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The quantity of charge stored in transition metal oxide intercalation cathodes for Li or Na batteries is not limited by transition
metal redox reactions but can also access redox reactions on O, examples include Li1.2Nio.13Mno.54C00.1302, Li2Ruo.755n0.2503,

Li1.2Nbo.3Mno.402, Na2RuOs and Naz3Mgo.2sMno.7202. Here we show that oxyfluorides can also exhibit charge storage by O-

redox. We report the discovery of lithium manganese oxyfluoride, specifically the composition, Li1.sMno.9sO2.05Fo.95, With a

high capacity to store charge of 280 mAh g* (corresponding to 960 Wh kg) of which almost half, 130 mAh g?, arises from

O-redox. This material has a disordered cubic Rocksalt structure and the voltage-composition curve is significantly more

reversible compared with ordered Li-rich layered cathodes. Unlike lithium manganese oxides such as the ordered layered

Rocksalt LizMnOs, Li1.sMno.ssO2.0sFo.9s does not exhibit O loss from the lattice. The material is synthesised using a simple, one-

pot mechanochemical procedure.

Introduction

Lithium-rich layered transition metal (Tm) oxides based on
manganese, such as Li;3Nip13Mngs54C001302 (NMC) and
Li1.2Nig.2Mno 02, are being hotly pursued as future cathode
materials in competition with the Ni-rich Li[NipgC00.15Al0.05]O2
(NCA) because of the potentially lower cost of the lithium rich
materials~10, Their high capacities, typically, 250 to 300 mAh g-
1, arise from storing charge utilising both transition metal and
O-redox. Alkali metal rich 4d and 5d transition metal oxides
have also been shown to exhibit O-redox'1-15, These materials
are all based on ordered structures.

Recently, there has been increasing interest in disordered
intercalation compounds, especially disordered Rocksalt
structures. It has been shown that provided the Li:Tm ratio is
sufficiently large to permit enough low energy percolation
pathways1618, then they can function as intercalation
compounds and with relatively high capacities.
examples of these Li-rich disordered intercalation compounds
have been reported, including LisNbOs-based systems9-21
|_i1‘2-|-i0,4|\/|I’10,40222 and LillzNi1/3Ti1/3M02/150218. Synthesis of
these heavy metal and Li;TiOs-based disordered Rocksalts is
possible by conventional high temperature methods. However,
for Mn-rich 3d transition metal compounds, high temperature
synthesis usually forms ordered phases such as LizMnOs or
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orthorhombic LiMnO, To counter this, high energy
mechanochemical ball-milling methods have been used to
Rocksalts. The most
compounds presented by Freire et al. using this method were
of reported compositions Li,Mn0O323 and LizMn;0s2%. The latter
displays high initial capacity of 355 mAh g1 when charged at a
low rate (6 mAg-1) over a large voltage range (1.3V to 4.8V), but
fades substantially in capacity over the following cycles.

synthesise all-manganese recent

Mechanochemical ball-milling has also been used as a
means of incorporating fluoride anions into these structures to
harness the element’s high electronegativity in an effort to
increase the voltage of these materials and further to reduce
the valence of the transition metal by substituting 02 for F-.
Composite structures comprising intimately mixed, but
structurally distinct, phases of LiF and MO (where M = Mn, Fe,
Co) have been studied and a surface conversion reaction
mechanism proposed to explain their reactivity in Li-ion
batteries?>26, Other researchers have managed to access solid
solution oxyfluoride Rocksalt phases by using higher ball-milling
energies. In pioneering work by Hahn and Kobayashi and their
respective co-workers, lithiated oxyfluoride materials were
synthesised based on V27-22 and Ni3%31; two transition metals
which undergo multiple valence state changes. However, these
have involved prolonged reaction times of over 100 hrs and
impurities introduced from abrasion of the milling jar medium.

