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Abstract:

Li-rich disordered rocksalt (DRS) oxyfluorides have emerged as promising high-energy cathode
materials for lithium-ion batteries. While a high level of fluorination in DRS materials offers
performance advantages, it can only be achieved via mechanochemical synthesis, which poses
challenges of reproducibility and scalability. The definition of relationships between fluorination
and structural stability is required to devise alternative methods that overcome these challenges.
In this study, we investigated the thermal evolution of three highly fluorinated phases, Lib TMO»F
(TM=Mn, Co, and Ni), in inert atmosphere. We utilized diffraction and spectroscopic techniques
to examine their electronic and chemical states up until conditions of decomposition. The analysis
revealed that the materials phase-separate above 400°C, at most. We also observed that heat-
treated DRS materials exhibited intricate changes in local coordination of the metals, including
their spin, and ordering compared to the pristine states. The changes upon annealing were
accompanied by a modulation of the voltage profile, including reduced hysteresis, when used as
electrodes. These results provide an in-depth understanding of the fundamental crystal chemistry
of DRS oxyfluorides in view of their promising role as the next generation of Li-ion cathodes.

1. Introduction:

Rechargeable lithium-ion batteries are energy storage devices that have been used in a wide variety
of applications.['?] Nonetheless, demand for high energy density cathode materials that can
provide better discharge capacity, longer cycle life, and structural stability continues to exist.>~>]
Li-rich disordered rock salt (DRS) oxyfluorides are a recently discovered class of cathode
materials that have garnered attention through their compositional versatility compared to layered
oxides and their highly reversible discharge capacity.[®] These materials hold promise for use in
future batteries with high energy density.””) In a DRS phase, Li and transition metal (TM) are
crystallographically mixed in the cationic sites of the rock salt structure.['°1*) When both O and F
are present, they are also disordered in the anionic sites. The presence of F has shown to potentially
stabilize the structure and surface chemistry of the DRS cathode materials during cycling.[!4-16]
Despite extensive research on the electrochemical performance of DRS oxyfluoride materials, very

little is known about their stability, especially when a substantial amount of F is present.[!7:18]

Li-rich DRS oxyfluorides cannot be synthesized via solid-state methods, the most desirable for
their scalability and simplicity, if the F content is more than 10% of the total anions.!'!! Higher
fluorination levels of 33% or more can be achieved via mechanochemistry.”-!°! Nevertheless,
ballmilling introduces challenges of scalability, partly due to issues with reproducibility associated
with poor control of local structural distortions and defects. The contrast between solid-state and
mechanochemical methods indicates that high fluorination levels are metastable. Establishing the
precise stability of these cationic-anionic disordered arrangements is important to devise novel
recipes of synthesis different from ballmilling and determine whether the cationic and anionic
arrangements can be tuned for improved performance. Given the sensitivity of the specific profile
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of the electrochemical response of a solid to the chemical potential of Li in its structure, it is
reasonable to hypothesize that even small structural rearrangements would manifest in changes in
the performance measurements conventionally conducted at constant current in the literature.[>]

The choice of atmosphere for heat-treatment can significantly influence the behavior of materials.
In principle, inert atmosphere promotes phase separation into simpler components during heat-
treatment, in contrast with atmospheres with O> or H, where oxidation or reduction will become
more favorable. A study by Wang et al. investigated the thermal stability of LioVO>F under N>
flow and found it to decompose into LiF and ternary oxides (LiVO., Li3VOs and Li1.5V204) starting
above 400°C.I'"! The properties of disordered phases at temperatures just below decomposition
was not established. Kanno et al. reported that LixMnOzF decomposed between 300°C and 500°C,
but did not explore possible modifications of the disordered structure and electrochemical
properties before decomposition either.!”! In turn, Blumenhofer et al. and Moghadam et al.
reported improvements in the cycle life of Li>Ti13Mn2302F and LixMng 5sVos02F with annealing
under reducing conditions and posited that they were due to increased structural symmetry and
reduced defect concentrations, but without specific structural details.*!??! Given the paucity of
studies in such a wide compositional space, a comprehensive understanding of the thermal
evolution of highly fluorinated DRS materials remains elusive, especially in relating phase
stability, local arrangements and electrochemical performance.!??!

In the present study, we probed the stability and structural evolution of three highly fluorinated
DRS oxyfluorides, LixMnO2F?] Li;CoO2F and Li:NiOoF¥, after heating in Ar, an inert
atmosphere. We also evaluated the impact of heat-treatment on structural arrangements using a
combination of diffraction and spectroscopy,?>*%! and their influence on the electrochemical
response. All materials decomposed into ternary oxides and LiF below 500°C, with the exact
temperature correlating with how prone to reduction the metal is even under inert atmosphere due
to the low partial pressure of O.. Heat treatment also induced changes in local structure,
particularly the cation environments. In the case of Li2CoOzF, we found evidence that the initial
metastable state involves a highly unusual mixed spin state of Co>". Furthermore, we observed that
the electrochemical response of the materials was notably sensitive to the observed changes in the
local environment. The results indicate that these materials are challenged by their stability, but
that there is a wealth of intricate local patterns of coordination that could be harnessed to further
tune the properties of this novel class of materials.

