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Abstract:
Li-ion batteries are growing in demands and such growth calls for the quest of high energy density
electrode materials. Li-rich layered oxides that show both cationic and anionic redox are expected to
meet the high energy requirement. However, the oxygen anion activity triggers numerous structural
and electronic rearrangements that need to be understood prior envisioning applications. Here, we
chemically design two new LiIrS, polymorphs to interrogate further the mechanisms of the ligand
redox process. By combined structural and spectroscopic characterizations we show that
electrochemical lithiation/ delithiation of the polymorphs involve different sulfur redox couples that
stands as an unusual behavior. These structure dependent kinetic pathways lead to ~1 V difference
between the two polymorphs, hence providing the missing link between structure and hysteresis in
anionic redox systems. These insights on the origin of hysteresis can guide proper parameters to cure

it hence laying the ground work for the design of new practical electrode materials.



Introduction:

Energy storage represents one of the main challenges to achieve a viable transition from fossil fuels to
renewable energy resources (solar, wind, etc...) which are green but intermittent. Hopes were placed
in the lithium-ion technology that has conquered both the portable devices and electric vehicles
markets.! However, the energy density of these devices has to be improved. Targeting this goal, among
many recent developments, one strategy has been devoted to Li-rich layered oxides Li1.xM1.xO2 (Where
M stands for transition metal ion(s)) with reversible capacities exceeding 250 mAh.g*. The materials
were characterized by high valent redox in which either cation or anion or both oxidize to unusually
high oxidation states.®™ Nevertheless, the activation of such high valent redox process - more
specifically with anions - come with its own complexification affecting the cycling of these materials,
in particular by exhibiting voltage hysteresis and voltage fade upon cycling. The future of these cathode
materials is therefore directly linked to a fundamental solid-state chemistry study on charge

compensation mechanisms.

The understanding of voltage hysteresis is particularly important because it questions the symmetry
of redox processes between charge and discharge. Yet, no common consensus has been reached yet
on its origin and interplay with the structural and electronic aspects of the cathode material.*
According to numerous authors,>” this phenomenon would result from the lithium sites diversification
induced by the pseudo-reversible cation migration differentiating the charge from the discharge.
Although alluring, this scenario is challenged by systems where in spite of a fast and highly reversible
cation migration the hysteresis is still preserved. Therefore, other studies have proposed that the origin
of hysteresis could arise from O-O dimers whose formation and rupture would follow distinct reaction
pathways.®® However, all these mechanisms are based on the complex interpretation of various ex situ
and operando spectroscopic techniques that barely lead to unanimous conclusions especially on the
nature of the anionic oxidized species (dimers for instance). In addition, the experimental bottlenecks
to ensure the homogeneity of the electrochemically-made materials, overcome difficulties in accessing
the bulk properties and to quantify the cation migration and/ or dimer formation, complicate further

exploration of the phenomenon.

One naive idea to clarify the reaction asymmetry upon cycling would be to study simple systems where
migrated cations or anionic dimers could be clearly stabilized and identified. However, finding these
compounds among the oxide family is a brainteaser!® that can be partially alleviated by moving to
sulfides. Indeed, although less explored in the battery field than oxides due to lower energy densities,

transition metal sulfides are known for decades to be able to stabilize S-S bonds.*** However,



transition metal sulfides containing dimers are mainly found in pyrite or marcasite crystal structures,
which do not have the proper open framework for topotactic insertion/de-insertion reactions.
Consequently, lithium insertion in such phases (eg., FeS,) induces large structural changes and loss of

long-range order®™1’

that complicate the understanding of the structure/electrochemistry
interactions. Further digging into the literature, the iridium sulfides got our attention. Indeed, Jobic
and coworkers described in 1990 IrS, (termed hereafter as Jobic’s IrS; or J-IrS;), a compound
combining both sulfur dimers!® and a ramsdellite-like open framework suitable for the lithium
topotactic insertion. Moreover, intrigued by the possibility to form lithiated iridium sulfides, we
managed to stabilize a high temperature LilrS; phase isostructural to LiTiS,. Interestingly whereas LilrS;
(referred hereafter as Layered-LilrS; or L-LilrS;) shares with, lithium rich layered oxides pristine a
layered structure, whereas IrS; can mimic the charged layered material reported in literature with its

open structure and S-S dimers. Therefore, the L-LilrS,/J-IrS; couple constitutes a suitable playground

to study the redox process asymmetry between charge and discharge in anionic redox systems.

In this study, we report the behavior of the L-LilrS,/J-IrS; system through lithium insertion/de-insertion.
Surprisingly, in spite of similar chemical compositions, these two materials show drastically different
electrochemical behaviors. By combining diffraction investigations (synchrotron X-ray diffraction
(SXRD), neutron powder diffraction (NPD)) with atomic resolution transmission electron microscopy
and spectroscopic analyses (Ir-Ls-edge X-ray absorption spectroscopy (XAS), X-ray photoemission
spectroscopy (XPS) and Raman spectroscopy), we demonstrate that the lithiation reaction in both
systems proceeds through different structural and electronic pathways. This study points out the
implications of the structure and of the dimers upon reaction pathways, it gives then clues to better

understand the voltage asymmetry between charge and discharge in anionic redox systems.

Experimental:

Synthesis: The synthesis of J-IrS, was performed following a previously reported protocol.!! In a typical
synthesis, about 200 mg of IrS; phase was obtained by mixing in an Ar-filled glovebox, iridium powder
(99.8 % Alfa Aesar) and elemental sulfur (99.998 % Sigma-Aldrich) in a 1:2.1 molar ratio. The
homogeneously hand grinded mixture was then transferred into a carbon coated quartz ampoule and
subsequently sealed under dynamic vacuum (~1073 mbar). Finally, the tubes were annealed in a muffle
furnace at 930°C for 60 hrs and the product was recovered and stored in Ar-filled glove box.

