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In the search for new positive-electrode materials for lithium-ion
batteries, recent research has focused on nanostructured
lithium transition-metal phosphates that exhibit desirable
properties such as high energy storage capacity combined
with electrochemical stability1,2. Only one member of this
class—the olivine LiFePO4 (ref. 3)—has risen to prominence
so far, owing to its other characteristics, which include low
cost, low environmental impact and safety. These are critical
for large-capacity systems such as plug-in hybrid electric
vehicles. Nonetheless, olivine has some inherent shortcomings,
including one-dimensional lithium-ion transport and a two-
phase redox reaction that together limit the mobility of the
phase boundary4–7. Thus, nanocrystallites are key to enable
fast rate behaviour8,9. It has also been suggested that the long-
term economic viability of large-scale Li-ion energy storage
systems could be ultimately limited by global lithium reserves,
although this remains speculative at present. (Current proven
world reserves should be sufficient for the hybrid electric vehicle
market, although plug-in hybrid electric vehicle and electric
vehicle expansion would put considerable strain on resources and
hence cost effectiveness.) Here, we report on a sodium/lithium
iron phosphate, A2FePO4F (A = Na, Li), that could serve as
a cathode in either Li-ion or Na-ion cells. Furthermore, it
possesses facile two-dimensional pathways for Li+ transport,
and the structural changes on reduction–oxidation are minimal.
This results in a volume change of only 3.7% that—unlike
the olivine—contributes to the absence of distinct two-phase
behaviour during redox, and a reversible capacity that is 85%
of theoretical.

The discovery of new materials such as phosphates and silicates
that exhibit good electrochemical properties at beneficial redox
potentials is of timely significance, as they present considerable
safety advantages over the more commonly used metal oxides.
Lithium metal fluorophosphates have also recently emerged as
promising candidates. Their analogues in the mineral world are
hydroxyfluorophosphates, including calcium hydroxyfluoroapatite
(the element of teeth) and tavorite [LiFePO4(OH,F)], where
F− can partially replace an OH− group. Complete substitution
of F− is necessary for electrochemical properties because the
hydroxy group undergoes irreversible redox reactivity. Moreover,
replacement of [PO4]3− with [PO4F]4− allows for a new
family of host lattice structures and compositions, as it alters
the charge balance, and the dimensionality of the structure
vis-à-vis the corresponding phosphate10. However, only a few

lithium transition-metal fluorophosphates have been described
so far10–13.

In the quest for other new materials, a sodium fluorophosphate,
Na3V2(PO4)2F3, was recently shown to be an excellent candidate
for ‘hybrid-ion’ cells in concert with a carbon anode14. In
the initial oxidation, sodium ions are extracted from the
fluorophosphate while concurrent lithium-ion intercalation occurs
at the graphite counter electrode. During subsequent cell cycling,
the cathode reaction is described as a mixed Li/Na insertion
mechanism. The important point is that the carbon anode is
completely electrochemically stable in the presence of Na+ in the
electrolyte phase. The more significant aspect is that alternatives to
Li-ion storage cells might be necessary in the future if the hybrid
electric vehicle/plug-in hybrid electric vehicle/electric vehicle and
overall energy storage market grows as anticipated. Recent findings
estimate that the terrestrial reserves of lithium could be rapidly
depleted, considering that large-scale cells require 100–500 times
the amount of lithium as portable devices. The issue is not
insufficient lithium on a global scale, but what fraction can be
used and still be economically effective. A possible option is
Na-ion cells. These could include Zebra cells (Na–NiCl2) that
function with liquid sodium by a displacement reaction at
∼300 ◦C (ref. 15), or insertion materials that operate at 25 ◦C
and offer higher energy density, akin to Li-ion cells. In the latter
context, negative electrodes based on hard carbons have been
shown to exhibit excellent properties for Na-ion insertion, with
up to 350 mAh g−1 capacity16,17. Coupled to a suitable Na-ion
insertion cathode, such a system would offer the necessary safety
characteristics at much lower cost and be able to use electrolytes
of lower decomposition voltage. However, the obvious cathode
material, NaFePO4, is not suitable. The ‘closed’ maricite framework
results in entrapment of Na+ and no reversible redox behaviour.