2. Results and Discussion:

Stability of Li:xMO:F with temperature. The DRS oxyfluorides Li»CoO>F, LixMnO>F, and
LioNiO2F were synthesized using a ballmilling method (see methods). The X-ray diffraction
(XRD) patterns of three targeted DRS oxyfluorides (Figure 1 and S1) can be indexed to a
disordered rock salt phase with Fm-3m space group.?>**1 No crystalline impurities were observed



in the as-synthesized materials. We note that this report constitute the first observation of
LiCoOzF in the literature, to the best of our knowledge.
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Figure 1. Ex-situ XRD patterns of as-synthesized (pristine) and annealed (up to 800°C) a)
Li,CoOzF, b) LixMnO:sF, ¢) Li2NiOF, and d) change in lattice parameters upon heating before the
onset of decomposition. The Li,MO,F samples were annealed under Ar, with a heating rate of
5°C/min, followed by a hold of 1 minute at the target temperature.

Figure 1a shows the ex-situ powder XRD patterns of pristine and heat-treated Li2CoO-F. At 200,
400, and 500°C, the patterns could all be fitted with a Fm-3m lattice (Figure S2), consistent with
a DRS phase, albeit with visible broad features at 19 and 36°, 26, at 500°C. After annealing at
600°C, the patterns were best matched to spinel Li2C0204 and rocksalt LiF, suggesting phase
separation occured between 500 and 600°C. After annealing at 800°C, the ternary oxide
transformed to layered LiCoQOz, still concurrent with LiF. The XRD patterns of pristine and
annealed LioMnO>F are shown in Figure 1b. After annealing up to 400°C, a DRS phase was
observed (Figure S2), with an onset of phase separation at higher temperature clearly visible when
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reaching 500°C, as indicated by new signals at ~18° and 38° 20. The phase separation was
incomplete even up to 600°C. LixMnOF decomposed completely into the orthorhombic layered
polymorph of LiMnO», LiF, and a small amount of Mn3O4 at 800°C. In the case of the LiNiO2F
(Figure 1c), the DRS phase was observed after annealing up to 300°C, but splitting of the rocksalt
reflections took place at 400°C, showing the onset of phase separation. The phase separation was
partial at 600°C, and a completely decomposed product was seen at 800°C with Li1xNixO, which
is also a disordered rocksalt below x~0.39,?”) and LiF (Figure 1c). These results indicate that
Li,CoOzF and LioMnO,F are stable thermally up to 400°C, compared to up to 300°C for LioNiOF.
The overall decomposition reactions from pristine to fully decomposed products are summarized
as follows:

Li,Co0,F — LiF + 1/, Li,Co,0, (1)
Li,MnO,F — LiF + o — LiMnO, 2)
Li,NiO,F — LiF + Li;_4Ni 0 + 1/, 0, 3)

Changes in the DRS oxyfluorides prior to phase separation. It is instructive to note that the
decomposition of LioNiO2F involves the reduction of the material, likely driven by the higher
stability of Ni?* than Ni** in Ar, whereas Mn*" and Co*" should remain largely stable. This
hypothesis was confirmed by Mn, Ni, and Co K-edge X-ray absorption spectroscopy (XAS).
Comparisons were made of the samples prior to and after decomposition to the ternary oxides and
LiF (Figure 2). The spectra are dominated by the leading absorption edge involving an electronic
transition from an occupied 1s level to empty valence 4p bands, higher states and the continuum.?®!
The energy position of the leading edge, to a first order, reflects changes in formal oxidation state
of the metal. Comparison of spectra from LiCoOxF and LioMnO,F that have a preserved DRS
framework with spectra from LiCoO- and 0-LiMnO; (following decomposition after annealing at
800°C) reveal no visible shift in the edge position (Figures 2a and 2b), confirming that both Co
and Mn were in their +3 oxidation state throughout the annealing/decomposition process. In
contrast, the Ni K-edge XAS (Figure 2c) shows a shift towards lower energy after annealing at
400°C and 600°C, indicating the reduction of Ni, consistent with the reaction proposed in (3).

It is interesting to note that the cell parameters of the as-made compounds, extracted from fits of
the XRD data (Table S2 and Figure S2), did not follow a sequence implied by the contraction of
the ionic radii from Mn*" to Co®" to Ni**,[*’! since Li2CoO.F (4.04A) displayed a smaller value
than both LixMnOsF (4.15A) and Li2NiO2F (4.10A). This observation suggests that despite having
the same long-range structure, there are differences in the local arrangement of the ions in these
three compounds. There was a linear decrease in the lattice parameters of Li2CoO>F and LizMnO-F
after annealing up to 400°C, by 0.85 and 0.34%, respectively, consistent with their shift to a higher
20 value. The observation that the DRS structure is preserved and that Co/Mn maintains a
Co**/Mn*" state at these temperatures further suggest subtle structural rearrangements in the
oxyfluoride with temperature for these two cases. However, in the case of Li2NiO>F, all the peaks



moved to a lower 26 value, corresponding to a slight expansion of the unit cell by 0.24 % after it
was annealed to 200°C. Further annealing to 300°C induced a contraction of 0.6% (Table S1).[2830]
The evolution of the cell parameter indicates a more complex rearrangement with temperature in
this phase, perhaps due to the reduction of Ni, compensated by formation of O vacancies, even at
low temperature.
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Figure 2. Normalized a) Co K-edge, b) Mn K-edge and c) Ni K-edge XAS of the respective
Li2MO,F after annealing at the indicated temperatures.
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Figure 3. a) Co, b) Ni, and ¢) Mn K-edge Fourier transform magnitude of k*>-weighted EXAFS
spectra of Li2CoO2F, LiaNiO2F, and LixMnO:F, respectively, after heat treatment at the indicated
temperatures.

