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In the context of efforts to develop at the same time high energy density cathode materials for lithium-ion bat-
teries with low content of critical elements such as cobalt and new cell chemistries for all-solid-state batteries, a
novel family of lithium-rich layered sulfides (Li[Li;Ti;.{]S2, 0 < t < 0.33) belonging to the LiTiSy — Li»TiSg system
was investigated as intercalation materials. These sulfides, in which both cations and anions are involved in the

redox process, display common features with isotype Li-rich layered oxides (Li[LixM; x]O2, M = Mn, Ni, Co, ...). In
a particular composition range, they exhibit high electrochemical performance with a reversible capacity and an
energy density exceeding respectively 265 mAh-g? and 600 Wh-kg !, a very low irreversible capacity in the first
cycle, fast activation and a limited voltage decay. Their operation potential within the electrochemical stability
window of sulfide-based fast ionic conductors makes them promising cathode materials for all-solid-state lithium

and Li-ion batteries.

1. Introduction

While the size and quantity of lithium-ion batteries continue to
expand to meet the demand of a rapidly growing electrified vehicle
market, it is more necessary than ever to design new generation of
lithium batteries that do not contain critical raw materials and that are
intrinsically safe. An illustration of the first issue is the continuous effort
made to reduce the cobalt content of the layered cathode materials, due
to the high cost and the uncertain availability of the latter [1]. It is a
reason why, together with a means to reach higher specific energies, NCA
(LiNiOBCOO.]sA]0.0st) and NMC-111 (LiNi]/gMn1/3C01/302) materials
have been primarily used in place of LiCoO- in cells for automotive ap-
plications, and NMC-622 and possibly NMC-811 will probably replace
them in turn [2]. As for batteries with intrinsic safety, all-solid-state
electrochemical cells, in which the classical liquid electrolyte is
substituted by a non-flammable and physically stable solid Li* ionic

conductor, are now considered as the Holy Grail. In this context,
sulfide-based inorganic ionic conductors appear as a key component of
future all-solid-state batteries owing to their particularly high ionic
conductivity at room temperature (up to 25.10% S cm? for
Li9.54si1.74P1_44S]1_7Clo_3) [3,4], their low density (~2 g cm'3), their
ductility [5] and finally the possible absence of critical elements. The
thermodynamic anodic stability limit of these electrolytes has been
estimated by ab initio calculations not to exceed 2.5 V/Li"/Li [6], but the
practical one is found experimentally to reach up to 2.8-3.0 V/Li* /Li [7].
The limited stability remains an issue that can be possibly circumvented
either by the interposition of a thin layer of a stable Li* conducting and
electronically insulating oxide such as LiNbO3 when using conventional
’4 V* layered oxide cathodes [8], or by introducing alternative cathode
materials operating in the stability window and capable of delivering a
very high specific capacity to compensate for the impact of a lower
operating voltage on the energy density of the cell.

* Corresponding author. CEA, LETI, Minatec Campus, 17 rue des Martyrs, F-38054, Grenoble, France.

** Corresponding author.
*** Corresponding author.

E-mail addresses: claude-henri.Delmas@icmcb.cnrs.fr (C. Delmas), brigitte.pecquenard@icmcb.cnrs.fr (B. Pecquenard), frederic.lecras@cea.fr (F. Le Cras).

1 Present address: CEA, LITEN, 17 rue des Martyrs, F-38054, Grenoble, France.


mailto:claude-henri.Delmas@icmcb.cnrs.fr
mailto:brigitte.pecquenard@icmcb.cnrs.fr
mailto:frederic.lecras@cea.fr

In this context, we report on a new family of lithium-rich layered
sulfide (Li[LiTi;]S2, 0 < t < 0.33) positive electrode materials that
forms a solid solution over a large compositional range in the
LiTiSo-LiyTiS3 system, and that exhibits electrochemical behavior com-
parable to the one observed for layered Li-rich oxides, i.e. the presence of
an initial ‘high voltage’ plateau and a large reversible capacity upon
cycling [9]. The theoretical capacity of these Co- and Ni-free materials
which are found to operate at ~2.5 V vs Lit/Li, is up to 339 mAh.g"!
(LigTiS3). Their theoretical specific energy is therefore of about 810
Wh.kg?, that is higher than the specific energy targeted for NMC-811
materials (750 Wh.kg"l) [2]. They contain exclusively titanium as tran-
sition metal, which is abundant and which price is intermediate between
the one of manganese and nickel. Besides, in so far as these compounds
containing a single transition metal can be considered as a simplified
system, a likely mechanism for lithium intercalation/deintercalation
involving cation- and anion-based electrochemical processes can be
proposed.

