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Although lithium excess cation-disordered rock salt (DRX) metal oxides have been identified as
promising candidates for positive-electrode materials, their actual potential remains unclear because
previous studies have used inappropriate technological parameters, such as low mass loadings or
excessive amounts of electrolyte. In this study, Li,RuOs/Li,SO,4 was selected as the model DRX material,
and its performance was investigated under cell-level high-energy-density conditions. A highly-mass-
loaded positive electrode (30 mg cm™2) with an active material ratio exceeding 96% was fabricated by
suppression of the gelation of slurry solution during the electrode preparation process, which is
achieved by proper control of the particle size of Li,RuOz/Li,SO4. Notably, using a protected lithium
metal electrode setup, superior capacity of the Li,RuOsz/Li,SO,4 electrode over 180 mA h g‘1 was

achieved over the 80th cycle under high mass loading and lean electrolyte conditions. The results

Received 15th June 2023,
Accepted 7th December 2023

DOI: 10.1039/d3ya00281k
obtained in the present study reveal the potential of the DRX based positive electrode for realizing
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Introduction

In recent years, there has been a constantly growing demand
for rechargeable energy-storage devices with high energy den-
sity. Lithium-metal-based (LMB) rechargeable batteries have
attracted researchers’ attention owing to their potential to
achieve energy densities considerably higher than those of
conventional lithium-ion batteries. In recent studies, LMB
rechargeable batteries with cell-level energy densities exceeding
350 W h keg™' have been developed using NMC811-based
positive electrodes.™” To achieve high energy density at the cell
level, appropriate technological parameters should be adopted.
For instance, a high-mass-loading positive electrode can be
utilized to achieve high areal capacity, while the use of a lean
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superior performance even under practical cell conditions.

electrolyte and thin lithium foil can minimize the weight of cell
components. In addition, to realize an LMB with a cell-level
energy density exceeding 500 W h kg™, utilizing a high-energy-
density positive electrode is crucial.’

Among the positive electrode materials, lithium-rich layered
oxide materials with the formula Li;,,M; ,O, (M = transition
metal) have gained significant attention as active materials due
to their ability to achieve high capacities (over 250 mA h g ™)
because of their cumulative cationic redox and anionic lattice
oxygen redox reactions.®” In particular, there has been growing
interest in the class of lithium-excess cation-disordered rock
salt (DRX) metal oxides due to their potential for exhibiting
superior capacity over 300 mA h g '.*’ However, in most
studies, battery performance was evaluated under a low elec-
trode mass loading and/or with a cell containing excess electro-
Iyte, thereby limiting the actual cell level energy density.
Although there is growing interest for the practical implemen-
tation of LMBs equipped with DRX materials, the actual
potential of DRX for application in such high-energy-density
LMBs at the cell level remains unexplored.

In the present study, we selected Li,RuO;/Li,SO, as the
model DRX system due to the following two reasons. (i) This
electrode was recently reported to exhibit a capacity of over
300 mA h g *,”® although the performance was evaluated at low
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mass loading conditions (<10 mg cm™>). (ii) Ru based materials
are known to exhibit superior electrical conductivity compared
with Mn based materials. The high electrical conductivity of active
materials is beneficial for decreasing the conductive additives in
the electrode, which results in the improvement of cell level energy
density, especially in the case of high mass loading conditions.
Using the Li,RuO3/Li,SO, positive electrode as the model DRX
system, we revealed that proper control of the particle size of active
materials is a crucial factor for preparing a high mass loading
electrode (>20 mg cm™>). As a result, we successfully prepared a
high-mass-loading electrode with an active material ratio of over
96%, while avoiding the undesired gelation of the slurry solution.
This resulted in a lithium-metal-based battery cell with a cell-level
energy density of more than 500 W h kg™ ™.

