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High-energy-density battery systems have been critical to applications in
consumer electronics, aviation, electric vehicles, and emerging large-scale
stationary storage. Here, we report a solid-electrolyte-based liquid Li-S and Li-Se
(SELL-S and SELL-Se in short) battery system with the potential to deliver energy
density exceeding 500 Wh kg~ ' and 1,000 Wh L™, together with the ability of low
cost and stable electrochemical performance for future concentrated and large-
scale storage applications.
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SUMMARY

Lithium-sulfur (Li-S) and Lithium-selenium (Li-Se) batteries are considered as
promising candidates for next-generation battery technologies, as they have
high energy density and low cost. However, due to the use of a solid Li-metal
anode and a liquid organic electrolyte, the current Li-S and Li-Se batteries
face several issues in terms of Coulombic efficiency and cycling stability, which
seriously impeded their development. Here, we report solid-electrolyte-based
liquid Li-S and Li-Se (SELL-S and SELL-Se in short) batteries. The batteries use
a Lig.4LlasZry 4Tag 012 (LLZTO) ceramic tube as electrolyte and work at temper-
atures higher than the melting point of Li; thus, polysulfide or polyselenide shut-
tle effects and Li dendrite growth are effectively prevented, and high energy
density, together with high stability, fast charge/discharge capability, high
Coulombic efficiency, and high energy efficiency, can be achieved. The SELL-S
and SELL-Se batteries provide broader platforms for constructing high-energy,
high-power, long-lifetime, and low-cost energy storage.

INTRODUCTION

The current state-of-the-art Li-ion batteries (LIBs) have an energy density of less than 300
Wh kg’1 and 750 Wh L~"."=3 Sulfur (S) and selenium (Se), which are in the same main
group (group VIA) of the periodic table, are promising candidates to replace commer-
cial metallic oxide cathodes for LIBs because of their high capacity (1,670 mAh g~" when
lithiated to Li,S and 675 mAh g~ " when lithiated to Li,Se), high theoretical energy den-
sity (~2,600 Wh kg™ and 2,800 Wh L™ for Li-S battery; ~1,160 Wh kg ™" and 2,530 Wh
L~ for Li-Se battery),"® and correspondingly low cost ($41 kWh~' for Li-Se and
$15 kWh™" for Li-S based on electrode materials; Table S1). Since the initial use of S
and Se as electrodes in batteries, investigations of Li-S and Li-Se batteries have attracted
substantial attention. Previous research has mostly focused on batteries with a solid-
state Li-metal anode, a solid-state S or Se cathode (powder or different S/C or Se/C
composites), and a liquid organic electrolyte.>” However, due to the use of solid Li
metal and a liquid organic electrolyte, the above battery structure has certain intrinsic
issues: (1) poor cycling stability and low Coulombic efficiency because of the shuttling
effect caused by dissolution of short-chain Li,S, or Li;Se in the liquid organic electro-
lyte, (2) safety issues associated with the high flammability of the liquid organic electro-
lyte, and (3) dendritic growth of the Li anode and its side reactions in the electrolyte.'®"*
Addiitionally, a large volume change of solid S and Se during charge and discharge
causes the abscission of active S or Se from the current collector, causing cycling insta-
bility and decreasing the usage of Se and S."*"'® These issues have seriously impeded
the development of Li-S and Li-Se batteries.
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Context & Scale

The current state-of-the-art Li-ion
batteries (LIBs) have an energy
density of less than 300 Wh kg™
and 750 Wh L=". A reliable battery
system with an energy density
higher than 500 Wh kg~" and
1,000 Wh L™ has yet to be
developed to meet with the long-
term demands. Here, we report
solid-electrolyte-based liquid Li-S
and Li-Se (SELL-S and SELL-Se in
short) battery systems, which have
the potential to deliver energy
density exceeding the above
needs. Additionally, as the
batteries have no polysulfide or
polyselenide shuttle effects and
no Li dendrite growth, the devices
present high Coulombic efficiency
and energy efficiency of ~99.99%
and ~85%, respectively. The
SELL-S and SELL-Se battery
system here provide broader
platforms for constructing high-
energy, high-power, long-
lifetime, and low-cost energy
storage.
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Figure 1. Structure and Schematic Diagram of SELL-S and SELL-Se Battery System
(A) Structure of the SELL-S and SELL-Se batteries. Cross section of the battery.

