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Creating percolating Li diffusion pathways via Ge
substitution enables the fabrication of thick-
electrode oxide all-solid-state batteries
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Even though oxide solid electrolytes (SEs) have several advantages such as high chemical/thermal stability
over conventional liquid electrolytes, their low ionic conductivity and difficult integration during cell
fabrication hinder practical application. Here, the Li ionic conductivity of the LISICON (lithium super ionic
conductor)-type SE is enhanced by substitution of Ge, achieving conductivity approximately 5 times
higher than that of the unsubstituted. The Ge substitution can not only increase the concentration of Li
but also enhance partial occupancies of Li at specific sites, enabling additional Li diffusion pathways and
thereby leading to high ionic conductivity. Surprisingly, unlike other Ge-based solid electrolytes, the Ge-
substituted LISICON-type SE exhibits excellent wetting behavior with Li metal and co-sintering capability
with high-capacity cathodes even at temperatures above 700 °C. The increased Li ionic conductivity and
excellent co-sintering capability enable the fabrication of an all-solid-state battery (ASSB) with an ultra-

thick composite electrode (~140 pum), which delivers high electrochemical activity/reversibility at room
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Accepted 23rd April 2026 temperature without external pressure. These findings clearly demonstrate that the LISICON-type SE
with enhanced Li ionic conductivity provides a completely novel strategy for achieving high energy

DOI: 10.1039/d6ta00467a density in ASSBs and offers a promising route toward practical application of oxide-based SEs in high-
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1 Introduction

Li-ion batteries (LIBs) with liquid electrolytes have fundamental
limitations in increasing energy density due to the narrow
electrochemical window and in guaranteeing thermal safety
due to the flammable properties of the organic liquid electro-
lytes."* Since safety measures that will increase an inactive
component in a battery package are used to minimize the safety
problems, the energy density of the battery package can be
sacrificed. Therefore, the liquid electrolytes should be replaced
for further improving safety and increasing energy density in
LIBs.> Among several promising next-generation battery tech-
nologies, an all-solid-state battery (ASSB) with an oxide-based
solid electrolyte (SE) has been of great interest because it has
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a wider electrochemical window and superior thermal safety
than liquid electrolytes, sulfide-based SEs, and polymer-based
SEs.*® The use of the oxide-based SEs has several advantages
over the liquid ones in addition to superior thermal stability.
They do not have any leakage or vaporization problem, and can
easily make bipolar stacked cells leading to a sharp increase in
the volumetric energy density unlike the liquid electrolytes.®
However, the oxide-based SEs still require a high-temperature
sintering process to integrate three components such as the
cathode, anode, and SE in the ASSB process and should have
much improved Li ionic conductivity and Li metal wettability.”
During the co-sintering process at high temperature (>700 °C),
most of the oxide-based SEs such as garnet-type (Li,LazZr,-
0;,)** and NASICON-type (Lij.yALTi(Ge),_»(PO,);)""** SEs
chemically react with active electrode materials resulting in the
loss of their electrochemical activity as a battery material.”***
Therefore, it is a quite challenging issue to integrate composite
electrodes with oxide-based SEs for constructing ASSBs.'®'
With respect to the co-sintering capability, we recently reported
that a LISICON-type oxide SE (LSPO-Lijz5Sio5Po504) barely
shows any chemical reaction with high-capacity Ni-based
layered oxides even at 900 °C, and has excellent stability and
wettability with Li metal.”® These intriguing properties allow
negligible interfacial resistance with both electrodes and enable
seamless Li transport at the interface even without external

This journal is © The Royal Society of Chemistry 2026
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pressure. Even though these fascinating advantages of the LSPO
SE can enable the integration of ASSBs with high-capacity
cathode materials, LSPO SEs still suffer from poor Li ionic
conductivity (~10"° $ em™")** compared to the garnet-type SEs
and NASICON-type SEs. To practically use the oxide-based
ASSBs, the poor Li ionic conductivity should be improved.
Many efforts have gone to increase the Li ionic conductivity in
LSPO SEs. For example, doping with elements such as Ga or
others is used to enhance ionic conductivity,”*" and recent
studies have focused on forming solid solutions among
multiple phases with the LISICON structure.?*** Furthermore,
Ceder et al.”® recently reported that the ionic conductivity in SEs
can be increased by controlling the local distortions, which
enable the overlap of site energy distributions for Li ions,
thereby facilitating the formation of a percolation network with
low activation energy. The multi-cation doping or substitution
in SEs can increase local distortion leading to an increase in
ionic conductivity.>>* In SEs, the Li ionic conductivity can be
improved by doping (or substitution) and the change in the
distribution of Li in Li sites.

The LISICON (LSPO) structure has six types of Li sites, four
tetrahedral sites and two octahedral sites but most of the Li ions
mainly sit in the four tetrahedral sites.'® As a result, the Li ions
between the Li sites are not continuously connected leading to
poor Li connectivity. To increase the Li ionic conductivity, the
connectivity of Li ions between sites should be improved. Here,
through an experimental and computational combined
approach, we report that the Li ionic conductivity of the LSPO
SE can be substantially increased by Ge substitution instead of
equal amounts of P and Si. The Ge substituted LSPO sample
shows Li ionic conductivity of ~2.5 x 107> S ecm ™" which is ~5
times higher than that of the pristine one. The increase can be
ascribed to the effects of Ge substitution which can not only
increase the amount of available Li concentration but also cause
an increase in the partial occupancy of Li sites, which are close
to Ge. The substitution of P>*/Si* by Ge*" modifies the charge
balance, and the available Li concentration increases accord-
ingly from 3.5 to 3.75 mol. Furthermore, the Ge substitution
substantially affects the occupancies and the distribution of Li
in Li sites. Firstly, the Li amount increased by Ge substitution
can be preferentially incorporated in specific Li sites such as the
octahedral sites which are not well occupied in the pristine one.
This increased occupancy in octahedral sites can form contin-
uous connectivity of Li between Li tetrahedral sites and octa-
hedral sites. Secondly, the presence of Ge as an MO, frame can
increase the partial occupancy of Li in Li sites which are close to
Ge. As a result, Ge substitution substantially improves the poor
connectivity of Li ion between Li sites in addition to the increase
in the Li concentration and, thereby can increase the Li ionic
conductivity. Furthermore, the Ge substituted LSPO sample still
maintains superior compatibility with high-capacity Ni-rich
layered oxides without any chemical reactions even with the
co-sintering process at 700 °C and good wettability with Li metal
at 250 °C even though it has a large amount of Ge in the bulk.
This good Li metal wettability of the Ge-substituted LSPO
sample is quite different from other Ge-substituted oxide-based
SEs such as NASICON-type Li; 5Al5Ge; 5(PO,); (LAGP) which
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undergoes a severe chemical reaction and thermal runaway
with Li metal. As a result, the Ge-substituted SE based ASSB can
achieve high capacity with much enhanced kinetics at room
temperature. Furthermore, the improved Li ionic conductivity
and the co-sintering capability in the Ge-substituted LISICON-
type SE can enable the realization of a thick composite electrode
(~140 pm) that can substantially increase energy density. The
Ge-substituted SE based ASSB which has a thick composite
electrode and Li metal can reversibly achieve high energy
density even at room temperature without any external pres-
sure. This result demonstrates that the LISICON-type SE-based
ASSB will employ a totally different strategy from conventional
ones to further increase the energy density even without any
external pressure.”” Considering the superior capabilities of the
LISICON-type SE for achieving high energy density, the results
and the demonstration will pave the way for the practical use of
the oxide-based ASSBs with high-energy density.

