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in solid electrolyte by hot-
pressing and diamond wire slicing

Masashi Kotobuki, ab Houhua Lei,c Yu Chen, bd Shufeng Song, e

Chaohe Xu, e Ning Hu,e Janina Molenda f and Li Lu*ab

The thickness of a solid electrolyte influences the performance of all-solid-state batteries due to increased

impedance with a thick electrolyte. Thin solid electrolytes are favourable to improve the performance of

all-solid-state batteries due to the short Li ion diffusion path and small volume of the solid electrolytes.

Therefore, the preparation of thin solid electrolyte is one of the key process techniques for development of

all-solid-state batteries. In this study, thin Li1.5Ge1.5Al0.5(PO4)3 solid electrolyte with a Na super ion

conductor structure is prepared by diamond wire slicing. The Li1.5Ge1.5Al0.5(PO4)3 solid electrolyte is

prepared by melt-quenching followed by crystallization at 800 �C for 8 h, after which the crystallized

Li1.5Ge1.5Al0.5(PO4)3 rod is subjected to wire slicing. Thin Li1.5Ge1.5Al0.5(PO4)3 with a thickness of 200 mm is

obtained. The crystal structure and cross-sectional morphology are not affected by the slicing. The total Li

conductivity of the thin Li1.5Ge1.5Al0.5(PO4)3 and activation energy are 3.3 � 10�4 S cm�1 and 0.32 eV,

respectively. The thickness and total conductivity are comparable to those of Li1.5Ge1.5Al0.5(PO4)3 prepared

by the tape-casting method which needs several steps to prepare Li1.5Ge1.5Al0.5(PO4)3 tape-sheet and high

temperature and a long sintering process. The ionic transference number of the thin Li1.5Ge1.5Al0.5(PO4)3 is

0.999. The diamond wire slicing is a useful method to prepare thin solid electrolytes.
1. Introduction

The current commercial Li-ion batteries use highly ionic
conductive organic electrolytes, which has brought a lot of
convenience in cell fabrication and at the same time also
causes serious safety issues, such as electrolyte leakage and
re hazard due to the use of ammable organic solvents.1,2 All-
solid-state batteries with non-ammable ceramic electrolytes
are expected to solve the safety problems.3–5 Therefore, many
kinds of solid electrolytes such as garnet,6–8 perovskite,9–11 and
NASICON-types12,13 have been intensively researched and
developed due to their reasonably high Li ion conductivities.
Among them, LAGP (Li1+xAlxGe2�x(PO4)3, 0 # x # 0.7) with
a NASICON structure is of particular interest due to its high Li
ion conductivity and wide electrochemical window.14–16
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In an all-solid-state battery, the thickness of the solid elec-
trolyte inuences the performance as schematically illustrated in
Fig. 1. The purpose of an electrolyte in a battery is to prevent short
circuit between the positive and negative electrodes but allow Li
ions to transfer from the anode to the cathode during discharge
and vice versa. Since Li ion migration between the two electrodes
is a diffusion process, a thick solid electrolyte will lead to an
increase in impedance of the all-solid-state battery and hence
difficulties of charge transfer. Additionally, the electrolyte is an
inactive material, and a large volume of the thick electrolyte
implies a lower volumetric and gravimetric power and energy
densities.17 Therefore, process techniques to prepare thin and
dense solid electrolyte are essential.

For preparation of thin solid electrolytes, physical vapour
processes such as sputtering and PLD (pulse laser
Fig. 1 Performances of all-solid-state batteries with (a) thick and (b)
thin solid electrolytes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 A scheme of preparation of thin LAGP by the diamond wire
slicing.
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deposition)18,19 and liquid processes like the sol–gel method20

have been studied. However, these physical processes have
some disadvantages such as usage of vacuum system, difficulty
in control of chemical composition and large area coating. Also,
in both processes, the thin solid electrolytes must be deposited
on a substrate and it is difficult to obtain self-standing thin
electrolytes. Although a simple method to obtain the self-
standing thin solid electrolytes is to grind a thick solid elec-
trolyte pellet to a thin one, this process is time-consuming and
easy to create defect. Imanishi et al. applied the tape-casting
method for preparation of thin LAGP solid electrolyte21 and
obtained thin LAGP with a thickness of 228 mm. Using this
processing, a total conductivity 3.38 � 10�4 S cm�1 was ach-
ieved.22 This veried the tape-casting method was useful for
thin solid electrolyte preparation, however, the tape-casting
method has a number of drawback, including complexity of
processing and composition deviation from desired one.

