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Abstract 
Melt quenching was used to prepare glasses of the  20Na2O–(40–x)  Na2MoO4–xTiO2–40P2O5 system (0≤x≤10 mol.%). Xray 
diffraction and thermal analysis by differential scanning calorimetry (DSC) were utilized to check for possible crystalline 
residues and the glassy state. Structural characterizations of these prepared glasses were realized by density, molar volume, 
and glass transition temperature  (Tg). The data collected from the parameters of density and  Tg showed that their values 
depend on the glassy composition. Raman and infrared (IR) spectroscopies were used to investigate structural characteriza-
tion. The compositions contain more water-resistant  PO3

2-(Q1) and  PO4
3-(Q0) units, according to glass durability testing. 

Using optical measurements, some parameters, such as optical band gap (Eg) and Urbach energy (ΔE), have been evaluated. 
These parameters were developed in the opposite sense, where Eg decreased from 2.35 to 1.85 eV and ΔE increased from 
0.42 to 0.52 eV. This variation is associated with the production of non-bridging oxygens depending on the insertion of 
 TiO2 into glasses. Also, other parameters are determined by the UV-Visible absorption, and optical basicity (Ath), electronic 
polarisability (αO2-), and electronegativity (Δχ*) are decreased, respectively, from 0.9244 to 0.8877 eV, from 1.9976 to 
1.9670 eV, and from 0.8064 to 0.7634 eV with an increase of  TiO2 mol.%.
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Introduction

The development of renewable energy sources such as 
wind, solar, and nuclear energy sources has had great 
advancement thanks to the continuation of research in this 
field. The imperative on this subject is associated with 
the limited availability of fossil fuel resources.1 However, 
because the sources are variable, the disposal of these 
renewable sources cannot guarantee a consistent power 
supply. For this reason, researchers are focusing their 
efforts on energy storage to manage the intermittent nature 
of energy sources. Discovering rechargeable batteries that 
can store chemical energy and switch it into electrical 
energy with high efficiency has become an urgent neces-
sity.2 Like a typical rechargeable electrochemical battery, 
lithium-ion batteries depend on their high output voltages, 
high energy densities, and long cycle lives. Therefore, they 
have been widely used on the market for portable elec-
tronic devices, electric vehicles, etc. However, the high 
cost and the shortage of lithium resources are discouraging 
the application of Li-ion batteries in large-scale energy 
storage.3–6 But Na-ion batteries are one promising alter-
native to the second-generation batteries to replace the 
commercial Li-ion batteries, because of their low price, 
abundant sodium resources, and high-level safety.7–10

In comparison with the Li atom, the Na atom is heavier 
and larger. However, the gravimetry and energy density of 
the Na-ion batteries does not exceed those of the Li-ion 
batteries.11 Nevertheless, energy density is not a critical 
issue in the field of large-scale grid support. On the con-
trary, it considers operating costs and battery durability as 
important aspects.12,13 In the context of this subject, many 
scientists have been interested in finding good materials 
made of crystal, glass, and/or glass-ceramic, despite their 
different components.14–16 These prepared materials may 
be used as anodes, cathodes, or electrolytes.17

In focusing on glassy materials, many publications 
reported that the phosphate glasses functioned like cath-
odes or electrolytes.15,18 Some perspectives in the area of 
the phosphate materials applied to Na-ion batteries are 
also deeply discussed.19 Phosphate materials are ambitious 
in applying them as electrodes for energy storage.20 Fur-
thermore, phosphate glasses generally have poor durability 
in aqueous solutions.21–24 But the addition of some transi-
tion elements (Mo, Ti, Fe) to phosphate glasses enhances 
their chemical durability, according to the desired applica-
tion. Raman and 31P magic angle spinning–nuclear mag-
netic resonance (31P–MAS–NMR) data from molybdenum 
phosphate glasses showed that molybdenum ions occupy 
the modifying sites. In the glass framework, the metaphos-
phate chains are converted into pyrophosphate  (PO3

2−) and 
orthophosphate  (PO4

3−) chains.25,26 In calcium phosphate 

glasses, the  MoO3 content plays a role as the network mod-
ifier or network co-former, according to its concentration. 
When  MoO3 mol.% is less than 1 mol.%, the metaphos-
phate chains  (Q2) are dominant. If  MoO3 mol.% is between 
5 and 10 mol.%,  Q2 units are reduced into  Q1 units, and 
if  MoO3 content is higher than 20 mol.%, the Mo atoms 
create their own  MoO6 units.27 Most studies of molyb-
dophosphate glasses are interested in the resist-solution of 
these glassy materials. The  Al2O3–(or  Fe2O3)–MoO3–P2O5 
systems are used to make iron or aluminum molybdophos-
phate  glasses28 where physicochemical properties such as 
glass transition temperature  (Tg), viscosity, and solubil-
ity in water have been measured. In addition, the optical 
and electron spin resonance (ESR) data of molybdenum 
borophosphate glasses confirmed that molybdenum ions 
coexist in two states:  Mo5+ and  Mo6+. In addition, electron 
hopping between these molybdenum ions leads to elec-
tronic conduction.29

The incorporation of titanium dioxide  (TiO2) with 
 MoO3 into a glassy phosphate system improves the chemi-
cal properties of the phosphate glasses. Researchers have 
recently expressed interest in the effects of  TiO2 mol.% on 
the chemical durability of glasses in the  20Li2O– (40–x)
Li2MoO4–xTiO2–40P2O5 (0≤x≤10 mol.%) system.30 In this 
work, we report an increase of  TiO2 mol.%, which leads 
to improved chemical durability. In another similar study, 
when  MoO3 was added to phosphate glasses containing iron, 
 Tg and the aqueous dissolution rate were increased.31 To 
the best of our knowledge, titanium in phosphate glasses 
generally exists in two forms:  Ti4+ ions (a colorless to pale 
yellow color) and trivalent  Ti3+ (a purple color). This lat-
ter form exhibits two electronic transitions, as 2B2g→2B1g 
and 2B2g→2 E. However, in previous work, the addition of 
titanium to the tungsten phosphate network did not show 
any optical absorption depending on the electronic tran-
sition of  Ti3+ ions.32 Most studies are interested in phos-
phate glasses containing titanium ions. They are focused 
on structural investigations and the contribution of Ti ions 
to strong chemical durability enhancing properties, in addi-
tion to optical properties.33 Recently, many researchers have 
been interested in enhancing the chemical durability of alkali 
phosphate glasses by adding different metal oxides of the 
highest valence cations. Phosphate glasses that contain 
molybdenum are suitable candidates for potential applica-
tions in integrated micro-batteries and solid cathodes.15

The goal of this present work is to report the prepared 
alkaline phosphate glasses containing two metal oxides (Ti 
and Mo), to investigate their structural characterization and 
chemical durability. The synthesized glasses will be used 
as cathodes in the Na-ion batteries in the study. This paper 
focused on the addition of  TiO2 into sodium molybdenum 
phosphate glasses to obtain stable materials that have mixed 
ionic-electronic conductivity. In addition, the structure of 
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the elaborated glasses was studied by infrared and Raman 
spectroscopies. An ultraviolet-visible (UV-Visible) study 
is suggested to analyze the combination of the two contri-
butions: ionic conduction due to mobile sodium ions and 
electron hopping between  Mo5+ and  Mo6+ and/or between 
 Ti3+ and  Ti4+.