LiTiSs and the new crystalline Li,;TiS3 are thus the end-members of
this series of materials. LiTiS, was intensively studied in the late 1970’s
and early 1980’s during the early chapters of Li batteries’ history. It is the
final product of the intercalation of lithium in TiS; [10-12]. LiTiS; has a
1T type structure (in the reference system used at that time [13]),
equivalent to the O1 structure in the general structural designation now
used for oxides [14]. It can be synthesized either by lithium intercalation
in TiSy (electrochemical or chemical) at room temperature or by solid
state reaction at high temperature. Note that a high temperature form,
having the same 3R (03) structure than LiMO, layered oxides, is meta-
stable below 500 °C [15,16]. Regarding Li»TiS3, only a limited number of
A,MS; layered compounds are been reported in the literature, and within
these known examples, only a few exhibit AM; honeycomb type ordering
in the [AM3]S, slabs: LisSnS3 [17], NayZrSs [18], LioUS3 and NayUSs
[19]. Besides, reversible electrochemical delithiation/lithiation was
recently highlighted both in rock-salt type cubic (Fm-3m) Li,TiS3 pre-
pared by mechanochemical synthesis [20] and in amorphous lithium
titanium oxysulfides obtained by sputtering of a Li-Ti-S target [21,22].
In both cases, it was possible to electrochemically extract nearly all the
lithium contained in the material during the first charge at around 2.6 V
vs Lit/Li.

2. Methods
2.1. Material syntheses

End-members of the material series were prepared at first from TiSy
(Aldrich, 99.9%). LiTiS, was synthesized by chemical lithiation of TiS, at
room temperature [12]. The latter was carried out in an anhydrous
hexane medium using n-butyllithium (Sigma Aldrich, 1.6 M in hexane)
added dropwise and TiS, (Sigma-Aldrich, 99.9%) in a 1.5:1 M ratio. After
5 days of reaction at 50 °C under stirring, the resulting LiTiSy; powder
was filtered, rinsed with fresh dry hexane in an argon filled glovebox and
then dried at 120 °C under vacuum for 24 h. Li»TiS; was synthesized by
solid state reaction of stoichiometric amounts of TiS; and Li5S. Precursors
were ground and pelletized under argon. TiSy/Li,S pellets were placed in
a glassy carbon crucible, introduced in an argon-evacuated silica
ampoule, then annealed at 800 °C during 48 h and finally cooled to room
temperature at -2 °C-min’. Finally, Li[LiTi;.¢]S2 samples with interme-
diate compositions (t = 0.04, 0.08, 0.17, 0.20, 0.25, 0.29) were prepared
in a similar way by solid state reaction of stoichiometric amounts of
LiTiS; and LiyTiSs precursors: yLiTiSs.(1-y)Li2TiSs, y=(1-3t)/(1-t).

2.2. Structural characterizations

High-resolution synchrotron powder diffraction (HR-SPD) measure-
ments were performed at room temperature in a transmission capillary
mode using an incident beam energy of 30 keV (A ~ 0.41 A) over the
range 0.5-50° in 26, at beamline 11-BM of the Advanced Photon Source

(APS).

Analysis of the HR-SPD by the Rietveld method was performed using
the TOPAS software package. The background was fit by a Chebyshev
polynomial function. Peak profiles were fitted by the Fundamental
Parameter (FP) approach using an instrument resolution function
established from a standard LaBg reference sample. Peak broadening
from the sample was described by combined double-Voigt Lorentzian
term for crystallite size and Gaussian term for strain effects. In the
standard Rietveld analysis, lattice parameters, non-special atom posi-
tions, and isotropic atom site displacement values were refined. The
impact of stacking slab defects in the LiyTiS3 structural model was also
analyzed by the TOPAS software package (version 6).

Laboratory XRD measurements were realized with a PANalytical
X’Pert 3 diffractometer using Cu Ka wavelength equipped with a capil-
lary spinner and operating at 40 mA/45 kV. The powder samples were
sieved (40 pm) and sealed under argon in 0.3 mm diameter glass capil-
laries. XRD data analysis for structural characterizations was realized
using the FullProf program [23].

HR-STEM images were recorded using a FEI Titan Ultimate micro-
scope equipped with a monochromator and double spherical aberration
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Fig. 1. Rietveld refinement fit profiles of high-resolution synchrotron powder
diffraction data (A ~ 0.41 A) for Li,TiS3. a, Traditional Rietveld fit using a
standard C2/m model (R,;, ~ 29%). b, Refined Li,TiS3 structural model incor-
porating stacking defects showing improved agreement with the measured data
(Ryp ~ 24%). The square root y-axis scale highlights weak intensity peaks. The
improved fit of the stacking defect model is more apparent in the zoomed 20
region for each fit (plot insets). Plots show measured data (red points), calcu-
lated profile (black line), difference curve (blue line) and hkl phase tick marks
for Li,TiS3 (green ticks) and a minor (<2 wt%) impurity phase of Li,TiO3 (or-
ange ticks, and orange arrows in plot insets). (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the Web version of
this article.)



correctors (Cs) for both the probe-forming and the image-forming lenses.
The microscope was operating at an accelerating voltage of 200 kV using
a 20 mrad convergence semi-angle. STEM images were collected using a
high-angle annular dark field (HAADF) detector in Z contrast conditions.

