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A B S T R A C T 
 

KEYWORDS 

In this research, NASICON type (LiZrxTi2-x(PO4)3) glass-ceramics were fabricated   
(x = 0.1, 0.2, 0.3, and 0.4). Lithium-ion conductivity along with the crystallization 
tendency and microstructural features were examined in this regard. Parent glasses 
obtained through melt quenching were converted to the glass-ceramic specimens after 
one-step heat treatment procedure. The resultant glass-ceramics were deeply explored 
by means of different techniques including scanning electron microscope, differential 
thermal analysis, X-ray diffractometry, and ionic conductivity measurements. 
According to the obtained results, presence of Zr4+ ions in the glass network and its 
gradual increase caused the enhanced crystallization temperature as well as declined 
crystallinity and microstructure coarsening. In all studied glass-ceramics, LiT2(PO4)3 
solid solution was the dominant crystalline phase and Zr4+ ions partly substituted in 
the structure of this crystalline phase. Moreover, presence of Zr4+ ions in the glass 
composition resulted in diminished lithium-ion conductivity of corresponded glass-
ceramics at ambient temperature. Consequently, total conductivity of specimen with 
the highest level of ZrO2 (x = 0.4) was measured to be 0.78 × 10-5 Scm-1, being 
considerably less than ionic conductivity of the base (x = 0) glass-ceramic            
(3.04 × 10-5 Scm-1). It seems that less crystallinity of ZrO2 containing glass-ceramics 
decreases required connectivity between the lithium-ion free paths and is responsible 
for the diminished ionic conductivity of these specimens. 
© 2023 The Authors. Published by Synsint Research Group. 
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 Introduction 1.

In recent decades, the increasing development of the electronic  
industry has necessitated the invention of new generations of       
energy storage materials. Among them, lithium-ion batteries           
have been growingly attended to thanks to their high ionic 
conductivity, appropriate energy density besides lightweight,            
and   the    negligible    difference    between    the    thermal  expansion  

 
behavior of electrodes and electrolyte material [1–3]. Lithium 
titanium phosphate ceramics with the NASICON crystalline 
phase (LiTi2(PO4)3)  have been introduced as the remarkable 
electrolytes to be utilized as lithium ionic conductors in lithium-
ion batteries at ambient temperature. The brilliant conductivity 
of NASICON ceramics stems from the special structure of the 
NASICON phase in which lithium ions can easily jump and 
transfer through two main conducting channels (A1 and A2 
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sites). Contrary to superior ionic conductivity, these ceramics 
suffer from a lack of sufficient density after sintering. As a 
result, the remained porosity would deteriorate their ionic 
conductivity. Therefore, several researches have been focused 
on the fabrication of NASICON ceramics through the glass-
ceramic route in which NASICON crystalline phase precipitates 
in the glass matrix under a carefully scheduled heat treatment 
program. NASICON type glass-ceramics can be obtained 
according to the desired shape and dimension without any 
porosity [4–10]. In different classes of NASICON type glass-
ceramic, titanium ions in LiTi2(PO4)3 crystalline phase could be 
partially substituted with trivalent (like Al3+, La3+, Cr3+, and 
Fe3+) and tetravalent (like Zr4+, Hf4+, Ge4+, and Sn4+) ions [11–
14]. It is believed that by partial substitution of titanium ions by 
trivalent ions in the structure of the NASICON phase, ionic 
conductivity would be enhanced due to the enhanced number of 
Li+ ions. On the other hand, the replacement of titanium ions 
with tetravalent ions in the NASICON structure reinforces the 
chemical resistance of the corresponding electrolyte against the 
lithium electrode and keeps titanium ions as Ti4+ without 
reduction to Ti3+ [15]. Therefore, the current work aims to 
highlight the role of Ti4+ partial substitution with Zr4+ ions on 
the crystallization tendency, lithium-ion conductivity, and 
microstructure of NASICON based glass-ceramics.  
 
 

Table 1. Lattice parameters (a and c) and d-spacing taken from XRD 
patterns of glass-ceramics. 

x (mole fraction) a (nm) c (nm) d (nm) 

0.0 0.8497 2.0964 0.36368 

0.1 0.8507 2.1061 0.36469 

0.2 0.8523 2.1171 0.36597 

0.3 0.8536 2.2161 0.3669 

0.4 0.8552 2.2261 0.38818 

 Experimental Procedures 2.