A similar solid-state procedure was followed to synthetize L-LilrS;. In an Ar-filled glovebox, iridium
powder, elemental sulfur and lithium sulfide (99.9 % Alfa Aesar) were mixed in a 1:1.5:0.55 ratio. The
mixture was then annealed under vacuum in a sealed quartz ampoule (prepared following the same

procedure described above) for 60 hrs at 700 °C.



The samples for ex-situ analyses of L-IrS; were prepared by chemical delithiation of L-LilrS;, by mixing
in an Ar-filled glovebox one equivalent of L-LilrS; with two equivalents of iodine (99+ % Alfa Aesar).
The mixture was then transferred in a quartz ampoule, sealed under vacuum and subsequently
annealed for 12hrs at 150°C. After the reaction, the ampoule was opened under inert atmosphere and
the powder was washed with dry acetonitrile to remove excess Lil and I, before being dried under
vacuum.

Both a chemical and an electrochemical procedure have been attempted to prepare J-LiosIrS: ex-situ
samples. For the first one, about 500 mg of J-IrS; and five equivalents of n-Butyl lithium (n-BuLi; 1.6 M
in hexane, Sigma-Aldrich) were mixed together in a 40 mL glass vial under Ar-atmosphere and stirred
for 5 hours. The resulting powder was thoroughly rinsed with hexane to remove the n- Buli before
being dried under vacuum. To prepare the lithiated J-LixIrS; phases electrochemically, an electrode was
first prepared by mixing 500 mg of IrS, with 20 % (in mass) of Carbon-SP, and was then discharged
galvanostatically (constant current mode) at C/50 rate vs Li metal in a home-made Swagelok type cell
using LP-30 (1M LiPFs in 1:1 by volume mixture of EC- DMC; bought from Dodochem, China) as
electrolyte. The lithiated powder was then collected from the electrochemical cell under inert

atmosphere and washed three times with DMC before being dried under vacuum.

X-ray and neutron diffraction: Synchrotron X-ray powder diffraction (SXRD) patterns were measured

at the 11-BM beamline of the Advanced Photon Source (Argonne National Laboratory) with A =0.45789
A. The different powders were mixed with an appropriate amount of dried amorphous silica (to limit
the absorption) in an Ar-filled glovebox before being sealed in glass capillaries of 0.6 mm in diameter.
Operando powder X-ray diffraction (XRD) experiments were performed using a homemade airtight
electrochemical cell*® equipped with a Be window, assembled under argon filled glovebox and the
patterns were collected in Bragg-Brentano geometry with a Bruker D8 Advance diffractometer
supplied with a Cu Kq X-ray source (A; = 1.5406 A, A,= 1.5444 A) and a LynxEye XE detector. Constant
wavelength neutron powder diffraction (NPD) data were collected at room temperature on the
WOMBAT high-intensity neutron powder diffractometers using the wavelength of 1.54183 A.%° To
prevent reaction of the samples with ambient atmosphere, the samples were loaded into 9 mm
diameter cylindrical vanadium cans in Ar glove box and sealed with an indium wire. All diffraction
patterns were Rietveld refined using the FullProf program?..

Bond valence energy landscape (BVEL) calculations were done with the BondSTR program

implemented in the FullProf Suite following the method developed by Adams.?%?3

Electrochemical measurements: Swagelok-type cells were assembled using a lithium metal disk as the

negative electrode and composite positive electrodes made by hand milling either J-IrS; or L-LilrS; with
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20 % in mass carbon Super P. Both positive and negative electrodes were parted by a Whatmann GF/D
borosilicate glass fibers sheets soaked in an electrolyte composed of a mixture of EC/DMC (1:1) with 1
M LiPFs (LP-30). The cells were assembled in an argon-filled glovebox and cycled at C/20 rate (1C=
current to remove 1 lithium) in a Biologic galvanostat/ potentiostat (MPG-2/ VMP-3) using constant

current (galvanostatic) mode.

Microscopy: Samples for transmission electron microscopy (TEM) were prepared in an Ar-filled glove
box by crushing the crystals in a mortar in dry DMC and depositing drops of suspension onto holey
carbon grids. The samples were transported to the microscope column avoiding contact with air.
Electron diffraction (ED) patterns, high angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) images and differential phase contrast (dDPC-STEM) images were obtained

with an aberration-corrected Titan Themis Z electron microscope operated at 200 kV.

X-ray photoemission spectroscopy: X-ray photoemission spectroscopy (XPS) measurements were

carried out with a THERMO Escalab spectrometer, using focused monochromatic Al Ka radiation (hv =
1486.6 eV) and equipped with an argon-filled glove box allowing to preserve the samples from
moisture and air at all times from their preparation to their analysis. Peaks were recorded with
constant pass energy of 20 eV. The pressure in the analysis chamber was around 5x10® mbar. The
binding energy scale was calibrated using the C 1s peak at 285.0 eV from the hydrocarbon
contamination present at the samples surface. The spectra were fitted using a minimum number of
components. Several spectra were recorded at different times to check that the samples were not

subjected to degradation during the X-ray irradiation.

X-Ray absorption spectroscopy (XAS): Ex situ XAS measurements at the Ir L3-edge were performed in

transmission mode at the ROCK beamline?* of synchrotron SOLEIL (France). A Si(111) channel-cut
quick-XAS monochromator with an energy resolution of 1.1 eV at 11 keV was used. The intensity of
the monochromatic X-ray beam was measured with three consecutive ionization chambers filled with
40 mL of N,. A pellet of a-Li,IrOs was placed between the second and the third ionization chamber to
ensure the energy calibration. For each compound, 8 mm diameter pellet was prepared in an Ar-filled
glovebox by mixing 5 mg of sample with almost 30 mg of dried cellulose, embedded in kapton tape
and sealed in plastic bag to avoid any air exposure during the XAS measurements. The data was treated
using the Demeter package for energy calibration and normalization.? The EXAFS oscillations of the L-
IrS; compound were fitted using the Artemis software. The Fourier transforms of EXAFS oscillations
were carried out in k-range from 3.5 A~* to 15.9 and the fitting was performed in R-range from 1.0 to

3.9 A using k3 weight. EXAFS amplitudes and phase-shifts were calculated by FEFF7 with a starting



model derived from XRD and ND (Table S8). Except the radial distance (R) and the Debye-Waller factor
(0?), all other parameters were kept constant (N;, Eo, S¢?) in the conventional least squares modelling

using the phase and amplitude factors calculated by the FEFF7.

