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HIGHLIGHTS

e Lithium rich iron/titanium oxyfluoride materials synthesized by ceramic synthesis route.
e Low level of doping leads to regions rich in transition metal and the area rich in Li.

e Level of doping has an impact on electrochemical activity.

e The highest capacity was obtained with samples having low level doping.

ARTICLE INFO ABSTRACT

Keywords:
Lithium batteries
Face centered-cubic

Disordered lithium-rich transition metal oxyfluorides with a general formula Li; {,MO3F, (M being a transition
metal) are gaining more attention due to their high specific capacity which can be delivered from the face-
centered cubic (fcc) structure. The most common synthesis procedure involves use of mechanosynthesis. In

gxﬁfcl;onde this work, ceramic synthesis of lithium rich iron oxyfluoride and lithium rich titanium oxyfluoride are reported.
Disorder Two ceramic synthesis routes are developed each leading to the different level of doping with Li and F and

different levels of cationic disorder in the structure. Three different Li; ;,MO2F, samples (x = 0.25, 0.3 and 1) are
compared with a sample prepared by mechanochemical synthesis and non-doped LiFeO5 with fcc structure. The
obtained lithium rich iron oxyfluoride are characterized by use of Mossbauer spectroscopy, X-ray absorption
spectroscopy, NMR and TEM. Successful incorporation of Li and F have been confirmed and specific capacity that
can be obtained from the samples is in the correlation with the level of disorder introduced with doping,
nevertheless oxidation state of iron in all samples is very similar. Conclusions obtained from lithium rich iron
oxyfluoride are validated by lithium rich titanium oxyfluoride.

1. Introduction lithium transition metal oxides (LiMO, with M being a transition metal)

is an example of fcc materials. LiMOy were obtained by ball-milling

High energy-density cathode materials are the main focus in the
search for new compounds that can be used as an active materials for Li-
ion batteries. Among all proposed families of cathode materials, a
lithium transition metal oxides are the most studied due to their versa-
tility in composition and structure. The structures of these materials can
be layered, spinel or face centered-cubic (fcc). The latter are based on the
sodium chloride structure with the oxygen atoms in the close packed fcc
sites and the cations filling all the octahedral interstices. A family of

(mechanosynthesis) [1] and exhibited a poor electrochemical behav-
iour. It has been shown that lithium-rich material (Li,MO3 with x > 1)
can overcome that issue [2]. The good performances observed in
lithium-rich oxide composition are due to the formation of a percolating
network of low-energy migration pathways that do not require lithium
ions to pass directly adjacent to a transition metal [2]. Moreover,
compared to LiMO,, where maximum 1 Li* can be extracted per formula
unit, Li-rich Li,MO, offers a possibility to extract more than 1 Li* from
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the structure leading to improved capacity.

The charge balance at a lithium-rich composition can be done by the
substitution of the oxygen anion by fluorine. This has been well
demonstrated by oxyfluoride materials such as Li;VOF [3,4], LioCrOoF
[5] and LioMnOoF [6] obtained by mechanosynthesis. Indeed, the me-
chanical stress generated during the synthesis is forcing LiF to get
incorporated in the LiMO host structure and a certain degree of cationic
disorder is introduced into the structure [7]. The mechanosynthesis
leads to the formation of the meta-stable phase in a highly
non-equilibrium state with the compositional inhomogeneity [3,6].
Moreover, the creation of the partially amorphous phase as well as poor
reactants intermixing at the atomic scale has been reported [8,9].

Family of Li,MO-F obtained by mechanosynthesis (M = V, Cr or Mn)
crystalizes in fcc structure. As proposed [3], Li and M occupies randomly
the same 4a crystal sublattice (with an occupancy factor of ~66 at.% for
Li and ~33 at.% for M). Similarly 0> and F~ occupies randomly the
Wyckoff position 4b in the same structure (with occupancy ratio of ~66
at.% and ~33 at.% for O and F respectively). Therefore, the structure
can be described as a layered phase, in which Li/M cations and O/F
segregate into layers in the cubic (111) direction.

As proposed by computational chemistry, improved crystallinity and
better distribution of atoms can be obtained by ceramic synthesis [2].
The authors constructed a phase diagram of LiFeOp-LiF from
DFT-derived cluster expansions, and showed the possibility to synthe-
size LioFeOoF phase at temperature above 1200 °C. To the best of our
knowledge, an experimental procedure for the ceramic synthesis of
LisMOoF has never been reported.

In this study, we demonstrate the possibility to synthesize Lij .
FeOyF, (with 0 < x < 1) and Lij;,TiO2Fy (with 0 < x < 1) samples with
fcc rock-salt structure by ceramic synthesis based on two different pre-
cursors. The major advantage of iron and titanium based materials is
their abundances and environmental acceptance. Additionally, iron
samples can be characterized by different techniques. The structural,
compositional and electrochemical properties of Lij,,FeOyF, are
compared with sample prepared by mechanochemical synthesis and
with a sample prepared without LiF doping (i.e. LiFeO3). Important
structural and compositional properties are derived by combined anal-
ysis using X-ray diffraction, Mossbauer spectroscopy, X-ray absorption
spectroscopy, 'Li and '°F solid state NMR and HR-TEM microscopy. The
study of the ceramic synthesis was further extended to titanium oxy-
fluoride LijTiOoF,. In both cases, the observed properties were
directly related to the electrochemical characteristics of samples inves-
tigated in this study. Finally, observed correlations between the cationic
disorder and electrochemical activity of lithium iron oxyfluoride were
confirmed by set of samples based on titanium transition metal.

2. Experimental section

Synthesis: For mechanosynthesis (ms), stoichiometric amounts of
Fe,03 (respectively TipOs) (both from Alfa Aesar Puratronic), LioO (from
Alfa Aesar) and LiF (from Aldrich) (total mass of ca. 5 g) were introduced
into zirconium oxide jar together with 25 balls of 10 mm of diameter. A
planetary grinder from Retsch (RETSCH PM 200) was used at a speed
rate of 600 rpm (with a reverse rotation every hour) during 48 h. For the
Fe based material, the color of the recovered material was brownish and
it was labelled as LFF-ms. The Ti based material displayed a grayish
color and was labelled LTF-ms.