Experimental

Synthesis of Li,Ru0;/Li,SO, powders

A series of (Li,RuO3);_,/(Li,SO,), powders (x = 0.10, 0.16, 0.20,
0.24, and 0.34) were synthesized by a mechanochemistry synth-
esis, using appropriate amounts of crystalline Li,RuO; and
Li,SO,. Crystalline Li,RuO; was prepared from a 10% excess
of Li,CO; (99.99%; Kojundo Chemical Laboratory Co., Ltd) and
RuO, (Kojundo Chemical Laboratory Co., Ltd) via a solid-state
synthesis. The mixture was preheated in an alumina crucible at
900 °C for 12 h and then calcined at 1100 °C for 12 h under
nitrogen and oxygen flows at a heating rate of 5 °C min~". The
obtained sample was ground homogeneously to obtain a well-
crystallized Li,RuO; powder material. Li,SO,-H,O (Kojundo
Chemical Laboratory Co., Ltd) was heated at 300 °C for 3 h
under an Ar atmosphere to obtain a Li,SO, crystal powder. For
the synthesis of Li,RuOj3/Li,SO, positive electrode materials,
stoichiometric amounts of Li,RuO;, and Li,SO, were mixed and
homogenized by using a mortar and pestle. The mixture was
ball milled for 50 h in an 80 mL zirconia pot with 5 mm
diameter zirconia balls (250 balls) of a planetary ball miller
(Pulverisette 6; Fritsch) at different rotating speeds (600 rpm)
and then ground well. During sample preparation, the samples
were not exposed to the ambient atmosphere.

Characterization of the Li,Ru0;/Li,SO, powder

The particle size of the powder-based sample was measured by
using a laser scattering particle size distribution analyzer (LA-
950V2, HORIBA). Field-emission SEM (FE-SEM, S-4800, Hitachi)
and X-ray diffraction (XRD; SmartLab, Rigaku) were used to
characterize the powder-based samples.

Preparation of the Li,RuO;/Li,SO, positive electrode

A slurry of Li,RuOs/Li,SO, active materials (94 wt%), acetylene
black (Denka Black HS100; DENKA Co.; 3 wt%), and the
polyvinylidene fluoride (PVDF; KUREHA Co.; 3 wt%) binder
dissolved in N-methyl-1,2-pyrrolidone (NMP; Super Dehydrated;
FUJIFILM Wako Pure Chemical Co.) was coated onto an alu-
minum (Al) current collector (a thickness of 10 um). The NMP
solvent was removed by heating at 230 °C in a nitrogen
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atmosphere for 30 minutes, and the electrode sheets were
obtained. The loading amount of the active materials was about

30 mg cm 2.

Electrochemical measurements

1 M Lithium bis(fluorosulfonyl)imide (LiFSI; Kishida Chemical Co.,
Ltd, purity > 99.0%) dissolved in sulfolane (Kishida Chemical Co.,
Ltd, purity > 99%) and 4M LiFSI in 1,2-dimethoxyethane (DME;
Kishida Chemical Co., Ltd, purity > 99.5%) were used as electro-
Iytes. A 100 pm thick lithium foil attached with a 12 um thick
copper current collector and a 20 pm thick lithium foil attached
with a 2 um thick copper current collector were used as the negative
electrode for cell A and cell B, respectively. For fabrication of cell A,
the positive electrode (20 mm x 20 mm), a PO separator (20 pm
thickness, 22 mm x 22 mm), a ceramic separator (90 pm thickness,
24 mm X 24 mm), a PO separator (22 mm x 22 mm) and the
negative electrode (42 mm X 32 mm) were stacked. In such a
configuration, the lithium metal was completely sealed by a
ceramic-based solid-state separator and laminated film, which
completely isolated the electrolyte on the positive and negative
electrode sides. 60 mg of 1M LiFSI in suflolane electrolyte
(15 mg cm?) was injected for the positive electrode side and
10 mg of the 4M LiFSI in the DME electrolyte (2.5 mg cm™ ) was
injected for the negative electrode side. For fabrication of cell B, the
positive electrode (40 mm x 30 mm), separator (46 mm x 36 mm)
and the negative electrode (42 mm x 32 mm) were stacked inside a
laminated film and sides of the stack were sealed. 120 mg of the
electrolyte (10 mg cm %) was injected before sealing the cell under
vacuum. All the cells were fabricated inside a dry room (dew point
<—50 °C) and electrolyte injection was carried out inside a fume
hood (dew point <—85 °C). Charge and discharge of the cells were
carried out with Hokuto Denko HJ1001SDS8. All the cells were cycled
at a constant current density of 0.6 mA cm™? in the voltage range of
2-4.2 V.

In situ MS analysis

For on-line MS analysis, the generated gases were directed to
the MS detector by the Canon Anelva Quadrupole Mass Spectro-
meter M-401GA-DM equipped with a capillary tube (internal
diameter: 0.05 mm, length: 7 m). After discharge, the test cell
was purged with excess He (50 mL min~") for 1 min to remove
the remaining O,. He as a carrier gas was flown at 5 mL min ™"
and maintained for 2 h before charge. The measurement was
carried out at 100 pV applied voltage, in the m/z range from 11
to 110 under ambient conditions.