Here we present for the first time an all-manganese lithium
transition metal oxyfluoride, with a disordered Rocksalt
structure which exhibits a large and reversible capacity to store
charge utilising Tm and O-redox. This material exhibits a
discharge capacity of ~280 mAh g! (corresponding to 960 Wh
kgl) after the initial charge, makes it comparable to
Li1.2Nio.13Mng 54C00.1302 which shows ~270 mAh g1 (~950 Wh kg-
1)6 and Li;2Nio2Mng g0, ~250 mAh g1 (~880 Wh kg1)32 at the
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same charging rate and in the same voltage range. The prepared
lithium manganese oxyfluoride shows a reversible voltage-
composition profile on the first cycle and no significant oxygen
loss in contrast to the layered Li Rich materials. Using soft X-ray
radiation we show that the oxygen anions are responsible for
charge compensation in line with our previous findings in the
layered Li-rich materials 7.

Results and Discussion

Material Characterisation

We targeted the composition Li,MnO,F and thus mixed LiF, Li,O
and Mn;0s3 in a 2:1:1 molar ratio and sealed in zirconia jars in
an argon-filled glovebox. The mixture was then ball-milled for
18 hours at 750rpm in a Fritsch Pulverisette 7 planetary ball mill
(further details are contained in the Experimental section of the
Supplementary Information). A Powder X-Ray Diffraction
(PXRD) pattern of the pristine material was collected (Fig. 1)
and fitted using the Reitveld method of refinement to the
Fm3m cubic Rocksalt space group, full crystallographic data are
outlined in Table S1.

Solid state “Li and 1°F magic angle spinning (MAS) NMR
spectroscopy was carried out to study the local chemical
environments of lithium and fluorine in the ball-milled material.
As shown in Fig. 2, a substantial transformation is observed
after ball-milling. The intense peak of LiF with chemical shift, &
= -204 ppm almost completely disappears suggesting near
complete reaction. Meanwhile, as shown in the inset, a much
broader peak (centred about & = -174 ppm) emerges, which is

Intensity (a.u.)

30 40

20 (degrees)

Fig. 1 Powder X-ray Diffraction pattern of pristine LMOF collected in a
sealed glass capillary and refined using the Rietveld method to the Fm3m
space group with cell parameter a = 4.1176(5) A and x? = 1.535. Site
occupancies were fixed to the targeted composition and the cell parameter
and peak width allowed to vary (Red curve = experimental diffraction
pattern, black = calculated pattern, blue = difference plot and black tick
marks = allowed reflections). Inset shows the cubic LMOF unit cell
visualised using VESTA (red = oxygen, grey = fluorine, green = lithium and
purple = manganese).
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Fig. 2 °F solid state MAS NMR for a precursor mixture of LiF, Li.O and
Mn20s ground together in a mortar and pestle in a 2:1:1 ratio compared
with that for the pristine LMOF. Spectra are normalised to account for
sample mass. The inset gives a zoomed-in view of the spectrum of the ball-
milled sample. The MAS rate was 20 kHz.

attributed to °F in the rock salt phase. This broad peak has
Gaussian line shape with no resolved spinning sidebands
suggesting it consists of many overlapped paramagnetic shifts33
resulting from fluoride ions residing in a range of different local
environments influenced by paramagnetic Mn in the immediate
vicinity. This is consistent with a disordered phase34. Similar
changes are observed in the 7Li NMR spectrum which is
sensitive to both Li,O and LiF as described in Fig. S1.

Elemental composition analysis using ICP-OES confirmed
the Li:Mn ratio as unchanged before and after milling at 2.03(3)
and 1.99(3) respectively. Samples of the precursor mixture and
the material after ball-milling were completely dissolved in
concentrated HCl acid and liquid state 7Li and 1°F NMR
confirmed the Li:F ratio as unchanged before and after milling
(Fig. S2). However, oxidation state analysis using iodometric
titration indicated an average Mn oxidation state of around +3.3
demonstrating that, despite the ratios of Li:Mn:F being 2:1:1,
the material is oxidised (Table S2). This degree of oxidation
cannot be accounted for by post-synthesis reaction with air of
Li_MnO3F to form Li,«xMnOF and Li>O or Li,CO3 as there wasn’t
evidence of diamagnetic phase segregation from 7Li NMR
(Figure S1), nor can it be due to precursor impurities whose
purity was verified. Therefore, we conclude that some oxidation
must have occurred during synthesis resulting in a cation
deficient phase with the true composition of Li;oMnggs[
]0,1502,05Fo,95, which we label LMOF.

