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Na-ion mobility in layered Na2FePO4F and olivine Na
[Fe,Mn]PO4†

R. Tripathi,a S. M. Wood,b M. S. Islam*b and L. F. Nazar*a

The Na-ion battery is currently the focus of much research interest due to its cost advantages and the

relative abundance of sodium as compared to lithium. Olivine NaMPO4 (M ¼ Fe, Fe0.5Mn0.5, Mn) and

layered Na2FePO4F are interesting materials that have been reported recently as attractive positive

electrodes. Here, we report their Na-ion conduction behavior and intrinsic defect properties using

atomistic simulation methods. In the olivines, Na ion migration is essentially restricted to the [010]

direction along a curved trajectory, similar to that of LiMPO4, but with a lower migration energy

(0.3 eV). However, Na/M antisite defects are also predicted to have a lower formation energy: the

higher probability of tunnel occupation with a relatively immobile M2+ cation – along with a greater

volume change on redox cycling – contributes to the poor electrochemical performance of the Na-

olivine. Na+ ion conduction in Na2FePO4F is predicted to be two-dimensional (2D) in the interlayer plane

with a similar low activation energy. The antisite formation energy is slightly higher; furthermore,

antisite occupation would not be predicted to impede transport significantly owing to the 2D pathway.

This factor, along with the much lower volume change on redox cycling, is undoubtedly responsible for

the better electrochemical performance of the layered structure. Where volume change and structural

effects do not incur impediments, Na-ion materials may present significant advantages over their Li

counterparts.
Broader context

Sodium ion batteries have recently gained increased recognition as intriguing candidates for next-generation battery systems for large scale energy storage, in
part owing to signicant cost advantages stemming from the high natural abundance of Na resources. Although there have been limited studies on sodium
analogues of the widely-reported lithium insertion materials, these have also demonstrated the possibility of signicantly different structures and properties. In
particular, while there have been many theoretical and experimental investigations of Li-ion migration behavior, few have analyzed the energetics of Na-ion
migration. Recent studies suggest that Na-ion diffusion barriers may be as low – or even lower – than that of Li-ion in comparable alkali metal oxide materials.
Our report addresses the question of why electrochemical properties of the sodium polyanion materials are oen not as promising as those of their lithium
counterparts, using atomistic simulation methods to probe sodium ion migration in two promising polyanion materials: olivine NaMPO4 (M ¼ Fe, Fe0.5Mn0.5,
Mn) and layered Na2FePO4F. In both materials, activation energies for Na-ion migration are found to be quite favourable (0.3 eV), indicating that the volume
expansion-induced strain on de(intercalation), which is more substantial for the larger Na+ (vs. Li+) ion, is of crucial importance in determining electrochemical
properties. Indeed, very promising electrochemical properties can be anticipated for Na+ ion materials with low volume expansion on redox, and where good
electrical conduction is supported.
Introduction

The portable energy storage market has been dominated by Li-
ion batteries in the past two decades due to their light-weight,
high energy density and high power: which all depend critically
on fast Li-ion mobility. Li-ion diffusion coefficients are oen
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signicantly high in layered transition metal oxide cathode
materials such as (LiNixCoyMnzO2),1 allowing the cells to be
operated at high current density during charge and discharge.
Several other options for positive electrodes have been explored
in last two decades, motivated by safety concerns and cost.
These include “polyanion” type materials such as olivine
phosphates (LiFePO4),2 tavorite uorophosphates3 and uo-
rosulfates (LiFeXO4F, X ¼ P, S).4,5 Li-ion diffusion kinetics in
these compositions depends strongly on their crystal structure.
Recent studies suggest that the diffusion coefficient of Na+ can
also be very high – even higher than Li+ – in the Na-analogues of
some positive electrode materials.6 Such systems fell by the
wayside twenty years ago in favour of the higher gravimetric
Energy Environ. Sci., 2013, 6, 2257–2264 | 2257
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capacity afforded by Li-ion cells which is critical for portable
applications. However, the relative abundance and the low cost
associated with Na-ion batteries now make them an attractive
alternative for large-scale grid storage. Where gravimetric
energy density is not a concern, Na-ion batteries are a preferable
option, in fact.7,8

