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ABSTRACT: A new monoclinic �-polymorph of the Na2FePO4F �uoride-
phosphate has been directly synthesized via a hydrothermal method for
application in metal-ion batteries. The crystal structure of the as-prepared �-
Na2FePO4F studied with powder X-ray and neutron di�raction (P21/c, a =
13.6753(10) Å, b = 5.2503(2) Å, c = 13.7202(8) Å, � = 120.230(4)°)
demonstrates strong antisite disorder between the Na and Fe atoms. As
revealed with DFT-based calculations, �-Na2FePO4F has low migration
barriers for Na+ along the main pathway parallel to the b axis, and an
additional di�usion bypass allowing the Na+ cations to go around the Na/Fe
antisite defects. These results corroborate with the extremely high
experimental Na-ion di�usion coe�cient of (1�5)·10�11 cm2·s�1, which is
2 orders of magnitude higher than that for the orthorhombic �-polymorph
((5�10)·10�13 cm2·s�1). Being tested as a cathode material in Na- and Li-ion battery cells, monoclinic �-Na2FePO4F exhibits a
reversible speci�c capacity of 90 and 80 mAh g�1, respectively.

1. INTRODUCTION
Electrochemical storage devices based on the lithium-ion
technology are expected to occupy a dominant position among
the energy-accumulating systems for environmentally friendly
energy-generating technologies. The application of lithium-ion
batteries (LIBs) for large-scale energy storage is limited among
other factors by high cost of LIBs related to low content and
uneven distribution of lithium in the earth’s crust. Sodium-ion
batteries (SIB) are becoming a viable alternative for LIBs due
to their anticipated lower price and higher sustainability due to
abundance of the sodium raw materials.

The lithium and sodium �uoride-phosphates with the
general formula A2MPO4F (A = Li, Na; M = Mn, Fe, Co,
Ni) (Table 1) are a well-known and widely investigated class of
polyanion positive electrode (cathode) materials for both LIBs
and SIBs. These compounds can adopt several distinct crystal
structures,1 which are built of the MO4F2 octahedra and PO4
tetrahedra but di�er by polyhedral connectivity. One of the
possible crystal structure motifs is exempli�ed in Figure 1a
with the Na2FePO4F �uoride-phosphate, which crystallizes in
the orthorhombic space group Pbcn (No. 60) with the unit cell
parameters a = 5.220 Å, b = 13.854 Å, c = 11.779 Å.2,3 In this
structure, the layers perpendicular to the b axis are built of the
Fe2O6F3 bioctahedral units consisting of face-sharing FeO4F2
octahedra. The bioctahedral units are bridged via F atoms into
chains and linked through the PO4 tetrahedra (Figure 1a),
while the Na cations are located in the interlayer space.
Li2FePO4F,2 Na2CoPO4F,4 Li1.25Na0.75FePO4F,3 and

Na2Fe1�xMnxPO4F solid solutions (x � 0.15)5,6 are isostruc-
tural with Na2FePO4F, though a high-pressure P63/m
modi�cation is also reported for Na2CoPO4F.7 Li2MPO4F
(M = Co, Ni)8�10 and most of the mixed lithium-sodium

Received: July 2, 2020

Table 1. Space Groups Reported for the A2MPO4F (A = Li,
Na; M = Mn, Fe, Co, Ni) Compounds

compound
space
group ref compound

space
group ref

Li2MnPO4F P21/n 22 Li1.84Na0.16FePO4F Pnma 34
Li2FePO4F Pbcn,

Pnma
2, 34 Li1.25Na0.75FePO4F Pbcn 3

Li2CoPO4F Pnma 8, 9 Li1.65Na0.35FePO4F Pnma 12
Li2NiPO4F Pnma 10 LiNaCoPO4F Pnma 14
Na2MnPO4F P21/n 21 LiNaNiPO4F P21/c 11
Na2FePO4F Pbcn 2, 3 Li1.3Na0.7NiPO4F Pnma 11
Na2CoPO4F Pbcn,

P63/m
4, 7 Na2Fe1�xMnxPO4F

(x � 0.15)
Pbcn 5, 6

Na2NiPO4F Pnma,
P21/c

3, 11 Na2Fe1�xMnxPO4F
(x � 0.3)

P21/n 5, 6

LiNaFePO4F Pnma,
Pbcn

13, 2 Li2.32Fe0.56PO4F Pnma 35
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�uoride-phosphates, including Li1 . 3Na0 .7NiPO4F,11

Li1.65Na0.35FePO4,
12 and LiNaMPO4F (M = Fe, Co),13,14

crystallize in the Pnma space group (Table 1). In their
structure, the MO4F2 (M = Co, Ni) octahedra share edges to
build in�nite chains running along the b axis (Figure 1b). The
chains are joined together by the PO4 tetrahedra through
corner-sharing to form a complex 3D framework di�erent from
that in the Pbcn Na2FePO4F structure. The open Pbcn and
Pnma A2MPO4F structures are believed to facilitate the
mobility of alkali cations, though, in the case of Na2FePO4F,
only one of two crystallographically di�erent sodium atoms is
mobile upon deintercalation, while, for the second Na position,
the activation cannot be realized within the stability window of
the electrolyte and this site can participate only in Na/Li
exchange reactions.15,16 Di�erent accessibility of these two
sites to Na deintercalation is ascribed to their di�erent
surroundings by “semilabile” oxygen atoms.17 Carbon-coated
Na2FePO4F shows a good cycling stability in the Na-ion cell
with a discharge capacity of 110�120 mAh g�1 that is �57% of
the theoretical capacity in a two-electron reaction.18,19 The
electrochemical activity of Li2CoPO4F and Li2NiPO4F lies
above 5 V vs Li+/Li,8,20,21 limiting their practical application.