Experimental

Sample Synthesis

A series of  20Na2O–(40–x)Na2MoO4–xTiO2–40P2O5 
glasses with  TiO2 content ranging from 0 to 10 mol.% 
are prepared. Melt quenching was used to create the 
 Na2O–Na2MoO4–TiO2–P2O5 glasses from Aldrich Chemi-
cals' reagent-grade sodium carbonate  (Na2CO3), titanium 
dioxide  (TiO2), sodium molybdate  Na2MoO4, and hydro-
gen ammonium phosphate  (NH4H2PO4). The mixture of 
raw materials, according to their percentages, was calcined 
into an alumina crucible and held at a maximum tempera-
ture of 600°C for 2 h to remove the ammonia  (NH3), water 
 (H2O), and carbon dioxide  (CO2). Afterward, the mixture 
was melted at 900°C under ambient air. Subsequently, the 
melt was poured into a preheated graphite mold. Thus, the 
prepared glasses are characterized by the blue color having 
been cooled to room temperature. The obtained samples are 
placed into a desiccator until testing to protect them from 
moisture.

Glass Characterization

The amorphous state of the prepared glasses was checked 
by x-ray diffraction (XRD) analysis. X–ray diffraction pat-
terns of glass powder showed no peaks associated with the 
crystalline phase between 10° and 90° of the angular range 
(2θ). The density values (ρ) of the studied glasses were 
determined by the Archimedes method. At 22°C, diethyl 
orthophthalate is used as a suspension medium. The esti-
mated density is ± 0.01 g/cm3. Molar volume (Vm) of glass 
is calculated according to the formula Vm = M/ρ, where M 
is molar weight and ρ is the density of the corresponding 
glass. The relationship OPD = ∑xini/Vm is used to calculate 
oxygen packing density (OPD), where xi is the molar frac-
tion of oxide  RmOn and  ni is the number of oxygen atoms in 
the studied oxide.34

Thermal analysis by differential scanning calorimetry 
(DSC) is employed for estimating glass transition tempera-
ture  (Tg) and crystallization temperature  (Tc) parameters. The 
obtained DSC curves correspond to ground glasses weighing 
around 42 mg by using an Evo analyzer (DSC131), with the 
heating rate fixed at 10°C/min. The temperature measure-
ment error is about 2°C. The  Tg values are determined as the 

onset temperature of the glass transition temperature range. 
A Fourier transform infrared (FTIR) TENSOR27 spectrom-
eter was utilized for analysis of the structure of the prepared 
glasses in the 400–1400  cm−1 frequency range at room 
temperature. IR spectra are determined from KBr pellets 
by using glass powder and KBr at a 1% ratio when forming 
compressed pellets. At ambient temperature, Raman analysis 
of the prepared glasses was recorded at the Horiba Jobin 
Yvon Lab Raman HR spectrometer. The Raman spectra were 
determined by backscattering geometry and excitation with 
He–Ne laser radiation (632.8 nm) at a power of 12 mW. 
Additionally, the exposure time was 3 s, the accumulated 
number was 10, and the spectral slit width was 1 mm.

Durability Testing

The chemical durability of the studied glasses was analyzed 
in line with their aqueous dissolution rate in demineralized 
water at about 25°C. The glasses are cut and polished into 
cube forms using SiC paper. Then, each glass was rinsed 
with acetone, dried at 120°C, and measured to calculate 
its exact surface area. Each block was placed into a bottle 
already full of distilled water with a pH of 6.8. The ratio of 
the surface area of polished glasses (S) depends on the vol-
ume of distilled water (V). The ratio was fixed at 0.02 (S/V = 
0.02). All bottles were suspended in a thermostated bath full 
of water and kept at 30°C for 250 h. The aqueous dissolu-
tion rate, DR, is determined from the equation DR = Dx/St, 
where Dx is the mass loss (g), S is the sample surface  (cm2) 
before the aqueous dissolution test, and t is the immersion 
time (h). The obtained pH values of the leaching solutions 
are measured by a pH meter.

Optical Measurements

For optical measurements of the prepared glasses, a UV-
Visible spectrometer (Jasco V-570) was used with a barium 
sulfate  (BaSO4) plate as the standard (100% reflectance) for 
the ground glass. These measurements were used to estab-
lish optical parameters in the 200–1400-nm wavelength 
range at room temperature.

Optical Parameters: Band Gap  (Eg), Urbach Energy 
(ΔE), Optical Electronegativity (Δχ*), Electronic 
Polarizability (αO2‑), and Optical Basicity (Λth)

There are two optical transitions that result in fundamental 
absorption. Davis and Mott describe these transitions with 
Eq. 1 for direct  transitions35:

(1)a(v) = B(hv − E
�
)n
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where B, Eg, and hν are, respectively, band tailing, band gap, 
and the incident photon energy. n is an index and has two 
values, 2 and 1/2, for indirect allowed transitions and direct 
allowed transitions. Using the above two equations and plot-
ting (αhv)1/2 and (αhv)2 as a function of photon energy (hv), 
one can find the optical energy band gap (Eopt) for indirect 
and direct transitions, respectively. This study considered 
amorphous semiconductors, which are differentiated by indi-
rect transitions (n = 2). Therefore, the optical band gap is 
determined from Eq. 1 using n = 2 by extrapolation (αhv)1/2 
as a function of the photon energy (hv).35

Urbach's  law36 is used to investigate UV-visible absorp-
tion data on the lower photon energy side. Equation  2 
denotes the α(v) (absorption coefficient) in the following 
form:

where B is constant and E is the width of the band tails of the 
restricted states in the band gap. Duffy and Reddy et al. have 
established optical electronegativity according to Eq. 337:

where Eg is the optical band gap.
For the oxide glasses, the optical basicity is denoted by 

Eq. 438:

where xi is the molar percentage of oxide i and Ai is the 
basicity of oxide i.