For the first ceramic synthesis route (csl), three different stoichio-
metric amounts of Fe3Os, LiO and LiF (1:1:y, where y = 2, 0.6 and 0.5)
were thoroughly mixed in the mortar, pressed as pellets and sealed into a
stainless steel reactor (Figure SI 1) inside the glovebox to ensure that the
pellet was in an inert atmosphere during the synthesis. The reactor was
introduced into a furnace, which was heated at 850 °C for 3 h followed
by quenching in liquid nitrogen. The recovered black pellets were
crushed in a mortar. Three different compositions were labelled related
to the amount of LiF as precursor: LFF-cs1-100, LFF-cs1-30 and LFF-cs1-
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25 respectively. In the second ceramic synthesis route (cs2), we used
different precursors, FeFs and Li;O, while preparation of the sample and
calcination procedure was similar as in the first approach. However, due
to hydrophilic nature of FeFs all preparation was done in the argon at-
mosphere. The recovered grey powder was labelled LFF-cs2. For sake of
comparison, pure phase of LiFeO was synthesized using stoichiometric
amount of FepO3 and LizO. The same process as described above was
applied and the recovered black powder was labelled LFO.

We applied synthesis approaches cs1 and cs2 to the titanium anal-
ogous. For both approaches we used Ti;O3 and TiF3 as precursors,
respectively. The optimum temperature was 900 °C and optimum time
was found to be 20 min.

X-Rays diffraction: Powder X-ray diffraction was performed on
PANalytical, configured with Ge(111) monochromator (Johansson type)
giving Cu Kal in Bragg-Brentano reflection geometry. The range used
was 10°-120° in 20 at a step size of 0.008° (time per step 550 s). The
lattice parameters were refined using Edpcr software in Fullprof suite
program.

Neutron powder diffraction was performed at the high-intensity
neutron powder diffractometer, Wombat, at ANSTO (A = 1.539(2) /O\)
over a 120° 20 range (16°-136°).

X-Absorption Spectroscopy: Fe K-edge XAS and spectra of lithium
iron oxide and oxyfluoride cathode materials with fcc rock-salt structure
(LFF-ms, LFF-cs1-25, LFF-cs2, LFO) were measured at XAFS beamline of
Elettra synchrotron radiation facilities in transmission detection mode.
A Si (111) double crystal monochromator was used with 0.8 eV energy
resolution at 7 keV. Higher-order harmonics were effectively eliminated
by detuning the monochromator crystals to 70% of the rocking curve
maximum. The intensity of the monochromatic X-ray beam was
measured by three consecutive 30 cm long ionization detectors respec-
tively filled with the following gas mixtures: 580 mbar Nz and 1420
mbar He; 90 mbar Ar, 1000 mbar N5 and 910 mbar He; 350 mbar Ar,
1000 mbar N, and 650 mbar He. The absorption spectra were measured
within the interval [-200 eV-1100 eV] relative to the Fe K edge. In the
XANES energy region equidistant energy steps of 0.2 eV were used,
while for the EXAFS region equidistant k steps of 0.03 A-1 were adopted
with an integration time of 1 s/step. The duration of one XAS scan was
30 min.

The battery samples with lithium iron oxide and oxyfluoride cathode
materials were prepared in a pouch cell used for operando studies of Li-
ion batteries [10]. The reference Fe compounds samples (Fe;Os, Fe3O4,
FeSO4) were prepared in the form of homogenous pellets, pressed from
micronized powder mixed with boronitrate (BN). In all cases the total
absorption thickness of the sample was about 2 above the Fe K-edge.

Sample pellets were placed between the first and second ionization
cell. The exact energy calibration was established with simultaneous
absorption measurement on a 5-pm thick Fe metal foil placed between
the second and the third ionization chamber. Absolute energy repro-
ducibility was +0.02 eV.

The analysis of XANES and EXAFS spectra is performed with Demeter
(IFEFFIT) program package [11], in combination with FEFF6 program
code [12] for ab initio calculation of photoelectron scattering paths.

NMR: Solid-state “Li and '°F magic-angle spinning (MAS) NMR
spectra were recorded on a 600 MHz Varian NMR system, operating at
7Li Larmor frequency of 232.97 MHz and 9% Larmor frequency of
564.06 MHz. Varian 1.6 mm HXY MAS probehead at sample rotation
frequency of 40 kHz was used. “Li MAS NMR spectrum of each sample
was obtained as a sum of a series of spin-echo sub-spectra recorded at
different irradiation frequencies [13]. The irradiation-frequency step
was 80 kHz (i.e. twice the sample rotation frequency). Each
sub-spectrum was phase corrected to zero order. Durations of the first
and the second pulse in the rotation-synchronized spin-echo experiment
were 1.4 and 2.8 ps, respectively, and the delay between the pulses was
25 ps (i.e. one rotation period). Repetition delay between consecutive
scans was 10 s, and number of scans for each individual spectrum was
32. The frequency axes of the “Li MAS NMR spectra were reported
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relative to the signal of Li»SiO3 (0 ppm). 1°F MAS NMR spectrum of each
sample was also obtained as a sum of a series of spin-echo sub-spectra
recorded with the irradiation-frequency step of 80 kHz. Durations of the
first and the second pulse in the °F MAS spin-echo experiment were
1.25 and 2.5 ps, respectively, and the delay between the pulses was 25
ps. Repetition delay between consecutive scans was 0.25 s, and number
of scans for each individual spectrum was 1280. Because of the short
repetition delay, narrow (slowly relaxing) contributions to the 1°F NMR
spectra were somewhat suppressed with respect to the broad (quickly
relaxing) contributions. For all the °F NMR spectra strong, broad
background signal (stemming from the stator) had to be subtracted. The
frequency axes of the !°F MAS NMR spectra were referenced using a
signal of NaF at —221 ppm.

