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Abstract

The capacity of transition metal oxides as Li-ion battery cathodes is limited by instabilities that
arise when high states of charge are achieved. Oxyfluorides with a disordered rock-salt structure
have emerged as attractive alternatives, but the role of F in their electrochemical function,
particularly when cationic redox produces high formal oxidation states, remains to be ascertained.
Using X-ray absorption spectroscopy, we confirm the existence of Mn-F covalent interactions in
LixMnO,F and Lio>Mny3Nb1302F. New unoccupied states evolve from hybrid 3d-2p states of both
Mn-F and Mn-O bonds when the phases are delithiated, particularly in the presence of Mn(IV).
The results challenge the assumption of F as anion whose covalent states with the metal are tapped
at very high potentials, providing instead a nuanced picture of redox compensation in oxyfluorides.
They suggest the existence of unique knobs of design of battery cathodes by manipulating the

covalent interactions between transition metals and two different anions.
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Introduction:

The limitations in capacity and stability of layered oxides as cathodes for high-density Li-ion
batteries motivate persistent efforts of discovery of alternative materials.! The discovery that Li
over-stoichiometries render transition metal oxides with a disordered rock-salt structure as
electroactive unlocked a vast compositional space for the potential for vertical steps in capacity
and durability.? Further permutations were enabled by the substitution of O by F, a strategy with
an established record in the quest for new cathode materials.’ In disordered rock-salts, this
substitution is accommodated by a lower oxidation state of the metals (M) in the initial lithiated
state than in the equivalent oxide, which, coupled to the Li excess, enables the reversible utilization
of M(II)/M(IV) redox couples, as in Li2Mn23Nbi302F.> Further, the presence of F has been
associated with improvements in long-term cycling stability,* linked to a greater chemical,’
mechanical® and interfacial’ stability of the charged (oxidized) state. However, its electronic

underpinnings have not been evaluated in depth.

Cationic redox in oxides is centered on the change in electron density of M nd-O 2p hybridized
states above and below the Fermi level of their band structure, which is qualitatively represented
in Scheme 1. As a result, while formally described as a change in oxidation state of M, in reality,
covalency dictates that the new empty states generated by oxidation always have contributions
from both M and, to a greater or lesser degree, O. This fact underpins the instability of oxides
when high formal oxidation states, especially Ni(IV) or Co(IV), are achieved by removal of lithium
from the oxide, as it induces strong polarization of the O* ligands,® which unlocks a favorable
pathway to a more reduced state through the release of heat and O..° More recently, redox
transitions have been observed that transcend this conventional “cationic redox”, whereby non-
bonding O 2p states that can be tapped to induce electrochemical activity, in a process typically
referred to as “lattice oxygen redox”.!? Similar changes to M nd-O 2p hybridized states have been
reported for a variety of the oxyfluorides when undergoing cationic redox.!'!3 In a subset of
cases, lattice oxygen redox has been proposed to take place at high levels of delithiation.!? In
contrast, much less is known about the possible role of M nd-F 2p states, outside of general
mentions of the existence of covalence.'*!3 Studies of Li,MnO-F have proposed that lattice oxygen
redox is triggered before Mn environments with 3 or more F in the octahedral coordination shell

can be tapped.'!
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Scheme 1: Simplified schematics of the evolution of the projected density of the redox-active
states during cationic redox in oxides. Mn is used as the example, where these states result from
the overlap Mn 34 and O 2p orbitals due to covalence. The states are further split into occupied
and unoccupied bands by the electron correlation, represented by the parameter Umn. This
parameter will be different depending on the formal state of Mn and the specific structure of the
oxide. Therefore, the scheme does not attempt to account for the magnitude of this difference for
simplicity. Upon oxidation from Mn(II) to Mn(IV), the occupancy of Mn 3d-O 2p hybridized states
decreases. After U is introduced, the outcome is an increase in the balance of unoccupied to
occupied Mn 3d-O 2p hybridized states. No attempt was made to reflect the possible changes in

relative position of the bands, as it is beyond the scope of this Scheme.