XCT analysis

X-ray CT analyses of the pouch cells were carried out using a
Xradia 520 Versa (ZEISS, Germany) instrument, where the
source voltage and power were 140 kV and 10 W, respectively.
The cells after certain charge/discharge cycles were mounted on
the sample holder, and the cell was rotated 360° for 4501 scans
with an exposure time of 10 s. The pixel resolution of XCT
imaging was 3.385 um.
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Results and discussion

First, we considered how energy density of LMBs is affected by
the technological parameters, such as the electrolyte amount
and the mass loading of the positive electrode. The parameters
of the LMB components used in our simulation are listed in
Tables S1 (ESIT), and the simulated energy densities of LMBs
are listed in Table S2 (ESIt). Here, we set the capacity of the
positive electrode to 300 mA h g~* and an average discharge
voltage of 3.1 V as the model case of the DRX material. Here, the
porosity of the positive electrode was set as 33% and the electro-
lyte amount was estimated for fully filling the pore volume in the
positive electrode and separator. When a glass fiber separator
(thickness = 100 pm, porosity = 91%) was employed, the cell level
energy density was less than 100 W h kg™ even when the
mass loading of the active material in the positive electrode was
10 mg cm 2. Although the amount of electrolyte in the positive
electrode is small (1.7 mg cm™?), a large amount of electrolyte
(up to 24 mg cm™~?) was required to fully fill the pore space in the
separator. As a result, the electrolyte accounted for 50% of
the total weight (Fig. 1a), which resulted in low energy density.
When a polyolefin-based separator (thickness = 20 pm, porosity =
46%) commonly used in commercial lithium-ion batteries was
employed, the energy density was 230 W h kg™, as the electrolyte
loading decreased to 0.9 mg cm™? (Fig. 1b). When the mass
loading increases from 10 to 30 mg cm >, the energy density
exceeded over 500 W h kg™ (Fig. 1c). Under such high energy
density conditions, the positive electrode accounted for more than
60% of the total weight. We also performed similar energy density
simulations for the NMC811 based positive electrode material
under the same conditions as those used for the case of DRX.
The results revealed that cell level energy density of the LMB
equipped with the NMC based positive electrode is lower than
500 W h kg™ ' (Table S3, ESIt), revealing the importance of using
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high-capacity positive electrode materials for realizing high energy
density LMBs.

The results of the above simulations revealed the impor-
tance of decreasing the electrolyte amount and increasing
the mass loading of the positive electrode for maximizing the
energy density of LMBs. In particular, preparation of a high
mass loading DRX-based positive electrode is crucial.

A series of (Li;RuO3); ,/(Li,SO,), powders (x = 0.10, 0.16,
0.20, 0.24, and 0.34) were synthesized via a mechanochemical
method by mixing Li,RuO; and Li,SO, in appropriate propor-
tions. Li,RuO; was synthesized using a solid-state method,’
while Li,SO, was dried at 300 °C before use. Details of the
synthesis procedure can be found in the Experimental section.
The XRD patterns of the samples are shown in Fig. S4 (ESIt),
which indicate the presence of clear peaks corresponding to the
NaCl-type cation-disordered phase, with no clear peaks assign-
able to the precursor compound of Li,RuOj; or Li,SO,.

Fig. 2 shows the SEM images of a series of Li,RuO;/Li,SO,
samples. For the pristine Li,RuO; sample, 10 um sized particles
can be seen (Fig. 2a). In contrast, the size of mechanically treated
Li,RuO; was hundred nanometer. Notably, SEM observations
revealed that an increase in the Li,SO, concentration was asso-
ciated with an increase in the Li,Ru0O;/Li,SO, particle size (Fig. 2).
The particle size distribution was also evaluated, and Fig. S5 (ESIY)
shows a histogram of the particle size distributions of pristine
Li,RuO; and a series of Li,RuO;/Li,SO, samples. The average
particle size of the layered Li,RuO; precursor was found to
be 9 um, whereas the mechanochemically treated Li,RuO; with
a cation disordered rock-salt structure had an average particle
size of less than 1 pm. With increasing Li,SO, concentration, an
increase in the average particle size was observed. For samples
with Li,SO, ratios of 0.10 and 0.16, the particle sizes were in the
range of 0.1 to 0.3 pm, while in samples with Li,SO, ratios of 0.20,
0.24, and 0.34, most particles were larger than 0.3 pm.