Inspired by these considerations, we sought to synthesize an
environmentally friendly iron-based alkali fluorophosphate that
operates on the Fe2+ →Fe3+ couple, which possesses facile pathways
for alkali-ion diffusion, and which, like LiFePO4, can be prepared
in its reduced form to allow it to be used directly as a positive
electrode. The structure of the new material, Na2FePO4F, that
we prepared as a single crystal is shown in Fig. 1a. It crystallizes
in the Pbcn orthrorhombic space group, isostructural with both
Na2FePO4OH (ref. 18) and Na2Co(PO4)F (ref. 19). Like the latter,
its framework exhibits unusual features. Bioctahedral Fe2O7F2

units comprising face-sharing FeO4F2 octahedra are connected via
bridging F atoms to form chains, and are joined by PO4 tetrahedra
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SYNTHESIS OF Na2FePO4F
For sol–gel synthesis, stoichiometric amounts of Fe(CH3COO)2 (Alfa Aesar),
NaCH3COO (BDH, 99%), NaF (Aldrich, 99%) and H3PO4 were stirred in a
solution of dimethoxyethane and the solvent was then evaporated. The
homogeneous gel was fired at 300 ◦C under flowing Ar for 2 h. The powder was
subjected to further heating at 525–625 ◦C for 6 h. Solid-state synthesis of a
pure single phase was accomplished using stoichiometric amounts of
Fe(C2O4) ·2H2O (Aldrich, 99%), NaHCO3 (BDH, 99.7%), NaF (Aldrich, 99%)
and NH4H2PO4 (BDH, 99%) which were ball-milled in silicon nitride media
for 6 h. The powder was fired at 300 ◦C under flowing Ar for 2 h. The powder
was further sintered at 525–625 ◦C for 6 h. The carbon content was determined
from gravimetric analysis after dissolution of the inorganic phase.

SYNTHESIS OF NaxFePO4F, x < 2
Powder samples of pure Na2FePO4F were oxidized with stoichiometric amounts
of NOBF4 in acetonitrile for 15 h to obtain the desired sodium content.

SYNTHESIS OF (LixNa2−x )FePO4F
Ion exchange of Na2FePO4F was carried out in a refluxing solution of 1 M LiBr
in acetonitrile for 6–18 h to obtain (LixNa2−x)FePO4F with various Li/Na
ratios. The material LiNaFePO4F (Li/Na ratio of 1:1) was obtained by reducing
NaFePO4F with LiI in acetonitrile for 6 h.

MATERIALS CHARACTERIZATION
Powder XRD of all materials was carried out on a Bruker D8-Advantage powder
diffractometer using Cu-Kα radiation (l = 1.5405 Å) from 2θ = 10 to 80◦ at 1 s
per step of 0.02◦. X-ray data sets were refined by conventional Rietveld methods
using the GSAS package with the EXPGUI interface26. The background, scale
factor, zero point, lattice parameters, atomic positions and coefficients for the
peak shape function were iteratively refined until convergence was achieved.
SEM samples were coated with gold and examined in a LEO 1530
field-emission SEM equipped with an EDX attachment. Images were recorded
at 10 kV with a secondary electron detector. TEM imaging and EDX spot
elemental analysis were carried out on powders supported on a 200 mesh Cu
grid using a Hitachi S5200 operating at 30 kV in scanning TEM mode.

ELECTROCHEMISTRY
Samples of electrochemically active materials were mixed with carbon black
and polyvinylidene fluoride in a 75:15:10 weight ratio. The electrochemical
performance was evaluated using 2,220 coin cells, using a lithium metal
anode and 1 M LiPF6 in ethylene carbonate/dimethyl carbonate solution.
Room-temperature galvanostatic cycling was carried out between 2.0 and 4.5 V
with a current density of 0.068 mA cm−2 corresponding to a C/10 rate.
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