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Abstract

This study aims to develop a single-cell prototype of a bulk all-solid-state electrolyte lithium-ion battery
(ASSELIB) using the multi-layer co-fired ceramic (MLCC) method. The primary active materials selected for
these experiments were as follows: i) solid-state electrolyte material: lithium aluminium titanium phosphate
(Li;3Aly5Ti; :(POy)s, LATP) with a NaSICON structure, ii) cathode material: lithium nickel cobalt manganese
oxide (LiNipsCopiMny,0,, NCM) and iii) anode material: a mixture of lithium titanium oxide (Li TisO,
LTO) with a spinel structure and titanium dioxide with a rutile structure (R-TiO,). The powders of these three
components were sequentially layered into a specific mould, forming three distinct layers: cathode,
electrolyte and anode. The electrolyte layer was placed between the cathode and anode layers to ensure
effective separation and prevent direct contact. The layered sample was then subjected to high pressure,
creating a solid laminated bulk structure. At high temperatures, the solid components were co-sintered to
form a well-connected interface that allows lithium ions to migrate smoothly across the electrolyte, moving
between the cathode and anode. In this study, influences of different composition of ASSELIB layers and
different co-fired temperatures (600, 650, 700, 750 and 800 °C) on the performances of the ASSELIB single
cell were investigated. The battery’s physical properties, density changes and electrochemical
characteristics were evaluated, including the formation quality of solid interfaces between each layer,
ensuring no chemical interaction between components. Future work will be focused on optimizing the cell by
adjusting experimental parameters for enhanced performance.
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L. Introduction range and extremely high energy density, all of which
can significantly improve and boost the performance
of conventional lithium-ion batteries.

While research on various solid-state battery
components has yielded excellent results, progress on
effectively bonding these solid components within a
battery has been relatively slow, even with high costs
preventing commercial-scale production. Therefore,
finding an efficient and straightforward mass-
production method that can combine three solid-state
components cost-effectively remains a crucial

Since their inception, lithium-ion batteries have
quickly become the world’s most popular mainstream
product. Enhancing various performance aspects of
lithium-ion batteries has therefore become an urgent
and essential research focus, especially in extreme
environments with significant temperature fluctuations
(such as on the Moon, in deep-sea depths and within
the Earth’s core). The development the next generation
of lithium-ion batteries with solid electrolytes, known
as all-solid-state ~ electrolyte lithium-ion  battery  cpallenge for scientists working on solid-state
(ASSELIBs), is emerging as an optimal solution. Solid electrolyte lithium batteries.
electrolytes offer notable advantages, such as The multi-layer co-fired ceramic method (MLCC)
enhanced safc?ty, no leakage, no neeq for a separator, is a highly feasible approach to bonding two or more
non-flammability, operation over a wider temperature ceramic powders and it has been proven in industrial
mass production over many years. This mature
technique is primarily used to manufacture multi-layer
ceramic capacitors (MLCCs), where dielectric material
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layers and positive and negative electrode layers are
stacked to form a plate capacitor. Connecting the same
electrodes of each plate capacitor to an external
electrode yields a capacitor with larger total
capacitance, thereby increasing the total energy
storage. As shown in Fig. 1, a cross-sectional scheme
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of a single capacitor illustrates that the MLCCs and
ASSELIB structures are highly similar. By replacing
the dielectric material between the positive and
negative electrodes with a solid-state lithium-ion
electrolyte, it is possible to create an all-solid-state
lithium-ion battery.

Figure 1. Cross-sectional view (a), 3D X-ray CT of the laminated finished MLCC product [1] (b) and cross-sectional
schematic illustration of a plate-capacitor (c)

Co-firing involves sintering several solid materials
together, which imposes very high requirements on the
compatibility of their physical and chemical
properties. Therefore, a detailed analysis and recording
of the physical and chemical properties of each
selected solid raw material are necessary, and
materials with higher potential for use as electrolyte
active materials, anode active materials and cathode
active materials should be selected [2].

The preferred active material for solid state
electrolyte (SSE) is lithium aluminium titanium
phosphate (Li1_3A10_3Ti1_7(PO4)3, LATP) [3 ,4], a
compound with a NaSICON-type structure. LATP has
a good conductivity (10*-10S/cm), excellent thermal
and mechanical stability, lower sintering temperature
and most importantly good environmental stability [5],
allowing it to be stored and used at normal room
temperature. Thus, in this work undoped LATP as the
preferred active SSE material was used.

The best choice for anode is a mixture of rutile
structured titanium dioxide (R-TiO,) [6] and LisTisO,
(LTO) [7] in a specific ratio as the anode active
material. This mixture is not only suitable for general
laboratory operations, but also unexpectedly yields
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better anode performance than bare LTO, making the
LTO + R-TiO, mixed anode our preferred choice.

