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Along with the rapid development of electric vehicles (EVs) and intermittent renewable energy, energy storage
for EVs has received much attention over the past decade. Rechargeable batteries have been considered a feasible
solution to utilize intermittent renewable energy with higher efficiency. Rechargeable batteries with promising
safety, lifespan, low expenditure, durable components, or mature electric control systems are desired for energy
storage systems. Recently, solid electrolyte-based liquid lithium (SELL) batteries have demonstrated excellent
performances and great potential for energy storage applications by manipulating different cathode materials.
Herein, a new type of SELL battery with LisTisO;2 cathode (SELL-LTO battery) is reported. Li4TisO12 is a
distinctive electrode material with good rate performance, high-standard safety, moderate cost, and superior
cycling stability at 280 °C, which make it an excellent cathode material for SELL batteries. The assembled SELL-
LTO full cell has been cycled 100 times with an average energy efficiency of 92%. Moreover, the cell also exhibits

good rate performance and can recover after being cooled and thawed.

1. Introduction

Lithium-ion batteries (LIBs) have been widely used in portable
electronic devices, EVs, and energy storage systems [1-4]. Recently, the
applications of LIBs in energy storage systems for EVs have intrigued
considerable attention as intermittent new energy has been well devel-
oped, such as wind and solar energy [5-7]. However, some existing
energy storage devices may not meet the strict requirements for EVs or
large-scale smart grids, such as safety, long lifespan, robustness for
discontinuous energy income, and high rate capability for developing
energy storage systems for intermittent energy [7-9].

In the last two or three years, with the rapid growth of the electric
vehicle and lithium battery markets, lithium resource prices have indeed
fluctuated dramatically. This has resulted in high lithium prices today.
However, scientists believe that the price of lithium resources could
return to normal in the next 2-3 years [10]. Battery material recycling is
expected to form a scale after 2030. Around 2050, the supply of raw
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mineral resources and recycling resources will reach a comparable level,
and in the longer term, recycling resources will wholly and gradually
replace the demand for raw resources [11]. Furthermore, Lang et al.
managed to achieve a low-cost recovery method for lithium metal re-
sources, significantly reducing the extraction cost of lithium metal re-
sources [12]. Considering the factors above, future energy storage
systems for intermittent energy applying lithium resources still own
promising prospects in saving carbon emissions and being
economy-friendly.

In recent years, solid-state batteries applying garnet, polymer, sul-
fide, or other solid electrolytes are attracting more and more attention
for their potential in energy storage [13-15]. Solid electrolyte-based
liquid lithium (SELL) batteries, consisting of the molten lithium anode
and solid electrolytes such as Lig4LasTageZr; 4012 (LLZTO), have
already demonstrated a vast potential in serving as energy storage units
[16-20]. In SELL batteries, molten liquid lithium is applied as anode
materials, while LLZTO tubes serve as solid electrolyte. With the
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liquid-solid interphase contact between molten lithium anode and
LLZTO tubes, SELL batteries make the most of the high conductivity of
solid electrolytes such as LLZTO [17,18,20]. SELL batteries using Sn-Pb,
Bi-Pb, S, Se, and metal halides as cathodes have been reported by our
team as well as other scientists in recent years [21-26]. By applying
different cathode materials, these SELL batteries show advantages in
rate capability, energy cost, and reliability. These various advantages
could potentially assist the development of future EV energy storage.

Lithium titanate (Li4TisO12), as a promising electrode material, has
the potential to suffice stationary energy storage owing to its excellent
cyclic stability, rate performance, and high-standard safety, especially
for its stability in high temperatures where SELL batteries operate.
Previous studies have shown proficient rate performance and electronic
conductivity of LigTisO;5 in traditional LIBs [27-30]. However, as a
typical lithium-ion storage material, Li4TisO12 is often applied as an
anode material in conventional lithium-ion batteries due to its low
charge-discharge plateau. Cathode materials in these batteries possess
higher charge-discharge plateaus. As Li4TisO;2 still possesses a higher
plateau than lithium metal anode, the SELL battery proves the capability
for LisTisO;2 to work as a cathode material.