Substantial effort has been expended in previous decades to
prepare electrode materials that can easily intercalate and
transport Na-ions at suitable potentials. One of the challenges
has been to nd a good material for low-potential insertion
because so carbons are not suitable.9,10 Important strides have
been made in this area based on novel forms of hard carbons,
metal alloys and a recently synthesized metal oxide Na2Ti3O7.10–12

Among positive electrode materials, metal oxides that include
Na0.44MnO2,13–15 and more recently, the highly promising P2-type
Nax[Fe0.5Mn0.5]O2,16 and Na0.85Li0.17Ni0.21Mn0.64O2 (ref. 17) have
drawnmuch attention. Unlike their lithium analogues, Na0.5MO2

layered compounds do not transform to the spinel polymorph
due to the larger size of Na-ions, and hence NaxMO2 layered
materials display improved cycling stability. Amongst the various
polymorphs of Na–metal-oxides, the O3-type in which Na sits on
an octahedral site, tend to be of lower practical gravimetric
capacity than the P2-type that adopt a structure with Na-ions in
prismatic geometry.18,19 Electrochemical de-intercalation of Na+

cations from these oxides occurs via phase transitions between
multiple intermediate phases, adding to the complexity of ion-
migration during charge and discharge.

Recently this topic has been examined in detail using
computational studies that suggest that Na-ion migration ener-
getics in oxides can be highly favourable.6 These materials are
being intensively investigated due to very attractive opportunities
for developing low cost, high performance Na-ion positive elec-
trode materials. Materials such as NASICON,20 NaVPO4F,21

NaFePO4 (ref. 22–24) and Na2FePO4F25–27 which contain “poly-
anions” in their framework have also been recently investigated.
Unlike the oxides, they usually display a at voltage response
upon Na-(de)intercalation due to their structural energetics that
drives two-phase behavior and formation of a well-dened phase
boundary between Na-rich and Na-poor phases. Their robust and
stable frameworks oen display better capacity retention than
the oxides at the expense of slower kinetics. While there have
been many theoretical and experimental studies of Li-ion
migration behavior in such systems only one recent paper has
analyzed the energetics of Na-ion migration.6

Our interest here focuses on the polyanion materials owing
to their potentially more stable cycling behavior, and the
insights that can be gleaned by comparing Na-ion transport in
the one dimensional channels of the olivine, NaFePO4, to that
in the two dimensional layers of the phosphate, Na2FePO4F.
Olivine NaFePO4 can be synthesized by ion exchange from the
parent lithium iron olivine.22,23 It (de)intercalates Na-ions at
3.2 V at very slow rates of discharge. The mixed Fe–Mn system
NaFe0.5Mn0.5PO4 was also synthesized recently by direct
methods,23 and it gives a characteristically sloping electro-
chemical curve when cycled in a Na-ion battery. We note that
conicting reports have emerged regarding the electrochemical
properties of olivine NaFePO4. While the initial study by Moreau
2258 | Energy Environ. Sci., 2013, 6, 2257–2264
et al.22 indicated that carbon coating of the parent material
LiFePO4 did not impact the electrochemical performance of
olivine NaFePO4, recent investigations by Zhu et al.28 has
demonstrated superior electrochemistry properties upon
carbon coating (�100 mA h g�1 at 0.1 C rate) than that obtained
previously. The performance is still inferior to that of the carbon
coated lithium analogue, however.

Layered Na2FePO4F was rst synthesized, and electrochemi-
cally investigated by Ellis et al.25 The structural renement was
carried out on single crystals grown from a reaction melt. The
unique ability of this structure to reversibly intercalate Li/Na ions
without any signicant stress stems from its robust 2D frame-
work created by interconnected FeO4F2–PO4 polyhedra that form
two-dimensional slabs. Na+ ions are nestled both near the sheets,
and also between the layers in the interplanar region.29 The
interlayer cations are conserved during cycling, acting as pillars
to stabilize the structure. Importantly, thematerial exhibits only a
small volume difference (3.7%) when Na ions are de-intercalated
from the 2-D layers of the structure. The initial electrochemical
study demonstrated facile and reversible intercalation of Li+

when the material was used as a cathode in a Li cell, via rapid
exchange of Na+ in one of the sites with Li+. Na2FePO4F also
intercalates Na+-ion reversibly at an average of 3.0 V, as later
demonstrated for both ionothermally,26 and solid state27,30

prepared materials. Capacities of about 110 mA h g�1 were
obtained at current densities of 12.4mA g�1 with as little as 1.3 wt
% carbon coating using ascorbic acid as the carbon source, which
also had the positive effect of reducing particle size.30 This
suggests acceptable rate capability comparable to that obtained
in the Li cell, despite the larger size of the Na+ cation.

