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Abstract

Solid electrolytes of sodium ions were applied in many technologies, from chemical sensors to batteries.
In this work, we focused on the study of electrolytes-based phosphate glasses prepared within the system
20Na,0-(50-x)Na,W0,4-xTi0,-30P,05 (with 0=x=<25 mol%). These glasses were elaborated via a melt-
quenching method. The DSC technique was exploited to estimate the activation energy depending on the
crystallization (E.). Where the glass (x= 5) was characterized by E.= 144.77 kJ/mol. Avrami parameter (n)
allows determining the mechanism of crystallization. This parameter value is found around = 2; it can
anticipate that the crystallization mechanism is a one-dimensional, periodic landscape. The Raman
spectroscopy analysis showed that the bonds constituting the framework of these glasses are essential
constituted from the PO, units. The insertion of TiO, into the glass framework leads to formation of the
new bonds P-O-Ti and/or Ti-O-Ti. Changing the Na,WO, mol% by TiO, mol% leads to switching the

structural units Q2% to Q' units then Q° units. Obtained results of the durability analysis verified that the
dissolution of the explored glasses relies on glassy composition. When TiO, replaces Na,WO,, durability
is increased.

1. Introduction

Many researchers are interested in sodium-ion batteries, because of their low cost and high energy
density, in comparing them with their similar, lithium-ion batteries [1-4]. The processes of the ionic
conductivity into the electrolyte have been developed at room temperature, in addition to the development
of electrochemical stability windows [5]. For this reason, sodium-ion systems have great potential as the
future large-scale power sources for different applications. Many published works have been
consolidated on the status of liquid, polymer gel, and solid electrolytes. In addition, all parameters
(electrochemical stability, ionic conductivity, viscosity, thermal characteristics) influencing the
applications of these electrolytes of the sodium-ions were discussed in many previous works [6—8].

As well known, an electrolyte is a medium responsible for ionic transport, typically for Na* ion transport in
electrolytes of the sodium ions, and hence controls the power density. lonic conductivity is an interesting
property for the electrolyte. The electronic conductivity of the electrolytes must be negligible to evade
short-circuit. Besides, electrolytes should have good stability (mechanical, electrochemical, thermal, etc.),
alongside excellent interfacial properties. However, the lowest and highest molecular orbital energy levels
in the electrolyte were determined in the thermal and voltage stability ranges of the battery [10]. The main
question of present-day research efforts counts on evolving suitable electrolytes applied at ambient
temperature. To fabricate room-temperature-rechargeable SIBs, electrolytes with relatively high Na* ion
conductivity and the capacity to format more appropriate electrode-electrolyte interfaces are
indispensable. Recently, Sawiki et al have reported progress in electrode materials and solid electrolytes
adequate for sodium ion batteries [11]. Recently, many publications have clearly revealed that there is
significant and unprecedented growth in research around the world on electrolytes for SIBs. Conceptually,
the possibility of these SIBs has been proved several years ago [12].Recently, the topic of looking at
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alternatives for lithium systems, it become an urgent need. In spite of some initiatives interested in
sodium-ion batteries like; Na-S and Na-NiCl, employed the NaAl,,0,, as a ceramic electrolyte [13—16].

