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ABSTRACT: Lithium containing metal sulfides, LiMeosTiosS2 (Me = Fe?*, Mn?*, and Mg?*) with cation-disordered rocksalt and
cation-ordered layered structure, are synthesized and tested as electrode materials for Li battery applications. The disordered
rocksalt sulfides show better electrode performance when compared with materials with the ordered layered structure,
which is a clearly different trend from lithium containing metal oxides. Nearly all Li ions are reversibly extracted with anionic
redox for rocksalt Li1-xMnosTiosSz2. Although electrode reversibility is not high because of relatively higher solubility to car-
bonate-based electrolyte solution, cyclability as electrode materials is effectively improved by the use of polymer-based solid

electrolyte.

To realize a fossil fuel free society, the market on electric vehi-
cles equipped with Li-ion batteries is rapidly growing through-
out the world. Ni-enriched layered oxides are currently used
for positive electrode materials of Li-ion batteries in electric
vehicles.1-3 The cost reduction of a positive electrode material,
which is the most expensive battery component for practical Li-
ion batteries,* is necessary to further decrease the cost of bat-
teries, leading to the further expansion of battery market. Sul-
fur has been extensively studied as a potential positive elec-
trode material for Li-ion batteries.> However, intrinsically low
electronic conductivity for sulfur requires relatively a lower
sulfur loading and higher fraction of carbon in the composite
electrode.6 In contrast, metal sulfides, e.g., TiSz, shows high
electrical conductivity, and used as highly reversible electrode
materials even without the addition of conductive carbon ma-
terials.” Nevertheless, electrode materials without Li ions in
the host structure, like TiSz, cannot be used as positive elec-
trode materials with graphite as negative electrode materials.
Li-containing sulfides with transition metal ions, e.g., Li2TiS3,89
Li1.33-2y/3Ti%+0.67-y/3F€2%)S2,10 and LizFeSz,1! were studied as po-
tential high-capacity positive electrode materials. However, re-
ports on Li-containing transition metal sulfides are limited. In
contrast, many sulfides with main group elements, e.g., Li3PSs,
Li1oGeP2S12, Li2SnS3 etc.,12 were reported and tested as ionic
conductors. These differences originate from the difference in
chemical stability for transition metal and main group ele-
ments with higher oxidation states coupled with reductive
characteristics of sulfide ions. For the case of oxides, LiMnO:
with trivalent transition metal ions are widely studied for bat-
tery applications.1314 However, Mn3+ are easily reduced by sul-
fide ions, and thus, synthesis of LiMnS: is expected to be diffi-
cult. Similarly, other late-transition metal ions, like Fe3+, Co3+,
and Ni3+, requires oxidative environment for stabilization.

Therefore, the synthesis of metal sulfides with these trivalent
transition metal ions would be challenging. A material design
concept is altered for sulfide-based electrode materials com-
pared with well-established metal oxides.15.16

In this study, Fe2* and Mn2* ions with Ti4* ions, which are
chemically stable as transition metal ions under reductive en-
vironment, are targeted as potential positive electrode materi-
als. As model electrode materials with sulfide ions,
LiFeo.sTio.5521718 and LiMnosTiosS2 are synthesized and its elec-
trochemical reversibility is examined in Li cells. For compari-
son, LiMgosTiosSz2 is also synthesized. Factors affecting elec-
trode reversibility for metal sulfides are discussed through the
comparison of electrode performance of these different elec-
trode materials with transition metal ions.

