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A novel sulfate material, Na,Fe,(SO4);, was recently proposed as a high-density cathode material for
sodium-based batteries (Barpanda et al., 2014). This study presents ab initio simulations describing the
effect of partial oxygen-to-nitrogen substitution in this material with the aim of increasing the sodium
capacity of the structure as well as its energy density. The considered structure with the most likely sub-
stitution configuration increases the theoretical energy density to 650 W h kg~', improving over the the-
oretical value of 480 W h kg~! for the original, nitrogen-free structure.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Electrochemical energy storage is an essential component of
many modern technologies, from portable electronic devices to
electric cars. The pioneering experimental studies of the complex
oxide compounds [2,3] suggest that these systems could meet
the energy storage demand for these usages effectively and safely.
As materials improvements lead to reduced costs, massive grid-
scale electrochemical storage also becomes an economically viable
pathway to decouple electrical energy production and consump-
tion, allowing the large-scale use of intermittent renewable energy.
These two broad classes of storage applications, mobile and immo-
bile, have different critical requirements: mobile storage must
maximize energy density by weight whereas large-scale immobile
storage demands low costs and long material lifetimes. While the
need for cheap and energy dense materials remains strong, it is
feared that lithium-ion-based technologies, currently dominating
portable device markets, are now mature and can only offer at
most 30% improvement in energy density by weight [4]: the next
generation of energy storage materials may well lie beyond the
Li ion-transition metal redox paradigm.

One route departing from this paradigm and receiving renewed
attention is that of sodium ions in intercalation compounds [5-7].
It is sometimes believed that sodium leads to lower voltages
because its anodic half-cell potential is 0.33 V higher than that of
lithium. Yet, this reasoning is misleading [8] and the recent synthe-
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sis and characterization of a novel sulfate, NayFe,(SO4)s, utilizing
the Fe?*/Fe3* redox level and exhibiting an average intercalation
voltage of 3.8V, is a remarkable counter-example to this affirma-
tion [1]. The reported structure of NayFe,(SO4)3 (NFS) offers three
distinct Na sites per formula unit where only two of these are occu-
pied on average, leading to a moderate experimental charge capac-
ity of ~100mAhg'.

Another route to improvement, which has emerged recently, is
the partial oxidation of anions in intercalation compounds to
increase capacity. Indeed, the reversible oxidation of oxygen (i.e.,
0 — %O%’ + e~) has been proposed as the underlying mechanism
explaining the higher-than-expected capacities of certain layered
oxides [9] upon lithium de-intercalation. It has also been suggested
that partially substituting oxygen with nitrogen in Li,FeSiO4 may
allow the extraction of more than one Li per formula unit [10,11].

In this work, we seek to combine the two routes presented
above by considering oxygen-to-nitrogen substitution in NFS in
order to increase capacity without jeopardizing the high voltage
of the original structure.

2. Methodology

Simulations of a number of NFS variants with nitrogen sub-
stituents were conducted using the Vienna Ab initio Simulation
Package (VASP) [12] at the level of GGA+U exchange-correlation
functional [13-16], which partially corrects for the shortcomings
of GGA for the correlation energy of d-electrons. Values of U as
parametrized by Wang et al. were used [17,18] along with the
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PAW formalism with high-quality pseudopotentials [19,20]. All
computations were performed with an energy cutoff of 520 eV
and a 4 x 4 x 4 Monkhorst-Pack k-grid. The structures were
relaxed until the largest residual force was smaller than 5 x 102
eV A~'. The thermodynamic stability of the various proposed mod-
ifications was assessed by comparing their total energies to the
total energies of all possible decomposition products available
through the Materials Project online database [18]. Voltages were
computed by comparing the most stable total energies of partially
sodiated structures [8,21]. Simulations and data analysis were con-
ducted with the help of software related to the Materials Project
[22,23].

3. Results and discussion

NFS has either space group symmetry P2,/C or C2/c, the former
fitting experimental observations only slightly better than the lat-
ter [1]. The two structures are very similar but the C2/c structure is
computationally more convenient, as it counts two formula units
per unit cell instead of four for the P2,/C structure, reducing com-
putational efforts; it will thus be used as a starting point, a choice
that should not affect the overall results since the two structures
are close. As can be seen in Fig. 1, the C2/c structure is composed
of pairs of edge-sharing FeOg octahedra arranged in layers and
joined by intra- and interlayer SO, tetrahedra. These layers, as
schematically represented in Fig. 1(a), are stacked in an AB
arrangement shown in Fig. 1(b). The interlayer sulfate groups join-
ing the octahedral from different layers leave large channels where
the sodium ions can readily intercalate. In the original structure
reported by Barpanda et al. [1], there are three symmetrically dis-
tinct sites for Na per formula unit, two of which are occupied on
average in the fully sodiated structure. The oxygen, for it part,
occupies a variety of chemical environments within the structure.
As can be seen in Fig. 1(b), the oxygen cation can belong to an
interlayer tetrahedron or to an intralayer tetrahedron, connecting
to either zero [dangling], one [intralayer(1)] or two [intralayer
(2)] Fe ions. As will be discussed later, the sites labeled “N, bond”
are two intralayer(1) sites which are close enough to form N-N
bond upon desodiation if both sites are substituted with nitrogen.