XPS measurements were carried out by a Thermo Scientific K-Alpha
X-ray photoelectron spectrometer, using a focused monochromatized Al
Ka radiation (hv = 1486.6 eV). The XPS spectrometer was directly con-
nected to a glove box under argon atmosphere in order to avoid mois-
ture/air exposure of the samples. For the Ag 3d5/2 line, the full width at
half-maximum (FWHM) was 0.50 eV under the recording conditions. The
X-ray spot size was 400 pm. Peaks were recorded with constant pass
energy of 20 eV. The pressure in the analysis chamber was less than 210
8 pa. Short acquisition time spectra were recorded at the beginning and at
the end of each experiment to check that the samples did not suffer from
degradation during the measurements. Peak assignments were made
with respect to reference compounds analyzed in the same conditions.
The binding energy scale was calibrated from the hydrocarbon contam-
ination using the C 1s peak at 285.0 eV. Core peaks were analyzed using a
nonlinear Shirley-type background. The peak positions and areas were
optimized by a weighted least-squares fitting method using 70%
Gaussian and 30% Lorentzian line shapes. Quantification was performed
on the basis of Scofield’s relative sensitivity factors. For each sample,
several XPS analyses were performed at different positions to make the
results statistically reliable.

2.3. Electrochemical measurements

Electrode discs (14 mm diameter, loading 10 mg cm2) containing Li
[Li;Ti;.t]S2 80 %wt, carbon black 7.5 %wt, graphite (KS6, Timcal) 7.5 %
wt and PTFE binder 5 %wt were prepared in a glove box under argon
(H20, O3 < 1 ppm) using a solvent-free process. Button cells were
assembled using a lithium foil (Chemetall, battery grade) as the negative
electrode, a polypropylene non-woven (Viledon, Freudenberg), a
microporous polypropylene membrane (Celgard 3200) as separators and
the Li[Li(Ti;.¢JS2 based positive electrode. The electrolyte used was
composed of 1 M LiTFSI dissolved in a solution of TEGDME and dioxo-
lane in a 1:1 ratio. As a consequence of its limited anodic stability, the
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maximum voltage applied to the positive electrode was limited to 3 V vs
Li*/Li. Galvanostatic measurements were performed at 25 °C using a
VMP3 galvanostat-potentiostat (Bio-Logic Science Instruments) at a fixed
current rate corresponding to a C/50 rate.

3. Results and discussion
3.1. Synthesis and structural characterization

Analysis of synchrotron powder X-ray diffraction (SP-XRD) data of
the Li»S:TiS; sample annealed at 800 °C, shown in Fig. 1a, reveals that a
highly ordered Li»TiS3 phase has been obtained for the first time. Li;TiS3
exhibits an O3 type layered structure made of [Li; 3Tiz/3]1Sy slabs con-
taining edge-sharing MSe octahedra (M = Ti, Li) and interslab octahedral
sites exclusively occupied by Li* ions. Similarly to Li,MnQs3, well-defined
superstructure diffraction peaks are observed and originate from Li/Ti
honeycomb-like ordering in the [Li; 3Tis/3]1S; slabs and an extensively
ordered stacking sequence between successive [Lij/3Tiz/3]S2 slabs.
Therefore, the full Li;TiS3 SP-XRD pattern is indexed in the monoclinic
system (C2/m space group) with the following cell parameters a =
6.1588(1) A, b = 10.6721(2) A, ¢ = 6.3254(1) A and p = 109.087(2)°
(density 3.48 g cm™). Rietveld refinement of the SP-XRD pattern
(Table S1), assuming the ideal packing, leads to a calculated profile of the
superstructure lines that is actually slightly different from the experi-
mental one, suggesting the presence of residual stacking defects in the
slab packing. Introduction of slab glidings in the model indeed leads to a
considerable improvement of the experimental fit as shown in Fig. 1b.

The lithiated phase obtained by chemical insertion of lithium in TiSy
with n-butyllithium displays a XRD pattern consistent with a pure O1
type LixTiSy material. The values of its hexagonal cell parameters, a =
3.457 A, ¢ = 6.188 A, finally confirm that a stoichiometry very close to
the target LiTiS, was achieved [11,12].

Using these end-members materials, solid-state reactions between
LiTiS, and Li,TiS3 were then carried out to successfully obtain a series of
pure Li-rich layered materials over the whole compositional range Li
[LiTi; ]Sz (0 < t < 0.33). The XRD patterns of the materials are
compared in Fig. 2a. For small t values (t ~ 0.04), two layered phases

Fig. 2. Structural features of the Li[Li;Ti;.
ISz series. (a) XRD patterns (Ac,) of the Li
[Li; (Ti; ]S materials (0 < t < 0.33), with a
zoom (inset) on O1-(101) and 03-(104)
peaks (20 range [32.7-36°]). * stands for

J}LL oxide impurities Li4TisO1 and Li;TiO3. (b)