5’Fe MOSSBAUER SPECTROSCOPY: >’Fe Mossbauer spectra were
collected using a standard transmission Méssbauer setup with a%”Co in
Rh-Matrix source operated in constant acceleration mode. All spectra
are measured at room temperature with a maximum velocity scale of
3.5 mm/s, which was calibrated with a metallic Fe foil. All Isomer shifts
(IS) are given with respect to metallic, bec-Fe at room temperature. The
spectra are fitted using the WinNormos for Igor software.

TEM: Samples were hand grind in a mortar prior to be dispersed in
ethanol. Few drops of the mixed solution were deposit on the lacey
carbon covered TEM copper grid. The morphology, composition and the
atomic structure of the synthesized materials were assessed by means of
transmission electron microscopy. For these analyses, a probe
aberration-corrected JEM-ARM200CF equipped with JEOL Centurio
100 mm2 EDXS detector, JEOL STEM detectors (JEOL, Tokyo, Japan)
and Gatan GIFQuantum (Gatan, Plesanton, USA) EELS spectrometer,
was employed. Fe, O and F elemental distribution was assessed by
electron energy-loss spectroscopy in STEM mode (STEM-EELS).

ELECTROCHEMISTRY: The electrochemical tests were performed in
Swagelok cell assembled in an argon-filled dry glove box. Prior to be
used, the active materials were ball milled with 15 wt % of Cgs carbon
black (from TIMCAL) and 10 wt % of PVdF-HFP during 30 min at 300
rpm. In order to ensure porosity and rapid electrolyte uptake within the
electrodes, 33 wt % of Dibutylphtalate (DBP) was added [14]. Finally,
some drops of NMP were added for appropriate viscosity, and the slurry
was stirred for 2 h prior to be casted on a glass plate using a doctor blade
(with a gap of 500 pm). After drying, electrodes of 12 mm in diameter
were cut and pressed together with Al-mesh disk. The obtained elec-
trodes were soaked in diethyl ether in order to remove DBP. The elec-
trodes loading were between 3 and 4 mg/cm?. The cells consisted of the
positive electrode (as described above), Li disk as negative electrode,
and 1 M of LiPFg in a mixture of EC-DEC (1:1) as electrolyte (LP40). The
assembled cells were cycled between 3 V and 1.3 V vs. Li*/Li. Electro-
chemical impedance spectra were recorded in VMP3 potentios-
tat/galvanostat in the frequency range of 1 MHz-1 pm Hz.
Electrochemical half-cell was discharged for 2 h at C/20 then relaxed for
4 h. The EIS spectra were recorded at the end of each relaxation. The
GITT measurements consisted of series of current-pulses applied at a rate
of C/50 during 1 h, followed by a long relaxation time for which the
condition was set to dV/dT < 4 mV/h.

3. Results and discussion

As controlled experiment, we prepared first lithium iron oxyfluoride
by mechanosynthesis (LFF-ms) and the LeBail refinement of the lattice
parameters of the XRD pattern is presented in the Fig. 1. As stated in the
experimental part, LFF-ms was obtained by mixing stoichiometric
quantities of iron oxide (Fe50s3), lithium oxide (Li;O) and lithium fluo-
ride (LiF). The pathway for the formation of the phase is proposed in the
Equation (1).

Fe,03 + LirO + 2LiF — 2LiFeO,F (€8]

LFF-ms crystallizes in a single phase that can be well refined with fcc
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Li,FeO,F (LFF-ms)
(S.G.: Fm-3m N° 225)
a=4.156(1) A

Intensity (Arb. Units)

20 40 60 80 100 120
20 (°) Cu, Ka,

Fig. 1. Observed (red dots), calculated (black line), and difference (blue line)
plots obtained for the fullpattern matching refinement of X-ray diffraction data
for Li;FeOF obtained by ball-milling and labelled LFF-ms. (For interpretation
of the references to color in this figure legend, the reader is referred to the Web
version of this article.)

structure (S.G. N° 225), with the lattice parameter of 4.156(1) A. The
first ceramic synthesis route proceeded through the Equation (1). XRD
pattern (Figure SI2) of the sample (LFF-cs1-100) indicates the presence
of two phases in the final product; both crystalized in fcc. The simulated
XRD pattern (Figure SI2), which is a sum of the contributions of the
LiFeO, and LiF phases, is very close to the measured pattern. However,
one can notice that the diffraction peaks of LiFeO, are shifted to higher
20 values in the simulated XRD pattern, suggesting that the lattice
parameter (a = 4.177(7) Z\) of LFF-cs1-100 is higher compared to the
lattice parameter of the usual LiFeO, (a = 4.162 A1CSD N° 44879). The
shift of diffraction peaks toward lower 260 values is indication of at least
partial incorporation of LiF into the fcc structure. Namely, the XRD
pattern containing diffraction peaks of LiF (ICSD N° 51208) suggests
that not all of the LiF was consumed in the reaction. In order to decrease
the residual LiF, the stoichiometric ratio of LiF compare to Fe,O3 was
gradually reduced.