Attractive cathode material is lithium nickel cobalt
manganese oxide with a layered structure,
LiNio_gCOo_]MIlo_]Oz (NCM) [8710], Wthh 1S Wldely
used due to its high energy density and easy
availability as a cathode active material.

For the conductive material, carbon [11-16] is
used at a low sintering temperature of 600 °C. Glucose
is a good carbon source which was mixed into the
composite electrode material, leaving carbon as a
conductive material after heat treatment, forming a
carbon-coated electrode. When sintering at higher
temperatures (=800 °C) is performed, copper metal is
used as the conductive material [17]. This is achieved
by mixing copper oxide (CuO) and glucose into the
composite electrode material, where a displacement
reaction occurs after high-temperature heat treatment
to yield metallic copper, as shown in Eq. 1:

2Cu0+C — 2 Cu+CO, (1)
When using the displacement reaction in Eq. 1 to
obtain copper metal as a conductive material, it is

essential to maintain a 1:1 mole ratio of Cu to C, so the
weight ratio of CuO to glucose is precisely 1:2.
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For the co-sintered solder, lithium borate Li,sBO3, solid interface that facilitates lithium-ion migration
specifically  Al-doped compound  Liye.ALBO; between the cathode and anode, enabling the
(LABO), was used as the preferred option [18-20]. successful fabrication of an all-solid-state electrolyte
The main reason for choosing LABO is its low lithium-ion single cell battery without compromising
melting point, allowing it to be consumed during any of the components.
processing. It does not remain in the battery due to the For optimizing the composition ratio of co-
low melting point of 590-600 °C. In addition, it does sintered solid-state battery components, our strategy
not easily react with other active materials in the was first to determine the solid electrolyte composition

battery, provides excellent metal oxide solderability, ratio through simple multilayer co-sintering
has effective sintering additive properties and also experiments as the foundation for all optimizations.
helps to inhibit side reactions at interfaces. Then we fabricated the battery and measured its

Regarding the binder for the pressing process, performance at different sintering temperatures,
polyvinyl alcohol (PVA), a commonly used binder in gradually optimizing the anode composition ratio,
ceramic sintering was selected. PVA is easily followed by the final adjustments to optimize the
consumed during the debinding process due to its low cathode composition ratio.
thermal stability, beginning to decompose at 200-250
°C, forming a six-membered ring transitional state and
undergoing random cleavage to produce acetaldehyde,
unsaturated aldehydes, ketones and other' c'ompound.s. The ASSELIBs
Upon further heating to 500 °C, all remaining organic
material volatilizes without leaving residues in the

II. Experimental

are basically composed of
materials with different functions [21]:
1. Positive electrode (cathode): includes positive

battery. . active materials, additives, conductive materials
All of the preferred battery component materials and adhesive add

grven above should not u.nder.go chemical reactions 2. Electrolyte: includes electrolyte active materials

with each other at the sintering temperatures. The and adhesive add

interface can be observed after sintering through XRD 3. Negative electrode (anode): includes negative

diffraction analysis and SEM BSI composition
analysis. In this study, we employed a multilayer co-
fired method to connect solid particles from different
layers at high temperatures, creating a well-connected

electrode active materials, additives, conductive
materials and adhesive add.
The components used in this experiment and their uses
are shown in Table 1.

Table 1. The basic components and their functions in ASSELIBs

Cell parts Active material Additive material Conductive material Adhesive
Positive electrode NCMS811 LATP CuO + glucose LABO
Solid electrolyte LAPT Glucose - LABO
Negative electrode R-TiO, + LTO LATP CuO + glucose LABO

All materials used for fabrication of the ASSELIB ball mill jar containing zirconia balls and isopropanol
cells were self-manufactured in our laboratory and solvent and milled for 20 h. After milling, the slurry
only lithium nickel cobalt manganese oxide was dried in an oven at 90 °C for 24 h. The dried
(LiNipsC0.1Mny0,) and titanium dioxide (TiO,) were powder was ground uniformly in a mortar, placed in a
commercial. LiNigsCooiMny;0, with a layered crucible and calcined at 900 °C for 4 h with a
structure (product NCMS811) was manufactured by heating/cooling rate of 5°C/min to form the LATP
UBIQ Technology Co., Ltd. and anatase TiO, powder phase. To reduce powder agglomeration after

was purchased from Showa Chemical. calcination, a second wet ball milling for 12 h was
necessary. The obtained powder was dried at 90 °C for
2.1. Solid state electrolyte (SSE) 24 h and then sieved through a 200-mesh screen to