To obtain the self-standing thin electrolytes, the simple
slicing technique using a diamond saw is considered to be
useful and was applied for the garnet-type solid electrolytes,23,24

however, the diamond saw slicing tends to form kerf and waste
materials. Contrary, the diamond wire slicing using a wire
impregnated with diamond dust produces less kerf and wasted
materials compared with the diamond saw slicing. Additionally,
the diamond wire slicing is also practical and less expensive
process.25

In this study, the diamond wire slicing was applied for LAGP
solid electrolyte rst time. By the diamond wire slicing of thick
LAGP pellet, thin LAGP slices of a thickness of about 200 mm can
be successfully prepared.

2. Experimental
2.1 Preparation of LAGP solid electrolyte

In order to slice the LAGP solid electrolyte, thick LAGP rod with
a length of about 2 cm was needed. In a typical processing, the
LAGP rods were prepared by melt-quenching method followed
by hot-press technique.26 The precursors of Li2CO3 (>99.99%),
GeO2 (>99.999%), Al2O3 (99.98%) and NH4H2PO4 (>98%) which
were all purchased from Sigma Aldrich were mixed in ethanol,
dried and heated at 380 �C for 2 h in an Al crucible. To
compensate Li evaporation, 10 mol% excess Li2CO3 was added.
Aer grinding, the obtained powder was melted in a Pt crucible
at 1350 �C for 2 h and casted on a stainless plate pre-heated at
500 �C. Aer solidication, the cast glass was annealed at 500 �C
for 2 h to release the thermal stress. The glass was crushed into
powder. The crushed glass powder was loaded into a graphite
die of 10 mm in a diameter and then subjected to hot-press
sintering.27 Since glass transition temperature, Tg, and crystal-
lization temperature, Tc, are 530 and 603 �C, respectively,27 to
fully utilize rubber-like behaviour, the glass powder was hot-
pressed at 600 �C under a pressure of 20 MPa for 1 h in an Ar
atmosphere. Aer hot-press sintering, the sintered-glass was
crystallized at 800 �C for 8 h in a heating rate of 3 �Cmin�1 in air
and under atmospheric pressure to obtain crystallized LAGP.
This batch sample is denoted as sample 1. For a comparison,
the hot-press sintered-glass without crystallization was also
This journal is © The Royal Society of Chemistry 2019
prepared. This batch of samples was crystallized in same
condition aer slicing and denoted as sample 2 as shown in
Fig. 2.
2.2 Slicing LAGP solid electrolyte

As a tradition processing, a diamond wire was used to slice the
rod. To avoid heat effect, aqueous lubricant coolant was used
during whole slicing process. The slicing rate was adjusted to
about 0.1 mm min�1.
2.3 Characterization

As a crystal structure of the thin LAGP was identied by XRD
measurement (XRD-6000, Shimadzu) with Cu Ka radiation from
2q ¼ 10 to 60� with a step of 0.02� at a scan rate of 1� min�1.
Microstructure and morphology of the thin LAGP solid elec-
trolytes was observed by scanning electron microscope (SEM,
JEOL-6010 PLUS/LV) operating at 15 kV. Au was sputtered on the
samples to add an electronic conductivity and eliminate the
charge effect. Densities of the thin LAGP solid electrolytes were
measured by using a pycnometer (AccuPyc II 1340,
Micromeritics).

The Li ion conductivity of the thin LAGP was estimated by
the electrochemical impedance spectroscopy method. Prior to
measurement, Au was sputtered on both surfaces of the
samples to prepare the Li ion blocking electrodes and ensure
electrical contact. The impedance measurement was performed
at a voltage signal of 10 mV in a frequency range of 10–1 MHz at
28–150 �C using a Solartron impedance analyser 1470E cell test
system. The activation energy was calculated from Arrhenius
plot using following equation.

st ¼ A exp(�Ea/kBT) (1)

where st, Ea, kB, A and T are total Li ion conductivity, activation
energy, Boltzmann constant, pre-exponential factor and abso-
lute temperature, respectively.

