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Abstract: Li1.5Ga0.5Ti1.5(PO4)3 (LGTP) is recognized as a promising solid electrolyte material for lithium ions. In this 
work, LGTP solid electrolyte materials were prepared under different process conditions to explore the effects of 
sintering temperature and holding time on relative density, phase composition, microstructure, bulk conductivity, and 
total conductivity. In the impedance test under frequency of 1−106 Hz, the bulk conductivity of the samples increased 
with increasing sintering temperature, and the total conductivity first increased and then decreased. SEM results showed 
that the average grain size in the ceramics was controlled by the sintering temperature, which increased from 
(0.54±0.01) μm to (1.21±0.01) μm when the temperature changed from 750 to 950 °C. The relative density of the 
ceramics increased and then decreased with increasing temperature as the porosity increased. The holding time had little 
effect on the grain size growth or sample density, but an extended holding time resulted in crack generation that served 
to reduce the conductivity of the solid electrolyte. 
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1 Introduction 
 

Given the increasing energy demands and 
depletion of natural energy sources, the issue of 
energy storage has become a high global priority. 
Lithium-ion batteries have been widely studied as 
efficient energy conversion devices [1]. The 
commercial lithium-ion battery that uses liquid 
electrolytes exhibits a number of drawbacks, 
including leakage and combustion, low operating 
temperature, and instability at high temperatures 
and  in humid, which severely hinder widespread 
application [2]. Consequently, all-solid-state 
lithium-ion batteries (ASSLB) are attracting 

appreciable research activity as a result of their  
high volumetric energy density, wide chemical 
compatibility, long cycle life, and high stability and 
safety [3]. The high Young’s modulus of the solid 
electrolyte in ASSLBs hinders the dispersion of 
soluble materials in the electrode and inhibits the 
formation of lithium dendrites that can pierce the 
diaphragm, thereby improving the safety of the 
battery. The use of solid-state electrolytes (SSEs) 
enables the fabrication of light-weight, small size, 
and safer batteries [4]. Since the SSE serves as both 
separator and fast Li ion conductor, which largely 
determines battery performance, a significant 
research effort has been directed at developing solid 
electrolyte materials [5,6]. 

                       
Corresponding author: Tian-xiang NING, Tel: +86-17775811033, E-mail: 308521225@qq.com; 

 An-xian LU, Tel: +86-13973136367, E-mail: axlu@mail.csu.edu.cn 
DOI: 10.1016/S1003-6326(24)66588-X 
1003-6326/© 2024 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)  



Yin-yi LUO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2959−2971 2960 

Current research has largely focused on 
LISICON [7], chalcogenide [8], lithium 
phosphorous oxynitride, and NASICON [9] as 
potential SSEs. Although NASICON-type lithium 
titanium phosphate LiTi2(PO4)3 (LTP) exhibits poor 
electrical conductivity, its internal structure can 
provide three-dimensional transport channels for 
lithium ions, which facilitate the improvement of 
electrical conductivity by ion doping. It was found 
that electrolyte conductivity was significantly 
increased by using trivalent cations (Al3+, In3+, Fe3+, 
Cr3+, and Sc3+) to partially replace Ti4+ in 
LiTi2(PO4)3 [10]. Trivalent doping of NASICON- 
type lithium titanium phosphate (Li1+xMIIIxMIV2−x- 
(PO4)3) delivers high conductivity, a wide 
electrochemical window and enhanced stability in 
humid air, representing a SSE system that warrants 
further research and development [11]. The 
increased conductivity of doped Li1+xMIIIxMIV2−x- 
(PO4)3 may be the result of a shorter lithium ion 
migration path distance, which serves to increase 
the ion concentration [12]. The Li1+xAlxTi2−x(PO4)3 
(LATP) obtained by substituting Ti4+ with Al3+    
in LTP exhibits high ionic conductivity 
(10−4−10−3 S/cm), stable chemistry, and enhanced 
mechanical strength [13]. Moreover, the density and 
grain size of the trivalent phosphate substituents is 
increased with increasing sintering temperature, 
accompanied by an increase in electrical 
conductivity. Therefore, it is necessary to explore 
the effects of different sintering temperatures and 
holding time on the structure and properties of 
SSEs, such as porosity, densification, grain and 
grain boundary size, phase composition, and 
micro-crack formation. Optimizations of these 
parameters are key to develop SSEs that deliver 
maximum performance. Few studies have 
addressed the effect of sintering temperature and 
holding time on the performance of LATP. 
MERTENS et al [14] investigated the effect of 
varying sintering temperature on the relative 
density and conductivity of LATP. XIAO et al [15] 
examined the dependence of conductivity for LATP 
SSE on holding time and sintering temperature. The 
results show that when the grain size is larger than a 
critical value (estimated as ca. 1.6 μm), a significant 
number of micro-cracks are generated [16,17]. 
These micro-cracks result in a rapid decrease in 
ionic conductivity, impacting SSE performance. 