Previous research often applies Li4TisO15 at room temperature, but
its electrochemistry performance at high temperatures has not been
studied. Some research is devoted to exploring the performance of
Li4TisOq2 batteries at various extreme temperatures, indicating that
such materials are insensitive to temperature [5,31-34]. However, an
electrochemistry device with a working temperature higher than 200 °C
for Li4TisO12 has not appeared. The chemical and electrochemical sta-
bility, good rate performance, and moderate cost indicate the possibility
of applying LisTisO12 in our SELL batteries [35-38]. The electro-
chemical performance and stability of Li4TisO;12 at high temperatures
also give scientists a deeper understanding of Li4Ti5O12.

Herein, we designed a SELL-LTO (Li||LLZTO||Li4TisO12) battery
consisting of LisTisO12 as cathode, solid electrolyte (garnet-type
Lig 4LasTag gZry 4012 (LLZTO)), and liquid lithium as anode [39-44].
The SELL-LTO full cell achieved high cycling stability and rate perfor-
mance with high energy and coulombic efficiency (>99.9%). Besides,
the new-designed battery can be cooled down during operation and
recovered after being thawed. Moreover, as a result of the inflamma-
bility of the electrolyte materials, there was no safety hazard even when
the LLZTO tube was broken and a short circuit happened. By compari-
son, the theoretical energy cost of the SELL-LTO battery is lower than
traditional LIBs. Therefore, we anticipate the SELL-LTO full cell extends
the application of LisTisO;2-based batteries at a high temperature and
has the potential for stationary energy storage.

2. Experimental
2.1. Fabrication of LLZTO ceramic tubes

LioCO3 (Sinopharm Chemical Reagent Co., Ltd, 99.99%), LasOs3
(Sinopharm Chemical Reagent Co., Ltd, 99.99%), ZrO, (Aladdin,
99.99%) and Tay05 (Ourchem, 99.99%) were mixed at the mole ratio of
LigsLagZrg sTa; 5012 (20% excess LioCO3 were added) and then heated
at 900 °C for 6 h. The as-prepared powders were milled for 12 h with a
ball milling machine and then pressed into a U-shape tube under 220
MPa for 120 s with a cold isostatic press. The as-prepared tube was
annealed at 1140 °C for 16 h in the air while being covered with the
same mother powder.

2.2. Assemble and electrochemical measurement of SELL-LTO cell

Li4Ti5O12 powder (0.18 g, Sinopharm Chemical Reagent Co., Ltd,
99.9%) and carbon black (0.02 g, Sinopharm Chemical Reagent Co., Ltd,
99.9%) were thoroughly mixed and dispersed in 5 mL ethyl alcohol.
Then a carbon fiber felt was put into a stainless steel case. The as-
prepared ethyl alcohol solution was dipped into the carbon fiber felt
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and then dried for 10 h in an oven. After drying, the stainless steel case
was transferred into an argon-filled glove box (Etelux, Lab2000). 1 g Lil-
Csl salt (mole ratio 1:1) was added to the stainless steel case and heated
for 1 h under 300 °C. Li foil (0.4 g, Alfa Aesar, 99.9%) was first put into
an LLZTO tube and heated for 1 h under 300 °C in an argon-filled glove
box to melt Li metal. Then a stainless steel stick was inserted into the
melt Li as the negative current collector. The assembly process was
conducted in an argon-filled glove box. The electrochemical tests of the
SELL-LTO cells were conducted in an argon-filled box furnace (MTI) at
280 °C with the battery test system (LAND 2001 CT battery tester).

2.3. Characterization

The relative density of the LLZTO tube was measured by the Archi-
medes method. The microstructure of all the samples was investigated
by scanning electron microscopy with a MERLIN Compact Zeiss scan-
ning electron microscope. TEM observations were conducted on JEOL-
ARM-200F TEM operated at 200 kV. The X-ray diffraction (XRD) pat-
terns of the as-fabrication materials were evaluated using a D/max-2500
diffractometer (Rigaku, Japan) equipped with a CuK, radiation source.
Size distributions of Li4TisO;2 particles were studied using a Mastersize-
2000 Malvern laser granularity analyzer. The impedance spectroscopy
measurement was conducted with a broadband dielectric spectrometer
(NOVOCOOL) (frequency range: 10 MHz-40 Hz; AC voltage: 10 mV;
temperature: 40-280 °C).

