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Abstract:

Disordered rocksalt compounds showing both anionic and cationic redox are being
extensively studied for their very high energy storage capacity. While the Mn-based
disordered rocksalt compounds show decent energy efficiency, it is drastically lower in the
Ni-based materials due to different voltage hysteresis, 0.5 V and 2 V, respectively. To
understand the origin of this difference, we herein report the design of two model
compounds Li;3Nip27Ta0.430, and Li;sMng4Taos0, and study their charge compensation
mechanism through the uptake and removal of Li via an arsenal of analytical techniques. We
show that different voltage hysteresis with Ni or Mn substitution is due to differences in the
way anionic redox proceeds. We rationalized such a finding by DFT calculations and propose
this drastic difference to be nested in the smaller charge transfer band gap of the Ni-based
compounds compared to the Mn ones. Altogether these findings provide vital guidelines for
designing high capacity disordered rocksalt cathode materials based on anionic redox

activity for next generation of Li-ion batteries.
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Introduction:

Electrical energy and transportation are two pillars of our society, and both are
provided by fossil fuels, which are unsustainable and polluting resources. To alleviate this
issue, great are efforts are being made to make use of renewable energies, for instance
coming from wind or sun. However, to succeed in the energy transition based on these
intermittent energy sources, energy storage needs to be further developed. Among the
storage devices, Li-ion batteries, because of their high energy density®, have conquered most
of today’s portable electronic and EV markets and they stand as serious contenders for grid
applications. Despite their widespread use, the energy density of Li-ion battery still needs to
be improved to match with the electric cars customers’ requirements in terms of autonomy.
This mainly calls for the design of new cathode materials with higher capacity and working
potential. Along that line, Li-excess disordered rocksalt oxides (DRS) are interesting materials
since they show very high capacity, 300 mAh/g for Li;3Mny4Tio30, and 250 mAh/g for
Li1oNio33Tio.33M00.130, compared to commercialized materials LiNi33Mno33C0033:0, (200
mAh/g).¢ Both Li1sMno4Tios0, and Liy2NiossTiossM0o130, capacities are the result of the
combined cationic and anionic redox, being the oxidation/reduction of the transition metal
and the oxygen lone pairs, respectively.[Seo] Application-wise, LisNio33Tio.33M00130, shows
less interesting properties compared to Li;sMng.Tio30, mostly because of a poor energy
efficiency due to a strong voltage hysteresis. Indeed while both compounds have similar
redox potentials in oxidation, the Ni-based compounds shows a lower averaged reduction
potential of 3 V, due to a sudden drop of voltage of 1.5 V, compared to 3.2 V in the Mn-
based one. Interestingly, this phenomenon can be observed in many Ni-based rocksalt as
presented in Table 1 **7"*°, but never in Mn-based compounds. The origin of such feature
has been investigated in only two studies: i) Lee et al. attributed this phenomena to the
formation of a Li - poor layer at the surface of the material during charge, impeding Li
diffusion for Li;.2Nios3Tio.33M00.1502 *and ii) Zhao et al. proposed the reduction of Mn/Mo due
to oxygen release in Li;2NiosMno,M0,,0, °. To check the validity of these hypotheses, we
propose a detailed comparison of two new Ni and Mn- based DRS model systems. To
synthetize such phases, d° elements are used to stabilize the cation disordering, based on
early work by Urban et al. **. Numerous d° elements such as Ti*, Nb*" or Mo® have already
been used to make Li-based DRS. Herein, we propose to use Ta’* as d° element and therefore

compare the two phases Liy3Nio27Ta0.4302 (LNTO) and Li;sMno4Taps0. (LMTO) with the aim to
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i) assess the origin of the different discharge potentials between Mn-based and Ni-based
compounds, and ii) probe the role of Ta>* (5d°) substitution in the overall redox processes,
compared to Nb*> and Mo* (4d°), or Ti* (3d°). The LiysNio27Ta04s02 and LiisMng4Taos0-
compounds were synthesized as single phases and their electrochemical behavior was
investigated via complementary techniques such as Online Electrochemical Mass
Spectrometry (OEMS), X-ray Absorption Spectroscopy (XAS) and X-Ray Diffraction (XRD). The
Ni-based one shows instability against O, release upon intensive oxidation as opposed to the
Mn-one. Additionally, we show that the drop of potential observed in the Ni-based
compound is due to the low reduction potential of anionic redox occurring at 1.5 V
compared to 3 V for the Mn-based one. Both the enhanced gas release and voltage
hysteresis for the Lii3Nio27Tao430,, are attributed to its low band gap due to the presence of
Ni** (d*), as shown by DFT calculation. For the sake of clarity, we first briefly describe the
synthesis of these compounds together with their general electrochemistry prior to present
the mechanism of the Li-removal/uptake in Li;3Nio27Ta0430, and Li;sMng4Tao 30, separately.
Then, we will engage into a theoretical approach focusing on the charge transfer band gap in

these materials.