To gain a greater understanding of the atomic-scale features
inuencing the electrochemical properties of layered Na2Fe-
PO4F and olivine Na(Fe,Mn)PO4, we report here a computa-
tional study using well-established atomistic simulation
methods to investigate Na-ion transport and the formation of
intrinsic defects in these two contrasting materials.
Methods

The techniques are detailed elsewhere31 (including the ESI†) and
hence only a general description will be given here. Interactions
between ions in the phosphate and uorophosphate structures
consist of a long-range Coulombic term and a short-range
component representing electron–electron repulsion and van der
Waals interactions. The short-range interactions were modeled
using the two-body Buckingham potential31 (ESI Table S1†). An
additional three-body term was used for the PO4

3� units to
account for the angle-dependent nature of the O–P–O bonds.32

The well-known shell model33 was employed to account for the
ionic polarizability effects. The cation–anion interactions were
obtained from previous studies on phosphates34 and uo-
rosulfates35,36 with renement of the Na–O, O–F and Na–F
potentials. As argued previously, the success in employing these
interatomic potential methods is assessed primarily by their
ability to reproduce observed properties such as crystal structures
and bond lengths. Indeed, the methods are found to work well,
This journal is ª The Royal Society of Chemistry 2013
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even for compounds where there is undoubtedly a degree of
covalency, such as aluminophosphates and olivine silicates.37

The lattice relaxation around defects and migrating ions was
calculated by an implementation of the Mott–Littleton scheme
incorporated in the GULP code.38 This method partitions a
crystal lattice into two regions, where ions in the inner region
immediately surrounding the defect (greater than 700 ions) are
relaxed explicitly. The relaxations of such a large number of ions
are important for charge defects that introduce long-range
electrostatic perturbations and are not easily treated by elec-
tronic structure methods. To calculate energy barriers of Na+

migration, the conventional hopping model for diffusion into
adjacent vacancies was used. These simulation techniques have
been used successfully on a wide range of inorganic solids,
including recent work on the positive electrode materials
LiFePO4,39 AFeSO4F36 (A ¼ Na, Li), Li2FeP2O7 (ref. 40) and the
negative electrode vanadate material, LiVO2.41
Results and discussion
Structures and intrinsic defects

In the olivine NaMPO4 structure (space group: Pnma, M ¼ Fe,
Mn), MO6 octahedra link to each other via corner sharing in the
ab plane. Sandwiched between these planes are PO4 tetrahedra
which share corners and edges with the MO6 octahedra. This
well-known framework provides open channels along the b-axis
in which Na ions are located (Fig. 1a and b). A unique ordered
composition, Na0.7FePO4 is also reported to form on electro-
chemical oxidation of NaFePO4, although its precise structure
has not yet been elucidated.22 In the layered Na2FePO4F struc-
ture, Fe2+ ions are located on two crystallographic sites (Fe1 and
Fe2) and coordination polyhedra around them are connected to
Fig. 1 (a) Unit cell of olivine NaFePO4 (grey octahedra: FeO6 and yellow tetrahed
NaFePO4 (numbers in brackets show these lengths for isostructural LiFePO4); (c) coor
range Na migration along the b-axis in olivine NaMPO4.

This journal is ª The Royal Society of Chemistry 2013
form face-sharing bi-octahedral units. These units are con-
nected in the a-direction to form Fe–F–Fe chains. The parallel
chains are connected to each other by PO4 tetrahedral units
along the c-direction, thus forming a layer of Fe2O6F3–PO4 units
in the ac plane. Na+ ions reside in these interlayer spaces (Fig. 2a
and b).

These two structures, which differ greatly in their architec-
ture – but not too signicantly in chemical composition –

provide a good platform to investigate the factors underlying
the observed electrochemical properties. Their calculated lattice
parameters and comparison to the experimentally reported
values are shown in Table 1. Lattice parameters (unit cell
lengths and angles) for the three olivine (Fe, Fe/Mn, Mn) and
layered compounds were simulated within a maximum differ-
ence of 1.2% from experimentally reported values. The bond
lengths were also very similar. Reproduction of the lattice
parameters and bond lengths provides additional validity to the
interatomic potentials used for simulating defects and Na-ion
migration.