Ionic transference number of the thin LAGP solid electrolyte
was measured by DC polarization technique.28 A DC voltage of
1.0 V was applied to the Au/LAGP/Au cell. The ionic transference
number (ti) was calculated from initial current, Ii and stabilized
current, If, using following equation:

ti ¼ Ii � If

Ii
(2)
RSC Adv., 2019, 9, 11670–11675 | 11671
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Fig. 4 (a) XRD patterns of sample 1 and sample 2, (b) cross-sectional
SEM images of (1 and 2) sample 1 and (3 and 4) sample 2.
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3. Results and discussion
3.1 Characterization of thin LAGP solid electrolyte

Fig. 3 shows images of the thin LAGP pellets. For the sample 1,
the white coloured thin pellet with 200 mm in a thickness was
obtained. In the diamond saw slicing of garnet-type electrolytes,
thicknesses of pellets were almost same (0.18–0.22 cm).23,24 For
the sample 2, the thin pellet with grey colour was changed into
white colour through the crystallization. The thickness of the
sample 2 before the crystallization was 290 mm. The thickness
became slightly smaller due to shrinkage during the crystalli-
zation, while diameter of the sample 2 did not change through
the crystallization.

XRD patterns of the thin LAGP pellets were depicted in
Fig. 4a. In both samples, main phase could be attributed to
LAGP with NASICON structure. Also, small peaks of GeO2 and
Al6Ge2O13 was also observed in both diffraction patterns. Table
1 reveals lattice parameters of the sample 1 and 2. For
a comparison, LAGP solid electrolyte crystallized at same
temperature without the slicing is also shown in Table 1.26 The
sample 1 possessed slightly larger lattice parameter in a-axis
than that of the sample without slicing, whereas c-axis of the
sample 1 was much shorter. For the sample 2, a-axis was shorter
than that of others, while c-axis of the sample 2 was a little
longer than the sample 1 and much shorter than the sample
without slicing. As a result, the lattice volume of the sample 1
was larger than that of the sample 2 and smaller than that of the
sample without slicing. This observation implied that the
sample preparation history inuenced lattice parameters. The
inuence of the sample history on the properties of samples was
shown more clearly in morphological observation.

Fig. 4b shows cross-sectional SEM images of the sample 1
and 2. For the sample 1 (Fig. 4b(1) and (2)), many densely
packed small crystal grains whose sizes were about 2 mm, were
observed. No porosity was noted. These morphological features
were very similar to the sample without slicing.26 In contrary,
the sample 2 (Fig. 4b(3) and (4)) showed different cross-
sectional morphologies. Crystal grains showed non-uniform
size ranging from 100 nm to >10 mm.

Additionally, there were some pores in the cross-section. It
was also noted that there was a large difference in the relative
density. The relative densities of the sample 1 and 2 are 98.9 and
88.7%, respectively. We studied history of the processing and
Fig. 3 Photos and dimensions of (a–c) sample 1 and (d–f) sample 2.

11672 | RSC Adv., 2019, 9, 11670–11675
noted that the hot-pressing was carried out at the temperature
between Tg and Tc where the glass powder showed a rubber-like
behaviour. Therefore, it is easy to achieve a very dense pellet even
at 20 MPa as illustrated in Fig. 5(a). However, although the glass
powder could be hot-pressed to almost no porosity, powder
particles were roughly bonded mechanically since low pressing
temperature and short pressing duration would be unable to
achieve sufficient chemical bonding. A good chemical bonding
was achieved at 800 �C during the crystallization (Fig. 5(b1)).
Since a good bonding was obtained in the crystallization process,
dense thin slices with no or little damage could be obtained
(Fig. 5(c1)). However, if the slicing was carried out directly aer
hot-pressing, cleavage crack and impact from the diamond wire
could cause delamination and crack as shown in Fig. 5(b2). The
delamination and cracks would be further expanded due to
shrinkage during post-crystallization process (Fig. 5(c2)).
3.2 Electrochemical properties of thin LAGP solid electrolyte

The Li ion conductivity of the thin LAGP samples was evaluated
by the electrochemical impedance method. Fig. 6 depicts
impedance spectra of the sample 1 and 2 measured at 28 �C. In
both spectra, a semicircle and a tail were observed in the high-
and low-frequency range, respectively. This characteristic
prole of the impedance plot oen appears in ceramics that are
Table 1 Lattice parameters of thin LAGP prepared by mechanical
slicinga

Sample a (Å) (�0.002) c (Å) (�0.002) V (Å3) (�0.4)

Thick LAGP 8.262 20.656 1221.0
Sample 1 8.265 20.619 1219.8
Sample 2 8.255 20.624 1217.0

a Ref. 26.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 Schematic illustration on difference of sample morphologies in
the history of processing.
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ion conductive.29,30 The tail corresponds to capacitive blocking
behaviour of the electrodes.31