In addition to Al3+ substitution, other trivalent 

ions have also been investigated, such as Ga3+,  
Ge3+, and Y3+. ZAJĄC et al [17] substituted Ti4+ 
with Ga3+ using a conventional high-temperature 
solid-phase method to prepare Li1+xGaxTi2−x(PO4)3. 
LIANG et al [18] prepared a thin film 
LGTP-Ga-20 mm solid-state electrolyte by using a 
hydrothermal method, achieving a conductivity of 
2.3×10−4 S/cm. These findings suggest that LGTP 
can be used as a potential SSE [18,19]. The 
published studies have considered the effect     
of sintering methods on Li1+xGaxTi2−x(PO4)3 
conductivity but did not explore the role of 
sintering temperature and holding time in 
determining the relationship between ionic 
conductivity and microscopic grain morphology. As 
mentioned above, the sintering temperature has a 
significant effect on the density, grain size, cracks, 
phase composition, and grain morphology of SSEs, 
whereas the holding time also affects the 
morphology and grain size of the particles. These 
features, in turn, affect SSE conductivity and should 
be carefully considered in developing viable LGTP 
systems. 

In this study, we prepared LGTP electrolytes 
using a solid-phase method with varying sintering 
temperatures and investigated the effects of 
temperature on phase composition, relative density, 
microscopic morphology, grain size, total ionic 
conductivity, and bulk ionic conductivity of   
LGTP. In addition, the effects of holding time on 
the microscopic morphology, densities, and 
conductivity were examined at the optimal sintering 
temperature. 
 
2 Experimental  
 
2.1 Material synthesis 

The experimental samples were first dried to 
remove any moisture. Then, the raw materials 
(Li2CO3, Ga2O3, TiO2, and NH4H2PO4) were 
weighed according to the stoichiometric ratios and 
placed in a ball mill container and ball milled in 
ethanol for 6 h. The resultant powder was heated to 
400 °C for 4 h in air, subjected to a second ball 
milling for 6 h, followed by drying in an electric 
oven at 90 °C for 8 h. Before sintering, the LGTP 
precursor powder was added into appropriate 
amount of PVA to form fine particles and pressed at 
a fixed pressure of 25 MPa to obtain discs of 
12 mm in diameter. The samples were sintered at 
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750, 800, 850, 900 and 950 °C for 6 h. The resultant 
materials are denoted as LGTP-750, LGTP-800, 
LGTP-850, LGTP-900, and LGTP-950, 
respectively. LGTP SSEs with sintering holding 
time of 2, 4, 6, 8, and 10 h at 800 °C were also 
prepared using the same procedure, and are denoted 
as LGTP-2, LGTP-4, LGTP-6, LGTP-8, and 
LGTP-10, respectively. Taking account of the 
volatilization of Li during sample preparation, 10% 
excess Li2CO3 was added in the synthesis process. 
The impedance test values of all the samples were 
obtained at 298 K. 
 