C

PO separator PO separator

Mass loading:30 mg/cm?

Y

580 Wh/kg

Fig. 1 Weight fractions of LMB components calculated using the parameters listed in Table S1 (ESIt). (a) Glass fiber separator, a mass loading of 10 mg

2

cm™2, (b) polyolefin separator, a mass loading of 10 mg cm™2, and (c) polyolefin separator, a mass loading of 30 mg cm™2.
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Fig. 2 SEM-EDS images of (a) and (b) pristine Li,RuOz and (c)-(h) Li,RuO=/Li,SO, samples. Scale bars are (a) 10 pm and (b)—(h) 1 pm.

Next, high-mass-loading electrodes were fabricated using
prepared Li,RuO;/Li,SO, samples. A slurry solution was pre-
pared by mixing 94.4 wt% Li,RuO3/Li,SO, powder, 0.4 wt%
CB, 0.2 wt% CNT, and 5 wt% PVDF binders. For the case
of Li,RuOj;/Li,SO, with Li,SO, ratios of 0.2, 0.24, and 0.34,
uniform electrodes with mass loadings over 20 mg cm™ > were
successfully prepared (Fig. 3a). Fig. S6 (ESIT) displays a repre-
sentative cross-sectional SEM image of a Li,RuO;/Li,SO, elec-
trode, showing a uniform distribution of O, F, S, and Ru in
the electrode, indicating that the active material, conductive
carbon, and binder were well mixed (Fig. 3b). In contrast, slurry
gelation occurred in the case of Li,RuO;/Li,SO, with Li,SO,
ratios of 0, 0.1, and 0.16 (Fig. 3c). Considering the fact that no
gelation occurred during the slurry preparation process using
Li,Ru0O;/Li,SO, with Li,SO, ratios of 0.2, 0.24, and 0.34, the
gelation observed in Li,RuO5/Li,SO, with Li,SO, ratios of 0, 0.1,
and 0.16 was originated from their high surface area character-
istics due to their smaller particle sizes (<0.3 um).

To evaluate the battery performance, electrochemical cells
were fabricated using Li,RuO;/Li,SO, electrodes with Li,SO,4
ratios of 0.2 and 0.34. To accurately evaluate the performance of
the positive electrode, we used a relatively thick 100 pm lithium
foil as the negative electrode. In addition, a ceramic-based
solid-state separator sandwiched between two pieces of a PO-
based separator was used to prevent undesired side reactions at
the lithium metal electrode. The lithium metal was completely
sealed by a ceramic-based solid-state separator and a laminated

film, which completely isolated the electrolyte on the positive
and negative electrode sides. A solution of 4 M LiFSI dissolved
in DME was used as the electrolyte on the negative electrode
side due to its compatibility with the lithium metal electrode.®
Furthermore, 1 M LiFSI in sulfolane was selected as the positive
electrolyte because of its high oxidative stability. The details of
cell components are described in Table S7 (ESIt). The ratio of the
electrolyte weight to areal capacity (E/C, g A~" h™") is used as an
empirical parameter of the electrolyte amount in the field of
LiBs. For the cell A fabricated in the present study, the value of E/
C was 2.95 g A"' h™'. Such a low value of E/C was realized by
adopting a high mass loading positive electrode (20 mg cm™?)
and a thin separator (20 um thickness).

Fig. 4 shows the charge/discharge profile of a cell with
Li,Ru03/Li,SO, (x = 0.20) as the positive electrode. The cell
showed a gradual increase in voltage from 3.3 V to 4.0 V (black curve
in Fig. 4a) during the first charging process, eventually reaching the
cutoff voltage of 4.2 V with a capacity of 260 mA h g~'. Upon
switching to discharge, the voltage initially remained around
4.0 V and then decreased gradually, reaching the cutoff voltage
of 2.0 V with a capacity of 300 mA h g~". This voltage profile is
consistent with those reported in the literature. In situ MS
analysis during the charging process revealed that the oxygen
evolution started at a capacity of 225 mA h g™, corresponding
to a charging voltage of 4.0 V (black curve in Fig. 4b). In
contrast, no significant CO, evolution was observed (black
curve in Fig. 4c). The cell with Li,RuO3/Li,SO, (x = 0.34)