Effects of annealing on the local structure of transition metals. Closer analysis of the transition
metal K-edge XAS provided further indication of the subtle changes indicated by the XRD in the
local structure of the DRS oxyfluorides. All materials showed a monotonic decrease in intensity
of the weak pre-edge (feature A) upon annealing up to their decomposition temperature, followed
by increases after phase separation that were most pronounced in the case of Mn. This can be
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interpreted in the context of the nature of the pre-edge feature in K-edge XAS from transition metal
compounds, which is a combination of weak quadrupole 1s—>3d transitions and dipole-allowed
1s—>p transitions into a small fraction of p-character that is mixed into the 3d states of the transition
metal. In an ideal octahedral environment, the mixing of p-states with d-states is not allowed,
resulting in a pre-edge that is solely from the very weak quadrupole transitions. But in the presence
of non-centrosymmetric distortions in the local coordination, 3d and p orbitals are allowed to mix,
which will open up the dipole allowed transition into the p-like character of the hybridized 3d
states. This makes the overall pre-edge intensity (relative to the main peak) sensitive to
centrosymmetric distortions.*! 331 Thus the decrease in pre-edge intensity hints that the octahedral
environment of the three metals undergoes subtle geometric changes upon annealing before
decomposition occur.

After the onset of the main absorption event, shoulders (feature B) were always observed before
the whiteline peak (feature C). No changes were observed for LioNiO>F prior to the reduction of
Ni. In contrast, subtracting the Co K-and Mn K-edge XAS of pristine from all the spectra of
annealed materials revealed differences in these two features (Figure S3a and b), with different
trends upon annealing up to 400°C compared to 800°C. The subtle changes further indicate that
the Co environment in the DRS Li2CoO;F changes upon annealing, even before decomposition,
yet in a way that is distinct from the LiCoO; end product. The B and C features showed a
pronounced variation in the case LixMnOzF. Up to 400°C, there was a slight increase in the
intensity of the B feature and a slight decrease in the peak intensity of the C feature. After
decomposition, the B feature looked more pronounced, and the white line peak intensity was lower
than all other Li,MnO,F. This indicates the formation of Mn®" in a different local environment in
0-LiMnO; compared to pristine or annealed LixMnO>F. Figure S4 shows comparison of
normalized metal K-edge XAS of the respective LioMOF with standards.

The extended X-ray absorption fine structure (EXAFS) can be used to obtain the local
arrangements around the absorbing atom.***>! All Fourier-transform magnitude EXAFS showed
two prominent peaks under 3 A (Figure 3a-c), associated with the TM-O/F and TM-TM path
interactions (TM = Mn, Co, and Ni). Here, O and F cannot be differentiated since both have very
similar scattering factors. The first and second coordination shells of Co, Ni, and Mn changed
differently upon annealing the respective oxyfluorides. At the Co center, heat treatment caused a
significant increase in the peak intensity of Co-O/F and Co-Co coordination shells, which was
concurrent with a decrease in the Debye-Waller factor extracted from fits of the data (Figure S5
and Table S2-4). These observations are consistent with a less disordered, more symmetric Co
environment upon annealing as indicated by the K-edge XAS pre-edge intensity discussed above.
Both pristine and annealed Li2CoO>F had slightly longer Co-O/F distances compared to LiCoO:
after decomposition. Likewise, when going from pristine to annealed Li-MnO-F (Figure 3b), the
amplitude of the first coordination shell increased and its Debye-Waller factor decreased (Table
S2-4), suggestive of a less disordered environment around Mn. The amplitude of the second
coordination shell remained roughly unchanged. The Mn K-edge EXAFS of 0-LiMnO; in the



sample annealed at 800°C showed greater complexity, with more peaks observed as a result of
corrugation of the layered structure.*®! These structural features appeared to be frustrated in all
LixMnO,F samples, consistent with the long-range disorder displayed in the XRD pattern. Lastly,
in the case of Li2NiO>F (Figure 3c), the only difference upon annealing, and versus the
decomposed oxide, was an increase in intensity of the second coordination shell with a slight
decrease in Debye-Waller factor.