Also, optical basicity depends on the electronic polariza-
bility of the oxygen ion (αo2-). Duffy et al. suggested Eq. 539:

(2)�(�) = B exp(h�∕ΔE)

(3)Δ�∗ = 0.2688 × Eg

(4)Λ
th
=
∑

i

x
i
A
i

(5)Λ
th

= 1.67 (1 − 1∕�
O2−)

Results

X‑ray Diffraction Study

All prepared samples were subjected to x–ray diffraction 
(XRD) in the 10°–90° 2θ range. Figure 1a lists the XRD 
patterns of glassy samples. These x–ray patterns exhibit two 
broad diffusion scatterings observed at lower angles of 2θ 
between 15° and 40°. In addition, the x–ray patterns of all 
glasses were observed without any crystalline plane diffrac-
tion peaks, which confirms that all quenched powders have 
an amorphous characteristic.

Density and Molar Volume

As is well known, the density of glasses is strongly linked 
to the structure, molecular weight, and percentage of each 
oxide constituting the glass. The obtained values for the den-
sity of the glasses measured by the Archimedes method are 
gathered in Table I. These density values decreased from 
3.88 g/cm3 (x = 0) to 3.49 g/cm3 (x = 10), as  TiO2 mol.% 
increased. In addition, the density values were investigated 
to determine the molar volume, as shown in Table I. In con-
trast, during the evolution of density, the values of molar 
volume increased from 40.70  cm3 (x = 0) to 41.62  cm3 (x 
= 10), with the addition of the  TiO2 content. Decreasing in 
density and increasing in molar volume depend on intro-
ducing the  TiO2 mol.% into the prepared glasses, as shown 
clearly in Fig. 1b.

Fig. 1  (a) X-ray patterns of the  Na2O-Na2MoO4-TiO2-P2O5 glasses; (b) composition dependence of the density and the molar volume for glasses.
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Differential Scanning Calorimetry (DSC) Results

Figure 2a shows DSC thermograms of glasses from the 
 20Na2O–(40–x)  Na2MoO4–xTiO2–40P2O5 system. Also, 
Fig. 2b shows the dependence of  Tg (glass transition tem-
perature) on the addition of  TiO2 mol.%. The collected  Tg 
results from DSC thermograms are gathered in Table I, 
where it is observed that  Tg increased slowly from 382 ± 
4°C (x = 0) to 408 ± 4°C (x = 10) with increasing  TiO2 
content.

Fourier Transform Infrared (FTIR) Spectra

Infrared spectroscopy has been used to investigate the 
structure of the prepared glasses. The obtained data were 
interpreted into spectra, which were recorded in the fre-
quency range of 1400–400  cm−1, as shown in Fig. 2c. The 

obtained spectra are based on the assignments of the dif-
ferent band positions as gathered in Table II. These assign-
ments are made according to the literature for checking the 
phosphate units forming the glass framework.16,40,41

Raman Spectra

As shown in Fig.  2d, the Raman spectra of the 
 0Na2O– (40–x)Na2MoO4–xTiO2–40P2O5 glasses (with 
0≤x≤10 mol.%) were recorded between 1200 and 150 
 cm−1. These spectra are differentiated by bands, and their 
assignments are grouped in Table III. The following band 
positions were observed in the Raman spectra of the com-
positions (with x = 0, 5, 8, and 10 mol.%): 1120, 960, 900, 
780, 400, and 250  cm−1, where their assignments have 
been completed according to the literature.16,42,43

Fig. 2  (a) DSC thermograms of the studied glasses; (b) glass transition temperature  (Tg) and oxygen packing density (OPD) of the studied 
glasses; (c) infrared spectra of the studied glasses; (d) Raman spectra of the studied glasses.
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Chemical Durability

The studied glasses were submitted to durability test leach-
ing 250 h. Every 24 h, the weight loss and pH of the leach-
ing solution were measured. Figure 3a lists the evolution 
of weight loss with immersion time in the water. From this 
behavior, the curves of the aqueous dissolution rate have 
been observed in two regions: the first one is between 0 
leaching hours and 150 leaching hours. It is characterized 
by increasing weight loss with immersion time. The second 
one is between 150 leaching hours and 250 leaching hours. It 
presents nearly plateau-like behavior. All glasses present the 
same behavior. However, there is a difference in the aqueous 
dissolution rate between the samples. Before 150 leaching 
hours, the glass of the composition x = 0 mol.% presented 
a higher weight loss than the other glasses of the composi-
tion x = 5, 8, and 10 mol.%. Figure 3b presents the curves 
of the evolution of pH as a function of immersion time (h). 
Also, all glasses present the same behavior, but there is an 
observed difference between these glasses. The evolution of 
pH curves also reveals two regions; the first one is between 
0 leaching hours and 150 leaching hours, characterized by 
increasing pH. The second one is between 150 leaching 
hours and 250 leaching hours and has nearly linear behavior. 
In a comparison between the evolutions of aqueous dissolu-
tion curves and pH curves, it has been observed that there is 
a relationship between the aqueous dissolution rate and the 
pH of the leachate solution.

Ultraviolet–Visible Measurements

The treated glasses were analyzed by ultraviolet-visible (UV-
Vis) spectroscopy in the 200–1400-nm wavelength range 
at room temperature. Figure 4a presents the curves of the 

studied glasses, which show a variation in the absorbance 
as a function of wavelength. These curves are differentiated 
by a strong and broad onset situated at 300 nm. Also, there 
is a weak broad bond in the 490–650-nm range.

Optical Parameters

The band gap (Eg) of the prepared glasses is determined by 
the Tauc method, from obtaining curves of the evolution of 
(αhv)1/2 as a function of hv (eV), as gathered in Fig. 4b.44 
The obtained  Eg values are shown in Table IV. As shown 
in Fig. 4c, the Urbach energy (ΔE) parameter is estimated 
from linear sections of the obtained curves by the evolu-
tion of the ln(α) as a function of hv (eV). The determinate 
values for Urbach energy (ΔE) are listed in Table IV. Duffy 
introduced the concept of optical electronegativity (Δχ*) 
as a concept to estimate many physical–chemical param-
eters that characterize materials.39 Optical electronegativ-
ity is calculated in correlation with band gap energy. The 
obtained data are gathered in Table IV. Optical basicity (Ath) 
was evaluated to express the ability or power of an anion 
to share its electrons with surrounding cations.38,45 The 
introduction of the concept of optical basicity is interesting 
for many applications.46,47 In addition, optical basicity was 
originally obtained from the ultraviolet (UV) region of ions 
such as  Pb2+ and  Tl+ dissolved as probes for sensing the 
electron donor power, oxygen.40 Many macro- and micro-
scopic physicochemical properties are known to influence 
electronic polarizability, including optical ultraviolet (UV) 
absorption of P block metal ions,48 ionic refraction,49–51 the 
electrooptical effect,52 dielectric properties and ferroelectric-
ity,53,54 and chemical stability.55,56 In addition, the electronic 
polarizability of the oxygen depends on ultraviolet transpar-
ency wavelengths, which are charge transfer bands of the 

Fig. 3  (a) Evolution of the weight loss of the glasses as a function of immersion time (h); (b) Evolution of the pH of the glasses as a function of 
immersion time (h).
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dissolved metal ions. The magnitude of negative charges is 
narrowed by the oxide (II) species in glass and the basicity 
of glass. The determinate values of the electronic polariz-
ability of the synthesized glasses are given in Table IV.