While models of the evolution of Mn-O covalence were proposed, the evolution of Mn-F bonds
was not addressed.>!'"!* Given the high formal oxidation states reached and evidence of direct
metal-fluorine bonding at high F content,'¢ a picture of the redox chemistry is not complete only
from the evolution of metals and oxygen. The evaluation of F states is important because the
stability of F~ anions is challenged by transition metals with a high oxidation state, especially
against the late 3d metals common in battery cathodes.!” Indeed, in ambient conditions, MnQO, is
very stable whereas KoMnFs has been used in the oxidative fluorination of graphite.'® Another

open question is the balance of redox compensation between O and F states when lattice oxygen



redox is present, as has been proposed in LioMnO;F and LixMn2sNbi302F at high states of
charge.>!12 The study of these charged oxyfluorides would create an opportunity to
fundamentally understand chemical bonding between F and transition metals at high formal
oxidation states, given the instability of pure fluoride counterparts, enriching our knowledge of the

limits of redox chemistry in solids.!”-1°

Here, we focus on the participation and reversibility of Mn-F states in the redox compensation
of disordered oxyfluorides using Li-MnO-F and LixMn2sNb130,2F as model systems. These two
compounds combine attractive cathode performance with high F contents that maximize both
probability of coordination by Mn and signal quality. Since Nb has already been shown as a redox
spectator,® we follow the evolution of Mn, O and F using X-ray absorption spectroscopy (XAS).
While the results with Mn and O were in agreement with the literature,®!2 we also show that F not
only engages in Mn 3d-F 2p covalent bonding but that such covalency evolves with the formal
oxidation state of Mn from the early stages of delithiation. This study enriches evaluations in the
literature of these same compounds by uncovering the active role of Mn 3d-F 2p hybridization in
the operation of these attractive oxyfluorides. Since F actively contributes to the electrochemical
performance of these novel cathode materials, there are implications for stability, particularly

given the possibility of unusual Mn(IV)-F interactions, that should be evaluated in future work.

Experimental Section:
Synthesis

LixMnO>F and LixMnosNbi1302F were synthesized by high-energy ball milling following the
procedure reported by Lun et. al.'* and Lee et. al.,?° respectively. Li,O (Alfa Aesar, ACS, 99%
min), MnO (Sigma-Aldrich, 99.99%), Mn>O3 (Alfa Aesar, 99%), Nb,Os (Sigma-Aldrich, 99.99%)
and LiF (Alfa Aesar, 99.99%) were used as precursors. The precursors were mixed in
stochiometric proportions with a Retsch PM 200 planetary ball mill at a rate of 300 rpm for 2 h, in
argon-filled stainless-steel ball-mill jars. The grinding media were five 10 mm (diameter) stainless
balls and ten 5 mm (diameter) balls. The total amount of precursors was 1 g. To induce the desired

reaction, the mixed precursors were subsequently ball-milled at 500 rpm, with all other parameters



staying the same. The duration of the treatment was 40 h and 50 h for LixMnO,F and
LixMny3Nby30:F, respectively.

Electrochemistry

Powder electrodes were prepared by ball-milling the active material with conductive carbon (Super
C65 from Imerys, typical Fe content of 2 ppm) for 3 h at 300 rpm. The ratios of active material to
carbon were 85:15 and 70:30 for LixMnO>F and LixMn2sNbi30.F, respectively. We refrained
from preparing composite electrode to reduce the interference from F species present in fluorinated

binders during spectroscopic analysis.