Despite the absence of any major changes in formal oxidation state upon annealing, the indicated
small changes in local structure of Co and Mn could be associated with important changes in the
local electronic structure. To this end, we employed XAS to probe the direct transition into the
valence orbitals, i.e., metal L>3-edge XAS probing the 3d states (2p—=>3d) and the ligand K-edge
XAS probing 2p states (1s=>2p). Both techniques are sensitive to the TM 3d to ligand 2p
hybridization, and a powerful probe of the symmetry and valence of transition metal compounds
(Figure 4).°73% The metal L-edge spectra are split into two regions, L3 and L, due to the TM
2p spin-orbit coupling. While the intensity is dominated by the unoccupied 3d states and the
associated energetics, there are strong effects that give rise to multiplet structures resulting from
the local crystal fields, the symmetry of the local environment, and the degree of TM 3d-O 2p
hybridization. The O and F K-edge XAS can access the same hybridized TM 3d-ligand 2p states,
reflected as a pre-edge in the K-edge spectrum, below 534 eV and 686 eV for O and F. This pre-
edge has a different character than the 2p—>3d transitions in the TM L-edge, in that the effect of
the core-hole in the final state is much smaller, thus being a more innocent probe of the ground
state electronic structure of the hybridized orbitals. Its shape and intensity reflects the expected
distribution of unoccupied states, which can, in many cases, be derived from simple crystal field
theory (e.g., we observe directly the T, and Eg states as two peaks in the case of an octahedral
field).*7*%1 Above the pre-edge, a signal corresponding to the absorption edge results from the
promotion to hybridized states with TM 4sp, followed by photoionization and multiple scattering.

We will focus on spectra collected in total fluorescence yield (TFY) mode, which probes >100 nm
into the material and is less confounded by surface impurities than total electron yield (TEY,
Figure S6). In the case of LioNiO>F, changes in these spectra (Figures 4g-1) were mostly observed
after decomposition at 400°C. The decrease in peak intensity at 853.4 eV at the expense of a second
feature at 855.1 eV in the Ni Lo 3-edge (Figure 4g) and the decrease in intensity of the pre-edge
peak at 528 eV in the O K-edge indicate a clear reduction of Ni*",[*!] consistent with the Ni K-
edge data. Since the trends are dominated by such aforementioned reduction, they will not be
discussed further.

Figure 4a shows the Co Lo 3-edge XAS of pristine and annealed LiCoO>F. Here we focus on the
main L3 feature and note the presence of a shoulder on each side of the main peak at 781 eV,
centered at 779.2 eV and 782.9 eV, respectively. The 3d® configuration of Co*" can be found both
in a low-spin (LS, all 6 electrons in the tog orbital) or in a high-spin (HS) state, depending on the
interplay between the crystal field splitting between tz¢ and e, orbitals, the hybridization strength,
and the Pauli repulsion. Thus, the electronic structure of Co®" shows a high degree of sensitivity
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to small changes in bond length and local distortions. Several studies have established the
sensitivity of the Co L3-edge to spin configurations in octahedral environments associated with the
presence of the low-energy (for HS configurations) or high-energy shoulder (for LS). They include
evaluations of temperature dependence in LaCoOs3,*! pressure dependence in layered perovskite
LaSrCo04,* and several chemical substitutions associated with lattice distortions that can create
spin instabilities.!*® In our data for the pristine state of LixCoO-F (Figure 4a), significant shoulders
were present on both sides of the main edge, indicating the existence of a mixture of high and low-
spin Co™. When annealed to elevated temperatures, the shoulder at 779.2 eV progressively
vanished while the high-energy shoulder became more pronounced, which can be ascribed to a
transition from HS-Co** into predominantly LS-Co**. Moreover, especially for 3d® systems, the
electronic redistribution between tz; and e, in HS to a full occupancy of the t2g for LS is associated
with very different O K-edge pre-edge features,*”) as evidenced by literature data for Sr,CoO3Cl
and Li»C0204.1*! The O K-edge XAS of pristine Li>CoO>F in Figure 4b showed an intense pre-
edge feature at 530.3 eV which decreased in intensity after annealing up to 400°C. We associate
this with the presence of a significant fraction of HS-Co>" in the pristine state, which progressively
turn into a low-spin state as a function of annealing, consistent with a more well defined local
octahedral structure associated with a larger crystal field splitting between t2; and e;. We also note
that the L, 3-edge of the pristine Li2CoO:F had a very minor feature at 777.5 eV that is not present
at higher temperature. Its origin is unclear, but it could possibly be attributed to the presence of a
very small amount of Co*" species before annealing.

In the case of high-spin Mn*?, a d* ion, the spin-up ty, states are all occupied with one electron,
with only one in one eg state, creating a Jahn-Teller (JT) ground state that induces a tetragonal
distortion of the octahedral field.[*”? The Mn L 3-edge XAS of all LixMnO>F (Figure 4d) spectra
showed an absorption feature centered around 642 eV, with an overall shape that bore close
resemblance to octahedral Mn?®" reference compounds such as LaMnO3.[483% The Mn L, 3-edge
after decomposition (annealed at 800°C) showed a spectrum with striking resemblance to LiMnO»
which also has a significant tetragonal Jahn—Teller distortion!*! with similar splitting energy of
the e, states,"?>¥ even though its long-range structure is clearly different. Although the overall
weight of the spectrum remains similar for all spectra, indicating that the electronic structure is not
significantly modified, fine spectral features at 640.8, 642.1, and 642.7 eV were altered with
temperature, an indication of local electronic structure changes. Comparison of the Mn L, 3-edge
XAS of LizMnOxF with MnO (Figure S7) revealed that the feature at 640.8 eV did not correspond
to the most intense signal of Mn?". Rather, we interpret the changes of the spectral features at 642.1
and 642.7 in relation 640.8, 642.1, and 642.7 eV based on the similar trends reported by Noa et al.
when going from octahedral to increasingly tetrahedral Jahn-Teller distortions in spinel oxides
containing Mn** 3234 Following the sensitivity of these spectral features, we hypothesize that the
Jahn-Teller distortions in LixMnO>F are nearly intact upon annealing with a potential slight loss
of order between 200 and 400°C.