Discussion

Glass Forming and X‑ray Patterns

At 900°C as the melting temperature, glasses of the 
 20Na2O–(40–x)  Na2Mo4–xTiO2–40P2O5 system are pre-
pared. The fraction (x = 0 mol.%) is the starting compound, 
and (x = 10 mol.%) is the limiting compound. The obtained 
samples were characterized by a blue color, which indi-
cates the presence of reduced species  (Mo5+ and/or  Ti3+) 
in the glass network. Nagarjuna et al. designed molybde-
num ions to exist mainly in the form of  Mo6+ states in the 

LiF–MoO3–P2O5:  Ag2O glass network. The  Ag2O concen-
tration increased. The color of the samples became intensely 
blue. This blue color is associated with the reduction of part 
of the molybdenum ions of  Mo6+ to  Mo5+ states.57 It has 
been reported that the color of the  xTiO2–20BaO–(80–x)
P2O5 glasses is gradually changed from brown to blue, a 
color with an increase of  TiO2 mol.%.42 This variation in 
color of these present glasses is ascribed to electron tran-
sitions from one energy level to another. In addition, this 
color explains the presence of  Ti3+ in the glass network. 
Many parameters influenced the incorporation of reduced 
species  (Ti3+ and/or  Mo5+) into phosphate glasses, includ-
ing glass melting, glass matrix, temperature-time, and redox 
conditions during the melt-quenching of the glasses.58,59 In 
this case, it is difficult to estimate the origin of the blue 
color, which is due to the reduction of ions (from  Mo6+ to 
 Mo5+ and/or from  Ti4+ to  Ti3+). The reduction of these spe-
cies produces electronic conductivity. For this reason, we 

Fig. 4  (a) Optical absorption spectra of the prepared glasses; (b) Variation of (αhν)1/2as a function of (hν) for studied glasses; (c) Variation of 
ln(α) as a function of hν for the prepared glasses; (d) Evolution of band gap energy (eV) and Urbach energy (eV) as a function of  TiO2 mol.%.
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proceeded to estimate the origin of this electronic conductiv-
ity by UV-Visible measurements (see the optical measure-
ments section). The amorphous state of the obtained sam-
ples was verified by x-ray diffraction. The obtained XRD 
patterns were exposed to two broad-band diffusions (see 
Fig. 1a) at low angles instead of sharp peaks (a characteris-
tic of crystalline materials), which confirms the amorphous 
nature of the present samples. Therefore, these two broad-
band diffusions may be associated with intermediate-range 
order in the glass framework.60

Density and Molar Volume

To the best of our knowledge, density is associated with the 
coordination number of the atoms involved, atomic radii, 
molecular weight, compactness, cross-link density, and the 
dimensions of interstitial space. Therefore, it can be deter-
mined that the variations in the glass structure are due to 
compositional modifications in the glass framework. It was 
previously explained in our previous work that the differ-
ence in molecular weight between  Li2MO4 (M = Mo, W) 
and  TiO2 causes a decrease in density with the addition of 
 TiO2 mol.%. When light molecules  (TiO2 = 79.89 g/mol) 
replace heavy ones  (Li2MoO4 = 173.82 g/mol or  Li2WO4 = 
261.8 g/mol), the density is decreased.30 This explanation is 
supported by this work on  Na2MoO4 (205.9371 g/mol) and 
 TiO2 (79.89 g/mol).

Molar volume is an interesting physical property. It was 
investigated to determine the structural compactness of the 
glasses, the interstitial space between the polyhedral and 
polyhedral lengths of bonds of the glassy network, and inter-
atomic spacing within the glass framework. In our previous 
studies, increasing molar volume at  TiO2 content replaces 
 Li2MO4 (M = Mo, W) and is associated with a smaller num-
ber of atoms and increasing cross-link density. Also, the 
introduction of  TiO2 content into the glass network leads 
to the formation of the new P–O–Ti bonds, which replace a 
part of the P–O–P bonds. In addition, P–O–Ti bonds inter-
connect phosphate chains, which lead to the formation of 
non-bridging oxygen on phosphorus atoms in metaphos-
phate  Q2 units, which constitute diphosphate  Q1 units (see 
the next sections: thermal analysis, IR, Raman, chemical 
durability, and optical measurement). This work is inter-
ested in substituting  Na2MoO4 with  TiO2 content and con-
firms the suggested hypothesis of increasing molar volume 
in previous works.30,32 Ernoek et al.61 explained the increase 
in molar volume and decrease in density in  xTiO2– (40–x)
ZnO–50P2O5 glasses (above 3  TiO2 mol.%) by increasing 
the number of  Q1 structural units. Furthermore, Ganguli 
et al. suggested that the  Q1 structural chains are more volu-
minous than the  Q2 structural units, which occurs with an 
increase in molar volume and a decrease in density.62

Thermal Analysis

The thermograms (Fig.  2a) of the  20Na2O–(40–x)
Na2MoO4–xTiO2–40P2O5 glasses (0≤x≤10 mol.%) show 
that  Tg increases as  TiO2 content is introduced into the 
glass  framework. This  increase  in  Tg depends on many 
parameters. As is well known,  Tg depends on oxygen-
packing density (OPD). However, in this present study, 
it was found  that oxygen-packing density progresses in 
the opposite direction with the evolution of  Tg as a func-
tion of the  TiO2 mol.% (see Fig. 2b). From this, oxygen 
packing density does not explain the increase in  Tg. Cer-
nosek et al., on the other hand, explained the increase of  Tg 
in the  xTiO2–(40–x)ZnO–10Na2O–50P2O5 (1≤x≤20 mol.%) 
by many parameters based on each section of increased  Tg. 
In section I (initial step), an increase in  Tg (up to x = 3) 
may be explained by replacing the weaker covalent Zn–O 
bonds (bond energy ≈ 250 Kj/mol) with stronger covalent 
Ti–O bonds (bond energy ≈ 665 KJ/mol). In other sections 
(II and III), the increasing  Tg glasses with an increase of 
 TiO2 mol.% are ascribed to reduced mobility in the melt. 
In addition, strengthening of a structure may be associated 
with decreasing the content of polymeric metaphosphate.61 
Furthermore, Segawa et al. reported that an increase in  Tg 
with the addition of  TiO2 is due to the distortion of the glass 
network, which is associated with the formation of a three-
dimensional network of P–O–Ti linkages.63 In our case, the 
increase in  Tg with the addition of the  TiO2 content was 
not due to increasing bond strength in the glasses because 
replacing the weak Ti–O bonds (bond energy ≈ 666.5 kJ/
mol64) with the strong Mo–O bonds (bond energy ≈ 748 
kJ/mol64),  Tg is decreased. As a result, it is reasonable to 
conclude that bond strength and oxygen-packing density 
parameters cannot explain the increase in  Tg, as confirmed 
by our previous studies.30,32 From this, it is concluded that 
the increase of  Tg with the addition of the  TiO2 mol.% may 
depend on (1) cross-link density by  TiOx (x = 4 or 6) struc-
tural units formed in the glass  framework30,32; (2) reducing 
mobility in the  melt61; (3) decreasing the content of poly-
meric metaphosphate (see Raman and IR sections)61; and (4) 
distortion of the glass framework associated with forming 
the three-dimensional network of P–O–Ti linkage.63