2.2 Structural analysis 

The phase composition of all the samples was 
examined using X-ray diffraction (XRD) with a 
scan speed of 8 (°)/min over the 10°−70° range. 
Measurements were conducted on a Bruker D500 
using Bragg-Brentano configuration with Cu Kα 

radiation. The relative densities of the samples were 
obtained using deionized water as the medium, 
applying the Archimedean drainage method. 
Sample microstructure was determined by field 
emission scanning electron microscopy (SEM, 
Tescan Mira4 field emission scanning electron 
microscope, Czech Republic). The samples were 
analyzed in combination with an energy spectrum 
analyzer (EDS, X-max, Oxford Instruments) for 
elemental analysis. 
 
2.3 Electrical performance 

The electrochemical impedance spectra (EIS) 
of all samples were measured using a CHI660D 
electrochemical workstation (Shanghai Chenhua 
Equipment Co., Ltd., China) with a frequency range 
of 1 Hz to 1 MHz. The samples were polished 
before testing, recording the diameter and thickness 
before applying a uniform layer of silver paste to 
the upper and lower surfaces; stainless steel was 
used as a blocking electrode. In order to obtain the 
difference between the tested and fitted values, the 
impedance data were fitted using ZView software. 
 
3 Results and discussion 
 
3.1 Structural characterization 

The XRD patterns of LGPT obtained by 
sintering at temperatures 750−950 °C are shown in 
Fig. 1. It can be seen that the intensity of the 
diffraction peaks increases with the increase of 

temperature, and the peaks for all the samples are 
consistent with those of the NASICON-type LTP 
(JCPDS No. 35-0754) pattern with the space group 

3R c  [20]. 
 

 
Fig. 1 XRD patterns of LGPT samples at different 
sintering temperatures 
 

The main phase of the ceramic sample was 
formed at 750 °C, and a small amount of TiP2O7 
impurity phase was generated. An increase of 
temperature to 900 °C results in the GaPO4 
impurity phase. This is probably due to the 
substitution of Ti4+ by Ga4+, leading to the 
formation of GaPO4 by combining the interstitial 
Ga ions from the LGTP lattice with PO4

3− [21]. 
When the temperature exceeds 900 °C, the 
formation of another impurity phase (Li5P4O20) is a 
feature of LATP [22]. 

The SEM images of LGTP ceramics generated 
at different temperatures and the corresponding 
grain size histograms are presented in Figs. 2(a−e). 
It can be seen that the ceramics prepared below 
850 °C exhibit a dense structure. This may be due 
to the fact that after treating the powder at 400 °C 
for 4 h, the LGTP particles become finer and 
homogeneous, which facilitates the formation of 
dense ceramic particles. The samples exhibited a 
regular cubic shape with close contact between 
particles and no obvious cracks. As the sintering 
temperature increases, the particle size of the 
sample increases; at 750−800 °C, the samples 
exhibited particle sizes in the range of 
0.45−0.75 μm, with some sizes exceeding 1 μm. As 
the temperature was raised to 850 °C, the particles 
showed a larger size and different shapes. A further 
increase in temperature resulted in a particle size  
in the range of 0.9−1.3 μm, demonstrating particle  
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Fig. 2 SEM images of LGTP at different calcination temperatures, and corresponding particle size histograms:       
(a, a1, a2) 750 °C; (b, b1, b2) 800 °C; (c, c1, c2) 850 °C; (d, d1, d2) 900 °C; (e, e1, e2) 950 °C 
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growth. Moreover, the better contact between grains 
results in a facilitated Li+ diffusion between the 
tightly packed grains. The relative densities of the 
LGTP-750, LGTP-800, LGTP-850, LGTP-900, and 
LGTP-950 samples were calculated using the 
Archimedes’ principle, giving values of 91.2%, 
96.4%, 94.2%, 88.7%, and 85.6%, respectively. An 
increase in sintering temperature is accompanied by 
an initial increase and subsequent decrease in 
relative density. When the temperature exceeds 
850°C, the resultant generated by volatilization 
pores help to reduce sample density. 

Figure 3(a) represents the SEM image of 
ceramic samples sintered at 800 °C for 6 h while 
Fig. 3(b) shows the EDS result of LGTP-800. It can 
be seen that the sample consists of Li, Ga, Ti, P, and 
O elements, and the associated elemental contents 
are close to the nominal values. Indeed, a 
combination of EDS elemental mapping and area 
scan results in an elemental content close to 
Li1.5Ga0.5Ti1.5(PO4)3. 
 

