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Abstract

In this work, response surface methodology (RSM) based on five-level, three-variable and central composite design
(CCD) was used to optimize the synthesis of Li,O-Al,03-GeO,-P,0; glass-ceramic. The effects of three independent
variables, i.e. crystallization temperature, crystallization time and heating rate on the conductivity of the glass-
ceramic were analyzed. The optimum conditions were found to be at the crystallization temperature of 845 °C,
crystallization time of 8 h and heating rate of 3.3 K/min. In the process optimization, the highest conductivity of
the glass-ceramic reached 6.3x10-* S/cm, suggesting that it is a promising solid electrolyte for practical application in

lithium/water batteries.
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I. Introduction

During the past few years, much attention has been paid
to lithium/water secondary batteries, because they stand a
good chance of achieving a better discharge capacity than
conventional batteries 1-2. Lithium/water batteries have
great potential for use especially in high-discharge-capaci-
ty power supplies for long-term operation in deep-sea ap-
plications. The solid electrolyte is one of the most impor-
tant components that control the properties of lithium/
water secondary batteries.

In the past decades, lots of investigations have been car-
ried out on glass-ceramic electrolyte with the general for-
mula of LiGe,(POy)s, because it is particularly stable
against Limetal and can be used as the solid electrolyte and
the protective layer for the lithium metal electrode 11-13.
Although the conductivity of glass-ceramic is believed
to be significantly affected by the chemical composition,
it is not easy to fabricate a large-scale and homogeneous
glass-ceramic with high Li* conductivity. Therefore, it is
important to further investigate the parameters during the
crystallization process.

Many statistical experimental design methods have been
developed for process optimization in recent years 14 ~17.
These methods involve using mathematical models for
designing chemical processes and analyzing the process
results. Among them, response surface methodology
stands out as a significant method utilized in many ma-
terial fields 18, 19,

Response Surface Methodology (RSM) has therefore
been used in our research to optimize the crystallization
parameters, providing factor effects and interaction effects
on 3D response surfaces. The RSM method is a collection
of statistical and mathematical techniques useful for de-
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veloping, improving, and optimizing processes in which a
response of interest is influenced by several variables and
the objective is to optimize this response.

Based on our previous results 2023, the present work
was designed to assess the effects of crystallization temper-
ature, crystallization time and heating rate on the proper-
ties of Li,0-Al,03-GeO,-P,05 glass-ceramic.

II. Experiment Procedure

(1) Synthesis and characterization

Stoichiometric amounts of Li,COj3, Al,O3, GeO, and
NHH,PO, were used as the starting materials to pre-
pare Lij 5Aly5Geq 5(PO,)3 (denoted LAGP) glass with a
conventional solid solution method. The powders were
weighed, mixed and milled in a high-energy milling ma-
chine for 1 h. They were then transferred to an electric fur-
nace and heated up to 700 °C in an alumina crucible for 2 h
to ensure ammonia, carbon dioxide and water vapor de-
compose out of the starting materials. Finally, the powders
were melted at 1350 °C for 2 h and poured onto preheated
stainless steel plates (~300 °C). The cast glass sheets mea-
suring about 10 mm in thickness were annealed at 470 °C
for2 htorelease the thermal stresses and then cooled down
to room temperature. To obtain the glass-ceramic speci-
mens, the annealed glass sheets were crystallized at 825 °C
for 6 h at a heating rate of 5 K/min.

X-ray diffraction analysis, in the range from 10° to 80°,
was performed by using D-max-RB diffractometer with
CuKa radiation, operating at 40 kV. The microstructure of
the sample was investigated by means of SEM with a field
emission gun (FESEM, JSM-5510LV). The ionic conduc-
tivity was determined using impedance spectroscopy (So-
lartron2016 impedance analyzer) in the 0.1-106Hz fre-
quency range, with voltage amplitude at 500 mV. After
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polishing, platinum was sputtered on two parallel faces
of the specimen with a thickness of 1 mm in order to en-
sure the necessary electrical contacts. The platinum-coat-
ed specimen was assembled into a cell using a stainless steel
blocking electrode in a cell fixture.

