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Abstract

This study examines the effect of MgO content on the crystallization behavior of lithium—aluminum—germanium—phosphate
glasses using differential thermal analysis (DTA), X-ray diffraction (XRD), and scanning electron microscopy (SEM). The
DTA results show that the crystallization temperature decreased with an increasing MgO content and increased with increas-
ing heating rates. The crystalline phase is investigated with XRD to determine the presence of LiGe,(PO,); and LiMgPO,.
The activation energy, as the kinetic parameter, is obtained using the Kissinger and Marotta methods, and the SEM results

confirm the change in the Avrami index with the MgO content.
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1 Introduction

Researchers have been developing glass—ceramic materials
as solid electrolytes in all-solid-state lithium-ion batteries.
Solid-state lithium-ion batteries have attracted significant
interest as potentially safe and stable energy storage sys-
tems. All-solid-state lithium-ion batteries, as a next-gener-
ation energy storage technology, use solid-state electrolytes
instead of liquid electrolytes and have shown great potential
to provide higher energy density and better safety than cur-
rent commercial lithium-ion batteries [1]. There are many
potential solid electrolyte, and NASICON structures having
the general structure LiM,(PO,); are among the most prom-
ising oxide-based solid electrolytes. Especially, Ge-based
LiM,(PO,);-doped Al, Li,, Ge,_ Al P;0,, (LAGP), has
attracted interest because of its superior chemical stability
and wide electrochemical window [2]. Numerous studies
have been conducted on the composition, manufacturing
method, and coating of solid electrolytes used in all-solid-
state lithium-ion batteries [3-9]. Because lattice defects in
a crystalline solid electrolyte form a path through which
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lithium ions can move, crystallized glass, rather than an
amorphous state glass, is used as the solid electrolyte [10,
11]. These solid electrolytes are manufactured using the
crystallization of glass, and various studies have focused
on improving the performance of solid electrolytes. The
mechanical and electrical properties of solid electrolytes
depend on the microstructure, which can be tuned by crys-
tallization; however, there have been few studies on the
crystallization process itself. The properties of solid elec-
trolytes are affected by the phase and crystallite; therefore,
controlling the crystallinity or the degree of crystallization
could improve properties of the glass—ceramic electrolyte.
Therefore, understanding the crystallization kinetics of glass
is important for optimizing the heat treatment procedure for
crystallization, which remains unclear.

A crystallization analysis was performed using a non-
isothermal method, which is easier and faster than the iso-
thermal method. Ozawa reported that isothermal kinetics are
simpler than non-isothermal kinetics, but isothermal meas-
urements are only possible when the thermal response time
of the measured system is small as compared to the rate of
the process. Therefore, a thermoanalytical method should be
used, in which the sample is observed under a constant rate
of heating or cooling [12].

The crystallization kinetics of the glass system is cru-
cial for understanding the formation of various crystalline
phases to understand the stability of glasses and to prepare
glass ceramics with desired microstructures and properties
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through controlled nucleation and crystallization. The acti-
vation energy (E-) and Avrami index (n) are the important
crystallization kinetics of glass ceramics, whose parameters
include the temperature range where nucleation can occur,
the temperature at which the nucleation rate is at its maxi-
mum, and the dependence of the crystal growth mechanism
[13]. These parameters can be confirmed by experimental
results obtained from non-isothermal thermal analysis stud-
ies using the methods suggested by Kissinger and Ozawa
[14, 15].

Magnesium oxide as network modifier influences the
crystallization and properties of many glass—ceramic
systems. Zhang studied the effect of MgO additions and
reported the crystallization peak temperatures decreased
with increasing MgO additions [16]. Lilensten et al. showed
the addition of magnesia has been proved to weaken the
network structure of the glasses, thus promoting the pre-
cipitation of crystalline phases from the glass matrix [17].

In this study, the crystallization kinetics, such as the
Ec and n of Li, Ge,_,Al,P;0,, (LAGP) glass with MgO
addition, were investigated under non-isothermal condi-
tions using differential thermal analysis (DTA). After heat
treatment of the glass, the crystalline phase was investigated
using X-ray diffraction (XRD), and the microstructure of
the crystalline phases was observed by scanning electron
microscopy (SEM).