3. Results and discussion
3.1. Battery structure and material design

The SELL-LTO battery includes a Li4TisO12 cathode, LLZTO solid
electrolyte, and lithium anode. The configuration schematic of the bat-
tery is shown in Fig. la.

LLZTO ceramic tube functions as electrolyte and separator (Fig. 1b, c,
d, Fig. S1). The contact between LLZTO and oxygen and carbon dioxide
would lead to lithium carbonate production on the surface [45,46]. In
order to avoid the side effects of these by-products for the battery,
LLZTO is used after careful polishing. Because of the high relative
density of the LLZTO ceramic tube (99%) [41,42,47], leakage or cross-
over of the liquid electrode materials and the self-discharge of the bat-
tery can be effectively restrained.

The carbon fiber felt is used as the cathode current collector, and the
carbon black powder is used as the conductive additive. The molten salt
(LiI-CsI) is used as the secondary electrolyte for Li-ion transporting to
enhance the contact between the cathode and LLZTO solid electrolyte
[48-50].

Carbon-coated LisTisO,o particles are used as cathode materials
(Fig. 2) to improve the electronic conductivity of the cathode. The SEM
images of LisTisO,2 particles demonstrate their microscopic appearance
(Fig. 2a and b). As shown in Fig. 2¢, the thickness of the carbon layer is
about 5 nm. Fig. 2d, e, f, and Fig. S2 demonstrate that the LizTi5O12
particles in the SELL-LTO battery own a standard phase and promising
electrochemistry cycling performance.

Because of the high operating temperature, the lithium anode retains
its liquid state and therefore keeps a good soakage ability with the solid
electrolyte. Besides, the solid electrolyte exhibits a high ionic conduc-
tivity of 95 mS cm~! at the running temperature (280 °C, Fig. 1d), which
is nearly ten times higher than that of most liquid organic electrolytes at
room temperature (e.g., ~10 mS cm’l, 1 M LiPFg in carbonate-based
solvent).

Attributed to our non-flammable cathode materials, our battery
system demonstrates high safety. Even when a crack appeared in the
ceramic tube, rapid chemical reactions would not happen when cathode
and anode materials were mixed together. When the LLZTO tube was
broken deliberately during operation and the liquid Li metal directly
reacted with the cathode, the surface temperature of the cell only
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Fig. 1. (a) Schematic of the SELL-LTO cell; (b) SEM image of the pristine LLZTO ceramic; (c) XRD patterns of the LLZTO before and after cycling; (d) the ionic

conductivity of LLZTO ceramic from 40 to 280 °C.
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Fig. 2. (a) SEM image of the pristine Li4TisO12 particles before cycling; (b) SEM image of the pristine Li,TisO;2 particles after cycling; (c) TEM images of the pristine
Li4TisO; 2 particles. Yellow dashed lines mark the carbon layer; (d) XRD pattern of the pristine LisTisO;2 particles; (e) Size distribution of the pristine LizTisO12
particles; (f) The cycling performance of the LTO || Li cell with organic electrolyte in room temperature. Voltage profiles of the 1st, 10th, and 50th discharge/charge
cycles at 1 mA cm 2. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

increased by a few dozen degrees, indicating the high safety of the
batteries (Fig. S3).

3.2. SELL-LTO cell cycling performance

A SELL-LTO full cell was cycled at a current density of 5 mA cm ™2
(equal to a rate of 0.25C) for 100 cycles (over a month) to test the cyclic
performance. As shown in Fig. 3a, the specific capacity of LisTisO12
stabilized around 130 mAh g~ after the 10th cycle. The charge and

discharge energy profile and the energy efficiency of the first 100 cycles
are presented in Fig. 3b, indicating an average energy efficiency of 92%
(Fig. S4).