(B) Optical image of a SELL-S and SELL-Se cell case.

(C) Process of S/C secondary particle preparation using isotactic cool pressing.

(D) Charge and discharge schematic of SELL-S and SELL-Se batteries.

To address the above issues related to the liquid organic electrolyte, here we pro-
posed and designed SELL-S and SELL-Se battery system with ceramic solid electro-
lyte tubes. Recently, we demonstrated a liquid battery consisting of a garnet-type
Lig.alazZri 4TagO12 (abbreviated as LLZTO) solid electrolyte, a liquid Li-metal
anode, and liquid Sn-Pb or Bi-Pb cathodes for grid-scale storage, although their en-
ergy density is limited.” Here, we expand this architecture to high-capacity Li-S and
Li-Se battery chemistries for achieving high energy density.

RESULTS

Schematic and Design of SELL-S and SELL-Se Batteries

The schematic of the battery configuration is shown in Figure 1A. It consists of a
liquid Li-metal anode, a molten S (Se) cathode with carbon black, and an LLZTO
ceramic tube electrolyte. Li-metal anode is inside the LLZTO tube, and a stainless
steel rod is inserted, serving as the current collector for the anode (Figure 1B). A
S(Se) cathode with a carbon black conductive additive (with a mass ratio of m(S or
Se):m(C) = 9:1) is inserted into the stainless steel cylindrical container outside the
LLZTO tube, being physically and electronically separated from the Li anode by
the LLZTO tube. The stainless steel cylinder works as current collector for the cath-
ode at the same time. It is noted that the conductive carbon needed for molten S and
Se only occupies 10% of the total electrode weight, so the dead weight is minimized.
In our experiment, secondary S/C or Se/C particles were prepared to improve the
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contact between active materials and LLZTO tube. As shown in Figure 1C, high-pres-
sure isotactic cool-pressing method was used to prepare the S/C or Se/C electrode.
After pressing and crush, the density of the secondary electrode is highly improved.
The S powder contacts well with the carbon black framework. Even at 240°C, where S
is in a molten state, the framework structure is maintained.

The assembled Li||LLZTO||S and Li||[LLZTO||Se cells were tested at temperatures of
240°C and 300°C, which are above the melting points of both electrode materials
(Figure S1). LigS or Li,Se particles formed on the surface of carbon black framework
during the discharging process and turn to liquid S or Se during the charging process
(Figure 1D). The intact secondary electrode guarantees the ionic and electronic
conductivity.

As the operation temperature was above the melting points of Li, S, and Se, both the
anode and cathode materials were liquid, facilitating rapid ion transport and low
electrode-electrolyte interfacial impedance, as liquid-solid interfaces were formed
rather than solid-solid interfaces. A garnet-type ceramic electrolyte was chosen for
its stability against molten Li, which was verified from the X-ray diffraction (XRD)
result (Figure S2) of aging experiments and scanning electron microscopy (SEM)
measurement of LLZTO tube surface and cross section before and after cycling (Fig-
ures S3 and $4).77?° In addition, with an elevated operation temperature, the ionic
conductivity of garnet-type solid electrolytes increases to a competitive level for fast
ion transfer. At 240°C, the ionic conductivity of the LLZTO electrolyte was 135 mS
cm ™" (Figures S5 and Sé) by electrochemical impedance spectroscopy (EIS) analysis
(Figures S7-510), which is much higher than that at room temperature (0.7 mS em™ M.
At 300°C, the ionic conductivity increased to 190 mS cm™". Notably, the ionic con-
ductivities of common organic liquid electrolytes at room temperature are approx-
imately 10 mS cm™", taking 1 mol LiPF4 saltin a 1:1 ethylene carbonate-ethyl methyl
carbonate electrolyte at 30°C as an example.”® The high ion conductivity of the
LLZTO tube at the elevated temperature provides a solid foundation for the high po-
wer capability of the cells.

