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ABSTRACT

Solid electrolytes-based lithium phosphates have achieved a great evolution due
to the safety problem in the lithium-ion battery. This work targets to investigate
the prepared glasses within the 20Li,O—-(50 — x)Li;WO4~xTiO,-30P,0s system,
with 0 < x < 15 mol%. The bonds constituting the framework of these glasses
were studied by Raman spectroscopy. The data analysis of the chemical dura-
bility showed that the dissolution rates depend on the composition of each glass.
Thermal analysis by using the DSC technique was used to determine the acti-
vation energy of crystallization, it is found in the glassy composition (x = 5) that
E.= 184.482 k] /mol. The determinate Avrami parameter is around 1.7, which
allows suggesting the mechanism is surface crystallization. The crystallization
process of the prepared glasses is carried out by heating samples at a suggested
value of temperature around 550 °C for 4 and 12 h, with heating rate of 10 °C/
min. The crystallized phases are identified by XRD. The results of the X-ray
diffraction analysis confirm that TiO; acts mainly as network forming units. The
crystalline phases Li,WO, and LiyP,O; are formed during the crystallization
process. The formation of these crystalline phases into the glasses depends on
the time of heating at a fixed crystallization temperature. FTIR spectra of the
glass—ceramics show nearly the same IR vibrational modes likewise their parent
glasses.
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1 Introduction

Glasses and glass—ceramics-based phosphates have
attracted the attention of many researchers due to
their potential applications in technology, like solid
electrolyte [1]. All-solid-state batteries using solid
electrolytes are expected to have long battery life [2].
In general, chemical side reactions are inhibited in
inorganic solid electrolytes as the lithium ions move
through these typical electrolytes. As a result of this,
all-solid-state batteries are potentially safer than
conventional lithium-ion batteries [3]. Also, they are
considered to be ideal batteries for electric vehicles
and plug-in hybrid electric vehicles [4]. The solid
electrolytes with lithium-ion conductivity are poten-
tially investigated considering their use in power
sources [5, 6]. Solid electrolytes-based phosphate
materials are good candidates owing to their easy
preparation, low melting point, wide glass-forming
region, and simple composition [7, 8]. Consequently,
in the last decades, scientists paid considerable
attention to Li* ion glassy electrolytes [9, 10].

As well known, the ionic glasses have a wide
thermal stability window, but they tend to crystallize
at certain temperatures (Tc). For this reason, their
direct uses affect the performance of the ionic devices
during high-temperature applications [11, 12]. The
glass—ceramics derived from glasses present lower
conductivity than the parent glasses. This depends on
the low ionic conductivity of the precipitated crys-
tallites. Nevertheless, other glass—ceramics exhibit
higher conductivity than the pristine glasses of the
same compositions, for example, in Ag® ion-con-
ducting Agl-Ag,0O-MoO; glasses. Also, glass—ce-
ramics obtained from the glass Li;O-Al,O3;-TiOp—
P,Os5 system exhibited higher conductivity than the
host glass matrix. Indeed, the high conductivity is
attributed to the formation of the LiTiy(PO,); phase
during crystallization [13]. There are many attempts
to optimize ionic conductivity by stabilization the
superionic o-phase of ionic compounds in the glass
matrix. The first successful attempt has been realized
with the stabilization of a-Agl within the glass Agl-
Ag,0O-B,O; system by rapid quenching. Exception-
ally, at room temperature, o-Agl has been established
in glass—ceramics of the Agl-Ag,0O-B,O; system,
which resulted in high Ag" ion conductivity of 10~
Q' em™ [14].