Amorphous materials based on sodium phosphate are good candidates as solid electrolytes in sodium
batteries [17-20]. As well known, sodium phosphate glasses are generally characterized by poor
chemical stability. For this reason, the chemical durability parameter is a crucial determinant in solid
electrolytes. According to the literature, the reaction between the glass and water is produced in two
steps: i) diffusion process; the ionic exchange between Na* close to non-bridging oxygens (NBO) and the
protonated species, which is proportional to t'/2. ii) during the hydrolysis process; it occurs the rupture of
the P-0-P chain phosphates depends upon the time (t) [21-23]. The solubility of phosphate glasses
containing metal oxides has been improved by researchers to investigate their effects on the chemical,
physical, and mechanical properties [27-29]. Besides, all studies have been reported that incorporation of
the metals has enhanced the durability of the phosphate glasses [30-31]. Especially, these glasses meet
a global problem that depends on poor solubility. In this context, metal oxides explored their influence on
the structure and physic-chemical properties of phosphate glasses. It confirmed that the insertion of
metals led to improving the durability of the studied glasses. Recently, titanium has taken a lot of
consideration; as a result of its good stabilizer, the phosphate framework, by forming the new Ti-O-P
bonds in the place of the P-O-P bonds [32-34]. Many works have reported that titanium dioxide
effectively enhances the degradability of glassy phosphates [35-38]. As well known, titanium oxide acts
as an intermediary (modifier, or former), but cannot form a glass alone [33]. The titanium ion can easily
modify the structure and the characteristics of the host glass, because the titanium ion is differentiated
by a small ionic size [39]. Also, titanium exists in the form of the two valence states; trivalent Ti®* of the
purple color and tetravalent Ti** colorless [39]. In most cases, titanium Ti exists as a six-coordinated form
in the structural phosphate, besides five and four-coordinated forms [33]. The glassy phosphates of the
titanium are intensively reported in many publications for their possibility to apply them in interesting
technologies. Because of their titanium-phosphate glasses have great electrical, optical, and magnetic
properties [39]. Besides, phosphate glasses of the tungsten are great materials, because they present
good photochromic, gasochromic, and electrochromic properties [40]. Generally, high WO5 mol% (60-75
mol %) can form glasses in binary systems with glass-forming, such as GeO,, B,03, and P,05. Where
WO4 content (up to 80 mol%) allowed to form a stable binary P,05-WO, [40]. Characterization of glasses
containing WO5 shows that the existence of the tungsten ions in octahedral coordination has been
confirmed [41]. Besides, structural studies showed that the WOg octahedra and PO, tetrahedral share their
corners in tungstophosphate glasses, a binary system. However, the glasses represented by 80 mol% of
WO; are not stable, because these glasses are dominant by octahedrals shared in the corner. Where,
these glasses are susceptible to crystallization [41]. But the glassy system SbPO,-WO3 presents good
stability in addition to their highest refraction index [42]. The structural data checked that the WO,
octahedra can determine two glass frameworks. The first one is focused on the bridging of the PO,
tetrahedra with the WO4 octahedral forward of the structure. The second one is created jointly by the both
WOg octahedral, when WO increased [42]. The glassy phosphates are vitrified in a broad range of
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compositions within the P,05-W03-A,0 ternary diagrams (A = Na, Li). The structural investigation of
modified glassy phosphates of the P,05-A,M0,-A,0 ternary system (M = Mo, W; A = Li, Na) is
investigated through using Raman, infrared, and RPE spectroscopies. These glasses contain in their
structure MOg¢ octahedral, MO, tetrahedral, M,0; dimmers, PO, and P,05 units or metaphosphate chains
established on the glassy composition considered. It is shown that the vitreous framework is
depolymerized when the quantity of A,O increases. RPE experiments were released on samples irradiated
and not irradiated by X-ray diffraction [43]. Glasses belonging to the series yA,0—(1-y) [0.25(W0Q3),-
0.75P,05] (y = 0.10-0.60) are produced. ATD experiments expose that the glassy network is broken with

increasing modifier content. The RPE spectra show the existence of two signals dependent on the W°*
and Mo®* ions. The intensity of these RPE centers decreases when the amount of A,O increases.
Decreasing in T4 with the amount of the oxide modifier is associated with structural changes occurring in
the matrix of these glassy compositions [44]. This work aims to study the structure and chemical
durability of solid electrolytes constituted from the phosphate glasses
(20Na,0-(50-x)Na,W0,-Ti0,-30P,P5; x= 0-25 mol %) containing different quantities of TiO, mol%.
The effect on chemical stability through the insertion of a TiO, mol% from 5 mol% to 25 mol% has been
analyzed and depended on the variation of the structure of phosphate glasses over the demineralized
water at 30°C.