Additionally, the garnet-type electrolyte tube also serves as an insulation layer between
the liquid Li and liquid S or Se, which means that penetration and leakage should be
completely prevented. Based on our measurements (Archimedes method with ethanol),
the relative density of the LLZTO tube is as high as 99%, indicating that the garnet-type
solid electrolyte is highly dense. The morphology of the surface and cross section as
measured by SEM of the tube confirmed the density of the structure (Figure S11). A ni-
trogen impermeability test was also conducted by using LLZTO tube (Figure S12), and it
verified the impermeability of the tube. Such a high relative density and good imperme-
ability allow the LLZTO tube to prevent any leakage or crossover between the liquid
electrodes (no shuttle effect and no Li dendrite formation), ensuring the safety and reli-
ability of the battery and a negligible self-discharge rate.

Characterization of SELL-S and SELL-Se Batteries

Here, the cyclic voltammetry (CV) measurement was also conducted to demonstrate
the electrochemical reaction of the S and Se-based cathodes during cycling. For
SELL-S battery, it can be seen from Figure 2A that the reduction process occurs at
about 2.0V, which indicates the formation of Li;S, and the corresponding oxidation
process occurs at about 2.4 V (Li,S turn into S). For SELL-Se battery, it can be seen
from Figure 2B that the reduction process occurs atabout 1.9V, and the correspond-
ing oxidation process occurs atabout 2.2 V. Another small redox peak exists at about
1.6 V, which may be related to some intermediate Li-Se alloy. This redox peak can
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Figure 2. Characterization of SELL-S and SELL-Se Battery System

(A) Cyclic voltammetry (CV) measurement of the SELL-S batteries. (B) Cyclic voltammetry (CV)
measurement of the SELL-Se batteries.

(C) X-ray diffraction (XRD) measurement of SELL-S battery at different state of charge (100% SOC
and 50% SOC and end of discharge). (D) X-ray diffraction (XRD) measurement of SELL-Se battery at
different state of charge (100% SOC and 50% SOC and end of discharge).

(E) SEM image of S/C electrode at 100% SOC and end of discharge.

(F) SEM image of Se/C electrode at 100% SOC and end of discharge.

also be verified in the voltage profile of Li-Se battery, and a small plateau can be
observed at about 1.6 V. It is noted that this redox reaction is reversible.

XRD measurement was conducted to demonstrate the intermedia products of the S
and Se-based cathodes during charging and discharging. It can be seen from
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Figure 2C that with discharging, S was lithiated to Li,S, with no polysulfide interme-
diate. At 50% SOC (state of charge), XRD result shows S and Li,S exist together, and
at 100% SOC, mainly Li,S exists. It can be seen from Figure 2D that with discharging,
Se was lithiated to Li,Se. At 50% SOC, XRD result shows Se and Li,Se exist together,
and at 100% SOC, mainly Li,Se exists. SEM measurement was conducted to demon-
strate the morphology of active materials during charge/discharge. It can be seen
from Figures 2E and 2F that at the end of the discharge process, the formed Li,S ad-
heres strongly with the carbon framework, which can be verified from the following
SEM image. This means that Li,S and Li;Se particles are formed in situ in the frame-
work of S/C and Se/C electrode, which improves the electronic and ionic conductiv-
ity of Li,S and Li,Se particles to guarantee the reversibility of the reactions. The
formed Li,S/C and Li,Se/C electrode layers contact tightly with the LLZTO electro-
lyte with no obvious gap (Figures S13 and S14), which improve the Li-ion transfer
at the electrode/electrolyte interface during the charge process.

It is known that the S cathode has a higher Li storage capacity and delivers more en-
ergy density than can be achieved with the Se cathode. However, the Se cathode has
several advantages over the S cathode, such as a much higher electronic conductiv-
ity and lower vapor pressure at elevated temperatures. Compared with S, Se has a
much lower vapor pressure (Figure S15), which means that the risk of major leakage
is significantly decreased, and accordingly, the sealing requirements and cost will be
substantially reduced. To make a clear comparison, a volatilization experiment was
conducted. Identical amounts (1 g) of Se and S in open glass containers were trans-
ferred to an oven under an argon atmosphere at 300°C, and then the mass variations
were measured. These results (Figure S16) show that almost no mass variation
occurred for Se, but for S, the mass decreased drastically to almost zero in 6 days.
The low vapor pressure of Se results in substantially lower sealing requirements
for the SELL-Se battery.