. Lattice parameters for the series of materials.
e !Tjs (c¢) Structures and unit cells of O1-LiTiS, (P-
20 (CuKo) /* 3m1 space group), O3-Li[Li; (Ti;.(JS2 (R-3m

space group) and fully-ordered O3-Li,TiS3

b (C2/m space group). The unit cells are indi-
cated with red lines. TiS¢ octahedra and LiSg
< octahedra are respectively represented in
2 blue and yellow. (For interpretation of the
§ references to color in this figure legend, the
g reader is referred to the Web version of this

E‘ ) article.)
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Li[Li0.33TiO.67]SZ

with O1 and O3 structures coexist, while single-phase materials with the
03 structure form at higher t values. Superstructure peaks vanish rapidly
when t deviates from the ideal maximum value of 1/3. For example, only
the most intense of these peaks is still visible in conventional XRD pat-
terns for the composition t = 0.29 (Fig. S1a). For lower values of t (0.25,
0.20 and 0.17), the contribution of the latter appears within the corre-
sponding SP-XRD patterns (Fig. S1b) in the form of a broad background
bump at approximately the same d-spacing, thus reflecting a persistent
tendency to ordering within the [LiTi;.(]Sy slabs. Concurrently, the
tendency for ordering along the cpey. axis is considerably reduced by
intraslab disorder, which reduces the energetic favorability of ordered
slab stacking.

All intermediate phases Li[Li;Ti;]Sz (~0.08 < t < 0.33) were
indexed with a hexagonal cell (R-3m space group). The cell parameter
evolution follows Vegard’s law (Fig. 2b), revealing a solid solution
behavior. The corresponding structures of these materials are shown in
Fig. 2c. In the O1 type structure (LiTiSs), LiSg octahedra share faces with
TiSe octahedra of the TiSy slabs. Indeed, the strong covalence of the Ti-S
bonds, which decreases the charge borne by the titanium ions, minimizes
the electrostatic repulsion with the Li* ions and allows octahedra face
sharing. Conversely, partial substitution of titanium by lithium in LiTiSy,
leads to the formation of Ti** ions for charge compensation (Li
[Li* Ti**5Ti%"1.3(]S2). Their presence in the slab tends to destabilize the
face-sharing. This leads to the formation of O3 type sulfur packing con-
taining only edge-sharing octahedra. The existence of these two different
sulfur packing arrangements explains why a two-phase region is
observed for a very small excess of lithium. The increase of the ap,, cell
parameter with t (Fig. 2b), is a consequence of the larger size of Li"
compared to Ti** and Ti®". The interslab distance, related to the cpey cell
parameter, displays an abrupt change at the O1-03 transition resulting
from the disappearance of octahedra face-sharing. Subsequently, for
larger t values, the cpe, parameter displays a progressive decrease. The
cause for this trend is not clear but is probably related with the composite
character of the Li[Li;Ti;.{]So materials with intermediate compositions,
that are found to be an assembly of LiTiSy-like and LiTiSs-like nano-
domains. As a consequence of this composite assembly, the value
measured for the ¢ parameter appears as a weighted average of the two
contributions, and decreases linearly with t.

HAADF-STEM experiments were performed on two compositions,
LizTiS3 (1e Li[LiO.ggTio_67]Sz) and Li[LiO.sti0_75]Sz, to investigate the
effect of the Li:Ti ratio on the atomic arrangement (Fig. 3). High reso-
lution HAADF images recorded for the Li;TiS3 end-member reveal that
lithium and titanium are fully ordered within the [Li; /3Tiz/3]S2 slabs of
the typical honeycomb lattice usually observed for Li-rich layered oxides,
as demonstrated by the presence of two bright dots separated by a black
space which corresponds to a (Ti-Ti-Li) sequence (Fig. 3a). Honeycomb-
type ordering in the [Li;Ti;]Sy slabs of LisTiSs is indeed a consequence
of both the ideal 1/3 ratio for Li*/Ti*" ions and the difference in their

Fig. 3. Cation ordering in Li[Li;(Ti1.(]S>.
(a) HAADF-HRSTEM image of Li[Lig 33Tig.67]
So (LioTiS3). Ti atoms, which can be observed
as white doublets, reveal a clear Li/Ti
ordering in a ratio 1:2 (Li is not visible due to
its low atomic number). Stacking faults
(right) revealing that the crystal is built of
disoriented variants oriented along the [110]
5 [1-8,10,111, [100] directions. EDX mapping
‘ S analysis of the particle. (b) HAADF-HRSTEM
Partially ordered image of Li[Lig 25Tig 75]S2 with zooms (right)
on two different regions of the crystal
revealing various degree of cation ordering.