The particle size and morphology of the ball-milled LMOF
sample were assessed using a combination of Brunauer—
Emmett—Teller (BET) surface area analysis and Scanning
Electron Microscopy (SEM). The SEM images show a range of
particle sizes typically from 0.1 to 0.5 microns (Fig. S3). The
surface area from BET, 13.4(1) m?2 g1, indicates an average
particle size of 0.15 microns assuming spherical particles. These
values are higher than the value extracted by Scherrer analysis
of the wide peaks in the PXRD patterns, Fig. 1, of 5 nm.
However, the peak broadening in PXRD relates to the coherence
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Fig. 3 (a) Charge-discharge curve for LMOF vs. lithium. First cycle is shown
in the voltage range 2 Vto 4.8 V at a rate of C/10 (22.4 mA g). (b) Discharge
capacity as a function of cycle number at progressively faster C-rates of
C/10,C/2 and 1C.

length and hence size of ordered domains and not the particle
size, which is larger as seen here.

Electrochemical Performance

Electrochemical charge/discharge profiles of LMOF are shown
in Fig. 3. During the first charge to 4.8V a capacity of 291 mAh g
1 was observed. This can be segmented into regions 1 and 2 as
shown in Fig 3a. The charge passed in region 1 is consistent with
the theoretical capacity expected from the oxidation of Mn3-3+
to Mn#* (150 mAh g1, 0.65 Molejectrons/MOlLmor). At the beginning
of region 2 the gradient of the voltage profile changes and a
further ~140 mAh g1 (0.6 mMoOlelectrons/Molimor) of charge is
extracted beyond the Mn#* threshold, these two regions can be
clearly resolved in the dQ/dV plot (Fig. S4). On subsequent
discharge to 2V, 283 mAh g1 of charge is recovered at an
average potential of 3.4V (corresponding to an energy density
of 960 Wh kg at C/10 or 22.4 mA g'1) beyond that which would
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be expected for complete reduction of Mn to +3 (~230 mAh g
1),

To confirm that the lithium content varied as was
anticipated from the charge passed in the electrochemical
experiment, ICP-OES measurements were carried out on
cathodes collected before cycling and at the end of charge and
discharge (Table S3). Table S3 shows that the Li extracted and
inserted varies in good accord with the total charge recorded
indicating minimal contribution from electrolyte oxidation. To
establish the scale of any oxidative decomposition process,
operando mass spec. (Fig. S5) was employed. This shows that
only trace amounts of CO; (a principle component evolved
during the oxidation of carbonate electrolytes) were generated
on charging (0.03 molcoz/molivor is observed compared to 1.30
MOlelectrons/MOlimor  charge passed) thereby verifying only a
negligible contribution to the charge compensation process
from electrolyte oxidation. Beyond this explanation for
additional capacity in excess of the Mn3*/4* redox couple,
several studies have previously cited oxygen loss®735737, The
OEMS experiment confirms that this was not the case here and
leads us to anticipate that anionic redox processes are occurring
within this material.

Spectroscopic Studies

To examine this further Mn L-edge and O K-edge soft X-ray
absorption spectra (SXAS) were collected. The former, Fig. 4a,
were collected using the inverse Partial Fluorescence Yield
(iPFY) mode which is both bulk sensitive (to a probe depth of
about 150 nm) and free of self-absorption effects38. The spectra
show the expected change in the Mn L,,3 peaks on charging to
4.8V as a result of Mn oxidation to +4. When fully charged the
spectra appear consistent with the Mn#" standard, MnO,,
indicating the absence of further Tm oxidation. On discharge
the spectra return to a shape consistent with the original
material with no evidence of the formation of Mn?*. Therefore
we can be certain that the Mn3* to Mn** redox couple is the only
redox active transition occurring on the manganese. If we
consider the theoretical capacity of a completely active Mn3* to
Mn#* redox couple then we would anticipate a theoretical
capacity on both charge and discharge of ~230 mAh g. Since
the material clearly exceeds this then these results confirm the
presence of an additional redox process during both the charge
and discharge of LMOF.