Electrochemical Performance of SELL-S Battery at 240°C

To verify the electrochemical properties, SELL-S cells were assembled and tested at
240°C. The voltage profiles (Figures 3A and 3C) show that the discharge and charge
plateaus are ~2.00 V and ~2.10 V, respectively. Figure 3B shows the long cycling
performance. During the 50 cycles at a rate of 0.5 C, the performance of the Li||
LLZTO||S cell is stable and shows a gravimetric capacity of approximately 1,450
mAh g~' (91% usage ratio of S). The stable Coulombic efficiency can reach
99.99%, which indicates that the side reactions of the electrode with the LLZTO
tube or crossover through the LLZTO tube is negligible. The energy efficiency is
approximately 89%. The discharge capacity of SELL-S battery increases in the first
25 cycles. This phenomenon could be due to the activation of S/C electrode at
the working temperature of 240°C. Limited by the ionic conductivity of S and the
framework of carbon black, the S/C electrode need some cycles to fully contribute
to the cell capacity. Figure 3D shows the C-rate cycling performance from
0.5 to 3 C at 240°C. At 3 C, the gravimetric capacity can reach approximately
750 mAh g~ (47% usage ratio of S). In our experiment, the high capacity can be
maintained over 50 cycles in SELL-S cells. Further improvement can be realized by
better sealing of the S vapor in the future. EIS measurement was also conducted dur-
ing the discharge and charge process of SELL-S battery. It can be seen from Figures
3E and 3F that during discharge process, with the formation of Li,S, the resistance of
the cell is getting smaller, which could attribute to the higher ionic conductivity of
Li,S than S. At the end of discharge state, the cell resistance is still very small. During
charge process, with the Li,S turn into S, the resistance of the cell is getting bigger.
Atthe end of the charging state (100% SOC), the cell resistance is almost the same as
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Figure 3. Electrochemical Performance of a SELL-S Cell Operating at 240°C
The mass of active S in each cell is 10 mg, and the inner diameter of the LLZTO tube is 5 mm.

(A) Voltage profiles during charge-discharge cycling from the 1st to 5th cycle at a current density of
8 mA cm™2.

(B) Coulombic efficiency, energy efficiency, and specific capacity as a function of cycle number at a
current density of 8 mA cm™2.

(C) Representative voltage profiles during the 20th, 30th, and 40th charge-discharge cycles.

(D) C-rate performance of a SELL-S cell.

(E and F) Electrochemical impedance spectroscopy (EIS) measurement (0.1 Hz—1 MHz) of a SELL-S
cell at different state of charge during the discharging process (E) and charging process (F).

the previous 100% SOC. It means that the cell resistance variation is reversible. At
the end of discharge state, there is still some molten S or Se existing on the interface
as the practical capacity is still smaller than the theoretical capacity, which can help
improve the interfacial contact between Li,S/Li,Se and LLZTO.

Electrochemical Performance of SELL-Se Battery at 240°C and 300°C

The electrochemical results also verified the excellent electrochemical performance of
the SELL-Se cell at 240°C. The voltage profiles in Figures 4A and 4B show that the
discharge and charge plateaus are ~2.04 V and ~2.12 V, respectively, which means
that the overpotential is just 8 mV at a rate of 1 C (equal to 30 mA cm™3). Figure 4C
shows the voltage profiles at different rates. Even at 3 C, the gravimetric capacity can
reach as high as 560 mAh g~ (83% usage ratio of Se). Figure 4D shows the long cycling
performance. During the 300 cycles at a rate of 1 C, the performance of the SELL-Se cell
is very stable, and it shows a gravimetric capacity of approximately 650 mAh g™ (96% of
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Figure 4. Electrochemical Performance of a SELL-Se Cell Operating

The mass of active Se in each cell is 15 mg, and the inner diameter of the LLZTO tube is 5 mm.
(A) Voltage profiles during charge-discharge cycling from the 1st to 5th cycle at a current density of
10 mA cm™ at 240°C.

(B) Representative voltage profiles during the 50th, 100th, and 300th charge-discharge cycles at
240°C.

(C) C-rate performance of a SELL-Se cell at 240°C.

(D) Coulombic efficiency, energy efficiency, and specific capacity as a function of cycle number at
240°C (1C, current density of 10 mA cm™2).

