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Lithium transition metal phosphates, especially olivine
LiFePO4, have been found to be promising rechargeable

Li-ion battery cathode materials for many applications since
they can safely deliver a good energy density utilizing only
earth-abundant materials.1 However, the olivine materials have
limitations which include a poor electrical conductivity2 and
one-dimensional (1D) Li-ion diffusion pathways that can be
easily blocked.3 The search for next-generation phosphate
materials has broadened to include transition metal fluoro-
phosphates which incorporate a second anion moiety of F− and
which have good electrochemical performance and favorable
intrinsic properties such as 2D ion diffusion channels and small
volume changes during ion removal and insertion.4−6 Here we
demonstrate the design of a battery cathode material
incorporating N3− anions as a distinct structural building
block. While the low mass/charge ratio of N3− is not surpassed
by any other anionic group used in battery applications, the
voltages previously measured for transition metal nitrides and
oxynitrides were low and thus only suitable for anode
applications.7,8 Electrodes with N3− which can deliver suitable
voltages for cathode applications have never before been
demonstrated. In the present work, it is shown that
AI

2M
II
2P3O9N compounds with MII = Fe2+ and AI = Li+ can

be utilized as cathodes in rechargeable Li-ion batteries. In this
structure type, N3− anions are present in the form of
nitridophosphate PO3N tetrahedra that link together MO6
octahedra.
The compound Na2Fe2P3O9N (Figure 1) belongs to a class

of known compounds with general formula AI
2M

II
2P3O9N

which are known to exist for AI = Na and for MII = Mg, Fe, Mn,
and Co.9 Compounds with AI = Li are clearly of interest for
battery applications but have not previously been prepared and
could not be directly synthesized under conditions that we have
tested due to the preferential formation of olivine LiFePO4,
although methods for producing Li-containing nitridophos-
phate compounds through ion exchange will be demonstrated.
Powders of Na2Fe2P3O9N were synthesized by reacting
stoichiometric amounts of NaPO3, Fe2O3, and (NH4)2HPO4
at 625 °C under flowing NH3 (50 mL/min) in an open-ended
quartz boat for 40 h with one intermediate grinding, similar to
prior studies.9 The full crystal structure of Na2Fe2P3O9N was
determined from the Rietveld refinement of high resolution
synchrotron X-ray diffraction data (Figure 2a) and time-of-

flight neutron diffraction data (Supporting Information, Figure
S1). The expected primitive cubic phase (P213, No. 198) was
observed with a lattice parameter of 9.3459(1) Å, substantially
smaller than the 9.40 Å reported originally.9

The structure of 2:2 Na2Fe2P3O9N shares the same
framework of tetrahedral trimeric P3O9N

6− anionic blocks as
3:1 Na3MP3O9N analogues (MIII = Ti, V, etc.). Although these
two structural variants both maintain charge balance for the
anionic groups using four cations that are found at the same
crystallographic sites, they differ in their ratio of monovalent to
multivalent cations (2:2 or 3:1). The additional divalent Fe
cation in Na2Fe2P3O9N occupies an octahedral site that
corresponds to the Na2 position in the 3:1 structure type. As
a result, the two FeO6 octahedra in Na2Fe2P3O9N share a face,
as illustrated in Figure 1. This close proximity of the two Fe
ions (∼3.0 Å) is expected to strongly influence redox potentials
both through electrostatic repulsions and through potentially
contradictory bond length preferences for the three shared
oxygen ligands that occur when two Fe ions of different valence
are found in a single dimer. Full crystallographic parameters
(Tables S1−S5) and important bond distances (Table S6) are
provided in the Supporting Information.
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Figure 1. Structure of Na2Fe2P3O9N, with detail showing face-sharing
Fe2O9 octahedra (brown) and trimeric P3O9N

6− tetrahedral units
(green), with O shown in red and N in dark blue.
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The electrochemical performance of Na2Fe2P3O9N was
evaluated in a hybrid-ion configuration (using Li-ion electrolyte
and a lithium metal anode) in 2032-type coin cells at room
temperature (298 K). To prepare the electrode, Na2Fe2P3O9N
powder was ball milled with carbon black in a 6:3 mass ratio for
30 min prior to coating on an Al current collector with a typical
active material loading of 2−3 mg/cm2. Galvanostatic charge
and discharge curves (1.5 V to 4.6 V, C/20) of Na2Fe2P3O9N
indicated that less than one-half of its theoretical capacity of
131 mAh/g could be realized, and that large polarization is
present (Supporting Information, Figure S5). These features
are both likely the result of low Na+ mobility within the
Na2Fe2P3O9N lattice. An analysis of bond valence sum
difference (ΔV) maps calculated for Na+ ions within the
Na2Fe2P3O9N lattice (Supporting Information, Figure S7)
shows that a very large ΔV threshold of 0.5 valence units must
be overcome before a viable Na diffusion pathway is
established, suggesting that the removal of Na ions is difficult
at room temperature and that low ionic conductivity may be
limiting cell performance. This ΔV threshold is much higher
than is found10 for the 3:1 stoichiometry compounds
Na3VP3O9N (ΔV ∼ 0.1) and Na3TiP3O9N (ΔV ∼ 0.05) and
likely indicates that Na-ion mobility in this structure family is
closely correlated with unit cell dimensions (a = 9.35 Å for M =
Fe, 9.45 Å for M = V, and 9.52 Å for M = Ti). In contrast, Li+

has much smaller ion radii than that of Na+, suggesting that far
better Li-ion kinetics may be observed if all of the Na ions can
be chemically removed or replaced by Li+ prior to electro-
chemical cell fabrication.