2 Results & discussion

2.1 Structural characterization of samples with different
amounts of Ge substitution

To enhance the Li ionic conductivity, different amounts of Ge
were substituted for equal amounts of P and Si in LSPO (Lis 5-
Sio.5P0.504), and Ge-substituted samples
(Ligs.512/2)(SiP)(0.5_x/2)G€x04, X = 0.1, 0.2, 0.3, 0.4, 0.5) were
synthesized at 700 °C for 3 hours under an oxygen atmosphere.
It should be noted that increasing the Ge content linearly
increases the Li content to maintain charge balance. The Ge-
substituted samples were labeled according to the amount of
Ge substitution. For example, the Ge-substituted LSPO sample
with 0.5 mol of Ge was labelled as Ge50. The crystal structures of
the samples were characterized by XRD and NPD measure-
ments. XRD patterns in Fig. 1a show that all samples have an
orthorhombic structure like the LISICON structure (y-LizPO,
structure) of the LSPO (Lis 5Siy 5Py 50,4) without any impurities
even at high Ge content. The inset in Fig. 1a shows that the (012)
and (110) peaks shift linearly toward lower angles with
increasing Ge amount, indicating lattice expansion due to the
larger size of GeO, compared to SiO, and PO,. This indirectly
confirms that the Ge can be incorporated into the bulk struc-
ture. The refinement results in Fig. 1b clearly show that the
volumes of the Ge-substituted samples linearly increase with
the Ge incorporation amount indicating that the Ge-substituted
samples obey the Vegard's law. This further confirms that the
Ge element is substituted into the bulk of the LSPO. Neutron
powder diffraction (NPD) measurements were carried out in the
samples to understand the changes in the M-O bond length.
NPD patterns in Fig. 1c and d show that the LSPO and Ge50
sample have the same structure without any impurity phases.
The Rietveld refinements of the NPD patterns show that the
average M-O bond lengths of the Ge-substituted samples line-
arly increase with the amount of Ge. This result indicates that
the linear increase in the volumes can be ascribed to the
increase in the Ge-O and further confirms that the Ge element
is well substituted into the bulk structure. The Ge-substituted
samples have similar particle morphology and size to those of
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Fig. 1 Structural characteristics of the samples with different amounts of Ge (a) XRD patterns, (b) volume changes with increasing Ge content.
Neutron powder diffraction (NPD) pattern of (c) LSPO, (d) Ge50, and (e) average M—O bond lengths with the Ge substitution.

the bare sample (SI Fig. S1), and all samples exhibit comparable
high relative densities (>97%, SI Table S1).

2.2 The increase in the Li ionic conductivity in the Ge-
substituted samples according to the Ge substitution

To understand the electrical properties of the Ge-substituted
samples, electrochemical impedance spectroscopy (EIS)
measurements were performed at room temperature. Fig. 2a
shows Nyquist plots of the samples with different amounts of
Ge substitution. All samples have one semi-circle without
a tailing behavior. One semi-circle can imply that the bulk and
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grain boundary resistance are not distinguished at room
temperature and total resistance can be measured. The total
resistances, which can be evaluated by the size of the first semi-
circle, decrease as the Ge substitution increases. The Li ionic
conductivity of the samples was calculated using the total
resistance and the geometric factor of the sample pellet. Fig. 2b
clearly shows that the Li ionic conductivity of the Ge-substituted
samples almost linearly increases according to the amount of
Ge. The bare LSPO has ~5.5 x 10" ° S cm ™" whereas the Ge50
sample has ~2.5 x 107> S ecm ™', which is ~5 times higher than
the bare sample. Given that the Ge element is incorporated into
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Fig. 2 Electrical properties of the samples with different amounts of Ge (a) Nyquist plot (1 MHz ~0.1 Hz). (b) Total Li ionic conductivities of the

samples at RT.
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the bulk as shown in Fig. 1, the increase in the Li ionic
conductivity is related to the effects of the Ge substitution, such
as the increased Li amount and the change in the volume.
Temperature-dependent ionic conductivity measurements were
performed for bare LSPO, Ge30, and Ge50 (SI Fig. S2). The
activation energies show a slight decrease with increasing Ge
content, supporting enhanced Li ionic conductivity upon Ge
substitution.