(a) (b) (c)
] Pristine i
2l b e 2
n ] " "
c 600 °C c =
O @ | [
vt sl E —
£ 1= £
T ] T °
D Q @
N N N
© ] © =
£ E | E
O ] [=] [=]
=] =1 < N‘!
775 780 785 790 795 800 805 525 530 535 540 545 550 555 60 e85 690 695 700 705 710
(d) Energy (eV) (e) Energy (eV) (f) Energy (eV)
_ Pristine i
=y L ——200°C = =
0 A —— 400 °C 0 0
3 J _
g ] 800 °C 5 g
- = -
£ B £ £
° o | S -]
i @ e, [<1]
N N == R
© | ® ] o © )
£ £ ) J £ o
e ] T
S | 5 5 e
= =z | =
635 GAO 54!5 EéU 5;35 660 52‘5 550 51“5 54‘0 5"15 ﬁéﬂ 555 Gl‘lﬂ Géﬁ EBIO 655 760 71‘)5 710
(g) Energy (eV) (h) Energy (eV) (i) Energy (eV)
Pristine 4
> L, ——200°C > 2>
i 400 °C B v
c | c c
2 9 | o
= “ E E. :
S ] -3 o '
j L @
N 2 N N |
T 1 |‘ = =
ET : £1 £
Q [ ! o ] =]
=] / —— Z = ’f_ﬁ/
/ —_— i -
845 850 855 860 865 870 875 880 525 530 535 540 545 550 555 680 685 690 695 700 705 710

Energy (eV) Energy (eV) Energy (eV)

Figure 4. a-c) Co L-edge, O K-edge, and F K-edge XAS of pristine and annealed Li2CoO,F; (d-f)
Mn L-edge, O K-edge and F K-edge XAS pristine and annealed LioMnO;F; and (g-1) Ni L-edge,
O K-edge and F K-edge XAS pristine and annealed Li;NiO>F as a function of annealing
temperature. All the spectra were collected in TFY mode. (XAS in TEY mode for all samples are
plotted in Figure S5).

The O K-edge XAS of LioMnOsF (Figure 4e) shows two pre-edge features, one asymmetric at
530.2 and a symmetric and sharper one at 532.4 eV. Much like the Mn L, 3-edge XAS, the O K-
edge XAS of 0-LiMnO: in the decomposed sample was very similar to pristine LixMnO»F and a
tetragonally distorted Mn>" reported by Noa et al.®?! The annealed spectra show very similar
features, but we note that the 400°C show a slight loss of pre-edge intensity which could indicate
a loss of tetragonal distortion due to a slight loss of order, in accordance with the Mn L, 3-edge
results.
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Atomic rearrangements within the DRS framework induced by annealing. The existence of
signals between 685 and 687 eV in the F K-edge XAS of pristine Li2CoO>F and Li,MnO-F (Figure
4¢ and f) confirms the existence of Co/Mn 3d-F 2p covalent bonding.!*’! The lower intensity of all
pre-edge signals compared to the O counterparts was ascribed to a weaker overlap of metal-anion
states, and it hampered any analysis of their fine structure. However, a decrease in pre-edge
intensity and a sharpening of the edge signals at 692 eV was observed upon annealing in all
materials (Figures 4c, f and 1), which suggested a reorganization of the structure toward less
prevalent M-F bonds, implying that temperature favored the formation of more Li-F and M-O
bonds until phase separation into the ternary oxide and LiF. Indeed, the F K-edge shape of
Li,CoOzF and LioMnO>F at 800°C shows no pre-edge feature and a change in edge shape that
made it very reminiscent of pure LiF,>>>" consistent with the XRD data. LiNiO2F had much
weaker intensity in the pre-edge region (Figure 41) but displayed a higher background below 690
eV compared to the spectrum of LiF (Figure S8).
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Figure 5. °Li NMR spectra obtained on pristine and annealed (a) Li2CoO2F, (b) LizMnO:F and (c)
Li;NiOoF. The temperatures of annealing are indicated in the legend.

®Li solid state NMR spectroscopy provided further insight into the changes in the local DRS
structure from the perspective of Li environments because it is particularly sensitive to them in the
presence of paramagnetic transition metals, with the spectra generally varying over large shift
windows in the presence of hyperfine (or Fermi-contact) interactions.>® %! This aspect unlocks
detailed information on the oxidation state of the transition metal and its distribution (number and
geometric arrangements) around Li. Figure S10 displayed full °Li NMR spectra for LiCoO-F,
Li>MnO>F and Li;NiO2F. As shown in Figure S9, the °Li NMR data for pristine and annealed
Li2CoO.F samples displayed a major peak at ~0 ppm with a large, broad shoulder around 200 ppm
and a small shoulder around -50 ppm. A typical ’Li NMR spectrum of stoichiometric LiCoO2 only
shows a resonance at around 0 ppm due to lithium in a diamagnetic local environment in the
presence of LS (t2%) Co™ ions.[1 It is worth noting that signals in this region can also arise from
unreacted lithium salts or LiF domains. The additional peaks well outside this region further
support that lithium is surrounded by Co™ in a mixture of HS and LS configurations, consistent
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with the observations from XAS above, because HS would lead to unpaired electrons that induce
hyperfine interactions. The fact that the observed peaks are broad indicates the presence of
different lithium local environments due to structural disorder. Annealing introduced two main
changes: reduction in peak broadening and intensity of the hyperfine peaks (200 and -50 ppm) and
increase in the intensity at 0 ppm. These changes are due to an increase in order and the enrichment
in LS Co™ in the structure as the annealing temperature was increased, possibly accompanied by
rearrangement of Co and Li to start forming larger local [LiFs]n and [CoOg]n clusters as precursor
to phase separation into Li2C0204 and LiF at higher temperature. It is worth noting that hyperfine
signals associated with HS Co®" were visible even after annealing at 400°C (Figure 5a), suggesting
that NMR is more sensitive to them than Co L 3-edge XAS because they are easier to resolve from
LS configurations. Figure S11 displayed deconvolution of the °Li NMR spectrum of Li»CoO,F
(a) in its pristine state and (b) after annealing at 400°C