By systematic work we decreased quantity of LiF by using reaction
mixture with the molar ratio of 1:1:0.60 (for Fe;Os, LioO and LiF)
(Figure SI3), whereas the molar ratio of 1:1:0.50 showed only minor LiF
impurities in the sample (Fig. 2a). Therefore, we can conclude that the
final product of the latter synthesis setup has a composition close to
Li; 25FeO2F( 25 (labelled LFF-cs1-25). Here, the composition is derived
with the precision of the XRD technique. Equation (2) is a chemical
equation, which describes the pathway for the successful formation of
LFF-cs1-25:

Fe,03 + LisO + 0.5LiF — 2Li; 55FeOsF 25 (2
Note, that Equation (2) can be split in two parts as

Fe;03 + Li,O — 2LiFeO, (2a)

LiFeO, + 0.25LiF — Li; 25Fe0,Fq s (2b)

However, the split pathway where the synthesis of LiFeO, compound
was followed by the subsequent incorporation of LiF was proven un-
successful. This is in line with the DFT calculation [2] which demon-
strated poor solubility of LiF phase in LiFeOy phase at temperatures
below 1200 °C. As stated in the experimental part, synthesis was per-
formed in the inert atmosphere since synthesis in air leads to the for-
mation of Fe3O4 phase. Moreover the syntheses performed without a
rapid quench in Ny liquid lead to the formation of LiFeO5 and LiF phases.
Quenching was therefore performed in order to avoid phase
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Li, ,5FeO,F, 55 (LFF-cs1-25)

Li,FeO,F (LFF-cs2)
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Fig. 2. Full pattern matching refinement (using Le Bail method) of X-ray diffraction patterns for different samples prepared in this work, when amount of: (a) LFF-
cs1-25; (b) LFF-cs2; (c) LFO, and refined Neutron diffraction patterns with composition derived from refinement for (d) LFF-cs1-25; (e) LFF-cs2; (f) LFO samples.

dismutation.

The first ceramic synthesis route (cs1) could only deliver the LFF-cs1-
25 composition with the Li excess of 0.25 and fully incorporated F
amount of 0.25 (e.g. Lij a5FeOgF( 25). In order to have a higher Li
enrichment, we developed a different ceramic synthesis route (cs2).
Here, a stoichiometric mixture of FeF3 and LioO was reacted in order to
form a phase pure, fully doped LisFeOsF (sample LFF-cs2). The XRD
pattern and the lattice parameter are recorded in Fig. 2b. The reaction of
those precursors in stoichiometric proportion leads to the formation of
LiF according to the Equation (3). Moreover, Gibbs energy of formation
of LiF is highly negative (AfGLiF = —607 kJ/mol) and LiF is the main
phase formed within above described mixture. Therefore, LisFeOsF
phase can be considered a by-product, as shown in the Equation (3).

3
4

F6F3 + 2L120 g LizFCOzF + 2LiF
FeFs + 2Li,0 — LiFeO, + 3LiF

Note, that in the Equation (3) and (2) moles of LiF are formed in
order to have LioFeOoF. The Equation (4) demonstrates the possibility of
forming 3 mol of LiF. In that case LiFeO3 is formed as a by-product. The
excess of LiF formed according to both Equations (3) and (4) can be
washed out with cold water (temperature close to freezing point). The
materials are stable upon washing since no structural changes have been
observed by XRD (no change in the lattice parameters see figure SI4).
Moreover, the fact that washing is very effective can be seen in the
Figure SI 5, which compares ’Li MAS NMR spectra of LFF-cs2 before and
after washing.

In order to confirm formation of the product from the Equation (3),
we have synthesized pure LiFeO, phase by using stoichiometric amount
of Fe303 and Li»O. The XRD results revealed that the lattice parameter of
the phase obtained by LFF-cs2 (Fig. 2b) is higher than that of synthesized
LFO (Fig. 2c¢). For all the investigated ceramic synthesis materials, the
lattice parameter “a” increases with the increase of fluorine content.

Crystal structure and composition of LFF-cs1-25, LFF-cs2 and LFO
samples were additionally checked by Neutron diffraction, which en-
ables quantification of lithium in the crystalline material. The refine-
ment of both XRD and Neutron diffraction reached a satisfactory

reliability factor (see Fig. 2 d-f and Table SI1-SI4). The occupancy factor
obtained for each phase indicate that the stoichiometry is according to
Equations (2) and (3).

Mossbauer spectroscopy was employed to detect differences in the
chemical environment and oxidation state of Fe influenced by LiF
incorporation into the structure. Spectra of all investigated samples
displayed a quadrupolar splitting of the absorption lines, and spectral
fitting for all samples was done assuming four quadrupole doublets (see
Fig. 3 and Table 1). The main component of all spectra was character-
istic of Fe>*. In order to represent this component adequately and in
agreement with literature, data were represented by using two doublets
with similar isomer shift (IS) and different quadrupole splitting (QS).
The values of IS were characteristic of high spin trivalent iron ions in
octahedral sites in both cases; however the larger QS of sub-spectrum B
indicated a larger electric field gradient at the nucleus site.

This spectral feature was observed for the first time for the LiFeO,
phase by D.E. Cox et al. [15] and explained by O. Knop et al. [16] Ac-
cording to Knop, the random distribution of cations Li* and Fe>* on the
corner and the face-centered positions in the cubic lattice around the
Fe3* nuclei create different electric field gradients due to the difference
in charge of the neighbouring ions due to partial short-range ordering.

According to that, doublet A in Fig. 3 with smaller QS is attributed to
S7Fe sites with mostly Li" as nearest neighbours, in agreement with in-
vestigations on the chemically ordered isostructural compound NaFeO,
[17]. Doublet B, in its turn, is assigned to sites with a distribution of Li*
and Fe3" neighbours. Note, that the attempts to fit the data with only
one broadened doublet result in systematic features in the difference
spectrum.

Besides the majority Fe>* component, also a minor Fe?* component
was visible in the shoulder at positive velocities of the main doublet. As
the XRD investigation does not evidence any additional phase, the
observation of a Fe2* component can be explained by the presence of
oxygen vacancies in the investigated materials. This is a reasonable
assumption as it has been shown that reducing fully oxidized LiFeOq
with CaH3® results in very similar spectra.

Moreover, both cs1 and cs2 routes presented here include a high
temperature treatment in a sealed reactor (high pressure) and in an inert



J.-M. Ateba Mba et al.