2 Experimental details
2.1 Preparation of materials

LAGP glasses doped with MgO were prepared
using a conventional melt-quenching method.
(Li, 5Al, 5Ge, 5(PO,)5)-doped MgO, high-purity NH,H,PO,
(99.9%), Li,CO5 (99.99%), Al,05 (99.99%), GeO, (99%),
and MgO (99.9%) were used as starting materials to melt
the LAGP glass. The batch was mixed in a mortar and then
ball-milled for 1 h for homogenization. The mixture was
melted in an alumina crucible in an electrically heated fur-
nace under ordinary atmospheric conditions at 500 °C for
approximately 30 min to evaporate ammonia, carbonate,
and water from the batch and to minimize the tendency for
subsequent phosphate volatilization. The temperature was
then increased gradually to 1250 °C and maintained for 2 h
to homogenize the melt. The melt was quenched by pour-
ing it onto a plate. Based on other studies that reported that
the specimen size considerably affects the nucleation bar-
rier, the as-quenched glass was ground and screened with
a 44 pm mesh to remove larger particles, thus eliminat-
ing this variable [18, 19]. It was then stored in an oven at
100 °C to prevent moisture until it was required for the DTA
measurements.

2.2 Measurements and analysis

To determine the kinetic parameters of the samples, DTA
(DTG-60H, Shimadzu) measurements were performed using
approximately 20 mg of the heat-treated glass powders in
an air atmosphere at heating rates of 5, 10, 15, and 20 °C/
min up to 800 °C. The DTA results were further analyzed to
obtain the crystallization mode and E values for the crys-
tallization of each sample using the Kissinger [20], Marotta
[21], and Ozawa [12] methods. The slope of each graph was
determined using the least squares method.

Heat treatments for the glass—ceramic transformation
were realized at 600-650 °C, based on the crystallization
peak temperatures (7p) of the DTA results. The phase analy-
sis and crystallization of the heated samples were examined
by XRD (Ultima 4, Rigaku) and SEM (Supra25, Zeiss),
respectively. The XRD patterns were recorded using Cu—K
radiation in the 26 range of 10°-80° with a step size of 0.02°.
The analytic system showed no systematic error, and the
random error was ~2.0%. The crystal phases were analyzed
using the XRD patterns.

3 Results and discussion
3.1 Thermal and structural characterization

Figure 1 presents the DTA curves of the glass samples meas-
ured at different heating rates. Each glass sample exhibited
a single crystallization temperature peak. The characteris-
tic temperatures of the glass (7~ and Tp) decreased with an
increasing MgO content because of an increase in the non-
bridging oxygen group [22] and increased with an increasing
heating rate, as shown in Table 1. This dependence is a result
of a higher concentration of nuclei, due to a longer time for
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Fig. 1 DTA curves for the glass powder with the different MgO addi-
tion at 20 °C/min
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Table 1 Crystallization

MgO contents Heating rate T (°C) Tp (°C) Heating rate T (°C) Tp (°C)
temperatures (T, Tp) (°C/min) (°C/min)
determined from DTA data
obtained at different heating rate 0 5 590.9 609.5 15 609.3 636.9
10 603.2 627.3 20 615.8 648.1
0.5 5 585.9 608.2 15 604.3 635.4
10 597.4 625.3 20 608.3 643.4
1 5 584.7 608.1 15 594.1 634.8
10 587.1 623.6 20 598.5 642.4
2 5 582.7 606.9 15 597.3 634.0
10 587.9 622.7 20 601.4 640.5
5 5 566.5 5972 15 586.3 620.4
10 581.7 614.2 20 592.3 630.9
are analyzed by the formal theory of nucleation and growth,
g v LiMgPO, and the JMA equation is applied. Equations (1) and (2)
v o LiGe,y(POy);

LiMgPO,(JCPDS 84-0342)

N [ N

LiGe,(PO,), (JCPDS 80-1924)
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Fig.2 XRD patterns of the glass samples a LAGP without heat treat-
ment, b LAGP and ¢ LAGP+5 mol% MgO (b and ¢ sample heat
treated to the indicated temperature at a heating rate of 20 °C/min

nucleation at lower heating rates, which causes the crystalli-
zation to shift toward lower temperatures. XRD analysis was
performed to confirm the nucleation during DTA. Figure 2
presents the XRD patterns of the glass samples heated at
10 °C/min from room temperature to the indicated tempera-
ture and held for 2 h. The results confirm that the crystal-
line phases of LiGe,(PO,); (JCPDS 80-1924) and LiMgPO,
(JCPDS 84-0342) induce the exothermic peaks in the DTA
curves.