Solid electrolytes-based crystalline phosphate
materials are widely investigated in all-solid-state
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batteries, for example, Lis?,O;. The XRD data anal-
ysis showed that LiyP,O; crystallized in triclinic
structure with space group P-1. The linking LiO4 with
P,O; groups allows the formation of a framework
with large voids [5]. In this framework, Li* ions
move easily; thus, high conductivity is obtained. In
the literature, it reported that Li,P,O; has a rather
high conductivity (~ 107" s/m at 925 k) [15]. Kartini
et al. studied LizP,O, in the Li4P,O,~Li;PO, com-
posite with the highest content of 93.56 % Li,P,O;.
This composite achieved high ionic conductivity of
3.85 10> s/m at room temperature. This ionic con-
ductivity is higher in comparison to the single phase
of LiPO;, LisPO,, and LisP>O;. As a result of this, the
composite Lis,0,~LizPO, is a good solid electrolyte
for all-solid-state batteries [16].

Another example, Li,WO, compound crystallized
in the monoclinic structure with space group (P2/m)
and the lattice parameters: a = 9.753 A, b = 5.954 A,
c=499% A, o« =y =90° and f = 96.81°. A structural
study showed that the presence of some porosity is
observed [17]. The presence of porosity is very
important for Li* ions to move into the LiWO,
structure. The electrical conductivity was carried out
in the [200-500 °C] temperature range. The electrical
measurements showed the Li™ ion conductivity is
about 2.18 x 1077 s/cm at 300 °C, and the activation
energy is 0.94 eV [18]. The Li,WO, and LisP,O; ionic
conductors have also been reported to exhibit elec-
trical conductivity. Nevertheless, according to our
best knowledge, there is no work dealing with the
Li,WO,4-Li4P,O; compound. Our attempts focused
on precipitating Li,WO, and Li,P,O7 crystallites in
Li,O-Li;WO4-TiO,-P,0s5 glasses [18]. The precipita-
tion of these crystallites would greatly enhance the
ionic conductivity of glass—ceramics. This study was
performed to stabilize single or more crystalline
phases already known for their high ionic
conductivity.

The aim of the work is to investigate the prepared
glasses within the Li,O-Li;WO,~TiO,—P,05 system.
Their characterization was carried out by Raman
spectroscopy and chemical durability tests. The
crystallization kinetic study was performed by using
thermal analysis. The glass—ceramics are character-
ized by X-ray diffraction and Infrared spectroscopy
(IR).
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2 Experimental procedure
2.1 Samples preparation

The phosphate glasses of the 20Li;O—(50 — x)Li,.
WO ~TiO,-30P,0s system (x =0, 5 8, 10, and
15 mol%) were prepared from the raw materials
(purchased from Sigma-Aldrich, USA): lithium car-
bonate (Li,COj), titanium trioxide (TiO,), lithium
tungstate Li;WO,, and hydrogen ammonium phos-
phate (NH4H,PO,4). The detailed experimental pro-
tocol of preparing glasses was described in our
previous work [18]. The amorphous state of these
colorless glasses was verified by XRD and confirmed
by Raman spectroscopic analysis. Glassy samples
were subjected to controlled thermal heat treatment
through two-step regime. The glasses were heat
treated at a rate of 10 °C/min to reach at temperature
around 550 °C for 4 h and 12 h, sufficient to provide
sufficient nucleation sites. The experimental pro-
cesses to obtain glass—ceramics have summarized
according to the schematic diagram in Fig. 1. The
Muffle Furnace (Model LT 9/12, Nabertherm, Italy)
with the samples inside was switched off and then
left to cool to room temperature at a rate of 1 °C/min.
These specific temperatures were collected from DSC
measurements. The obtained glass—ceramics were
analyzed by an X-ray Diffractometer (Model D5000,
Bruker, USA) in the range of 26 from 10° to 80°. The
X-ray data were analyzed by X'Pert High Score Plus
software to identify the crystalline phases.

2.2 Raman spectroscopy

The structural properties of the prepared glasses
were studied by Raman spectroscopy. The Raman
data are obtained at room temperature by using
spectrometer (Model T64000, Horiba, Germany). The
spectra were measured in backscattering geometry,
under excitation with He-Ne laser radiation
(632.8 nm) at a power of 12 mW. The exposure time
was 3 s, the accumulated number was 10, and the
spectral slit width was 1 mm.