Electrolytes for the ASSELIB cells were prepared ~ control the particle size, thus completing the
from Li; 3Aly;Ti, (PO4)s (LATP) with different amount ~ Preparation of the LATP calcined powder. .
of lithium aluminium borate (Li»c.AlBOs, LABO). . The soldef material LABO was prepared using the
The LATP powder was prepared using the solid ~ Solid synthesis method [23]. The raw materials,
synthesis method [22]. The raw materials, including including  boric  acid (H3BQ3)’ aluminium 0?(1de
aluminium oxide (ALOs), titanium dioxide (Ti0,),  (AlOs) and an excess of LiOH-H.O, were mixed
ammonium dihydrogen phosphate (NH,H,PO,) and an as:cord.mg to stollch10metry and ball-mllled. Wlth
excess of lithium hydroxide (LiOH-H,0), were mixed zirconia bglls and isopropanol for 20 h. After milling,
in stoichiometric ratio. This mixture was placed in a  the zirconia balls were taken out and the slurry was
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dried in an oven at 90 °C for 24 h. The dried powder
was ground, placed in a crucible and calcined at 570
°C for 2 h with a heating/cooling rate of 5 °C/min to
form the LABO phase structure. A second wet ball
milling for 12 h was performed, followed by drying
and sieving through a 200-mesh screen to control the
particle size, completing the preparation of the LABO
calcined powder.

2.2. Electrodes for ASSELIB cells

The anode active materials, based on lithium
titanate (Li4TisO,2, LTO) with a spinel structure, were
prepared using the solid synthesis method [24]. The
raw materials, including TiO, and an excess of
LiOH'H,0O, were mixed according to stoichiometry
and ball-milled with zirconia balls and isopropanol for
20 h. After milling, the slurry was dried in an oven at
90 °C for 24 h. The dried powder was ground in a
mortar, placed in a crucible and calcined at 800 °C for
2 h with a heating/cooling rate of 5 °C/min to form the
LTO phase structure. A second wet ball milling for 12

h was performed to reduce powder agglomeration,
followed by drying and sieving through a 200-mesh
screen to control the particle size, completing the
preparation of the LTO calcined powder. Different
anode active materials were examined, i.e. LTO was
mixed with different amount of TiO, and glucose. The
rutile (R-TiO;) powder for anode material was
prepared by converting commercial anatase TiO, to
rutile TiO; by heating to above 750 °C for 4 h.

Different cathode active materials were obtained
by using the commercial LiNigpsCoo1Mny;0, (NCM)
with 5, 10, 20 and 30 wt.% of LATP.

2.3. Fabrication of co-fired ASSELIB cells

The ASSELIB cells were fabricated in a few steps
[25]. From Fig. 2, it can be seen that the first half of
the pelletizing method is exactly the same as tape
casting. The only difference is that the mould
lamination process (multi-layer pelletizing) in the later
stage is changed to the slurry-preparation and the tape
lamination process, which will takes 5 more days.

ASSELIB preparation by co-firing process : [Anode] R-TiO,+Li,Ti;0,, / [Electrolyte] LATP/ [Cathode] NCM811

‘ Cale. LigTisO;» | ‘ TiO, | Calc.LATP
I I + 5 wit% LMBO
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Figure 2. Simple flow chart for the preparation of ASSELIB by co-firing process

2.4. Structural and electrochemical characterization

X-ray diffraction (XRD) analysis was performed
using a Bruker D2 Phaser A26-X1-A2B0B2A
diffractometer to identify the crystalline phases of the
prepared powders. The X-ray source was CuKa
(0.15418 A), with a 0.6 mm filter slit, operating at 30
kV and 10 mA. The scan rate was 1 °/min with a step
size of 0.02°, covering a 26 range of 10-60°. The
diffraction patterns were analysed using HighScore
Plus software and the lattice constants were calculated
using Bruker's TOPAS software with Rietveld
refinement.

Scanning electron microscopy (SEM) analysis was
performed using a JEOL LSM-6510LV thermal field
emission microscope to observe the surface and cross-
sectional microstructures of the samples. The samples
were mounted on conductive carbon tape and gold-
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coated to enhance conductivity and prevent charge
accumulation during SEM observation. The operating
conditions were 15 kV acceleration voltage and 10 mA
current. SEI mode was used to observe the micro-
structure, BEI composition mode for element mapping
and interface observation, and BEI topography mode
for surface topology.

Density measurement was conducted using the
Archimedes method with isopropanol as the liquid
medium. The absolute density values were referenced
from publicly available data and the relative density of
the samples was calculated.