The O K-edge data, Fig. 4b, collected on the same samples
provide evidence that lattice oxygen plays a role in
compensating this additional charge. The area under the pre-
edge corresponding to the density of empty states in the
hybridised O-2p/Mn-3d orbitals, increases on charging to 4.8V.
This increase in intensity can be explained by the formation of
hole states on O and Mn on charging. Evidence of a new feature
appearing at 531.5 eV can also be seen on charging which is
consistent with the changes we have seen previously for anion
redox materials. On discharge the area of the O K-edge returns
to close to that of the pristine material (with the evidence of
some carbonate formation on discharge (534 eV)3°). This
conclusion is further reinforced by the Resonant Inelastic X-Ray
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Fig. 4 (a) Mn L-edge XAS spectra collected in iPFY mode to probe Mn oxidation states. The Lz peak energies change in line with oxidation of Mn to +4 on

charge and then reduction back towards the oxidation state of the pristine on discharge. (b) O K-edge XAS spectra collected in bulk-sensitive PFY mode show

an increase and decrease in intensity of the pre-edge region corresponding to the formation and filling of hole states in Mn-3d/0-2p hybridised orbitals.

The arrow indicates the energy (531.5 eV) at which a new resonant feature appears. On discharge to 2V a feature at 534 eV appears which we attribute to

COs* species formed at the interface between the electrode and electrolyte. Cathode samples were charged at a rate of C/10 (22.4 mA g) and collected

for ex situ measurement at OCV, end of charge (4.8V) and end of discharge (2V).

Scattering (RIXS) data in Fig. 5a which reveal a significant and
reversible change on oxidation to 4.8V with two well resolved
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Fig. 5 (a) RIXS spectra at different states of charge collected at a RIXS
energy of 531.5 eV show the appearance of a new feature at ~525 eV (b)
RIXS spectra at end of charge (4.8V) collected at a range of RIXS energies
show the new feature is resonant in a narrow energy range which we
attribute to new, localised electronic states formed on oxygen.
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peaks between 522 and 528 eV as well as an elastic peak at
531.5 eV, very reminiscent of the RIXS spectra we observed for
Li[Lio_zNio_13C00_13M no_54]OZ and Li[Lio_zNio_zMno_6]026'7. To further
probe this new feature, RIXS mapping on the cathode charged
to 4.8V was carried out, Fig 5b, and this indicates that these
states are resonant in a narrow energy range (< 1 eV) and hence
correspond to newly formed, localised electronic states on
oxygen consistent with our previous findings for O-redox
materials. To the best of our knowledge, this represents the first
time that capacity from anion redox has been observed in this
new class of oxyfluoride Rocksalt materials.

Long Term Cycling Performance

Upon cycling the capacity (Fig. 3b) and voltage (Fig. S6) drop
steadily at approximately the same rates of decay as seen for
the Li;VO;F and LizNiO2F. Additional cycling studies at increased
C-rates reveal good retention of capacity, Fig 3b. Interestingly,
from these studies it appears the fading is cycle dependent
rather than time dependent as suggested by the similar rates of
decay. This effect is common for all oxyfluoride materials
reported so far and significant work is required to understand
the source of this fading mechanism. Although this does not
seem to be related to the transition metal, similar capacity
losses have been observed in other all-manganese materials,
such as LiMn;0g4, and has been attributed to the dissolution of
Mn ions into the electrolyte resulting in loss of active material
from the cathode and increase in impedance of the Li metal

This journal is © The Royal Society of Chemistry 20xx



002 022! 222

Intensity

N

i

b "