To quantitatively characterize the Li occupancy in Li sites, Li
distributions in the samples were refined by using NPD
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measurements. Structural information of the samples was
refined by the Rietveld refinement with the LISICON structure,
v-LizPO4-type Li; 5SiosPo504. In the LISICON structure, there
are 6 different Li sites that are labeled as Lil ~ 6. Among them,
four Li atoms sit in a tetrahedral site (LiOy; Lil, 2, 3, and 5) and
the other two Li atoms sit in an octahedral site (LiOg; Li4, 6). The
refinement results based on the NPD measurements are shown
in SI Fig. S3, and the details are summarized in SI Table S2. NPD
refinement results clearly show that the total amount of Li in
the Ge-substituted samples increases according to the amount

—
(=2
S—

Li amount

(d)

Li (%)

0.63 T T T T T T
R e
3.00
ot LIO .
ol p— g—8—n
285 ) ) . . ) .
2% "0 10 20 30 40 50
Ge content
A a n
1 LiOg
15
|
14; /-
13| m
0 20 40 50
Ge content

Lis

| o
P

Ge20

Ge40 Ge50

Fig. 3 Rietveld refinement results of the samples based on neutron powder diffraction: (a) total amount of Li; (b) change of Li amount in LiO4
(tetrahedral site) and LiOg (octahedral site) and the change in the ratio of (c) LiO4 and (d) LiOg. (e) The distribution of the Li ion density in the
LISICON structure in the samples by using the MEM (maximum entropy method).
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of Ge (Fig. 3a) as expected. This further confirms that Ge is
substituted into the bulk and then the charge balance is mainly
satisfied by the increase in the Li amount. Furthermore, the Ge
substitution strongly affects the occupancy and distribution of
Li in the Li sites in Fig. 3b. In the bare sample, most of the Li
atoms in the LISICON structure occupy the tetrahedral sites
(LiO,), with a small portion of Li atoms in the octahedral sites
(LiOg). As the amount of Ge substituted increases, the Li occu-
pancies in the tetrahedral and octahedral sites change. Fig. 3b
shows that the amount of Li in tetrahedral LiO, sites barely
changes but that in octahedral LiOg sites increases according to
the Ge amount. Given that the amount of Li in the Ge-
substituted LSPO samples increases with the Ge amount due
to the charge balance, the increased amount of Li can mainly go
to the octahedral LiOg sites rather than the tetrahedral LiO,
sites. This indicates that the Ge substitution can not only
increase the amount of Li but also can affect the occupancy of Li
in the Li sites. Furthermore, the fraction of the Li in the octa-
hedral LiO4 sites continuously increases with increasing Ge
content, whereas the fraction of the Li in tetrahedral LiO, sites
slightly decreases, as shown in Fig. 3c and d. This indicates that
the distribution of Li in the two Li sites is changed by the
substitution of Ge into the LISICON structure. The increase and
change in the distribution and occupancy of Li in the Li sites
can improve the connectivity of the Li between the two Li sites
resulting in additional formation of the Li percolation pathway.
Ge substitution can not only increase the available Li amount
but also enhance the occupancy of the Li octahedral sites and
the distribution of Li between Li sites resulting in the increase
in the connectivity of Li sites that can form the additional Li
diffusion pathway.

The maximum entropy method (MEM) was employed to
reconstruct the nuclear density distribution of Li from the NPD
data, enabling the three-dimensional visualization of Li ion
spatial distributions. Notably, MEM provides detailed insight
into the delocalized and anisotropic nature of Li around crys-
tallographic sites, reflecting both statistical occupancy and
potential diffusion pathways within the structure. Fig. 3e shows
the visualization of the Li density distribution in the Li sites in
the samples. The red circle represents the oxygen (O) element,
and the purple tetrahedron represents the polyanion (MO,, M =
Si**, P°*, and Ge™"). The yellow space represents the nuclear
density of “Li. As the Ge substitution increases, the density of Li
in the octahedral sites such as Li4 and Li6 gradually increases.
As a result, this increase strongly affects the connectivity of Li
ions between Li sites in the structure. For example, the
connectivity of Li6-Li3 in the red rectangle box in Fig. 3e is
substantially improved with the amount of Ge and thereby, an
additional connected network of Li could be created. The
nuclear density of Li ions in Li2 and Li3 sites also can be
broadened. This can help to overlap the Li density between sites
and thereby could increase the connectivity of Li in the struc-
ture. Furthermore, the connectivity of the Li1-Li5-Li6-Li3-Li2
pathway in the blue rectangle box in Fig. 3e can be improved by
the increase in the Ge substitution. As a result, the Ge substi-
tution substantially improves the connectivity of the percolation
network of Li in the structure. Consequently, the Ge
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substitution can not only increase the available Li amount,
which strongly affects the occupancy of the octahedral sites that
are not occupied in the pristine one, but also affect the distri-
bution of the Li in the sites, which can increase the possibility of
the formation of the connected channel. These effects enable
the increase in the Li ionic conductivity.

2.3 The change in the local environments of Li caused by the
Ge substitution

To understand the effects of the Ge substitution on the Li local
environments in the LISICON structure, “Li MAS (Magic Angle
Spinning) NMR (Nuclear Magnetic Resonance) measurements
were carried out in the samples. Given that the LISICON
structure has two Li local environments such as the tetrahedral
and octahedral sites, NMR results in Fig. 4a—c clearly show that
all samples including the Ge-substituted ones have similar Li
environments. This indicates that the Ge substitution does not
create new Li environments in the structure. The Li in the Ge-
substituted samples sits similarly in the tetrahedral sites
(LiO,) and octahedral sites (LiOg). Only two peaks of Li in NMR
data were identified: one is for the tetrahedral site and the other
is for the octahedral site, which has a broader peak width than
the tetrahedral site. The intensity of the NMR peak of Li in the
samples decreases with increasing Ge content, even though the
amount of Li increases. This indicates that the local environ-
ments of Li get broadened with the increase in the Ge amount.
Fig. 4d shows the ratio of the Li sites obtained through “Li NMR
in each sample. As the Ge amount increases from 0 to 40 mol%,
the Li amount of the tetrahedral site gradually decreases while
the Li concentration in the octahedral site gradually increases.
This is consistent with the NPD refinement results. The
decrease in the Li amount in the tetrahedral sites indicates that
the distribution of Li in the LISICON structure is changed due to
the Ge substitution. Given that the Li amount can linearly
increase according to the Ge substitution due to a charge
balance, the change in the distribution of Li can be caused by
not only the presence of Ge instead of Si and P but also the
increased Li amount. As shown in Fig. 4e, FWHMs of the Li
peaks in the samples substantially increase when the amount of
Ge increases to 40% even though the amount of Li increases.
This indicates that the incorporation of Ge can make Li local
environments broad and disordered. As a result, the increased
disordering of Li in the Ge-substituted samples can enhance the
possibility of formation of the connectivity of the Li sites.