2. Materials And Methods
2. 1 Glass Preparation

Phosphate glasses with the formula of 20Na,0-(50-x)Na,W0,-xTi0,-30P,05 (x=0, 1, 5, 8, 10, 15, 20,
and 25 mol%) were prepared by conventional melt-quenching route, from the precursors Na,COs,
Na,WQ,, TiO,, NH,H,PO, (purchased from Sigma-Aldrich, USA) were weighed and mixed thoroughly
according to appropriate molar compositions. The mixture was placed in an alumina crucible in a
furnace, and then it was first heated at 300°C per 12 hours and 500°C per hour. After that the value of the
temperature, the electrical furnace was increased to attain the melt and was stirred for homogenization
for about 1 hour at 900°C, the preparation temperature. After quenching the melt in the air to obtain the
glasses which are annealed after that at 300°C for one hour, then cooled down until room temperature, in
the electric furnace. By process, the prepared glasses were obtained transparent and colorless, so they
were put in desiccators before use. The amorphous state of the obtained glasses was analyzed by X-ray
Diffractometer and confirmed by using Raman spectroscopy.

2. 2. Glass Characterization

The Raman technique was investigated to check the structural framework of the phosphate units of the
prepared glasses. The Raman data were collected at ambient temperature using a Horiba Jobin Yvon Lab
Ram HR spectrometer. The spectra were analyzed in backscattering geometry under excitation with He—
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Ne laser radiation (632.8nm) at a power of 12 mW. The exposure time was 3 s, the accumulated number
was 10, and the spectral slit width was Tmm.

Chemical durability data for the elaborated glasses were determined from dissolution tests, which were
carried out in demineralized water at 30°C. The obtained glasses are formed in blocks form, then putted
into a bottle already full of demineralized water characterized by pH= 6.8. The bottles are fixed in a
thermostatic bath. Where, the thermostat is regulated at 30°C for 250 hours. The percentage of the
dissolution (DR) is determined by the equation DR= Dx/(S.t). Where; Dx, S, and t are, respectively, the

mass loss (g), surface (cm?) of the sample and initial state, and time of immersion (min). Through
determination of the rate of the dissolution at each 24 hours, it also measured the pH of the leaching
solution of the each glass by a pH-meter.

Data on the kinetics of the crystallization were collected by the DSC technique, at temperatures between
30°C and 550°C. The synthesized glasses are grounded to obtain the fine powder (< 50um), then
weighted 40mg of the fine powder to place it in a small aluminum crucible, and then heated at a 5°C/min,
8°C/min, 10°C/min, and 12°C/min. The collected data were used to fix the value of the peak

crystallization temperature (T ) at each rate 8 (°C/mn71).

3. Results And Discussion

3. 1. Raman spectroscopy

The structure of prepared glassy phosphates of the system 20Na,0-(50-x)Na,WO,-xTiO,-30P,05 (x= 0,
1,5,8,10, 15,20, and 25 mol%) were studied by using Raman scattering, spectroscopy, which carried out

in the wavenumber range between 1200 cm™ and 150 cm™ and the results are gathered in Figure 1. The
bands of the Raman spectra are attributed according to literature [45-47]. Therefore, the principal band
positions and their attributions are gathered in Table 1. Where the main bands are checked at different

positions: 1095 cm™, 935 cm™, 885 cm™, 750 cm™, 650-570 cm™', 390 cm™ and 255 cm™. From Figure 1,

it was observed that the main bands were located from 935 cm™ to 750 cm™". These are associated with
asymmetric and symmetric vibration modes of non-bridging oxygen on different P-tetrahedra. Besides,

the systematic decrease in peak frequency for P-0 bonds on 3-dimensional phosphates (Q?), P,0, (Q")
dimer and isolated PO, (Q°). The band around 885 cm™ is associated with the symmetric vibration mode
of the W-0 bond of the WO, and/or W-0-P bond. The band of low intensity, located at 750 cm, is

associated with the symmetric vibration modes of the P-0—-P bond of the Q" units also appeared. The
bands located in the low region between 650 cm™ and 255 cm™, are generally assigned as stretching
modes of the [PO,] units.
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Table 1

Raman band assignments in the 1200-150 cm™ range
frequency for the studied phosphate glasses.