Raman spectroscopy: Raman spectra were collected with a Renishaw’s InVia Reflex Raman system

using a microscope confocal InVia Reflex device. The instrument was equipped with a double edge
filter to eliminate the Rayleigh scattering, and with a CCD camera working at a temperature of 220 K
with a 1024 X 256 pixels array. Laser excitations were at 488 nm, 514 nm, 633 nm and 785 nm. Only
the excitation at 785 nm enabled us to record the spectra of all the samples without destroying them
and without making them evolve under a laser. The setup was composed of a confocal microscope
that was equipped with an automated XYZ table allowing us to position the capillaries containing the
samples away from the environment in the focal plane of the optical microscope. The spectral
resolution achieved with the use of gratings of 2400 or 1200 grooves per mm was between 3 and 5
cm™ depending on the excitation wavelength. The focused power of the laser beam on the powders
inside the capillaries was also checked for each wavelength to avoid any transformation or heating of
the samples. Accordingly, the surface power density was kept below 15 pW um= with the magnitudes

50X of the long distance working objective being selected after a series of tests.

Magnetic properties: The evolution of the magnetic susceptibility with temperature was measured

using a SQUID (XL, Quantum Design), under zero field cooled (ZFC) conditions between 2 K and 400 K

with an applied magnetic field of 10 kOe.

Results:

A) Crystal structure of the pristine materials

Both J-IrS; and L-LilrS, were synthesized at high temperature by mixing the required precursors (iridium
metal, sulfur powder and Li,S) inside vacuum-sealed quartz tubes as described in the experimental
part. The structural analyses of both materials were carried out by combined synchrotron X-ray and
neutron powder diffraction pattern as well as high-resolution transmission electron microscopy
analyses. The results obtained for J-IrS; are represented in Figure 1. The Rietveld refinement of both
synchrotron X-ray and neutron powder diffraction patterns (cf. figure 1 a and b) combined with
electron diffraction patterns (cf. figure 1e and S1) confirmed the previously reported orthorhombic
(Pnma, a = 19.8201(2) A, b =3.5736(2) A, ¢ = 5.6339(2) A) structural model for J-IrS; (cf. figure 1 ¢ and
Table S1).1! In this structure, iridium atoms are octahedrally coordinated to sulfur and the formed IrSe
octahedra share corners and edges to produce rutile-type [1x1] and ramsdellite-type [2x2] channels.

A closer look into the structure, especially through dDPC-STEM picture (cf. figure 1 d), reveals that the



[1x1] channels of J-IrS; are distorted leading to short S-S distances of around 2.27 A. Former Raman
spectroscopy of this phase has unambiguously attributed these short distances to the presence of ;>
dimers in the structure.’® Conversely, the [2x2] ramsdellite-like channels demonstrate no signs of
distortion and can be ideal sites to host small cations as already demonstrated in structurally related

MnO; polymorph.2®
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Figure 1: (a) Synchrotron X-ray and (b) neutron Rietveld refinements of J-IrS; at 300 K. Wavelengths
for synchrotron X-ray and neutron are A = 0.45789 A and A = 1.54183 A, respectively. The pink circles,
black continuous line, and bottom blue line represent the observed, calculated, and difference
patterns, respectively. Vertical green tick bars stand for the Bragg positions. Associated
crystallographic data are summed up in Table S1. (c) Structure of J-IrS; at 300 K. (d) [010] dDPC-STEM
image of J-IrS; with the overlaid positions of the Ir and S atoms. (e) Corresponding electron
diffraction pattern of J-LilrS..

In contrast, the L-LilrS; polymorph, not reported so far to the best of our knowledge, adopts the
structure displayed in figure 2. Its X-ray synchrotron powder diffraction pattern was first indexed using
the DICVOL software?”-2 in a trigonal unit cell (a = 3.5955(2) A, ¢ = 5.6749(4) A) and this indexation was
confirmed by electron diffraction pattern shown in Figure 2d. The similarities of this unit cell with the
well-known layered transition metal chalcogenides led us to consider a structural model similar to the
LiTiS; one (P3m1) which was further validated by both SXRD and neutron powder diffraction
refinements (cf. figure 2 a and b and Table S2). In this structure, iridium atoms sit in the centres of

regular IrSg octahedra sharing edges with each other to form Cdl,-like layers stacked along the ¢



direction (cf. figure 2c), as also confirmed by the EXAFS analysis (see table S3). The HAADF-STEM image
(figure 2e) clearly shows that the iridium atoms from one layer to another are aligned orthogonally to
the layer plane. Such a stacking is referred as 01 according to Delmas nomenclature? as the Li atoms
are in octahedral position and the unit cell contains one MS; layer. The determination of the exact Li/Ir
ratio with Inductively Coupled Plasma Mass Spectrometry (ICP-MS) was complicated by the insolubility
of the material even in strong acidic solutions. Nevertheless, HAADF-STEM pictures show closing loops
formed by the IrS; layers at the edge of the crystallites that could indicate a relative densification of
the material on the surface hence the formation of slightly lithium deficient phase (LixIrS; where x < 1;
Li/Ir < 1) as frequently observed with the synthesis of LiMS, compounds (ref).3° This last assumption
could also explain the c/a=1.58 ratio observed for this compound significantly smaller than the one

observed in LiTiS; or LiVS; (1.80)