 
Fig. 3 SEM image of sample sintered at 800 °C for 6 h 
(a), and EDS spectrum of Li1.5Ga0.5Ti1.5(PO4)3 (b) 
 
3.2 Conductivity analysis 

An important factor in determining superior 
performance of solid electrolytes is ionic 
conductivity [23]. Impedance tests were performed 
on the LGTP SSEs ceramics obtained after sintering 

at 750−950 °C, and the results are shown in Fig. 4(a) 
for samples tested in the frequency range of 
1−106 Hz. The resultant Nyquist plots, based on the 
equivalent circuit selected for the experiments and 
application of ZView software, exhibit a semicircle 
at high frequencies and an inclined straight line at 
low frequencies. The semicircle associated with the 
bulk resistance (Rb) of the solid electrolyte is 
observed at measurements greater than 106 Hz, 
which is beyond the operating frequency of the 
electrochemical workstation [24]. Nevertheless, the 
origin of the semicircle can be used as a measure of 
bulk resistance, and is taken as an approximation of 
Rb in the equivalent circuit chosen in this study. The 
parameter Rgb in parallel with the first constant 
phase element (CPE1) corresponds to the semicircle 
and represents the grain boundary resistance    
(Rgb) [25], whereas the second parameter (CPE2) 
corresponds to the straight line, representing the 
electrolyte and Pt blocking electrode with respect to 
Li+ transfer resistance; the total resistance is 
represented by Rt=Rgb+Rb. 

It can be seen in Fig. 4(a) that the semicircle 
decreases in intensity as the sintering temperature 
rises from 750 to 800 °C. A further increase in 
temperature results in an increased intensity where 
the LGTP-800 sample generates the smallest 
semicircle. The AC impedance spectrum of the 
LGTP-800 sample, which showed the lowest total 
resistance about 1607 Ω was investigated further, 
and the results are presented in Fig. 4(b). As the 
temperature increases, the grain resistance shows an 
initial decrease with increasing temperature while a 
subsequent increase in grain boundary resistance at 
temperatures in excess of 400 °C. The sample bulk 
conductivity (σb) and total conductivity (σt) can be 
calculated using the following equation:  

H
RS

σ =                                 (1) 
 
where σ, H, R, and S denote the conductivity, 
thickness, resistance, and effective area of the solid 
electrolyte, respectively. The relative density, 
activation energy, bulk resistance, grain boundary 
resistance, and total conductivity of the samples 
sintered at different temperatures are listed in  
Table 1. The total conductivity of the samples and 
the equivalent circuit used to fit the impedance 
spectra are given in Figs. 4(d) and (e), respectively. 
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Fig. 4 Nyquist plots and fitted curves for samples sintered at different temperatures (a), Nyquist plot for LGTP-800 (b), 
Arrhenius plots of LGTP-750, LGTP-800, LGTP-850, LGTP-900 and LGTP-950 (c), total conductivity (d), and 
equivalent circuit used to fit impedance spectra (e) 
 
Table 1 Relative density, activation energy (Ea), bulk conductivity (σb), grain boundary conductivity (σgb) and total 
conductivity (σt) for LGTP-750, LGTP-800, LGTP-850, LGTP-900 and LGTP-950 measured at room temperature 

Sample Relative density/% Ea/eV σb/(S∙cm−1) σgb/(S∙cm−1) σt/(S∙cm−1) 

LGTP-750 91.2 0.21 1.38×10−3 2.95×10−4 2.79×10−4 

LGTP-800 96.4 0.20 1.76×10−3 7.59×10−4 7.19×10−4 

LGTP-850 94.2 0.23 1.89×10−3 4.76×10−4 4.62×10−4 

LGTP-900 88.7 0.27 2.02×10−3 7.43×10−5 7.28×10−5 

LGTP-950 85.6 0.29 3.11×10−3 5.84×10−5 5.67×10−5 

 
As shown in Table 1, the grain boundary 

conductivity and total conductivity increase and 
then decrease with temperature, where LGTP-800 
exhibited the largest grain boundary conductivity 
(7.59×10−4 S/cm) and total conductivity 
(7.19×10−4 S/cm). The total conductivity of 