As shown in Figure 5b, the spectra for all phase-pure Li-MnOF were dominated by a broad peak
ranging from 0 ppm to 600 ppm for Li environments with varying Mn coordination in the bulk of
the material. The deconvolution (Figure S12) of this broad peak suggested that there are at least
three main resonances at ~ 60, 240 and 480 ppm), which, based on the literature, we assigned to
the presence of 1 to 3 Mn"?® within the first and second shells of cations around Li.l*8! The sharp
peak at 0 ppm is due to diamagnetic Li, convoluting signals from Li-rich domains within the DRS
and impurities. As the annealing temperature was increased to 400°C, the peaks got sharper and
well resolved suggesting an increase in overall order within the structure. The center of gravity
subtly moved toward lower shifts, indicating that the amount of Mn*" around Li decreased,
consistent with an increased local segregation of [LiFs]n and [MnOs]n clusters prior to phase
separation.

The °Li NMR spectra of LizNiO2F did not discernibly change at temperatures where a single phase
could be found in the XRD patterns (Figure 5c). Apart from the sharp peak at O ppm for
diamagnetic Li environments due to Li-rich domains and any impurities, there was evidence of Li
locally surrounded with Ni*® in the form of broad and asymmetric peaks ranging from 0 to 400
ppm and 0 to -50 ppm. The asymmetric peak shape and broad nature of the peaks are due to
disorder in the structure and distribution of different Li environments coordinated to Ni*> ions in
varying configurations.!** The deconvolution of the spectra suggests presence of lithium with 1 to
2 Ni" in both first and second cation shells (Figure S13).

F solid-state NMR was also measured to track the existence of F species surrounded by Li and,
indirectly, transition metals, for all the samples (Figure S14). All '’F NMR spectra showed a major
peak at ~ -204 ppm for F environments surrounded by Li, accompanied by spinning sidebands.
Compared to phase-pure LiF,*! all oxyfluorides showed broader peaks, and stronger and widely
spanning sidebands due to electron-dipolar interaction between F and paramagnetic metal centers
in the bulk. Direct TM-F coordination (TM in 1% and 2" coordination) would likely generate peaks
that are too broad and/or shifted to capture experimentally.”?! However, in the case of LixMnO-F,
the pristine state displayed a complex and extremely broad background which could not be fully
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captured in the conditions of the experiment. A similar broad peak formation was also reported by
House et al. and was attributed to F presence in rock salt lithium manganese oxyfluorides.[*> The
presence of a broad background challenged accurate analysis of relative intensities in this
spectrum. However, annealing led to increases in intensity of the main peak at -204 ppm, consistent
with a tendency toward segregation of increasingly large [LiF¢]n domains prior to full phase
separation indicated by F K-edge XAS and °Li NMR. Annealing Li>MnO;F also greatly alleviated
the large background in the spectra, which would further add to the evidence of increasing
clustering of Li-rich and Mn-rich domains prior to long-range phase separation.

Evolution of electrochemical metrics of the DRS phases upon annealing. Voltage-composition
profiles were measured galvanostatically at a C/20 rate in Li metal half-cells. Figure 6 shows the
first cycles of the pristine and annealed DRS oxyfluorides whereas up to 5 cycles are displayed in
Figures S15 to S17. Starting upon oxidation, the cell with Li2CoO2F showed a sloping feature
with an average voltage of ~3.85 V vs. Li*/Li’, accumulating capacity equivalent to removing ~1.1
Li per mol of the compound, assuming 100% faradaic efficiency (Figure 6a). The corresponding
dQ/dV curves (Figure 6d) showed two broad processes centered at 3.8 V and at 4.2 V, followed
by a tail at the highest potential. Upon reduction, the slope of the potential-composition profile
notably increased, followed by bending to an even steeper slope below 2.9 V. There was only one
broad peak at 3.4 V in the dQ/dV plot. At 1.5 V, the total capacity was equivalent to 1.0 mol of Li
per mol of the compound, indicating a coulombic efficiency higher than 90%. Upon further
cycling, the broad peak at 4.2 V during oxidation in dQ/dV plot disappeared, indicating its
irreversibility, which led to rather symmetric profiles upon cycling (Figure S14 d). The annealed
samples showed similar levels of activity and the electrochemical profile of Li2CoO>F at 200°C
displayed similar features to the pristine. However, there was a noticeable decrease in voltage
hysteresis for LiCoOxF annealed at 400°C. This decrease was clear in the dQ/dV plot, which
revealed that the reduction peak approached the voltage of the oxidation process, likely due to
improved electrochemical kinetics, and the disappearance of the irreversible high voltage peak
during oxidation from pristine to 400°C (Figure 6d).