2.3 Durability testing

Chemical durability test of the glasses is carried out
to determine the dissolution rate in distilled water at
25 °C. The prepared blocks of the glasses were placed
into a bottle full of distilled water with pH 6.8. The
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Fig. 1 Schematic diagram for experimental protocol

bottles are suspended in an Electrical Thermostatic
Water Bath (Model HH-420, BILON, China) kept at
30 °C for 250 h. The dissolution rate, DR, is calculated
from the equation DR = Dx/(5.t), where Dx is the
mass loss (g), S is the glass surface (cm?) before the
dissolution test, and ‘+’ is time of immersion (min).
The pH value of leaching for each glass is measured
every 24 h by a pH meter (Model Consort™ C3010,
Thermo Fisher Scientific, USA).

2.4 Crystallization kinetics

The crystallization kinetics of the glasses is studied
by differential scanning calorimetry (DSC). The fine
grain powdered sample (< 50 pm) of about 40 mg
was placed in an aluminum crucible and heated at a
rate of 5 °C/min, 8 °C/min, 10 °C/min, and 12 °C/
min using a DSC (Model 131 Evo analyzer, Thermo
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Fisher Scientific, UK) from ambient temperature to
550 °C. The obtained data are investigated to deter-
mine the peak crystallization temperature (Tp).

2.5 Infrared spectroscopy

The structural units formed the glass—ceramics were
analyzed by a Fourier Transform Infrared (FTIR)
spectrometer (Model Tensor 27, Bruker, UK). The IR
spectra were recorded at room temperature in the
frequency range (400-1500) cm~'. The samples were
ground to a fine powder and then mixed with KBr
powder to prepare pellets for this study.

3 Results and discussion
3.1 Raman spectroscopy

Figure 2 presents the Raman spectra of the phosphate
20Li,0-(50 — x)Lio,WO,~xTiO,-30P,05 glasses
recorded in the wavenumber region 1200-150 cm™".
The band positions and their assignments are gath-
ered in Table 1. The Raman spectra show different
bands situated at different positions: 1055 cm ™',
930 cm™!, 870 cm~', 740 cm~!, 635-510 cm™’,
372 cm™!, and 250 cm™'. The assignments of these
bands were made by comparing with the literature
data [19-24]. From the band positions, we divided the
Raman spectra into the three wavenumber regions:

x= 15

Intensity (u. a.)

1200 1000 800 600 400 200

Wave number cm-1,

Fig. 2 Raman spectra of the studied glasses
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i) In the high wavenumber region, there is a
band of low intensity at the position
1055 cm™'. This band is attributed to the
asymmetric vibration v,s(P-O7), Q' units. The
band at 930 cm ™" of high intensity is assigned
to the asymmetric vibration of the bond P-O~
into Q° units or to the symmetric vibration M-
O™ in a polyhedron with (M = W, Mo).

ii) For the intermediate region, a band the low
intensity at 870 cm™" it observed associated
with the symmetric vibration mode of the
bond W-O bond of the WOg polyhedron and /
or W-O-P bond. Also, a band of low intensity
is situated at the position 740 cm ™" attributed
to the symmetric vibration of the P-O-P bond
of the Q' unit.

iii) In the low wavenumber region, the bands
situated between 635 and 250 cm ™' could be
attributed to the stretching mode of the [PO4]
units.

After the substitution by TiO, in the glassy com-
position (x =5), two supplementary bands are
observed. These bands are situated around the posi-
tions 914 cm ™! and 742 cm ™! attributed to the TiO,
and TiOg, respectively [25]. At TiO, content
increased, Raman spectra change, especially in the
region of low frequencies. This shows that several
structural units are present in the various networks.
Besides, there is a considerable change in the inten-
sity of the structural units of TiO4 Such variations
suggest that titanium ions occupy distorted octahe-
dral positions and modify the vitreous matrix
increasing the number of non-bridging oxygens
(NBO). When TiO, is present in larger quantities
(x > 8), the P=O bond can be broken by structural
units of TiO4, which can cause the creation of new

Table 1 Raman band assignments in the 1200-150 cm ™' range
frequency for the studied phosphate glasses