* Data
Fit

[ e’ I e Fe I e

Journal of Power Sources 467 (2020) 228230

2.6+

forming an F-containing compound.
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% L|1.25|Fe02|F0.25 . . .
2
£ 0.99
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©
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LFF-cs2 LFF-MS
Li,FeO,F Li,FeO,F
0 90 1 1 1 1 1 1 L 1 1 1
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Velocity (mm/s) Velocity (mm/s)
Fig. 3. Room temperature 57Fe Mossbauer spectra of as-prepared materials.
The values of IS were characteristic of high spin divalent iron ions in
Ta,me 1 octahedral sites. Assuming similar Debye-Waller factors for the Fe®* and
Mossbauer data table. 20 s . .
Fe“" components and taking into account their respective spectral area
Sample §s  IS(mm/ QS Gamma Area 2.3 ratios we have estimated the average oxidation state of Fe to be Fe
9) (mm/s)  (mm/s) When comparing the fluorine-free LiFeO, (LFO) compound with the two
LFQ A 0.320 0.52(1) 0.34(1) 45 Fe>* fluorinated Lij o5FeO5F( o5 and LisFeOoF compounds (LFF-cs1-25, and
LiFeO, @ LFF-cs2 respectively), one observes remarkably small differences.
B 0.286 0.831)  0.27(1) 15 ) . .
© The spectra, the hyperfine parameters and the area ratio obtained by
c 0.525 0.62(1) 0.35(1) 34 Fe an identical fitting strategy, were very similar among the samples.
2 o+ However, a slight increase of the IS of all subspectra upon initial fluo-
D ?;04 Loo()  0.48(1) 6 rination was observed. This can imply that our reaction pathway fol-
2 -
LFF-cs1-25 A 0.362 0.491)  0.33(1) 50 Fet lowed the qu_latlon ), . . .
Liz 25FeOF0 25 a Nevertheless, this trend was not continued in the fully fluorinated
B 0.323 0.8(1) 0.25(1) 10 sample LFF-cs2, which showed within the error identical values to those
@ - of LFF-cs1-25 sample. As Mossbauer is a very sensitive probe of the
c ?1";’62 0.58(1) 0.36(1) 29 ffi atom’s environment, this behaviour is somewhat surprising. An expla-
D 0.773 1.00(1) 0.48(1) 11 nation to this can be the presence of local variations of the atomic spe-
16} cies occupancies.
LFF-cs2 A 0.352 0.50(2) 0.35(1) 46 Fe3* As Richard et al. [2] found out by DFT calculations, the F presence is
LipFeOoF 2 strongly connected to the formation of the local Li-rich areas, where the
B ?5304 0.82(2) 0.29(1) 10 amount of the Fe-fluorine bonds is decreased, meaning that with the
C 0.548 0.58(1)  0.39(2) 31 Fe& increase of the F content, the average number of Fe-fluorine bonds stays
© D unchanged.
D 0770 0.95(2)  0.50(3) 13 For the ms sample, we have also observed both Fe>* and Fe?* com-
@ 5 ponents, however, in this case it is not possible to fit with the 4 com-
LFF-ms A 0.39(3)  0.43(2)  0.45(2) 42 Fe’" .
Li,FeO,F B 0.4001)  0.79(2) 0.46(2) 2% ponents model, and instead 3 components model was used. The
C/  072(1) 0.871)  0.80(2) 32 Fe distinctly larger linewidth Gamma of the Fe?" component may indicate
D o+

atmosphere (argon), which may lead to a partial reduction. Following
the above argument, for the fitting of the Fe** component we needed
two doublets as well, since the cation environment may be assumed to
be independent of the local presence of oxygen vacancies.

that either there are only two components, or distribution exists due to
the proposed oxygen vacancies.

X-ray absorption spectroscopy has been used as a complementary
methodology for the determination of the average Fe valence state in all
studied samples. The normalized XANES spectra are plotted in Fig. 5,
together with a selected set of XANES spectra of standard reference Fe
compounds. Standards were selected based on similar iron coordination
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Fig. 4. a) Fe K-edge XANES spectra of lithium iron
oxide and oxyfluoride cathode materials with fcc
rock-salt structure (LFO, LFF-ms, LFF-cs1-25, LFF-
cs2,), and reference iron oxide compounds iron
valence states between Fe?" and Fe®* (Fe?*: FeSO, x
7H,0; Fe*%7*: Fes04 Fe3': Fe,0;3 (Hematite)).
Spectra of reference compounds are shifted vertically
for clarity. Vertical dashed line is plotted at the first
inflection point of the Fe K-edge (7122 eV) in the
reference Fe3O4 compound. b) Fourier transform
magnitude of k3-weighted Fe EXAFS spectra of
lithium iron oxide and oxyfluoride cathode materials
with FCC rock-salt structure (LFO, LFF-ms, LFF-cs1-
25, LFF-cs2), calculated in the k range of 2.5-13.5
AL Experiment — (black solid line); best fit EXAFS
model in the R range from 1.0 to 3.4 A — (red dashed
line). (For interpretation of the references to color in
this figure legend, the reader is referred to the Web
version of this article.)
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Fig. 5. ’Li and '°F MAS NMR spectra of crystalline LiF and of various LFF samples. As explained in the experimental section, narrow contributions to the '°F MAS
NMR spectra are partially suppressed with respect to the broad contributions, meaning that the integrated intensities of the narrow and the broad '°F signals do not

accurately reflect the abundancies of fluorine atoms within different environments.

(pure octahedral or mixed octahedral and tetrahedral coordination to
oxygen ligands), and different average iron valence states between Fe?*
and Fe3* (Fe?* in FeSO4 x 7H,0; Fe?®7+ in Fe;0, and Fe®" in Fe,03).

The occupancies of the Fe, O and F atoms used as an input for XANES
analysis were derived as follows. Li rich oxyfluorides crystallize in fcc
with NaCl type structure, in which Li and Fe share the same Wyckoff
position (4a), whereas oxygen and fluorine are sitting in 4b Wyckoff
position [3].