Band position (cm™) Band assignment

1095 v4(PO,)", Q2

935 V,os(P-0-P)/ v,i(P-0-M) (M= W. Ti)
885 0-M-0/M0,/MOg (M= W. Ti)

750 vs(P-0-P), Q'

650-570 v,(P-0-P), Q2

390 vs(M-0-M)(M= W, Ti)

255 6 8(P0O,)

Even after the substitution of Na,WO, by TiO, in the system, it appeared that the spectra have changed
significantly with an increasing of TiO, content. From composition (x= 1 mol%), it was observed that two
supplementary bands at 935 cm™" and 885 cm™are, respectively, dependent on the TiO, and TiOg. That
their intensities decreased at TiO, mol% increased (region marked with red color, Figure 1) [48]. The
relative intensity of the peak assigned to Q' decreased when TiO, content increased. Besides, it looked

that the intensity of the bands between 450 cm™" and 180 cm™’ started decreasing when the quantity of
TiO, increased (region marked with green color as mentioned in Figure 1).

T was

At increasing TiO, content increased up to 5 mol% and more, the band in the position 1095 cm™
observed with an intensity decreasing with increasing the quantity of TiO,. The vibrations in a range from
1050 cm™" to 1095 cm™" are associated with the symmetric vibration mode of nonbridging oxygens in
pyrophosphate structural units (P,0,),~ [49]. In the region of lower wave numbers, a band at 650 cm™ is
observed; the intensity decreases with increasing content of TiO,. According to literature [50], it could be
designed to control the vibration mode of Ti-O bonds in TiOg octahedral units. It can be predicted by the

existence of several structural units in different glassy frameworks. Besides, some suggestions showed
that the titanium ions could be occupied by distorted octahedrals, which contributed to the modification
glassy matrix, and then the NBOs increased. Because of the existence of TiO, mol% in high quantities (x>

5), the structural units TiO, break the P=0 bonds, which leads to the forming of new non-bridging oxygen
ions. The structural units [Tiof,/z]2 will be formed [51]. In additions, the TiO4 structural units increase at
high TiO, quantities.
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From the analysis Figure 1, the Raman spectra attributed, the vibration intensity identifying the
metaphosphate Q? units is significantly reduced up to x = 8 mol% and the pyrophosphate Q' units
predominate for x = 8. But the exact determination, the quantity of Q' and Q2 units is difficult. Also, the
higher polarizability of the Ti-O bonds compared with the P-0 bonds has been influenced by the
intensity attributed to Raman bands. In spite of increasing TiO, to 20 mol% and 25 mol%, it can find

glassy phosphates that have the metaphosphate Q2 units [50]. It assumes that increasing the Ti0, mol%
in the glassy framework led to partly changing the metaphosphate structure to a pyrophosphate, then an
orthophosphate. At a quantity of TiO, (x<8 mol%) the metaphosphate units are predominant in the glassy
structural. After that, the pyrophosphate units will be raised, also the orthophosphate units. Therefore, the
TiOg units interlink with different phosphate units (metaphosphate, pyrophosphate and orthophosphate)
leading to formation of new bonds P-O-Ti, which participate to increase the durability for prepared
glasses (see section 3.2).

3. 2. Chemical durability
3. 2. a. Weight loss

Glassy phosphates of simple compositions are very vulnerable. Their corrosion resistance changes only
very slightly with condensation. Certainly an improvement appears in the polyphosphate —
metaphosphate — ultraphosphate series associated with the finding of the phosphorus atoms at the Q®
site, slowing the water diffusion step-by-steric effect. However, the durability of these compositions
remains insufficient to hope for potential applications. An effective improvement involves an increase in
the cross-linking of the phosphate entities, which form the glassy network to make it as tight as possible
to aqueous attacks. To develop phosphate glasses resistant to corrosion by water, it is necessary to
choose not only the type of phosphate anions which will be used for the structural building, but also the
addition cations or the substitution anions. A compromise between these glassy components makes it
possible to optimize the cross-linking of the entity phosphates while taking care to obtain vitrifiable
compositions [52-53].