LGTP-800 is comparable to values reported in the 
literature for electrolytes prepared using other 
methods [26]. It should be noted that the grain 
boundary conductivity determines the total 
conductivity when the presence of pores and 
micro-cracks are not considered, which serves to 
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indicate that the grain boundary resistance plays an 
important role in the total resistance of doped LTP. 
The total conductivity of the LGTP electrolyte 
samples adheres to the Arrhenius equation:  

a

B
exp

E
T A

K T
σ

− 
=  

 
                       (2) 

 
where σ represents the total conductivity, A is    
the pre-exponential term, KB is the Boltzmann 
constant, Ea is the activation energy of the 
electrolyte, and T represents the temperature. The 
associated Arrhenius plots are shown in Fig. 4(c). 
The activation energy of the electrolyte particles 
can be calculated from the slope of the Arrhenius 
plot, giving values of 0.21, 0.20, 0.23, 0.27, and 
0.29 eV for LGTP-750, LGTP-800, LGTP-850, 
LGTP-900, and LGTP-950, respectively. 

Based on the above analysis, it can be seen 
that LGTP-800 exhibits the highest total 
conductivity which can be attributed to the 
following features: (1) As the temperature increases 
from 750 to 800 °C, grain growth is promoted, the 
number of grain boundaries is reduced, the grain 
boundary conductivity increased, and the total 
conductivity is also increased. (2) According to 
related studies, an electrolyte with high ionic 
conductivity must also have a high density [27], 
where LGTP-800 exhibits the highest relative 
density (Fig. 4(d)). (3) An increase in temperature 
promotes the growth of grain size, resulting in a 
decrease in the number of grain boundaries. The 
total conductivity decreases with further increase in 
sintering temperature from 850 to 950 °C. Although 
the number of grain boundaries decreases, the 
increase in the number of pores and the enlargement 
of pores at high temperatures prevent the migration 
of Li ions in the pores, both macroscopically    
and microscopically, resulting in a decrease in 
conductivity. This can be verified from the entries 
in Figs. 2(d) and (e), suggesting that the effect of 
porosity on conductivity is greater than that of grain 
boundaries. (4) LGTP-800 has a high crystallinity 
with a small secondary phase component that 
ensures the integrity of the NASICON structure in 
facilitating lithium-ion transport. Moreover, the 
generation of a Li5GaO4 impurity phase also can 
promote the conductivity [28]. (5) The lowest 
activation energy recorded for LGTP-800 indicates 
lower energy requirements for the migration of 
lithium ions with a consequent enhancement of 

conductivity [29]. 
The bulk conductivity is an inherent property 

of the material determined by the composition of 
the material itself and should not be affected by 
temperature. However, as shown in Table 1, the 
grain conductivity increases with increasing 
temperature. This indicates that the composition 
and crystallinity of LGTP is temperature dependent, 
as noted elsewhere Li1.5Al0.5Ti1.5(PO4)3. The rate of 
ion diffusion inside the grains is related to the 
long-range order of the material, which is 
determined by sample crystallinity. The crystallinity 
of the LGTP samples can be determined by XRD 
analysis with an estimation of particle size based on 
the full width at half maximum (FWHM) of the 
(113) peak at a 2θ of 24.44°. 

The relationship between the FWHM and 
temperature, shown in Fig. 5(a), reveals an inverse 
proportionality. The associated XRD peak exhibits 
an increased sharpness with increasing temperature 
(Fig. 5(c)), indicating that the crystallinity increases. 
In addition, an increase in temperature induces 
faster diffusion of ions and an increase in the rate of 
particle-to-particle fusion resulting in the formation 
of larger grains. This results in the generation of 
samples with higher long-range order and greater 
crystallinity. The sample treated at 950 °C exhibits 
enhanced crystallinity with the lowest FHWM 
(0.121°). 