Overall, structural analyses indicate that both J-IrS; and L-LilrS; possess either tunnels or Van der Waals
layers, respectively, hence suggesting their feasibility to reversibly uptake and release Li* ions as we

explore next.
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Figure 2: (a) Synchrotron X-ray and (b) neutron Rietveld refinements of L-LilrS; at 300 K. Wavelengths
for synchrotron X-ray and neutrons are A = 0.45789 A and A = 1.54183 A, respectively. The pink circles,
black continuous line, and bottom blue line represent the observed, calculated, and difference
patterns, respectively. Vertical green tick bars stand for the Bragg positions. Associated
crystallographic data are summed up in Table S2. (c) Structure of L-LilrS; at 300 K. (d) Electron
diffraction pattern of L-LilrS,. (e) [010] HAADF-STEM image of L-LilrS, showing the O1-type structure.
Stacking faults are occasionally present and marked with arrowheads.



B) Electrochemical study

Li half-cells were assembled for both J-IrS; and L-LilrS; using lithium metal as counter electrode and
LP30 (1M LiPFg in 1:1 mixture of ethylene carbonate: dimethyl carbonate) as electrolyte. The cells were
cycled between different voltage cut-off and potential ranges of 1.3 -3 V for J-IrS; and 1.7 -3.5 V for L-
LilrS,. These specific conditions were fixed to avoid material degradation. The cells were cycled at a
C/20 rate (1 Li per unit formula removed or inserted in 20 h). The composition vs voltage plots together

with the corresponding derivative curves for the first cycle are shown in Figure 3.

For J-IrS,, the insertion and de-insertion of lithium takes place through a plateau-like profile at 1.4 and
1.5 V vs. Li*/Li® respectively. Out of the 0.5 lithium inserted into the structure only 0.3 is removed on
subsequent charge. By pushing the reduction cut-off potential to lower voltages, a new insertion
process appears at 1.15 V that accounts for the insertion of almost five lithium into the structure (cf.
figure S2). However, this low voltage process is poorly reversible and accompanied by a high
polarization and irreversibility on subsequent charge suggesting a possible conversion reaction

(leading most likely to poorly crystalized Li,S and Ir components).
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Figure 3: First cycle voltage-composition trace (left) and derivative curves (right) of L-LirS; (blue) and
J-IrS; (pink) cycled at C/20. The starting composition of L-LilrS; is considered as LioolrS; accounting for
Li-deficiency as explained in the synthesis part. The arrows on the J-IrS; voltage curves indicate the
cycling directions. The low voltage 1.15 V discharge of J-IrS; extends up to ~5 Li uptake and is not shown
here for clarification purpose.

Turning to L-LilrS,, strikingly the de-insertion and insertion of Li* proceeds through a voltage plateau
located 1V higher than for J-IrS; (cf. figure 3). Interesting as well is the feasibility to insert more Li* on

9
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discharge (~0.9) that it has been removed on charge (~0.8). Such difference is not fortuitous but rather
suggests, based on coulomb titration, that the pristine material is slightly Li deficient (L-LioslrSz). To
interrogate the origin of the 1 V difference, we next investigate the crystal structure evolution of the

polymorphs during Li insertion/extraction.

Operando XRD analyses have been carried out for both J-IrS; and L-LilrS; (cf. figure S3). Upon lithiation,
J-IrS; exhibits biphasic process and a nearly single phase compound was reached for the composition
J-LiosIrSz. Upon further lithiation of J-LipsIrS;, a new biphasic process starts to appear and progresses
till 2 lithium consumption and fades away for greater amounts of reacted Li* (2<x<5) (cf. figure S4).
Similarly, L-LilrS; followed biphasic delithiation and lithiation processes where the delithiated L-LixIrS;
also exhibited layered structure but full refinement requires a higher resolution than lab XRD. In order
to further understand these structural evolutions, we studied next the single-phase compositions by

combined synchrotron XRD and TEM analyses.
C) Structure of the lithiated/delithiated phases

The lithiated J-LiosIrS; phase for structural analyses was formed either electrochemically or chemically
via the use of n-butyllithium (n-BuLi) as a reacting agent. The SXRD pattern shown in Figure 4a is nearly
alike that of J-IrS; and refined using the Pnma structural model of J-IrS; but with larger lattice
parameters (cf. figure 4b). The S-S distance is difficult to measure from XRD analyses, as the pattern is
dominated by the iridium contribution, we examined the S-S distances using dDPC-STEM imaging (cf.
figure 4c and d; corresponding ED pattern in figure S5). The measured S-S average distance of 2.32(5)
A in J-LigsIrS, is only slightly longer than the 2.27 A observed in the pristine material (cf. figure 1c),
implying that the dimers are preserved during the reduction process. Finally, the bond valence energy
landscape (BVEL) calculation using the refined structure indicates that the lithium atoms in the J-
Lio.sIrS; were localized in the octahedral voids of the ramsdelite-type motifs channels. Accordingly, the
final structure for J-LigsIrS; is derived as shown in Figure 4e.