Disordered

ionic radii (Li* (0.74 10\), Ti** (0.60 ;\)). At the same time, as always
encountered within these materials and well described for Li,MnOs3 [24],
perfect long range ordering along the c axis is not observed. Stacking
faults are observed which result in variants separated by twinning planes
that are rotated by 2n/3 around the cpe, axis of the rhombohedral R-3m
cell. This observation is consistent with the analysis of the SP-XRD
pattern (Fig. 1). Note that these structural defects do not affect the sul-
fur packing, which remains ABCABC, but only concern the relative po-
sitions of the successive ordered [LiTis] layers. These planar defects are
responsible for the broadening of the superstructure diffraction lines in
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Fig. 4. XPS Ti2p and S2p spectra of pristine LiTiS,, Li[Lig 25Tip.75]S2 and Li
[Lig.33Tio.67]S2 materials. The S2p core peak displays one main doublet (%~ (b))
at 161.0-162.2 eV assigned to S?~ ions as in TiS, or TiS; reference compounds.
We also observe another doublet (S (a)) at lower binding energies, which also
corresponds to $2~ ions but with a more negative character (as in Li,S). We also
note the appearance in small proportion of polysulfides chains (Sy), sulfites and
sulfates, certainly due to the presence of oxygen traces at the top surface layer of
the material. The Ti2p core peak can be fitted with two or three doublets
depending on the material: a doublet attributed to Ti®* ions (454.8-460.8 eV), a
doublet (Ti**(b)) assigned to Ti** in a sulfur environment as in TiS, or TiS3 and
an additional doublet (Ti*"(a)) at intermediate binding energies assigned to
Ti*" in a mixed oxygen-sulfur environment.
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the powder SP-XRD pattern. For compositions in the solid solution with t
< 0.33, some smaller titanium ions are necessarily located in the Li site of
the ideal honeycomb lattice and therefore should prevent ideal ordering.
HAADF-STEM analysis of the intermediate Li[Lig 25Tig75]S2 phase re-
veals the layered structure of this material and its inhomogeneous
character (Fig. 3b). Indeed, while local cation ordering in the [Li;Ti; (]S>
slabs (ie. Li;TiS3-like nano-domains) is visible in some areas of the
crystal, it is absent in some other areas. This short coherence length in the
partially ordered slabs observed in the Li[Lig 25Tio.75]S2 material is thus
likely responsible for the absence of C2/m superstructure X-ray diffrac-
tion peaks.

[+}]

300

XPS analyses of the pristine Li[Li;Ti;.t]S; materials (Fig. 4 and
Table S2) confirm that: (i) mainly divalent S%~ ions are present, (ii) Ti®+
species appear for values of t less than 0.33 and (iii) the fraction of Ti>*
grows as t decreases in agreement to the general formula Li[Li* Ti* 5
Ti®*1.3(]S,. The presence of Ti** in the XPS spectrum of LiTiS, highlights
the strong affinity of titanium for oxygen, combined with an extreme
surface analysis for which oxygen traces could not be avoided (even if
strict experimental atmosphere conditions are used) leading to diffi-
culties to observe reduced states of titanium ions [25]. This behavior is
frequently observed with reduced materials, as for example NaVO,, in
which V3* has a strong tendency to oxidize, and leads to the spontaneous

Fig. 6. (a) Evolution of the specific capacity
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of Li[Li;Ti;.]S; materials (C/50 rate,
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formation of a Naj 4VO5 phase [26,27].

3.2. Electrochemical behavior of the Li[Li,Ti;..]S2 materials

The electrochemical behavior of Li[Li;Ti;.t]S materials (0.17 < t <
0.33) presented in Fig. 5 reveals a marked difference between the Li,TiS3
end-member and its counterparts with intermediate compositions.
Whereas only a small amount of lithium can be removed from Li,TiS3 (t
= 0.33) during the first charge, around 1.1 Li/Li[Li;Ti; (]S are extracted
from the other lithium-rich layered sulfides (t = 0.17, 0.20, 0.25). This
amount is close to the theoretical one (1 + t) Li/Li[Li;Ti;.¢]S2 assuming no
electronic limitations, and indicates that a significant fraction of Li* ions
is actually extracted from the [Li;Ti;.{]S slabs. An intermediate behavior
is observed for the composition t = 0.29 for which the capacity at the first
cycle is significantly reduced (0.8 Li per formula unit) compared to ca-
pacities obtained for lower values of t, while still being significantly
higher than what is measured for LisTiSs.

Besides, voltage curves for the first charge exhibit only a single
plateau at 2.8 V vs Li"/Li in the case of Li,TiSs, whereas two well-defined
steps are observed for intermediate compositions (0.17 < t < 0.29),
evidenced by a sloping region between 2.3-2.6 V followed by a flat
plateau at ~2.8 V which is similar to the one observed for Li»TiS3. The
number of exchanged electrons (Ax) in the sloping region corresponds to
the amount of Ti®* (1-3t) present in the starting materials. These results
suggest that the oxidation of initial Ti®* to Ti** occurs during this first
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step, followed by the oxidation of 2~ anions on the 2.8 V plateau. Note
that a very small amount of lithium can be inserted in the pristine ma-
terials, indicating the presence of some Li™ vacant sites and suggesting a
spontaneous oxidation of the Ti®" species present at the surface of the
material by the electrolyte species, as previously observed for discharged
Li4TisO12 electrodes [28,29]. Upon the subsequent discharge, in all cases,
lithium is re-intercalated to a composition very close to the initial one,
hence with a very low irreversibility. The shape of the discharge curve is
significantly different from that of the first charge which is considered as
the consequence of an activation phenomenon. Two smooth slopes are
observed and are retained over the subsequent charge. Materials recov-
ered after charge and after one cycle were characterized by XRD: in all
cases the O3 type structure is maintained. Fig. S2 displays the XRD
pattern of the pristine and de-intercalated phase for the t = 0.25 material.