The relationship between bulk ionic 
conductivity and FWHM is shown in Fig. 5(b), 
where it can be seen that the higher the crystallinity 
the faster the diffusion of ions and the greater the 
value of bulk ionic conductivity, reaching a value of 
3.11×10−3 S/cm in the case of LGTP-950. This is 
significantly higher than the bulk conductivity of 
LGTP (10−4 S/cm). In addition, a comparison may 
be made from the entries in Table 2 with other 
doping ions used to modify the conductivity of 
related systems. It can be seen that the LGPT 
conductivity achieved in this study is higher than 
that recorded previously. 
 
3.3 Effect of holding time on electrical properties 

As noted above, the sintering time has the 
same effect on LGTP phase composition, 
micromorphology, and electrical conductivity. The 
effect of different holding time at 800 °C on the 
electrolyte properties of ceramic was investigated, 
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and the resultant XRD patterns are shown in 
Fig. 6(c). 

The GaPO4 impurity is present in all the 
samples, which can serve to increase sample density. 
The sharpness of the XRD peaks indicates a high 
level of crystallinity due to sintering [35], and all 
samples match the NASICON (LiTi2(PO4)3) 
reference. The relationship between FWHM and 
holding time is shown in Fig. 6(a), and the 
crystallinity of the sample remains basically. The 
dependence of bulk ionic conductivity on FWHM is 
presented in Fig. 6(b). The relative density, volume, 
grain boundaries, and total conductivity of the 
samples are given in Table 3. 

It can be seen that the grain resistance 
decreased with an initial increase in holding time 
(from 2−6 h), and subsequently increased with 
increasing holding time. The bulk ionic conductivity 
reached the maximum of 1.8×10−3 S/cm at a 
holding time of 6 h. Compared with the volumetric 
conductivities obtained at other holding time at a 
fixed temperature has revealed that the differences 
in grain conductivity are not significant. This 
phenomenon indicates that the holding time has 
little effect on crystallinity or grain size. 

The AC impedance spectra of LGTP-2, 
LGTP-4, LGTP-6 LGTP-8, and LGTP-10 are shown 
in Fig. 7(a). All the samples generate a semicircle  

 

 
Fig. 5 FWHM of (113) XRD peak as function of sintering temperature (a), bulk conductivity as function of FWHM 
(crystallinity) (b), and temperature dependence of (113) XRD peak (c) 
 

 

Fig. 6 Plot of FWHM as function of holding time (a), plot of bulk conductivity versus FWHM (b), and XRD patterns of 
LGPT samples sintered at 800 °C with different holding time (c) 
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Table 2 Comparison of conductivity of different trivalent ion doped LTPs 

Sample σt/(10–4 S∙cm−1) Testing temperature/K Preparation method 

Li1.4Al0.4Ti1.6(PO4)3 5.4 298 Sol−gel method [30] 

Li1.5Al0.5Ti1.5(PO4)3 2.3 298 Solid phase method [31] 

Li1.3 Al0.3Te0.03Ti1.67(PO4)3 7.03 473 Solid phase method [32] 

Li1.5Al0.5Ge1.5(PO4)3 1.6 303 Hydrothermal-assisted solid phase method [33] 

Li1.6Ti1.5Fe0.4Ca0.1(PO4)3 2.66 298 Solid phase method [34] 

Li1.5 Ga0.5Ti1.5PO4 7.2 298 Solid phase method (This work) 
 
Table 3 Relative density, bulk conductivity (σb), grain boundary conductivity (σgb) and total conductivity (σt) of LGTP-2, 
LGTP-4, LGTP-6, LGTP-8 and LGTP-10 measured at 298 K 