LiMeosTiosSz (Me = FeZ+, Mn2+, and Mg2*) were synthesized
from LizS, TiSz, and MeS (Me = Fe2*, Mn2+, and Mg?*) by me-
chanical ball milling. For instance, 0.188 g of Li2S (Sigma-Al-
drich) and 0.457 g of TiSz (Sigma-Aldrich), and 0.355 g of MnS
(Sigma-Aldrich) were mixed using a planetary ball mill
(PULVERISETTE 7; FRITSCH) with a ZrOz pot (45 mL) and balls
at 600 rpm for 12 h. The samples were handled in an Ar-filled
glove box to avoid the contact to moisture. Structural evolu-
tions of the samples by milling were studied using an X-ray
diffractometer (D2 PHASER, Bruker) equipped with a high-
speed one-dimensional detector. As shown in X-ray diffraction
(XRD) patterns (Figure 1), nanosized sulfides with a cation-
disordered rocksalt structure are synthesized by mechanical
ball milling. Low crystallinity phases, which consist of agglom-
erated nanosized particles, less than 10 nm, as expected from
peak widths for diffraction lines, are formed by mechanical
milling, which is also a common feature for the samples pre-
pared by high-energy mechanical milling.1319 The presence of
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Figure 1. XRD patterns and SEM images of as-prepared and
heat-treated LiMeosTio.sSz2 (Me = Fe2+, Mn?+, and Mg2+). Sche-
matic illustrations of crystal structures, which were drawn by
using the VESTA program,2? are also shown.

agglomerated nanosized particles is also confirmed by scan-
ning electron microscopy (SEM) observation as shown in Sup-
porting Figure S1a. The Brunauer-Emmett-Teller (BET) spe-
cific surface area was measured at 77 K on a micromeritics sur-
face area and porosity analyzer (BELSORP-MINI X; Microtrac
MRB). BET surface area were measured to be 15.4 m2 g-1 for
rocksalt LiMnosTiosS2 (Supporting Figure S1b). The agglom-
eration of nanosized particles is also supported from the rela-
tively small surface area for nanosized and rocksalt
LiMno.sTiosS2.21 These low crystallinity phases with the disor-
dered rocksalt structure synthesized by mechanical milling are
metastable phases, and therefore after heat-treatment in the
glove box at 500 °C for 3 h, all samples were changed into an a-
NaFeO:z-type layered structure. A minor impurity phase, which
is assigned into Li2TiOs, is also found for all layered phases. A
similar impurity phase was also reported in literature.®10 No
clear change in particle morphology by heating is observed
(Supporting Figure S1). The BET surface area is decreased to
2.0 m2g-1forlayered LiMnosTiosSz. Note that a thermodynam-
ically stable phase of LiMnosTios02 crystallizes into a rocksalt
structure.2? This fact suggests that a large gap in ionic radii be-
tween cationic and anionic sites for 3d transition metal sulfides
also energetically de-stabilizes disordered rocksalt structure,
and thus the non-isotropic structure is formed to compensate
the large size gap for both cationic and anionic sites through
the structural distortion along c-axis direction.

Galvanostatic charge/discharge curves of LiMeosTio.sSz2 (Me
= Fe2+, Mn?+, and Mg?*) before and after heat treatment are
compared in Figure 2. Composite positive electrodes com-
prised of 80 wt% LiMeo.sTio.sSz2, 10 wt% acetylene black, and 10
wt% polyvinylidene fluoride (KF 1100; Kureha Co. Ltd.) were
dispersed in N-methylpyrrolidone and pasted on aluminum foil
as a current collector. The electrodes were dried at 120 °C for
2 h in vacuum. Metallic lithium (Honjo Metal Co. Ltd.) was used
as a negative electrode. The electrolyte solution used was 1.0
mol dm-3 LiPF¢ dissolved in ethylene carbonate/dimethyl car-
bonate (3:7 by volume, battery grade; Kishida Chemical Co.
Ltd.). Two-electrode cells (T]-AC; Tomcell Japan) were assem-
bled in the Ar-filled glovebox. Rocksalt LiFeosTiosS2z and
LiMnosTiosSz2 deliver large reversible capacities, 240 - 250 mA
h g-1, and these experimentally observed reversible capacities
nearly correspond to the theoretical capacity. Selected charge
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Figure 2. Galvanostatic charge/discharge curves of as-pre-
pared and heat-treated LiMeosTiosSz (Me = Fe?*, Mn2+, and
Mg?+) at a rate of 10 mA g-! at room temperature. Dotted lines
are guide for the eye. The highest discharge capacity above 2.0
V is obtained for rocksalt LiMnosTiosSz. Mass loading of metal
sulfides ranges from 2.8 - 3.3 mg cm-2, corresponding to den-
sity 0f 0.33 - 0.53 g cm-3.