As shown in Fig. 6a, first discharge capacities are all about 250
mAh-g? (corresponding to 585-605 Wh-kg™) for t = 0.17, 0.20 and 0.25
compositions. For t = 0.17, i.e. the sample with the lower amount of
‘extra’ lithium, the capacity decreases continuously during the cycling
from the first cycle. On the contrary, the capacity levels off at a high value
for t = 0.20 and 0.25 after a small increase is observed during the very
first cycles. For higher values of t (t = 0.29), the evolution of the capacity
is quite different insomuch as the latter increases significantly upon
cycling, starting from 150 mAh-g™! at the first cycle up to 265 mAh-g™ by
the 50th cycle (Fig. 6a). This behavior illustrates the occurrence of an
activation phenomenon which is clearly evidenced in Fig. 7a and Fig. 7b.
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Fig. 7. Electrochemical behavior of Li[Lig 29Tig 71]1S2 cycled at constant current (C/50 rate, 25 °C). (a) Charge (respectively (b) discharge) curves during the first 20
cycles. (c) Corresponding charge ((d) respectively discharge) curves using normalized capacities. (e,f) Corresponding plots of the derivative d(capacity)/d(voltage).



A similar but slower activation process is also triggered when all Ti ions
are originally in the tetravalent state, and thus electrochemically inactive
in oxidation, i.e. for LipTiSg (Li[Lip 33Tip.671S2) (Fig. 8). In that case, the
first charge curve is exclusively composed of a plateau at 2.8 V, with a
corresponding capacity that is limited to 0.15 Li/Li[Liy 33Tig671S2 (35
mAh-g1), i.e. ~11% of the theoretical one. Then, as shown in Fig. 8a and
b, the capacity steadily and slowly increases upon cycling. At the 100th
cycle, it reaches 55 and 92 mAh.g"! respectively for C/50 and C/100
current rates (Fig. 6b), showing that this activation process is more
dependent on the time and/or the current density than on the cycle
number.

Electrochemical measurements performed on Li[Lig 17Tig.g3]S2 illus-
trate that capacity fade is mainly a consequence of the displacement of
the discharge curves towards lower potentials upon cycling (i.e. voltage
decay). The evolution of the normalized discharge curves (Fig. 5b,c,d) of
different materials clearly shows that the voltage decay diminishes with
the initial increase of Li concentration in the [Li(Ti;.¢]Sp slabs (0.17 < t <
0.25), before finally leveling off for higher t values (t = 0.29, 0.33)
(Figs. 7d and 8d).

XPS analyses performed on Lij 954Tig75S2 de-intercalated materials
(Fig. 9a and Table S3a) confirm that the oxidation of S2~ and the for-
mation of S3~ takes place on the 2.8 V plateau. Indeed, S*~ species
contained in the pristine material remain unchanged in the material
charged at 2.6 V, whereas a major amount of (82)2' species are present in
the material after a charge at 3.0 V. In the case of the Li,TiS3 material
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charged up to 3 V vs Li*/Li (first charge (Fig. 9b and Table S3b)), the S2p
spectrum is similar to that observed for the almost fully de-intercalated
Li; 25xTig.75S2, but with the presence of a slightly higher (S2)?> content.
This similarity, despite the fact that only 0.15 Li per Li[Lig 33Ti.67]S2 was
actually de-intercalated, indicates that near complete delithiation of the
Li[Lig 33Tig.67]S2 material is achieved at the extreme surface of the par-
ticles probed by XPS, (approximately 5 nm). To the extent that the
activation of the material is proceeding inwards from the surface of the
particles, the activation rate of +0.55 mAh.g.cycle! evidenced for the
Li,TiSs samples (Fig. 6b), which corresponds to +0.15 vol%.cycle!,
would indicate an average progression of the activation front of few
angstroms at each cycle for particles of 1-10 pm in diameter. On this
assumption, the observed linear evolution of the capacity would be a
consequence of the negligible thickness of the newly activated part of the
material compared to the radius of the particles, and the change of slope
observed after 100-150 cycles could originate from a bimodal particle
size distribution (Fig. S3).

A similar surface-confined electronic and/or ionic transport has been
evidenced for Li;MnOs, which becomes electrochemically active only
when in the form of nanoparticles [30]. This behavior suggests a tran-
sition in the conductivity of the electrode material upon deintercalation.
It is emphasized by the zoom of the charge curves at the beginning of the
2.6 V plateau presented in Fig. S4. This peculiar shape of the voltage
curve with a bump is observed for LiyTiS3 and t > 0.25, but is absent for
the materials with smaller amounts of lithium in the slabs. Such a shape is
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Fig. 8. Electrochemical behavior of Li»TiS3 cycled at constant current (C/50 rate, 25 °C). (a) Charge (respectively (b) discharge) curves during the first 20 cycles. (c)
Corresponding charge ((d) respectively discharge) curves using normalized capacities. (e, f) Corresponding plots of the derivative d(capacity)/d(voltage).



frequently observed in the LiyCoO; system at the beginning of the first
charge [31], as a result of an increase in the electronic conductivity of the
material induced by Li* deintercalation.