Infrared Spectra

The asymmetric vibration stretching of the P=O bond 
 (vas(P=O) and/or  vas(PO2)) in the  Q2 structural chains 
is responsible for the broadband of approximately 
1220–1200  cm−1 in Fig. 2c.65 The band at 1160  cm−1 is 
attributed to symmetric vibration modes  vs  (PO2), in the 
 Q2 groups.66 A strong band at 1100  cm−1 distinguishes 
the asymmetric vibrations of the nas(PO3)2− pyroph-
osphate units.66 The band at about 1070  cm−1 may be 
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due to symmetric vibration modes of  (PO3)2-units.67 
The band at the 1040–1000  cm−1 position of the low-
intensity shoulder can be ascribed to  PO4

3- orthophos-
phate structural units.68 The asymmetric vibration of the 
P–O–P/P–O–M (M=Mo, Ti) bonds is associated with 
the bands at 970–930  cm−1. The band at 730  cm−1 can 
be linked to the symmetric stretching vibration of the 
P–O–P vs(P–O–P) bonds of the bridging oxygens (BOs). 
The broadband located in the range between 670 and 480 
 cm−1 could be due to bending vibrations of the phosphate 
structural units. The band around 655  cm−1 is linked to 
the symmetric vibration of the bond P–O–P in  Q2 units. 
The band around 520  cm−1 may include the deformation 
modes of the  PO4 groups. Through the IR band assign-
ments, it was observed that the structure of the studied 
glasses contains bonds of different phosphate groups such 
as metaphosphate  (PO2

−)  Q2 units, pyrophosphate  (PO3
2-) 

 Q1 units, and orthophosphate  (PO4
3-)  Q0 units. But there 

is no band situated at a position higher than 1300  cm-1, 
associated with v(P=O) of  Q3 structural units.69 As gath-
ered in Fig. 2c, it appears that IR spectra have changed 
slightly with an increase in  TiO2 content. There appeared 
to be some changes in band position and intensity, from 
composition x= 5 mol.%. These changes could be depend-
ent on the interaction of the (40–x)Na2O with  xTiO2 or/
and (40–x)MoO3 with  xTiO2 mol.%. When  MoO4 (725 
 cm−1) and MoO6 (923  cm−1) units coexisted in glasses 
based on the  P2O5 former, the IR spectra were charac-
terized by the coexistence of the  MoO4 (725  cm−1) and 
 MoO6 (923  cm−1) units.30 By increasing the  TiO2 mol.% 
in the glasses, the intensities of the bands about 1000 
 cm−1 associated with P–O–P symmetric stretching into 
the  PO4

3- groups and  TiO4 units decreased. In addition, 
band positions slightly shift towards lower wavenumbers. 
The bands at 640  cm−1 are associated with the Ti–O–Ti 
bonds of the  TiO4 and  TiO6 structural units.70 It can be 
concluded that the introduction of the  TiO2 mol.% into 
the glass network leads to an increase in the intensity 
of the bands associated with the P–O–P bonds of the 
 (PO2)− metaphosphate structural units. But the intensity 
of the band may be attributed to the  (PO3)2− pyrophos-
phate structural groups, as it decreased.71 The band that 
appeared at 795  cm-1 could be due to the P–O–M (M=Ti, 
Mo) rings. It shifts to a lower frequency at  Na2O, substi-
tuting the  MoO3 content. Therefore, the P–O–M (M = Ti, 
Mo) bonds could be interrupted by alkaline groups  (Li2O, 
 Na2O,  K2O...).72 Therefore, it can be assumed that the 
P–O–M (M= Ti, Mo) bonds may form the  NaO2 mol.%, 
which leads to the new P–O–Ti bonds.30 The presence of 
the P–O–Ti bonds in the glass network can increase  Tg, 
which was confirmed by thermal analysis.

Raman Spectra

Figure 2d shows many bands at different positions between 
1200 and 100  cm−1. Most bands are mainly assigned to 
bonds of the phosphate glass framework. Because of the 
symmetric  vs(PO2−) vibration in  Q2 chains, there is a weak 
broadband near 1120  cm−1.30 The strong band located 
between 960 and 900  cm-1 may be attributed to the asymmet-
ric vibration P–O–P in  Q1 pyrophosphate units. However, 
Choudari et al. observed a band around the position of 900 
 cm−1 in the Raman spectra of the  50Ag2O–xMoO3–(50–x)
P2O5 glasses, which may be attributed to vibration of the 
O–Mo–O bonds of  MoO4 structural units.73 In addition, 
Koudelka et  al. reported that the band at the 898  cm−1 
position is ascribed to the O–Mo–O bonds in the Raman 
spectrum of the  Ag2MoO4 crystalline unit.74 Es-soufi 
et al. designed a band in the 900–950  cm−1 region, which 
may be due to the stretching vibration modes of  MoO4 tet-
rahedra. The band at the 800–900  cm-1 region is due to the 
Mo–O–Mo stretching of coupled  MoO6 octahedra.30 How-
ever, Cernosek et al. discovered that the band in the Raman 
spectra of  xTiO2–(40–x)ZnO–10Na2O–50P2O5 glasses 
between 900  cm−1 and 930  cm−1 could be attributed to  TiO6 
stretching modes. Also, the band at about 970  cm−1 could be 
ascribed to stretching modes of the P–O–Ti modes.61 The 
band around 780  cm−1 could be associated with symmetric 
vibration modes of the P–O–P bonds into  Q1 pyrophosphate 
units. The band around 680  cm−1 may be associated with 
symmetrical vibration modes of the bridging oxygen (BOs) 
between the  Q2 structural units. The band at 400  cm-1 is 
associated with the Mo–O–P bonds. Finally, the band around 
250  cm−1 may be due to deformation of the  PO4 phosphate 
tetrahedron.75