The Pnma space group has �rst been reported for
polycrystalline Na2NiPO4F,3 but later Ben Yahia et al. claimed
the monoclinic symmetry (s.g. P21/c) for the same compound
relying on single-crystal X-ray di�raction.11 The monoclinic
Na2NiPO4F structure contains in�nite chains formed of
dimeric Ni2O6F3 bioctahedral units sharing common corners
(Figure 1c) and bridged by the PO4 groups into the Ni[PO4]F
layers. Although the monoclinic Na2NiPO4F demonstrates

close similarity to the orthorhombic Na2FePO4F, their
structures di�er in terms of packing of the PO4 groups and
bioctahedral chains, as it will be discussed further.

The monoclinic symmetry (s.g. P21/n) has also been
reported for Na2MnPO4F,21 Na2Fe1�xMnxPO4F solid solutions
(x � 0.3),5,6 and Li2MnPO4F.23 Two MnO4F2 octahedra
linked by vertices via F atoms form single chains, which are
interconnected with each other by the PO4 tetrahedra into a
3D framework hosting the Na cations (Figure 1d). Thus, no
dimeric face-sharing octahedral units are formed, in contrast to
the above-mentioned Pbcn and P21/c structures. Initial reports
on Na2MnPO4F showed almost no electrochemical activity,
attributing this fact to poor Na-ion di�usion,3,5 though later
calculations revealed quite low di�usion barriers for alkali
cations.23 The speci�c capacities of 120 mAh g�1 in a Na-ion
cell and 140 mAh g�1 in a Li-ion cell have been achieved for
nanosized Na2MnPO4F and Li2MnPO4F cathode materials,
respectively,23 thus stressing that soft-chemistry methods for
size reduction and conductive carbon-coating provide great
potential in improving the electrochemical activity of
polyanion cathode materials.

Inspiring electrochemical performance of Na2MnPO4F and
Li2MnPO4F materials with monoclinic symmetry encouraged
us to pay more attention to hydrothermal synthesis of
Na2FePO4F. Investigation of the material obtained straight
after the hydrothermal treatment allowed us to isolate a new
monoclinic polymorph of Na2FePO4F (termed further the �-
polymorph, in order to di�erentiate it from the orthorhombic
�-Na2FePO4F polymorph), determine its crystal structure, and
characterize the electrochemical behavior. The �-polymorph

Figure 1. Crystal structures of �-Na2FePO4F, s.g. Pbcn (a); Li2NiPO4F, s.g. Pnma (b); Na2NiPO4F, s.g. P21/c (c); and Na2MnPO4F, s.g. P21/n (d).
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shows close resemblance to the structural motif of the
orthorhombic �-polymorph, but demonstrates a high degree
of disorder between sodium and iron atoms. Monoclinic �-
Na2FePO4F tested as a cathode material in Na- and Li-ion half-
cells shows a reversible speci�c capacity exceeding 90 mAh g�1.
We also found that the disordered �-polymorph demonstrates
enhanced Na+ di�usion compared to well-ordered �-
Na2FePO4F and provided a plausible explanation for this
unusual phenomenon.

2. EXPERIMENTAL SECTION
2.1. Synthesis. To synthesize the monoclinic form of Na2FePO4F,

1.42 g of (NH4)2Fe(SO4)2·6H2O and 0.48 g of glucose were dissolved
in distilled water, adjusting the volume to 10 mL. Then, a solution of
0.975 g of NaOH in 5.5 mL of water was added to the mixture
dropwise under vigorous stirring. Additionally, 0.48 g of ascorbic acid
was added to the solution to prevent partial oxidation of Fe(II) during
the alkalization. 1.18 g of NaF and 6.6 mL of ethanol were added
quickly, and the mixture was rapidly sealed into a Te�on-lined
stainless-steel autoclave with the �ll factor of 80%. The autoclave was
heated to 200 °C and kept at this temperature for 8 h under stirring.
After this step, the dark gray precipitate was collected, carefully
washed with water, and dried in air. For preparation of the �-
Na2FePO4F, the as-prepared hydrothermal sample was carbon-coated
using annealing with D-glucose for 3 h at 600 °C under an inert
atmosphere.

2.2. Powder X-ray Di�raction and Neutron Di�raction. The
phase composition of the samples was characterized by powder X-ray
di�raction (PXRD) with a STOE STADI-P di�ractometer (Co K�1, �
= 1.7889 Å, transmission geometry, curved Ge (111) monochroma-
tor, linear PSD detector) and with a Huber G670 Guinier camera with
an ImagePlate detector (Co K�1, transmission geometry, curved Ge
(111) monochromator). Constant wavelength (� = 1.6215 Å)
neutron powder di�raction (NPD) data were collected using an
ECHIDNA high-resolution powder di�ractometer at the OPAL
research facility (Lucas Heights, Australia).24 The PXRD and NPD
patterns were re�ned using Jana2006 software.25 The crystal structure
was visualized using the VESTA program.26

2.3. Thermogravimetric Analysis. Thermogravimetric (TG)
study was conducted using a Netzsch STA 449 F3 Jupiter TG
analyzer coupled with a QSM 403 Aeolos quadrupole mass
spectrometer. The measurement was done within the 30�1000 °C
temperature range under an argon atmosphere using a heating rate of
20 °C/min.

2.4. Mo�ssbauer Spectroscopy. 57Fe Mo�ssbauer spectroscopy
was performed in a transmission mode using a constant acceleration
spectrometer MS1104. A 57Co/Rh �-ray source was used for the
measurements. The spectrometer was calibrated with a standard �-Fe
or sodium nitroprusside absorbers. All isomer shift values (IS) are
referred to �-Fe at room temperature. The spectra evaluation was
carried out using “UnivemMS” and custom least-squares �tting
software with Lorentzian�Gaussian line shapes.27

2.5. Vibrational Spectroscopy. Fourier transform infrared
(FTIR) spectroscopy measurements were performed with a stand-
alone FTIR-microscope LUMOS (Bruker) in the external re�ection
mode. Spectra were recorded with 2 cm�1 resolution and averaging of
64 scans. Raman spectra were collected using a DXRxi Raman
Imaging microscope (Thermo Scienti�c) with 532 nm excitation.