Taken together, the results highlight that the presence of mixed-
valence Ti®*/Ti*" species in the pristine layered material facilitates
initiation and propagation of the de-intercalation process in the bulk of
these lithium-rich layered sulfides. In the case of LiyTiSs, Li* de-
intercalation only leads to the formation of S3~ species on the surface
of the material, which has no direct beneficial effect on the electronic
conductivity of the latter.

Finally all the samples Li[Li;Ti; ]Sy (t = 0.33, 0.29, 0.25, 0.20 and
0.17) display very low irreversible capacity after the first cycle. This
appears as a marked difference when compared to conventional Li-rich
oxides, where oxygen oxidation occurs simultaneously both in the bulk
and on particle surfaces leading to oxygen evolution from the surface and
concomitantly to a partial reaction with the liquid electrolyte to form CO2
[32,33]. It is noted that the irreversible capacity in oxides can be reduced
either by the presence of Li vacancies in the pristine material obtained via
an optimized synthesis [34,35], or with the chemical pre-activation of
the material by hydrazine treatment [36]. In the case of sulfides, the
oxidation of Sz’, which occurs at 2.8 V vs Li™/Li, is much easier; hence,
there is no tendency to form S° at the surface of the particles. Besides,
contrary to oxides, the oxidation of sulfide anions occurs in the electro-
chemical stability window of the electrolyte and even if the formation
and dissolution of poly-sulfides cannot be excluded, the latter has little
influence since the capacity is very stable upon cycling.

A specific experiment was carried out with Li[Lig 20Tio.g0]S2 to
observe the impact of the activation on the two supposedly separated
Ti®*/Ti*" and $27/S3 redox processes. The material was discharged at
first to 1.6 V vs Lit/Li, then cycled four times in the 1.6-2.6 V vs Li"/Li
voltage range corresponding to the redox activity of the sole Ti species,
and finally cycled in the full 1.6-3.0 V vs Li*/Li range (Fig. 10). The 4
cycles performed in the 1.6-2.6 V vs Li*/Li range highlights the perfect
reversibility of the redox process in which the Ti®*/Ti** couple is
involved. Once the material is charged to 3 V vs Li* /Li, the next discharge

S$2p core peaks

Charged at 3.0 V

(S0,2/S0y) M s*(a)
$% (b)
Charged at 2.6 V o
2
(S0,7/SOy)
. ) ——
Pristine -
170 1é5 1é0 17‘0 1é5 160

Binding Energy (eV) Binding Energy (eV)

LifLio 25 Tl 751S, LiLio 33Tio 6715,

Fig. 9. Oxidation of the anion during the charge. (a) XPS S2p core spectra of the
pristine Li[Lip 55Tio75]S2 sample and of similar electrodes independently
charged at 2.6 and 3 V. The S2p core spectrum mainly consists of a doublet
corresponding to S~ (161.0-162.2 eV). The new doublet appearing at higher
binding energy for the sample charged at 3 V is due to S5~ disulfide species
associated with anion contribution to the redox process. (b) XPS S2p core
spectra of the pristine Li[Lig 33Tig 67]1S2 sample and of the corresponding elec-
trode charged at 3 V.

presents a classical S shape and an overlap between several phenomena
which is evidenced in the plot of 0Q/dV vs V (Fig. 10b). This experiment
shows that during the first charge the titanium oxidation and the acti-
vation phenomenon associated with the sulfur oxidation are well sepa-
rated. During the second charge, there is a strong decrease of the
polarization and an overlap between different phenomena: the classical
Ti®*/Ti** oxidation remains, but another process appears at a slightly
higher voltage.

3.3. General discussion

Based on electrochemical measurements and XPS analyses, a general
scheme of the various involved phenomena can be proposed. When
cycling is confined in the 1.8-2.6 V range, only the classical redox process
involving the Ti®™** couple occurs. This reaction is fully reversible as
shown by the red curve of Fig. 10a, and the composition of LisTi;.:So for
which all titanium ions are in the tetravalent state is thus the limit of this
reversible range. When de-intercalation is continued at higher voltages,
then oxidation of 2~ ions takes place along the 2.8 V plateau. S ions are
then formed by similarity with the overlithiated layered oxides. As shown
by Ceder et al., the presence of Li* ions in the transition metal slabs that
do not share orbitals with oxygen atoms leads to the formation of an un-
hybridized state overlapping the cationic bands [37]. For oxides with 3d
elements only O ions are formed, while in the case of 4d elements there is
formation of (O:O)z’ pairs [38-40] thanks to the covalence increase
which allows for reductive coupling to occur, as it has been proposed by
Doublet et al. [41,42]. An O" and an 0% belonging to an MOg octahedron
make a bond to form an (02)2' ion while an electron is sent back to the M
cation which is then reduced.