The intercepts of the semicircle at the high- and low-
frequency sides are assigned to inner crystal and total (inner
crystal and grain boundary) impedances, respectively. Esti-
mated bulk (inner crystal) and total conductivities of the sample
1 were 5.9 � 10�4 and 3.3 � 10�4 S cm�1, respectively. Imanishi
et al. prepared thin LAGP with a thickness of 228 mm and re-
ported its total conductivity was 3.38 � 10�4 S cm�1.22 Although
the thickness and total conductivity were comparable to those
of the sample 1, the diamond wire slicing can simplify the
Fig. 6 Complex impedance plots of (a) sample 1 and (b) sample 2
measured at 28 �C in a voltage signal of 10 mV.

This journal is © The Royal Society of Chemistry 2019
preparation process signicantly. Fig. 7 reveals a comparison
experimental procedures of tape-casting andmechanical slicing
methods. The tape-casting method requires many steps
including twice long ball-milling processes. Contrary, this dia-
mond wire slicing needs only 4 steps to obtain thin LAGP. This
simple technique can reduce not only time and energy for thin
LAGP preparation, but also production cost. In the sample 2,
a depressed semicircle was observed. This would be because
grain boundaries were non-uniform due to uneven growth of
crystal grains. The bulk and total conductivities of the sample 2
were 1.5 � 10�4 and 1.2 � 10�4 S cm�1, respectively. Both
conductivities were lower than those of the sample 1 due to
pores, non-uniform crystal grains and poor bonding.

Based on temperature dependence of the Li ion conductivi-
ties, activation energy of the sample 1 was calculated. Above
75 �C, the bulk and total impedances could not be separated
due to a disappearance of the semicircle. Therefore, only total
conductivity was used for the activation energy calculation. The
Arrhenius plot (Fig. 8a) could be tted by a straight line and
hence the activation energy was calculated to be 0.32 eV from
slope of the straight line. This value is same as that of tape-
casting LAGP (0.32 eV).22

Ionic transference number of the sample 1 was examined
using Au/LAGP/Au cell by the DC polarization technique. The
polarization curve is shown in Fig. 8b. The ionic transference
number can be calculated by the initial and stabilized current.
The calculated ionic transference number is >0.999, indicating
that the sample 1 is a pure ionic conductor.

It is veried that the diamond wire slicing is a very simple
and useful method to obtain thin solid electrolytes. In this
study, the hot-press was used to prepare thick LAGP rod,
however, conventional sintering method also can be used if
thick rod could be obtained. Additionally, this slicing technique
can be applied for other solid electrolytes such as garnet- and
perovskite-type solid electrolytes. Furthermore, by optimization
of slicing condition, thinner solid electrolyte would be ob-
tained. These attempts are being studied in our group. The
results will be reported in due course.
Fig. 7 A comparison of experimental procedures of (a) diamond wire
slicing and (b) tape-casting methods.22

RSC Adv., 2019, 9, 11670–11675 | 11673
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Fig. 8 (a) Arrhenius plot of total Li ion conductivity of sample 1 and (b)
chronoamperometric curve of the sample 1 measured at an applied
voltage of 1 V.
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4. Conclusions

Thin LAGP solid electrolyte was prepared by hot-pressing and
simple diamondwire cutting. Two kinds of samples were fabricated
for the cutting: one was crystallized LAGP and another one was
glass LAGP. The glass LAGP was crystallized aer the slicing. Both
samples revealed very similar XRD patterns in which main phase
was LAGP with NASICON structure, while morphology was very
different. The sample sliced aer the crystallization showed
uniformly grown crystal grains with about 2 mm in size and no gap
among the crystal grains. In contrary, the sample crystallized aer
the slicing exhibited non-uniform crystal growth. Sizes of crystal
grains were a range from 100 nm to >10 mm. Additionally, there
were some pores in the cross-section. As a result, the sample sliced
aer crystallization revealed higher bulk and total Li ion conduc-
tivities, 5.9� 10�4 and 3.3� 10�4 S cm�1 in a thickness of 200 mm,
respectively. The thickness and Li ion conductivity were compa-
rable to LAGP prepared by the tape-casting method which needs
several steps to prepare LAGP tape-sheet and high temperature and
long sintering process. The diamond wire slicing is a simple and
useful method to obtain thin solid electrolytes. Thinner solid
electrolyte would be obtained by optimization of slicing conditions.
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