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Stable battery operation of a bulk-type all-solid-state lithium-sulfur battery was demonstrated by
using a LiBH, electrolyte. The electrochemical activity of insulating elemental sulfur as the posi-
tive electrode was enhanced by the mutual dispersion of elemental sulfur and carbon in the com-
posite powders. Subsequently, a tight interface between the sulfur-carbon composite and the LiBH,
powders was manifested only by cold-pressing owing to the highly deformable nature of the LiBH,
electrolyte. The high reducing ability of LiBH, allows using the use of a Li negative electrode that
enhances the energy density. The results demonstrate the interface modification of insulating sulfur
and the architecture of an all-solid-state Li-S battery configuration with high energy density.
© 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4893666]

Lithium-sulfur (Li-S) rechargeable batteries are expected
to act as next generation energy reservoirs for large-scale
applications including vehicles and stationary uses. The elec-
trochemical reaction of the S/Li redox couple, 2Lit+2e +S
= Li,S, has high capacity (1672 mA h g~ at an average re-
dox potential of 2.2V vs. Li/Li"), resulting in a high energy
density (~2600 W h kg~ " versus ~400 W h kg~ for a com-
mercial LiCoO,/C cell).'™

A major technological challenge in assembling Li-S
rechargeable batteries is developing the electrolytes that
ensure stable operation and enhance the sulfur utilization ra-
tio."™ Among the liquid electrolytes, though ethers are con-
sidered as possible candidate solvents, they readily solubilize
the reduced products, i.e., the lithium polysulfides.” Such dis-
solution of lithium polysulfides accelerates loss of the active
materials, redox shuttling (which lowers the coulombic effi-
ciency), and corrosion of the Li negative electrode. All of
these processes destabilize the battery operation.'™ Another
candidate for the liquid electrolyte is room temperature ionic
liquids (RTILs).®'? Although lithium polysulfides are rela-
tively insoluble in RTILs, the power density and sulfur utili-
zation ratio are both limited by the slow Li ion diffusivity in
these liquids.'""'*'* Hence, electrolytes that prevent the disso-
lution of lithium polysulfides into the electrolyte while ensur-
ing high Li-ionic conductivity are urgently required.

Recognizing that these criteria are fulfilled by sulfide-
based solid electrolytes, researchers have recently assembled
stable bulk-type all-solid-state Li-S batteries.">™'® Sulfide-
based solid-state electrolytes generally require Li alloy nega-
tive electrodes with higher potential than the Li negative
electrode (e.g., the potentials of Liln and LizgAlgg are 0.62
and 0.38 'V, respectively, vs. Li/Li" at 297 K). Use of such
alloy negative electrodes lowers cell voltage, and thereby
compromising the energy density. Therefore, the success of
the bulk-type all-solid-state Li-S batteries relies on
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developing solid-state electrolytes that not only possess high
Li-ionic conductivity but are also electrochemically compati-
ble with the Li negative electrode.

Complex hydride-based fast Li-ionic conductors, typi-
cally the high-temperature phase of LiBH, (S.G.: P6ymc),°
may overcome the aforementioned technological issues.*!
Above 390K, the Li-ionic conductivity of LiBH, exceeds
2x 107> S em'. This high conductivity is accompanied by
a structural transition from orthorhombic to hexagonal sys-
tems at elevated temperatures.”>** The fast Li-ionic conduc-
tion is realized by intrinsically induced mobile ionic defects,
and subsequent Li-site percolation with low activation
energy for Li migration.”*® The strong reducing ability of
the materials confers high electrochemical compatibility to
the Li negative electrode.?'* The complex hydrides possess
attractive mechanical properties that assist the rechargeable
battery assemblies. The highly deformable nature of the
complex hydrides enables compact preparation approaching
the theoretical density. A tight interface between the active
materials and electrolyte particles can be realized merely by
uniaxial pressing at room temperature. The close attachment
between the active material and the electrolyte phases estab-
lishes an interface that allows charge transfer three-
dimensionally in the composite electrodes, enhancing the
positive electrode utilization ratio.>' Therefore, complex
hydride electrolytes are valuable components of the bulk-
type all-solid-state Li-S battery assembly.