(2) Experimental design and data analysis

The Design Expert software written by STAT-EASE,
INC. was employed for experimental design, data analy-
sis and model building. Central composite design (CCD)
with three variables was used to determine the response
pattern and then to establish a model. Since different vari-
ables are usually expressed in different units and have dif-
ferent limits, the significance of their effects on response
can only be compared after they are coded. For statistical
calculations, the variables X; were normalized as x; accord-
ing to the following equation:

X.-Xg

X = AX (1)
where x; is a normalized value of the variable, X; is the ac-
tual value of the variable, X is the actual value of X; at
the center point, and AX is the step change of the vari-
able. In this study, the effects of three independent vari-
ables, X (crystallization temperature), X, (crystallization
time) and X3 (heating rate), at five levels were chosen as
three independent variables in the crystallization process
using central composite design. The range and values of
these three independent variables, presented in Table 1,
were based on the results of data from preliminary exper-
iments. The Li* conductivity of glass-ceramic (Y) was se-
lected as the dependent variable. The response variable was
fitted with a quadratic equation that describes the process:

i<j

k k
Yzbo +Zbixi +Zbiixi2 +Zbinin (2)
i=1 i=1 i=1

where Y represents the response, by is a constant coeffi-
cient, x; and x; are the normalized levels for the indepen-
dent variables, k is the number of independent variables,
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b;, b;; and b;; are the coefficients for the linear, quadratic
and interaction effects, respectively. The actual design of
this work is presented in Table 2. The interactive effects of
the independent variables on the dependent were illustrat-
ed by three-dimensional contour plots. Furthermore, the
developed polynomial models were statistically validated
by means of analysis of variance (ANOVA), checking their
statistical significances from the F-test and their fit quality
from the coefficients of determination R2 24-26.

Table 1: Levels of the variable tested in the 23 central
composite design.

Range and levels

-1.68 -1 O 1 1.68

Variables

Xy, crystallization tem- 650 750 850 950 1050

perature (°C)
X,, crystallization time (h) 2 6 10 14 18
X3, heating rate (K/min) 1 3 5 7 9

II1. Results and Discussions

(1) Experiment results

The XRD pattern and FESEM micrograph of the LAGP
glass-ceramic specimen are shown in Fig. 1 and Fig. 2, re-
spectively. The NASICON-type phase of LiGe,(POy);3
(JCPDS card 80—1923) is found to be the major crystalline
phase in the glass-ceramic, with minor AIPO, as the im-
purity crystal phase. As can be seen from Fig. 2, a homo-
geneous and dense structure of fine LiGe,(PO,); crystals
was observed in the glass-ceramic. This is the reason why
the glass-ceramic fabricated under the optimal crystalliza-
tion parameters exhibits the highest conductivity com-
pared to the other specimens.

Table 2: CCD and response results for the study of three experimental variables in coded units.

Coded levels

Real values

No. Conductivity, Y
Xq Xy X3 X4 X5 X3 (x10-4 S/cm) £0.1 error
(°C) (h) (K/min)
1 0 0 -1.68 850 10 1 4.9
2 0 0 0 850 10 5 6.0
3 -1.68 0 0 650 10 5 5.7
4 0 0 0 850 10 1 5.8
5 0 0 0 850 10 1 5.9
6 0 -1.68 0 850 2 1 5.5
7 0 0 0 850 10 1 5.9
8 1 1 -1 950 14 3 4.8
9 1 1 1 950 14 7 5.6
10 0 1.68 0 850 18 1 5.8
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N, Coded levels Real values Conductivity, Y
X1 X5 X3 X1 X, X3 (x10-* S/cm) £0.1 error
(°C) (h) (K/min)

11 -1 1 -1 750 14 3 5

12 -1 -1 1 750 6 7 53
13 -1 -1 -1 750 6 3 53
14 0 0 1.68 850 10 9 5.8
15 1 -1 -1 950 6 3 4.9
16 0 0 0 850 10 1 5.8
17 0 0 0 850 10 1 5.9
18 1.68 0 0 1050 10 1 5