Electrochemical impedance spectroscopy (EIS)
measurements were conducted using a Solartron
1470E. The frequency range was 1 MHz to 5 kHz. The
impedance data were analysed using Zview software,
fitting the data to an equivalent circuit model
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consisting of a series of a resistor (R) and two circuits
having parallel constant phase elements (CPE) and
resistor components (inset in Fig. 3e). The high-
frequency component represented the total material

impedance and the low-frequency component
represented the contact impedance.
The ASSELIB single cell electrochemical

performance was tested using the aforementioned EIS
setup.  Charge-discharge cycles and capacity
measurements were performed to evaluate the cells'
performance under different composition ratios and
sintering temperatures.

ITI. Results and discussion

3.1. Optimal composition of ASSELIB components

The MLCC method involves stacking several
solid raw materials to form a multilayer block which is
then sintered simultaneously. This method demands
high compatibility in terms of changes in sintering
density, thermogravimetric loss, volume changes,
melting points and chemical reactions between the raw
materials. The following sections discuss the
compatibility = of physical properties through
experimental investigation.

Solid state electrolyte

First, we observed and measured the changes in
sintering density, thermogravimetric loss and volume
changes of the electrolyte active material (mixtures of
LATP with different amounts of LABO) at different
temperatures. Thus, the highest density of the pure
LATP (bare LATP sample) appeared at 900 °C (Fig.
3a). When LABO was added in amount of 1 and 2.5
wt.%, the highest density still occurs at the same
sintering temperature, i.e. 900 °C. However, with
further increase of LABO content (5 and 7.5 wt.%) the
optimal sintering conditions are at lower temperature,
i.e. 850 °C. That indicates that LABO not only acted
as an excellent solder, but also showed sintering aid
effects. The maximal density corresponded with
maximum thermogravimetric loss and volume change
(Figs. 3b,c) [26].

As shown in Fig. 3d, the highest ionic
conductivity (3.39x10* S/cm) of the bare LATP was
obtained for the sample sintered at 900 °C, and
corresponds to the sample having the highest density.
We believe that beyond 900 °C, excessive grain
growth leads to a decrease in both relative density and
conductivity, demonstrating a positive correlation
between relative density and conductivity of the SSE.
In addition, impedance measurements confirmed high
conductivities of the samples LATP + 5wt.% LABO
sintered at 850 and 900 °C (Figs. 3e,f). Thus, from
these results, the LATP + 5wt.% LABO was used as
the solid electrolyte active material in the following
experiments.
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Figure 3. Sintering curve of LATP + xwt.% LABO (a), thermogravimetric loss of LATP + xwt.% LABO (b), volume change
of LATP + xwt% LABO (c), conductivity measurement of pure LATP (d), impedance measurement of LATP + 5wt.% LABO
at different temperatures (e,f)
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Figure 6. XRD pattern of LATP + Swt.% LABO mixture
sintered at 700, 800, 900 and 1000°C for 2 h

Anode

The changes in density, thermogravimetric loss
and volume changes of the mixed anode active
materials R-TiO, + xwt.% LTO at different sintering
temperatures were measured too (Fig. 4). The
theoretical density of the pristine LTO is 3.54 g/cm?,
and the highest absolute density of 2.76 g/cm® was
achieved after sintering at 850°C for 4 h (Fig. 4a).
However, for the mixed anode R-TiO, + 5wt.% LTO
the best absolute density of 3.85 g/cm?® was achieved
after sintering at 900°C for 2 h (Fig. 4b) and minimal
changes in thermogravimetric loss and volume were
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obtained above 900°C (Fig. 4c). It means that the
optimal sintering temperature could be 900°C.

Cathode

The sintering density, thermogravimetric loss and
volume changes of the composite NCM cathode at
different temperatures [27] were analysed, as shown in
Fig. 5. The NCM has theoretical density [28] of 4.81
g/ecm’ and a layered structure at low temperature.
When the temperature rises to 900°C, lithium
vacancies occur due to Li" loss. These vacancies are
easily occupied by Ni** ions with a radius close to Li",
leading to a structural transformation into a rock-salt
or spinel structure with poor lithium ion migration.
Figure 5a clearly shows significant density changes
between 800-900°C, indicating a phase transition in
the NCM structure. High slopes in thermogravimetric
loss (Fig. 5b) and the volume change (Fig. 5c¢) in
temperature range between 800-900°C can be
additional evidence of the phase transition.
Referencing the experimental results of Yue et al.
[29], it was found that sintering at 850 °C yields the
best performance for the cathode material, which is
very similar to the results of this study.