Potential drop in

Composition Proposed origin Ref.
discharge
Li1.33Nio.33Wo.330, 2V Not eXplored /
Li1 sNio..7Nbo.4302 2V Not explored Yabuuchi et al. ®

Kinetic limitation -
Lis ,Nio.33Tio.33M00.1602 1.5V formation of Leeetal.®

densified surface

Li133Nio.33M00.330- 1.9V Not explored Yabuuchi et al. ®



Li1,05Nio,5Tio.3Nbo,1502 1.8V Not explored Colinetal.’

Mn or Mo reduction
Li12Nio.4Mno2M0o 20, 2V triggered by oxygen Zhaoetal. ™

release

Table 1: Composition, amplitude of the potential drop observed during discharge and the

origin of such feature for reported Ni-based compounds.

Experimental details:

Synthesis: Classical solid state synthesis from the oxide precursors, NiO (green, Sigma-Aldrich 99%), Mn,0;
(Sigma-Aldrich, 99.9%), Ta,Os (Alfa Aesar, 99.85%) and with 10% excess Li,CO; (Sigma Aldrich, 99%), was
employed to prepare the Liy3Nio7Ta043:0, and Li;3Mng4Tag 30, phases. The reactants were mixed using mortar
and pestle before grinding in a planetary ball mill using a zirconia set for 1 hour at 600 rpm for the
Li;.sNio 27 Ta0.430, precursors and 12 hours at 600rpm for Li; 3sMno4Tae30, precursors. The powders were fired for

24 h at 900°C in air for LiysNig2,Tao430, and under argon flux for Li;sMng4Ta:0,.

Electrochemical testing: All the electrochemical characterization was performed in Swagelok-type cells. The
positive electrode material was grinded in SPEX-type ball mill for 60 min with 20% carbon SP. Note that shorter
ball mill time resulted in poorer electrochemical properties as presented Figure S1. Then, the active material
and carbon mix was embedded into a PTFE matrix. The final electrode showed the following composition: 72%
active material/18% carbon/10% PTFE. Li metal was used as anode. Whatmann GF/D borosilicate glass fibers
sheets were used as separators and the electrolyte was LP100 (1/1/3 EC/PC/DMC with 1M LiPF,). Cells were
assembled in Ar-filled glovebox. Galvanostatic cycling was performed at C/20 (meaning 1 Li is extracted in 20
h). Ex situ samples were washed with DMC inside an Ar-filled glovebox before being dried under vacuum.

Galvanostatic Intermittent Titration Technique (GITT) was performed using OCV period of 5h.

Structural characterization: XRD measurements are performed using a BRUKER D8 Advance diffractometer
with Cu Ka radiation (Ak:=1.54056 A, Aa:=1.54439 A) and a Lynxeye XE detector. Operando experiment are
performed using the same diffractometer with a home-made airtight electrochemical cell equipped with a Be
window 2. Neutron powder diffraction (NPD) patterns were measured on the D1B powder diffractometer at ILL

(Institut Laue-Langevin) with A = 1.2911 A. Rietveld refinements were performed using the FullProf program®.



Hard X-ray Absorption Spectroscopy (XAS): Operando XAS measurements at the Ni and Mn K-edges and ex situ
measurements at the Ta Ls-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 0.8 eV at 8 keV
was used. The intensity of the monochromatic X-ray beam was measured by three consecutive ionization
detectors. For the operando measurement, the in situ electrochemical cell was placed between the first and
the second ionization chambers. All samples were prepared as self-standing PTFE films of the active material
and cycled at C/20. Successive spectra were collected at a rate of 2 Hz and averaged out over periods of 5
minutes. The energy calibration was established with simultaneous absorption measurements on Ni, Mn or Zn
foils placed between the second and the third ionisation chamber. All data was treated using the Demeter
package for energy calibration and normalization.” For the operando data, the normalized spectra were
globally analyzed with Principal Component Analysis (PCA) in order to individuate the orthogonal components
able to describe the whole evolution during cycling. The number of principal components was then used as
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basis for Multivariate Curve Resolution-Alternating Least Squares (MCR-ALS) analysis.” Finally, the
reconstructed components as well as the ex situ spectra were fitted using the Artemis software. Fourier
transforms of k? weighted EXAFS oscillations were carried out in k-range from 3.5 A™ to 12 A~*for Ni K-edge and
5.1 Ato 11 A™* for the Mn K-edge. For Ta Ls-edge, the Fourier transforms of k® weighted EXAFS oscillations
were carried out in k-range from 3.7 A to 13.7 A and the fitting was performed in R-range from 1.0 to 3.5 A.

EXAFS amplitudes and phase-shifts were calculated by FEFF7. Mn,0, reference for XAS was prepared by full
delithiation of the LiMn,0, spinel.

Soft XAS: measurements at the Ni L-edge, Mn L-edge and O K-edge were performed at beamline 4-ID-C of the
Advance Photon Source at Argonne National Laboratory. Transport and sample loading was performed
minimizing exposure to air. Data were measured simultaneously under both the total electron yield (TEY) mode
with the sample photocurrent at ~10? Torr and total fluorescence yield (TFY) mode by a silicon drift diode
detector. The angle of X-ray incidence in TFY mode was adjusted to minimize the self-absorption effect while
still being bulk sensitive. Data was obtained at a spectral resolution of ~0.2 eV, with a 2 s dwell time. During
the measurement, three scans were performed at each absorption edge for each sample, and scans were then
averaged to maximize the signal-to-noise ratio. Oxygen K-edge XAS was calibrated measuring simultaneously

Sr,RuQ, as a reference.