19 -1 1 1 750 14 7 5.4
20 1 -1 1 950 6 7 5

(2) Response analysis and interpretation

Itis known that RSM optimization is more advantageous
than the traditional single parameter optimization because
it needs fewer experiments and saves time, space and raw
materials. The experimental designs and their responses
are summarized in Table 2. According to the software, the
final empirical models in terms of normalized factors after
excluding the insignificant terms for conductivity (Y) are
described in the following equation:

Y =5.87513-0.13746X,
~0.137X, + 0.20602X 5 + )
0.087500X, X, + 0.062500X X5 + 0.13750X,X 5 -
0.23801X,2 — 0.13194X,2 - 0.23801X 52

Liy 5Alg.5Gey 5(POy), V LiGey(PO,);
* AIPO4
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Fig. 1: XRD pattern for Lij 5Al5Geq 5(PO,); glass-ceramic fabri-
cated at the optimal crystallization parameters.

Table 3 presents the ANOVA results of the quadratic
model for the three dependent variables. As can be seen,
the model F-value of 8.62 for conductivity (Y) implies that
the model is significant. In the obtained quadratic model
of the conductivity, the ratio of 7.71 indicates an adequate
signal for the model to be used to navigate the design space.
The F-value of the lack-of-fit of 21.75 implies it is signifi-
cant relative to the pure error. There could be only 0.21 %

chance that such a large p-value could occur due to noise.
The normal probability plot shown in Fig. 3 indicates that
the errorsare normally distributed, as all the points lie very
close to the line.

Fig. 2: Microstructure for Li; 5Aly 5Geq 5(PO,); glass-ceramic fab-
ricated at the optimal crystallization parameters.
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Fig. 3: Normal % probability versus studentized residuals.
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Table 3: Analysis of variance (ANOVA) for response sur-
face quadratic model for conductivity.

De-

Source Sum of grees of Mean £ Jue Prob
squares ¢ 10 Sduare >F
Model 2.65 9 0.29 8.62 0.0012
X4 0.26 1 0.26 7.56  0.0205
X, 0.047 1 0.047 1.39  0.2658
X3 0.58 1 0.580 16.99 0.0021
XX, 0.061 1 0.061 1.80  0.2099
XX;5 0.031 1 0.031 0.92 03611
XX 0.15 1 0.150 4.43 0.0615
X2 0.78 1 0.780 22.8  0.0008
X,2 0.23 1 0.230 6.73 0.0267
X532 0.78 1 0.780 22.8  0.0008
Residual  0.34 10 0.034 - -
OLfaI‘::lft 0.33 5 0.065 21.75 0.0021

R2=0.96, R2,4; = 0.94, adequate precision =7.71 (> 4)

The accuracy and variability of Equation (3) could be
evaluated based on the coefficient of determination (R2).
The R2 of the model is obtained 0.96, which indicates that
96 % of the variability in the dependent variable could be
explained, and only 4 % of the total variation cannot be
explained by the model 15. The value of the adjusted deter-
mination coefficient (adj. R2) is 0.94, which suggested that
there are excellent correlations between the independent
variables.

Values of Prob > F less than 0.05 indicate that the mod-
el terms are significant, whereas the values greater than
0.1000are notsignificant. In this case, X {, X3 and the inter-
action terms (X,X3, X2, X,2, X32) are significant model
terms whereas X, and the interaction terms (X X5, X;X3)
are insignificant to the response. From the statistical re-
sults obtained, it is shown that the above model was ad-
equate to predict the conductivity of LAGP glass-ceramic
within the reasonable range of the variables studied.

The predicted values of conductivity for LAGP glass-
ceramic were calculated with Equation (3) and compared
with experimental values in Fig. 4. The clustering of the
pointsaround the diagonal line indicates a satisfactory cor-
relation between the experimental and predicted values,
thereby confirming the soundness of the model.