Next, we analyzed the highly lithiated J-LixIrS; phase obtained by further reducing J-LigslrS; at 1.15 V.
Although the XRD pattern showed at first sight similarities with the J-IrS; and J-LiosIrS; XRD patterns, a
direct extrapolation of the structure from these models was not successful. HAADF-STEM and dDPC-
STEM experiments (cf. figure S6 and S7) were then carried out and permitted to build a structural
model which was further confirmed by Rietveld refinement of the operando XRD pattern (Pnma, a =
23.0886(5) A, b = 3.6257(2) A, ¢ = 5.6144(2) A) (cf. figure S8 and Table S5). The obtained structure
differs mainly from the J-IrS; and J-LiosIrS; ones by a drastic elongation of the S-S distances previously
engaged in the dimers bonding (cf. figure 4e) hence suggesting their breaking during the lithiation

process. Structurally speaking and as supported by BVEL calculation, this structural relaxation frees the
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rutile channels for lithium insertion. Therefore, assuming a complete filling of the octahedral vacant
sites of the rutile and ramsdelite channels we propose the chemical formula J-LilrS, for the phase
lithiated to 1.15V. Lastly, HAADF-STEM pictures (cf. figure S6) confirmed that the presence of this
phase comes along with amorphous phase, which support that a concomitant conversion reaction

occurs together with the formation of J-LilrS..
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Figure 4: (a) Synchrotron X-ray Rietveld refinement of J-LigsIrS; at 300 K. The wavelength for
synchrotron X-ray is A = 0.45789 A. The pink circles, black continuous line, and bottom blue line
represent the observed, calculated, and difference patterns, respectively. Vertical green tick bars stand
for the Bragg positions. Two isostructural phases with small lattice parameters have been used to index
the pattern and presence of two isostructural phases is expected to be linked with inhomogeneous
lithiation of the J-IrS; particles. (b) Structure of J-LiosIrS; at 300 K. c) [010] dDPC-STEM image of J-LigsIrS;
with the overlaid positions of the Li, Ir and S atoms. (d) Distribution of the S1-S3 (cf. tables S4)
interatomic distances of the dimeric entities in the J-LipsIrS; as measured from the [010] dDPC-STEM
image. (e) Structural evolution of J-Li«IrS; through lithiation. The Ir-S network structure of J-LilrS; results
directly from the structural relaxation of the Ir-S network of J-IrS; with the full disappearance of the S-
S dimers.
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Turning to the delithiated L-Li.IrS; phase (called hereafter L-IrS;), it was obtained by chemical
delithiation of L-LilrS; with iodine in a sealed ampoule at 250 °C (cf. experimental section). Its
composition LigoslrS; was determined by ICP-MS measurements (cf. table S6). A first refinement was
attempted using a layered structural model slightly distorted compared to the pristine one (C2/m, a =
5.6911(4) A, b=3.5450(3) A, c=5.2375(5) A, B = 89.96(14)°). Although promising, this model could not
properly reproduce the intensities of several peaks (cf. figure S9). Electron diffraction was then used
to investigate the origin of the mismatch. It reveals the existence of a superstructure in this monoclinic
model which corresponds to the k=[1/2 1/2 1/2] wave vector (cf. figure S10). In parallel, HAADF-STEM
image (cf. figure 5f) has shown that the superstructure is caused by lateral displacements of the Ir
atoms creating alternating short (~2.5 A) and long (~3.2 A) projected Ir-Ir distances along the Ir layers
(cf. figure S11). The group theory distortion analysis lead to the construction of a triclinic super cell
(P1,a=3.3704(2) A, b=5.9622(10) A, c = 6.2182(9) A, a = 117.53(2)°, B = 103.792(9)°, y = 93.865(4) °)
and this model was finally confirmed by the Rietveld refinement of both L-IrS, synchrotron X-ray (cf.
figure 5a) and neutron (cf. figure S12) powder diffraction patterns.

The obtained structure can be globally described as an O1 layered structure (cf. figure 5b and
¢ and Table S7) with however noticeable distortion inside the layers. Thus, the IrS¢ coordination
polyhedra are not any longer octahedra but rather square pyramids with 5 short Ir-S bonds with an
average length of 2.38 A and a longer one at 2.93 A (cf. figure 5d). This feature is later confirmed with
Ir-L-edge EXAFS (cf. figure 5e and table S8). From the atomic point of view, this distortion induces an
Ir-Ir “dimerization” observed with HAADF-STEM (cf. figure 5f) while sulfur atoms are split into two
different sites with very different environment (cf. figure S13). Indeed, while S1 (cf. table S7) positions
are surrounded by three equidistant iridium atoms (Ir-S1= 2.3 A), the S2 atoms develop similar short
bonds with only two iridium atoms, the third neighbor being found at 2.93 A. Bond valence calculations
suggest that this environment difference could be the sign of a charge difference between the two
sulfur atoms with the S1 position more negatively charged than S2. Such a transition metal (Ir-Ir)
dimerization does not come as a total surprise since it has already been spotted and described in the
low temperature IrTe; layered structure.3"33 However, the origin of this distortion can be different

from one compound to the other and will be detailed in the following section.
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Figure 5: (a) Synchrotron X-ray Rietveld refinements of L-IrS; at 300 K. Wavelengths for synchrotron X-
ray is A = 0.45789 A. The pink circles, black continuous line, and bottom blue line represent the
observed, calculated, and difference patterns, respectively. Vertical green tick bars stand for the Bragg
positions. (b) Structure of L-IrS; at 300 K. (c) [100] dDPC-STEM image of L-IrS,, the O1 stacking of the
layers remains (the octahedra are traced). (d) Illustration of two IrS¢ polyhedra on both sides of the
Van der Waals gap of L-IrS;. The bi-pyramidal coordination is evidenced as well as the short S-S
distances in the interlayer. (e) Magnitude of the Fourier transform of the Ir Ls-edge EXAFS oscillations
on L-IrS; and model fitting in pink dots and black solid line, respectively. (f) [100] HAADF-STEM image
of L-IrS,. The Ir columns are shifted to form pairs with short projected intercolumn distances of ~2.5 A
and long projected distances of ~3.2 A between the pairs.