Online Electrochemical Mass Spectrometry (OEMS): A detailed schematic of the OEMS setup is provided
elsewhere. ®® Briefly, the OEMS operates with a quadrupole mass spectrometer (QMS 200, Pfeiffer, Germany)
for partial pressure measurements and a pressure transducer (PAA-33X, Keller Druck AG, Switzerland) for total
cell pressure recordings, temperature, and internal volume determination. Swagelok stainless steel gas pipes
and fittings (3 mm compression tube fittings, Swagelok, OH, USA) are employed to connect a homemade OEMS
cell, a set of solenoid valves (2-way magnetic valve, Series 99, silver-plated nickel seal, Parker, USA) and a scroll

pump (nXDS15i, EDWARDS GmbH, UK) for efficient flushing. The valves are electronically controlled with a Solid



State Relay Module (NI 9485 measurement System, National Instruments, TX, USA) connected to a computer
with a LabView Software (NI Labview 2013, National Instruments, TX, USA). For partial pressure and gas
evolution rate analysis 0.8 mL of gas are extracted from the headspace (~ 4 mL) of the cell and replaced by pure
Ar (quality 5.0). Calibration gas bottles were utilized to relate the MS ion-current signals at m/z = 32 and 44 to
known concentrations of O, and CO, (1000 ppm of O, and CO; in Ar, respectively), before and after the

measurement.

DFT: Spin-polarized density functional theory (DFT) calculations were performed using the plane-wave density

%20 within the generalized gradient

functional theory VASP (Vienna ab initio simulation package) code
approximation of Perdew-Burke-Ernzerhof (PBE) to describe electron exchange and correlation®. The
rotationally invariant Dudarev method (DFT + U)?* was used to correct the self-interaction error of conventional
DFT for correlated d-electrons with U = 6.4 eV and 5 eV for the Ni- and Mn-based compounds, respectively.
Homemade cluster expansion code has been used to identify low energy cationic configurations in the pristine
materials, Li;3Nip27Tao430, and LiisMngsTaos0,. Note that for the latter, the chemical composition of the
theoretical model is Li;sNiosTa04O,. A unit cell of 40 atoms was used with cell parameters of a= 6 A, b= 6 A, c=
12 A, a= 90°, B=90°, y= 60°. The structural search was carried out in two steps. First, Ta networks minimizing
the unfavorable Ta - Ta next-nearest neighbors (NNN) were chosen. Indeed, the energy of the structure is
drastically influenced by the number of NNN Ta - Ta interactions as shown in Figure S22. Second, all the
possible Li and Ni/Mn configurations were generated and the most stable structures were selected for further
analysis. To assess the validity of our approach, we computed the DFT energy of the 50 lowest energy
structures deduced from our cluster expansion calculations, and compare these energies to the DFT energy of
random cation orderings, as shown in Figure S23. It can be seen that using our cluster expansion code, we
could identify low energy cation ordering with negligible computational cost. Convex Hull diagrams were then
produced from the delithiation of the chosen structural models. The voltage profiles, Bader charges, atomic
distances and O, release enthalpies were computed and showed good agreement with experiments as shown

in Figure S24, S25 and S26.

Results.

Li1.sNio27Ta04302 (LNTO) and Li;sMno4Ta0:0, (LMTO) were synthetized via solid state method.
The precursors were ground for 1h for LNTO and 12h for LMTO and fired at high
temperature under air for the LNTO and argon for the LMTO. The composition were chosen

so that the Li content is similar in both compounds, with Ni, Mn and Ta being at the 2+, 3+



and 5+ oxidation states, respectively. The structure of these new compounds was
determined by XRD coupled to NPD which patterns are presented Figure S2 and Figure 1 a-
b). XRD and NPD are complementary here as they provide different contrast between atoms
(Zi=3and b;=-1.90 fm, Zu, = 25 and by, =-3.73 fm, Zxi= 28 and by = 10.3 fm, and Z;,= 73
and by, = 6.91 fm). Both products crystalize in F m -3 m space group with cell parameters a =
4.1990(10) A and a = 4.1975(11) A for LNTO and LMTO, respectively (Table S1). Their
structure is a rocksalt structure with all the cations randomly distributed over the 4a
Wyckoff position as it can be seen on the schematic Figure 1. The electrochemical behavior
of LNTO and LMTO as cathode for Li-ion battery was investigated. The 1%, 2" and 10" cycles
for each compound are presented in Figure 1 c-d). LNTO and LMTO show discharge
capacities of 220 mAh/g and 180 mAh/g, respectively. They correspond to the
extraction/insertion of 1.1 Li for LNTO and 0.9 Li for LMTO. Although the capacity of LNTO is
higher than LMTO, the Ni-based compound shows a lower average discharge potential since
only 0.25 Li are inserted above 3 V compared to 0.6 Li for LMTO. This low average voltage
has been observed in other Ni-based disordered rocksalt compounds and it is detrimental
for the energy density and energy efficiency, hence the need to understand its origin. Is it
related to diffusion issues, cationic vs. anionic redox competition, or Li-driven structural
changes? To answer these questions, complementary operando XAS, OEMS and XRD

measurements were performed.
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Figure 1: a) and b) Rietveld refinement of NPD patterns of LiisNio27Ta04:0. and
LizsMno4Taos0,, respectively . The red crosses, black continuous line and bottom blue line
represent the observed, calculated, and difference patterns respectively. Vertical green tick
bars are the Bragg positions. c) Voltage-composition curve of 1%, 2" and 10" cycles of the

galvanostatic cycling of LNTO and LMTO in the left and right panels, respectively.