The capacity of pristine LixMnOxF upon oxidation to 4.8 V vs. Li*/Li’ was equivalent to removing
~1.3 mol of Li per mol of compound (Figure 6b), associated with a broad process at 3.5 V vs.
Li*/Li° in the dQ/dV plot (Figure 6f). A similarly broad process at 3.3 V was found on the
subsequent reduction, followed by bending of the profile below 2.7 V to almost completely reverse
the charge capacity. The voltage profiles of the pristine material and upon annealing at 200°C
shared features. In contrast, the material annealed at 400°C delivered ~1.1 mol of Li of the
compound upon oxidation and a greater portion of its reversible capacity above 2.7 V than the
pristine state, indicating a decrease in voltage hysteresis. The corresponding derivative plots in
Figure 6e show a sharpening of the main peaks associated with oxidation and reduction. We
interpret this narrowing of the spread of voltages of the reaction as resulting from an increased
structural ordering in the compound, leading to Li sites with equivalent chemical potentials.
Concurrently, both oxidation and reduction peaks visibly shifted towards lower voltage, reflecting
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a decrease in the equilibrium voltage of the compound. We hypothesize that this decrease is
associated with the changes in the magnitude of the Jahn-Teller distortion of Mn** revealed by Mn
L>3-edge XAS. While the consequence of slightly lower voltages is a slightly lower energy density
in the compound, this change is accompanied by a decrease in hysteresis that, in turn, increases
energy density. All profiles experienced a slight decrease of the oxidation and reduction potential
in cycle 2 followed by stable electrochemical profiles thereafter (Figure S16).
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Figure 6. Voltage vs. composition (a-c) and corresponding dQ/dV vs. voltage (d-f) traces of Li
metal half-cells with LiCoO2F, LioMnO>F, and Li2NiO>F as working electrodes, respectively. The
temperatures of annealing are indicated in the legends. The change in x in (a-c) assumes 100%
faradaic efficiency.

Upon oxidation, pristine LiNiO,F displayed an average voltage of 3.85 — 3.9 V vs. Li"/Li’, with
an associated capacity of ~1.1 mol of Li of the compound (Figures 6¢ and f). During reduction,
the change to a steeper slope took place below 3.4 V with ~0.2 mol Li being irreversible. Compared
to the Co and Mn counterparts, LioNiO2F delivered a much smaller fraction of its discharge
capacity before the profile bent to a higher slope and greatly deviated from the profile on oxidation,
for the highest hysteresis of all materials tested. Annealing Li2NiO>F at 200°C only decreased the
total accumulated capacity on oxidation, leading to a higher coulombic efficiency, with no

14



observable change in the overall profile. This behavior agrees well with this material experiencing
the smallest change in overall local structure upon annealing. All Li2NiOF samples experienced
a decrease in the voltage of oxidation in the second cycle, with profiles being stable thereafter
(Figure S17).

3. Conclusion:

We investigated the stability of the disordered rock salt arrangement of LioCoO;F, LixMnO>F, and
Li:NiOoF by annealing under an inert atmosphere and combining diffraction, spectroscopy and
electrochemical tests. Whereas Lio>CoO>F and LixMnO,F remained as single phases up to 400°C,
LizNiOoF decomposed into a ternary oxide and LiF above 300°C. Metal K-edge XAS
measurements indicate that LiCoO>F and LixMnO>F maintain a stable oxidation state throughout,
with the lower stability of LizNiO2F seemingly driven by its propensity to reduce as phase
separation occurs. A comprehensive analysis of XAS and NMR data revealed the existence of an
unusual high spin state of Co®" in pristine Li»CoO2F which is removed upon annealing. In turn,
temperature induced a changes in the Jahn-Teller distortion of Mn®" within the disordered rocksalt.
These modifications of the [MXs] (M=Mn, Co, Ni; X=0, F) octahedral symmetry are accompanied
by a decrease in the extent of structural disorder in the rocksalt upon annealing, with the formation
of local clusters of [LiF¢]s and [MOg]a that precede the phase separation into the ternary oxide and
LiF. The subtle atomic rearrangements influenced the electrochemical response of the DRS
oxyfluorides. There was an overall decrease in voltage hysteresis and a small, yet visible
improvement in energy efficiency. In the case of LixMnO:F, annealing also decreased the
equilibrium voltage and narrowed the voltage spread of the cycling process. All in all, our results
suggesting that structural rearrangements via careful annealing treatments offer a way to further
tune local atomic arrangements of Li-rich DRS oxyfluoride materials and, with them, the electrode
properties, creating new avenues to fulfill their potential as high-energy-density cathodes for future
LIBs.