Insight into the defect properties of cathode materials is
crucial to the full understanding of their electrochemical
behavior, especially the possibility of “blocking” anti-site
defects in 1D ion conductors. The energy of formation of
various types of Schottky and Frenkel defect were calculated by
combining isolated vacancy and interstitial energies using the
following equations (in Kröger–Vink notation):

Na Frenkel:NaNa/Na$i þ V 0
Na (1)

M Frenkel:MM/M$$
i þ V 00

M (2)

Na2O Schottky:2NaNa þOO/2V 0
Na þ V $$

O þNa2O (3)
ra: PO4) and Na–Na distance along the b-axis; (b) tunnel dimensions for olivine
dination octahedra around the Na-site and examples of the hop window for long

Energy Environ. Sci., 2013, 6, 2257–2264 | 2259
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Fig. 2 (a) Unit cell of layered Na2FePO4F (grey octahedra: FeO6 and pink tetrahedra: PO4) and Na–Na distances (cutoff distance: 4 Å) (b) Fe and Na layers in layered
Na2FePO4F. Coordination octahedra around the Na-site in Na2FePO4F and examples of the hop window for long range Na migration path, (c) along the a-axis; and (d)
along the c-axis.

Table 1 Calculated lattice parameters for olivine NaMPO4 and layered Na2Fe-
PO4F, and comparison to previously reported experimental values23,25 obtained by
refinement of powder X-ray diffraction patterns as indicated

Lattice parameters a (Å) b (Å) c (Å)

NaFePO4

Experimental 10.4109 6.2283 4.9521
Calculated 10.3167 6.1635 4.9293
D �0.0942 �0.0649 �0.0228

NaMnPO4

Experimental 10.5576 6.3355 4.9962
Calculated 10.6663 6.3021 4.9608
D 0.1087 �0.0335 �0.0353

NaFe0.5Mn0.5PO4

Experimental 10.4933 6.2957 4.9801
Calculated 10.4617 6.2182 4.9436
D �0.0316 �0.0775 �0.0365

Na2FePO4F
Experimental 5.2200 13.8540 11.7792
Calculated 5.2308 13.8469 11.7437
D �0.0109 0.0084 0.0342

Table 2 Energies of formation (in eV) of intrinsic defects in olivine and layered
compounds

Defects NaFePO4 NaFe0.5Mn0.5PO4 NaMnPO4 Na2FePO4F

Na Frenkel 2.25 2.29 2.35 3.22
Fe Frenkel 6.6 5.01 — 5.24
Mn Frenkel — 4.91 7.28 —
Na2O Schottky 10.05 10.06 9.71 10.78
FeO Schottky 7.31 7.48 — 5.19
FeF2 Schottky — — — 4.31
MnO Schottky — 9.79 9.38 —
Na/Fe antisite
pair (isolated)

0.86 0.86 — 1.00

Na/Mn antisite
pair (isolated)

— 1.02 1.06 —
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NaF Schottky ðNa2FePO4FÞ: NaNa þ FF/V 0
Na þ V $

F þNaF

(4)

MO Schottky ðM ¼ Fe; MnÞ: MM þOO/V 00
M þ V $$

O þMO (5)

Anti-site defects which form by exchanging cations (Li+/Fe2+)
on neighboring sites have been reported to signicantly affect
the electrochemical performance of the olivine LiFePO4. We
2260 | Energy Environ. Sci., 2013, 6, 2257–2264
examined the possibility of such Na/M anti-site defect forma-
tion in both materials, which can be written as follows:

MM þNaNa/Na0M þM$
Na (6)

Resulting defect energies for NaMPO4 (M ¼ Fe, Mn,
Fe0.5Mn0.5) are listed in Table 2. The high formation energies
indicate that all of the Frenkel and Schottky defects are unfa-
vorable in olivine-type materials and would only be present in
negligible concentrations in the bulk. This trend is similar to
the energies of defect formation previously reported for
LiFePO4.39 In contrast, antisite defects are found to have low
defect energies (Table 2) which indicates that these are the most
favorable type of intrinsic disorder in olivine NaMPO4. Indeed,
the much lower energy of formation compared to LiMPO4