Mechanism of Li removal/uptake in Lij 3Ni¢27Ta0.43:0;

The voltage-composition curve for LNTO shows 6 distinct processes: 3 in charge and 3 in
discharge, hereafter called CN1, CN2, CN3, DN4, DN5 and DNé, as highlighted in Figure 2-a)
(C, D and N stand for “Charge”, “Discharge” and “Nickel”, respectively). Upon charge, the
three processes CN1, CN2, and CN3 happen at 4V, 4.3V and 4.5 V as deduced from the dQ/

dV curve and account for the extraction of 0.3, 0.4 and 0.4 Li, respectively. Upon discharge,
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the processes DN4, DN5, and DNé6 occur at 3.8 V, 1.7 V and 1.3 V and correspond to the
insertion of 0.25, 0.5 and 0.3 Li, respectively. Concerning the 2™ charge, a new redox process
can be seen centered around 1.7 V. Its capacity scales with the capacity of DN6, hence

showing their correlation (Figure S3), however its origin is not yet understood.

Next, to determine the corresponding oxidation-reduction process, several cells were made
and oxidized to reach different SOC prior to be discharged to 1.5 V Figure 2 b-c).
Interestingly, when charging over CN1, the reduction curve is mainly composed of DN4
implying the link between both. Moreover, there is appearance of DN5 when further
charging, hence a clear connection between CN2-CN3 and DN5 with however a large voltage
difference. Worth mentioning is that the capacity of DN4 decreases with increasing SOC and
this trend is even more severe at 55°C. Moreover, despite strong polarization observed
during DN5 on the GITT curve (Figure 2-d) equilibrium potential do not reach 3.5 V implying
that the observed voltage difference is not only kinetic but also enlists a thermodynamic
limitation suggesting different reduction and oxidation paths. Thus, could such an effect be
related to a peculiar charge compensation mechanism having sluggish kinetics associated

with the anionic redox species as previously reported in Li-rich materials?*
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Figure 2: a) Voltage-composition curve of the 1% galvanostatic cycle and its dQ/dV profile, on
the left and right panels respectively. b) and c) voltage-composition curve of the 1% cycle
with different states of charge (top) together with the capacity of DN4 (>3 V) depending on
the SOC (bottom) at 25°C and 55°C. d) GITT measurement performed on the 1% cycle of
LNTO.

To clarify this point we used operando Ni K-edge and ex situ Ni Ls-edge, Ta Ls-edge and O K-
edge XAS to determine the evolution of Ni, Ta, and O oxidation states during cycling. First,
we monitor the variation of Ni oxidation state by exploiting, operando the Ni K-edge position
during the electrochemical cycling that we compare with standards, namely NiO (Ni*) and
LiNiO, (Ni**) as presented in Figure 3-a and Figure S4. The Ni oxidation state is close 2+ in the
pristine compound and increases up to nearly 3+ during the first part of charge (CN1 and
CN2). Upon further charging, there is a reduction of Ni** which becomes nearly Ni*** at the
end of charge (Figure S5). During DN4, the oxidation state of Ni converts back to =2 and stays
constant during DN5 and DN&é.

The XAS spectra evolution during the electrochemical cycle was further exploited using
Principal Component Analysis (PCA) combined to Multivariate Curve Resolution-Alternating
Least Squares (MCR-ALS). Three components were identified and both their concentration
evolution and their corresponding EXAFS were analyzed and presented in Figure 3 b-c, Figure
S6 and Table S2. The 1 and 2™ components correspond to the pristine material and the
phase having solely Ni*, respectively. The 3™ component appears in the middle of the
charge, end of CN2. Its concentration increases gradually up to 60% at the end of DN4 and
stays constant during the rest of the discharge. In this component, Ni is in the same
oxidation state than in the pristine, =2+, as determined from their edge position (Figure S7)
and their EXAFS signal showing similar Ni-O environments as opposed to a distorted
environment (Jahn -Teller distortion) for the 2™ component. The main difference between
the pristine and the 3™ component is nested in the Ni-M environment. Indeed, the values
obtained for the Ni - Ni distances, the Ni - Ta distances and the related Debye-Waller factors
are higher in the 3 component indicating a higher atomic disorder of the end of discharge
compound compared to the pristine (Table S2). Note that Ni K-edge and Ni L;-edge data
measured on ex situ samples are consistent with the operando data as presented in Figure

S8 and Figure S9.
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Figure 3 : a) Evolution of the Ni K-edge position (pink) during operando measurement for the
1* cycle of LNTO together with the voltage-composition curve (black). The value of the edge
position is the energy at 0.8 of the edge step. Edge position of NiO and LiNiO, are given as
reference for Ni** and Ni**, respectively. b) Evolution of the concentration of the components
deduced from MCR-ALS during operando measurement, in brown, green, and blue, together
with the voltage-composition curve in black. c) Table summarizing the principal information

extracted from the EXAFS fitting. d) TFY O K-edge XAS spectra for ex situ samples during the
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charge and discharge, together with the difference spectra between the pristine and the

spectra of the ex situ samples in the bottom insert.