3.2. Chemical compatibility of ASSELIB components

In the next step, possible interaction between
LATP and LABO (used for electrolyte fabrication)
was analysed. Thus, for the SSE composite, the bare
mixture of LATP + 5wt.% LABO was sintered at 750,
800, 850 and 900 °C for 2 h. XRD analyses presented
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in Fig. 6 shows no chemical reaction between LATP
and LABO. The main reason is low melting point of
LABO, being approximately 575°C, causing that this
compound did not remained in the mixture at high
temperature. At the same time Hupfer et al. [30]
mentioned that the secondary LiTiPOs phase was
formed while preparing LATP by solid synthesis
method, what was also observed in our work (Fig. 6).

Cathode

To analyse chemical compatibility of cathode with
electrolyte materials, the NCM and LATP powders
were mixed in a mass ratio of 50:50 and heated to 800
°C/2h. XRD analysis of the resulting mixture (Fig. 7)
revealed a chemical reaction between NCM and
LATP. However, when the LATP amount was
decreased to 5 wt.% no reaction occurred even when
temperature was increased to 1000 °C (Fig. 8a). From
these experiments, it is evident that LATP as a filler

does not affect the operation of the NCM cathode
active material while LATP content is below 5 wt.%
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Figure 7. XRD pattern of bare NCM + LATP mixture with
mass ratio 50:50 sintered at 800 °C/2h
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Figure 8. XRD patterns of: a) NCM with 5 wt.% LATP and b) LATP with 5§ wt.% NCM mixtures, sintered at 750, 800, 850,
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Figure 9. XRD patterns of: a) LTO + LATP mixture with 50:50 wt.% ratio sintered at 800 °C/2h, b) LTO with 5 wt.% LATP
sintered at 700, 800, 900 and 1000 °C for 2 h and ¢) LTO + LATP mixture with glucose content of 0.03, 0.05, 0.07 wt.%
sintered at 800 °C/2h

In addition, pristine mixture of LATP with 5 wt.%
NCM was sintered at 750, 800, 850 and 900 °C for 2
h. The XRD analysis of the resulting mixtures (Fig.
8b) indicated that no reaction occurred between the
two materials. This experiment shows that when
LATP comes into contact with a small amount of
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NCM cathode material at the solid-state interface it
should not affect the performance of the LATP
electrolyte material

Anode



To analyse chemical compatibility of anode with
electrolyte materials, the LTO and LATP powders
were mixed in a mass ration 50:50 and heated to 800
°C/2h. XRD analysis of the resulting mixture in Fig.
9a revealed a chemical reaction between LTO and
LATP. However, when the LATP content was
decreased to 5 wt.% no reaction occurred even when
the temperature increased to 1000 °C (Fig. 9b).

In addition, the effect of 3, 5 and 7 wt.% glucose
in the LTO + 5wt.% LATP sample sintered at 800
°C/2h was also investigated. It is evident from Fig. 9¢c
that no reaction occurred even when the temperature
increased to 1000 °C. Thus, it can be concluded that
LATP (as well as LATP/glucose) as a filler does not
affect the operation of the LTO anode active material.

3.3. Structure and performances of ASSELIB

The first step in experimental strategy for
fabrication of the co-fired ASSELIB cells (all-solid-
state electrolyte lithium-ion battery) was to confirm
the compositions of the SSE components, then to
adjust the composition of the negative electrode
components and finally to optimize the composition of
the positive electrode and complete the entire
ASSELIB. The second step in strategy was to select
optimal sintering temperature [31].

From the results presented in section 3.1, it can be
concluded that the optimal sintering temperature for
the mixed electrolyte active material is 800 °C/2h; for
the mixed anode active material R-TiO, + LTO it is
900 °C/2h; and for the mixed cathode active material
NCM + LATP, it is 850 °C/2h. Theoretically,
increasing the density of the electrolyte component
helps improve lithium-ion conductivity. However,
high density of the anode and cathode materials is
harmful to lithium-ion lithiation and delithiation [32].
Therefore, we decided to use a target sintering
temperature of 800 ©°C/2h, aiming for optimal
electrolyte density while achieving relatively high
density for both anode and cathode components.

To reach the target sintering temperature of 800
°C/2h, we considered two possible issues: first, the

release of CO, due to the thermal reactions involving
carbon elements, and second, potential Dbattery
cracking caused by differences in volume changes
among layers during high-temperature co-sintering. To
address the first issue, we opted to use metallic copper
as the conductive material instead of carbon, as copper
can eliminate CO, formation. For the second issue, we
examined the thermogravimetric loss and thermal
expansion of each component and found that the
cathode component is more sensitive to high-
temperature changes, showing significant differences
at 800 °C/2h. Thus, we decided to adjust the
composition ratio or other parameters of the cathode
component to align with the thermal volume changes
of the LATP solid electrolyte.

3.3.1 Structure of co-fired ASSELIB

In the co-fired ASSELIB structure [33-36], in
order to ensure close contact between the electrode
and the electrolyte, we mixed electrolyte particles into
the electrode, as shown in Fig. 10.

