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ABSTRACT

KEYWORDS

In this research, glass-ceramics belonging to the system of Li,O-TiO,-P,Os were prepared by
the addition of different amounts of B,Os;. The glass formation ability of the starting glass
materials along with the crystallization trend as well as ionic conductivity of the corresponding
glass-ceramics were also examined. Starting glasses were obtained through the melt quenching
technique and glass-ceramics specimens were prepared through one-step heat treatment.
The glass-ceramic samples were then examined through X-ray diffractometry, differential
thermal analysis, electrochemical impedance spectroscopy, and scanning electron microscopy.
According to the obtained results, the addition of a 2.5 mol% of B,Os to the glass composition
led to a sharp increase in ionic conductivity at room temperature. So that the bulk conductivity
of the specimen heat treated at 950 °C for 2 h was measured to be 1.17 x 10 Scm™, which was
10 times bigger than that of the base glass-ceramic with no additive. It also decreased the
crystallization temperature and viscosity of the parent glass, resulting in increased crystallinity
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while further addition of B,0O; drained the conductivity and crystallinity of glass-ceramics.

© 2023 The Authors. Published by Synsint Research Group.

1. Introduction

Lithium ion conducting batteries have drawn great attention owing to
their high energy density, low thermal expansion difference between
electrodes and electrolytes, low weight and high ionic conductivity
[1-3]. NASICON type ceramics are of great potential to be used as
electrolytes in the new generation of lithium ion conducting batteries.
Among them, glass-ceramics have been introduced since they do not
have grain boundaries and hence will not drain conductivity [4-10].

NASICON glass-ceramics belonging to the system of Li,O-Ti,0-P,0s
have shown superior ionic conductivity. The main phase in this system
is lithium titanium phosphate (LiTiy(PO,);) with the NASICON
structure. This structure is like N[A;B;0,,], where N is a cation such as
Li and Na, A is a cation such as Ge, Ti, Sn, Hf, and Zr, and B is a
cation such as P and Nb. The structure of NASICON material is made

* Corresponding author. E-mail address: banijamali@merc.ac.ir (S. Banijamali)

of two AQOg hexagonal and three BO4 octahedral, which make some
paths for Li ions to move easily and create ionic conductivity [7, 11,
12].

However, glass formation besides suitable crystallization behavior
using the stoichiometric composition of LiTi,(PO4); has always been
challenging. A solution to obtain adequate glass forming ability besides
keeping enough crystallization of the NASICON phase is an accurate
modification of initial glass compositions. If this modification could
improve the simultaneous glass forming ability and the final glass-
ceramic materials’ ionic conductivity that can be a big discovery
[13, 14]. It has been reported that the addition of 5 mol% of B,O; to the
glasses with the stoichiometric composition of Li; sAlysGe; 5(POs); not
only leads to an increase in the relative glass and glass-ceramic
conductivity but also improves glass-formation [14, 15].
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Fig. 1. Annealed starting glasses' XRD patterns.

Therefore, the main idea of the current research aims to study the
influence of B,0; addition on the ionic conductivity and crystallization
behavior of NASICON type glass-ceramics containing different
amounts of B,0s.

2. Experiments

The melt-quenching technique was employed to fabricate the starting
glasses. The base glass chemical composition was chosen on the basis
of the stoichiometric composition of LiTi,(PO4); containing 12.5 Li,O,
50 TiO,, and 37.5 P,0s (in mol%). To obtain B,O; containing glasses,
1.5, 2.5, 3, and 5 mol% of B,O; were added to the composition of the
base glass. The obtained glass specimens were respectively named
G-base, G-B1.5, G-B2.5, G-B3.5, and G-B5.

The starting Precursor materials contained Li,CO; (Merck 808); TiO,
(Merck 5671); NH4H,PO4 (Merck 101126); H;BO; (Merck 100165);
and high purity SiO,. The homogeneously mixed batches were
transferred to the electric furnace (Azar 1720) and meted in the fused
silica crucibles. The furnace temperature was increased to 1500 °C and
maintained for 20 minutes at the maximum temperature to obtain
homogeneous melts. Then, the molten glasses were poured onto a cold
plate made of stainless steel and immediately pressed by another plate.
All fabricated glasses were annealed for 2 h at 500 °C to release stress
and then cooled down to ambient temperature.