Altogether, structural analyses showed that the S-S dimers are preserved during the initial uptake of
Li in J-IrS; but are broken afterwards at high Li uptake as the lithium conversion reaction proceeds. On
the other hand, L-LilrS; preserved the layered structure upon delithiation and the L-IrS, exhibits
distorted Ir-Ss.1 square pyramids (instead of Ir-Sg octahedra) with short Ir-Ir distances in between.
Therefore, the structural evolutions of J-IrS; and L-LilrS; are completely different from one another and
the remaining question is about the charge compensation mechanism (redox centers) in both these

materials.
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D) Charge compensation mechanisms

The evolution of the redox states of the iridium atoms in L-LilrS,, L-IrS,, J-LiosIrS; and J-IrS; was first
investigated via Ir Ls-edge XAS (cf. figure 6a). At first sight the absorption spectrum shape for the four
samples, look similar with only slight changes in the white line that could be indicative of different Ir
environments. Hence, a small shift of the edge position can be seen in the following order E(L-LilrS;) >
E(L-IrS;) = E(J-LiosIrSz) > E(J-IrS;) that could be attributed to a slight electron density changes around
this atom associated to a modification of the iono-covalency of the Ir-S bonds. To get deeper insights,
iridium 4f XPS spectra were collected and the 4f;/,-4fs/; spin orbit components of J-LigsIrS,, J-IrS;, L-IrS;,
and L-LilrS; are shown in Figure 6b. Globally, all compounds show similar binding energy (61.7 eV for
4f;) at the exception of the one of L-LilrS; that is slightly lower (60.9 eV for 4f;/,), indicative of a
comparatively lower ionization state for iridium. Moreover, each 4f;/; and 4fs;, component (L-LilrS; in
Figure 6b) displays a fine structure with a shoulder at higher binding energy. We should note that this
fine structure is not due a priori to the coexistence of two oxidation states of iridium, but rather to a
multi-electron process inherent in photoemission spectroscopy, which is often observed for transition
metals. For example, the Ir 4f spectrum of LizIrOs; displays the same shape, although it is composed of
a unique 4+ oxidation state of iridium in a unique environment.?* Since this kind of fine structure is
closely linked to the local environment of the probed atom, and therefore to the structure, the
disappearance of this shouldering when moving from L-LilrS; to the delithiated phase L-IrS; is in good
agreement with our SXRD/STEM results showing a significant change of crystalline structure upon Li
extraction. Finally, SQUID measurements on both J-IrS; and L-IrS; (cf. figure S14) indicates diamagnetic
behavior for both these compounds. All these observations are consistent with an Ir3* (i.e. a d® low spin
electronic configuration) with likely an effective charge (ionization degree) slightly lower for Ir in L-
LilrS,. This indicates that while iridium is involved in the electrochemical processes of these compounds

its contribution remains low and naturally questions the presence of another redox center.

Sulfur 2p XPS spectra were equally collected for the same four compositions (figure 6c). The J-IrS;
spectrum can be decomposed in two components of similar intensities, the first one at low binding
energy (S 2ps/» at 161.8 eV) accounting for S species and the second one at higher binding energy
(163.4 eV) indicating oxidized sulfur species that can be unambiguously attributed to the (S2)™ (n=2)
dimers observed in the structure. Upon lithium insertion (J-LigsIrS;) a significant (50%) drop of the (S;)™
intensity to the benefit of S? is observed which confirms that the reduction of J-IrS; into J-LiosIrS;

involves mainly sulfur redox.
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Moving to the layered structures, the S 2p XPS spectrum of L-LilrS, shows principally S* contribution
(161.8 eV), with in addition a contribution at higher binding energy (162.8 eV). Note that the binding
energy is different from (S2)™ observed in J-IrS; phase and is attributed to oxidized sulfur specie S™
(m<2) that is different from S-S dimer. The presence of S™ can be due to the Li/Ir off-stoichiometry of
the pristine compound (estimated Li/Ir = 0.9, see above) and such average charge of the sulfur atoms
lower than -2 is coherent with the relatively low c/a ratio calculated for the L-LilrS; structure. This low
c/a ratio might also be directly related to a partial depletion of the sp anionic band (less repulsive S...S
interactions) associated with the S™ (m<2) electronic configuration of sulfur anions. This is also
coherent with the lower ionization degree of Ir in L-LilrS; previously discussed. Moreover, a slight
contribution of elemental sulfur is also observed (at 164.1 eV), possibly assigned to unreacted sulfurs
at the particle surface. While removing the lithium, the relative intensity of the S™ peak increased
compared to that of the S* (with in addition, in a smaller extent, the increase of the elemental sulfur
contribution at higher binding energy). These results demonstrate the strong implication of the sulfur
in the L-LilrSy/L-IrS, redox process, which is in line with bond valence sum calculations, indicating that
L-IrS; is composed of sulfur atoms with two different charges referred to as S1 and S2 (see table S7),
with the latter being more oxidized. However, it is worth noticing that the binding energy of the
oxidized S atoms in L-IrS; is very different from the (S;)™ (n=2) dimers in J-IrS;, which suggests different
oxidized species in line with SXRD/STEM analyses based on the S-S distances being too long (2.9 A) to
account for a S-S chemical bond in layered IrS,. To further interrogate the nature of the oxidized sulfur
species for these systems, Raman spectra of the four compounds have been collected and the results

are represented in figure 6e.
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Figure 6: a) X-ray absorption near-edge structure of four LixIrS; compounds at Ir Ls-edge. b- ¢) Ir 4f and
S 2p XPS spectra. The Lils component observed besides the Ir 4f spectrum of J-LiosIrS; mostly
corresponds to residues at the surface originating from the chemical lithiation reaction used to
synthetize this compound. The S 2p spectra have been decomposed in several components: S*, S™,
(S2)™ dimers, and a surface contribution of elemental sulfur S°. e) Raman spectra of the four LixIrS,. The
inset is a zoom in the [360 cm™-300 cm™] region where the positions of the two peaks attributed to
the S-S dimer stretching are given for both J-IrS; and J-LigslrS,. f) Schematic drawing of the charge
compensation in both J- and L-Li.IrS; polymorphs.