3.2 Activation energy for crystallization
To investigate the E among the various methods, the Kiss-
inger and Marotta equations were used, and both methods

were obtained from the Johnson-Mehl-Avrami (JMA)
model [21, 23]. Generally, thermoanalytical technique data

@ Springer

express the Kissinger and Marotta equations, respectively.

The Kissinger equation is a common model used to ana-
lyze the E.. The E for crystallization was calculated using
the Kissinger equation with the crystallization peak tempera-
ture from the Differential Scanning Calorimetry (DSC) data.
The dependence between the crystallization temperature and
heating rate can be described using

In 2 )= —E + constant 1
Tl% RTP ’ ( )

where Tp is the crystallization peak temperature, E- is the
activation energy, R is the ideal gas constant (8.3144 J/
mol K), and « is the DTA heating rate.

The E can be calculated from the slope of In(a/T?)
versus 1/Tp, based on which the inverse of E can be deter-
mined, as shown in Fig. 3. According to Marotta [21, 24,
25], the change in ln(Tg) with « is , expressed as

1 Ec + constant
n = —-— constant.
“= 3T o)

Therefore, the E calculated by the Kissinger model was
obtained from the plot of ln((x / Tg) versus 1000/7p and that
calculated by the Marotta model was determined from the
plot of Ina versus 1000/Tp. Figure 3 shows the Kissinger
and Marotta plots for the glass at the heating rates of 5, 10,
15, and 20 °C/min. The E- values were calculated using the
slopes of the trend lines, as shown in Table 2. The E- from
the Kissinger and Marotta models for crystallization was
232.55-261.90 kJ/mol and 247.53-276.62 kJ/mol, respec-
tively, as shown in Table 2. The calculated E increased
with an increasing MgO amount, implying that more energy
was required to grow the crystal [26]. Li et at. reported the
crystallization activation energy increased with the MgO
content, owing to the high viscosity of the glassy phase
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Fig. 3 Kissinger (black triangles) and Marotta (blue squares) plots for the crystallization peaks of LAGP glass samples with a 0% MgO, b 0.5

MgO, ¢ 1% MgO, d 2% MgO and e 5% MgO addition

appeared at higher MgO contents, and the activation energy
was correlated with the viscosity of the glassy phase dur-
ing the crystal precipitation [27], although more work is
required to confirm this.

Considering the mathematical errors and comparing the
E values calculated by the Kissinger and Marotta models,
we found that the values are very similar. In contrast, both
values are lower than the E- obtained by Kun et al. (300 kJ/

mol) [28] using the Kissinger model. However, these authors
did not provide information about the particle size of the
glassy powders used in their experiments. Moreover, 7p and
E increase with an increasing particle size [29, 30]. There-
fore, as the values of E calculated from the Kissinger and
Marotta equations depend on 75, the dependence of these
parameters on particle size is also expected. The difference
may also be due to the possible difference in the chemical

@ Springer



618

Journal of the Korean Ceramic Society (2021) 58:614-622

Table2 E. and n for the LAGP glass obtained from the various
methods

MgO contents  E( (kJ/mol) n
Kissinger =~ Marotta Ozawa  Augis—Bennett
0 232.55 247.53 3.13 3.40
0.5 251.01 265.98  2.28 2.70
255.34 268.31 1.98 241
257.83 272.71 1.82 1.48
5 261.90 276.62 1.36 1.02
o =20°C/min T,=648°C
©
>
o
Ag
A
=]
=
=
)
620 640 660 680

Fig.4 Area A, between 7; and T}, and area Ar, between T; and T, for
the crystallization peak

composition of each glass. These differences can be deduced
from the discrepancy in the glass transition temperature.
This is because, at 5 °C/min, the Tg of the glass we studied
was 590 °C, while that of the glass prepared by Kun et al.
was 537 °C.