When the  TiO2 content in the  20Na2O–(40–x) 
 Na2MoO4–xTiO2–40P2O5 glasses was increased from 5 to 
10%, the intensity and position of the bands in the Raman 
spectra changed slightly. Cernosek et al. noted that with the 
increase of  TiO2 up to 3 mol.% and more, the intensity of 
the band at 1030  cm−1 was observed to be growing.61 A 
weak band appears at 1025  cm−1 at x = 5 mol.% and is 
attributed to symmetric vibration modes of the non-bridg-
ing oxygen  (P2O7)4− in  Q1 units.76 The band at about 611 
 cm−1 was observed to shift to 630  cm−1 with an increase in 
 TiO2 mol.%, which can be associated with stretching modes 
of Ti–O bonds in  TiO6 octahedral groups. In addition, its 
intensity increases slightly with an increase in  TiO2 mol.%.76 
However, the intensity of the band around 680  cm−1 was 
observed to be nearly constant with an increase in  TiO2 
content. From this, it can be suggested that the  TiO6 octa-
hedra replace the  MoO6 octahedra in the glass framework 
because it has been observed that there is a big difference 
between the connectivity of the titanium and the molybde-
num.77 Furthermore, Brow et al. reported bands in the range 



2537Synthesis, Characterization, and Optical Properties of Titano-Molybdenum Phosphate Glasses  

1 3

of 850–1300  cm−1 to form the Ti–O–P bonds with increas-
ing  TiO2 content.38 Furthermore, they noted that as  TiO2 
increases in the glass network, metaphosphate units  (Q2) 
convert to pyrophosphate units  (Q1).38 Also, Brauer et al. 
suggested that increasing  TiO2 content leads to creating 
more  Q1 units, and fewer  Q2 units can be associated with 
shorter phosphate chains, thus decreasing the connectivity 
of the glass network (see the section on optical parameters). 
In this context, Brauer et al. assumed that one  TiO2 converts 
two BOs (bridging oxygens) into four non-bridging oxygens 
(NBOs).78

Chemical Durability

Through the introduction of different metal oxides such as 
 Al2O3,  TiO2, and  Fe2O3 into glassy phosphate materials, one 
can change the chemical durability, biocompatibility, and 
other properties.79–82 The purpose of this research was to 
determine the effect of  TiO2 mol.% on the chemical 
durability of phosphate glasses in the  20Na2O–(40–x)
Na2MoO4–xTiO2–40P2O5 glasses. Figure 3a depicts the 
evolution of chemical durability as a function of immersion 
time (h). It observed two sections; the first one was up to 
150 leaching hours. This section is distinguished by increas-
ing the chemical durability, in addition to the  TiO2 content, 
in the glass network. This increase in chemical durabil-
ity is associated with a decrease in hydration energy from 
 Q2 units to Q° units with the addition of the  TiO2 mol.%, 
which reduces  Q2 units into  Q1 and Q° units.83 As is well 
known, the addition of  TiO2 content decreases glass solubil-
ity.16,42 Brauer et al. suggested that titanium oxide  (TiO2) 
decreases the aqueous dissolution ratio of glasses because 
 Ti4+ improved the cross-linking of phosphate chains related 
to  Ca2+,  Mg2+, and  Na+. However,  TiO2 lightly interrupts the 
glass network. Under the interruption effect,  TiO2 reduces 
the amount of  Q2 in  Q1 chains. Also, an increase in chemical 
durability could be associated with changes in bonds. When 
weaker P–O–(Li+,  Na+) bonds and P=O bonds were com-
bined with resistant P–O–Ti bonds, the number of covalent 
P–O–Ti bonds increased, resulting in improved hydrolytic 
resistance.30 A second section, comprising between 150 
leaching hours and 250 leaching hours, is connected to the 
saturation of the surrounding solution. This could be attrib-
uted to the number of covalent P–O–Ti bonds reaching their 
limit in the glass framework.

Several studies have attempted to control the degradabil-
ity of phosphate glasses with titanium dioxide, which was 
demonstrated to be adequate for their improvement.84–87 
Also, their degradation can be controlled and fixed for vary-
ing times, from a few hours to many months, by altering 
the glass's chemistry.85 The aqueous dissolution ratio of 
glasses is subjected to exchange reactions during the dura-
bility test. These reactions occur on glass surfaces between 

the ions  (OH− and  H3O+) in water and the ions of the glass 
network, as  follows79:

Therefore, the exchange between ions that participate in 
the aqueous dissolution ratio of phosphate glasses deter-
mines the evolution of pH values. Figure 3b shows two 
sections of the evolution of the pH as a function of time 
immersion (h). The first one is limited to up to 150 leaching 
hours. The behavior of alterations occurs through sudden ion 
exchange between the phosphate glass framework and the 
surrounding solution.79 The second one, occurring between 
150 leaching hours and 250 leaching hours, could be due to 
saturation of the surrounding solution. This is related to the 
formation of protective layers or growth in forming the new 
P–O–Ti bonds. For this reason, diffusion into the surface 
of the phosphate glass framework has stopped. The rela-
tionship between the dissolution rate and the leachate pH 
is understandable as first the alkaline component  (Na2O) is 
dissolved. This is well known for the soda-lime glasses too.