The Raman spectrum measured for J-IrS; shows peaks related to the (S2)™ (n=2) stretching modes at
334 and 316 cm™, indicating a 55 to 65 N.m™ bonding strength between the two sulfur atoms. Upon
insertion of 0.5 Li, the overall structure of the Raman spectrum is conserved in spite of some peaks
shifts. In particular the peaks related to the S-S dimers stretching are still present but they have
broadened and shifted towards lower energies (331 and 313.5 cm™) indicating the retention of the S-
S bond, which are however slightly weakened (50 to 60 N.m™). Such softening of the dimers
corresponds to an elongation of 1 or 2 % of the S-S bonds, which is in agreement with our structural
findings. At first sight such elongation of the dimer is consistent with an electrochemical reduction of
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this entity, however, one would expect a more significant distortion for the transition from (S;)* to
(S2)*. Nevertheless, it is important to remember that these materials are highly covalent, the electronic
levels of (Sz)* of J-IrS; are likely strongly hybridized with the iridium ones and therefore the charge
carried by the sulfur dimer is strongly delocalized explaining this small length variations. It is also
possible that the structure of the material itself constrains the elongation of the dimer. At this stage,
one could argue that a global reduction of the (S;)* to (S,)* contrasts with the XPS results since
under such a scenario a shift to lower biding energy of the (S,)? signal in the J-LiosIrS, S2p spectrum is
expected. However, we solely observe a change in the (S;)%/S?* signal intensities ratio. Such apparent
contradiction can be reconciled by considering the (S;)* dimer as an entity evolving dynamically
between (S;)* and S* . Therefore, it would be tempting to talk, alike in organic chemistry, of
mesomery with the resonance forms being: (S2)* = [(S2)>¢> S*]. Such a dynamic scenario could also

explain in part the difficulties encountered for the theoretical simulation of these phases.

In contrast, the Raman spectra collected for the layered systems drastically differ between L-LilrS; and
L-IrS,. The L-LilrS; Raman spectrum (P3m1) shows only two peaks (associated to A;; and Eg modes) in
contrast to the one of L-IrS; that is more complex. This difference is coherent with the symmetry
lowering observed through delithiation of L-LilrS; hence further supporting the existence of structural
distortions in the material as previously described. However, further force field analysis would be

needed to make proper attribution of the spectrum peaks.

Altogether these results provide an insight in the charge compensation mechanism and its interplay
with the electronic structure evolution of the materials. According to the density of states of J-IrS2 and
considering a rigid band structure, the insertion of electrons in J-IrS; is expected to progressively fill
the antibonding states of the S-S dimer hybridized with both Iridium and S% sulfur (cf. figure S15). This
will first lead to a softening of the S-S bond (J-Lio sIrS;) and ultimately to its breaking (J-LilrS;). However,
this simple band picture does not explain the voltage drop at x = 0.5. To gain further insight into this
aspect, Galvanostatic Intermittent Titration Technique (GITT) measurements were conducted. (cf.
figure S16). They reveal a small relaxation voltage through the J-LiosIrS; formation plateau as opposed
to a strong one for the second plateau corresponding to the J-LilrS; formation, but interestingly the
relaxed voltage barely changes from J-LigslIrS; to J-LilrS;. These implies that the phases should form at
nearly the same potential but this does not happen due to different kinetics. This kinetic limitation can
be rationalized based on structural consideration by recalling that all empty ramsdelite octahedral sites
are filled with lithium in J-LiosIrS; with additionally the blocking of the rutile type-sites by S-S dimers.
Thus, to uptake further Li, the structure of J-LigsIrS; reorganizes via the breaking of the dimers and this

comes with a kinetic penalty.
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The charge compensation in L-IrS; appears more complicated although some insights can be obtained
in light of reported studies on IrTe,. This compound adopts a room temperature O1 layered structure
made of perfectly regular IrTeg octahedra but shows a distorted O1 layer structure at low temperature
with Ir-Ir dimerization, hence bearing some resemblance to L-IrS;. A multicenter bond involving the
iridium atoms pertaining to the dimers and the tellurium atoms joining these two iridium atoms has
been proposed to account for the low temperature Ir-Ir dimerization. Thus, by analogy, the
reorganization of the electronic structure in L-IrS; could stabilize the oxidized sulfur atoms. However,
at this stage DFT calculations are strongly needed to rationalize such hypothesis and preliminary

attempts have not yet been conclusive.

Finally, it is important to mention that LikrS; is highly covalent system and is not possible to attribute
a formal charge to the iridium and sulfur or to classify the redox process as strictly “cationic” or
“anionic”. However, the main conclusion of this charge compensation study is that the L- and J-
polymorphs follow completely different redox pathways (cf. figure 6f). The J- system involves an Ir-
(S2)™ entity (n>2) while the layered system involves Ir-S™ entity (m < 2) in the redox process; here the
prefix "Ir" suggests that the anionic levels involved in the redox are strongly hybridized by the Iridium.
However, for simplification purpose, the redox couple of the J and L- system are mentioned as (S,)™

/(S2)* and S™/S? respectively in the following discussion.
Discussion and conclusion

Altogether, we studied the Li-reactivity of two IrS; polymorphs; the J-IrS; one synthesized at high
temperature having S-S dimers and the L-IrS; obtained by delithiating layered LilrS; having oxidized
sulfur but no S-S dimers. Spectroscopic analyses unambiguously demonstrated that both polymorphs
followed different charge compensation mechanisms through cycling. Such specific features of two
polymorphs that react with Li* via two different redox couples makes the IrS; system unique to

understand the structure - charge compensation mechanism interlink.