The voltage profiles of the 10th, 50th, and 100th are shown in
Fig. 3c. There is a broad discharge plateau from 1.6 V to 1.2 V, which is
different from the discharge plateau of Li4TisO1 batteries at room
temperature (a plat plateau at ~ 1.5 V) (Fig. 2f). Previous studies
indicate two successive order-disorder phase transitions in LisTisO12 at a
temperature above 177 °C, which, we suspect, may lead to the change of
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the discharge profiles of the SELL-LTO battery [27].

After the first 10 cycles, the battery’s capacity stabilized and showed
no obvious decay for the subsequent 80 cycles. The average coulombic
efficiency of the full cell from the 5th cycle to the 100th cycle is higher
than 99.9%, which demonstrates the promising quality of the solid
electrolyte tube and good cycle stability of the full battery.

Moreover, the average energy efficiency of the full battery is 92%,
which is as high as that of Li-ion batteries operating at room temperature
[27]. The energy efficiency of the batteries is related to the cost of en-
ergy storage, and the high energy efficiency could effectively lower the
cost.

3.3. Discussion about battery components

The stability of the LLZTO ceramic tube is also a critical factor
affecting the lifespan of the full cell. XRD test was conducted on the
LLZTO solid electrolyte at the pristine state and after 100 cycles. As
shown in Fig. 1c, there is no apparent change in the XRD patterns of
LLZTO before and after cycling, indicating the phase stability of LLZTO
during cycling.

To verify that the carbon fiber felt and the molten Lil-CsI only
function as the current collector and second electrolyte that provide no
capacity, the cell without Li4TisO12 powder was assembled and tested.
As shown in Fig. 3d, the cell delivered a shallow capacity. Based on the
result, the carbon fiber felt and the molten Lil-CsI contributed less than
1% of the capacity of the SELL-LTO full battery. Therefore, almost all the
cathode capacity is contributed by the LizTi5O12.

3.4. Features of SELL-LTO batteries

High-rate capability is necessary for batteries applied in energy
storage units. The rate performance of the SELL-LTO cell is shown in
Fig. 4. The battery was tested at various rates from 0.25C to 2.5C (i.e. at
current densities from 5 mA cm 2 to 50 mA cm2). Even at a high
current density of 50 mA cm2, the battery delivered an excellent
cycling performance with a specific capacity of 90 mAh g~'. After
cycling at 50 mA cm ™2, the capacity of LisTisO;2 rebounded to 130 mAh

g~ ! and kept stable when the current density was reduced to 5 mA cm 2,
which indicates the excellent rate performance of the SELL-LTO battery.
The excellent rate performance partly benefits from the high operating
temperature. Not only the ionic conductivity of the LLZTO tube, but the
ionic and electronic conductivity of LisTisO;5 also improved signifi-
cantly at the high temperature of 280 °C compared with those at room
temperature [2,51-53] (Fig. S5). Therefore, the SELL-LTO battery ex-
hibits a promising rate capability for potential application to energy
storage systems in EVs.

The ability of the high-temperature battery to recover after being
cooled down is also essential for their practical applications in the en-
ergy storage system [8,54,55]. The volume change during the
freeze-reheat process of electrodes may cause mechanical failure of solid
electrolytes, possibly leading to short circuits and even severe safety
hazards of high-temperature batteries [56]. To investigate the stability
of the SELL-LTO battery after freezing and thawing, cooling and thawing
test of the battery was conducted, and the result is shown in Fig. 4c.

After the charging process, the battery was cooled down to room
temperature and then reheated to 280 °C after about 15 h. After the
temperature was preserved at 280 °C, the battery was restarted and
began to discharge. There was no short circuit or fluctuation in the
subsequent discharge voltage curve. The following cycles kept stable,
indicating that no failure of the full cell happened and the cell operated
well after cooling and reheating.

Compared to some former SELL batteries and other high-temperature
energy storage systems, SELL-LTO is safer and owns a discharge voltage
of around 1.4V. LisTis012 shows its advantages of more reasonable cost
and higher energy efficiency. As SELL is an energy storage system family
that can widely use different substances as cathode materials and can be
enriched continuously, SELL-LTO also expands the family of SELL
members.