(3) Interactions among the factors

With consideration of two variables at one time while
keeping the third variable at the middle level, the three-
dimensional response surface plots and two-dimension-
al contour plots of LAGP glass-ceramic were construct-
ed according to Equation (3). Fig.5 shows the effect of
crystallization temperature and time on the conductivity
of LAGP glass-ceramicatafixed heatingrate of 5 K/min. It
can be seen from Fig. 5 that the conductivity of the LAGP
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glass-ceramic increased with the crystallization tempera-
ture from 650 °C to 850 °C and then decreased from 850 °C
to 1050 °C. The crystallization time had a significant effect
on the conductivity, which increased from 2 to 10 hand de-
creased from 10 to 18 h.
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Fig. 4: Linear correlation between observed and predicted values.
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Fig. 5: The 3D response surface and 2D contour plots of crystalliza-
tion temperature vs. crystallization time on conductivity at center
level of heating rate.

A similar phenomenon could be found from the effect
of the crystallization temperature and heating rate on the
conductivity of the LAGP glass-ceramic in Fig. 6. As can
be seen, the conductivity of the LAGP glass-ceramic in-
creased with heating rate from 1 to 5 K/min, and decreased
with an increase in the heating rate from 5 to 9 K/min. As
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shown in Fig. 6, the highest conductivity of 6.0x10-4S/cm
was observed at a heating rate of 5 K/min and crystalliza-
tion temperature of 850 °C.
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Fig. 6: The 3D response surface and 2D contour plots of crystal-
lization temperature vs. heating rate on conductivity at center level
of crystallization time.

Fig.7 shows the effect of the crystallization time and
heating rate on the conductivity of the LAGP glass-ce-
ramic that crystallized at 850 °C. Increasing the crystal-
lization time from 2 to 18h led to a rise in the glass-ce-
ramic conductivity when the heating rate changed from
1 to 4 K/min. However, the conductivity of the glass-
ceramic increased slightly and then decreased when the
heating rate changed from 5 to 9 K/min. On reduction of
the heating rate, a similar phenomenon was observed for
the conductivity of the glass-ceramic in condition of high
crystallization time (10 to 18 h) and low crystallization
time (2 to 10 h), respectively.

(4) Process optimization and microstructures of the
glass-ceramic

An optimizationstudy was carried out to evaluate the op-
timal crystallization parameters for LAGP glass-ceramic
with high Li* conductivity. Table 4 shows the optimum
crystallization parameters based on combination of all the
3D response surfaces and 2D contour plots. These optimal
crystallization parameters were found to be at the temper-
ature of 845 °C, time of 8 h and heating rate of 3.3 K/min.
The estimated Li* conductivity of the LAGP glass-ceram-
ic was 6.0 x 104 S/cm while the experimental value was
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5.9% 10-*S/cm. Only a small deviation (1.67 %) was found
between the experimental value and the predicted value.
Therefore, the central composite design (CCD) design can
be used to optimize the crystallization process of LAGP
glass-ceramic.
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Fig.7: The 3D response surface and 2D contour plots of crystal-
lization time vs. heating rate on conductivity at center level of crys-
tallization temperature.

Table 4: The predicted and experimental values of the
responses at optimal conditions.

Li+ conductivit
Crystal-  Crystal- Y

' 4
lization  lization Hizz‘lang (x10 S/;m)
tempera— time - - xper-
wie Q) (KM P imencl
value
845 8 3.3 6.0 5.9

IV. Conclusions

This research was carried out to determine the optimal
crystallization parameters for Li,O-Al,03-GeO,-P,05
glass-ceramic. The quadratic term of the crystallization
temperature multiplier, heating rate, and the interaction
between crystallization time and heating rate are insignif-
icant factors. According to the obtained quadratic model
for Li* conductivity, the optimal crystallization parame-
ters were found to be at the temperature of 845 °C, crys-
tallization time of 8 h and heating rate of 3.3 K/min. Fur-
thermore, the deviation was found to be 1.67 % between
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the experimental values and the predicted values, indicat-
ing that the CCD design can be used to optimize the crys-
tallization process of LAGP glass-ceramic.
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