Ion exchange of Li+ for Na+ was therefore attempted by
heating well ground LiBr and Na2Fe2P3O9N powders at 280 °C
for 20 h under flowing N2 gas. The resulting mixture was
washed with methanol and filtered. This process was repeated
(3 times) until the starting phase disappeared (as judged by
XRD), giving a final product of a reddish black Li2−xFe2P3O9N
powder. The removal of Na+ ions was confirmed by a
comparison of SEM−EDX spectra before and after ion
exchange (Supporting Information, Figure S4), which found
that the Na signal was reduced to less than 1% of its original
value. Diffraction studies showed that the simple cubic lattice is
maintained throughout the exchange process and that the a-
lattice parameter shrinks to 9.2565(1) Å. The Rietveld
refinement of high resolution synchrotron XRD data confirmed
the removal of Na+ ions from both sites (Na1 and Na3),
though only a small amount of Li was inserted into the
structure leading to a refined composition of Li0.3Fe2P3O9N and
indicating that the final product was oxidized during the ion
exchange process. Full crystallographic parameters and relevant
bond lengths are provided in the Supporting Information.
Electron density corresponding to Li ions was only observed
near the Na3 site and not near the Na1 site. The new Li3 site is
located close to three oxygen ions with a refined bond distance
of 1.89(1) Å, a result which is consistent with the bonding
preferences of Li (BVS value of 0.96)11 and which is in clear
contrast to the original Na3−O bond lengths (2.36 Å).
Confirmation of this site was obtained through the Rietveld
refinement of time-of-flight neutron diffraction data (Support-
ing Information), though with less precision due to the poorer
counting statistics of the experiment. Fe K-edge XANES spectra
of Li2−xFe2P3O9N (Figure 2c) clearly indicates very substantial
oxidation during ion exchange, in agreement with the Rietveld
results. The sample oxidation during ion exchange is reflected
in ∼0.05 Å shorter Fe−O bond lengths at both Fe sites.
Curiously, the Fe1 bond lengths are about 0.05 Å shorter than
those of Fe2 both before and after oxidation, perhaps reflecting
substantial differences in ligand bonding at these two sites.
The calculated bond valence sum difference map for Li-ions

suggests the existence of isotropic three-dimensional Li-ion
diffusion channels within Li2−xFe2P3O9N structure which are
accessible at a very small observed ΔV threshold of 0.03 vu. On
the basis of the BVS analysis, much better battery performance
is expected for Na-free compounds Li2−xFe2P3O9N, which were
prepared by ion exchange. The voltage charge−discharge
profiles of Li2−xFe2P3O9N cathodes cycled against Li+/Li at
C/10 are shown in Figure 3a and indeed show greatly
improved performance relative to Na2Fe2P3O9N cathodes.
Since Li2−xFe2P3O9N is mostly oxidized during the ion-

exchange process, it was first discharged to intercalate Li+ into
the structure with a measured initial discharge capacity of 100
mAh/g that corresponds to about 1.4 Li+ inserted into the
structure. In subsequent cycles, specific discharge capacities of
125 mAh/g are achieved, corresponding to 85% of the
theoretical capacity of 142 mAh/g (1.7 Li+ per f.u.) of
Li0.3Fe2P3O9N. A capacity of about 110 mAh/g remains after 20
cycles. In cyclic voltammetry studies (Figure 3b), two separate
redox potentials are observed at 3.55 V/3.5 V and 3.1 V/2.95 V.
The higher potential occurs at about 3.5 V, indicating that the
PO3N groups in the structure generate a strong inductive effect,
which is comparable to that produced by PO4 groups in
LiFePO4. The lower potential of the second couple is attributed
to antagonistic effects between the two distinct Fe sites
mediated by the three face-shared O anions. The small shifts in

Figure 2. Top: Rietveld refinement of synchrotron diffraction data (λ
= 0.7787 Å) of (a) Na2Fe2P3O9N and (b) the product of its Li-ion
exchange, Li2−xFe2P3O9N with x = 1.7. Bottom: Fe K-edge XANES
spectrum of Na2Fe2P3O9N and Li2−xFe2P3O9N.
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potential between anodic and cathodic cycles are indicative of
reasonable kinetics for these processes, something that can be
seen in more explicit rate performance tests (Supporting
Information, Figure S6). This performance was achieved with
relative large particles (∼1 μm size, Supporting Information,
Figure S4), so it is expected that this system has good intrinsic
properties and that nanoscale particles will exhibit better rate
performance.
In conclusion, we have demonstrated that oxynitrides can be

utilized as Li-ion battery cathodes. The transport of Na ions
within the cubic AI

2M
II
2P3O9N framework is possible but

difficult. However, Li+ transport appears to be facile and nearly
the full Li2Fe2P3O9N theoretical specific capacity of 142 mAh/g
(∼140 Wh/L) is accessible after ion exchanging Li+ for Na+.
One Li+ site has been located using diffraction data; the
position of the second Li+ site remains to be resolved. The
novel nitrophosphate chemistry that we have described
therefore represents a promising design strategy for finding
new cathode materials for rechargeable Li-ion or Na-ion
batteries, as novel compounds with isolated [PO3N]

4− or
P[O2N2]

5− tetrahedral building blocks may have theoretical
capacities exceeding 200 mAh/g.
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Figure 3. (a) Charge−discharge profiles of Li2−xFe2P3O9N cycled
against a Li anode at a rate of C/10. The theoretical capacity of
Li2Fe2P3O9N is 142 mAh/g. (b) CV curves of Li2−xFe2P3O9N coin cell
(sweep rate: 0.18 V/h).
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