(0.86 vs. 1.13 eV (ref. 39)) is consistent with the fact that upon
heat treatment, olivine NaFePO4 readily transforms to the more
This journal is ª The Royal Society of Chemistry 2013
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Table 3 Na migration activation energies (in eV) of (a) olivine NaMPO4. (b)
layered Na2FePO4F

(a)

Direction Ea (NaFePO4) Ea (NaFe0.5Mn0.5PO4) Ea (NaMnPO4)

[010] 0.32 0.36 0.46
[001] 2.73 2.90 3.10
[101] 3.03 1.50 1.51

(b)

Direction Ea (Na2FePO4F)

[100] 0.29
[001] 0.44
[010] >2.0
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thermodynamically stable maricite phase,42 where, compared to
the olivine, the Na and Fe sites are switched in the structure:43

i.e., the alkali cation occupies the M2 site, and the transition
metal occupies the M1 site. The thermodynamic preference of
the maricite structure over olivine for NaFePO4 has also been
conrmed by computation.6,22 Site preference is driven by a
complex interplay between cation charge and size effects. In
olivine LiFePO4 where Li+ (r ¼ 0.76 Å) or Fe2+ (r ¼ 0.78 Å) are
effectively the same size, the higher charge on Fe2+ results in
preference for the M2 site. However, when the size mismatch is
signicant, the larger cation (Na+; r ¼ 1.02 Å) is driven onto the
M2 site. The different connectivity of the Fe and Na octahedra in
maricite compared to olivine does not provide a free Na-ion
migration pathway (as conrmed by preliminary calculations
that suggest the alkali diffusion barrier is very high)6 and results
in a structure that is not amenable to Na+ (de)insertion.

In its thermodynamically stable form, NaMnPO4 adopts the
maricite structure, although in another polymorph of NaMnPO4,
natrophilite, the M1 andM2 sites are both half occupied by Mn2+

(0.83 Å) and Na+. As a result, the only method for preparing
electrochemically active olivine NaMPO4 relies on the topotactic
conversion of olivine LiMPO4 (for M ¼ Fe) via a delithiation–
sodiation process or a low temperature synthesis method
involving a topotactic conversion of NH4FexMn1�xPO4$H2O in
NaFexMn1�xPO4. The fact that direct methods cannot be used to
prepare crystalline olivine NaFePO4 conrms the highly meta-
stable nature of this phase and consequently its tendency for
cation disorder. The topotactic synthesis method ensures that
the obtained product forms with a minimum concentration of
antisite defects. However, the extraction of Na during electro-
chemical charge may trigger the formation of antisite defects as
has been observed for Li0.90Ni0.45Ti0.55O2 obtained from
Na0.90Ni0.45Ti0.55O2.44

In the context of ion diffusion, the antisite defects bear more
signicance in the case of olivine materials as their presence
blocks the only available 1D channel for alkali ion migration.
Therefore, anti-site defects demand that diffusion occurs via
higher energy pathways, ultimately raising the energy barrier for
Na/Li ion migration in the structure.39 This results in the
reduced power and capacity of the cathode material. For layered
Na2FePO4F (Table 2), all the Frenkel and Schottky defects are
also unfavorable. The energy of formation of antisite defects is
much lower, and also comparable to that of the olivine, and
suggests a small, signicant percentage of Fe on Na sites and
vice versa in the layered structure.
Fig. 3 Na ion migration path along the b-axis in olivine NaMPO4. Black spheres
represent Na atom sites in the olivine structures and green spheres show the most
facile pathway for Na-ion hopping. MO6 and PO4 polyhedra are represented in
grey and yellow respectively.
Na ion migration

For olivine NaMPO4, we examined possible Na migration
pathways already identied for Li migration in olivine
LiFePO4.39 These paths are: (i) along [010], (ii) along [001], and
(iii) along [101]. The path along the b-axis [010] provides facile
channels for Na ion migration. Along the [001] path, Na+ ions
are at relatively long distances from each other and coordina-
tion polyhedra surrounding Fe and P provide a narrow window
for ion migration. The path along [101] bisects the a and c-axes
and passes through a narrow window formed by MO6 and PO4
This journal is ª The Royal Society of Chemistry 2013
polyhedra. Table 3a lists the calculated energies for these
pathways. Activation energies along the [001] and [101] paths
are relatively high (>1.5 eV), as expected from the above
descriptions and are therefore unfavorable for Na+ ion migra-
tion. This nding is similar to that reported for Li ion migration
in LiFePO4.34 Interestingly, the activation energy along [010] is
lower than the activation energy calculated for Li ion migration
along the same direction in LiFePO4 (0.55 vs. 0.31 eV). Our Na
migration energy is very similar to that calculated by Ong et al.6

using DFT methods, although they nd a slightly lower Li
migration energy for LiFePO4, and note that the energy barrier
differences for Na and Li migration are highly structure
dependent.