All the cells were fabricated in an argon-filled glove box (< 0.1 ppm of both H>O and O3). The cell
was composed of the positive electrode and a high-purity lithium foil (Alfa Aesar) as the
counter/pseudo-reference electrode, separated by a Whatman GF/D borosilicate glass fiber
membrane, impregnated withl M LiPF¢ dissolved in a mixture of ethylene carbonate (EC)/ethyl
methyl carbonate (EMC) (3:7, wt%/wt%). The galvanostatic charge—discharge cycling was
performed at room temperature using a BT-Lab tester (Bio-Logic) with a current rate of C/20
(indicating 1 mol Li per formula unit is extracted in 20 hours) at different cutoff voltages. All
potentials quoted in this paper were referenced to Li*/Li® unless otherwise mentioned. Upon
arriving at the state of interest, the cell was immediately stopped and disassembled in the argon-
filled glovebox to avoid self-discharging under open-circuit state. Then, the cycled powders were
harvested, followed by drying under vacuum in the glovebox antechamber for 30 minutes. Dried

electrodes were stored in the argon-filled glovebox for ex situ characterization.
Characterization

Ex situ diffraction: Laboratory powder X-ray diffraction (pXRD) profiles were collected by
scanning from 10° to 90°, 20, using a step size of 0.019°, at a rate of 2.6x10-5 °/min 20, in a custom
air-free sample holder, in a Bruker D8 Advance diffractometer operating at 40 kV and 40 mA with
Cu Ko radiation (A = 1.5418 A).

X-ray absorption spectroscopy: O K-edge, F K-edge, and Mn L;3-edge X-ray absorption
spectroscopy (XAS) data was collected ex situ at beamline 29-ID-D of the Advance Photon Source
(APS) at Argonne National Laboratory. Samples of interest were attached to a copper sample

holder using conductive carbon tape in an argon-filled glovebox and then transferred into an X-
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ray absorption antechamber through an argon environment to minimize the potential exposure to
air. Data were measured under total fluorescence yield (TFY) mode using a silicon drift diode
detector (Vortex). Data was obtained at a spectral resolution of ~0.1 eV, with a 1 s dwelling time.
During the measurement, three scans were performed at each absorption edge, and scans were then

averaged to maximize the signal-to-noise ratio.

During the measurement, the XAS spectra were recorded over a wide energy range to cover
energies well below and above sample absorptions. Normalization was conducted by dividing each

curve by the dataset mean value.

Results and Discussion:

The two compounds were synthesized by ball-milling and crystallized in a disordered
oxyfluoride structure (Figure S1). The XRD results were found to be consistent with the
literature®'? confirms that all the synthesized materials form a disordered rock-salt structure. Both
materials were cycled in Li metal half-cells (Figure S2), with responses similar to the literature.!?
The redox mechanism of the materials was investigated using X-ray absorption spectroscopy
(XAS) at the Mn L-edge, O and F K-edge. Unless otherwise indicated, spectra correspond to total
fluorescence yield (TFY) detection, probing into sufficient depth (~100 nm) to represent the bulk

of the compounds.

We start our analysis with the evolution of Mn and O. Figure 1(a,b) shows the Mn L 3-edge
XAS of LioMnO>F and LixMn2sNbi3O2F at various charge and discharge stages, compared to
reference compounds with known Mn redox state. LixMnO>F has Mn L3 features consistent with
Mn(III) (Figure 1a), particularly a center of gravity around 643eV, whereas the dominance of a
narrow feature at 642 eV is an indication of Mn(II) in Li-Mn2sNbi13O2F (Figure 1b). Charging of
both electrodes induced a gradual shift of the Mn Lo 3-edge towards higher energy, with dominant
features at 645 eV and an L-edge centered at 655 eV, indicating the formation of Mn(IV) (Figures
la,b). Oxidation of Mn appeared to be arrested for Li-bMnO>F at 4.6 V, consistent with the fact that
Mn(IV) cannot be further oxidized at these potentials.?! Full oxidation to Mn(IV) required

LixMn23Nb13O2F charging above 4.8 V. The persistence of high intensity around 642 eV in the
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most charged states of both LixMnO>F and LixMn2sNbisO2F suggests the possibility of Mn(II)
being present. In the case of LixMny;3Nb1302F, it could signal an incomplete oxidation of all Mn.
This explanation is less parsimonious for LiMnO.F, since it starts as Mn(III). It is possible that
there are competing processes during charging that produce Mn(Il) locally or that such Mn(II)
signals are due to an impurity that could not be detected in the pristine state by XRD and/or XAS
due to low crystallinity and the dominance of Mn(III) signals, respectively. The origin of these
inefficiencies should be explored in future work. Sharpe et al. proposed that Mn cannot be fully
oxidized before lattice oxygen redox is triggered.!! Supplementary Mn K-edge XAS
measurements of both compounds confirmed the trends of redox revealed by the Mn L. 3-edge