2.6. Transmission and Scanning Electron Microscopy.
Samples for TEM investigations were prepared by crushing and
mixing the powder in ethanol and depositing the obtained suspension
onto a Cu-supported holey carbon grid. Selected area electron
di�raction (SAED) patterns, electron di�raction tomography (EDT)
data, and energy dispersive X-ray (EDX) compositional maps were
taken with an FEI Osiris transmission electron microscope (TEM)
operated at 200 kV. The EDT data were collected manually by
rotating the selected crystal with 1° angular steps over more than 90°
and registering the corresponding SAED patterns. The EDT data were

treated using Jana2006 and PETS software.28 Electron energy loss
spectroscopy (EELS) was performed with a Titan G3 TEM operated
at 120 kV and equipped with a monochromator and Gatan En�nium
ER spectrometer. Energy resolution measured by full width at half-
maximum of the zero loss peak was 0.175 eV.

The morphology of as-prepared and annealed materials was studied
with a JEOL JSM-6490LV scanning electron microscope (SEM)
operated at 30 kV.

2.7. Electrochemical Characterization. Electrochemical meas-
urements were performed in two- and three-electrode (potential
intermittent titration, PITT and electrochemical impedance spectros-
copy, EIS) cells. To prepare working electrodes, a carbon-coated
composite material (Na2FePO4F/C) was mixed with conductive
carbon black (Timcal Super-P) and polyvinylidene �uoride in
75:15:10 wt %, respectively. �-Na2FePO4F composite electrodes
with 30 wt % of carbon black were used in electroanalytical
measurements due to the insu�cient electronic conductivity of the
material, as increasing the amount of carbon up to 30% results in
some enhancement of the Faradaic currents, as shown in Figure S1.
The dry mixture was blended with N-methyl-2-pyrrolidone. The
resulting slurry was applied on Al foil with the “doctor blade”
technique and then dried at 75 °C for 3 h. Dried electrodes were
rolled, punched to round discs, and dried at 120 °C for 3 h under
dynamic vacuum. Electrochemical cells were assembled in an MBraun
glovebox under an Ar atmosphere. 1 M NaClO4 in EC:Sulfone = 1:1
(galvanostatic charge/discharge) and 1 M NaPF6 in EC/PC = 1:1
(+5% FEC) (cyclic voltammetry, PITT and EIS) electrolytes were
used for the measurements in Na cells. For the measurements in Li
cells, 1 M LiPF6 solution in EC:DMC = 1:1 was used. Metallic Li and
Na were used as counter electrodes in the Li-ion and Na-ion cells,
respectively. A partially charged �-Na2FePO4F electrode (2.9 V vs
Na+/Na) was used as a reference electrode in three-electrode cells.
Impedance spectra were registered in the frequency range of 100
kHz�10 mHz with a 5 mV amplitude. All the electrochemical
measurements were performed using the Biologic VMP-3 potentio-
stat-galvanostat (EC-Lab software). Galvanostatic cycling of the cells
was performed between 2.0 and 4.5 V vs Li/Li+ and between 1.3 and
4.5 V vs Na/Na+ at a C/10 rate.

2.8. DFT Calculations. All DFT calculations were performed in
the VASP program29 using generalized gradient approximation
(GGA) to the exchange-correlation functional and standard PAW
PBE potentials30 with a minimum number of valence electrons.
Gaussian smearing with a smearing width of 0.1 eV was used for
Brillouin-zone integrations. The energy cuto� was �xed at 400 eV. For
Na2FePO4F, the 144 atom supercell and gamma-centered k-point 2 ×
2 × 2 were used. To eliminate Pulay errors, the lattice optimization
(ISIF = 4) was performed at constant volume for several contracted
and expanded cells (7 points). The migration barriers were
determined using the nudged elastic band (NEB) method as
implemented in VASP using the unit cell. The method allows �nding
the minimum energy path, which includes several intermediate
con�gurations (images) between initial and �nal states. Five
intermediate images were used. The optimization of atomic positions
was performed using the quasi-Newton algorithm until the maximum
force permitted for any vector component was less than 0.1 eV/Å.
The computational setup, including errors due to the periodic
boundary conditions, has been estimated to provide the precision of
0.1 eV for migration barriers.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure Solution and Re�nement. In

contrast to the most of previous reports on Na2FePO4F, we
carried out a more detailed analysis of the direct product of
hydrothermal synthesis without any subsequent high-temper-
ature annealing. According to TEM (Figure S2) and SEM
images (Figure S3a), the hydrothermal Na2FePO4F consists of
nanoparticles with average size of �100 nm. The PXRD
pattern of the as-prepared powder di�ers from that of
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orthorhombic �-Na2FePO4F described in the literature and
from our material after high-temperature annealing at 600 °C
(Figure S4). In order to facilitate indexing of the PXRD
pattern, we scanned the reciprocal space of the obtained
product with EDT. The nodes of the reconstructed di�erence
vector space were indexed with the unit cell parameters a �
13.03 Å, b � 5.00 Å, c � 13.03 Å, � � 90°, � � 120°, � � 90°.
As the EDT technique allows for signi�cant suppression of
multiple electron scattering, the re�ection conditions are
clearly observed in the EDT reciprocal lattice sections (Figure
S5). The 0k0: k = 2n re�ection condition caused by the 21||b
screw axis, being coupled with the h0l: l = 2n re�ection
condition from the c-glide plane, unequivocally suggests the
P21/c (#14) space group. The [010] SAED pattern, however,
looks more complicated than expected for the above-
mentioned monoclinic unit cell, obviously including di�raction
spots from overlapped 120° rotational twins (Figure 2a,b),
appearing due to pseudohexagonal symmetry. For instance, the
(�101), (001), and (100) sets of planes have close interplanar
distances of 11.87, 11.85, and 11.81 Å, respectively, being
symmetrically equivalent in the underlying parent hexagonal
cell. The intensity of re�ections common for three twin
variants is much higher than that coming from only a single
twin domain.