2.4 AIMD simulation results of the effects of the Ge
substitution on Li distribution in the LISICON structure

Ab-Initio Molecular Dynamics (AIMD) simulations were con-
ducted to investigate the effects of Ge substitution on the
distribution of Li in Li sites and its local environments within
the LISICON structure, and to understand the formation of
conduction pathways. Fig. 5a shows that the occupancies of Li
in the tetrahedral sites such as Li1, Li2, Li3, and Li5 sites remain
similar even after the Ge substitution whereas the occupancies
of the Li in the octahedral sites such as Li4 and Li6 sites
increase significantly with the increasing Ge content. This

This journal is © The Royal Society of Chemistry 2026
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Fig.4 ’Li MAS (30 kHz) NMR results for the samples. (a) Bare, (b) Ge20, (c) Ge40. (d) The change in the fraction of Li in the samples depending on

the Ge amount. (e) FWHM results of the Li NMR peak in the samples.

indicates that the Ge substitution substantially affects the
change in the occupancy of the octahedral Li sites. This is
consistent with the above MEM results via NPD measurements
in Fig. 3e and NMR results. The Ge substitution leads to
increased Li occupancy at octahedral sites that are mostly
located near Ge atoms. Consequently, the increased occupancy
in octahedral sites enables the additional Li ion diffusion
pathway such as the Li6-Li1-Li4-Li1-Li6 pathway which is
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connected via the octahedral sites. This indicates that the
presence of Ge instead of P and Si can strongly affect the
surrounding local environments of Li within the LISICON
structure partly due to the modulated Ge-O bond strength as
shown in NPD data (Fig. 1e).

To visualize the effect of Ge substitution on the distribution
of Li in the structure, and its impact on the Li diffusion
pathway, the probability density distribution of Li calculated by

(b)

Fig. 5 AIMD simulation results of the samples with different amounts of Ge. (a) The occupation of Li in Li sites of bare LSPO and Ge50.
(b) Calculated Li probability density distribution maps showing the formation of the Li percolation pathway in the LISICON structure.
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the simulation results is plotted in Fig. 5b and SI Fig. S4. The
density plots of Li clearly show that the Ge substitution can
form additional Li diffusion pathways via the increase in the
occupancy of the octahedral Li sites by expanding the connec-
tivity of the nearby Li diffusion channels. In Fig. 5b, the Li6—
Li1-Li4-Li1-Li6 pathway in the Ge50 sample, which does not
have any connectivity in the bare sample, is formed resulting in
the significant increase in the connectivity by the increased
distribution probability of Li atoms in the two octahedral Li
sites. As a result, the Li ionic conductivity in the Ge50 sample
can be substantially increased due to the additional formation
of Li diffusion channels caused by the effects of the Ge substi-
tution, which affects the increase in the available Li amount and
Li site distributions, especially the octahedral sites.

2.5 Superior compatible properties of the Ge-substituted
samples with Li metal and the Ni-rich layered oxides

Unlike other oxide-based solid electrolytes, our previous study*®
clearly demonstrates that the LISICON-type LSPO SE can have
superior compatibilities with high-capacity Ni-rich layered
oxides and superior wetting behavior with Li metal resulting in
a high energy density all-solid-state battery that reversibly
operates at room temperature. However, the Ge element can
cause a reaction with Li metal. For example, the NASICON-type
Li; 5Al 5Ge; 5(PO4); (LAGP) SE shows a vigorous chemical
reaction with Li metal due to the reduction of Ge, thereby
causing severe thermal runaway above 250 °C.**** Therefore, the
Ge-substituted LSPO samples should be evaluated for their
reactivity with the Li metal and high-capacity Ni electrode
materials.

View Article Online
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Experiments were conducted to find out the reactivity of the
Ge-substituted LSPO sample with Li metal. A Li metal wetting
experiment with the Ge50 pellet was carried out at 250 °C in the
glovebox, which has low level of oxygen and H,O. Fig. 6a shows
that the Ge50 sample has a good wetting behavior with wetted Li
metal like the bare LSPO sample which neither has any Ge nor
undergoes any chemical reactions. The wetted Li metal can
make excellent and uniform physical contact with the Ge50
pellet in Fig. 6b. The thickness of the wetted Li layer can be
reduced to below 10 pm by wiping the pellet surface while the Li
is in a molten state, as shown in SI Fig. S5. This is quite different
Li metal wetting behavior from the NASICON-type LAGP SE
which also has Ge element and shows severe thermal runaway
in the middle of Li metal wetting."* The EIS results of
a symmetric wetted Li metal cell in Fig. 6¢c and d show that the
resistance of the Ge50 sample with the wetted Li metal is quite
similar to that of the Ge50 sample with the Ag blocking elec-
trode indicating that the interfacial resistance with the wetted
Li metal can be almost negligible. The total resistance of the
symmetric cell is ~2730 Q, which is very close to the resistance
of the Ge50 SE itself (~2660 Q in Fig. 2). This indicates that the
good Li metal wetting behavior of the Ge-substituted samples
enables negligible interfacial resistance with Li metal. In addi-
tion, the electrochemical window of the Ge50 sample was
measured and is shown in Fig. 6e to further investigate the
electrochemical stability in the high voltage region. The
electrochemical window of the Ge50 sample is almost ~7 V,
which is quite similar to that of the bare LSPO. As a result, the
Ge-substituted sample maintains superior Li metal wetting
behavior even though it contains Ge element and a wide
electrochemical window indicating that the Ge-substituted
LSPO samples can use the wetted Li metal as an anode or
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(a) Images of the Ge50 pellet right after Li metal wetting at 250 °C and after 30 s; (b) cross-section SEM image of the Ge50 pellet with the

wetted Li metal; (c) Nyquist plot and (d) Bode plot of the symmetric wetted Li|Ge50|wetted Li metal cell; (e) electrochemical potential window of
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a seed layer.” Time-dependent impedance measurements were
performed using a Swagelok-type Li|SE|Li symmetric cell under
a constant stack pressure to maintain physical contact (SI
Fig. S6). Over 20 days, the bulk resistance remains unchanged,
while the interfacial resistance gradually decreases, which is
attributed to improved contact at the Li/SE interface rather than
any electrochemical reaction.