(E) Electrochemical impedance spectroscopy (EIS) measurement of a SELL-Se cell from 240°C to
300°C (0.1 Hz-1 MHz).

(F) Coulombic efficiency, energy efficiency, and specific capacity variation when the operation
temperature is increased from 240°C to 300°C at 4 C and at current density of 40 mA cm 2.

(G) Coulombic efficiency, energy efficiency, and specific capacity as a function of cycle number at
300°C (10 C, current density of 100 mA cm™d).
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the theoretical capacity of Se). The capacity decay was very small (~0.004% per cycle)
throughout the test. The average Coulombic efficiency was as high as 99.99% (much
higher than that of cells using an organic electrolyte, which is approximately 98%), which
indicates that the side reaction of the electrode with the LLZTO tube and crossover
through the LLZTO tube are negligible. The energy efficiency is stable at 87%. These
results confirm the feasibility and reliability of this battery design and further prove
the stability of the LLZTO tube. The main discharge plateaus decline slightly from 0.5
to 2 C and down to 2.00 V when the rate increased to 3 C. The cell was cycled 500 times
atarate of 3 C, as shown in Figure S17. The performance of the cell was very stable and
showed an average gravimetric capacity of approximately 500 mAh g~ (74% usage ra-
tio of Se). The average Coulombic efficiency was 99.99%, and the energy efficiency was
80%. The cell had a high power capability at 240°C, which can be attributed to the fast
Li-ion diffusion in the electrolyte, electrodes, and their interfaces. The fast Li-ion diffu-
sion in the molten Se cathode can be explained based on the Li-Se phase diagram (Fig-
ure S1). As seen in the diagram, molten Li has a small but non-negligible solubility in
molten Se above 221°C, which means that Li-saturated molten Se (with a Li concentra-
tion of ~0.3 mol L™") will exist in the cathode when the cathode Li:Se mole ratio is <2. [fa
sufficient concentration of Li atoms is present in the molten Se, they could act as carriers
and improve the diffusion of Li ions in the cathode during cycling.

In some specific applications, discharge or charge processes need to be completed in a
very short time, such as the fast charge mode of electric vehicles, which is difficult for
organic-electrolyte-based batteries because thermal dissipation becomes an issue. In
our current battery design, stable cycling at an even higher rate can be easily realized
through regulation of the operation temperature. When the operation temperature
was increased to 300°C, the Li-ion conductivity and charge transfer kinetics of the LLZTO
tube could be significantly increased compared with those at 240°C. Figure 4E shows
the EIS measurement result of a SELL-Se cell from 240°C to 300°C. It can be seen
that with the working temperature increasing from 240°C to 300°C, the cell resistance
was largely reduced, which improves the reaction activity and accelerates the Li-ion
transfer speed across the electrode and LLZTO electrolyte.

The electrochemical performance of SELL-Se at 300°C was investigated. As shown in
Figure 4F, when the operation temperature was increased from 240°C to 300°C, the
gravimetric capacity noticeably increased from 300 mAh g~ to 640 mAh g ' at 4 C,
indicating a much better rate performance. Figure S18 demonstrates that at a high
rate (4 C), the cell remains stable in a cycling test involving 400 cycles. The average gravi-
metric capacity is approximately 640 mAh g~' (95% usage ratio of Se). The average
Coulombic efficiency remains as high as 99.99%, and the energy efficiency is approxi-
mately 80%. Figure S19 shows the C-rate cycling performance from 0.5 to 10 C at
300°C. Even at a high rate of 10 C (100 mA ecm~?), which is equal to 180 mW cm~?, a
gravimetric capacity as high as 400 mAh g~ (60% usage ratio of Se) is obtained. Fig-
ure 4F shows the cycling stability at 10 C. Even after 1,000 cycles, the gravimetric capac-
ity is still approximately 300 mAh g~ (44% usage ratio of Se). The rate and long cycling
performance confirm the high power capability and stability of the battery system.