Position of band (cm™') Band assignment

1055 vo(PO,)~, Q°

930 Vas(P—O—P)/v,(P—-O-M) (M = W. Ti)
870 O-Mo-O/MO4#/MO¢ (M = W. Ti)
740 vs(P-O-P), Q!

635-510 v{(P-O-P), Q*

372 V{(M-O-M) (M = W, Ti)

250 3 8(POy)
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NBO ions facilitating the formation of structural units
[TiOg,2]*~ [26]. The analysis of Raman spectra shows
that the degree of depolymerization of the glass lat-
tice and the quality of TiO¢ structural units increases
with the increasing TiO, content.

3.2 Chemical durability

3.2.1 Weight loss

Chemical durability is expressed by the resistance of
the glasses to attack chemical species found in a
solution. This attack takes place through the process
of ion exchange in the hydrated layer. When the
chains are completely surrounded by water, they can
separate from the partially hydrated chains and dis-
solve in solution. Once the hydrated layer is constant,
the dissolution is linear over time [27].

Figure 3 represents the evolution of the weight loss
at the initial surface (g cm™?) of the glass as a func-
tion of time (h). From Fig. 3, it is noted that the
glasses present similar dissolution behavior. We can
clearly differentiate two stages or two phases:
(i) t <100 h, the dissolution is almost linear. (i)
100 h < t < h250h, where the dissolution rate slows
down. The substitution of Li;WO,4 by TiO, has an
observable effect on the dissolution behavior of the
synthesized glasses. The dissolution of the glass
(x = 0 mol%) is characterized by an initial dissolu-
tion, faster than that of the other glass. The solubility
of the studied glasses depends on the degree of
substitution of Li;WO,; by TiO,. Indeed, the

Weight loss 102 g.cm™

0 50 100 150 200 250
Time (h)

Fig. 3 Evolution of the weight loss of the glasses as a function of
time (h)
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introduction of TiO, in the glass network leads to
improved chemical durability of the network. In our
similar study, we reported that incorporating Fe,O3
into the vitreous network leads to improve the
chemical durability, which was explained by the
formation of a new bond P-O-Fe in place of P-O-P
[28]. By analogy, TiO, also leads to the enhancement
of the chemical durability of the network by the for-
mation of bonds of the type P-O-Ti. These bonds are
identified by Raman spectroscopy. These results
agree with the thermal analysis, which showed that
the introduction of TiO, into the phosphate glass
network makes the glass matrix harder.

The correlation between chemical durability and
thermal analysis confirms that the introduction of
TiO; into the glass network leads to the strengthening
of the chains, constituting the glass matrix of the
LizO—LizWO4—TiOz—P205 systems [29]

3.2.2  pH variation

Figure 4 illustrates the evolution of the pH as a
function of the immersion time in distilled water
(pH ~ 6.8) at a temperature of 30 °C. The curves
showed two zones: (i) before 48 h, there is a sudden
decrease in pH curves; (ii) after 48 h, the pH value is
almost constant. This variation in pH depends on the
chemical composition of the glass. We can say that
the alkali ions and the phosphate ions that constitute
the glass surface have been released into the solution.
This ion exchange plays a major role which that
defines the acid-base character of the solution. In fact,

6.8

pH

1
-

1 1
- -

1 1 I
- - -

0 50 100 150 200 250

Time (h)

Fig. 4 Evolution of the pH of the glasses as a function of time (h)
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decreasing pH curves can be attributed to the disin-
tegration of the phosphate entities. The variation of
pH depends on the formation of phosphoric acid
controlled by the entities H,PO,™~ in water [30-33].

At TiO, content increases, it is observed that the
pH of the solution becomes smaller than the initial
solution. These results indicate that the introduction
of TiO, into the glass network greatly improves
chemical durability. In terms of this chemical study, it
is believed that the corrosion mechanism of glasses
occurs in two phases: (i) a rapid alteration phase
where the thermodynamic imbalance between the
glass and the altering solution is great, which creates
a sudden decrease in pH; (ii) a corrosion slowing
phase, which is associated with the saturation of the
altering solution. This leads to the formation of a
protective layer against diffusion through the surface
of glass.

