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ABSTRACT: We report on a remarkable Li/Fe antisite disorder upon electrochemical cycling of the Li;FePO4F cathode for Li-ion batteries.
As reflected by electron diffraction tomography structure analysis, up to 30-40% of Fe is located in the Li positions after 10 charge-discharge

cycles at room temperature and at 75 °C. This massive antisite disorder is attributed to the peculiarities of the three-dimensional framework

structure of Li,FePO.F: the presence of oxygen atoms linked exclusively to Li and P atoms (“dangling” P-O bonds) and oxygen atoms at the

common edges of the edge-sharing FeO4F; octahedra. Li deintercalation results in underbonding of the O atoms at the “dangling” P-O bonds

that is compensated by a migration of the Fe® cation to the Li sites. At the same time, the Li cations migrating to the Fe sites relieve over-

bonding of the O atoms at the common edge of the FeO.F, octahedra. Olivine-structured LiFePO4 having no such structural features, does

not demonstrate antisite disorder being cycled even at 100 °C. Bond valence compensation for the oxygen atoms in the “dangling” bonds of

polyanion groups is suggested to be a triggering factor for antisite disorder in polyanion cathode materials.

Transition-metal (TM) cation migration has always been con-
sidered detrimental for the performance of cathode (positive elec-
trode) materials for metal-ion batteries. In layered oxides based on
the rock-salt structure, the TM cations can migrate from their orig-
inal octahedral sites toward the empty octahedra in the Li layers
upon charge and return upon discharge, as observed in the Li-rich
Li;Ru1yTi,Os phases.' This process is only partially reversible and
leaves a fraction of the TM cations trapped at the tetrahedral inter-
stices of the close-packed oxygen array, resulting in a gradual volt-
age fade."” Migration of the TM cations to the Li positions can also
induce irreversible phase transformations (e.g. layered LiosMO> to
spinel LiM>O4) and negatively affect the electrode kinetics due to
blocking the Li diffusion pathway.”” Although some cation-
disordered materials can demonstrate facile Li diffusion due to the
presence of percolation diffusion channels,® the perfect ordering of
the TM and alkali cations is generally regarded beneficial for the

electrochemical performance.”'

Compared to the layered oxides much less is known on the TM-
alkali metal disorder in the polyanion cathodes. Olivine-structured
LiFePOy as the commercially deployed material is, perhaps, the
most scrutinized in this aspect. Owing to the similar ionic radii of
the Li* and Fe** cations in the octahedral oxygen environment
(0.76A and 0.78A, respectively),'! antisite Li/Fe disorder is possi-
ble corresponding to the Kroger—Vink equation:

Li7, + Fes, — Li., + Fe;, )

Among other intrinsic defects, the Li-Fe antisite defect pairs are
of the lowest energy,'” and these defects are indeed present in pris-
tine LiFePO, with concentration up to 10% depending on prepara-
tion conditions.'*"* The antisite defects in LiFePQ4 deteriorate the
Li mobility slowing down the Li diffusion in the [010] channels of
the olivine structure.”® However, in contrast to the layered oxides,
the antisite defects in LiFePQy are not induced by electrochemical
cycling, although increasing Li-Co disorder associated with a pro-
gressive capacity fade has been reported for the LiCoPOy olivine-
structured cathode.*

Taking into account the importance of cation disorder for the
electrochemical properties of cathode materials, we monitored the
crystal structure of another potential polyanion fluoride-phosphate
cathode material Li,FePO4F."*® This material belongs to a so-
called 3-dimensional A;MPO4F polymorphic structure and can be
prepared by electrochemical exchange of Li for Na in LiN-
aFePO,F." Surprisingly, already after ten charge/discharge cycles
in the Li-cell we observed massive Li/Fe disorder in the resulting
Li;FePO.F material. In the following, we report on the crystal
structures of thus prepared compounds, compare the anitsite defect
formation with its LiFePO, counterpart, and speculate on the pos-
sible driving force for such pronounced antisite disorder.

LiNaFePO.F was prepared by a solid-state reaction of LiFePOs
with NaF at 670°C, and then Na was exchanged electrochemically
with Li by cycling the material in the 2.6-4.0V potential range vs
Li/Li* in a LiBF4/TMS electrolyte using metallic Li as anode (see
details in Supporting information). The cation exchange was per-



formed at 75 °C in order to speed up cation diffusion and obtain a
Na-free product. Indeed, EDX analysis in a transmission electron
microscope revealed the absence of the Na-K signal (Fig. S3 of
Supporting information) confirming that Na is completely replaced
by Li and Li,FePO.F is obtained (this sample is denoted further as
Li:FePO,F-75).