The unit cell parameters gained from EDT were re�ned
from a combination of PXRD and NPD data: a = 13.6753(10)
Å, b = 5.2503(2) Å, c = 13.7202(8) Å, � = 120.230(4)°. The
model of the crystal structure was found by a simulated
annealing procedure using the FOX program31 with the PO4
tetrahedra de�ned as rigid bodies. The resulting structure
adopts 4 sodium, 2 iron, 2 phosphorus, 2 �uorine, and 8
oxygen sites. The model was re�ned by the Rietveld method
from both PXRD and NPD data (Figure 3, Table 2),
maintaining the rigid body approximation for the PO4 groups
with the P�O distance �xed to 1.544 Å. Considering �-
Na2FePO4F as the parent structure, one can trace the site
splitting upon symmetry lowering from orthorhombic to
monoclinic (Figure S6). In the monoclinic structure, three of
four original sodium sites (Na1, Na2, and Na4) are jointly
occupied by Na and Fe atoms (Na1/Fe, Na2/Fe, and Na4/Fe
in Table 3), and both original iron sites are jointly occupied by
Fe and Na (Fe1/Na and Fe2/Na). Due to this strong antisite
disorder, the chemical composition yielded as a result of joint
re�nement of iron and sodium occupancies would not be fully
reliable; that is why the Na:Fe:P element ratio was �xed to the
nominal 2:1:1 ratio, which is close to the Na:Fe:P =
1.98(4):1.01(3):1.00(2) ratio determined by EDX analysis.
As EDX compositional maps show a homogeneous distribution

of O, F, Na, and Fe (Figure S2), we suppose that no local
phase segregation occurs.

All atomic positions were re�ned with the common isotropic
atomic displacement parameter (ADP). The crystallographic
parameters, atomic coordinates, and main interatomic
distances for monoclinic �-Na2FePO4F are given in Tables
2�4, respectively.

It is worth mentioning that the Na2FePO4F materials
prepared by the soft chemistry approach without annealing at
high temperature were characterized by PXRD before. Albeit
the PXRD pattern of Na2FePO4F nanorods32 was interpreted
in the orthorhombic symmetry, it looks quite similar to that of
monoclinic �-Na2FePO4F (Figure 3a), but due to the absence
of the Rietveld or Le Bail pro�le �t, no information on the unit
cell parameters is available. As well, the PXRD pattern of

Figure 2. [010] (a) and [100] (c) SAED patterns of �-Na2FePO4F. Three rotation-twinned lattices marked with orange, green, and red lines are
shown in the enlarged fragment of the [010] pattern (b).

Figure 3. Observed, calculated, and di�erence PXRD (a) and NPD
(b) pro�les after the Rietveld re�nement of the �-Na2FePO4F. The
Bragg re�ections are marked with vertical lines.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01961
Inorg. Chem. XXXX, XXX, XXX�XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig3&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01961?ref=pdf


Na2FePO4F nanoparticles33 prepared by polyol synthesis at
335 °C resembles that of �-Na2FePO4F, though the extreme
peak broadening precludes retrieving reliable crystallographic
information. In any case, no structural examination was
performed for those nanosized materials.

3.2. Crystal Structure Description. All atoms in the �-
Na2FePO4F structure occupy 4e Wycko� positions. Fe1/Na
and Fe2/Na atoms have an environment comprising 2 �uorine
and 4 oxygen atoms with the average distances of Fe1/Na�F =
2.10 Å, Fe1/Na�O = 2.09 Å, Fe2/Na�F = 2.30 Å, and Fe2/
Na�O= 2.24 Å, which corroborate with the occupancy factors:
the higher Na content, the larger average interatomic distance.
The Fe1 and Fe2 atoms are located at the centers of the
distorted FeO4F2 octahedra. Adjacent Fe1O4F2 and Fe2O4F2
octahedra share a triangular face via the O1, O5, and F2 atoms,
forming Fe2O6F3 dimers, which are linked via the F1 atoms
into in�nite chains along the b axis (Figure 4a,b). Iron
octahedra are additionally linked by vertices with the
tetrahedral PO4 groups, forming a complex polyanion
framework with cavities, in which the sodium atoms are
positioned. The Na1/Fe position, containing 73% of Na and

27% of Fe, has 7-fold 2F+5O coordination with the average
distances of Na1/Fe�F = 2.51 Å and Na1/Fe�O = 2.46 Å,
though a long Na1/Fe�O distance of 2.803 Å is reasonable
only for sodium atoms (Figure 4c). A similar 2F+5O
environment with more uniform interatomic distances is
realized for the Na3 atoms: average Na3�F and Na3�O
distances equal to 2.21 and 2.52 Å, respectively. Jointly
populated Na2/Fe and Na4/Fe positions have 2F+4O
octahedral coordination with the average distances Na2/Fe�
F = 2.42 Å, Na2/Fe�O = 2.35 Å, Na4/Fe�F = 2.37 Å, and
Na4/Fe�O = 2.37 Å. Partial occupancy of these sites by iron
atoms compensates underbonding of dangling O2 and O6
oxygen atoms of the PO4 groups.

The crystal structure of �-Na2FePO4F resembles that of the
orthorhombic �-polymorph, though some di�erences are
present. In the monoclinic structure, the “original” iron sites
are jointly occupied by Fe and Na atoms and three out of four

Table 2. Crystallographic Data and Re� nement Parameters
for �-Na2FePO4F Determined from Joint Rietveld
Re� nement from PXRD and NPD Data

PXRD NPD

formula Na2FePO4F
space group P21/c
a, Å 13.6753(10)
b, Å 5.2503(2)
c, Å 13.7202(8)
�, deg 120.230(4)
V, Å3 851.1(2)
Z 8
�, g/cm3 3.368
�, Å 1.78897 1.6215
2� range, step, deg 5.0�120.0, 0.02 5.0�130.0, 0.05
GOF, Rp, wRp, % 1.68, 3.10, 4.25 1.51, 1.15, 1.42
GOF, Rp, wRp, % (combined) 1.62, 1.36, 2.31