The co-fired ASSELIB cells fabricated with
LATP + 5wt.% LABO as the active material for the
SSE are shown in Fig. 11. Clear cracks can be
observed at the surface of the ASSELIB prepared
without carbon in the bare LATP, labelled as B1 (Fig.
11a). However, no surface defects were observed in
the ASSELIB prepared using LATP with added
carbon under the same conditions, labelled as B2 (Fig.
11b).

Positive Electrode
Positive Particle
Electrode \

Solid Electrolyte Particles

Solid are Blended in the
Electrolyte

Electrode Layer
Negative

Electrode

Negative Electrode
Particle

Figure 11. Images of: a) ASSELIB prepared without carbon in LATP (sample B1) and
b) ASSELIB containing carbon in LATP (sample B2) after co-firing
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Figure 14. SEM images of ASSELIB-B2 in: a) SEI mode profile and b) BEI mode profile

SEM was used to examine the interface profiles of
the B2 cell cross-section. We found that at both the
anode interface (Fig. 12a,b) and the cathode interface
(Fig. 12c,d), the solid-state connecting-area has very
good bonding, with minimal porosity. In contrast,
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SEM images of the B1 cell showed loose bonding with
a high porosity, as seen in Fig. 13a,b at the anode side
and Fig. 13c,d at the cathode side, with the NCM layer
exhibiting an irregular structure. These results indicate
that the addition of carbon to LATP has a positive



impact on the interface during co-firing, acting as a
binder. Therefore, the preferred composition of the
solid-state electrolyte element in this experiment is
LATP + LABO + carbon [37,38].

SEM cross-sectional image obtained by the
secondary (SEI) electron mode (Fig. 14a) shows that
the interface between components is not clearly
defined. In addition, SEM cross-sectional image
obtained by the backscattered (BEI) electron mode
(Fig. 14b) allows clear identification of each layer’s
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actual thickness at the interfaces. Since lithium ions
conduct through diffusion in the solid electrolyte, the
thickness of the electrolyte layer greatly influences
lithium-ion migration. Due to the limitations of
experimental equipment and moulds in the pelletizing
process, the minimum thickness of the LATP
electrolyte layer was about 600-800 pum, as shown in
(Fig. 14b). Also, the thickness of the cathode layer was
about 300-320 pm [39,40].
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Figure 15. C-V plots for: a) typical liquid lithium battery, b) solid-state batteries with 1.2 and 1.0 mm thick electrolyte layers,
¢) solid-state battery with a 0.9 mm thick electrolyte layer and d) solid-state batteries with 0.8 mm thick electrolyte layers,
demonstrating better lithium-ion migration through the thinner electrolyte layer

3.3.2 Influence of electrolyte thickness

To understand the impact of electrolyte layer
thickness on the solid-state battery performance, we
fabricated solid-state batteries with four different
electrolyte layer thicknesses: 1.2, 1.0, 0.9 and 0.8 mm,
and measured their C-V characteristics [41].

Figure 15a shows the C-V curve of a conventional
liquid lithium battery, where Segment 0 spans from
circuit initiation to the end of the first reduction peak,
with the peak value representing the initial current
peak. Segment 1 extends from the first oxidation peak
to the end of the second reduction peak, where the
difference between the first and the second reduction
peak indicates lithium ion consumption forming the
SEI layer. Segment 2 covers the period from the

XX

second oxidation peak to the end of the third reduction
peak, and so on.

Figure 15b presents the C-V curves of the solid-
state lithium batteries with two different electrolyte
thicknesses. The C-V curve for the black line,
representing the 1.2 mm-thick electrolyte layer, shows
a current value of 0, indicating no lithium-ion
migration and thus not pursued further in research. The
red curve, for the 1.0 mm-thick electrolyte layer,
shows current values of 0 in Segments 0 and 1, with a
current signal only emerging in Segment 2, indicating
significant difficulty for lithium ions to penetrate the
electrolyte layer.

Figure 15¢ displays the C-V curve of the 0.9 mm-
thick electrolyte layer, where current is initially absent
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at the beginning of Segment 0, but appears shortly
after, with a noticeable current step difference at the
transition to Segment 1 before continuing to the
maximum current. This suggests that lithium ions still
struggle to penetrate the 0.9 mm-thick electrolyte layer
immediately.

Figure 15d shows C-V measurements of the solid-
state batteries with five different anode components,
all with an electrolyte layer thickness of 0.8 mm. The
results indicate that all types exhibit an initial current
in Segment 0, with the initial current value
significantly higher than previously measured,
suggesting that lithium ions can penetrate the 0.8 mm-
thick electrolyte layer barrier almost immediately.
Based on these results, we can reasonably infer that
adopting a tape casting process to control electrolyte
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layer thickness between 0.02 and 0.05 mm would
greatly enhance electrochemical performance.