Ta Ls;-edge and O K-edge measurements were performed on ex situ samples recovered from
Li; sNio 27 Ta.4302/Li cells stopped at various states of charge/discharge; after CN1 (4.2 V and x
= 0.3), after CN2 (4.5 V and x = 0.7), and after CN3 (4.8 V and x = 1.1), in DN4 (3V and x =
0.85) and after DN5 (1.2 V and x = 0.3). Concerning Ta, for all samples the edge position is
similar to the one in Ta,0s, spotted from the maximum of the first derivative of the
normalized intensity (Figure $10), showing Ta stays in the 5+ oxidation state during cycling.
However, the white line shape and intensity changes show evolution of the Ta environment
during Li removal/uptake. To better assess these changes, analysis of EXAFS oscillations was
carried out (Figure S11). It shows that while the average Ta - O and Ta - M (M being Ni and
Ta) distances stay nearly constant during the Li removal/uptake, approximately 1.95 A and
3.1 A, the distortion coefficient of the TaO, octahedron, calculated from the mean deviation
of Ta-O bond lengths, changes substantially (Table S3). From these results, we concluded
that Ta is not oxidized/reduced during the electrochemical cycling but suffers from
modification of its coordination shell, which is highly distorted at the end of charge (CN3)
and at the beginning of discharge (DN4).

Altogether, the previous findings dealing with the Ni and Ta redox during the 1 cycle lead us
to hypothesize that anionic redox is responsible for the charge compensation mechanism
during CN2, CN3 and DN5. To prove this hypothesis, we analyzed the pre-edge features (525
- 532 eV) of the O K-edge spectra (Figure 3-d). Two main features at 526.5 eV and 530 eV
can be observed. They correspond to electronic transitions from O 1s into hybridized oxygen
2p states with nd cations. Using O pDOS computed via DFT calculations (Figure S12), we
show that the 526.5 eV feature corresponds to Ni-O states which appears solely in presence
of Ni*, while the 530 eV signal is reminiscent of both Ni-O and Ta-O states. By subtracting
the pristine from the ex situ spectra (Fig. 3e bottom) we highlight its evolution during the 1%
cycle which is mainly centered at 526.5 eV and 528.7 eV. The 526.5 eV feature intensity is
maximum after CN1 and decreases during CN2, CN3 and DN4 directly following the presence

of Ni** in agreement with DFT calculations. The second feature at higher energy (528.7 eV)
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which appears during CN2 and increases during CN3, clearly suggest the removal of some
electronic density on the oxygen atoms. Since neither Ni nor Ta is active in this region of the
charge, the presence of the 528.7 eV is a direct evidence of anionic redox. Interestingly, the
528.7 eV signal remains constant during DN4 and fully disappears in DN5 as expected. This
does not come as a full surprise as other studies have been successfully observing anionic
redox in the O K-edge pre edge features.” In short, we have shown that Ni
oxidation/reduction happens at =3.9 V with limited polarization =100 mV while anionic redox
occurs at 4.2 V in charge and 1.5 V in discharge, clearly implying that anionic redox is

therefore responsible for the large voltage hysteresis observed in LNTO.

To better understand the characteristics of anionic redox in LNTO, namely the stability of the
oxidized oxygen species towards O, release, OEMS experiments were performed. The
results, presented in Figure 4-a, show initially no gas evolution upon oxidation. In contrast,
there is a copious amount of CO, and O, produced inside the cell as soon as we reach the
CN3 process. Interestingly, this gas production is concomitant with the partial reduction of
Ni* suggesting that a fraction of the released oxygen atoms in CO, and O, molecules come
from the bulk of the material. It is consistent with previous work, done by Luo et al., showing
that both oxygen atoms from O, gas come from the material in Li Rich NMC.% Such findings
suggest O - O pair formation occurs in LNTO during charge. Note, that there is no gas
evolution during discharge implying that the formed O, gas molecules do not reduce (Figure