Table 3. Atomic Coordinates, Occupancy Factors, and Bond Valence Sum (BVS) for �-Na2FePO4F Determined from Joint
Rietveld Re� nement from PXRD and NPD Data

atom position x/a y/b z/c occ. BVS

Na1/Fe 4e 0.5864(10) 0.248(3) 0.1662(12) 0.73(5)/0.27(5)
Na2/Fe 4e 0.3255(11) 0.243(3) 0.6736(12) 0.43(2)/0.57(2)
Na3 4e 0.0837(13) 0.257(4) 0.1627(15) 1
Na4/Fe 4e 0.8333(11) 0.265(3) 0.9114(14) 0.87(2)/0.13(2)
Fe1/Na 4e 0.1763(9) 0.761(2) 0.3299(10) 0.76(2)/0.24(2)
Fe2/Na 4e 0.3315(11) 0.273(3) 0.9100(14) 0.27(2)/0.73(2)
F1 4e 0.2369(12) 0.498(2) 0.2595(12) 1 1.02
F2 4e 0.7694(12) 0.998(3) 0.7545(12) 1 1.03
P1 4e 0.4154(6) 0.7027(13) 0.5794(7) 1 4.92
P2 4e 0.9138(6) 0.7170(14) 0.5859(7) 1 4.92
O1 4e 0.3480(10) 0.821(2) 0.4608(9) 1 1.99
O2 4e 0.3689(10) 0.804(2) 0.6535(9) 1 1.79
O3 4e 0.4036(9) 0.4108(14) 0.5705(11) 1 1.94
O4 4e 0.5413(10) 0.7759(19) 0.6328(14) 1 1.94
O5 4e 0.8659(11) 0.884(3) 0.6445(9) 1 1.93
O6 4e 0.8600(11) 0.797(3) 0.4615(9) 1 1.91
O7 4e 0.0430(6) 0.752(2) 0.6452(11) 1 1.94
O8 4e 0.8862(9) 0.435(3) 0.5925(14) 1 2.00

Table 4. Selected Interatomic Distances (Å) for �-
Na2FePO4F

Na1/Fe�F1 2.473(18) Na3�O8 2.573(18)
Na1/Fe�F2 2.541(17) Na4/Fe�F1 2.39(2)
Na1/Fe�O1 2.36(2) Na4/Fe�F2 2.34(2)
Na1/Fe�O2 2.246(17) Na4/Fe�O2 2.450(18)
Na1/Fe�O3 2.314(14) Na4/Fe�O6 2.374(18)
Na1/Fe�O4 2.803(17) Na4/Fe�O7 2.19(2)
Na1/Fe�O4 2.562(16) Na4/Fe�O8 2.45(2)
Na2/Fe�F1 2.43(2) Fe1/Na�F1 2.08(2)
Na2/Fe�F2 2.40(2) Fe1/Na�F2 2.09(2)
Na2/Fe�O2 2.430(16) Fe1/Na�O1 2.143(11)
Na2/Fe�O3 2.33(2) Fe1/Na�O5 2.035(16)
Na2/Fe�O4 2.351(16) Fe1/Na�O7 2.257(13)
Na2/Fe�O6 2.277(13) Fe1/Na�O8 1.96(2)
Na3�F1 2.224(18) Fe2/Na�F1 2.296(17)
Na3�F2 2.198(19) Fe2/Na�F2 2.293(18)
Na3�O5 2.49(2) Fe2/Na�O1 2.220(15)
Na3�O6 2.20(2) Fe2/Na�O3 2.138(18)
Na3�O7 2.72(2) Fe2/Na�O4 2.10(2)
Na3�O7 2.62(2) Fe2/Na�O5 2.480(18)
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“original” sodium sites are jointly occupied by Na and Fe as
well (Figure 5). Albeit most of known A2MPO4F (A = Li, Na;
M = Mn, Fe, Co, Ni) compounds have an ordered structure, a
similar disorder between alkali and transition metal cations has
been observed in Li2FePO4F, prepared from LiNaFePO4F by
electrochemical substitution,34 and Li2.32Fe0.56[PO4]F, grown
as a single crystal.35 The monoclinic and orthorhombic
Na2FePO4F structures also have di�erent spatial orientation
of the PO4 tetrahedra. If, in the bc projection of the
orthorhombic structure, one can draw an imaginary circle
containing six PO4 tetrahedra, three of them are oriented
upward (U), while the other three are turned down (D). All
selected rings have 3U+3D PO4 tetrahedra (Figure 5a). In the
monoclinic structure, there are two types of rings, containing
PO4 groups in orientation 2U+4D and 4U+2D (Figure 5b). In
that presentation, the crystal structure of �-Na2FePO4F is
more related to that of Ca2NaSiO4F36 and Na2CaPO4F (Figure
5c).37 A general striking feature of all these structures is their
pseudo-hexagonal symmetry.

Projected views of the crystal structures of �- and �-
Na2FePO4F along the FeO3F in�nite chains do not di�er
signi�cantly (Figure 6a,b). The projections perpendicular to
the octahedral chains reveal the di�erence in connectivity of
the FeO4F2 octahedra. In both structures, FeO4F2 octahedra
share faces and form dimeric Fe2O6F3 units linked together by
corner sharing into in�nite zig-zag chains. In the �-Na2FePO4F
structure, the dimers in the adjacent chains #1 and #2 (shown
in Figure 6d by gray arrowheads and numbers 1 and 2) are

oriented along the same direction, whereas, in �-Na2FePO4F,
the dimers in the #2 chain are �ipped vertically and shifted by
1/2b (Figure 6e) compared to the �-Na2FePO4F structure.
Within this polyhedral presentation, the crystal structure of �-
Na2FePO4F is closely related to that of Na2NiPO4F (Figure
6c,f),11 realizing the same packing of the M2O6F3 (M = Fe, Ni)
dimers being at the same time strongly dissimilar to that of
Na2MnPO4F,23 where no Mn2O6F3 dimers are formed (Figure
S7). However, according to occupancy factors in Table 3, the
Fe2/Na position comprises 28% of Fe, and using the
polyhedral presentation for the Fe atoms only in this position
seems to be not entirely correct. As adopting the polyhedral
presentation for all Fe-containing sites makes the comparative
study of the di�erent structures more complicated, we used
Fe1/Na and Na2/Fe positions as most populated with Fe
(73% and 57%, respectively) for another polyhedral viewing.
Being examined in this way, �-Na2FePO4F (Figure 7a) has
more in common with the crystal structure of Na2MnPO4F,
where the MnO4F2 octahedra share corners via F atoms and
form one-dimensional in�nite zig-zag chains parallel to the b
axis (Figure 7b). Viewing the chains along the b axis reveals the
di�erent manner of their packing: in �-Na2FePO4F, wriggling
of all zig-zag chains occurs in the same direction, whereas it
gets �ipped in each second chain in the Na2MnPO4F structure
(Figure 7c�f). Thus, the crystal structure of highly disordered
�-Na2FePO4F can be considered as an intermediate between
the structures of ordered Na2NiPO4F and Na2MnPO4F.