/discharge curves and capacity retention of both electrodes for
20 cycles is also shown in Supporting Figure S2a and b.
Nearly 70% of reversible capacity is lost after 20 cycles, and in-
ferior capacity retention originates from relatively higher solu-
bility of sulfide-based electrode materials into carbonate-based
electrolyte (Also see the result of dissolution test?3 for fully
charged Li1-xMnosTiosSz in Supporting Figure S2c), which is
also discussed in the later section. In contrast to the results for
the samples with Fe and Mn ions, LiMgo.sTio.sSz shows a smaller
reversible capacity as electrode materials. Larger polarization
on an initial charge curve is also noted. The increase in the im-
pedance is also noted as shown in Supporting Figure S3a.
Smaller impedance of a first semi-circle, which is influenced by
the through-plane resistance of composite electrodes,?* is
noted for rocksalt LiMnosTiosS2. Because ionic conduction
paths are identical for Lii-xMeosTiosSz2 (Me = Fe2+, Mn2+, and
Mg?+), the inferior electrode performance for LiMgosTiosSz is
expected to originate from the decreasing electronic conductiv-
ity of active materials by the substitution of Mg2* ions without
conductive electrons. Note that electrode reversibility is fur-
ther reduced by heat treatment. Layered LiMgosTiosSz is re-
garded as electrochemically inactive. Similar to this study, it
has been reported that rocksalt and low crystallinity Li>TiSs is
electrochemically active,?5 but crystalline and layered Li2TiS3 is
electrochemically inactive.?10 TiSz, FeS, and MnS are good elec-
tronic conductors whereas Li2S and MgS without transition
metal ions are not good conductors. For materials with the
rocksalt structure, S-shaped voltage profiles are observed and
the voltage slope is larger compared with layered materials,
which is triggered by structural disordering with differentlocal
environments for cationic and anionic species.2¢ This fact also
suggests that transition metal d and sulfur p bands would be
broadened and thus would contribute the enhancement of elec-
tronic conductivity. The presence of structural defects would
also contribute better conductivity for the sample with the na-
nosized rocksalt structure. Indeed, much smaller impedance is
noted for rocksalt LiMnosTiosS2z compared with layered
LiMno.sTiosS2 (Supporting Figure S3b). These differences for
cationic species (with or without d-electron orbitals) and crys-
tal structures (order or disordered structures) influence elec-
trode performance of sulfide-based electrode materials. The



larger surface area for rocksalt sulfides is also expected to in-
fluence the electrode reversibility. However, the improvement
of electrode kinetics for layered LiMnosTiosSz is not evidenced
by the operation at the elevated temperature (Supporting Fig-
ure S4).

Reaction mechanisms have been further studied by ex-situ
synchrotron XRD study. Figure 3a shows changes in synchro-
tron XRD patterns of rocksalt Li1-xMno.sTio.sSz2. After full extrac-
tion of Li ions, a small change in unit cell volume (< 1%) with-
out phase transitions is evidenced. In addition, lowering crys-
tallinity after delithiation is not observed. This finding is in
contrast to the observation for rocksalt Li2TiS3, in which the
significant reduction of crystallinity and amorphous phase for-
mation are evidenced after full delithiation.25> Note that a peak
shift to lower diffraction angle and the reduction of unit cell
volume is observed for Lii-xFeosTiosSz and Lii-xMgo.sTiosS2
(Supporting Figure S5 and S6). Such small volume change is
only found for Li1-xMnosTiosS2z among three samples.