The crystal structure of Li;FePO.F was analyzed with electron
diffraction tomography. In this technique, the reciprocal space of a
submicron single crystal in a powder sample is scanned by collect-
ing reciprocal lattice sections with a small angular step (1° in our
case). The integrated quasi-kinematic electron diffraction intensi-
ties are combined into a 3D dataset, which can be used for structure
refinement. We have recently demonstrated the applicability of this
method to such cathode materials as Li:«FeosMnosPO4 and (Li,K):.
sVPOLF."* Surprisingly, the structure refinement and difference
Fourier maps of the discharged Li;FePO4F-75 structure reveal
overestimated scattering density in the Li positions (particularly, in
the position Li2) and substantial deficiency of the scattering densi-
ty at the Fe positions (see a difference Fourier map in Fig. 1a and
details of the crystallographic analysis in Supporting information,
Tables $1-S3). This unequivocally suggests the presence of Li/Fe
antisite disorder. Mixing of the Li and Fe cations at the 3 Li and 2
Fe sites and the refinement of the occupancy factors significantly
improves the agreement between the observed and calculated
structure factors (Fig. S5), decreases the reliability factor from Re =
0.295 to Rr = 0.219, and eliminates the positive and negative max-
ima on the difference Fourier map (Fig. 1b). In the resulting struc-
ture, the Fel and Fe2 positions contain ~30% and 40% Li, respec-
tively, whereas the largest fraction of Fe resides in the Li2 position
(36%) and the Lil and Li3 positions contain only 10-12% of Fe
(Table S2).

As such a massive antisite disorder is not common in polyanion
cathode materials, it is interesting to understand what causes this
substantial Li and Fe mixing. The elevated temperature of the elec-
trochemical cation exchange would be a plausible driving force for
the cation disorder. Thus, we performed the cation exchange using
the same procedure, but at room temperature and refined the crys-
tal structure of the obtained Li;FePO.,F-RT compound.
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Figure 1. Difference Fourier map of the scattering density around the
Li2 and Fe2 positions in the Li;FePO4F-7S structure refined with a
complete Li/Fe ordering (a) and with antisite Li/Fe disorder (b). Solid
and dashed lines correspond to positive and negative values, respective-
ly. The contour intervals are identical on both figures.

EDX analysis of the LixFePO4F-RT sample revealed a small re-
maining Na content corresponding to the Li; s:Nao1sFePO4F com-
position (Fig.S4). The Na atoms were placed in their native Lil
position in the refinement. The Li/Fe mixing in LiFePO4F-RT was
also substantial (Tables S4, SS), thus reflecting that the elevated
temperature is not the primary reason for the antisite disorder. We
also used the same experimental setup to cycle the olivine-
structured LiFePOy4 at the temperature of 100 °C, as in this material
the antisite defects have the lowest energy among all intrinsic de-
fects. However, the structure refinement of the cycled LiFePO4-100
sample demonstrates a complete ordering of the Li and Fe cations
(Tables S6, S7). This comparison indicates that the different ten-
dency of these two materials to the antisite disorder is most proba-
bly related to fine peculiarities of their structural organization.

One may assume that the antisite disorder was already present in
the initial LiNaFePO+F compound, or that it is directly linked to
the Li for Na replacement. To verify these conjectures, we prepared
the LixNa,.FePO.F (x = 1.13, 1.68) solid solutions by chemical
exchange of Li for Na using LiBr in acetonitrile at room tempera-
ture. The crystal structures of the initial material and the solid solu-
tions were studied with synchrotron powder X-ray diffraction (Ta-
bles S8-S14, Fig. $6-S8). In none of the cases the antisite disorder
was found being in agreement with the previous structural studies
on the parent LiNaFePO.F and chemically prepared LiNa
FePOF materials.”'** The absence of antisite disorder in the initial
and chemically substituted materials points to the fact that the
mixing of Li and Fe occurs upon electrochemical charge of the
material. Apparently, there should be some structural features of
Li;FePQO.F, which are responsible for this unusual tendency to the
antisite disorder.



Figure 2. (a) The crystal structure of Li.FePO4F-75. The oxygen poly-
hedra around the Fe, P and Li2 positions are shown in green, orange
and blue, respectively. (b) The local coordination environment of the
03 and OS positions.

The Li;FePO.F-75 crystal structure is shown in Fig. 2a (see also
Fig. $9). The structure consists of infinite chains of edge-sharing
FeO.F, octahedra running along the b-axis. The chains are linked
into a 3-dimensional framework by PO, groups sharing three
common oxygens with the octahedral chains. The fourth oxygen
atom of the PO, groups (O3 and OS5) is always directed toward the
tunnels in the framework formed by the octahedral chains and
phosphate groups and bonded to the cations in the Li positions.
The edge-sharing connectivity of the FeO4F, octahedra and the
“dangling” P1-O3 and P2-OS bonds with terminating oxygens
forming no bonds with the Fe cations are the key features differing
the LixFePOLF structure from its LiFePOs counterpart. In the lat-
ter, the FeOg octahedra are corner-sharing and all the oxygen atoms
of the PO, groups are bonded to Fe.