600 2.0
100 cycles -
A 500 - -
ol|F15
50 cycles ] 2
@ P
— i < 2
— 400 | B
g 1 42v ol S
E 304, ~ 1 2
2.0V > [ <~
sov| 9 1 “-10 =
3.6V S 200 [
4.2V O ] 2} E
48V @|f
ey 100 4 6 .—1.5
36V T
ocv
ocV 0 - I
L W iion 7 -2.0
85 90 5 4 3 2

I 1 I 1 I I 1 I ' 1 I
35 40 45 50 55 60 65 70 75 80
20 (degrees)

Voltage vs. Li/Li" (V)

Fig. 6 Left panel: Powder X-Ray Diffraction patterns of ex situ cathode samples collected under Ar using a protective Kapton film. The two uppermost

patterns correspond to cathodes cycled between 2-4.8V at a rate of C/2 (112 mA g'1) and recovered after the 50" and 100 discharge to 2V. Right panel:

First cycle load curve for LMOF highlighting the states of charge chosen for
anode as Mn-containing species are deposited*®3. To
investigate Mn dissolution in LMOF, ICP-OES analysis was
carried out on the residue collected from the anode, electrolyte
and cell components together after long term cycling (Table S4).
After 100 cycles, the percentage loss of Mn from the cathode
was ~7.7% compared to a percentage capacity loss of ~53% (Fig
S7) indicating that, although some Mn is lost from the cathode,
it is unlikely to be the primary cause.

Another potential source of the capacity fading is gradual
structural change. To study the structural evolution
accompanying lithium-ion extraction and reinsertion, ex situ
PXRD was carried out on samples at different states of charge.
The results in Fig. 6 show XRD patterns recorded at progressive
states of charge, which indicate a shifting of the 002, 022 and
222 peaks corresponding to a decrease and increase in lattice
parameter as the structure contracts and expands isotropically
with lithium content. This supports the extraction and
reinsertion of lithium in the bulk of the material. The process
repeats on subsequent cycling and indicates the remarkable
retention of long range order even after 100 cycles. We
speculate this could be due to the absence of cooperative Jahn-
Teller distortion in the Rocksalt structure because of the lack of
layered ordering and the disruption of centro-symmetry around
Mn3* centres by the presence of F- anions.

Expansion and contraction of the electrode particles can
also lead to cycle dependent capacity loss through particle
disconnection over cycling and isolation of active material.
However, we observed no improvement in performance after
extracting a cycled electrode, re-pressing and then cycling it in

This journal is © The Royal Society of Chemistry 20xx

ex situ analysis.

a new cell, suggesting this is not the explanation as if this had
been the case here we would expect some reforming of
electronic contacts and a boost in capacity.

In light of our studies it is evident that further detailed work
is required to understand the exact origin of the deterioration
in cell performance which appears common to all oxyfluoride
rock salt materials. Nevertheless, the discovery of LMOF, a
promising new positive electrode material for Li-ion batteries,
demonstrates for the first time that O-redox is possible in an all-
manganese compound by utilising the stable disordered
oxyfluoride Rocksalt structure.

Conclusions

The oxyfluoride, Li1.9Mno.9sO2.0sF09s, based the
stoichiometric compound Li;MnO3F, is the first example of an
oxyfluoride exhibiting O redox. It possesses a disordered
Rocksalt structure with cation vacancies. Possessing a Li:Tm
ratio > 1 in the Rocksalt structure ensures enough low energy
pathways for Li* migration. Li1.9sMng.9502.05F0.95 exhibits a high
capacity to store charge of 280 mAh g (corresponding to 960
Wh kg1) of which half, 130 mAh g%, arises from O-redox, the
rest being due to Mn3+/4* redox. There is little evidence of any O
loss from the lattice. The variation of voltage with composition
is significantly more reversible than the ordered Li-rich layered
compounds with overcapacity due to O-redox. This may be due
to the structure already resembling that of the ordered Li-rich
materials after they undergo cation disorder on cycling. An
advantage of the disordered Rocksalt structured Mn

on

J. Name., 2013, 00, 1-3 | 5



compounds is that they should avoid the cooperative Jahn-
Teller distortion usually associated with Mn3* in ordered
structures and which often leads to poor cycling.
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