Figure 4. In�nite chains of dimeric octahedral units (only Fe1/Na and Fe2/Na atoms are shown in octahedral environment) along the b axis in �-
Na2FePO4F (a) and their conjugation (b). Surrounding of the Na1/Fe, Na2/Fe, Na3, and Na4/Fe atoms (c). Sodium is pale yellow, iron is brown,
�uorine is light gray, oxygen is red, and phosphate tetrahedra are violet.

Figure 5. Projected view of the �-Na2FePO4F (a), �-Na2FePO4F (b), and Na2CaPO4F (c) structures. The color scheme for �- and �-Na2FePO4F
is adopted from Figure 4; calcium atoms are blue. Oxygen atoms are not shown for clarity.

Inorganic Chemistry pubs.acs.org/IC Article

https://dx.doi.org/10.1021/acs.inorgchem.0c01961
Inorg. Chem. XXXX, XXX, XXX�XXX

F

http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.0c01961/suppl_file/ic0c01961_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.0c01961?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://dx.doi.org/10.1021/acs.inorgchem.0c01961?ref=pdf


3.3. Surface and Bulk Chemistry. According to TG
analysis (Figure 8), �-Na2FePO4F loses ca. 15 wt % under
heating up to 1000 °C with the major mass loss after 700 °C.
The mass spectra recorded during the heating process show
broad peaks corresponding to H2O and sharp peaks of CO2.
Though water loss starting at 100 °C can be attributed to the
adsorbed surface water, high-temperature peaks observed up to
700 °C can be related only to crystalline bulk or surface
hydroxyl groups. In any case, the presence of hydrogen in the
sample is also consistent with the high background in the NPD
data due to large incoherent neutron scattering cross section of
H (Figure 3b). A weak CO2 peak appears on the mass spectra
at �200 °C, but the most intensive signal is located in the
high-temperature region above 700 °C and is accompanied by
the major mass loss of �10 wt %.

The presence of carbonaceous species in the hydrothermally
synthesized �-Na2FePO4F sample was reliably detected by the
Raman spectra, which showed the characteristic signatures of
elemental carbon� the D (�1390 cm�1) and G (�1595 cm�1)
bands (Figure S8a). A weak signal at �3530 cm�1 observed in
the infrared re�ectance spectra (Figure S8b) may be
considered as an evidence for the presence of hydroxyl groups.
Bearing in mind the quite low intensity of this signal and the
absence of any evident traces of crystalline water/hydroxyls
from the XRPD + NPD structure re�nement, we suppose that

both C- and OH-signals detected by means of vibrational
spectroscopy correspond to amorphous species on the surface
of the material, originating from the decomposition of glucose
and ascorbic acid upon hydrothermal treatment.

The presence of an amorphous carbon coating corroborates
with EELS spectra (Figure 9a,b), demonstrating characteristic
�* and 	* C bands at �285�288 and 290�310 eV,
respectively, and color-coded STEM-EELS maps, revealing a
uniform distribution of the C�K signal on the surface.

The 57Fe Mo�ssbauer spectrum of the �-Na2FePO4F
polymorph, recorded at room temperature, demonstrates
three paramagnetic doublets (Figure 10a). Two doublets
with close isomer shifts IS = 1.22�1.25 mm/s with the total
fractional area of 85% are characteristic of Fe2+ in an
octahedral coordination environment (Table S1).38 The third
doublet with IS = 0.39 mm/s and 15% fractional area is
attributed to octahedrally coordinated Fe3+. The isomer shifts
for all three components are in between of the ISs
characteristic of the FeO6 and FeF6 octahedra that
corroborates mixed O/F coordination of the Fe cations in
the �-Na2FePO4F structure. Two Fe2+ doublets demonstrate
noticeably di�erent quadrupole splitting � = 2.48 and 2.01
mm/s that can be attributed to the di�erence in distortion of
the octahedral coordination environment that is indeed also
observed from the analysis of the Fe�O/F interatomic

Figure 6. Projection view of the Na2MPO4F (M = Fe, Ni) structures along the MO3F in�nite chains (a)�(c), showing bioctahedral M2O6F3 units
and their conjugation with the PO4 tetrahedra. Projection view of the octahedral chains and the orientation of corresponding dimeric units (d)�(f).
In (d)�(f), the sodium atoms are not shown for clarity. The color scheme for �- and �-Na2FePO4F is adopted from Figure 4. NiO4F2 octahedra are
shown in green color. For �-Na2FePO4F, only the Fe1/Na and Fe2/Na atoms are shown in polyhedral presentation. The bars indicate the
alignment of the M2O6F3 dimeric units.
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distances. More certain assignment of the spectral components
to the Fe crystallographic positions is impossible due to the
complexity of the crystal structure and high degree of disorder,
and due to the absence of solid correlations between site
geometry and quadrupole splitting, especially for the Fe2+

cations.39

The presence of Fe3+ implies deviation from the nominal
Na2FePO4F stoichiometry which could be attributed to various
origins: Na de�ciency (Na2�xFePO4F), Fe de�ciency
(Na2Fe1�xPO4F), Na for Fe replacement (Na2+xFe1�xPO4F),
O for F replacement (Na2FePO4F1�xOx), or OH� for PO4

3�

replacement (Na2Fe(PO4)1�x(OH)4xF). The cationic o�-
stoichiometry can be safely excluded as the EDX analysis did
not reveal noticeable deviation from the perfect Na:Fe:P ratio.
The OH� for PO4