Chemical compositions of starting glasses were chosen 
on the basis of 100[LiZrxTi2-x(PO4)3] and 5SiO2 (in mole 
ratio), where x = 0, 0.1, 02., 03., and 0.4. The base glass 
(x = 0) included 3.75 Li2O, 40 TiO2, 53.25 P2O5, and 3 
SiO2 (in wt%). Reagent grade chemicals of lithium 
carbonate, zirconium oxide, titanium oxide, phosphorous 
oxide, and silica were applied to prepare glass batch 
mixtures. The obtained mixtures were individually 
melted in an aluminum oxide crucible at 1450 °C for 3 h. 
Then, molten glasses were cast on steel sheets and rate. 
A one-step heat treatment procedure was applied to bulk 
pieces of glass to convert them into glass-ceramics. After 

Fig. 1. DTA curves of parent glasses (heating rate: 5 °C/min). 

Fig. 2. Diffraction patterns of glass specimens undergone heat 
treatment at crystallization peak temperatures. 
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heat treatment, crystalline phases were recognized by the 
X-ray diffractometry instrument (Siemens D500) 
operating with Cu-Kα radiation. XRD analysis extracted 
the d-spacing of the main peak line using Xpert 
Highscore software. Lattice parameters (a and c) were 
also calculated according to the Rietveld refinement and 
applying MAUD software.  
Microstructural features of glass-ceramics were analyzed by 

scanningelectron microscope (Sigma/VP, Zeiss). Before these 
observations, the glass-ceramic specimens were immersed in the 
dilute solution of hydrofluoric acid to be chemically etched. 
Afterward, they were coated by a thin layer of sputtered gold. 
The ionic conductivity of the fabricated glass-ceramics was 
measured by AC impedance spectroscopy (Solartron-1260) in 
the 0.1–107 Hz range of frequency. This measurement was 
conducted at 0–100 °C temperatures.  

Fig. 4. Impedance plots of Zr containing glass-ceramics taken at room temperature. 

Fig. 3. SEM images of Zr containing glass-ceramics after 2 h heat treatment. 
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Table 2. Ionic conductivity of glass-ceramics at room temperature.  
(σb: grain conductivity, σt: total conductivity). 

x (mole fraction) σb (S.cm-1) σt (S.cm-1) 

0 9.2 × 10-5 3.04 × 10-5 

0.1 7.4 × 10-5 1.8 × 10-5 

0.2 5.3 × 10-5 1.4 × 10-5 

0.3 3.9 × 10-5 1.02 × 10-5 

0.4 3 × 10-5 0.78 × 10-5 

 
 

 Results and discussion  3.

Fig. 1 represents the DTA curves of the initial glasses. Referring 
to this figure, a single exothermic peak is detectable in each 
DTA curve related to the occurrence of crystallization in the 
studied glasses. It also implied that crystallization peaks shift to 
higher temperatures by further increasing Zr in the glass 
composition. 
Fig. 2 indicates diffraction patterns of glass specimens 
after 2 h heat treatment at the crystallization peak 
temperature. Obviously, NASICON type (LiTi2(PO4)3) 
and titanium oxide (TiO2) are respectively present as the 
foremost and negligible crystalline phases in the base 
specimen (x = 0). It can be also observed that through the 
partial replacement of Ti by Zr in the glass composition 
and its further increase, the peak lines of titanium oxide 
have been omitted from the XRD patterns of Zr-bearing 
glass-ceramics. On the other hand, the intensity of the 
main peak lines of NASICON phase has been 
considerably declined contrary to the increased 
crystallization temperature. This means that by further 
replacement of Ti by Zr in the glass composition, the 
crystallinity of the relevant glass-ceramics has been 
gradually suppressed.  
In order to examine the incorporation of Zr ions to the 
NASICON structure as a solid solution crystalline phase, 
lattice parameters (a and c), as well as the d-spacing of 
the strongest peak line in each XRD pattern of Fig. 2, 
were calculated according to the Rietveld refinement and 
applying MAUD software. These measurements have 
been shown in Table 1.  