The valence state of Fe cation was deduced from the energy shift of
the absorption edge. With increasing oxidation state each absorption
feature in the XANES spectrum is shifted to higher energies [19,20]. A
shift of the edge position of about 4.5 eV per unit oxidation state be-
tween Fe?t and Fe®" is observed on reference compounds (Fig. 4a). If
the sample contains cation sites within same compound with different
local structure and valence states, then the measured XANES spectrum is

a linear combination of individual XANES spectra from different cation
sites. Example of such mixed Fe cations compound is crystalline Fe3O4
with a cubic inverse spinel structure. Here, one third of Fe cations are in
the form of Fe?' and two thirds of the Fe cations are Fe®'. Average
valence state of Fe cations in Fe304 is Fe>%”*, The edge position in the
XANES spectrum of FegO4 (Fig. 4a) is between the edge positions of pure
Fe?" and Fe>" compounds, with the first inflection point on the rising
edge at 7122 eV. Same Fe K-edge energy position is found in all four
samples discussed in this work, so we can deduce that average Fe
valence state in these materials is between Fe>" and Fe%”". The result
is in good agreement with average Fe valence value determined by
Mossbauer spectroscopy (Fig. 3 and Table 1).

The shape of the Fe K-edge profile and pre-edge lines in the XANES
spectra is sensitive to the changes in the local environment of the Fe
cation [21]. In case of XANES spectra of LFO and all the fluorinated
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samples (Fig. 4a) we can clearly observe a significant difference between
the height of the pre-peak at 7114 eV and resonance above the edge at
7131.5 eV.

The observed differences can be ascribed to small variations in the
average Fe local structure in the samples. Details about structural dif-
ferences in local Fe neighbourhood were obtained from the Fe K-edge
EXAFS analysis, which can directly probe the local structure around Fe
cations in samples. In Fourier transform magnitude of the Fe K-edge
EXAFS spectra (Fig. 4b), which represents average radial distribution of
neighbour atoms around Fe cation, two dominant peaks can be seen in
the R range between 1 A and 3.6 A. They represent the contributions of
the photoelectron scattering on the nearest shells of neighbours around
the Fe atom. A strong peak in the R range between 1 A and 2.2 A can be
attributed to photoelectron backscattering on the nearest oxygen
neighbours around Fe. The following composed peaks in the R range
between 2.5 A and 3.6 A represent the contributions from more distant
Fe coordination shells in fcc rock-salt structure. For quantitative Fe
EXAFS analysis, two FEFF models were constructed.

One was based on the lithium iron oxide (LiFeO,), while the other on
was built upon the lithium iron oxyfluoride (LisFeOoF) fcc crystal
structure. Fe atoms in LiFeOy crystal structure are surrounded by six
oxygen atoms at about 2.0 A, six Fe and six Li at 3.0 A, and in third
coordination shell eight oxygen neighbours at 3.5 A (taking into account
the occupancy factor of 50% for Li* and 50% of Fe>* in the cationic site
and the anionic site fully occupied by oxygen [15]). In crystal structure
of Li; o5FeO9F( 25, oxygen and fluorine are sitting in 4b Wyckoff position
and Li and Fe share the same Wyckoff position (4a). The Fe atoms are
octahedraly coordinated to O and F neighbours in first coordination
shell, Fe and Li in the second, and O and F in the third coordination shell.
The contributions of the first three Fe coordination shells in the R range
from 1.0 A to 3.4 A (Fig. 4b) were analysed. The FEFF models comprised
all single scattering and all significant multiple scattering paths up to
3.6 A with three variable parameters for each type of neighbour in each
coordination shell: coordination shell distance (Ar), and the
Debye-Waller (62) factors of all single scattering paths and separate
Debye-Waller factors of multiple scattering paths. The shell coordina-
tion numbers were fixed to the crystallographic values, taking into ac-
count the stoichiometric values of the constituent elements in each
material. In addition, two common parameters of all scattering paths
were also varied in the fits: the amplitude reduction factor S02 and the
shift of energy origin of the photoelectron AEO.

For all four samples excellent EXAFS fits (Fig. 4b) were obtained in
the k range of 2.5-13.5 A~! and in the R-range of 1.0-3.4 A. Best fit
parameters are listed in the Table SI1 to Table SI4. The results on
average local Fe neighbourhood structure for LFO sample agree well
with the crystallographic structure data. There are 6 oxygen neighbours
at 1.98 A in first coordination shell, 6 Fe and 6 Li neighbours at slightly
different distances around 3.0 A in the second coordination shell and
third coordination shell is composed of 8 oxygen neighbours at 3.56 A.
All Debye-Waller factors are relatively low, indicating small disorder in
the structure.

The results on average local Fe neighbourhood structure for LFF-cs2
sample also agree well with the crystallographic structure data of
LisFeOoF. In this sample, first coordination shell is composed of 4 oxy-
gen atoms at 1.96 A and two F atoms at 2.06 A. In the second coordi-
nation shell, there are 4 Fe neighbours at 3.01 A and 8 Li atoms at 2.80 A.
Finally, the third coordination shell is composed of three fluorine and
five oxygen neighbours at 3.41 A and 3.61 A, respectively. Also in this
structure the Debye-Waller factors are relatively low, indicating small
disorder in the structure, except for shell of Li neighbours where the
Debye-Waller factor indicates significantly larger disorder. Same result
was obtained for LFF-ms sample. Eventual differences in the occupancy
of the three neighbour shells could not be reliably detected with EXAFS
analysis due to large uncertainties of coordination numbers, if they were
also varied in the fit. In case of LFF-cs1-25 sample, the distribution of
neighbours in first three coordination shells is the same as described
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above for LFF-cs2. However, Debye-Waller factors in this sample were
significantly larger, indicating significantly larger disorder.