Fig. 3 (a) Photographic image of the electrode of Li,RuO=z/Li,SO4 with a Li,SO4 ratio of 0.24 and with a mass loading of 20 mg cm™2. (b) and ()
Photographic image of slurry solution of Li,RuOs/Li>SO4 with Li,SO4 ratios of (b) 0.24 and (c) 0.1.
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(a) and (c) Charge/discharge profile for 1st and 2nd cycle; (b) and (d) generated gas profile in the (b)1st and (d) 2nd cycles in an electrochemical

cell equipped with Li;RuO3/Li,SO4 samples (black curve: x = 0.2 and blue curve: x = 0.34) as positive electrodes.

exhibited a slightly higher charging voltage than the cell with
Li,RuO;/Li,SO,4 (x = 0.2) (blue curve in Fig. 4a). During dis-
charge, the voltage profile was similar to that observed for
Li,Ru0;/Li,SO, (x = 0.2), but the cell exhibited a discharge
capacity of 260 mA h g '. In situ MS analysis of the gas
generated during charging revealed that O, generation started
at a capacity of 210 mA h g™, corresponding to a charging
voltage of 4.0 V. The generation of CO, began at a similar time.
After the first charge/discharge process, both cells were sub-
jected to repeated cycling. Fig. 4d shows the voltage profile
during the second charge/discharge process, revealing that the
cell exhibited a discharge capacity of 270 mA h g~ * for both
Li,Ru0;/Li,SO, (x = 0.2) and Li,Ru03/Li,SO, (x = 0.34). More-
over, no significant O, or CO, generation was observed (black

curves in Fig. 4b and d), indicating limited side reactions in this
system. These results clearly revealed that Li,RuO;/Li,SO, (x =
0.2) exhibited higher capacity in the charging process and also
generated less gas compared with Li,RuO;/Li,SO, (x = 0.34).
Therefore, in the following, we examined the details of Li,RuO;/
Li,SO, (x = 0.2).

We conducted an extended long-cycle test on an electroche-
mical cell (named cell A). As shown in Fig. 5a, the capacity
gradually decreased over repeated cycles. Fig. 5c displays the
discharge capacity plotted against the cycle life. During the
10th cycle, the capacity decreased rapidly. Subsequently, there
was a gradual decrease in the capacity with the progress of the
cycles, until it reached 180 mA h g™ " for the 30th cycle, after
which the capacity remained stable even up to the 80th cycle.
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Fig. 5

(a) and (b) Charge/discharge profile of the electrochemical cell equipped with the Li;RuO3/Li,SO4 sample (x = 0.2) as the positive electrode: (a)

cell A and (b) cell B. (c) Discharge capacity plotted against the cycle number for cell A (black curve) and cell B (red curve).
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These results indicate that Li,RuOs/Li,SO, (x = 0.2) exhibited
superior performance even under high mass loading and lean
electrolyte conditions.

Subsequently, a high-energy-density battery cell (cell B) was
fabricated by utilizing suitable technological parameters, (i)
increasing the mass loading of positive electrode (30 mg cm™?),
(ii) removing ceramic-based separator, and (iii) replacing thin
lithium foil (20 um thickness). As result, the E/C value of cell B
was 1.28 g A" h™". Details of the fabricated cells are listed in
Table S1 (ESIt). Fig. 5b shows the repeated charge/discharge
profiles. During the initial charging, cell B exhibited a
capacity of 220 mA h g™, which was lower than that of cell A
(260 mA h g~ ). However, during the overall charging process,
cell B exhibited a full capacity of 260 mA h g~* with an average
discharge voltage of 3.1 V. As a result, the energy density at the
cell level reached 512 W h kg™ '. Cell B exhibited a smaller
discharge capacity compared to cell A. It is believed that this
could be attributed to the limited amount of electrolyte present
in the positive electrode. Upon repeating the charge/discharge
cycles, the capacity of cell B further decreased. In the 20th cycle,
cell B exhibited a discharge capacity of 230 mA h g~ ! with an
average discharge voltage of 3.1 V, resulting in a cell-level
energy density of 400 W h kg™ '. Subsequently, the discharge
capacity decreased linearly as the cycles progressed (red
plots in Fig. 5c). Although the capacity of cell A was stable at
180 mA h g ' after the 40th cycle, the capacity of cell B kept
decreasing even after 40 cycles. In the voltage profile of cell B, a
sudden voltage drop was observed at the end of the 40th
discharge cycle, which was significantly different from that of
cell A. It should be noted that the average discharge voltage of
both cell A and cell B was around 3.1-3.0 V thoughout the cycles.