3.3 Crystallization kinetics by DSC

The crystallization kinetics have suggested calculat-
ing parameters of activation energy (E.) and Avrami
exponent (n). The activation energy (E.) of crystal-
lization was calculated by using the following mod-
ified form of Kissinger Eq. (1), established by
Matusita and Saka [34]:

L Ty ke C t 1
nl4 | = (RTy) + Constant, (1)

where 8, R and T}, are the heating rate, the universal
gas constant (8.314 J/mol k), and the crystallization
peak, respectively. Different heating rates p (5 °C/
min, 8 °C/min, 10 °C/min, 12 °C/min) are deliber-
ated to study the crystallization kinetics of the pre-
pared glasses. The crystallization activation
energy E. is determinate to review the crystallization
kinetics mechanism of glasses.

Figure 5 plots the DSC curves for the glassy com-
position x =5 mol% obtained at different heating
rates 5. The DSC curves present a broad crystalliza-
tion peak shifted to high temperature, with an
increase in the heating rate. The obtained crystal-
lization temperature (T}) for the glass (x = 5 mol%) is
listed in Table 2. The plot of In(Tp?/B) versus 1/T, is
shown, a straight line is obtained (see Fig. 6), and
from its slope, the value of E. can be determined. The
obtained value of the activation energy (E.) is
184.482 kJ/mol. This determinate activation energy
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V= 12°/min

V= 10°/min

V= 8°/min

V=5°min

opuy -— Heat flow(a. u.)—=Exo

100 200 300 400 500
Temperature (°C)

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

Table 2 Crystallization temperature of the glass (x = 5 mol %) at
different heat crystallization rates

Glass B (°C/min) T, AT Avrami parameter (n)

x=35 5 524 14 2.20
8 528 16 1.96

10 532 22 1.45

12 534 25 1.28

relies on the bond energy of the glassy framework. In
submitting a material to heat treatment, its weak
bonds destroy. Remarkably, stable crystalline phases
can be precipitated into heated glasses. The studied
glassy network consists of the bonds Li-O, P-O, Ti-
O, and W-O, respectively, their bond energies are
3335 kJ/mol, 599 kJ/mol, 666.5 k]/mol, and
720 KJ/mol [35]. At first glance, we bet on destroying
the Li-O bonds, because it needs low energy in
comparison with other bonds. Therefore, the crys-
tallization of crystalline phases in the glass—ceramics
is expected to the break of the Li-O bonds (see the
section of the X-ray diffraction of glass—ceramics).
Additionally, the crystallization kinetics mechanism
could be clear by using the Avrami parameter 7 cal-
culated by applying the Augis-Bennett Eq. (2) [36]:

2.5 RT3
= (or)  (7) ¥
where AT is the full width of the exothermic DSC

peak at the half-maximum intensity, and (n) is the
Avrami exponent or crystallization index. The
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R*=0.99
10.84 E.-184.482 kj/mol
a
Nﬂ-
<
=
10.4
10.0 T T 7 T T
18.7 18.8 18.9 19.0 19.1
(l/Tp)IO4

Fig. 6 Plot of In(T2n/f) versus inverse temperature for the glass

Avrami exponent (1) had indicated the nucleation
and growth mechanism. According to the Johnson-
Mehl-Avrami (JMA) theory, (1) was also related to
crystallization pattern, n = 2 means that the surface
crystallization dominants the overall crystallization,
n =3 means two-dimensional crystallization, n = 4
means that three-dimensional crystallization for bulk
materials [37-39]. The value calculated for (n) is very
close to 1.7, suggesting that surface crystallization is
dominant during the crystallization of the glasses
[40, 41].