Differential thermal analysis (Polymer Laboratories) was carried out to
monitor the role of the B,O; additive on the crystallization behavior of
studied glasses at the heating rate of 10 °C/min in air. X-ray diffraction
(XRD) patterns of all glass and glass-ceramic specimens were obtained
using the Siemens D500 diffractometer in the 26 range of 2 ° to 80 °.
Crystalline phases were identified by means of X'Pert HighScore Plus
2.1 software. Scanning electron microscopy (SEM, Vega TESCAN)
was used for microstructural observations. Prior to SEM analysis, all
glass-ceramic specimens were etched chemically through immersion in
the HF dilute solution for a few seconds and were afterward coated by
a gold thin layer.

The AC impedance of all glass-ceramics was measured in the 100-mV
voltage amplitude and frequency range of 1 Hz to 1 MHz. The samples'
opposite faces were coated with gold to have proper electrical contact.
Subsequently, the samples were assembled into a cell employing

blocking electrodes made of stainless steel resulting in the impedance
spectrometer. The glass-ceramics ionic conductivity was obtained from
the AC impedance spectrum at room temperature with respect to their
cross-sectional area and thickness.

3. Results and discussion

The starting glasses' XRD patterns are shown in Fig. 1 after annealing.
It can be seen that all glasses are completely amorphous as far as the
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Fig. 2. Annealed starting glasses' DTA results at the 10 °C/min heating
rate.
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Fig. 3. XRD spectra of the G-Base glass-ceramics after 2 h one-step
heat treating at 700, 800, and 950 °C and the 10 °C/min heating rate.

device can tell. The obtained glasses were transparent and violet, due to
the Ti*" ions present in the glass.

Fig. 2 shows the starting glasses' DTA thermographs at the 10 °C/min
heating rate. It can be deduced from Fig. 2 that by B,O5 addition to the
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Table 1. Measurements of glass formation ability based on the Dietzel
and Paulin methods (The temperatures are in °C).

Glasses T, T, T. T.-Ty, Ti-T, S AT
G-Base 634 685 694 9 51 0.72 60
G-B1.5 630 683 693 10 53 0.84 63
G-B2.5 625 677 686 9 52 0.74 61
G-B3.5 612 674 685 11 62 1.14 73
G-B5 591 655 668 13 64 1.41 77

main glass and its further increase, both crystallization temperature (T.)
and glass transition temperature (Tg) are shifted to the lower
temperatures.

Based on the DTA analysis, the glass formation ability of the studied
glass compositions was accordingly determined based on the Dietzel
and Paulin methods [16, 17] as the following equations:

O
@

where AT and S are both showing the glass-formation ability of melt in

AT =(T.— T,
S= (Tx - Tg)(Tc - Tx)/Tg

quenching, that is the crystallization resistance of the glass in heating.
The higher the amount of these two factors, the greater the glass-
formation ability of the melt. In these equations, T, Ty, and T. are
respectively referred to as the glass transition, onset of crystallization

peak, and crystallization peak temperatures. The relevant
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Fig. 4. XRD spectra of B,O; containing glass-ceramic materials heat processed at 950 °C for 2 h with the 10 °C/min heating rate:
a) G-B1.5, b) G-B2.5, ¢) G-B3.5, and d) G-B5.
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Fig. 5. Changes in the strongest line intensity of each crystalline phase
(taken from XRD patterns) of B,O; containing glass-ceramics versus
B,O; content (@: LiTiy(PO,);, ®: TiO,).

measurements have been summarized in Table 1. According to the
Paulin and Dietzel measurements, two glasses of G-B3.5 and G-B5
have the greatest amount of AT and S, meaning the best glass
formation ability. They are expected to be the most resistive against
crystallization in the subsequent heat treatment.

Fig. 3 shows the XRD patterns of the G-Base glass-ceramics after one-
step of heat treatment at 700 (near crystallization peak temperature),
800, and 950 °C for 1 h at the 10 °C/min heating rate. As can be seen,
TiO, and LiTiy(POy); are present as the minor and major crystalline
phases. The increase in processing temperature from 700 °C to 950 °C
has enhanced the peak intensity of crystallized phases, which could be
related to the increased crystallinity of glass-ceramic specimens or the
growth of crystallographic planes. Both statuses can provide better
mobility for Li* ions to pass through the channels in the NASICON
structure and increase ionic conductivity [18]. Therefore, the highest
temperature of heat treatment (950 °C) was considered for further heat
treatments.