Electrochemical reactions proceed at room temperature and usually lead to metastable phases.
However, the thermodynamic reversible path for lithiation and delithiation of J-IrS, and L-LixIrS; can be
identified by conducting reactions at higher temperatures (cf. figure 7 a). By reacting J-IrS, with metallic
lithium at 600 °C we could produce L-LilrS, for Li/Ir = 1 that could then be delithiated by an iodine (I,)
treatment at 900°C to produce J-IrS;, hence a different reaction lithiation-delithiation pathway from
the room temperature electrochemical one. These results indicate that the thermodynamically driven

reaction path can be written as:

J-IrS; + x Li = (1-x) J-IrSz + x L-LilrS; (1)

18



It is different from the room temperature electrochemical one that follows a kinetic path as
schematized in figure 7b. Structurally speaking, the thermodynamic reversible pathway between L-
type and J-type is possible only through iridium atoms migration. Though cation migration is often
reported in layered materials, studies performed on Li2IrOs demonstrated that the iridium atoms are
not likely to migrate during delithiation due to the strongly covalent Ir-O bond.®>** On moving from
oxides to sulfides, the material becomes even more covalent, hence the migration of Ir is expected to
be impeded further. This provides a feasible explanation to account for a different reacting pathway
between low and high temperature. Another factor to trigger the J <= L transition is the breaking and
formation of S-S dimers that is associated to electronic rearrangements. Such a strong electronic

reorganization is energetically costly and therefore not the most favorable path at low temperature.

Altogether, our results confirm that when activation energies required to form the thermodynamically
stable phase are too high, kinetics variables guide the structure selection (i.e. metastable phases) along
the phase transformation pathway. More importantly, this reaction pathway selection directly affects
the sulfur redox couple. Hence, while thermodynamic path relies on a sulfur redox chemistry enlisting
the (S2)%/S* redox couple the room temperature kinetic pathways are constrained to involve
metastable sulfur states ((S2)™ and S™ with n >2 and m<2). Thus, the observed voltages differences (AE,
and AE, cf. figure 7 c) between the J and L kinetic pathways and the thermodynamic one are most likely

due to the different redox potential associated to these redox couples.
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Figure 7: a) Sum up of the chemical lithiation/delithiation products as a function of the reaction
temperature. b) Schematic of the energy landscape for the Li.IrS; system. In particular, it highlights the
relative stability of the phases and the activation energy associated to all the reactions. c) Comparison
between the experimental electrochemical curves obtained for the J and L pathways and the calculated
(cf. SI) thermodynamic potential associated to the reaction (1).

Next, a legitimate question arises on how such findings could provide more insights into the
electrochemistry of the lithium-rich oxides. To that end, it is interesting to make a parallel between
our findings and the hypothesized multistep mechanism for anionic redox materials we earlier
proposed based on isothermal calorimetry.3® This process (cf. figure 8a) consists of decomposing the
lithiation/ delithiation to electrochemical steps with less structural/electronic reorganization, followed

by chemical rearrangement steps (cation migration, shortening of O-O bonds or even dimer formation

according to some authors).

Thus, according to this model, the electrochemical steps, i.e. those that define the potential, are done
at a fixed structure. Therefore, similarly to L-LilrS; in charge, the withdrawal of lithium from a lithium
rich oxide Hthium is done without possible migration of transition metals and thus without any O-O

dimer formation. On the contrary, after structural reorganization the loaded material contains
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migrated cations in the interlayer and according to some authors O-O dimers. Therefore, similarly to
the Li insertion in J-IrS,, the redox couple involved in the discharge of the lithium rich oxide must be
impacted by the presence of the dimer. Thus, by analogy with the LirS; systems, the charge and
discharge in a lithium-rich oxide are likely to occur via two different redox couples, which explains the
potential difference, i.e. the hysteresis, observed (cf. figure 8b). It isimportant to note that the analogy
made only allows predicting a difference of redox couple between charge and discharge in no case we

affirm that these couples are identical for the oxides and the LilIrS; system.

...... Rec (0)¢

Redox —\\\
Dimer

Capacity

Figure 8: a) Schematic drawing of the proposed reaction pathway within the cycling of anionic redox
active material. According to this scenario, the extraction of lithium is done through a first redox
process involving the anion and/ or the cation (redox layer). This metastable form then reorganizes
chemically to form anionic dimers (Xz). The subsequent electrochemical process for lithium
intercalation then involves the redox of the dimer (redox dimer), which at the end of the discharge can
reorganizes partly/ fully to reform the pristine like material. b) The resulting (hypothetical)
electrochemical curve with hysteresis due to difference in redox couples between charge (layer) and
discharge (dimer). The wordings ‘layer’ and ‘dimer’ in the figure represents layered structure and the
rearranged structure with dimers respectively.

Moreover, such squared mechanism suggests (cf. figure 8 a), at first sight, the feasibility to cure this
hysteresis by preventing the reorganization steps. This is what we have realized here by chemically
designing these IrS, polymorphs since L-IrS,/L-LilrS; and J-IrS,/)-LiosIrS; anionic redox process occurs
without any hysteresis. Accordingly, recent studies have correlated the absence of hysteresis in

Li»IrO33¢ or Na;Mn30-%’ to the lack of structural evolution concomitantly with the electrochemical

reaction.

In summary, we reported the chemical design of novel IrS, polymorphs that were used as an ideal
system to understand the structurally driven reaction pathways during lithiation/delithiation of anionic
redox based compounds. Combined XRD, XPS and Raman revealed that both J-IrS, and L-IrS;

polymorphs, with or without S-S dimers, have asymmetric redox processes involving different reaction
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intermediates. Moreover, such tailor-made sulfides have helped in experimentally rationalizing the
multistep “square scheme” model previously proposed. This model can extend to most oxides showing
anionic redox activity. Apart from providing mechanistic insights, this revisit of the chalcogenide
chemistry opens up a new way to predict and chemically design anionic redox based materials with
mitigated hysteresis. Lastly, by reporting a new IrS; phase we broaden the layered chalcogenides family
that constitute a hot topic nowadays owing to unusual catalytic, optical, electronic, and spintronic

properties.
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