(Figure S3). In general, all trends followed closely with the observations in the literature!3-2%-22,

O K-edge XAS probes dipole-allowed transitions from core O Is to empty O 2p states. The
spectra (Figures 1(c,d)) are divided into pre-edge and edge regions, below and above 535 eV,
respectively. The pre-edge (<535 eV) represents the unoccupied states resulting from O 2p orbitals
hybridized with Mn 3d orbitals, and the broad band above 535 eV corresponds to a collection of
excitations from O 1s to orbital to empty states of O 2p orbitals mixed with the TM 4s and 4p
orbitals, and ultimately, the continuum. The clearest changes were seen at the pre-edge. The
existence of multiple spectral features below 535 eV in pristine LioMnO>F (Figure 1c) reflects a
low degeneracy of O 2p-Mn 3d states, consistent with Mn(III) in local environments with
coordination number 6, but distorted by the Jahn-Teller effect.?® In turn, the redshift of the pre-
edge and its simpler line shape after oxidation to 4.6 V is consistent with formation of an octahedral
(Mn(IV)-Og) arrangement, where the two main components are commonly assigned to unoccupied
trg and e, states.>* This change of the pre-edge is a signature of the participation of O in the new
covalent states generated to compensate the charging of the oxyfluoride cathode, as depicted in
Scheme 1. Little change was observed on further oxidation at 4.8 V, except for a subtle increase
in relative intensity at 531.5 eV associated to lattice oxygen redox by House et al.,'? thus explaining

the lack of change at the Mn L, 3-edge.

Comparison of the pre-edge signals of LizMn23Nb1302F (Figure 1d) with MnO and Nb2Os in
the literature®®, indicated hybridization between O 2p states and both Mn 3dand Nb 4d. A
preference for bonds between O* and Nb(V) would be predicted based on trends derived by

Fuertes based on Pauling’s second rule,?® whereby cations and anions in a mixed anion compound



tend to associate according to the size of their charge. The pre-edge peak at 532.5 eV did not

undergo significant changes in any of the electrodes, consistent with an assignment to Nb(V)-O

states, which are redox spectators. Rather, there was a progressive increase in intensity in a

shoulder at 530 eV, all the way to 4.8 V, as expected for the oxidation to Mn(IV), and reminiscent

of the changes at similar states in LizMnO,F. These observations also agree well with previous

reports.
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Figure 1: Ex situ (a-b) Mn L 3-edge and (c-d) O K-edge XAS of (a, ¢) Li,MnO,F and (b, d)

Li,Mn, .Nb, ,O,F at different states, measured in total fluorescence yield (TFY) mode. Labels:
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Like O, the F K-edge XAS of LixMnO>F (Figure 2(a)) also presented a clear pre-edge feature
(<690 eV), followed by the absorption edge, a broad band above 690 eV. No intensity was
observed below 690 eV in the spectrum of LiF?’ (Figure 2(a)), but it was above the background
for MnF; and, especially, MnF; reference compounds (Figure S4). Therefore, it is safe to conclude
that the pre-edge in these oxyfluorides arises from unoccupied states involving hybridization of F
2p and Mn 3d states, also in agreement with previous general observations of transition metal
fluorides.?®2?° The results confirm the existence of covalent bonds between Mn(III) and F in this
compound.!' The pre-edge intensity was much lower in LixMny;3Nb;30,F, but persistent when
compared with LiF?’ (Figure 2(b)). The much lower intensity at this energy in LixMny;3Nb;30,F
than Li-MnO>F is expected from interactions between Mn(II) and F that are less covalent than with
Mn(III), based on basic arguments of polarizing power of the cation. LixMny;3Nb1,302F displays
cation and anion disorder, but the trends established by Fuertes?S predict that the cation with higher
charge will have greater tendency to locally cluster with anions of higher charge. Thus, the
probability of Nb(V)-F bonds would be lower than Nb(V)-O bonds, in line with predictions for