Furthermore, the co-sintering capability of the Ge-
substituted LSPO sample with high-capacity layered oxides
such as high-capacity Ni layered oxides was evaluated. The
single crystal LiNiy¢Mn,,C00,0, (NMC622) was co-sintered
with the Ge50 sample at 700 °C for 3 hour under O,. The XRD
pattern in SI Fig. S7 shows that the Ge50 sample barely reacts
with the NMC622 sample indicating it has quite good chemical
stability even with the co-sintering process at high temperature.
The lattice parameters determined by XRD measurements
before and after the co-sintering process are listed in SI Table
S3, corroborating that the LISICON-type SEs have high chemical
stability with the NMC622 material. The Ni oxidation state and
local structure from the XANES and EXAFS in SI Fig. S7 further
confirm that the co-sintered NMC622 does not undergo any
chemical reaction with the Ge50 SE. The co-sintered NMC622
sample with the Ge50 sample shows quite similar electro-
chemical behavior with the pristine NMC622 sample which is
not co-sintered. This indicates that the co-sintering process can
be applied to the Ge50 sample and high-capacity Ni layered
oxides at high temperature to make intimate contact in the
composite electrode for constructing a solid-state cell. It should
be emphasized that the co-sintered composite electrode with
the Ge50 SE does not need any external pressure for con-
structing a solid-state cell and operating it. Even though the Ge-
substituted samples have certain amount of Ge element, they
still have superior compatible properties such as superior Li
metal wetting behavior and co-sintering processibility with
high-capacity Ni layered oxides while having much higher Li
ionic conductivity than the LSPO SE. Consequently, the Ge-
substituted LSPO SE can achieve high energy density in
making an all-solid-state battery by using Li metal and co-
sintered high-capacity Ni-rich layered oxides even with better
kinetics.

To evaluate the electrochemical properties of the ASSB which
has the Ge50 SE, the ASSB was fabricated by using a co-sintering
process at 700 °C under O, gas and the attached Li metal."® Two
ASSBs were constructed. One is based on the LSPO SE with the
NMC622 active material (0.76 mg cm™> loading density) and the
other is based on the Ge50 SE with the NMC622 active material
(1.14 mg em ™ ? loading density). In this work, Au was used as an
electronic conductor in the cathode composite instead of
conventional carbon additives due to the high-temperature co-
sintering process (700 °C), where carbon is not stable. A rela-
tively large amount of Au (1/3 vol%) was employed to ensure
sufficient electronic conduction and to minimize limitations
from electronic transport.

The EIS measurements of the two ASSBs in Fig. 7a show that
the ASSB with the Ge50 SE has much lower total resistances
than the ASSB with the LSPO SE. The ASSB with the LSPO SE has
a resistance of ~22 kQ, whereas the ASSB with the Ge50 SE has

This journal is © The Royal Society of Chemistry 2026
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a resistance of ~5 kQ. Both cells barely exhibit the interfacial
resistance component, which can be ascribed to the well-
formed interface between Li metal and the co-sintered
composite electrode with the SE. The lowering of the total
resistance in the ASSB with the Ge50 SE can be ascribed to the
increased Li ionic conductivity in the Ge50 SE. In Fig. 7b, the
LSPO-based ASSB shows high polarization and achieves
a discharge capacity of 98 mAh g~ " at C/40, whereas the Ge50-
based ASSB has much lower polarization and achieves
a discharge capacity of 147 mAh g at the same rate, which is
50% higher than the achieved capacity of the LSPO-based one.
This can substantially increase the energy density of the Ge50-
based ASSB. The sharply increased achievable capacity with
reduced polarization is due to the increase in the Li ionic
conductivity of the LSPO SE by Ge substitution that can help
enhance the kinetics of the ASSB. However, the Ge-based ASSB
still needs to significantly improve its electrochemical activity,
which is lower than the 186 mAh g~ discharge capacity ach-
ieved in liquid electrolytes. Considering that the Li ionic
conductivity of SEs is critical for improving the electrochemical
activity, the Li ionic conductivity of the LISICON-type SEs
should be further improved.

Nevertheless, the cycling performance of the Ge50-based
ASSB demonstrates its practical feasibility as a battery. As
shown in Fig. 7c, the ASSB with the Ge50 SE can be stably
operated at room temperature for 60 cycles at a current density
of 16 mA g, delivering a capacity retention of 89.3% with near-
unity coulombic efficiency. The corresponding voltage-capacity
profiles are provided in SI Fig. S8. These results indicate that
despite the remaining limitations in electrochemical activity
compared to liquid-electrolyte systems, the Ge50-based ASSB is
capable of reliable operation under practical cycling conditions.

The increased Li ionic conductivity and the co-sintering
capability of the Ge-substituted SE with high-capacity Ni
layered oxides enable further increase of the achievable energy
density by increasing the thickness of the composite electrode
in ASSB cells. To evaluate the possibility of the Ge50 SE, a thick
composite electrode that had a 36.80 mg cm > loading density
of NCM622 and a thickness of ~140 pm was prepared by using
a tape casting method with the co-sintering process at 700 °C
(details in the Experimental section). The SEM cross-section of
the thick electrode in Fig. 8a shows that the high loading thick
electrode remains crack-free and intimately contacted with the
Ge50 SE due to the co-sintering process at 700 °C. It should be
noted that the co-sintering process at 700 °C uses the diffusion
process, and thereby causes the intimate physical contact of the
NCM622 with the Ge50 SE in the ultra-thick composite elec-
trode even without any stacking pressure unlike a sulfide SE
based ASSB. By using the ultra-thick composite cathode (~140
um), the solid-state cell with the GE50 SE was constructed.
Fig. 8b illustrates the pouch-type ASSB configuration, in which
the Ge50 SE and the thick composite electrode are also inte-
grated by the co-sintering process, and then Li metal was
attached on the other side of the pellet. Fig. 8c and d show that
the voltage curve of the pouch-type ASSB is quite similar to that
of the cell with the liquid electrolyte. Even though the loading
density of the active material substantially increases from
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(a) EIS results and (b) voltage curves of the ASSBs with Ge50 and the bare SE at room temperature (RT). The ASSB with the bare LSPO SE