Sample σb/(10−3 S∙cm−1) σgb/(10−4 S∙cm−1) σt/(10−4 S∙cm−1) Relative density/% 

LGTP-2 1.47 2.07× 1.94 95.8 

LGTP-4 1.56 2.98 2.64 96.1 

LGTP-6 1.8 7.59 7.19 96.5 

LGTP-8 1.31 4.8 4.66 96.3 

LGTP-10 1.18 0.346 0.27 96.7 
 

 
Fig. 7 Amplified impedance diagram (a), impedance of samples sintered at 800 °C with different holding time (b), total 
conductivity as function of holding time (c), and relative density with different holding time (d) 
 
response from high to medium frequencies with a 
linear dependency at low frequencies. As shown in 
Fig. 7(b), LGTP-6 exhibits the smallest semicircle, 

suggesting the lowest total resistance. The relative 
density is plotted as a function of holding time in 
Fig. 7(d), where it can be seen that all the prepared 
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samples have high relative densities. 
The level of densification is largely unaffected 

by holding time, and grain size does not change 
significantly with extended holding time. However, 
at a holding time in excess of 8 h, micro-cracks are 
observed on the grain surface, which can seriously 
hinder the diffusion of lithium ions and lower the 
electrolyte conductivity. Micro-cracking is the 
result of material anisotropy and the possible 
mechanical stresses that occur during cooling over a 
longer holding time [36]. The total conductivity is 
presented as a function of holding time in Fig. 7(c), 
where an initial increase is evident (between 2 and 
6 h), followed by a sharp decrease. Representative 
SEM images of the sample obtained by sintering at 
different holding time are shown in Fig. 8. It can be 
seen that the grains are uniformly distributed with 
an average grain size of (1.1±0.4) μm. The images 
reveal a close connection between the grains, and a 
rather dense microstructure with no obvious holes 

or voids. 
The LGTP-6 sample exhibits the highest total 

conductivity about 7.19×10−4 S/cm for a holding 
time of 6 h. Sample conductivity is essentially 
constant for a holding time in the range of 2−4 h, 
consistent with the invariance of grain size, 
crystallinity, and phase composition. An increase in 
holding time from 4 to 6 h is accompanied by an 
increase in conductivity due to the generation of the 
conductive Li5GaO4 phase. The observed decrease 
in conductivity when the holding time is extended 
to 8 h can be attributed to grain cracking, which 
inhibits the diffusion of lithium ions. Sample 
anisotropy results in crack formation as a result of 
prolonged holding time followed by excessive 
mechanical stress during the cooling process [37]. 
At a holding time of 10 h, total conductivity 
exhibits a marked decrease due to the presence of 
cracks and pores, while the density of sample 
reached a maximum. 

 

 
Fig. 8 SEM images of samples sintered at 800 °C with different holding time 
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4 Conclusions 
 

(1) The total conductivity of LGTP solid 
electrolytes exhibited an initial increase and 
subsequent decrease with the increase of sintering 
temperature, and the bulk conductivity increased 
with the increase of temperature to reach a 
maximum of 7.19×10−4 S/cm when the sample was 
sintered at 800 °C. 

(2) The relative density and average grain  
size of LGTP samples increased with increasing 
sintering temperature, which served to enhance 
conductivity. 

(3) The holding time has little effect on sample 
crystallinity and grain size, but a prolonged holding 
time can lead to the formation of cracks, which 
have a detrimental effect on electrical conductivity. 
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烧结温度和保温时间对 Li1.5Ga0.5Ti1.5(PO4)3 
快离子导体电解质结构和性能的影响 
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摘  要：Li1.5Ga0.5Ti1.5(PO4)3(LGTP)被认为是一种很有前途的锂离子固态电解质材料。在不同工艺条件下制备

LGTP 固体电解质材料，探讨烧结温度和保温时间对材料相对密度、相组成、微观结构、体积电导率和总电导

率的影响。在阻抗测试频率 1~106 Hz 范围内，样品的体积电导率随烧结温度的升高而增加，总电导率先增加

后降低。SEM 结果表明，晶粒大小受温度控制，平均晶粒尺寸从 750 ℃时的(0.54±0.01) μm 增大到 950 ℃时的

(1.21±0.01) μm。随着孔隙率的增加，陶瓷样品的相对密度随温度升高而增加，然后降低。保温时间对晶粒尺寸增

长或样品密度影响不大，但延长保温时间会导致裂纹产生，从而降低固体电解质的导电性。 

关键词：烧结温度；保温时间；电导率；裂纹；固态电解质 
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