related disordered rocksalts.!®

When LixMnO>F was oxidized to 4.6 V, new signals emerged at ~686 eV, leading to an
increased pre-edge intensity overall. The edge, above 690 eV, notably broadened. Further
oxidation of LixMnO,F to 4.8V further broadening of the signals riding on the absorption edge,
with an increased intensity at 689 eV. In turn, by removing ~0.7 mol of Li* per formula unit from
LixMny3Nb1302F to 4.6V (Figure S2), a slight gain in intensity was observed below 690 eV,
alongside a broadening of the edge. A pre-edge peak at ~687 eV became prominent with further
charging to 4.8 V.
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Figure 2: Ex situ F K-edge XAS of (a) Li,MnO,F and (b) Li,Mn,;Nb, ;O,F at different states,
measured in total fluorescence yield (TFY) mode. The spectra are compared to LiF?” to provide a
clear contrast of the pre-edge signals below 690 eV. Representative electrochemical profiles are

found in Figure S2. Labels: chr=charge, dis=discharge.

These electrodes did not contain fluorinated binders, but since they were exposed to the
electrochemical cell environment, consideration was given to the hypothesis that fluorinated

species from the electrolyte could contribute, especially upon decomposition at high potential.
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Several analyses exist in the literature of the F K-edge signatures of LiPF¢ in the electrolyte and
the products of its decomposition on cathodes operating at high potential. **3*Like LiF?’, none of
the species in the literature had signals below 690 eV, and, therefore, no measurable pre-edge. We
also measured F K-edge XAS of all harvested electrodes in total electron yield (TEY, Figure S5),
which only probes ~10nm into the surface and, thus, has much more significant contributions the
products of deleterious interfacial reactions upon cycling than TFY XAS.!*!5 In all cases, the pre-
edge signals below 690 eV were much weaker in TEY than TFY measurements. This observation
confirms that species arising from electrolyte decomposition on the electrode surface, which are
dominant in the TEY spectra of the cycled cathodes, do not have prominent pre-edge signals,

consistent with the literature3%34,

Therefore, the increase in F pre-edge signals upon charging Li-MnO>F and Li2Mny3Nb;302F
undeniably shows that new unoccupied Mn-F states result from oxidation of the compound, thus
indicating that they are involved in charge compensation. Species arising from electrolyte
processes do not have as elevated intensity at the onset of the edge, around 690 eV (see TEY in
Figure S5)3%34 as we found at the highest states of charge in TFY XAS (Figure 2), suggesting the
edge broadening also arises from the oxidation of the bulk oxyfluoride. But this assignment is less

certain than in the case of the pre-edge and merits further investigation.

The F, O and Mn changes produced after charge were progressively undone upon discharge to
1.5 V. However, some evidence of irreversibility was found when comparing pristine and fully
discharged states. In the F K-edge XAS (Figure 2), the intensity at the pre-edge was lower in the
discharged than the pristine state of both LixMnO.F and LiMn2;3Nbi302F. In the case of
LixMnO»F, this change was coupled with a high intensity at 642 eV (Mn Ls-edge, Figure 1a) and
a new peak at 535 eV (O K-edge, Figure 1c). These three changes were ascribed to an over-
reduction of the oxyfluoride, producing signals from both Mn(II1)-O/F and Mn(II)-O/F states. In
turn, the other most obvious difference in LixMn2sNb130,F was the lower relative intensity at 530
eV in the O K-edge of the discharged versus pristine states (Figure 1d), an irreversibility of unclear
origin, considering that the Mn L, 3-edge did not reveal reduction below Mn(II). Lee et al.? posited
the existence of changes of local coordination of Mn and Nb upon cycling based on K-edge data,
which would affect the hybridization with O and F and, thus, the relative distribution of pre-edge