S13).
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Figure 4 : a) Molar ratio of O,/LNTO and CO,/LNTO measured via mass spectrometry during
galvanostatic cycling together with the voltage-composition curve, in orange, green and
black, respectively. b) Voltage-composition curve of the galvanostatic cycling during
operando XRD measurement together with the cell parameter variation extracted from the
patterns using Rietveld refinement. Black, red, and blue dots correspond to the cell
parameters of the different phases. c-d-e) Rietveld refinement of specific patterns of the
operando experiment. The red crosses, black continuous line and bottom blue line represent

the observed, calculated, and difference patterns respectively. Vertical green tick bars are

the Bragg positions.
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At this stage, it is important to check whether the release of oxygen at high potential is
associated with structural changes, hence our motivation to perform operando X-ray
diffraction. Figure 4 b-c-d-e) presents the electrochemical cycle and the result of the Rietveld
refinement of the XRD patterns. We recall that the pristine crystallizes in a cubic space group
F m -3 m, with therefore one cell parameter, a. During CN1, the cell parameter decreases
gradually which is consistent with Ni oxidation (Ni** = Ni**), then stays constant through CN2
during which oxygen is oxidized but not released from the material. In the middle of CN3,
when O leaves the material, the appearance of a shoulder peak can be seen in the XRD
pattern which can be indexed using the same space group as the pristine with however a
smaller cell parameter, 4.148 A compared to 4.1990(10) A (Figure 4-d). The chemical
composition of this new phase, now called “high voltage phase”, could not be estimated due
the overlap of its peaks with the pristine ones. During discharge, the cell parameters of both
phases decrease and convert back to that of the pristine material with however a larger peak

width indicative for the presence of strain, consistent with the XAS data.

Altogether these data provide an accurate description of the material’s evolution during the
first charge that can be schematically summarized in Figure 5). We could identify the origin
of the voltage hysteresis, caused by drastically different charge and discharge potential for
anionic redox. Looking for characteristics of anionic redox in LNTO, we found that it rapidly
leads to O, release upon oxidation together with structural evolution. To further understand
the correlation between anionic redox and voltage hysteresis, a similar study is performed

on LTMO which shows less hysteresis compared to LNTO.
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Figure 5: Schematics presenting the charge compensation mechanism in Liy sNip27Ta0.430;

Mechanism of Li removal/uptake in Li;3Mn 4Tay ;0.

The voltage-composition curve for Liy;sMng4Tao:0- is shown Figure 6 a) together with its dQ/
dV profile. We observe two oxidation peaks at 3.9 V (CM1) and 4.5 V (CM2) which
correspond to the removal 0.4 and 0.5 Li, respectively, and two reduction peaks, one well
pronounced at 3.4 V (DM3) and another one (DM4) spread in voltage (3-1 V) corresponding
to the insertion of 0.6 and 0.2 Li. Following the same procedure as for the Ni-based

compound, we could deduce that both CM1 and CM2 are merged into DM3 in discharge
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showing the irreversibility of the redox chemistry (Figure 6 b). Moreover note that DM4
appears only after charging at high SOC, hence its straight correlation with CM2. By
comparison with the voltage-composition profile for the Ni-based compound, we observe
that the abrupt potential jump upon reduction is replaced, in the Mn-phase, by a smoother
decay and a lower polarization as deduced from GITT measurements Figure 6 c).
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Figure 6: a) Voltage-composition curve of the 1% galvanostatic cycle of LMTO together with
its dQ/dV profile emphasizing the CM1, CM2, DM3 and DM4 processes. b) 1° galvanostatic
cycle at different SOC together with the discharge capacity, in number of Li, of DM3 (>3 V) in
the bottom panel. c) GITT of the 1% cycle of LMTO.

Once again, XAS was performed to access the charge compensation mechanism in
Li;.3sMno4Tao30; and the results are shown in Figure 7 and Figure S14. Following the Mn K-
edge position during operando measurement and comparing it with the reference spectra of

Mn,0; (Mn*) and Mn,0,4 (Mn*), it can be concluded that Mn is 3+ in the pristine material,
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oxidizes to Mn* during the first part of the charge (CM1) and remains as such afterwards

(CM2). On discharge, Mn*" is continuously reduced back to Mn*" through DM3 and DM4.

The data were further exploited using PCA coupled to MCR-ALS analysis. Seven components
were needed to describe the evolution of Mn oxidation state and environment during Li
removal/insertion. The evolution of the concentrations of the reconstructed components
together with the analysis of their EXAFS oscillations are presented in Figure 7 b-c), Figure
S15 and Table S4, while the XANES part is shown in Figure S16. In short, in the pristine
compound, Mn* sits in a Jahn-Teller distorted environment which converts back to a regular
one when Mn* is oxidized ( during CM1). Upon further oxidation (CM2), the Mn
environment distorts while its oxidation state remains constant (4+) implying a non-pasive
role of the anionic network. During reduction, the Mn environment converts back to the
pristine following nearly the same transformation while Mn continuously reduces from +4 to
+3. These findings were further confirmed by ex situ Mn K-edge and L2/3-edge data as
presented in Figure S17 and Figure S18.
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the EXAFS fitting. Oxidation states indicates in the table are obtained assuming a linear
correlation between edge position and oxidation state d) TFY O K-edge XAS spectra for ex
situ samples during the charge and discharge, together with the difference spectra between

the pristine and the spectra of the ex situ samples in the bottom insert.