In this work, we report the development of a bulk-type
all-solid-state Li-S rechargeable battery using the fast Li-ion
conducting LiBH, electrolyte. Because the interface among
the sulfur, conductive additive, and LiBH, allows charge
transfer three-dimensionally in the composite positive elec-
trode, the battery achieves a stable discharge-charge cycle
performance with a high sulfur utilization ratio. The energy
density of the battery is enhanced by the high electrochemi-
cal compatibility of the LiBH, electrolyte to the Li negative
electrode.
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The insulating elemental sulfur must be effectively dis-
persed along the conductive additive surfaces to improve its
electrochemical activity.'™ In this study, we prepared S-C
composites by the high-energy mechanical ball milling pro-
cess.'” " The conductive additives were Ketjen Black (KB),
activated carbon, Maxsorb®, and a KB-Maxsorb® mixture
(1:1 in wt.).”’ Being more electronically conductive than
Maxsorb, KB increases the electronic conductivity of the
composite. In contrast, Maxsorb has a larger specific surface
area than KB, and it increases the concentration of the
sulfur-Maxsorb interface. The mixed conductive additive is
expected to enhance both the S-C interface concentration
and the electronic conductivity, thus enhancing the electro-
chemical activity of the insulating elemental sulfur.

To examine the microstructure of the S-C composite
powder as a result of the high-energy mechanical ball milling
at 400rpm for 20h, a S-KB-Maxsorb/LiBH, compact was
prepared by cold pressing at 240 MPa. Subsequently, the
cross-section was prepared by using a focused ion beam with
a Ga-ion radiation. Figure 1 shows the cross-sectional
images of the S-KB-Maxsorb/LiBH, compact observed by a
field emission scanning electron microscopy (FE-SEM) and
bright-field scanning transmission electron microscopy (BF-
STEM). Carbon and sulfur distributions were also analyzed
by an energy dispersive X-ray spectrometer (EDS).?” The
figure confirms the dispersal of sulfur and carbon in the pow-
dered S-C composite. The Brunauer-Emmett-Teller (BET)
specific surface areas, Sggt, of the S-C powdered products
were analyzed from nitrogen adsorption-desorption iso-
therms obtained at 77 K. Syt was below 1 m’ g71 regardless
of the conductive additive species (3083 m? g ! 2126 m?
gfl, and 1345 m? g7l for Maxsorb, KB-Maxsorb, and KB,
respectively), suggesting that carbon particles are essentially
confined within the powder products. As a result of high and
mutual dispersion of carbon and sulfur inside the powders, a
large area of the S-C interface was exposed to the particle
surfaces. The microstructure is advantageous in that it facili-
tates the development of an interface that allows the smooth
charge transfer with the LiBH, electrolyte.

Although the S-KB-Maxsorb/LiBH, compact was pre-
pared by cold pressing, the deformable S-C and LiBH, par-
ticles ensured that the S-KB-Maxsorb composite and LiBH,
phases were closely attached in the S-KB-Maxsorb/LiBH,
layer as shown in Figs. 1(a) and 1(b). Although annealing at
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the battery operating temperature, i.e., 393K, for 3h in an
Ar-filled environment introduced small morphological
changes in the S-KB-Maxsorb/LiBH, composite positive
electrode, the concentration of the interface between S-KB-
Maxsorb and LiBH, remain high as displayed in Figs. 1(e)
and 1(f). The high mutual dispersion of the mixed KB and
Maxsorb conductive additive and the subsequent introduc-
tion of the LiBH, phase were responsible for the formation
of an interface that allows smooth charge transfer in the
composite positive electrode. Microstructural changes of the
S-KBMaxsorb/LiBH, compact accompanied by gas desorp-
tion was limited to the beginning of the annealing.”’
Therefore, the composite positive electrode microstructure
achieved a stable bulk-type all-solid-state Li-S rechargeable
battery at 393 K.