was fabricated with an NMC622 loading density of 0.78 mg cm™2, while the ASSB with the Ge50 SE had 1.14 mg cm~2 of NMC622. Both cells
were tested at C/40 current density under identical conditions. The liquid electrolyte (1 M LiPFg in EC : DEC = 1: 1 vol%) coin half-cell was tested
at C/10 as a reference at room temperature. (c) Discharge capacity retention and coulombic efficiency of the Ge50-based ASSB with wetted Li
metal. Measured at a current density of 16 mA g~* (C/10, where 1C = 160 mA g~%) at room temperature.

1.14 mg cm 2 (Fig. 7b) to 36.80 mg cm >, the Ge50-based ASSB
still shows good electrochemical activity and reversibility at
room temperature. This clearly demonstrates that the co-
sintering capability of the Ge-substituted LSPO SE can further
increase the energy density by enabling the formation of inti-
mate interfacial contacts between components. Considering the
high loading of the thick cathode, an areal capacity of 4.49 mAh
cm? (corresponding to an areal energy density of 16.9 mWh
cm %) was achieved under a current density of 30 pA cm ™2, After
the co-sintering process, the SE layer can be polished down to
~50 pm, and a thin Li metal layer of about 6 pm can be attached
via the wetting process (SI Fig. S5). Under these conditions, the
volumetric and gravimetric energy densities of the ASSB are
calculated to be 841 Wh L' and 246 Wh kg '. Detailed
component information used for energy density calculations is
provided in SI Table S4. These values are remarkably high, even

23366 | J Mater. Chem. A, 2026, 14, 23358-23371

though the active material occupies less than 40 vol% of the
cathode composite, indicating the potential to further achieve
even higher energy density by increasing the active material
fraction. This clearly demonstrates that the Ge50-based ASSB
can further enhance its energy density by increasing the thick-
ness of the composite electrode due to the improved Li ionic
conductivity, superior co-sintering capability with a high-
capacity cathode, and excellent Li metal wettability. In the
liquid electrolyte cell, the wetting problem of the viscous elec-
trolyte can easily cause the limited ionic transport in the elec-
trode and thereby the thickness of the electrode in a cell is
severely restricted. The capability of the co-sintering process in
the LISICON-type oxide-based SEs can enable constructing an
ultra-thick composite electrode even without the external pres-
sure in making/operating ASSBs. As a result, using the thick
electrode in LISICON-based ASSB can offer significant

This journal is © The Royal Society of Chemistry 2026
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Fig. 8 (a) SEM image of a thick composite electrode_(active material loading density: 36.80 mg cm™2 and ~140 um). (b) Schematic diagram of
the Ge50-based ASSB and photo of pouch-type ASSB. (c) Voltage curve and (d) dQ/dV plot of NCM622] LISICON | Li metal ASSBs with different
current densities. In operating the ASSB cell at room temperature, no external pressure is needed.

advantages over cells with liquid electrolytes in addition to the
benefit of being free from external pressure during operation,
and can provide a totally novel strategy to achieve high energy
density in ASSBs unlike the liquid electrolyte cells.

3 Discussion

The poor Li ionic conductivity of the LISICON-type SEs is
significantly improved by the substitution of Ge instead of equal
amounts of P and Si. The Ge substitution can increase the Li
ionic conductivity to 2.5 x 107> S cm™ ", approximately 5 times
higher than that of the bare sample. The incorporation of Ge
into the bulk can linearly increase the volume as shown in Fig. 1
because of the large ionic radius of Ge compared to P and Si.
The linear increase in the volumes of the Ge substituted
samples according to the Ge content indirectly shows that the
Ge can be substituted into the bulk structure. Furthermore, the
Ge substitution increases the amount of available Li because
the P*>* ions are replaced by Ge** ions. The Ge50 sample has
3.75 mol of Li which is much higher than the 3.5 mol of Li in the
bare sample. These changes in the Ge-substituted samples
substantially increase the poor Li ionic conductivity. The
increased Li amount can act as the charge carrier concentration
resulting in direct increase in the Li ionic conductivity.
Furthermore, the increased Li amount should be incorporated
into the two Li sites of the LISICON structure. As a result, the
distribution and occupancy of Li into the two Li sites are

