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Abstract: Li; sGaosTii.5(POs); (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 1-10°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) um to (1.21£0.01) pm 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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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

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

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 Dbattery performance, a significant
research effort has been directed at developing solid
electrolyte materials [5,6].
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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); (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 (AI**, In**, Fe*",
Cr**, and Sc*) to partially replace Ti*" in
LiTiz(PO4); [10]. Trivalent doping of NASICON-
type lithium titanium phosphate (Li;+MILMIV; -
(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 Lii+MIILMIV,-,-
(PO4); may be the result of a shorter lithium ion
migration path distance, which serves to increase
the ion concentration [12]. The Lij++ALTi>-«(POs4);
(LATP) obtained by substituting Ti*" with AI**
in LTP exhibits high ionic conductivity
(10%=107 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 um), 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 AI’* substitution, other trivalent

ions have also been investigated, such as Ga*",
Ge*', and Y. ZAJAC et al [17] substituted Ti*
with Ga>" using a conventional high-temperature
solid-phase method to prepare Lii+vGa,Tir—«(POs)s.
LIANG et al [18] prepared a thin film
LGTP-Ga-20 mm solid-state electrolyte by using a
hydrothermal method, achieving a conductivity of
2.3x107*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 Lij+Ga,Ti>—«(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
(LizCO3, Ga203, TiOz, 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 10h 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 Li»CO; 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 CuK,
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 1Hz 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
R3¢ [20].
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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 TiP,O;
impurity phase was generated. An increase of
temperature to 900 °C results in the GaPO,
impurity phase. This is probably due to the
substitution of Ti*" by Ga*, leading to the
formation of GaPOs by combining the interstitial
Ga ions from the LGTP lattice with PO [21].
When the temperature exceeds 900 °C, the
formation of another impurity phase (LisP4O2) 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 4h, 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 pm, with some sizes exceeding 1 um. 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 um, 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, by, bz) 800 °C; (c, ci, ¢2) 850 °C; (d, di, d2) 900 °C; (e, e1, €2) 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
Li1.5GagsTi1s(POs)s.

Element wt% at.%

P O 33.98 56.74
P 28.17 24.30
Ti 25.51 14.23
Ga 1234 4.73

Total ~ 100.00 100.00

Ti Ga

E/keV

Fig. 3 SEM image of sample sintered at 800 °C for 6 h
(a), and EDS spectrum of Li; sGag sTi1 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
1-10%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 (Rp) of the solid electrolyte is
observed at measurements greater than 10° 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
Ry in the equivalent circuit chosen in this study. The
parameter Ry in parallel with the first constant
phase element (CPE;) corresponds to the semicircle
and represents the grain boundary resistance
(Rgv) [25], whereas the second parameter (CPE3)
corresponds to the straight line, representing the
electrolyte and Pt blocking electrode with respect to
Li* transfer resistance; the total resistance is
represented by R=Rg,+Rp.

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 Q 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 (ov) and total conductivity (o) can be
calculated using the following equation:

H

o=—
RS

)
where o, 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 (F,), bulk conductivity (o), grain boundary conductivity (o) and total
conductivity (a¢) for LGTP-750, LGTP-800, LGTP-850, LGTP-900 and LGTP-950 measured at room temperature

Sample Relative density/% EJ/eV ov/(S'em ™) ow/(S'em™) o/(S'em™)
LGTP-750 91.2 0.21 1.38x1073 2.95x107* 2.79x107*
LGTP-800 96.4 0.20 1.76x1073 7.59x107* 7.19x107*
LGTP-850 94.2 0.23 1.89x1073 4.76x107* 4.62x107*
LGTP-900 88.7 0.27 2.02x1073 7.43x107° 7.28x107°
LGTP-950 85.6 0.29 3.11x1073 5.84x107° 5.67x107°

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
(7.59x10%S/cm)  and  total  conductivity
(7.19x10*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



Yin-yi LUO, et al/Trans. Nonferrous Met. Soc. China 34(2024) 2959-2971 2965

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:

—F a
GT_AGXP[KBT] (2)
where o represents the total conductivity, A is
the pre-exponential term, K is the Boltzmann
constant, E, 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 LisGaO4 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 Li; sAlosTiis(PO4)s. 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 26 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
3.11x1073S/cm in the case of LGTP-950. This is
significantly higher than the bulk conductivity of
LGTP (10*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 GaPOs 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.

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

It can be seen that the grain resistance
decreased with an initial increase in holding time
(from 2—6h), and subsequently increased with
increasing holding time. The bulk ionic conductivity
reached the maximum of 1.8x1073S/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
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Table 2 Comparison of conductivity of different trivalent ion doped LTPs

Sample 0/(10#S-cm™) Testing temperature/K Preparation method
Li1 4Alo4Ti1 6(PO4)3 5.4 298 Sol—gel method [30]
Lii 5AlosTiis(PO4)3 2.3 298 Solid phase method [31]
Lii3 Alo3Teo.03Ti1.67(PO4)3 7.03 473 Solid phase method [32]
Lii sAlysGe1.5(PO4)3 1.6 303 Hydrothermal-assisted solid phase method [33]
Lii ¢Tii sFeo4Cao.1(PO4)3 2.66 298 Solid phase method [34]
Liis GagsTii sPOs 7.2 298 Solid phase method (This work)

Table 3 Relative density, bulk conductivity (ov), grain boundary conductivity (o) and total conductivity (or) of LGTP-2,
LGTP-4, LGTP-6, LGTP-8 and LGTP-10 measured at 298 K

Sample ou/(1073S-cm™) o/(1074S-cm™) o/(107*S-cm™) Relative density/%
LGTP-2 1.47 2.07x 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
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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 suggesting the lowest total resistance. The relative
linear dependency at low frequencies. As shown in density is plotted as a function of holding time in
Fig. 7(b), LGTP-6 exhibits the smallest semicircle, 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) um. 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 7.19x10™* S/cm for a holding
time of 6h. 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 LisGaOs 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 10h, 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 7.19x10~* 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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