Optical Absorption

As shown in  F ig .   4a ,  t he   20Na 2O–(40–x)
Na2MoO4–xTiO2–40P2O5 (0≤x≤10 mol.%) glasses have 
an ultraviolet (UV) absorption edge between 200 nm and 
400 nm. The onset of the ultraviolet (UV) absorption band is 
about 300 nm. This absorption band could be due to traces of 
iron  (Fe3+) impurities in the raw materials or due to electron 
transitions between the state of the oxygen ions (2p) and the 
state of transition metal ions (3d).88–91 It was observed that 
the host glass (x = 0) has a blue color, whereas the absorp-
tion spectrum of glassy composition x = 0 mol.% exhibits 
an absorption weak broadband located in the 490–650 nm 
region. In  47P2O5–24ZnO–(29–x)  Na2O–xMoO3 (0≤x≤10) 
mol.% glasses with x = 2 mol.%  MoO3, Ibrahim et al. dis-
covered two transmission bands in the 470–620 nm region. 
It was also discovered that all glasses contain  MoO3, which 
contains molybdenum in the form of  Mo5+ and  Mo6+ ions.92 
These apparent transmission bands in the visible region 
have been attributed to excitations of  Mo5+  (4d1) ions.93 
Goldstein et al.94 explained the origin of two optical bands in 
glasses containing  MoO3 mol.% by excitations in  Mo5+ ions, 
which can be caused by transitions from the  b2  (dxy) ground 
state to  (dxy–dyz) and  (dx2–dy2) with  E1 = 15,000  cm−1 and 
 E2 = 23,000  cm−1. Therefore, we can associate the weak 
absorption band situated between 490 and 650 nm with the 
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excitations of  Mo5+  (4d1) ions. Furthermore, at increasing 
concentration of  TiO2 in prepared glasses from 5 mol.%, it 
was observed that the blue color does not change. Further-
more, despite increasing the  TiO2 content up to 10%, the 
onset of UV absorption (300 nm) and the absorption band 
(490–650 nm) are nearly fixed. However, Toloman et al. 
studied ultraviolet–visible (UV–visible) absorption spectra 
of the  xTiO2–(1–x)  [P2O5–CaO] glassy system (0.5<x<15 
mol.%) in the 200–800 nm region, where, at an increase of 
 TiO2 mol.%, the onset of the absorption band around 318 
nm shifts to the higher wavelength side. In addition to the 
exhibition, two optical absorption bands were associated 
with 2B2g→2B1g and 2B2g→2A1g transitions of the  Ti3+ ion, 
respectively.95 However, Kaur et al. reported that  50P2O5–
5Al2O3–20CaO–(25–x)Na2O–xTiO2 (0≤x≤12.5 mol.%) 
glasses have a purple color. This color is related to  Ti3+ ions 
 (d1), which confirms the presence of a visible band (around 
530 nm) attributed to 3T5→2T3 transition.96

Optical Parameters

Band Gap Energy  (Eg) and Urbach Energy (ΔE)

From Table IV, it is observed that as  TiO2 mol.% increases 
in the glass network, the band gap (Eg) decreases from 
2.35 eV (x = 0 mol.%) to 1.85 eV (x = 10 mol.%). A 
decrease in the value of Eg is due to the appearance of addi-
tional defect states in the glass framework.97 As  TiO2 content 
enters into the glass network, bridging oxygens (BOs) are 
converted into non-bridging oxygens (NBOs). In addition, 
the NBOs have higher energy levels than the BOs. This 
conversion results in a reduction in band gap energy. As 
confirmed early by Raman and IR spectra,  TiO2 remains as 
a glass modifier and it occurs during the depolymerization 
of phosphate glass chains by converting  Q2 into  Q1 and Q° 
structural units.98

Amorphous materials are characterized by disorder. 
This disorder results in the perturbation of the structural 
environment. As a result, the increase in NBOs leads to 
increasing disorder in the glass network. Furthermore, 
the disorder is evaluated by the Urbach parameter (ΔE).99 
From Table IV, the calculated values of the Urbach energy 
(ΔE) increased from 0.42 eV (x = mol.%) to 0.52 eV (x 
= 10 mol.%), as the  TiO2 content increased. In general, 
Urbach energy is used to estimate  the degree of disor-
der in glassy structures. Furthermore, it is intended for 
glassy materials with a higher Urbach energy to convert 
their weak bonds into  defects100 when the Urbach energy 
values of the  50P2O5–5Al2O3–20CaO–20Na2O–5TiO2 
glasses (ΔE=0.362–0.128 eV) and the (95–x) 
 TeO2–5La2O3–xTiO2 glasses (ΔE = 0.29–0.13 eV) were 
compared to the current glasses in the  20Na2O–(40–x)
Na2MoO4–xTiO2. In glassy materials, the structural 

behavior (disorder) is also affected by  TiO2 mol.%.99,101 
From this, it can be concluded that the  TiO2 mol.% on 
a glass network depends on the composition of each 
material.

Figure 4d shows a correlation between band gap energy 
and Urbach energy, which is related to an increase in the 
 TiO2 mol.% in the glass network. From Fig.4d, it was 
observed that an increase in Urbach energy and a decrease 
in optical band gap energy were observed with increas-
ing  TiO2 mol.%. This behavior may be attributed to an 
increase in the concentration of  TiO2 mol.% in the glass 
framework, which converts  Q2 into  Q1 and Q° structural 
units. Thus, bridging oxygens (BOs) are converted to non-
bridging oxygens (NBOs). Therefore, the optical band gap 
decreases and the Urbach energy increases. The evolu-
tion of the band gap and Urbach energy depends on the 
material nature (amorphous or crystal). In the literature, it 
has been reported that the band gap separates the valence 
band from the conduction band, as it relates to the nature 
of the studied material.102 In crystal materials, the band 
gap between the conduction band and the valence band 
is perfectly defined by the quantity  Ev–Ec. The distribu-
tion functions of energy state densities, g(E), are para-
bolic (Fig. 5a). For disordered materials, the band edges 
described in the crystal lattices and delimited by  Ev and  Ec 
can go as far as their disappearance. It was observed that 
the conduction band and valence band extend to the band 
gap. In addition, the presence of localized states within 
the band gap (existence of a certain non-zero density of 
the states within the gap) (Fig. 5b) can be encountered.

Electronegativity

The optical band gap value has a direct relationship with 
the width of the forbidden band. This latter depends on 
the intensity of electronic interactions between anions and 
cations of a given material. On the other hand, the band 
gap can be related to the difference in electronegativity 
(Δχ*) between interacting ions. From the values obtained 
for Δχ *, it was noted that electronegativity decreased 
with increasing  TiO2 content. This reduction concerns 
all the studied glasses, which decreases from 0.8064 to 
0.7634 eV. From this, it was concluded that the addition 
of  TiO2 mol.% to glass reduces these Coulomb interactions 
between cations and oxygen ions, consequently leading 
to a decrease in electronegativity.103 In addition, it found 
that the Eg decreased with increasing the Ti content as 
a result of increasing the non-bridging oxygens (NBOs) 
in the phosphate glasses. Therefore, increasing optical 
electronegativity could be associated with an increasing 
number of non-bridging oxygens (NBOs).
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Theoretical Optical Basicity  Ath

The estimated values of the theoretical optical basicity (Λth) 
are given in Table IV. The analysis of these values shows that 
optical basicity decreases from 0.9244 to 0.8877 eV, with an 
increase of  TiO2 mol.%. This decrease could be due to the 

 Mo5+/Mo6+ ratio or another parameter (see the electronic 
polarizability section). Bih et al. discovered that the optical 
basicity of glasses containing  yLi2O–0.05(MoO3)2–(0.95–y)
P2O5 and 0.1Li2O–0.9[x(MoO3)2–(1–x)P2O5] increased 
from 0.41 to 0.51 eV and from 0.41 to 0.43 eV, respectively. 
This increase in optical basicity may be due to a decrease 
in reduced species of molybdenum  (Mo5+).59 Furthermore, 
molybdenum reduction in glasses could be attributed to a 

Fig. 5  Distribution functions of the densities of energy states g(E) in the bands for a crystalline semiconductor (a) and for a disordered material 
(b).