NMR is another spectroscopic technique, being able to detect dif-
ferences in the local environment of selected elements within solids. In
our LFF materials it offers an insight into the environment of Li* and F~
ions, and is complementary to Mossbauer and X-ray absorption spec-
troscopy, which both study the environment of iron. ’Li MAS and '°F
MAS NMR spectra of the mechanosynthesized sample and samples ob-
tained by ceramic syntheses are presented in Fig. 5. Most of the ’Li
spectra are composed of two contributions, a very broad Gaussian-
shaped peak extending between —2000 ppm and 3000 ppm, and a
manifold of sharp spinning sidebands (and a center-band) extending
between —1500 ppm and 2000 ppm. Relative ratios of these two con-
tributions vary among the samples. In LFF-ms, the signal that is split into
a centerband and many spinning sidebands is the dominating contri-
bution. Because the centreband appears close to 0 ppm, this contribution
can be assigned to LiF. The fact that the sidebands extend over a very
broad frequency range, unlike in pure LiF, where no sidebands can be
observed, suggests that LiF is very well mixed or even in close contact
with the paramagnetic iron-based phase of this sample. Perhaps this
NMR signal does not (only) belong to a separate LiF phase, but (also) to
domains rich with Li and F, which are incorporated into the LFO matrix.
Indeed, Mossbauer spectroscopy and detailed TEM investigation (below)
confirm this hypothesis. The wide manifold of spinning sidebands is
much weaker but still clearly detectable in LFF-cs1-25, whereas in LFF-
cs2 almost no LiF-like domains can be detected. It should be noted here
that the LiF contributions observed by NMR might not always be
detectable by XRD. This will especially be the case when they belong to
small domains within crystals or to amorphous particles.

The largest fraction of the broad ”Li contribution can be detected in
the spectrum of LFF-cs2, suggesting that in this material almost all Li is
incorporated within the LFF phase. The reason why this signal is not split
into spinning sidebands, in spite of the fast sample spinning at 40 kHz, is
because it stems from multiple overlapped signals of different Li envi-
ronments. As evidenced by Mossbauer and X-ray absorption spectros-
copy, Li nuclei within the LFF phase can ‘see’ various first coordination
shells, composed of 0% and F~ anions, and various second coordination
shells, composed of Li* and paramagnetic Fe3™/?" cations. A similar
broad signal was already reported for the lithium manganese oxy-
fluoride [6].

As "Li spectra, 1°F spectra are also composed of spinning-sideband
patterns and of broad, unresolved peaks. The former are the most pro-
nounced in LFF-ms, and can again be assigned to LiF phase or to domains
rich in Li and F, strongly affected by proximal paramagnetic iron-based
species. The 1°F MAS NMR spectra of LFF-cs1-25 and LFF-cs2 are very
different from the spectrum of LFF-ms. In addition to weak or negligible
sharp sideband patterns, they show prominent broad signal at about
—1000 ppm and —500 ppm, respectively. The facts that these two sig-
nals are significantly shifted from the position of the diamagnetic LiF
signal (resonating at —204 ppm), that they relax very quickly, and that
they are not split into spinning sidebands suggest that they could belong
to fluorine from the paramagnetic LFF phase (and not from the LiF-like
domains within the LFF matrix). The different isotropic shifts and
different widths of the two signals are difficult to understand. Perhaps
19F nuclei within LFF-cs1-25 and LFF-cs2 are surrounded by different
numbers of iron cations or by iron cations with different oxidation
states. Anyhow, the presence of these broad, shifted signals in °F MAS
NMR spectra of LFF-cs1-25 and LFF-cs2 confirms fluorination of the
samples obtained by the ceramic synthesis, and shows that following
this synthesis route fluorine incorporates into the LFF structure in a
completely different manner than the fluorine of the mechanosynthe-
sized sample.

The morphology, distribution of F (Figure SI 6) and atomic structure
of LFF-cs2, LFF-ms and LFF-25 samples were investigated by means of
TEM. Fig. 6a-c shows the atomic resolution STAM-HAADF images of
corresponding samples, with the low magnification images of the
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Fig. 6. Atomic resolution STEM-HAADF images of (a) LFF-cs2, (b) LFF-ms and (c) LFF-cs1-25 samples, with the low magnification shown on the insets; (d) atomic
structure of LFF; (e) STEM-HAADF and (f) STEM-ABF images of LFF-cs1-25 sample taken in <306> zone axis, showing cation disorder, which are sketched in (g). The

scale bar of the insert is 2 pm.

powder particle size distribution in the insets. Here, the LFF-cs1-25
sample revealed the smallest particles with rather small grain sizes
distribution. Both LFF-cs1-25 and LFF-cs2 samples possess the highest
crystallinity, and LFF-ms sample shows the most disturbed atomic col-
umns arrangement. In all 3 samples one can notice the intensity varia-
tion of the atomic columns. Such variations in STEM-HAADF images
arise from the variations in the atomic number of the species occupying
positions in the LFF lattice and imply the solid solution-type distribution
of Li, Fe, F and O atoms. The example intensity profile over the selected
atomic columns row is shown on the inset in Fig. 6¢ for the LFF-cs1-25
sample. The observed intensity variations are due to the larger number
of Fe atoms occupying the Fe/Li site in the particular atomic column in
the viewing direction. This solid solution-type atomic species site oc-
cupancy was observed in all three investigated samples (Fig. 6d-g). It
also can be noticed, that these intensity variations are not a single type
events. Instead, they are grouped together (Fig. 6e-f), forming 3D nano-
domains of specific species distribution throughout the whole lattice
structure. While the dark areas marked by the red and white arrows in
Fig. 6e STEM-HAADF image appear similarly empty, STEM-ABF imaging
allows us to see whether the site is actually vacant (marked by the red

arrow), or it is occupied by the Li atomic column (marked by the white
arrow). The presence of such arranged nano-domains of atomic species
goes in accordance with the better electrochemical performance of the
samples with higher crystallinity, such as LFF-cs1-25.