Figure 2(a) shows typical discharge-charge profiles of
the S-KB-Maxsorb/LiBH, | LiBH, | Li rechargeable cells
operated at 0.05C (corresponding to a current density of
~250 nA cm™?). The initial discharge capacity was 1140
mA h g~ (70% sulfur utilization ratio), exceeding that of
the S-KB/LiBH, | LiBH, | Li cell (950 mA h g~ ' operated at
a lower C-rate, 0.02C).>” The S-Maxsorb/LiBH, | LiBH, |
Li rechargeable cell exhibited a lower sulfur utilization ratio
and reduced cycle life even though the microstructure of the
S-Maxsorb powder was very similar to that of the other S-C
powders.”” The poorer performance of the cell using
Maxsorb as a conductive additive is attributed to the low
electronic conductivity of Maxsorb. The mixed KB and
Maxsorb conductive additive increased both the interface
concentration and the electronic conductivity. Hence, a high
sulfur utilization ratio was realized owing to the enhanced
electrochemical activity of the S-C powder product. Figure
2(b) shows the discharge capacity and the coulombic effi-
ciency as a function of cycle numbers. The 45th discharge
capacity remains as high as 730 mA h g~ with nearly 100%
coulombic efficiency over the discharge-charge cycles. The
results suggest that our composite positive electrode realized
the stable interface formation among the elemental sulfur,
mixed conductive additive, and LiBH, without any side reac-
tions during the battery operation.

Our bulk-type all-solid-state cell also exhibited notable
high-rate performance. Figure 3 shows the discharge profiles
at 0.05-1 C for discharge. Even at the higher discharge rate
of 0.5C (corresponding to 2.5mA cm 2), our bulk-type

FIG. 1. Cross-sectional (a) FE-SEM
and (b) BF-STEM images, and element
distributions of (c) carbon and (d) sul-
fur in the as-prepared S-KB-Maxsorb/
LiBH; compact. Cross-sectional (e)
FE-SEM and (f) BF-STEM images of
the S-KB-Maxsorb/LiBH, compact af-
ter annealing at 393 K for 2h in an Ar-
filled environment.
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all-solid-state Li-S battery retained a discharge capacity of
630 mA h g~ '. The energy density of our battery was calcu-
lated to be 1110 W h kg~ ' on the basis of the relationship
between the voltage and the discharge capacity. It should be
noted that both a high sulfur utilization ratio and high volt-
age by the use of the Li negative electrode are responsible
for enhancing the energy density of the rechargeable battery.
The discharge capacities were always smaller than their the-
oretical values (1672 mA h g '), and they monotonically
decreased with increasing discharge rate. This implies that
slow electrochemical reduction is the rate-limiting process,
especially at the end of the discharge where Li,S is formed,
as observed in the non-aqueous systems.”**'? Currently,
we are systematically investigating the high-rate perform-
ance with an asymmetric operations for charge and dis-
charge. As a result, the electrochemical oxidation of Li,S
was found to be slower than the electrochemical reduction of
S (data not shown). On the basis of this finding, we are fur-
ther optimizing the composite positive electrode structure
and the composition that will further enhance energy and
power densities.

In summary, we have demonstrated the stable battery
operation of a bulk-type all-solid-state Li-S rechargeable bat-
tery using a LiBH, electrolyte and a Li negative electrode.
The energy density and cycle life were enhanced by high-
energy mechanical ball milling, which properly disperses the
elemental sulfur and the mixed conductive additives, KB and
Maxsorb. Equally important is the high deformability of the
complex hydrides, which ensures a tight interface between
the S-C and LiBH, phases. These result in the formation of
the high concentration of the stable interface that allows
smooth charge transfer three-dimensionally across the

composite positive electrode layer among the sulfur, mixed
conductive additive, and LiBH,4. By incorporating the com-
plex hydride-based solid-state electrolytes in the bulk-type
all-solid-state Li-S battery, we realized a battery design that
will ensure a high energy density. Use of complex hydride-
based solid-state electrolytes that exhibit the fast Li-ionic
conduction at reduced temperatures, namely, LiBH4-LiNH,-
Lil,**?° LiRE(BH,);Cl (RE=Ce, La, and Gd),’**' and
LisAlH,,>* would be beneficial to lower the battery operating
temperature. Based on the proposed device concept, the use
of complex hydrides that allow fast ionic conduction of
abundant and cost-effective species, such as Na**% and
Mg,*® are also expected to become integrated into high
energy density rechargeable batteries.
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