3� substitution was demonstrated to occur in
LiFePO4 prepared at hydrothermal conditions,40 similar to
those used for �-Na2FePO4F. Taking into account water
release upon heating of �-Na2FePO4F from 200 to 700 °C, this
substitution looks like the most plausible reason for the

appearance of trivalent iron. STEM-EELS mapping of Fe2+/
Fe3+ has been performed based on distinct features of the O-K
edge for oxides containing Fe in these oxidation states,41 and it
was found that Fe3+ is con�ned to the surface of the crystallites
(Figure 9c). Thus, the surface of hydrothermally prepared �-
Na2FePO4F appears to be slightly oxidized because of partial
Na2Fe(PO4)1�x(OH)4xF replacement. In the annealed �-
Na2FePO4F, the Fe2+ cations occupy a single octahedral site
(Figure 10b), in agreement with its orthorhombic crystal
structure. Part of the trivalent iron remains in the structure, but
�4% is exsolved in a form of magnetic impurity, most probably
iron oxide(s) which, however, was not detected in the PXRD
pattern.

3.4. Electrochemical Characterization. The electro-
chemical properties of both �- and �-polymorphs of
Na2FePO4F were studied in Na and Li half-cells by constant
current chronopotentiometry. The corresponding galvanostatic
charge/discharge pro�les at a C/10 rate are given in Figure 11.
In the Li-ion cell, �-Na2FePO4F shows sloping charge/

Figure 7. Polyhedral view of �-Na2FePO4F (a, c) and Na2MnPO4F (b, d), showing a di�erent type of conjugation between MO6 octahedra and
their spatial arrangement. The color scheme for �-Na2FePO4F is adopted from Figure 4. Fe1/Na and Na2/Fe octahedra are shown in light and
dark brown colors, respectively; MnO4F2 octahedra are shown in blue. The bars indicate wriggling directions of the zig-zag chains.
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discharge pro�les with the average potential of �3.3 V,
characteristic of the electrochemical activity of the Fe3+/Fe2+

redox couple. The discharge capacity is ca. 115 mAh g�1,
corresponding to the reversible extraction of up to one Li+
cation per formula unit. Only moderate capacity fading is
observed after 30 cycles (Figure 11a). The �-polymorph
delivers a lower capacity of 80 mAh g�1 with a 2-fold capacity
decrease after 30 cycles. The sloping nature of the charge/
discharge pro�les might imply a single-phase intercalation
mechanism for both polymorphs. Yet, large hysteresis between
charge/discharge curves for �-Na2FePO4F suggests the very
pronounced polarization issues, which can be related to
concentrational polarization, hindered surface reaction, or large
ohmic resistance, and no tentative conclusions can be drawn
on the intercalation mechanism for the monoclinic polymorph
given the distorted shape of the curves. Ohmic polarization is
especially likely to manifest itself for �-Na2FePO4F since the
conventional procedure of high-temperature carbon coating is
not applicable due to the transformation of the �-modi�cation
to the �-form at �450 °C.

In the Na-ion cell (Figure 11b), �-Na2FePO4F shows two
horizontal plateaus at 2.9�3.1 V, which evidence a two-phase
reaction mechanism, in contrast to the solid solution route in
the Li-ion cell, in agreement with the previous �ndings.12,17 �-

Na2FePO4F again shows a lower capacity of 90 mAh g�1, a
very pronounced hysteresis between charge and discharge
curves, and fast capacity decay (Figure 11b).

To explain the di�erences in the electrochemical behavior,
particularly the lower values of speci�c capacity and high
hysteresis values for �-Na2FePO4F, we can address the possible
rate limitations: hindered bulk ion transport, slow surface
reaction rate (high charge transfer resistance), high surface
layers’ resistance, and ohmic drop due to the insu�cient
electronic conductivity of the uncoated monoclinic material.
Na+ di�usion coe�cients for �-Na2FePO4F (as determined
from PITT measurements in the Na-rich phase, 2.5�2.9 V vs
Na+/Na42,43) fall in the range of (5�10)·10�13 cm2·s�1 (Figure
S9), which agrees well with the recently reported values.44

Surprisingly, Na-ion di�usivity is substantially higher for the
monoclinic material, amounting to (1�5)·10�11 cm2·s�1

(Figure S9), what looks unexpected against the observed
antisite disorder. These �ndings indicate that the observed
inferior electrochemical characteristics of �-Na2FePO4F are
not related to slow ion transport in the bulk of the material.

Impedance spectroscopy was used to study limitations
related to the slow charge transfer and ohmic polarization.
Figure S10 shows the EIS spectra of the two polymorphs at
potentials 2.83 and 2.90 V vs Na+/Na. The spectra show high-
frequency distorted semicircles, which can be attributed to the
resistance and capacitance of the surface layers (cathode/
electrolyte interface layers or, in case of �-phase, a layer of
amorphous carbon and oxidized material on the surface).45

The diameters of the high-frequency semicircles do not di�er
signi�cantly for the two polymorphs (ca. 0.2 � ·g), which rules
out the prevailing contribution of the surface layers’ resistance
to the observed polarization. For �-Na2FePO4F, the medium-
frequency semicircle can be attributed to the charge transfer
resistance (ca. 1 � ·g), while, for �-Na2FePO4F, an inset of a

Figure 8. TG curve (green) and mass spectra (black and violet) for �-
Na2FePO4F. Ar atmosphere, heating rate 20 °C/min.

Figure 9. EELS spectrum of �-Na2FePO4F at the C-K edge (a) and
STEM-EELS maps of Fe and C (b) and Fe2+/Fe3+ (c).