The cation coordination of the O3 and OS5 atoms in Li,;FePO4F
deserves special attention. These oxygen atoms are tetrahedrally
coordinated with one P and three Li cations, and two of these lithi-
ums reside in the position Lil (Fig. 2b). Upon charge, Lil is the
only electrochemically active position,***
fully delithiated LiFePO4F material this position is empty, leaving
the O3 and OS5 atoms severely underbonded. Indeed, upon com-

plete removal of the cations from the Lil position, the BVS for the

and in the hypothetical

03 and OS positions amounts to 1.54 and 1.56, respectively. This
missing bond valence cannot be compensated by the remaining P-

O and Li-O bonds, unless, e.g,, the P-O bond would shorten to
~1.4 A, which is significantly shorter than the sum of the ionic radii
of P* and O% (0.17A and 1.35A, respectively). The replacement of
Li* with the Fe** cations of higher charge would be a plausible way
to partially mitigate this bond misbalance. Adding one Fe** atom to
the coordination sphere of these oxygens restores the BVS to 2.02
and 1.75, much closer to the nominal value.

Additional bond misbalance originates from the oxygen atoms
02 and O6 residing at the common edge of the FeO4F, octahedra.
In a fully ordered pristine structure, these atoms are already slightly
overbonded (BVS of 2.16 and 2.12, respectively), whereas the re-
placement of Fe** with Fe** would raise their BVS even further, to
2.22 and 2.19, respectively. The O2 and O6 atoms are not bonded
to the electrochemically active Lil cations and the removal of Li
upon charge will not directly affect their BVS. Breaking the infinite
chain of the Fe-O-Fe bonds by introducing the Fe-O-Li fragments
due to antisite disorder normalizes the BVS for the O2 and O6
atoms (2.10 and 1.98 in the Li;FePQ4F-75 structure). Since both
the “dangling” P-O bonds and edge-sharing connectivity of the
FeOs octahedra are absent in LiFePOs, these features naturally
explain the higher tendency toward antisite disorder in Li;FePO4F
compared to LiFePOs.

Our qualitative analysis is confirmed by a direct ab initio calcula-
tion of defect energies (see Supporting information). In the delithi-
ated LiFePQ.F structure, the most stable antisite defect involves an
exchange of atoms in the Li2 and Fe2 positions and has an energy
of 0.29 eV, more than twice lower than 0.65—0.72 eV in LiFePQ..
The lowest energy of defect formation is at the Li2 site that is con-
sistent with the largest disorder at Li2 observed experimentally.
The next most stable antisite defect with the energy of 0.42 eV
involves Li3 and Fel. The most stable Li2-Fe2 defect structure
indeed features a short distance of 1.91 A between the Fe2 atom on
the Li site and the O3 atom of the “dangling” bond, which then
gains the missing bond valence.

LiNaFePOuF reveals a discharge capacity of ~112 mAh/g at 75
°C with ~15% capacity fade after 10 charge/discharge cycles in the
2.6 — 4.0V potential range at the C/10 rate (Fig. S1a). At the same
time, LiFePO4, cycled at 100 °C within nearly the same potential
range of 2.2 — 4.1V, does not show any capacity fade (Fig. S1b).
This indicates that the observed Li/Fe disorder might be an obsta-
cle to the Li diffusion partially blocking the Li positions that could
lead to a capacity fade. Nevertheless, a moderate capacity fade of
15% at quite substantial antisite disorder should not be surprising,
particularly in the light of good electrochemical performance of
some cation-disordered systems due to a formation of percolated
diffusion paths.””® One should note, however, that there is some
controversy in the reported capacity fade of LiNaFePOLF at room
temperature: Ben Yahia et al. noticed a significant capacity decrease
when the sample was cycled between 1.0 V and 4.4-4.5 V, or be-
tween 1.3 V and 4.8 V (C/5 rate).”"”* Kosova et al. reported good
capacity retention in the 2.0 — 5.0 V potential range at least for 12
cycles,” whereas Khasanova et al, demonstrated capacity drop at
the C/50 rate and even a slight capacity increase from ~70 to 75
mAh/g when the material was cycled at C/10 between 2.0 and
4.5V.'® These controversial data do not allow us to establish an
unequivocal relation between the capacity fade and antisite Li/Fe
disorder, although this relationship is likely to exist. A more de-



tailed analysis on a series of samples measured under the same con-
ditions and characterized by structure refinement may shed light on
the impact of the antisite disorder on the capacity fade.

Altogether, in Li;FePO4F the presence of the oxygen atoms
linked exclusively to Li and P atoms (“dangling” P-O bonds) results
in a substantial bond misbalance when Li is deintercalated upon
electrochemical charging. The missing bond valence is re-stored
through Fe migration toward the Li positions, which triggers the
Li/Fe antisite disorder. The edge-sharing connectivity of the
FeO.F; octahedra may also promote the antisite disorder, because
oxygen atoms at the common edge of the two octahedra form no
bonds with the electrochemically active Li cations. Antisite disor-
der relieves the overbonding of these oxygens in the charged state.
The “dangling” A-O bonds of the polyanion AO4 groups are not
unique to the Li;FePO.F structure and can be also found in other
cathode materials, such as layered Na;FePO.F, Li;Fe(SO4),, and
Na,Fe;(PO.)2(P207).2” The need for bond compensation of
these oxygen atoms may trigger antisite disorder upon electro-
chemical charge in these materials too. The occurrence, degree and
reversibility of this anitisite disorder calls for a detailed investiga-
tion of these and other similar compounds in the charged, dis-
charged and cycled states.
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