3.3.3 Influence of anode composition

Three different types of anode active materials co-
fired at 600 °C for 2 h were prepared for solid-state
lithium batteries: i) bare LTO + 5wt.% glucose, ii)
bare LTO + 7wt.% glucose and iii) bare R-TiO; + Swt.
% glucose. The C-V measurements, shown in Fig. 16a,
indicate that the highest initial current was achieved
with the bare R-TiO, + 5wt.% glucose, while the
lowest initial current was obtained with the bare LTO
+ 7wt.% glucose as the anode material. From these
results, we identify the bare R-TiO, + 5wt.% glucose
as the preferred anode material in this experiment.
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110,-0.05¢ i
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Figure 16. C-V graphs for ASSELIB with different anode compositions: a) LTO + Swt.% glucose, LTO + 7wt.% glucose, R-
TiO; + Swt.% glucose and b) R-TiO; + Swt.% glucose, R-TiO; + Swt.% LTO + 5wt.% glucose, R-TiO; + 7Twt.% LTO + Swt.%
glucose

Table 2. Summary table of ASSELIB co-sintering results and component proportions

i . Glucose : CuQ .
Composite-composition (mol%= 50:50) Pelletizing Co-fired Co-fired
Cell parts | Code [\yevig 1| LATP | R-TiO, | LTO | LABO |Glucose| CuO Glucose PVA results results
(Wi%) | (Wt%) | (wi%%) | (wi%) | (wWi%) | (wi%) | (wi%%) (wt%) (wtog) | at600~750°C at800°C
Al | 85 5 5 . 50|+ 10 + OK Bending NG
A2 | 80 10 5 . 50|+ 10 + - Bending NG
Positiv
OSTIVE | a3 | 70 20 5 - 50|+ 10 + 5 - Bending NG
electrode
A4 60 30 5 - 5 + 10 + - Better but crack NG
AS | 60 30 5 . 5 |+ 10 + - Flating OK
Solid
.
electrolyte B2 20 3 3 3
Negative | o 5 80 5 5 - 5 |+ 10 + 5
electrode

In addition, two additional types of solid-state
lithium batteries with different anode active materials
(R-TiO; + 5wt.% LTO + 5wt.% glucose and R-TiO, +
Twt.% LTO + 5wt.% glucose) were prepared also at
600 °C for 2 h, and their properties were measured for
comparison. The results, shown in Fig. 16b, indicate
that the highest initial current was achieved with the
mixed R-TiO, + 5wt.% LTO + 5wt.% glucose anode
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material. When using R-TiO, + 7wt.% LTO + 5wt.%
glucose as the anode, the initial current was the lowest.
Based on these results, the selected preferred anode
active material was the R-TiO, + 5wt.% LTO + 5wt.%
glucose mixture.

3.3.4 Influence of cathode composition



Table 2 summarizes the composition of the
ASSELIB mixtures and their co-sintering results.
Solid-state ~ batteries  with  different  cathode
composition were fabricated, i.e. NCM with 5, 10, 20
and 30 wt.% of LATP. It was found that the battery
with NCM + 5wt% LATP, maintained good
appearance after co-sintering at 600, 700 and 750 °C,
but at 800 °C the cathode and electrolyte layers
separated and split, while the anode layer remained
well adhered. With the increase of LATP content in
the cathode mixture to 10 and 20 wt.%, separation
from the electrolyte was also observed, but surface
smoothness was slightly improved. However,
significant improvements in the interface between the
cathode and electrolyte, as well as high smoothness
and good adhesion of the anode layer, was observed in
the solid-state battery co-sintered at 800 °C with NCM
+ 30wt.% LATP, where the cathode layer thickness
was 0.6 mm. Unfortunately, several arc-shaped cracks
appeared along the edge of the cathode disc.
Subsequently, we fabricated a similar battery with 30
wt.% LATP, increasing the cathode layer thickness to
1.0 mm. After co-sintering at 800 °C, the cathode and

electrolyte interface showed well-aligned bonding and
the anode layer also exhibited good adhesion with no
visible cracks [42].

Based on these results, we conclude that the
optimized cathode composition co-fired at 800 °C is
NCM + 30wt.% LATP with an increased cathode
thickness. This confirms that adjusting the filler
proportion and electrode layer thickness is an effective
strategy.