Next, ex situ Ta Ls-edge XAS were measured after CM1, CM2, DM3 and DM4 to assess to
participation of Ta in the redox mechanism. From the data presented in Figure S19, Figure
S20 and Table S5, nearly no change can be observed in the XANES or EXAFS region proving
Ta is inactive during the electrochemical cycle. At this stage, to interrogate the oxygen
activity, ex situ O K-edge spectra collected on samples recovered from LiisMng4Tags0- /Li
cells stopped at the end of CM1 (4.2 V and x = 0.4), CM2 (4.8 V and x = 0.9) and DM4 (1 V
and x = 1.2). The results are shown in Figure 7a together with the spectra differences,
processed as before, with the main evolution centered at 527 eV and 528.7 eV. From O
pDOS calculated via DFT (Figure S21), we can attribute the 527 eV feature to Mn-O states
which is consistent with the observed intensity increase during CM1 and its constancy
through CM2. Similarly, the second peak at 528.7 eV which increases during CM2 is
attributed to the anionic redox bearing in mind that Mn and Ta are inactive in this region. It
is worth mentioning that in both LNTO and LMTO, the O K-edge feature associated to anionic
redox appears at the same energy. This is consistent with the fact that anionic redox involves
the oxidation of non-bonding levels which energy only depends on electrostatic interactions
being of similar amplitude in LNTO and LMTO. Overall, it results that both compounds show
anionic redox activity associated to a voltage hysteresis which is quite larger for LNTO as

compared to LMTO, hence the need to understand the origin of this difference.

To check the outcome of the anionic redox species in LMTO, we performed OEMS. No gas
evolution was detected through CM1 while a copious amount of CO, which is likely coming
from electrolyte decomposition is observed afterwards (CM2). Minute traces of O, towards
the extreme end of the charge are observed in contrast with the large O, release observed
for the Ni-based compound. Further assessing the difference between LNTO and LMTO,
operando XRD has been carried on. Figure 8 a) presents the voltage-composition curve

together with the XRD patterns and the a cell parameter obtained from Rietveld refinement.
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Interestingly, a decreases from 4.1975(11) A to 4.129(3) A during Mn®/Mn* oxidation, in
agreement with EXAFS data, and then remains constant while showing a peak broadening. A
continuous decrease of a is observed on the subsequent discharge. We should recall that

under the same oxidation process we have note the appearance of an extra phase in LNTO

samples.
a) b)
o penk 2TCMT T CM2 . CM3  CM4
B Low voltage phase &
] .. »/\\Nwww 10- ;
® " 'DM4/\”“W O '
------------------ = e : i :
- == &l : i 3 =
% 30" : 3 2
904 & % ® 8 ! 5 5
z — e 3% 5
= . € o2 6 =
o |1 DM3=— N T BS 2
E 20 m % £ = 12 o
" % g e 8 @ &
. M =< 7 3
CMzw/& 3
104 m
2 4
-
ol —  momi o — 0 0 - ——1o
412 4.16 4.20 37.0 37.5 38.0 4 3 2 1 20 40
ain A 20(0p,,) Voltage vs Li‘/Li (V) Time (h)

Figure 8: a) Voltage-composition curve, patterns and cell parameters extracted from Rietveld
refinement of the operando XRD measurement from right to left. B) OEMS results for LMTO,
showing the evolution of the molar ratio between O, and CO, and the active material, in

orange and green, together with the galvanostatic cycling data in black.

Overall through complementary operando techniques, we can propose for Li;3sMng4Tag 30,
the electrochemical reactivity path schematized in Figure 9. It drastically differs from the one
previously established for LNTO by the anionic reduction potential which is of 3V for LMTO
as opposed to 1.5V for LNTO. Additionally, a greater stability of LMTO over LNTO against O,

release was observed. Next, we try to rationalize this finding by DFT calculations.
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Figure 9: Schematics representing the charge compensation mechanism for Liy3Mng4Tag ;0.
Understanding the different anionic redox mechanisms using DFT calculations

DFT calculations were performed to determine the electronic band structure evolution of
both materials upon delithiation. They are shown in Figure 10-a and Figure S24. Pristine
Li;.sNigsTao40, compound displays a large Mott-Hubbard band gap, consistent with the strong
electronic stabilization expected for a half-filled system (Ni** ty’e? electronic
configuration).? The partially oxidized phase LiosNiosTa0.40- displays a narrow charge transfer
gap, denoted as Ay in Figure 10-b, due to the Jahn-Teller distortion of Ni**. Amusingly, the
partial delithiation of Li;sMng4Ta030; into LigyMno4Tao 30, leads to the reverse scenario. The
narrow Jahn-Teller band gap (Mn*") for pristine LMTO becomes a wide charge transfer gap in
the oxidized sample due to the large Mott splitting of the Mn*" half-filled t,° states. This
difference in charge transfer gaps prior the occurrence of the anionic activity is at the origin

of the different anionic redox mechanism.
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Figure 10: a), b) and c) are schematics of the Density of State (DOS) for pristine LNTO and
LMTO, after the cationic process and during the anionic process, respectively. Blue, purple,
magenta and red states stand for Ni-O*, Mn-O*, O non-bonding and O(2p) states,