Freeze and Thaw Test

A freeze/thaw test was conducted from 240°C to 20°C during discharge/charge. The
result can be seen in Figure S20. After freezing and thawing, regardless of the charging
or discharging process, the cell worked normally with no open or short circuit, and no
fluctuation in the cycle curves was observed, which means that no mechanical or electro-
chemical failure of the LLZTO tube occurred. The cell is tolerant of freeze/thaw cycles.
The ability of the cell to recover after freezing is of great importance for practical
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applications. A self-discharge test was also conducted. With a standing at a working
temperature of 300°C for 10 days between full charge and full discharge, the SELL-Se
cell still showed a high Coulombic efficiency and energy efficiency of 99.9% and 88%,
respectively (Figure S21). The result confirmed no self-discharge happened, indicating
thatthe LLZTO solid electrolyte tube can well separate the anode from the cathode, and
there is no leakage or shuttle effects.

Conclusions

Energy Density Calculation

The battery design is feasible for achieving the high energy densities typical of Li-S
(Se) batteries due to its architectural simplicity, a significant reduction in the weight
of the inactive components, and elimination of the problems associated with tradi-
tional liquid electrolyte cells. We also emphasize that the heating and insulation will
not obviously affect the volumetric and gravimetric energy densities. Taking the
ZEBRA battery as an example, which works at temperatures of 270°C-350°C, the en-
ergy density of ZEBRA cell (excluding heating part) is about 120 Wh kg™", while the
ZEBRA pack-level (including heating part) energy density is about 90 Wh kg™ (~25%
loss). While a ZEBRA electric vehicle is not in use, the thermal energy loss is just
about 90 W or 2.16 kWh per day, which will be even less while in use as the internal
resistance of the battery coverts resistive losses to heat with 100% efficiency.?’~*’
The existing thermal insulation technology lays a good foundation for the pack sys-
tem integration of the SELL-S and SELL-Se batteries.

Based on the high capacity of both the cathode and anode materials, and taking
advantage of the tightly packed battery configuration,®®~*? our solid electrolyte cells
can provide a much higher energy density than can be achieved with traditional LIBs,
whose energy density have been limited by the Li storage capacity of their oxide
cathodes and graphite carbon anodes as well as the existing “sandwich” battery ar-
chitecture, in which multiple layers of current collector-cathode-separator-anode-
current collector are stacked or rolled together, resulting in a large fraction of dead-
weight (~50%). We calculated the theoretical volumetric and mass energy densities
of the SELL-S and SELL-Se cells based on the cell materials including anode, cath-
ode, solid electrolyte and conductive additive (see detailed calculation information
in Figures S22 and S23), and the results are plotted in Figure S23. As the results
show, with the diameter of the LLZTO tube increasing, the theoretical energy den-
sities of both the batteries increase, and in general, level off at ~1,850 Wh kg™
and 1,780 Wh L™ for the SELL-S cell, and 920 Wh kg~" and 1,570 Wh L~ for the
SELL-Se cell, when the diameter is larger than 6 cm (Figure S23). The energy calcu-
lation is based on the active volume and mass of the Li anode, S or Se cathode,
conductive additive, and LLZTO tube, not including the stainless steel battery
case or the heating and thermal insulation equipment. The wall thickness of the
LLZTO tube was 1.5 mm, and the densities of the LLZTO tube were set as 5 g
cm~>. The weight and volume stainless steel battery case and the heater will reduce
the energy density. Here, we make an estimation about the energy density at the cell
level (including stainless steel battery case) and pack level (including stainless steel
battery case and heater), which can be seen in Figure 5. This value is based on the
practical parameter of Na-S and ZEBRA battery. For SELL-S or SELL-Se battery sys-
tem, even with a 50% energy density loss from cell level to pack level, they still have
competitive energy densities.

To further verify the scale-up property, here we fabricate a SELL-Se cell with 400 mg

active material (Se), and the cell capacity can get more than 250 mAh. The result can
be seen in Figure S24. The voltage profile is almost the same as the previous 15 mg
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Figure 5. The Calculated Energy Density of SELL-S and SELL-Se Battery System

Energy density comparison of SELL-S (A) and SELL-Se (B) battery system at the electrode level, cell
3

level, and pack level. Here, the densities of the stainless steel case were setas 8 gcm™.
Se cell, and the Coulombic efficiency can get more than 99% in the first cycle. The
current density is about 10 mA cm™2. It is noted that here we use limited Li source
of 0.1 g, which means that 67% of the Li source is used (considering that the theoret-
ical capacity of Li metal is 3,870 mAh g™ ).