According to Table 1, by increase of Zr content in the 
glass composition, lattice parameters along with the      
d-spacing have been both increased confirming partial 
substitution of Ti ions by Zr ions in the structure of 
NASICON Phase. As a result, by the increase of Zr 
content from x = 0 to x = 0.4 the location of the strongest 
peak line of NASICON phase shifts from 24.47 to   
22.98 ° (see Fig. 2).  
In Fig. 3, SEM images of Zr-bearing glass-ceramics after 
2 h heat treatment (at the crystallization peak 
temperature) have been illustrated. It could be observed 
that the crystalline phases have pseudo-spherical 
morphology. Moreover, crystallinity has been suppressed 
and microstructural coarsening happened with a further 
increase of Zr in the glass composition. Considering the 
decreasing trend of crystallinity in the Zr-containing 
glass-ceramics, it can be deduced that thermal energy has 
been consumed towards the growth of crystalline phases 
during heat treatment.  
The impedance plots of Zr containing glass-ceramics 
recorded at 298 K can be observed in Fig. 4. Detection of 
one semi-circle in these plots confirms that there is a 
single conducting phase in the examined glass-ceramics. 
In each plot, total (Rt) and bulk resistance (Rb) are 
respectively achieved from the interception of the 
corresponding plot with the horizontal axis in low (right 
part of the semi-circle) and high (left part of the semi-
circle) frequencies. Then, the total (σt) and bulk ionic 
conductivity (σb) conductivities can be obtained using 
Eq. 1: 

σ = t/AR        (1) 

where t, A, and R refer to the thickness, area and 
resistance of the specimen, respectively [16]. Table 2 
summarizes these measurements. 
It could be seen that further addition of Zr in the glass 
composition, gradually declines bulk and total ionic 
conductivity of relevant glass-ceramics. As a result, 
among the examined glass-ceramic specimens, the least 
values of bulk (3 × 10-5 S.cm-1) and total ionic 
conductivity (0.78 × 10-5 S.cm-1) were obtained for the 
specimen containing the highest amount of Zr (x = 0.4) 
in the glass composition.  
 

Table 3. Total ionic conductivity of glass-ceramics at different temperatures (0, 25, 50, 75, and 100 °C). 

x  

(mole fraction) 

σt (S.cm-1) 

0 °C 

σt (S.cm-1) 

25 °C 

σt (S.cm-1) 

50 °C 

σt (S.cm-1) 

75 °C 

σt (S.cm-1) 

100 °C 

0 11.1 × 10-6 3.04 × 10-5 6.12 × 10-5 15.07× 10-5 2.74 × 10-4 

0.1 6.14 × 10-6 1.8 × 10-5 4.5 × 10-5 10.02 × 10-5 2.03 × 10-4 

0.2 4.37 × 10-6 1.4 × 10-5 3.6 × 10-5 8.6 × 10-5 1.77 × 10-4 

0.3 2.96 × 10-6 1.02 × 10-5 2.75 × 10-5 6.77 × 10-5 1.51 × 10-4 

0.4 2.09 × 10-6 0.78 × 10-5 2.23 × 10-5 6.13 × 10-5 1.3 × 10-4 
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In order to evaluate the activation energy of ionic 
conductivity, all glass-ceramic specimens were subjected 
to impedance spectroscopy at different temperatures (0, 
25, 50, 75, 100 °C). Then, total conductivity was 
measured, separately for each specimen. Table 3 briefly 
shows these measurements.  

According to Table 3, for each series of specimens, the 
temperature rise has led to a significant increase in total ionic 
conductivity. Afterward, the activation energy of ionic 
conductivity (Ea) was calculated based on Eq. 2: 

σt = A exp (-Ea/kT)       (2) 

In this equation, A, k, and T are pre-exponential factor, 
Boltzmann constant, and temperature, respectively.    
Fig. 5 illustrates the variation of ln σt versus 1/T for all 
examined glass-ceramics. 
From Fig. 5, the slope of each plot equals -Ea/k. Hence, 
the activation energies of ionic conductivity were simply 
calculated and summarized in Table 4. 
It can be deduced that the addition of Zr to the parent 
glasses and its further increase has led to the gradual 
enhancement of Ea meaning that the chemical 
modification of parent glasses has negatively influenced 
the ionic conductivity of corresponded glass-ceramics. 
This result is in agreement with the findings of XRD 
analyses and microstructural observations. 
 

 

Table 4. Activation energy of ionic conductivity of the glass-ceramics. 

x (mole fraction) Ea (kJ/mole) 

0 27.91 

0.1 29.61 

0.2 31.44 

0.3 33.2 

0.4 35.14 

 Conclusions 4.

• The base and Zr containing glass-ceramics were successfully 
prepared. In all fabricated glass-ceramics, lithium titanium 
phosphate crystallized as the main crystalline phase. 

• Addition of Zr to the chemical composition of parent glasses 
considerably shifted crystallization temperature to higher 
temperatures. 

• Further addition of Zr to the glass composition resulted in 
declined crystallinity as well as microstructural coarsening. 

• The lowest bulk (3 × 10-5 Scm-1) and total conductivity   
(0.78 × 10-5 Scm-1) were obtained for x = 0.4 at ambient 
temperature. 
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