signals in the corresponding spectra.
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Scheme 2 presents a qualitative picture of bonding that emerges from our results, expanding
the established understanding of cationic redox in pure oxides. For simplicity, only the frontier
O/F 2p-Mn 3d orbitals are represented, since they are the primary compensation centers. For
instance, the diagram does not depict the predicted formation of states close to the Fermi level that
arise from O-O dimerization in this compound, as described by Sharpe et al.!' According to XAS,
conventional oxidation of Mn operates until Mn(IV) is reached. Pre-edge signals at the F K-edge
were apparent in the presence of Mn(III). In consequence, the Scheme 2 reflects the depopulation
of O and F 2p- Mn 3d states from early stages of reaction, rather than F only being, at most,
accessible upon extreme values of delithiation.!' In Li;MnO,F, charging beyond 4.6 V triggers
lattice oxygen redox,!? yet the F K-edge XAS continues to evolve, suggesting that such
unconventional redox affects F as well. In fact, the changes from 4.6 V to 4.8 V, where an
equivalent 1.25 mol Li have been deintercalated per mol Li-MnO,F, appear even more pronounced
at the F K- than both Mn L;3- and O K-edges. The growth of F K-edge signals close to the
absorption edge (at ~690 eV) during this process, rather than the pre-edge (<690 eV), indicates a
non-trivial process may be occurring for the halide. Given this fact, and to avoid excessive
speculation, the band structure at this charged state is not depicted in Scheme 1. The notable
evolution of F K-edge is not observed at the surface (TEY spectra in Figure S5), again indicating

a process in the bulk of the oxyfluoride.
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Scheme 2: Simplified schematics of the proposed evolution of the projected density of the
unoccupied Mn 3d-O/F 2p states in Li>-xMnO-F and Li2xMn23Nb1302F with x. They qualitatively
reflect the participation of Mn, O and F in the redox transitions, consistent with the XAS data in
Figures 1 and 2. The F bands are depicted at lower energy based on computational predictions of
redox potentials.!! The Mn 3d-O/F 2p states are split into occupied and unoccupied bands by the
electron correlation, represented by the parameter Umn. This parameter will be different depending
on the formal state of Mn, which was not directly measured in our work. Thus, the scheme does
not account for its change with oxidation state for simplicity. Upon oxidation from Mn(II) to
Mn(IV), the occupancy of redox-active states decreases. After U is introduced, the outcome is an
increase in the balance of unoccupied to occupied states. According to the results presented here,
all three unoccupied bands increase in density, which raises the intensity of the pre-edge in O and
F K-edge XAS. The diagrams also show a hypothetical change in the corresponding occupied
bands (dashed line), simply to mimic Scheme 1 and reflect an expected decrease in density for the
three elements as they are depopulated. No attempt was made to reflect the possible changes in

relative position of the bands, as it is beyond the scope of this Scheme.
Conclusion:

This study shows that F states actively participate upon cationic redox in oxyfluoride cathodes
with a disordered structure, even at relatively low states of charge. Specifically, delithiation of
LixMnOzF and LixMn23Nb1302F affects the covalent bond between Mn 3d states and both O and
F 2p states. The existence of charge compensation at F has implications for the stability of the
compounds in their oxidized state which should be evaluated in view of their application as
cathodes. Further insight into the exact states that lead to this behavior will require sophisticated
computations of the electronic structure and, ideally, modeling of the XAS, especially to probe the
observations during lattice oxygen redox. This work opens fresh lines of inquiry and degrees of
freedom in the redox behavior of mixed anion compounds. Broadening the design rules to consider
the participation of F could be leveraged to design new cathode materials for high-energy Li-ion

batteries displaying metrics that transcend current candidates.
Supporting Information:

The supporting information includes XRD of LixMnO>F and LixMn,3Nbi1302F, Electrochemical
profile of the first cycle of LizMnO>F and LixMn23Nb1302F, Mn K-edge XAS of the various
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charge and discharged states of LixMnO;F and LixMn2sNbi302F, comparison of the F K-edge
XAS of LiF, MnF; and MnF3 with pristine LixMnO>F and Li2Mn23Nb;302F.
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