To further examine charge compensation mechanisms,
hard X-ray absorption (XAS) spectroscopy at Mn K-edge is ap-
plied for Lii-xMnosTiosS2 (Figure 3b). No change is found in
absorption energy position on de-lithiation/re-lithiation. A mi-
nor change around the absorption peak top at 6547 eV for fully
charged sample, and such change in an XAS profile is known to
originate from changes in local environments for transition
metal ions associated with Li extraction.2? Note that similar re-
sults are found for Li1xMnosTiosSz as shown in Supporting
Figure S5. This finding suggests that Mn ion is not responsible
for charge compensation, and activation of anionic redox is ex-
pected. Soft X-ray photoelectron spectroscopy (SOXPES) was
used to measure electronic structures for S ions on electro-
chemical cycles. For SOXPES measurement, Quantera SXM
(ULVAC-PHI) equipped with an Al-Ka X-ray source (1486.6 eV)
was used. SOXPES spectra of LiMnosTiosSz2 before and after
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Figure 3. (a) Structural evolution of rocksalt Li1-xMnosTiosSz2
measured by ex-situ XRD study. (b) Changes in Mn K-edge XAS
spectra of rocksalt Lii-xMnosTiosSz, the data of MnO and
LiMnOz are also plotted in the inset, and SOXPES spectra of the
same samples are also shown in (c).
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charge are shown in Figure 3c. A peak from sulfide ions is
found at 161 eV, which is clearly weakened after charge. In-
stead, new peaks appear above 162 eV, which would be as-
signed as new chemical species formed by oxidation of sulfide
ions. Similar finding is observed by SOXPES study for Lii.2s-
xTi0.75S2.9 These results indicate that pure anionic redox is ef-
fectively used for charge compensation. Further studies of the
origin of new peaks observed by SOXPES are in progress in our
group, and the results will be reported elsewhere.

Higher solubility of metal sulfides hinders its use for practi-
cal applications with aprotic electrolyte solution. Therefore,
LiMno.sTiosS2 with the rocksalt structure was tested with solid
polymer electrolyte without solvent.28 To prepare the solid
polymer electrolyte membrane, poly(ethylene oxide) (PEO)
(Wako Chemicals, Mw: 3,600,000-4,000,000) and lithium
bis(trifluoromethanesulfonyl)amide (LiTFSA) (Wako Chemi-
cals) with a molar ratio of 15:1 are mixed in an agate mortar for
15 min in the glove box filled with argon. The obtained rough
sheet film is placed between stainless steel plates. Then, the
sheet was hot-pressed?8 at 100 °C for 60 min under 20 kN pres-
sure. The mixture consisted of 70 wt% LiMnosTiosS2, 6 wt%
poly(vinylidene fluoride), 6 wt% poly(ethylene oxide), 8 wt%
lithium bis(trifluoromethanesulfonyl)imide, 10 wt% acetylene
black, was mixed with NMP, and casted on Al foil used as cur-
rent collector. After drying of casted composite layer, the mem-
brane and composite layer were hot-pressed at 50 °C under the
pressure of 5 kN for 5 min to make the better interface. Then,
lithium foil (100 um thickness) is attached on the membrane in
the Ar-filled glove box. Finally, a solid-state polymer cell, Li |
PEO/LiTFSA membrane | LiMnosTiosS2 composite layer, were
assembled as shown in Figure 4a. Charge/discharge curves of
LiMnosTio.sS2 with polymer electrolyte are shown in Figure 4b.
The cells with polymer electrolyte without solvent deliver
larger reversible capacities of 250 and 230 mA h g-1at 10 and
30 mA g-1, respectively. Similar reversible capacities are ob-
tained with the cell with carbonate-based electrolyte solution
(Figure 2). Moreover, much improved reversibility is achieved
as shown in Figure 4c because of the suppression of dissolu-
tion of sulfide-based electrode materials.
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Figure 4. (a) A schematic illustration of a solid-state polymer
cell used in this study. Mass loading of rocksalt LiMno.sTio.5S2
ranges from 2.4 to 2.7 mg/cm2. (b) Galvanostatic charge/dis-
charge curves of Li1-xMno.sTio.sSz with polymer electrolyte at 50
oC, and capacity retention of the polymer cell compared with
the result with carbonate-based electrolyte solution is shown

().

In this study, LiMeosTio.sS2 (Me = Fe2+, Mn2+, and Mg?+) are
synthesized and evaluated as positive electrode materials for




Li-ion batteries. Electrode reversibility of metal sulfides is sig-
nificantly influenced by the presence of transition metal ions
associated with electronic conductivity, and metal sulfides with
the disordered structure shows better performance as elec-
trode materials. Although metal sulfides suffer from the degra-
dation of cyclability because of higher solubility to carbonate-
based electrolyte solution, electrode reversibility with anionic
redox is effectively improved by the use of polymer-based solid
electrolyte. Comparative study of metal sulfides with oxides
contributes further development of lithium insertion materials,
leading to the further development of Li-ion batteries with
higher energy density with reversible anionic redox.
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