Fig. 3 shows the minimum energy migration pathway for Na
ions indicating a curved trajectory between Na sites along the
1D channel (rather than direct linear jumps). A very similar
pathway for Li ion migration in LiFePO4 was previously pre-
dicted by Islam et al.39 and was subsequently conrmed by
Energy Environ. Sci., 2013, 6, 2257–2264 | 2261

http://dx.doi.org/10.1039/c3ee40914g


Fig. 4 Na-ion migration path along the a and c-axes in Na2FePO4F; octahedral
FeO4F2 and tetrahedral PO4 are represented by grey and yellow respectively. (a)
Along the c-axis, the long range migration path is formed by combination of
N4–N3–N6. (b) Along the a-direction, Na-ions migrate by a combination of
N3–N5 hops.
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neutron diffraction maximum entropy methods.45 For the
mixed-metal compound NaFe0.5Mn0.5PO4, the Na-ion migration
energy barriers are slightly higher than for NaFePO4 (Table 3a),
but still remain slightly lower than their Li analogues (i.e.,
LiFe0.5Mn0.5PO4).34

The higher mobility of Na+ in NaFePO4 in comparison to Li+

in isostructural LiFePO4 could be attributed to much longer
average lengths of Na–O bonds (2.34 Å) than Li–O bonds (1.96
Å). This suggests that the tunnels along the b-axis are more
spacious in Na-compounds (Fig. 1b), but naturally the size of
the Na+ cation is also larger than that of Li+. Fig. 1c shows two
edge-shared NaO6 octahedra both of which are slightly tilted
towards each other thereby opening the faces below the shared
edge. Such distortion adds to the space for the curved path for
Na migration. In addition, it is known that polarizability effects
are important as there are differences between the transport
behaviour of highly polarizing cations such as Li+ and that of
less polarizing cations such as Na+.

In contrast, the layered Na2FePO4F unit cell has six unique
Na–Na distances (numbered N1 to N6) leading to the possible
migration paths that were considered and shown in Fig. 2a.
Fig. 2c and d display examples of the migration window avail-
able for Na migration along the a and c-axes. Na+ ion polyhedra
connected by hops N2 and N6 share edges with each other,
whilst polyhedra connected by hop N3 and N5 share faces.
Fig. 4a and b illustrate the lowest energy migration paths for
Na+ and the associated energy barriers for Na2FePO4F. The
activation energy for inter-layer transport was also calculated,
but is not shown on the diagram since its value is much higher
(>2 eV).

The results (Table 3b) reveal that the lowest energy pathways
in Na2FePO4F involve Na migration parallel to the a- and c-axes
with energy barriers for long-range diffusion of about 0.3 and
0.4 eV respectively. Fig. 4 indicates that migration in the
c-direction occurs through N4–N3–N6 hop sequences, and that
migration in the a-direction occurs through an N3–N5 pathway.
These results show that there should be high Na+ mobility
within the a-axis and c-axis channels, and 2D Na migration in
the ac plane. This behaviour contrasts with that of NaFePO4,
which only allows Na+ migration along 1D channels parallel to
the b axis. Most importantly, ion blocking by anti-site defects is
much less likely to make a signicant difference to Na-ion
migration in Na2FePO4F than it does in olivine materials
exhibiting 1D diffusion. It is interesting that the calculated
energy barriers in Na2FePO4F are almost the same as in olivine
NaMPO4 (�0.3 eV), but much lower than the values found for
tavorite-type NaFeSO4F (>0.6 eV) using similar simulation
methods.36

Na-de-/intercalation from Na2FePO4F has been observed to
be much more facile than olivine NaFePO4 (vide supra).27,28