Electrochemical characterization: The lithium-ion insertion/extrac-
tion reaction from Lij ,FeOsF,, (with x = 0, 0.25, 1) relies on the
reversibility of the Fe>*/Fe" redox couple. The electrochemical reac-
tion associated can be summarized in the Equation (5) as:

Li; 4 FeO.F, + Li* + ¢~ — Lip ,Fe"O,F, (5)

With a given theoretical capacities of 283 mA h/g; 265 mA h/g; and
222 mA h/g for LiFeOy; Lij 25sFeO9F 25 and LioFeOF respectively. In
this study, all the samples were cycled starting by the reduction
(discharge) followed by a subsequent oxidation (charge) of the cathode
materials (Fig. 7a—d). The sloping curve indicates that incorporation of
LiT is a solid solution mechanism (see the GITT measurements in
Figure SI7). Regarding LiFeO the solid solution mechanism was well
demonstrate by several authors [18,21-23]. Compared samples are
showing a distinct differences in the capacity which can be correlated to
differences in the occupation and doping leading to different level of
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Fig. 7. Electrochemical behaviour of different Fe based lithium rich materials. Galvanostatic cycling at C/20 (a-e) and C-rate performance (f). Electrodes were cycled

between 3.00 and 1.30 V vs. Li+/Li.

disorder.

Two samples obtained by ceramic synthesis, LFF-cs1-25 (Fig. 7b) and
LFF-cs2 (Fig. 7c) exhibit completely different electrochemical proper-
ties. Partially doping leads to high electrochemical activity, even higher
compared sample obtained by mechanochemical synthesis. As suggested
by Richard et al. [2] by DFT calculations and confirmed in this study by
Mossbauer, XAS and TEM, the F presence is strongly connected to the
formation of the local Li-rich areas, where the amount of the Fe-fluorine
bonds is decreased. Simultaneously, some local Fe-rich areas are present
in which the extra Lit can be stored, and Fe been reduced. Inhomoge-
neous distribution of cations have beneficial impact on the specific ca-
pacity and can be obtained by controlled synthesis with low level of
doping.

Electrochemical stability has been checked by continuous cycling
and we didn’t observe any severe degradation during the initial cycling
(Fig. 7e). Samples were tested at different C-rates to check their capa-
bility at higher current densities. Fig. 7f shows measured capacities
expressed as percentage of theoretical capacity for C-rates between C/20
and 2C. In line with the above discussion, partially doped sample (LFF-
cs1-25) exhibit the best kinetical properties due to the lowest capacity
drop with increased current density. Preliminary work by electro-
chemical impedance spectroscopy (EIS) shows that at the OCV, the EIS
at low frequency is dominated by Warburg diffusion. At the end of
discharge, the EIS at low frequency is almost parallel to the imaginary
axis. This is characteristic of a blocking electrode. The process is

reversible since during subsequent charge, the EIS at low frequencies
again becomes inclined at 45°.

We extended the ceramic synthesis study to the lithium titanium
oxyfluorides. Synthesis at temperature higher than 900 °C leads to the
formation of the spinel LiTiOs. Figure SI8 shows the XRD pattern of ti-
tanium based materials obtained after the optimisation of cs1 (LTF-cs1-
25) and cs2 (LTF-cs2). One can observed the increase of the lattice pa-
rameters with the higher amount of LiF in the structure. Galvanostatic
curves and cycling stability are shown in the Fig. 8. Similarly as already
observed for Fe based materials, TEM images of LTF-cs1-25 and LTF-ms
exhibits 2 different heterogeneous domains: the region rich in transition
metal (here Ti) and the area rich in Li. Those domains are agglomerated
for both LTF-cs1-25 and LTF-ms. We can correlate the higher capacity to
the presence of higher rich Li domains.

4. Conclusions

Ceramic synthesis routes were developed for the synthesis of lithium
rich iron(titanium) oxyfluorides with different level of doping. Two
different synthesis procedures lead to materials with maximum doping
of x = 0.25 and x = 1 in Li; ;xMO2Fx composition. Level of doping de-
pends on the selected precursors. Samples with iron as transition metals
were truly characterised by means of several complementary analytical
techniques. The XAS showed that the average oxidation state of iron in
both materials is between Fe?®* and Fe?”*. This value was further
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confirmed by Mossbauer for which presence of Fe’* was spotted
explaining the reduced average oxidation state of iron. Moreover,
EXAFS revealed a more disorder structure for Li o5FeOoF( o5 (LFF-cs1-
25) than for LigFeOyF (LFF-cs2). That disorder was further observed by
TEM for which it was evidenced that larger numbers of iron atoms are
occupying the Fe/Li site. More defects were observed for Li; 25FeO2F 25
than for LisFeOoF. Interestingly, those defects were clustered and
segregated in two domains: rich in Li and rich in Fe. This was further
confirmed by Li NMR. Indeed extended sidebands over a very broad
frequency range in the case of Lij o5sFeO9F( 25, suggests that there is
more Li-rich domain (observed in TEM) in Lij o5FeOyFg 25 than for
LioFeOoF. Those clustered Li-rich domains highlight the presence of
more defects in Lij osFeO2F( 25. Observed diversity in the cation distri-
bution between two samples lead to different electrochemical activity of
two samples. Electrochemical activity of Lij o5FeO2Fg 25 (LFF-cs1-25)
sample is much higher compared to the electrochemical activity of fully
doped LioFeOoF due to much easier lithium diffusion through lithium
rich domains in the material. That was further confirmed with titanium
based lithium rich oxyfluoride samples, where again much higher
electrochemical activity has been obtained with sample Lij 25TiO2F 25
in comparison with Li;TiOoF. Similar as in Lij 25sFeO2Fg o5 (LFF-cs1-25)
sample we observed lithium rich domains within the sample LTF-cs1-25
(Lij 25TiO2F¢ 25). Results in this work show the necessity for optimisa-
tion of level of doping in order to facilitate lithium transport within rock
salt structure and to keep high electrochemical activity by obtaining full
electrochemical capacity.
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