4. Experimental section:

Material synthesis: LixMnO>F, Li2CoO>F, and Li2NiO>F were synthesized using high energy
mechanochemical ball-milling. Li>2O (Alfa Aesar, ACS, 99% min) and LiF (Alfa Aesar, 99.99%)
were mixed with Mn,Os3 (Alfa Aesar, 99%), LiCoO2 (Sigma-Aldrich, 99.8%) or LiNiO: in
stoichiometric ratios under Ar atmosphere and placed in 50 ml stainless steel jars containing ten
balls of 5 mm and five balls of 10 mm. Retsch PM200 planetary ball mill, was used for grinding
respective precursors at 500 rpm for 50 hrs. The total amount of the precursor was 1 gm in each
jar. LiNiO2 was synthesized by ball milling Ni(OH). and LiOH for 3hrs. at 300 rpm followed by
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annealing at 750°C for 12 hrs. under oxygen flow. 2! The as-synthesized compounds were
annealed at various temperatures in a tube furnace under an Ar atmosphere. The heating rate was
5°C/min with a hold of 1 minute at the targeted temperature.

Powder X-ray diffraction: Synchrotron powder X-ray diffraction patterns were measured for all
pristine samples at the 11-BM beamline of Advanced Photon Source (Argonne National
Laboratory) with A = 0.45789 A. X-ray powder diffraction of all the thermally treated samples
were performed using a laboratory Bruker D8 Advance diffractometer operating at 40 kV and 40
mA with Cu K, radiation (A = 1.5418 A). XRD profiling was collected by scanning from 10° to
75°, 20, using a step size of 0.019°, at a rate of 2.6 x 10 °/min 20, in a custom air-free sample
holder to avoid contamination from the air. Pawley refinement of the XRD patterns was performed
using JANA2006.1]

X-ray Absorption Spectroscopy (XAS): Co, Mn and Ni K-edge XAS was performed at 5 BM-D at
the Advanced Photon Source, Argonne National Laboratory. XAS spectra were collected in both
transmission and fluorescence modes using ion chambers (FMB-Oxford) and a 4-element Si-drift
vortex detector (Vortex-ME4, Hitachi Corp), respectively. The ion chambers upstream and
downstream of the sample were filled with 600 He/100 N> (Torr) and 1150 He/250 N» (Torr),
respectively. The third ion chamber that measures the reference foil was filled with 760 Ar (Torr).
The incident beam energy was selected by a Si (111) double-crystal monochromator. The beam
intensity was detuned to 60 % of its maximum for harmonic rejection. A metal reference foil was
measured simultaneously to each sample for energy calibration.A metal reference foil was
measured simultaneous to each sample for energy calibration. Data analysis was completed using
the IFEFFIT package.>>% XAS measurements at the M L 3-, O K- and F K-edges were conducted
at the Stanford Synchrotron Radiation Light source (SSRL) bending magnet beamline 8—2 at a 55°
incidence angle (magic angle) of X-ray incidence. Beamline 8—2 is equipped with a spherical
grating monochromator, operated using 40 x 40 um?2 slits, resulting in a resolution of around 200
meV. The spot size at the interaction point was about 1 x 1 mm?, and the total flux was 10'°
photons/s, for which beam damage was not noticeable even for extended exposure. The data were
collected both in the total fluorescence yield (TFY), and total electron yield (TEY) modes using
the drain current (amplified by a Keithley picoampmeter) and a cylindrical mirror analyzer (CMA)
operated with a pass energy of 200 eV and set to record the main Auger line for the various edges,
respectively.

NMR: °Li and '°F MAS NMR experiments were performed at 7.02 Tesla (300 MHz) on a Bruker
Avance I1I HD spectrometer using a 1.3 mm MAS probe, operating at a Larmor frequency of 44.21
MHz and 282.347MHz, respectively. All spectra were acquired at 50 kHz with a rotor
synchronized echo pulse sequence (90°-t-180°-t-acq), where 1= 1/v; under a constant temperature
of 283 £ 0.1 K. A n/2 pulse width of 1.5 us was used with sufficiently long pulse recycle delays
of 0.2 s for °Li MAS NMR experiments and chemical shifts were referenced to 1M LiCl at 0 ppm.
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2]
[3]
[4]

A 1/2 pulse width of 1.5 us was used for 19 F NMR experiments with pulse delays of 2s. '°F
chemical shifts are given relative to CCI3F, referenced using a secondary reference of LiF at -
204ppm.

Electrochemical measurements: Li metal half-cells were built with the DRS oxyfluorides as active
materials in the working electrode. The powders were hand ground (to preserve the morphology)
with conductive carbon (Super C65 from Imerys, typical Fe content of 2 ppm) in an 80:20 ratio
without binder and used as such in the cells. Each cell had around ~10mg of active material. Li
metal foil was used as the counter and pseudo-reference, with two Whatman GF/D borosilicate
glass fiber sheets as separator, soaked in an electrolyte composed of 1 M LiPF¢ in ethylene
carbonate: ethyl methyl carbonate in 3:7 weight ratios. Coin cells were assembled in an Ar
glovebox (O2 < 0.1 ppm, H>O < 0.1 ppm). Galvanostatic charge—discharge cycling was performed
using a BT-Lab tester (Bio-Logic) at room temperature, at a rate of C/20 (indicating an extraction
of 1 Li per formula unit in 20 hours). Samples for ex-situ analysis were harvested by stopping the
cells at the desired cutoff voltages.
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