Given the similarity in activation energy for migration, this
suggests that the volume expansion between the reduced and
oxidized phases is the major contributor to determining elec-
trochemical performance of the olivine material. All of these
compounds (including tavorite NaFeSO4F, which is almost
electrochemically inactive) form a phase boundary between
oxidized and reduced phases during charge/discharge which
2262 | Energy Environ. Sci., 2013, 6, 2257–2264
imposes an additional activation energy barrier that corre-
sponds to movement of the phase front in the material. Elec-
trochemical performance is controlled by the amount of strain
generated in this phase boundary, as well as by the activation
energy barrier (Ea) for ion transport. Strain generated in the
phase boundary is proportional to the difference in the unit cell
volume (DV) of the oxidized and reduced phases which is �17%
for NaFePO4, but only �3.7% for Na2FePO4F. In the case of
olivine NaFePO4, it has been recently pointed out that the stress
generated by formation of the phase boundary is the root cause
for different electrochemical proles during charge and
discharge.46 For the mixed transition metal phosphate
NaFe0.5Mn0.5PO4, it has been reported23 that no phase boundary
is formed upon Na de/-intercalation. However, a very large
strain in the material can still be expected during the charge–
discharge process, as there is about a 21% unit cell volume
difference between fully oxidized and fully reduced
This journal is ª The Royal Society of Chemistry 2013
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compositions. A large volume change between the end
members also induces very signicant polarization during
charge and discharge as seen for olivine NaMPO4.23 In contrast,
polarization is almost absent in the case of carbon coated
layered Na2FePO4F.27 At a moderate rate of 0.1 C, the reversible
gravimetric capacity of carbon coated olivine NaFePO4 and
layered Na2FePO4F has been reported to be �110 mA h g�1 and
�100 mA h g�1 respectively.27,28 Capacities obtained aer 20
cycles are almost similar for both. This is despite the lower
theoretical gravimetric capacity of Na2FePO4F than NaFePO4

based on the Fe2+/3+ couple. While a direct comparison cannot
be made in these cases due to differing carbon content/coating
techniques, in general it is well accepted that a minimal volume
difference on redox provides better cyclability and lower polar-
ization. We believe this rationalizes the trend in the electro-
chemical performance of the polyanion families that have been
studied to date: specically NaFeSO4F (Ea ¼ 0.60–0.91 eV, DV ¼
14.3%) > NaFePO4 (Ea ¼ 0.32 eV, DV ¼ 15%) > Na2FePO4F (Ea ¼
0.30 eV, DV ¼ 3.7%).
Conclusions

Our simulations show good reproduction of the observed
structures of all the olivines (NaMPO4) and layered (Na2FePO4F)
materials that were investigated. The energy for antisite defect
formation in olivine NaMPO4 is lower than in LiFePO4, sug-
gesting a higher degree of Na on Fe sites in accordance with the
known metastability of the ordered NaMPO4 phases. Signi-
cantly, the activation energy barrier for Na-ion conduction in
the NaFePO4 olivine framework along the 1D channels is lower
than for Li-ion migration in LiFePO4. The Na migration barriers
in the layered Na2FePO4F are equally favourable, indicating
high Na mobility through a 2D network in the ac plane.

The relationship between ionic transport and electro-
chemical properties among these materials highlights the
crucial importance of the volume expansion-induced strain on
de(intercalation), which is more substantial for the larger Na+

(vs. Li+) ion. This has also been highlighted recently by others.28

The strain contributes signicantly to the overall energy for
redox phase transformation, and hence materials with a high
volume difference between the end member phases will
invariably lead to poor rate capability and also faster capacity
fade owing to electrochemical “grinding” which induces
amorphization of the active material during charge and
discharge. Where this is coupled with a high activation energy
for Na-ion transport (e.g. $0.8 eV) extremely poor electro-
chemical properties can be predicted, an example being NaFe-
SO4F which exhibits almost zero intercalation capacity despite
having an open tavorite-like framework that is favorable for
cation migration. Intermediate volume expansion combined
with good ion transport gives better, but still poor properties for
1D conductors such as NaFePO4, where antisite defects present
additional barriers to Na+ diffusion. However, very promising
electrochemical properties can be anticipated for Na+ ion
materials with low volume expansion on redox – and where
good electrical conduction is supported – since activation
energy migration barriers can be low, as in the case of
This journal is ª The Royal Society of Chemistry 2013
Na2FePO4F. Although the interplay of all the above factors is
clearly complex and still under investigation, these ndings
provide guidelines for the future design and synthesis of high
rate Na-ion positive (and negative) electrodes for intercalation
batteries.
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