Figure 10. 57Fe Mo�ssbauer spectra of �- (a) and �-Na2FePO4F (b)
polymorphs. Fe3+ contribution is shown in green. The �tting
parameters are given in Tables S1 and S2.
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semicircle with a much larger diameter (more than 10 � ·g)
appears in the medium- and low-frequency domains of the
Nyquist plot. This feature can hardly be related to a sharp rise
in the charge transfer resistance alone, as the observed low-
frequency arcs closely resemble the e�ect of low electronic
conductivity on the impedance response of porous electro-
des.46 This conclusion is corroborated by the data reported for
carbon-coated and uncoated �-Na2FePO4F materials,44 where
the uncoated material exhibited high polarization and delivered
much lower capacity values compared to the carbon-coated
material. The insu�cient electronic conductivity of composite
electrodes is also re�ected in the shape of cyclic voltammo-
grams (CVs), with signi�cant distortions being observed for
the uncoated samples.44 In our case, very similar CV
distortions are observed for �-Na2FePO4F (Figure S11).
This allows us to suggest that the inferior electrochemical
characteristics of �-Na2FePO4F are primarily determined by
insu�cient electronic conductivity, while the bulk ionic
transport rate exceeds that of the orthorhombic material.
The low electronic conductivity of �-Na2FePO4F can be
attributed to poor conducting properties of the carbon coating
which requires high temperature annealing to decrease the
resistance, and to possible additional resistive contribution of
the surface layer enriched with Fe3+.

3.5. Calculation of Di�usion Barriers. We performed
calculation of di�usion barriers in the �-Na2FePO4F
polymorph using the DFT method and compared them with
that in the orthorhombic �-Na2FePO4F phase. Since it is

complicated by the partial occupancy of Na and Fe sites, as a
�rst approximation, we used two models, where either Fe1/Na
and Fe2/Na (model I) or Fe1/Na and Na2/Fe sites (model
II) are fully occupied by Fe (Figure 12). The resulting atomic
positions in the model I are close to those in the �-Na2FePO4F
phase, but incorporate monoclinic distortion of the unit cell
(Figure 12a) with the lattice constants a = 13.78 Å, b = 5.26 Å,
c = 13.81 Å, � = 119.4°. The model II is justi�ed by the fact
that Fe1/Na and Na2/Fe sites have the highest Fe occupancy
in the experiment (Figure 12b). The lattice constants are a =
13.55 Å, b = 5.29 Å, c = 13.82 Å, � = 119.5°. Both phases adopt
P21/c space group, and their lattice constants are in good
agreement with our experimental data. By using the Monte
Carlo method, we found that the two models represent the
most stable phases for the given 144-atom supercell, while any
additional Fe-Na swapping increases the total energy.

All relevant di�usion pathways for Na in the two models are
also depicted in Figure 12. The calculated di�usion barriers of
Na vacancy are collected in Tables S3 and S4. It turns out that
the minimum barrier for percolating di�usion along the b axis
(p31-p32) is only 0.2 eV for the model I. Interestingly, this is
lower than the barrier of 0.3 eV calculated for the topologically
equivalent di�usion pathway in �-Na2FePO4F.16 A larger
barrier of 0.5 eV is required for di�usion along the Na layer in
the [201] direction of �-Na2FePO4F; therefore, the di�usion is
expected to be predominantly one-dimensional. Obviously,
occupation of Na2 sites by Fe blocks the fast p31-p32 di�usion
path in the model I; however, in this case, the alternative

Figure 11. Galvanostatic cycling (C/10 rate) for �- and �-Na2FePO4F in Li-ion cell, potential window 2.0�4.5 V vs Li+/Li (a); and Na-ion cell,
potential window 1.3�4.5 V vs Na+/Na (b).

Figure 12. Inequivalent elementary di�usion pathways of Na in �-Na2FePO4F shown inside one unit cell: (a) Fe1/Na and Fe2/Na are fully
occupied by Fe (model I), (b) Fe1/Na and Na2/Fe are fully occupied by Fe (model II). The color scheme is adopted from Figure 4.
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pathway p53-p54 is available. While the di�usion barrier for
this pathway is higher 0.5�0.6 eV (Table S4), it is still
acceptable to overcome locally blocking Fe and return to the
fastest di�usion pathway. Therefore, we conclude that, though
Fe/Na exchange can hinder the bulk di�usion, the versatility of
the �-Na2FePO4F monoclinic phase can result in fast transport
of Na cations even with a large degree of antisite disorder.

Thus, even if the antisite disorder blocks the energetically
most e�cient di�usion path, at the same time, it creates an
alternative way around these defects, returning the Na+ cation
back to its preferable pathway along the b axis with the lowest
energy barrier of 0.2 eV. Antisite disorder between alkali and
transition metal cations is generally considered detrimental for
the alkali cation di�usion, particularly in the polyanion cathode
materials with a 1D system of di�usion channels, such as in
LiFePO4.

47 The monoclinic �-Na2FePO4F polymorph exem-
pli�es that even very signi�cant antisite disorder might not be
an obstacle for Na+ di�usion if the alternative paths bypassing
the antisite defects are opened, thus ensuring percolated
di�usion.

4. CONCLUSIONS
Hydrothermal synthesis yielded a novel monoclinic �-
Na2FePO4F polymorph with high antisite disorder due to
intermixing of the Na and Fe atoms. Fe atoms having 2F+4O
distorted octahedral coordination either form Fe2O6F3 face-
sharing octahedral dimers linked into in�nite chains or share
corners of octahedra to form one-dimensional in�nite chains
parallel to the b axis. Dimerized octahedra linked by vertices
with the tetrahedral PO4 groups form a complex 3D framework
with cavities �lled by sodium atoms. �-Na2FePO4F was
examined as a cathode material in electrochemical half-cells
with Li and Na anodes, exhibiting a speci�c reversible capacity
of ca. 90 mAh g�1 with pronounced voltage hysteresis between
charge and discharge attributed to low electronic conductivity.
Surprisingly, in spite of signi�cant antisite disorder, the
experimentally measured Na+ di�usion coe�cient in the �-
Na2FePO4F polymorph is almost 2 orders of magnitude higher
than that in its orthorhombic �-Na2FePO4F counterpart. This
observation is rationalized with DFT-based calculation of the
di�usion energy barriers, which revealed that placing the Fe
cation to the Na position blocks the lowest energy di�usion
pathway but, at the same time, creates a bypass allowing the
Na+ cations to go around the defect and return back to their
most e�ective di�usion trajectory.
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