Therefore, our SELL-LTO batteries overcome the two main problems
of garnet solid electrolytes: low ionic conductivity when working at
room temperature and high interface impedance caused by solid-solid
contact. Moreover, most of the drawbacks of room-temperature Li
metal batteries, such as Li dendrite growth and side reactions between Li
metal and organic liquid electrolytes, do not exist in our cells. Hence, the
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Fig. 4. Rate performance and heat recovery test of the SELL-LTO cell. (a)
Specific capacity of the cathode as a function of cycle number at various C rates
(2.5C equals to a current density of 50 mA cm~2); (b) Voltage profiles of the
discharge/charge cycles at various C rates. (c) Freezing and thawing test of a
SELL-LTO cell.

cyclic stability of the Li anode in the SELL-LTO full cell is quite
promising.

3.5. Discussion on the application prospects of SELL-LTO

Although the SELL-LTO batteries operate at high temperatures
(280 °Q), requiring some equipment insulation, it is not a waste of en-
ergy when considering SELL-LTO for future large-scale energy storage.

Heat loss can be reduced by incorporating already available insu-
lation with promising insulation and very low thermal conductivity. A
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silica nanofiber mat that can be prepared in macro quantities and has an
extremely low thermal conductivity (0.026 W m™* K™!) has been
developed [57]. This material has been shown to prevent the diffusion of
heat significantly. When our SELL-LTO cells are used in combination
with this material, on the one hand, heat loss after the cell is heated up is
minimized. On the other hand, we can avoid the rapid heat transfer from
a single cell to the other cells in the event of thermal runaway to cause
catastrophic consequences. Furthermore, when SELL-LTO cells are used
on a large scale, the thermal management of the battery pack can reduce
the heat loss even less.

Future SELL-LTO large-scale energy storage fields should be built in
neighborhoods with low electricity costs and abundant industrial waste
heat. SELL-LTO focuses on the future needs of smart grid construction.
Regions with low electricity costs often possess industries that emit a
huge amount of waste heat. The waste heat will not only cause waste of
resources but also cause the area’s temperature to rise and thus affect the
local ecological environment. In China, low-temperature waste heat
below 300 °C accounts for more than 66% of the total waste heat [58].
The waste heat is suitable for the operation of SELL-LTO cells.

The construction of SELL-LTO cells is also cost-effective and econ-
omy friendly. Table 1 compares the production cost of different battery
systems based on the latest market offer. Compared with LiCoO2/Cg
battery and LiFePO4/Cg battery, the SELL-LTO battery is lower in cost
than LiCoO2/Cg battery, although slightly higher than LiFePO4/C¢ bat-
tery. Though lithium metal may be more expensive recently, in the long
run, the price of lithium metal will return to a rational and reasonable
range, which will be conducive to the promotion and large-scale use of
SELL system batteries. Compared to previous SELL batteries, SELL-LTO
also demonstrates no obvious shortage. Furthermore, the lithium
metal recycling technology we developed can also form a closed loop
with all kinds of batteries of the SELL system to reduce the overall cost.

In summary, even though our prototype battery currently requires a
laboratory muffle furnace, the insulation and safety of the battery can be
guaranteed in the future scenario of using it for large-scale energy
storage and smart grid. Its construction location will be in areas with low
electricity costs, industrial waste heat, and insulation materials. More-
over, the ingenuity of this design is that the exact match of its features
and its application scenario happens to be endogenous and natural.
Therefore, the insulation and heat consumption of SELL-LTO is an issue
that needs attention but will not affect its use in future application
scenarios.

4. Conclusions

In summary, we designed a novel SELL-LTO battery with Li4TisO12
cathode, LLZTO solid electrolyte, and a molten lithium anode with high
safety, higher energy efficiency, and remarkable rate capability. The full
cell delivered an average energy efficiency of 92% at a current density of
5 mA cm 2. LisTisO12 was first applied as a cathode material and at a
high temperature. The SELL-LTO expands the family members of SELL.
We propose that the cathode materials could expand to other electrode
materials with higher operating voltage and energy density, such as
LiCoO4 or LiFePO4. We anticipate our SELL-LTO battery will provide
new choices for energy storage systems and high-temperature power
sources.
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Table 1
Comparison of the production cost of different battery systems.
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