3.4 X-ray diffraction of glass—ceramics

From the DSC analysis, it has been suggested the
crystallization temperature around 550 °C, as an
average value of the analyzed glasses (x = 0, 5, 8, 10,
15 mol%), where the crystallization temperature is
picked at the maximum of the crystallization peak of
each DSC curve. This temperature is determinate for
the compositions x = 0 mol% (about 503 °C) and
x =5 mol% (around 532 °C). But, for the composi-
tions x =8, 10, and 15 mol%, the crystallization
temperature is not determinate in the 500-575 °C
region [18]. As a result of the treatment temperature,
which fixed at 550 °C (suggested crystallization
temperature), it has obtained glass-ceramics. The
crystalline phases formed into heated glasses are
identified by using X-ray diffraction. Figures 7 and 8
correspond to the X-ray patterns of glass—ceramics
derived from the glasses of the 20Li,O-(50 — x)Li,.
WO ~xTiO,-30P,05 system, with 0 < x < 15 mol%.
The X-ray patterns gathered in Fig. 7 showed the
crystallization of crystalline phases into the com-
pounds (x = 0 and 5) Li, WO, (JCPDS# 01-072-0086)
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a: Li, WO, #01-072-0086#
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a c
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a c
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Fig. 7 XRD patterns of the crystallized glasses at 550 °C for 4 h

and LisP,O7 (JCPDS# 01-087-0409) during 4 h. These
two formed crystalline phases are characterized by
low intensity of the peaks. At high TiO, content
(x =8, 10, and 15 mol%), it observed no crystalline
phase formed. Nevertheless, at increasing the heating
duration of 12 h, it observed that the intensity of the
peaks is slightly increased in crystalline phases Li,.
WO, (JCPDS# 01-072-0086) and Lig,O; (JCPDS#
01-087-0409) for the compositions (x = 0 and 5). But,
in the compositions (x =8, 10, and 15), there are
peaks appeared which corresponding to the crys-
talline phases Li,P,O; (JCPDS# 01-087-0409).
According to the literature, the crystallographic data
reported that the compound Li;WOycrystallized with
monoclinic symmetry, C2c, a = 9.753(1) A,
b =5.954(1) A, ¢ = 4994(1) A, B = 90.58(2)°. In addi-
tion, the lithium and the tungsten atoms are located
in octahedral sites. Furthermore, the structure is
found in four octahedral layers parallel to (100). The
first and the third layers are filled with lithium atoms,
resulting in LiOg octahedral sheets, while the second
and the fourth contain zigzag chains of WO¢ octa-
hedral reported in the Wolframite structure [42].
Also, the compound of the crystal structure of Liy
P,O; was interpreted as triclinic, space group P-1, as
confirmed by Voronin et al. [5]. As well known, the
existing of titanium or tungsten ions in glass could
play a double role: former in the glass of covalent
[MO4] groups M = Ti, W) and modifier in the ionic
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Fig. 8 XRD patterns of the crystallized glasses at 550 °C for 12 h

glass of the [MOg] polyhedrons. WOs; itself brings
three oxygen atoms in [WQg,,] structural units. On
the other hand, TiO, itself takes stoichiometrically
two oxygen atoms in [TiO4/;] and passing to six
coordination. Therefore, the titanium atoms obtain
oxygen from the glassy network. The determination
of layer size is an important test for the characteri-
zation of heat-treated glasses.

The crystallite size values are estimated from X-ray
patterns by using the Scherrer Eq. (3) [43]:

K
~ fcos0’

(3)

where D is the average crystallite size, 4 is the X-ray
wavelength, f is the width of the X-ray peak on the 20
axis, normally measured as full width at half maxi-
mum (FWHM), 0 is the Bragg angle, and K is the
Scherrer constant with K =0.9. K depends on the
crystallite shape and the size distribution, indices of
the diffraction line, and the actual definition used for
S whether FWHM or integral breadth [44]. Since the
exact value of K for the present materials system is
not known, crystallite size calculations are only esti-
mates. The calculated crystal sizes of the crystalline
phases (Li,WO, and LisP,0;) are given in Table 3,
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where the crystal size of the Li;WO, is determinated
from the peak of the h, k, 1 value (1 0 1) and for
LisP>,O; was determinated from the peak of the h, k, 1
value (2 1 0). From the measurements of the crystal
size, it observed that the crystal size average is con-
stant for each crystalline phase, where Dipwos=
18 nm and Dgap207= 26 nm. As the crystal size
distribution and evolution during growth are well
known, quantitative studies on the nucleation and
growth of a fragment reveal that, with increasing
growth time, both the crystal size and the size spec-
trum increase. During the early stages of growth,
crystals are small and relatively uniform sized. As
films grow, the average crystal size increases, and at
the same time, the size distribution broadens. But the
crystal size is independent of the diffraction peaks
[45].

