5 40 741 3.94 1.26 

40P-60W 60 0 0 40 793 4.41 1.45 

 MoO3 Li2O ZnO P2O5   
Mo5+/Motot 

(%) 
Li-10Mo 10 25 25 40 607 2.99 4.79 
Li-20Mo 20 20 20 40 637 3.10 8.13 
Li-30Mo 30 15 15 40 658 3.13 13.6 
Li-40Mo 40 10 10 40 681 3.16 18.3 
Li-50Mo 50 5 5 40 701 3.20 10.93 

40P-60Mo 60 0 0 40 751 3.15 37.04 
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Table 2. Composition and experimental data for xMO3-(30-0.5x)Na2O-(30-0.5x)ZnO-40P2O5 (M = 

W, Mo) series of glasses. 

 

 

 

 

  

Glass WO3 Na2O ZnO P2O5 
Tg 
(K) 

ρ 
(g cm-3) 

W5+/Wtot 

(%) 
Na-0TMO 0 30 30 40 576 2.93 0 

Na-10W 10 25 25 40 615 3.26 0.47 
Na-20W 20 20 20 40 651 3.54 0.55 
Na-30W 30 15 15 40 689 3.79 0.54 
Na-40W 40 10 10 40 749 4.04 0.86 
Na-50W 50 5 5 40 774 4.24 1.20 

40P-60W 60 0 0 40 793 4.41 1.45 

 MoO3 Na2O ZnO P2O5   
Mo5+/Motot 

(%) 
Na-10Mo 10 25 25 40 611 3.01 2.31 
Na-20Mo 20 20 20 40 645 3.06 4.51 
Na-30Mo 30 15 15 40 671 3.08 5.88 
Na-40Mo 40 10 10 40 712 3.10 7.93 
Na-50Mo 50 5 5 40 731 3.13 9.12 

40P-60Mo 60 0 0 40 751 3.15 37.04 
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Table 3. DC conductivity, σDC, activation energy, EDC, and pre-exponential factor, σ0
*, for all investigated 

glasses. 

 

Glass 
σDC / (Ω cm)-1  

± 0.5%* 
EDC  / kJ mol-1 

± 0.5% 
σ0

* / (Ω cm)-1 K 
± 0.5% 

WO3-Li2O-ZnO-P2O5 
Li-0TMO 1.94×10-13 105.7 7.88 
Li-10W 6.73×10-14 103.8 7.07 
Li-20W 9.34×10-15 104.4 6.19 
Li-30W 1.99×10-13 72.1 2.08 
Li-40W 1.30×10-10 56.2 2.20 
Li-50W 1.01×10-8 47.0 2.51 

40P-60W 4.26×10-6 35.5 3.18 
WO3-Na2O-ZnO-P2O5 

Na-0TMO 7.87×10-13 88.4 5.58 
Na-10W 1.44×10-12 84.8 5.24 
Na-20W 1.52×10-12 83.4 5.03 
Na-30W 5.84×10-13 84.2 4.76 
Na-40W 1.79×10-11 60.0 2.08 
Na-50W 1.29×10-8 46.8 2.60 

MoO3-Li2O-ZnO-P2O5 
Li-10Mo 6.92×10-13 95.6 6.77 
Li-20Mo 1.58×10-12 90.8 6.26 
Li-30Mo 1.27×10-12 88.2 5.75 
Li-40Mo 9.70×10-13 85.4 5.17 
Li-50Mo 1.75×10-13 88.7 4.99 

40P-60Mo 2.75×10-11 54.4 1.21 
MoO3-Na2O-ZnO-P2O5 

Na-10Mo 1.42×10-12 85.2 5.27 
Na-20Mo 1.61×10-12 83.0 4.97 
Na-30Mo 1.19×10-12 82.1 4.76 
Na-40Mo 5.61×10-13 83.1 4.55 
Na-50Mo 2.37×10-13 79.6 3.45 

*values at 303 K  
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Figure 1. Compositional dependence of the glass transition temperature, Tg, and density, ρ, for all 
investigated series of glasses (a) Na-W; (b) Na-Mo; (c) Li-W and (d) Li-Mo.  
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Figure 2. Raman spectra of xMO3-(30-0.5x)Li2O-(30-0.5x)ZnO-40P2O5 (M = W, Mo) series of glasses.  
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Figure 3. Conductivity spectra at different temperatures for (a) Li-10W glass and (b) Li-50W glass.  
 

43x21mm (300 x 300 DPI)  

 

 

Page 35 of 44

Journal of the American Ceramic Society

Journal of the American Ceramic Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

  

 

 

Figure 4. DC conductivity trends of all investigated series of glasses (a) Li-W; (b) Na-W; (c) Li-Mo and (d) 
Na-Mo.  
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Figure 5. Complex impedance plots for selected Na-W glasses (a) Na-10W, typical ionic plot; (b) Na-40W 
and (c) 40P-60W glass, typical polaronic plot.  
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Figure 6. Compositional dependence of W5+/Wtot for both tungsten series of glasses (Li-W and Na-W). Inset: 
Compositional dependence of Mo5+/Motot for both molybdenum series of glasses (Li-Mo and Na-Mo).  
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Figure 7. Arrhenius plots of temperature dependence of DC conductivity for (a) Li-W and (b) Li-Mo series of 
glasses.  
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Figure 8. Compositional dependence of pre-exponential factor, σ0
*, and activation energy, EDC, for (a) Li-W 

and Na-W series and (b) Li-Mo and Na-Mo series of glasses.  
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Figure S1. Raman spectra of xMO3-(30-0.5x)Na2O-(30-0.5x)ZnO-40P2O5  (M = W, Mo) series 

of glasses. 
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Figure S2. Examples of Raman spectra deconvolution of (a) Li-40W and (b) Li-40Mo. 
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S4

Table S1. Raman bands and their assignment. 

 

Wavenumber / cm
-1 

 

Band References 

200-350 δ (O-W-O), δ (P-O) 20,22,23 

385-390 νs (W-O-P) 16,20 

390-400 νs (Mo-O-P) 17,21,26 

450-650 δ (P-O) 22,23 

700-715 νs (P-O-P) Q
2
 22,23 

740-775 νs (P-O-P) Q
1
 22,23 

760-780 νs (W-O-W), νs (Mo-O-Mo) 16,17,20,21,26 

835-885 νas (W-O-W), νas (Mo-O-Mo) 16,17,20,21,26 

870-890 νs (Mo-O
-
)tet 17,21,26 

910-970 νs (W-O
-
)oct 16,20 

910-920 νs (Mo-O
-
)oct 17,21,26 

950-990 νs (Mo=O), 17 

970-1000 νs (W=O) 16,20 

1000-1010 νs (P-O) Q
0
 22,23 

1040-1050 νs (P-O)term Q
1
 22,23 

1080-1125 νs (P-O) Q
1
 22,23 

1160-1175 νs (P-O) Q
2
 22,23 

1200-1260 νas (P-O) Q
2 22,23 

1280-1330 νs (P=O) 22,23 
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