In the case of sulfides, the tendency to form S3~ persulfide ions via the
reductive coupling reaction, even for 3d transition metal, is enhanced by
the covalent character of the bonds. The effect of the covalency on the
formation of S5~ pairs was discussed by Rouxel in the case of the 3d MS;
materials [43,44]. On the left of the periodic classification the MS,
phases are built up M*" and S~ ions, while on the right, thanks to the
increase of covalency, they are built up of M2+ and S3~.

In the particular case of the overlithiated lithium layered sulfides, the
presence of lithium in the slab increases the covalency of the antagonist
Ti-S bonds. Therefore, both the presence of non-bonded 3p sulfur orbitals
and the increase in Ti-S bond covalency facilites the S?~ oxidation and
the reductive coupling phenomenon. The reaction can be summarized in
the following way: Ti‘”(Sz’)G is oxidized to Ti4+(32’)5S’ in a first step
when a Li" ion is deintercalated; then the reductive coupling occurs
leading to Ti3+(52’)4(S%’). This reaction occurs in priority on the §2-
surrounding a Li* ion or a vacancy in the [Ti,Li,[]]Sz slabs. In Li,TiSs, the
Li; /3Tig/3So slab is formed of edge-sharing Ti**(S%7)g and Li*(Sz’)g
octahedra with a honeycomb ordering (Fig. S5a). Upon Li de-
intercalation (Fig. S5b), S%~ ions are oxidized as described above with
formation in a first step of T13+(Sz’)4(5%’) entities which are further
oxidized to Ti3+(S%’)3 at the end of the de-intercalation (Fig. S5c). For
intermediate compositions (Li[Li;Ti;.¢JS2 (0.10 < t < 0.33), the mecha-
nism is more complex given the variety of pristine environments for Li*
and Ti3*/*" ions, as illustrated in Fig. S5d by their schematic distribution
for the case of a [Lip.29Tip.golS2 slab (t = 0.2). In the related fully deli-
thiated slab (Tipg[Jo.2S2), there are several surroundings for Ti ions,
represented by several colors in Figs. S5e and f, depending on the
adjoining Li" ions (or the vacancies). In this scheme, the S%‘ species are
localized around the titanium surrounded by 3, 2 or 1 vacancies. One can
assume that in the domains which exhibit a Ti,S3 type surrounding, the
S2~ oxidation is easier because all sulfide ions tend to be oxidized
(Ti3+(82’)4(S§’) pink octahedra). In some other parts of the lattice,
where vacancies are absent or sufficiently distant, titanium ions will be
surrounded by sulfide ions that are not involved in persulfide entities,
like in TiS,. As a consequence, the latter will remain in the tetravalent
state: (Ti4+(Sz’)6 yellow octahedra). The other titanium ions (3 + or 4+)
are surrounded by $27, S3~ and S belonging to S3~. In discharge, both
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Ti*" and S§~ species are reduced to reach an overall composition close to
the initial one. Nevertheless, after the first charge activation, the shape of
the curves is very similar in charge and in discharge. This shows that after
the first discharge the electron distribution has changed compared to the
one present in the pristine material. One can make the hypothesis of
remaining stable S3~ bound to Ti>" ions leading to a general formula Li
1+y[Ti3+, Ti4+, Szf, S%’]. The presence of S%’ species in the reinterca-
lated material leads to an increase of the amount of Ti** compared to the
pristine material. Their oxidation leads to the bump at 2.5 V during the
subsequent charge in addition to the 2.3 V peak on the dQ/dV curve of
Fig. 10b. During the subsequent discharge (and in the following cycles),
overlap between the Ti®*/Ti** and the S*7/(S2)* redox couples sup-
presses this polarization.

4. Conclusion

In summary, a series of lithium-rich layered phases belonging to the
LiTiSs - LioTiS3 system has been synthesized. These Co- and Ni-free ma-
terials exhibit an electrochemical behavior analogous to the Li-rich
(Co,Ni, Mn) layered oxide systems: (i) activation process during the
first charge, (ii) participation of anions to the redox processes, and (iii)
very large reversible capacity. Energy densities higher than 600 Wh.kg*
are reached, despite a lower cell voltage compared to oxides that origi-
nates from the strong covalent character of the bonds. In these Li-rich
sulfides, easy oxidation of S%~ ions to (52)2' prevents sulfur extraction
(in contrast with oxygen evolution for oxides). As a result, the irrevers-
ible capacity is negligible and there is almost no material densification on
the particle surface. Moreover, the covalent character of the bonds in-
hibits material destabilization in the fully de-intercalated state, which
limits the capacity loss and the voltage decay. Finally, the combination of
a high energy density, an operating voltage compatible with the elec-
trochemical stability window of sulfur based solid electrolytes and the
absence of critical elements in their compositions, makes some of these
new phases interesting candidates for positive electrode material in high
energy solid state batteries.
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