It seems that the vitreous network of glasses con-
tains structural units of the pyrophosphate type. The
crystallization times of the glasses for 4 and 12 h,
insufficient for the formation of crystallized phases,
contain the titanium, within the pieces of the heat-
treated glass.

3.5 Infrared spectra of glass—ceramics

Figure 9 shows the IR spectra of the prepared glass—
ceramics heated at 550 °C for 12 h. These spectra
contain the same principal bands of the phosphate
glasses with sharp differences between the glasses
(previous work [18]) and their derived glass—ceram-
ics. The spectra of the heat-treated glasses (glass—ce-
ramics) show different absorption bands localized
around 1275 cm ™', 1120 cm ™", 1085 ecm ™, 1050 cm ™,
940 cm™", 860 cm ™!, 745 cm ™', 605 cm™, 510 cm ™,
and 450 cm~'. The assignment of the absorption
bands of these glass—ceramics of the Li;O-Li;MoO4—
TiO,-P,05 system was done according to our previ-
ous work, interested in studying the glassy structure
of this system [18]. The band positions and their
assignments are listed in Table 4. The broad weak
band at position 1275 cm™' is described to the
asymmetric vibration of the P=O bond [v,s(P=0)]
and/or v,s(PO,7), in the metaphosphate Q? units,
while the band at 1120 cm ™' is attributed to sym-
metric stretching vibration in the v (PO2)™ bond in
Q? chains. The strong band situated at 1085 cm™" is
associated with asymmetric stretching modes of the
v2s(PO3)*”, in pyrophosphate Q' units, whereas the
weak band at 1025 cm™' is identified with the
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Table 3 Crystal dimensions

determinated from Scherrer Diffraction peak

Crystalline phase

Composition (mol%) Crystal size(nm)

analyses

101 Li, WO,

002

LiyP,04

0 18
5 18
8 18
10 18
15 18
0 26
5 26
8 26
10 26
15 26
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Wavenumber (cm™)

Fig. 9 FTIR spectra of the crystallized glasses at 550 °C for 12 h

symmetric stretching modes of the pyrophosphate
(PO;)?>~ units. The low shoulder band situated at the
position 9040 cm ™' is ascribed with the orthophos-
phate PO,>” units. The bands at 860 cm ' are
attributed to the asymmetric vibration modes of the
P-O-P and/or P-O-M (M = W, Ti) bonds. The band
at 745 cm ™! is attributed to the symmetric stretching
vibrations of the P-O-P v4{(P-O-P) bond, of bridging
oxygen atoms. The band about 605 cm™" is associated
with the symmetric vibration of the P-O-P bond in
the Q? units. The broad bands in the 510450 cm ™!
range belong to the deformation mode of the PO,
units of phosphate glasses. In comparison, between

Table 4 IR band assignments in the 1400-400 cm™' range
frequency for the studied phosphate glasses

Position of band (cm~!) Band assignment

1275 Vas(P = 0)/v,(PO,7)

1120 Vs(PO,)™

1085 Vas(PO3)* ™~

1050 vy(PO,)*~

940 Vas(P—O-P)/vi(P-O-M) (M = W. Ti)
860 MO¢g (M = W. Ti)

745 vs(P-O-P)

605 vs(M-O-M) (M = W. Ti)

510450 8 8(0O—P-0) and translation of cations

IR band assignments of the glasses and their glass—-
ceramics, we conclude that the structure of these
materials (glasses and glass—ceramics) is mainly
formed from the bonds of the phosphate units:
metaphosphate PO, units, pyrophosphate PO5;*~
units, and orthophosphate PO,*" units.