Fig. 4 represents the XRD patterns of B,O; containing specimens after
one-step heat treatment at 950 °C and the 10 °C/min heating rate for
2 h. It is obvious from this figure that the addition of B,O; does not
have a strong influence on the crystallization behavior of these glass-
ceramics and all of them follow the same crystallization trend having
slight differences in the intensity of crystalline phases. The main
crystalline phases in all specimens were identified as LiTi,(PO,); and
TiO,. Interestingly, B,Os totally remains in the residual glass matrix of
all heat treated specimens and does not contribute to the structure of
crystalline phases.

The changes in the intensity of the strongest peak lines of both
crystallized phases in the glass-ceramics containing various amounts of

Table 2. Measurements of resistance and ionic conductivity of
fabricated glass-ceramics at 298 K.

Glass-
ceramic R (chm) R, (ohm) o©((Sem™)  ©,(Scm™)
G-Base 2.92 % 10* 1.83x 10° 6.83 x 10° 1.09 x 10
G-B1.5 1.62 x 10° 7.76 x 10? 2.04 x 10 425 x 10
G-B2.5 4.07 x 10° 1434 10> 4.12x 10" 1.17 x 107
G-B3.5 1.67 x 10° 5.53 x 10% 1.19 x 10 3.61 x10*
G-B5 1.55 x 10° 6.04 x 10° 8.99 x 107 230 % 10
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Fig. 6. SEM images of the a) G-Base, b) G-B2.5, and ¢) G-B5
glass-ceramic materials heat-processed for 2 h at 950 °C.

B,0; have been shown in Fig. 5. As can be observed, the addition of
B,O; up to 2.5 mol% could increase the crystallization of the
NASICON phase, while the crystallization of the second phase hasn’t
changed, considerably. Further addition of B,O; decreased the
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Fig. 7. Impedance spectra taken at 298 K from glass-ceramic materials
heat treated for 2 h at 950 °C: a) G-Base, b) G-B1.5, ¢) G-B2.5,
d) G-B3.5, and e) G-BS.

crystallinity of the NASICON phase which is believed to be related to
their higher glass-forming ability. However, all glass-ceramics
containing B,0O; show greater crystallinity which is related to the lower

viscosity of melts containing B,Os content.
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Fig. 8. Impedance spectra taken at 298K from starting glasses:
a) G-Base, b) G-B1.5, and ¢) G-B3.5.

In Fig. 6, SEM micrographs of G-Base, G-B2.5, and G-B5 glass-
ceramics heat treated for 2 h at 950 °C are shown. It could be seen that
the crystalline phases have semi-spherical morphology. Furthermore, it
seems that crystallinity has been enhanced in the microstructure of
G-B2.5 glass-ceramic.

The impedance spectra taken at 298 K for all glass-ceramic samples
processed at 950 °C for 2 h are presented in Fig. 7. The presence of one
semi-circle indicates there is just one conducting phase in these glass-
ceramic. In each spectra, total (R;) and bulk resistance (R,) were
accordingly obtained from the interception points of the relevant plot
with the horizontal axis in low (right part of the semi-circle) and high
(left part of the semi-circle) frequencies. Afterward, the ionic total (o)
and bulk (c,,) conductivities were calculated using the Eq. 3:

6=tAR 3)

in which A, t, and R are the area, thickness, and resistance of the
sample, respectively [19]. These measurements have been summarized
in Table 2.

It could be seen that the addition of B,O; up to 2.5 mole fraction has
increased the bulk conductivity of glass-ceramic G-B2.5
(1.17 x 107 Sem™), considerably that is believed to be due to the higher
crystallinity of this specimen. Since the activation energy for lithium
ion conduction in the NASICON structures is lower than that of the
corresponding glasses [11], the more the crystallized NASICON phase
the higher the conductivity.
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The impedance spectra taken at 298 K for three starting glasses are
shown in Fig. 8. The absence of semi-circles in these spectra confirms
that the glassy phase does not contribute to the ionic conductivity and
the presence of NASICON crystalline phase is responsible for ionic
conductivity of glass-ceramics specimens, as discussed earlier.

4. Conclusions

e The base and B,O; including glass-ceramic materials were
successfully manufactured via one-step heat treating process. All
glass-ceramics contained lithium titanium phosphate (with the
NASICON structure) as the major crystalline phase.

e Addition of 1.5 to 5 mol% of B,0; decreased the crystallization
temperature about 30 °C.

e Addition of more than 2.5 mol% of B,O; improved glass forming
ability and declined crystallinity of the relevant glass-ceramics.

e The highest conductivity of 1.17 x 107 Scm™ was achieved at
300 K for the G-B2.5 specimen crystallized at 950 °C for 2 h.
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