DISCUSSION

By employing a solid garnet-type LLZTO tube electrolyte, we prepared a SELL-S and
SELL-Se battery system with high energy density and superior electrochemical per-
formance at 240°C-300°C. The assembled cells can achieve high Coulombic effi-
ciency (99.99%, no shuttle effect), high power capability (up to 180 mW cm™?),
and high energy efficiency (>80%). In terms of cost, the energy cost of the current
LLZTO tube is approximately $30.1 kWh~", and by using LLZTO tube with larger
diameter, its energy cost can be significantly reduced to less than $10 kWh™'
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(Tables S2 and S3), which is much lower than that of the liquid organic electrolyte and
separator (~$80 kWh~" in LIBs. The theoretical full electrode costs of the Li-S and Li-
Se cells are estimated to be very low, $15 kWh~"and $41 kWh~", respectively (Table
S1), together with the low cost of the LLZTO tube, making it very possible for the to-
tal prices of the SELL-S and SELL-Se batteries to be lower than $100 kWh™". Overall,
the low cost, high volume and mass energy density (Tables S4 and S5), and stable
electrochemical performance of SELL-S and SELL-Se battery system makes them
promising candidates for future concentrated and large-scale energy storage
applications.

EXPERIMENTAL PROCEDURES

Fabrication and Characterization of the Garnet-type LLZTO Tubes

Li,COj3 (Sinopharm Chemical Reagent Co., Ltd, 99.99%), La,O3 (Sinopharm Chem-
ical Reagent Co., Ltd, 99.99%), ZrO, (Aladdin, 99.99%), and Ta,Os (Ourchem,
99.99%) powders were mixed together at a molar ratio of Lig sLasZrgsTaq.5s012,
ground with an agate mortar and pestle, and then heated at 900°C for 6 h to decom-
pose the metal salts. The resulting powders were ball milled for 12 h before being
pressed into a U-shaped tube with cold isostatic pressing at 330 MPa for 120 s
and then annealed at 1,140°C for 16 h in air while the tube was covered with the
same mother powder. All heat treatments were conducted in alumina crucibles
(>99% Al,O3) covered with alumina lids.

The Archimedes water displacement method was used to measure the relative density
of the LLZTO tube. XRD (Bruker AXS D8 Advance with Da Vinci) was used to monitor
phase formation. The tube’s microstructure was examined using a field-emission
SEM (Shimadzu SSX-550). A broadband dielectric spectrometer (NOVOCOOL)
was used to make the impedance spectroscopy measurements (frequency range,
40 Hz-10 MHz; AC voltage, 10 mV; and temperature range, 25°C-300°C).

The ionic conductivity of the LLZTO electrolyte is calculated based on a plain LLZTO
pellet (Figure S5), which goes through the same isotactic pressing and calcination
process as the LLZTO tube to make sure the same density and ionic conductivity.
The thickness of the LLZTO pellet is about 1 mm. Then the LLZTO pellet surface
was sputter coating with Au as an electrode for measurement.

Assembly and Electrochemical Measurements of the SELL-S and SELL-Se Cells
S (or Se) powders and carbon felt were first transferred to a stainless steel cell and
heated for 3 h at 150°C (300°C) in a box furnace (MTI) to uniformly disperse the
molten S (or Se) in the carbon felt (with a mass ratio of m(S or Se):m(C) = 9:1).
Then, Li metal was placed into the garnet-type LLZTO tube and heated in a box
furnace (MTI) at 240°C for 20 min to melt the Li metal. The LLZTO tube containing
molten Li was then transferred into the stainless steel cell with the molten Se at
240°C. A 1-mm diameter stainless steel rod was inserted into the molten Li as the
anode current collector. After the cell was cooled to room temperature, silicone rub-
ber was used to seal the cell with a stainless steel cap. The whole assembly process
was conducted in a glove box with an argon atmosphere.

The electrochemical performances of the SELL-S and SELL-Se cells were tested in an
argon-filled box furnace (MTI) at 240°C and 300°C using a battery test system (LAND
2001 CT battery tester). The active surface area of each cell was 1 cm? as determined
by the contact area between the LLZTO tube and the molten Li. The mass of active S
in each cell is 10 mg and that of Se in each cell is 15 mg.
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