At the substitution of the Li;WO, by TiO; in the
glasses and their glass—ceramics, the band positions
and their intensities have changed. We attributed
these changes to the interaction between (50 — x)Li,O
with xTiO, or/and (50 — x)WOj3; with xTiO,. But, for
the glass—ceramics, the changes are due to the bonds
breaking as a result of heat treatment to format
crystalline phases: Li;WO, and LisP,0O; (see the sec-
tion of the X-ray diffraction of glass—ceramics).
Existing the tungsten into structural phosphates, well
the IR spectra show bands attributed to WO,
(725 cm™") and WO, (920 cm™") units [46]. At high
TiO, content, the intensities of the bands at
1000 cm ™! are associated with PO,>~ units and TiO,
units, decreasing with slightly shifting towards
higher wavenumber. Additionally, an increase of
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TiO, content in the glasses leads to increasing the
intensity of bands associated with the metaphosphate
(PO2)™ units. But the intensity of bands attributed to
the pyrophosphate (PO3)*~ groups decreased [18]. In
contrary, at low TiO, content in glass—ceramics (from
x =8 to x = 0 mol%), it observed changes in form
and intensity of bands, especially the bands range in
1247-1000 cm™". These changes are associated with
the precipitation of the crystalline phases (Li;WO,
and LiyP>O;) in the heat-treated glasses. But, for the
composition x = 10 mol% and x = 15 mol% of heat-
treated glasses, it observed no change in form or
intensity. Therefore, it assumed that the P-O-M
(M = P, W) bonds are interrupted by the presence of
the LiO,, then formation of new P-O-Ti bonds [47].
As a result of increasing, the P-O-Ti bonds in glasses
lead to increasing of hardness of the glassy structure.
Therefore, the formation of new crystalline phases
contain titanium that needs more temperature and/
or time for heat treatment of the glasses.

In conclusion, the IR spectra of the glass—ceramics
show nearly the same IR vibrational modes as their
parent glasses. The IR spectra of the glass—ceramics
reveal a few sharp peaks in the far IR region and the
mid-region spectrum. Due to the stretching of main
phosphate network groups, it appears lower in the
intensity of the vibrational bands. These results con-
firm that the crystalline phases separated, while the
X-ray data indicated that the formation of these new
crystalline phases (Li;WO, and LisP,O7), which are
suggested to be somewhat compacted or limited to
two crystalline phases.

4 Conclusions

The Raman spectra of the prepared glasses show a
conversion of metaphosphate units into pyrophos-
phate and orthophosphate units during the substi-
tution of Li;WO, by TiO,. Crystallization kinetics of
glasses is reported by DSC. Therefore, the activation
energy of crystallization (E. ) depends on the chem-
ical composition of the glass (x = 5 mol%), where its
value is around =~ 184.482 kJ/mol, while the
obtained value of the parameter Avrami (n) is
about ~ 1.7, where it allowed us to predict that the
crystallization of the glasses takes place according to
a surface mechanism. In addition, the formation of
the crystalline phases depends on the temperature
and heat treatment time. Glass—ceramics obtained

@ Springer
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from the studied glasses submitted to heating at two
different durations were exploited by XRD and FTIR,
whereas the crystallized phases (Li,WO, and LisP,.
Oy) into prepared glasses depend on the composition
and the conditions of treatment. Also, X-ray patterns
of crystalline phases are investigated to determine the
crystal size for each crystallized phase into heat-
treated glasses, where it found that the Dyipwos=
18 nm and D(ip207)= 26 nm. Furthermore, the crys-
tal size of these crystalline phases was fixed with the
variation of TiO, mol%. FTIR analysis has shown that
the absorption bands of both spectra (glasses and
glass—ceramics) were presented the same bands with
quite different. Also, the results of the IR analysis
confirmed the formation of the crystalline phases
have been identified by X-ray diffraction. In the
perspective work, we will focus on the study the
electrical conduction mechanism into these glass—
ceramics.
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