This journal is © The Royal Society of Chemistry 2026

substantially changed in the Ge-substituted samples (MEM,
NMR, and AIMD results). The occupancy of the octahedral Li
sites in the Ge-substituted sample is sharply increased because
the increased Li can mainly go to the octahedral Li sites in the
LISICON structure (NPD and NMR results) even though the bare
sample barely has the occupancy of the octahedral Li sites. The
increase in the volume of the Ge-substituted samples could
affect the distribution of Li between sites possibly because the
increased volume can affect the electrostatic interactions. The
increase in the occupancy and distribution of Li in the octahe-
dral Li sites significantly improves the continuous Li percola-
tion network between the Li sites (MEM and AIMD simulation).
As a result, additional Li percolation pathways can be formed,
and the fragmented Li percolation network can be fixed leading
to a concerted Li percolation pathway. These topological
changes can shorten the hopping distance thereby lowering the
percolation threshold and facilitating a long-range Li diffusion.
These synergistic effects will increase the Li ionic conductivity
in the Ge-substituted samples. Due to the increased Li ionic
conductivity, the ASSB with the Ge50 has a reduced polarization
and thereby substantially increases the discharge capacity from
~100 mAh g~ to ~150 mAh g~ ' at room temperature with the
same current density compared to the ASSB with LSPO SE.
Furthermore, the Ge-substituted samples have similar
superior compatibilities like the LSPO SE which has superior
chemical/electrochemical stability with the high-capacity Ni
layered oxides and with Li metal even though a large amount of
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Ge can be incorporated. The Ge-substituted samples have good
chemical stability with the high-capacity Ni-rich layered oxides
and thereby, the co-sintering process can be used for con-
structing all-solid-state cells unlike other oxide-based SEs such
as NASICON-type SEs and garnet-type SEs. Surprisingly, the Ge-
substituted samples do not undergo any chemical/thermal
reactions with melted Li metal resulting in good Li metal
wetting behavior even with the Ge element. This is quite
different thermal runaway behavior from the Ge substituted
NASICON SE such as LAGP. The different Li metal wettability of
the Ge substituted samples from the NASICON-type LAGP SE
may be due to the presence of Si that can make a lithium alloy or
other reaction products. As a result, the Ge-substituted LSPO SE
can use a wetted Li metal as an anode. The co-sintering capa-
bility of the Ge-substituted SEs with the improved Li ionic
conductivity and negligible interfacial resistance can enable the
use of the thick composite electrode in making and operating
ASSBs without any external pressure. The Ge50-based ASSB with
the ~140 pm electrode can deliver high capacity with excellent
reversibility leading to high energy density. This clearly
demonstrates that the co-sintering capability with high-capacity
Ni layered oxides and the improved Li ionic conductivity in the
LSPO SE can provide a novel strategy for fabricating a higher
energy density ASSB: by depositing an ultra-thick composite
electrode layer onto a thin SE with high Li ionic conductivity, it
is possible to realize high-energy & cathode-supported ASSBs.

4 Conclusion

Here, the poor Li ionic conductivity of the LISICON-type SE was
substantially improved by the substitution of Ge instead of P
and Si. The enhancement in the ionic conductivity is ascribed to
the effects of the Ge substitution on the available Li amount in
the LISICON structure and the occupancy and distribution of Li
in Li sites that can increase the connectivity of the Li sites. As
a result, continuous Li percolation networks can be additionally
created, and the fragmented Li percolation network can be fixed
in the LISICON structure. The increased percolation networks
substantially enhance the Li ionic conductivity. As a result, the
electrochemical activity and kinetics of the ASSB with the Ge-
substituted SE can be improved simultaneously. Furthermore,
the Ge-substituted LSPO SE still shows superior chemical/
electrochemical stability with the Ni-rich layered oxides even
at high temperature (>700 °C) and excellent Li metal wettability
even with the incorporation of Ge. The co-sintering capability of
the Ge-substituted SEs and its enhanced Li ionic conductivity
enable the construction of a solid-state cell with an ultra-thick
composite electrode without any external pressure. Conse-
quently, the Ge-based ASSB can operate with the thick
composite cathode (~140 pm) at room temperature, resulting in
substantially increased energy density and reduced polarization
owing to the improved Li ionic conductivity. The understanding
of the way to increase Li ionic conductivity and the demon-
stration of high energy density ASSBs via thick composite elec-
trodes, which is totally different from conventional approaches,
will make LSPO SEs promising candidates for next-generation
ASSBs.
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5 Methods

5.1 Synthesis of LISICON-type Li; 5Sio 5Po.504 (LSPO) & Ge-
substituted LSPO, and preparation of sintered pellets

The LSPO and LGSPO solid solutions were synthesized by
simple solid-phase reactions in accordance with the target
composition  Liz 5Sig.5Po504(LSPO),  Lis 55Si.45P0.45G€0.104
(Ge10), LizSig.4Po4Geo20s (Ge20), Lis¢5Sio35P0.35G€0.504
(Ge30), Liz;Sip3P3Geo.404 (Ge40), and Liz ;5Sig.25P0.25G€0.504
(Ge50). Li,COs3, SiO,, (NH,),HPO, and GeO, were stoichiomet-
rically weighed. They were mixed with Zr balls (100 g of 3, 5, and
10 mm diameters) using DI water as a solvent for 24 hours at
300 rpm. After the mixture was dried on a hot plate, it was
ground using a mortar. Samples were calcined in an Ar atmo-
sphere at 900 °C to synthesize the target phase and remove
volatiles. The synthesized samples were pulverized at 500 rpm
for 6 h using a planetary ball-milling machine with Zr balls (1
and 3 mm) with an acetone solvent in a Zr container. The
pulverized samples were sieved using a 325 mesh sieve. Then
the samples were put into a mold, and pressed at about 300 MPa
for 1 minute for making a green body. Sintering was carried out
in a tube furnace (TF55035C-1, Lindberg) at 700 °C for 3 hours
under oxygen (O,). Each of 400, 1000, 2000, 3000, and 5000
sandpaper was used to smooth the surface of the sintered
pellets.

5.2 Sample characterization

X-ray diffraction (XRD) of the pellet and powder samples was
performed by using a Rigaku XRD (D/MAX-2500/PC) with Cu Ko
radiation in the 26 range from 10° to 50° at a rate of 4° min .
The sintered pellets were crushed using a mortar, and XRD was
conducted using this powder. XRD pattern analysis was per-
formed using the X'pert HighScore Plus software program.

Neutron powder diffraction (NPD) data were collected at
room temperature on the high-resolution diffractometer
Echidna at the OPAL facility (Lucas Heights, Australia) using
neutrons of wavelength 1.6220 A. For the measurements, the
samples LSPO, Ge20, Ge40 and Ge50 in the form of ~1 g of
powder were loaded in 6 mm diameter cylindrical vanadium
cans. Rietveld analysis of the NPD data was performed using the
Fullprof Suite with the default neutron scattering lengths. The
lattice constants of the samples were evaluated by using Riet-
veld refinement analysis.

The ionic conductivity of the samples was measured by using
EIS without any DC bias, applying an AC amplitude of 0.03 V.
For the ASSB full cells, a reduced AC amplitude of 0.01 V was
employed to prevent any unintended charging effects. The data
of EIS were fitted using Zview2 software. Au paste and Ag paste
(P-100, CANS) were applied to both sides of the sintered solid
electrolyte pellets as a blocking electrode. The frequency range
of the EIS test was from 1 MHz to 0.1 Hz.