Table I  Some physical 
properties for the studied 
glasses

x (mol.%) Density ρ 
(±0.01g/cm3)

Molar volume  Vm 
(±0.04  cm3/mol)

Oxygen packing density 
(OPD) (mol/l)

Glass transition 
temperature  Tg 
(±4°C)

0 3.88 40.70 90.90 382
5 3.69 41. 10 88.10 396
8 3.57 41. 37 87. 49 397
10 3. 49 41.62 86.50 408

Table II  IR band assignments in the 1400–400  cm−1 frequency range 
for the studied phosphate glasses

Position of band  (cm−1) Band assignment

1240 νas(P=O)/νas(PO2
−)

1160 νs(PO2)−

1100 νas(PO3)2−

1000 νs(PO4)3−

935–920 νas(P–O–P)/νas(P–O–M) (M= Mo. Ti)
880–870 (M= Mo. Ti)
730 νs(P–O–P)
640–630 νs(M–O–M) (M= Mo. Ti)
500–425 (O–P–O) and translation of cations

Table III  Raman band assignments in the 1200–100  cm-1 frequency 
range for the studied phosphate glasses

Position of band  (cm-1) Band assignment

1120 νs(PO2)–,  Q2

960 νas(P–O–P)/νas(P–O–M) (M= Mo. Ti)
900 O–Mo–O/MO4/MO6 (M= Mo. Ti)
780 νs(P–O–P),  Q1

680 νs(P–O–P),  Q2

400 νs(M–O–M)(M= Mo, Ti)
250 δ(PO4)
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variety of factors, including glass composition, acid-base 
considerations  (O2−exchanges) associated with optical basic-
ity, and complexation with  O2−.59 As a result, increasing the 
non-bridging oxygens associated with increasing the  TiO2 
mol.% is favored by increasing  Mo5+, thereby decreasing 
optical basicity.104

Electronic Polarizability

The estimated values of the electronic polarizability (αo2−) 
of the synthesized glasses are gathered in Table IV. It is 
noted that αO2- decreases from 1.9976 to 1.9670 eV when 
the concentration of  TiO2 increases. This variation can be 
related to the variation in the polarization of cations when 
one  Na2MoO4 is substituted by  TiO2 content. Indeed, the 
substitution of a highly polarizable  Mo6+ cation by a less-
polarizable  Ti4+ causes a decrease in electronic polarizabil-
ity (αO2-), which subsequently leads to a decrease in optical 
basicity.105

In this study, we were interested in phosphate glasses 
of the  20Na2O–(40–x)Na2MoO4–xTiO2–40P2O5 system 
(where x = 0–10 mol.%), and it appears that these phos-
phate glasses are suitable materials for use as cathodes for 
sodium-ion batteries. The study confirmed this suggestion. 
The introduction of  TiO2 mol.% has created changes in a 
positive sense in glasses in the present study. By forming 
new P–O–Ti bonds from P–O–P and/or P=O bonds, as 
well as converting bridging oxygens (BOs) to non-bridging 
oxygens (NBOs), increasing the  TiO2 mol.% contributed to 
improved chemical durability. As a result, the  Q2 structural 
unit is converted to the  Q1 and Q° structural units. There-
fore, the ionic bonds increase in the glass framework. The 
addition of modifier oxides to glasses, as is well known, 
increases the non-bridging oxygens (NBOs) inside the glassy 
structure. Therefore, the modifier oxides occur as defects, 
which affect the physicochemical properties of glasses. 
Glasses containing various phosphate groups  (PO3

2− and 
 PO4

3−) and transition elements (Mo and Ti) were used to 
create the channels that shared the corners. Therefore, the 
presence of channels in the glass network helps sodium ions 
easily move through glassy materials. For this reason, our 
studied glasses are identified by their continuous open struc-
ture for the movement of ions, which helps in the random 
distribution of sodium carriers in the glass network. From 

this, ionic conductivity can be obtained. Also, the hopping 
mechanism occurs between  Mo5+ and  Mo6+ cations. which 
leads to obtaining electronic conductivity. The coupling 
of these conductivities (ionic and electronic) leads to the 
achievement of mixed ionic–electronic conductor glasses. 
For this reason, it is expected that transition metal oxide 
glasses containing modifier ions can be utilized as stable 
cathode materials for sodium–ion batteries.

Conclusion

The  20Na2O–(40–x)  Na2MoO4–xTiO2–40P2O5 (0≤x≤10 
mol.%) glasses were the focus of our investigation. Accord-
ing  to IR and Raman spectra, it was concluded  that the 
addition of  TiO2 content into the glass network leads to 
the formation of the new P–O–Ti bonds. In addition, met-
aphosphate  (PO2−)  Q2 structural units are converted into 
pyrophosphate  (PO3

2−)  Q1 and orthophosphate  (PO4
3−)  Q0 

structural units. Thanks to these changes in the glass net-
work, water resistance has been improved. In addition, den-
sity with molar volume has been decreased and increased, 
respectively. Furthermore, the role of the  Ti4+ ions is lim-
ited to structural changes in the studied glasses. While the 
reduced  Ti3+ ions did not contribute to optical measure-
ments, the reduced species  Mo5+  (4d1) were responsible 
for weak and broad absorption in the 490–650-nm range. 
The obtained values of the band gap (Eg) and Urbach energy 
(ΔE) show decreasing and increasing behavior, respectively. 
This behavior is based on increasing non-bridging oxygen 
(defects) inside the glass framework. Also, decreasing other 
optical parameters such as electronegativity (Δχ*), theoreti-
cal optical basicity (Ath), and electronic polarizability (αO2-) 
are due to increasing non-bridging oxygens (NBOs). In the 
glass network, mixed ionic–electronic conductivity occurs 
due to the coexistence of the mobility of  Na+ ions (ionic 
conductivity) with the reduced species  Mo5+ (electronic 
conductivity).
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Table IV  Optical parameters of 
the fundamental optical band 
for the studied glasses

x (mol.%) Optical band 
gap  Eg(eV)

Urbach energy 
ΔE (eV)

Optical basicity 
 Ath (eV)

Electronic polariz-
ability αO2- (eV)

Optical electron-
egativity Δχ* 
(eV)

0 2.35 0.42 0.9244 1.9976 0.8064
5 2.15 0.44 0.8930 1.9731 0.7688
10 1.85 0.52 0.8877 0.7634
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