Data collected from durability tests are given in curve forms, as seen in Figure 2. Where, the weight loss at
the initial surface (g.cm™) is dependent on the time (h). For the first time, it was observed that the glasses
had the same dissolution behavior (see Figure 2). To simplify knowing the curve variation, it followed, one
method is based on dividing the curves. For this reason, it could separate into two regions: the first one is
at t<100h, where the dissolution is dominated by a linear behavior. But, the second one, between 100h
and 250h, which is scarred by a slow-down in the dissolution rate. Regarding the substitution of Na,WO,
by TiO,, it was checked the dissolution comportment of the synthesized glasses banks on the TiO, mol%.
At the initial situation of dissolution of the glassy composition (x = 0 mol%), the dissolution was faster
than other glassy compositions (x> 0 mol%). Because of this, it could conclude that the substitution of
Na,WO, by TiO, influences the solubility of the studied glasses. Furthermore, insertion of TiO, mol% in
glassy phosphate improved the durability of glassy framework. In previous studies, it has been tested
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some oxides; Fe,05 and TiO, for improving the durability of the glassy phosphates [54-55]. From these
previous works, it has been concluded that the insertion of Fe,05 or TiO, into glassy networks enhanced
the durability by the creation of a new P-O-Fe/Ti bonds, which lead to increasing of network rigidity. For
similar roads, the insertion of different quantities of the quantity of the TiO, into our studied glasses has
improved of durability of the studied glassy network, through creation of new P-O-Ti bonds. This
hypothesis was corroborated by Raman spectroscopy, by identification of the new bonds (P-0-Ti). Also,
it was confirmed by thermal examination (DSC). Where, at the integration of TiO, in glassy networks, T
increased.

Insertion of TiO, into glasses improves the strengthening of the chains formed in the glassy network of
the Na,0-Na,WO0,-TiO,-P,05 system. This explanation is supported through the correlation of chemical
durability with thermal and Raman analysis.

3. 2. B. Ph Variation

Corrosion by water of alkaline phosphate glasses of compositions (1-x)P,05-xNa,0) can be summed up
by the involvement of two mechanisms (hydration and hydrolysis) The importance of each one varies as
a function of composition (x) and the degree of depolymerization [52]. Hydration is connected to the
diffusion of water, forming a hydration layer. Hydration is predominant when the glassy structure
consists mainly of Q2 units forming chains, i.e. around x = 0.5 (metaphosphate and polyphosphate). It
generally begins with the chain ends formed by hydroxylated Q' entities, giving free access to penetration
of water between the chains. Well-known that the hydrated chains detach intact from the glassy surface
to migrate into the solution. But the hydrolysis mechanism is characterized by:

i) low-energy reaction when it is an interdiffusional phase with an ion-exchange reaction H*<Na*, called
"dealkalinization" or "ion-exchange", between the ions of the solution and the Na* ions located among the
phosphate entities;

if) much more energetic reaction regarding causing the rupture of a P-0-P bond with binding of H" and

OH™ ions from the dissociation of water. It is in particular responsible for dissolving the ultraphosphates.
But the chains were relieved into the solution, starting with their ends [52].

Figure 3 exposes the evolution of the pH curves as a function of the submersion time in demineralized
water at a temperature of 30 ° C. In the same way, for analyzing the curves of chemical durability, it's
going to analyze the pH curves. From the pH curves, it could be clearly differentiated into two regions: i)
at t<48 h it's characterized by a hard decrease in pH curves; ii) at 48 h>, the pH curves show a horizontal
linear (behavior is nearly constant) with a distinction among the curves of the studied glasses. From this
attitude of the curves, it can be suggested that the development of pH values is established on the
chemical composition of the glassy studied. In the literature, the evolution of pH is affected by the
forming of phosphoric acid, which is survived by the H,PO," units, in water [54]. Generally, through first
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contact, the glass with the solution (water), the alkali ions and the phosphate ions created on the glassy
surface have been leached into the solution. Therefore, the ion interchange between ions formed on the
glassy surface and those of a solution; it could determine the acid-base character of the solution. In

effect, the sudden decrease in pH curves associated with the influx of the phosphate units (H,PO,") from
glassy surface to the solution (first region). But when the H,PO," units slowdown because of saturation
of the solution, the pH curves behavior becomes constant (second region). At TiO, mol% increased (x>5)

into the glassy network. The pH curves decreased (only for the first region). But for the second region,
saturation rapidly happened, as the quantity of TiO, increased. Because of this, it was verified that the

insertion of the TiO, mol% into the glassy framework enhanced the durability for the studied glasses.