3.3.5 ASSELIB co-firing at different temperatures

The ASSELIB cell composes of the LATP layer
separating the cathode and anode to prevent short
circuits (Fig. 10). Thus, LATP serves dual functions as
both an electrolyte and filler. To minimize differences
in thermal expansion between the cathode, electrolyte
and anode after co-sintering, while keeping
adjustments to the component mixtures minimal, we
attempted to increase the proportion of LATP in the
electrode mixtures or alter the thickness of the
electrode layers. Four different co-fired temperatures
(650, 700, 750 and 800 °C for 2 h) were examined.
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Figure 17. C-V graphs of ASSELIB at co-firing temperature of: a) 600 °C/2h, b) 650 °C/2h, c¢) 700 °C/2h, d) 750 °C/2h and
e) 800 °C/2h as well as f) combined C-V graphs of ASSELIB co-fired at temperatures ranging from 600 to 800 °C

ASSELIB with different densities were obtained
at various sintering temperatures and C-V
measurements were used to assess the impact of
density differences on battery performance. Figure 17
shows the C-V curves for the ASSELIB at different
co-sintering  temperatures in an  atmospheric
environment. The initial current measured currents for
samples sintered at 600 °C/2h, 650 °C/2h, 700 °C/2h,
750 °C/2h and 800 °C/2h were 1.910x10°A (Fig.

XX

17a), 3.610x107 A (Fig. 17b), 1.210x10®* A (Fig.
17¢), 2.610x107 A (Fig. 17d) and 3.675x10® A (Fig.
17e), respectively. When combining these results into
a single C-V plot for the ASSELIB at various co-
sintering temperatures (Fig. 17f), only the 600 °C/2h
curve is visible due to the large differences in
magnitude. The other curves appear as near-horizontal
lines. This result indicates that the sample co-sintered
at 600 °C/2h, with the least dense structure, exhibited
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the best battery performance, while the samples co-
sintered at higher temperatures showed significantly
lower performance.

Analysing these results in conjunction with other
published research, we believe that lithium ions in the
layered NCM structure may be lost in the atmosphere
at temperatures above 650 °C/2h, leading to a
substantial reduction in initial current. The negative
effects of increased temperature far outweigh any
benefits from increased density. According to Kawano
et al. [43], a co-sintering temperature of 600 °C is
optimal for fabricating ASSELIB using tape casting.
They suggest a preferable electrolyte layer thickness of
6-9 pm, electrode layer thickness of 15-25 pm and
electrode layer density of 0.3 g/cm? for both anode and
cathode. Although their data serves as a reference,
certain concepts align with our findings, such as
minimizing electrolyte layer thickness, maintaining
thicker anode/cathode layers than the electrolyte and
keeping a lower density for electrode layers. Using a
lower co-sintering temperature of 600 °C may
represent a cost-effective and performance-optimized
solution. Interestingly, similar conclusions were
reached by Malaki et al. [44].

3.3.6 Valorisation

We attempted to use the tape casting method to
verify the effectiveness of the pelletizing method.
First, we prepared the cathode mixture slurry,
electrolyte mixture slurry and anode mixture slurry,
then coated these slurries onto thin substrate. After
undergoing processes such as drying, laminating,
preliminary cutting, vacuum sealing, hydraulic-
pressing, precision cutting, de-binding, co-firing at the
same temperature of 600°C, grinding and conductive
paste coating, the final ASSELIB samples were
obtained.

The results obtained from the pelletizing and tape
casting methods were very similar. This indicates that
if the battery component compositions are properly
adjusted, the simple and fast pelletizing method can
reliably predict outcomes, saving significant time.
However, the main drawback of the pelletizing method
is that the solid electrolyte layer is too thick. If a batch
of thin electrolyte films can be prepared in advance
using the tape casting method and stored properly,
then combined with cathode and anode powders for
the pelletizing method, more accurate battery data can
likely be obtained.

IV. Summary

In this work we successfully fabricated ASSELIB
single cells by using a cost-effective and time-saving
co-firing method. Compared with the tape casting [45],
this approach is quick, convenient and economical.
Successful  verification of the function and
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proportional relationships of each raw material in the
electrolyte, anode and cathode mixture components
was performed. In addition, three key aspects were
proposed: 1) the development and validation of LABO
solder for solid-state co-firing, ii) the functional
expansion and verification of LATP additives and iii)
the development and verification of the reduction
process for conductive metallic copper in co-firing.
These successful experiments are expected to
contribute effectively to the industrialization progress
of ASSELIB prepared using multi-layer co-firing
method [46].

It can be concluded that additional work on
optimization of the ASSELIB structure is needed since
many important issues still remain unexplored. Future
research could focus on interface modification and
effective lithium compensation methods during high-
temperature co-sintering processes. We look forward
to the early practical industrial mass production of the
ASSELIB cells to promote the birth of the next
generation of batteries.
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