3.3 Avramilndex

Several methods exist for calculating the n from E. In this
study, n was calculated using the Augis—Bennett and Ozawa
equations based on the E- values.

The fraction of crystallization (y) at a specific temperature
can be determined from the DTA curves [31-33]. The frac-
tion crystallized at a given temperature, T, was obtained by
the ratio A/A, where A is the total area of the crystallization
peak between temperature 7; (where crystallization begins)
and temperature 7} (Where crystallization is completed). Ay
represents the area between T, and T, as shown schemati-
cally in Fig. 4. Figure 5 shows that the y displayed typical
sigmoid curves for the different heating rates. Transforma-
tions follow a sigmoidal curve when the transformation rates
are low at the beginning and the end of the transformation,
but rapid in between. The initial slow rate can be attrib-
uted to the time required for the formation and development
of a significant number of nuclei in the new phase. During
the intermediate period, the transformation is rapid as the

@ Springer

nuclei grow into particles and consume the untransformed
phase, while nuclei continue to form. When the transforma-
tion approaches completion, few untransformed materials
remain for further nucleation, and the production of new
particles gradually decreases. Additionally, the previously
formed particles begin to contact one another, forming a
boundary where growth stops [34—36]. This result indicates
that the formation of the crystalline phase proceeded through
a combination of nucleation and growth processes.

The Ozawa equation (3) was used to determine n [12, 37].

[d In(—In(1 — X))] .
—_— . ,

dIna G)

where y is the volume fraction crystallized at a fixed tem-
perature, T, and a heating rate, a. From the y values for each
heating rate at a particular temperature, n was determined
from the slopes of the trend lines for In(—In(1 — y)) as a
function of Ine, as seen in Fig. 6.

Furthermore, we obtained n using the Augis—Bennett
equation:

2

n= 25 i, “)
AT E/R

where AT is the full width at half maximum of the exother-

mic peak. Table 2 shows the n calculated using both the

Augis—Bennett and Ozawa equations, and the n value was

found to be similar to that of other studies [38].

The n is the main parameter used to evaluate the crys-
tal growth mode. According to Ray and Day [39], if n=1,
one-dimensional crystal growth occurs, forming acicular
crystals. If n=2 and n=3, two-dimensional plate-like crys-
tals and three-dimensional spherical crystal growth occurs,
respectively. The n value calculated from the crystalliza-
tion kinetic approach in this experiment ranged from about
3.13 to 1.36 by Ozawa method. Therefore, the shape of the
crystals can range from plate-like to acicular crystals with
an increasing MgO content and it is known that the addition
of MgO changes the viscosity of the glass, which affects
the diffusion of ions, and thereby changes the shape of the
crystal phase [40—42]. This conforms with the SEM results
shown in Fig. 7, making it possible to validate the kinetic
approach through non-isothermal DTA.

4 Conclusions

In this study, the crystallization behavior of LAGP glass
with MgO addition was investigated using non-isothermal
DTA, XRD, and SEM. The DTA results showed that the
current composition exhibited an exothermic 7} at approxi-
mately 610 °C. The identification of the crystalline phase by
XRD revealed the presence of LiGe,(PO,); and LiMgPO,.
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Fig.5 Crystallized fraction as a function of temperature at different heating rates of LAGP glass samples with a 0% MgO, b 0.5% MgO, ¢ 1%

MgO, d 2% MgO and e 5% MgO addition
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The E values, as the kinetic parameters, were cal-
culated using both the Kissinger and Marotta meth-
ods, and the results were in good agreement. The
E. values calculated by the Kissinger and Marotta
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models for crystallization were 232.55-261.90 kJ/mol and
247.53-276.62 kJ/mol, respectively. As the MgO content
increased, the E increased and n decreased. Furthermore,
the SEM observations indicated acicular crystal growth.
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growth at 650 °C for 2 h
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