In conclusion, our study of chemical durability interested in the produced glasses could distinguish
between two regions: the first one is described by a rapid alteration. Where thermodynamic disequilibrium
happens between the glassy surface and the changing solution is important, which leads to an abrupt
decrease in the pH value. The second one, is dominated by corrosion, which is checked with the
saturation of the altering solution. Where, the saturation phenomenon has happened because of the
founding of the protective layer against diffusion on the glassy surface.

2. 3. Crystallization Kinetics By Dsc

Thermal analysis of glasses by DSC makes it prospective to identify their behavior as a function of
temperature. When we analyze glasses using several heating speeds (B), we can get information on their
crystallization. From these non-isothermal measurements, we can follow the development of the
crystallization temperature as a function of the heating rate (Tc= (8)).This variation allowed us to decide
the parameters characterizing the crystallization of materials, including the activation energy of the
crystallization (Ec).

The activation energy of the crystallization (E.) is determined from the decide form of Kissinger equation

(1), which was reported by Matusita and Saka [56]. This crystallization activation energy (Ec) will be
investigated to establish the crystallization kinetics mechanism of the studied glasses.

Ln(T2,/B)= E/(RTp) + constant (1)

Where; 3, R and T, are, respectively, the heating rate g (5°C/min, 8°C/min, 10°C/min, 12°C/min), the
universal gas constant, and the peak temperature.

From the value of the activation energy (E.), the Avrami exponent (n) was calculated using Augis-
Bennett equation (2) [57]:

n= (2.5/AT)x(RT%/E,) (2)

Page 9/17



With; n and AT are, respectively, the crystallization index or Avrami exponent and the full width of the
exothermic DSC peak at half-maximum intensity. The Avrami exponent (n) indicated the growing and
nucleation mechanisms. In the literature, (n) is nominated to crystallization pattern, n= 1 designed to
surface crystallization, n= 2 means mono-dimensional crystallization, n= 3 means bi-dimensional

crystallization, n= 4 designs to crystallization for glassy materials were in three-dimensional [58-59].

Figure 4 exhibits the DSC thermograms corresponding to the glassy formulation (x= 5) for all suggested
heating rates. It was checked that each DSC thermogram presented a crystallization peak. But in
comparison between the crystallization peaks, it noted, slowly shifted to the superior temperature value
as heating rates increased. The obtained values, corresponding crystallization temperature (T,) of the
synthesized glass (x = 5 mol %) are gathered in Table 2. By examination of the crystallization temperature
(Tp) and heating rates, it has been achieved from the Figure 5, which exposes the plot of In(Tp?/B) versus
1/T,. Also, it could be determined E; from the slope of the variation, the parameter In(Tp?/B) as a function
of 1/T,. The obtained E value is around = 144.77 kJ/mol. The Avrami parameter (n) is found to be

about 2, which suggests that the crystallization of the prepared glasses is controlled by a mono-
dimensional mechanism [60-62].

Table 2
Crystallization temperature of the glass (x = 5 mol %) at different heat crystallization rates.
Glass B(°C/min) T, AT Avrami parameter (n)
20Na,0-45Na,W0,-5Ti0,-30P,05 5 558 18 2.43
8 566 20 2.25
10 570 21 217
12 573 23 2.01
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Raman spectra of the studied glasses
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Figure 2

Evolution of the weight loss of the glasses as a function of time (h)
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Figure 3

Evolution of the pH of the glasses as a function of time (h)
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Figure 4

DSC curves for the glass (x = 5) under different heating rates
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Figure 5

Plot of In(T2p/b) versus inverse temperature for the glass
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