respectively.
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During anionic redox, for both compounds the top portion of the non-bonding oxygen band
(magenta) is emptied during anionic redox. Bearing in mind that we are dealing with
disordered structure the oxygen non-bonding states are not equal with respect to their
cationic environment, therefore the first oxidized oxygen atoms are those having the lowest
cationic charge in their first coordination shells, as shown Figure S27. Their oxidation leads to
the formation of O - O dimers having o, i, t* and ¢* discrete bands,* with the n* and o*
states being as high in energy as the O-O bond is short. When these antibonding states cross
the first empty metallic band, electron transfer from the O to the metal is expected, leading
to O, release together with the reduction of the transition metal (Figure 10 c). This situation
is exemplified by the Ni-based material showing a small charge transfer band gap, significant
0, release together with Ni reduction. In contrast, the A, in the Mn-based compound is
larger enough to stabilize the oxidized oxygen species preventing O, release. Turning to the
discharge, as long as the o* of the oxygen level remains lower than the first empty M band,
no hysteresis is expected, and we will have the following sequence cation = anion (charge)
and anion > cation (discharge) redox processes. In contrast, for in the LNTO case, the
sequence is inversed: cation=> anion and cation = anion for charge and discharge,
respectively. Lastly, if the o* and transition metal states are roughly at the same energy,

cationic and anionic redox could proceed simultaneously in reduction, as found for LMTO.

At this stage a remaining question regards the large difference in the anionic redox potential
between LMTO (3 V) and LNTO (1.5V). A likely explanation is rooted in our previous
described inversion redox process for LNTO with the metallic reduction affecting the nature

of the anionic species and hence their reduction potential.
DISCUSSION :

We have provided a detailed description of the evolution of two new disordered
rocksalt compounds during Li insertion/removal, namely Li; sNio27Ta0.430, and Li;.sMng4Tag ;0.
First, we found these materials to have similar characteristics than the Nb-based or Ti-based
ones previously reported, suggesting that their redox mechanism is nearly transparent to the
nature of d° transition metals provided they have similar ionic radii [ceder diffusion update
when published]. Second, we demonstrate that both compounds show anionic redox

reactivity with a few differences, namely a higher hysteresis and instability against O, release
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in the Ni-based compound. We introduce the notion of charge transfer band gap to account

for such a difference.

Turning to the origin of the voltage drop in the discharge curve, already observed in
other disorder rocksalt phases (Li12Nio33Ti033M00.1602) showing anionic redox activity, it was
proposed to be nested in kinetic limitations associated with diffusion/migration.> However,
the constancy of the voltage hysteresis whatever the current rate applied, as experimentally
determined suggests that thermodynamics plays a key role as well. Besides, cationic
migration in Li-rich layered oxides has also been proposed as source of the voltage
hysteresis.** This claim is not inconsistent with our model, since cationic migration triggers
new oxygen environment, depleted in charge, hence affecting the relative position of the

oxygens states with respect to the band gap so that hysteresis can occur.

These findings open new perspectives to design Li-based disordered rocksalt
compounds showing anionic redox with limited voltage hysteresis provide that we can tune
the band gap. Several clues can be formulated. First, transition metals suffering electronic
instabilities such Fe*" (d*) and Ni** (d”) should be banned, unless we could stabilize Fe>* (d°)
which is quite unlikely without high chemical/physical pressure. Concerning the Ni,
destabilizing the Ni* to the expense of the Ni* by decreasing the framework covalency could
be attractive. Along that line, Ceder et al. proposed the partial substitution of O by F to
successfully increase Ni oxidation in Lii2oNiga3Tio.33M00.1602, but with a limited effect on the
hysteresis due the narrow substitution range. ? An alternative strategy has been the use of
other closed shells metals like d* in Liy.15Ni525bo 302 or LisNiTeO, favoring the Ni**/Ni** redox
couple but with the drawback of suppressing the anionic redox activity.®®*’ An attractive
midway scenario could consist in mixing d° and d* cations to have Ni** coexisting with
anionic redox. At last, using the charge transfer band gap as an indicator, it appears that Mn
is the best element for disordered rocksalt phases showing both anionic redox and low
hysteresis. Whether purely coincidentally or not the recently reported disordered rocksalt
phases Li;.Mno4Tio40, and LisMn,Os (RT) show hysteresis of 0.6 V (50°C) and 1.3V (RT),

respectively. ¥
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Conclusions :

Ni-based disordered rocksalt, having anionic redox activity, suffer low energy efficiency due
to the presence of a voltage drop during discharge, in contrast to the Mn-based ones. To
elucidate the origin of this behavior, we reported the comparison between two new
disordered rocksalt compounds, Li;3Nio27Ta0430. and Li;sMno4Taos0,, which show anionic
redox activity. We found that the voltage drop is nested in the anionic redox mechanism,
which is dependent on the nature of the transition metal through the charge transfer gap
but not on the type of d° substituted element. Indeed, in the Ni-based compound, the
presence of a Jahn-Teller Ni** during charge leads to the formation of a narrow charge
transfer band gap triggering O, release and Ni reduction upon anionic oxidation, and
hysteresis and voltage drop in the subsequent discharge. In contrast, in the Mn-based
compounds, due the presence of Mn* which shows half-filled t,°, a large charge transfer
band gap is found stabilizing oxidized oxygen species and therefore leading to weak O,
release and moderate hysteresis. In the light of these findings, we give guidelines to design
the electronic structure of Li-ion battery cathode material enhancing anionic redox

performances.
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