Scanning electron microscopy (SEM, XL30 FEG) was per-
formed at the Materials Imaging & Analysis Center of POS-
CTECH (Pohang, Republic of Korea). Cross-sectional images
were obtained at magnifications ranging from x1000 to x10
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000 to identify the grain size, porosity, and layer thicknesses of
the materials used in the ASSB.

X-ray absorption fine structure (XAFS) analysis was con-
ducted on beam line 7D at the Pohang Accelerator Laboratory
(Pohang, Republic of Korea). The X-ray absorption near edge
structure (XANES) and extended X-ray absorption fine structure
(EXAFS) were processed using the IFEFFIT software program.
The reference of the Ni K-edge (8333 eV) was taken from Ni
metal foil.

5.3 Assembly of the ASSB with Li metal and electrochemical
evaluation

The cathode composite electrode for the ASSB was composed of
Li[Niy ¢C0p ,Mn, »]O,, LSPO, Ge-substituted LSPO SE, and Au
from the Au paste (TR-1203, TANAKA). Au acts as a conducting
agent. In the cathode composite, the volume ratio of the three
component materials was 1:1:1 (Au:NMC:LSPO, Ge-
substituted LSPO), determined from the theoretical densities
of the materials. The composite cathode slurry was screen-
printed on the densely sintered LSPO and Ge-substituted
LSPO pellets. In the slurry, Au paste was used as both the
screen-printing solution and binder. A circular screen-printing
mask with a diameter of 8 mm and a thickness of 120 um
polyimide tape was used. The screen-printed cathode composite
on the LSPO, Ge-substituted LSPO SE pellet was co-sintered in
a tube furnace at 700 °C for 3 h under an O, atmosphere. After
that, the opposite surface of the pellet was sequentially polished
using sandpapers of 800, 1000, 2000, 3000 and 5000 grit to
flatten and smooth the surface, followed by deposition of
a 20 nm Au layer via sputtering. This interlayer was initially
employed to facilitate Li-Au alloying, ensuring a more stable
and intimate interface between the SE and Li metal for the
baseline characterization (shown in Fig. 7a and b). Subse-
quently, it was confirmed that a stable interface could be
formed without the Au layer; thus, for the tests starting from
Fig. 7c, Li metal was directly integrated onto the SE pellet via
a wetting process at 250 °C. The integrated ASSBs with LSPO,
Ge-substituted LSPO SE and Li metal were electrochemically
operated at current densities of 4 pA cm™> and 5 pA cm™? at
a cutoff voltage window of 4.3-2.5 V at room temperature.

5.4 Fabrication of thick composite electrodes for high-
loading ASSBs

Thick composite cathode electrodes were prepared by adopting
the screen-printing procedure described above, but with repeated
deposition steps. The cathode slurry was screen-printed onto the
surface of the sintered Ge50 pellet using a screen-printing mask
with diameter 8 mm and a thickness of 120 um polyimide tape,
and dried in an oven at 80 °C for 3 h. Due to solvent evaporation
during drying, the thickness decreased to approximately half of
the as-printed value. Subsequently, additional depositions were
performed on the same area using screen-printing masks of 240
pum and 360 um thickness to gradually build up the electrode. For
each deposition step, the pellet was weighed before and after
screen-printing, and the actual amount of active material in the
final ASSB was calculated based on the wt% of the active material
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in the slurry. After the final deposition, the composite cathode
layer was densified by heat treatment at 700 °C for 3 h under an
O, atmosphere. The solid electrolyte surface was polished and
the interface with Li metal was formed. Al tab and Ni tab were
used as the current collector for the cathode composite and Li
metal anode. The resulting pouch-type ASSB was electrochemi-
cally operated at current densities of 30, 50, and 100 pA cm 2
within a cutoff voltage window of 4.3-2.5 V at room temperature.

5.5 Computational methods

All density functional theory (DFT) calculations were performed
within the Vienna Ab initio Simulation Package (VASP).** The
projector-augmented-wave (PAW) method was employed
together with the Perdew-Burke-Ernzerhof (PBE)*' exchange-
correlation functional within the generalized gradient approxi-
mation (GGA).**> A plane-wave energy cutoff of 520 eV was used.
The convergence criteria for energy and force were 10~° eV and
0.01 eV A", respectively. Brillouin-zone integrations used a I'-
centered k-point grid of 2 x 4 x 5, which provides an appro-
priate sampling density for lattice parameters of approximately
a=11A,b = 6A,and ¢ = 5 A. For ab initio molecular dynamics
(AIMD) simulations, a 1 x 2 x 2 supercell was constructed so
that all lattice vectors exceeded 10 A, and only the I point (1 x 1
x 1) was used for Brillouin-zone sampling. The AIMD simula-
tions were carried out within the canonical ensemble (NVT)
using a Nosé-Hoover thermostat. The simulation temperatures
were set to 1000, 1100, 1200, 1300, and 1400 K in order to obtain
temperature-dependent Li-ion diffusion behavior. The time
step was set to 2 fs, and the total simulation time at each
temperature was 100 ps, including an initial equilibration
period of 10 ps. The electronic convergence criterion at each
AIMD step was set to 10 eV.

The diffusion coefficients were obtained from the mean
square displacement (MSD) of Li ions based on the Nernst-
Einstein equation:

MSD(¢) = % Z lri(t + to) — rilto)

MSD

E
D= ——=D" -
T Li eXp( kBT)

(ZLie)zNDLi

ull) = =5

where DY; is a pre-factor, kg is the Boltzmann's constant, T'is the
simulation temperature, E, is the activation energy, Z;; is the
charge number of Li ion and V is the volume of the simulation
box.

The activation energy was extracted by fitting the diffusion
coefficients at different temperatures using the Arrhenius
equation.

For structural modeling, because the bare and Ge50 struc-
tures contain partially occupied Li sites, we enumerated 300
candidate configurations using the pymatgen package.*® The 20
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configurations with the lowest Ewald energies were subse-
quently relaxed by DFT, and the configuration with the lowest
total energy was selected as the final structure. The energies
above the convex hull (Ehull) for the most stable Bare and Ge50
configurations are 17.7 meV and 22.0 meV, respectively, indi-
cating thermodynamic stability.
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