We performed the SEM analysis of the positive electrodes
after the 40th cycle of the cell. No clear difference was observed

a
<— Li foil
Li,RuO,
ILiSO,
Fig. 6 (a)-(c) X-ray CT images of cell B; (a) as prepared, (b) after the 10th cycle, and (c

© 2024 The Author(s). Published by the Royal Society of Chemistry
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between the electrodes before and after the cycle test in both
cells A and cell B (Fig. S8, ESIf). The results of XRD analysis
revealed that intensity of peaks corresponding to the NaCl-type
cation-disordered phase decreased with the progress of the
cycle (Fig. S9, ESIt), suggesting the deterioration of positive
electrode materials.

In order to explain the poor capacity retention of cell B, the
difference in the cell configuration between cells A and B must
be considered. The observed severe capacity fading phenom-
enon in cell B could be attributed to the degradation of the
lithium metal electrode. Thus, we conducted an analysis of the
lithium metal electrode post cycling. However, during the cell
disassembly process, the electrode easily collapsed and could
not be analyzed using conventional ex situ techniques such as
SEM and XRD. Hence, we performed XCT analysis of the cell,
which is a representative non-destructive analytical technique
for monitoring the structural changes in the electrode."" Fig. 6a
shows the side-view XCT image of cell B under the prepared
conditions. There can be seen the Li,RuO;/Li,SO,-based posi-
tive electrode with a thickness of 150 um and a lithium metal
negative electrode with a thickness of 20 um. Fig. 6b shows the
XCT image of the cell after the 10th cycle, revealing a large
volume change in the lithium metal electrode. Although the
thickness of the Li,RuO;/Li,SO4-based positive electrode did
not change, that of the lithium-metal-based negative electrode
exceeded 120 pm, which is six times greater than the initial
thickness (20 pm). After the 20th cycle, the thickness of
the lithium-metal electrode reached 150 pm. Fig. 6¢ shows
the cross-sectional XCT image of the lithium electrode after the
20th cycle. Dense lithium metal remained in the region close to
the copper foil, which is shown in Fig. 6d and e. On the other
hand, a porous structure was detected in the central area and in
the region close to the separator side (Fig. 6f and g). A similar

) after the 20th cycle in the cross-sectional direction; (
CT images of cell B after the 20th cycle in the surface direction. Scale bars are 100 um.

g) X-ray
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porous Li electrode has been reported in the literature.'"
However, such porous characteristics can accelerate the for-
mation of electrochemically isolated dead lithium, resulting in
a poor reaction efficiency at the lithium negative electrode.
Moreover, the electrolyte is absorbed into the porous lithium
electrode, resulting in a shortage of electrolytes in the entire
cell. Further detailed analyses of the electrodes in high-energy-
density lithium-metal-based rechargeable battery cells are cur-
rently underway in our laboratory.

Conclusions

In this study, we used a Li,RuO;/Li,SO,-based positive elec-
trode as the model material for lithium-metal-based recharge-
able batteries. By controlling the particle size of Li,RuO3/Li,SO,
by varying the Li,SO, ratio, a high-mass-loading electrode with
an active material ratio of over 96% was successfully prepared
by suppressing undesired gelation of the slurry solution.
Notably, using a protected lithium metal electrode setup, super-
ior capacity of the Li,RuO;/Li,SO, electrode over 180 mA h g’1
was achieved over the 80th cycle under high mass loading and
lean electrolyte conditions. We also fabricated a high-energy-
density battery cell, exhibiting energy density over 500 W h kg™"
and a stable charge/discharge reaction. However, as cycling
progressed, the cell capacity decreased rapidly, causing the
energy density of the cell to drop to 400 W h kg™ by the 20th
cycle. Non-destructive XCT analysis revealed a significant
volume expansion of the lithium electrode, which is considered
to be the primary reason for the capacity fading. Importantly,
not the reaction at the DRX positive electrode, but the reaction
at the lithium metal negative electrode is the bottleneck pro-
cess for achieving a prolonged cycle life. Similar problems can
exist for the case in which Mn-based DRX electrode materials
were used, which is more attractive from a practical point of
view. The results obtained in the present study highlight the
importance of suppressing the significant volume change of
lithium-metal electrodes, as well as the development of DRX
materials, in order to achieve a prolonged cycle life in high
energy density rechargeable batteries.
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