Nitrogen is introduced by the substitution of one SO3N per for-
mula unit, resulting in NasFe,(S04),(SOsN), a substitution that
could be made possible experimentally thanks to a recent method
introducing this polyanion in compounds [24]. A high specific
capacity could thus be achieved by complementing the Fe?*/Fe**

intralayer (2)

Nz bond

intralayer (1)

(a) Layer in b-c plane

redox with the oxidation of the N>~ anion [11]. There are two for-
mula units per unit cell in the C2/c structure, implying 6 distinct
SO, tetrahedra. Picking 2 tetrahedra out of 6 and accounting for
4 possible sites per tetrahedron leads to 240 possible fully sodiated
structures; a careful accounting of all point symmetries reduces
this number to 68 truly distinct substituted structures.

The total energy of all 68 structures was computed and is pre-
sented in Fig. 2(a), showing that interlayer positions for N are most
stable, followed by intralayer(2) and intralayer(1), and that substi-
tuting a dangling oxygen for a nitrogen is least stable. Three struc-
tures labeled A, B and C were selected for further analysis; the
corresponding substitution patterns can be seen in Fig. 2(b), (c) an
d (d), respectively. The structures A and B were chosen for being
the most stable structures with interlayer and intralayer substitu-
tions; structure C is also considered because it is the only structure
that allows the formation of N, pairs upon desodiation, as can be
seen in Fig. 2(d). Indeed, all intralayer(1)-intralayer(1) structures
of energy lower than C either have their nitrogen substitutes too
far from each other to realistically form a bond, or undergo a relax-
ation of the fully desodiated structure where the N-N distance
remains large.

The computed voltage profiles for structures A, B and C are com-
pared to that of NFS in Fig. 3(a). These average computed voltages
are obtained by considering the energy of every possible interme-
diate level of sodiation for a given structure while maintaining the
original translational symmetry, keeping only the most stable
energies for partially sodiated structures. All these energies,
expressed relatively to that of a mixture of the corresponding fully
sodiated and fully desodiated structures, are presented in Fig. 3
(c), (d), (e) for structures A, B and C respectively. The thermody-
namic stability energy of every partially sodiated structure belong-
ing to a convex hull is presented in Fig. 3(b) where a negative value
indicates thermodynamic stability and a positive value corre-
sponds to the structure’s excess energy when compared to a mix-
ture of correct stoichiometry of all known compounds.

Structures A and B have qualitatively similar properties. Com-
puted voltages decrease monotonously from ~4.5V when struc-
tures are desodiated to about 2.7V in the fully sodiated
structures, a result comparable to the computed voltage profile
of NFS. Whereas fully sodiated NFS is found to be thermodynami-
cally stable, the introduction of nitrogen leads to excess energies of
about 60 meV per atom. This does not preclude dynamical stabil-
ity, however, as no information is available on the energetic barri-
ers to structural changes that could occur.

(b) Structural model of Na,Fe»(SO4)3

Fig. 1. Visualization of the structure proposed by Barpanda et al. [ 1] with C2/c symmetry in an almost orthorhombic supercell shown for clarity. (a) View of the layers lying in
the b-c plane, with various oxygen sites identified; (b) view normal to the a-b plane. Small red spheres represent oxygen, yellow tetrahedra represent sulfate groups and iron
atoms are at the center of brown octahedra. The yellow spheres represent sodium ions. (For interpretation of the references to color in this figure legend, the reader is referred

to the web version of this article.)
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Fig. 2. (a) Computed total DFT+U energy per atom for all nitrogen substituted structures of the form NasFe,(S04),(SO3N), relative to the most stable structure (labeled A). The
primitive unit cell contains two formula units, and thus there are two N per cell; the color code represents the family of each substituted site. Structures for which voltage
curves were computed are identified by A, B and C. (b), (c), (d) Structural model for relaxed desodiated structures corresponding to A, B and C. Small grey spheres represent
nitrogen. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Finally, the magnetizations of every Fe ion in the unit cells of
structures on convex hulls are presented in Fig. 3(f), (g) and (h).
These magnetizations can be used as an approximate proxy for
the redox state of the Fe ions. As an electron arrives from the exter-
nal network to the cathode site during the discharge process, it can
localize on one of Fe atoms, changing its ionic state from 3+ to 2+.
The corresponding change of the electronic configuration of Fe ion
is from 3d° to 3d°. Due to the localized nature of Fe d-electrons in
this compound, each of these configurations features a particular
spin magnetic moment, which is higher for 3+ state and lower
for 2+ state. This makes local magnetic moment (in case of local-
ized d-electrons) a good “signature” of a specific oxidation state
of Fe ion. As sodium ions are removed from the fully sodiated
structure, the Fe ions are oxidized one by one as indicated by their
magnetization changing from ~3.81 to ~4.3 1o, as can be seen in
Fig. 3(f) and (g). The same trend appears in the number of d-
electrons on each Fe site, which go from ~6uo to ~5.649 as sites
are oxidized by the removal of Na, see Fig. S1 of the Supplementary
Material. It is in perfect analogy with the behavior of the nitrogen-
free original NFS structure, as can be seen in Fig. S2 of the Supple-
mentary Material. The voltage profiles from 60 to 180 mA h g~ ! are
driven by Fe redox processes for structures A and B, and we can
compare the various curves using usual chemical arguments. In
going from 6 to 4 Na atoms per unit cell, Fig. 3(f) and (g) show that
Fe sites with nitrogen as nearest neighbors are oxidized. The corre-
sponding average voltages, labeled “second plateau” in Fig. 4, are
significantly lower than the average voltage in NFS. This is not sur-
prising as Fe and N form a more covalent bond than the Fe-O one,
which leads to a higher energy antibonding d-like orbital on the Fe
site. Upon reducing the system, this antibonding orbital becomes
occupied, and its higher energy position leads to a lower effective
voltage. Further oxidation of the structure involves Fe sites without
N near-neighbors for structure A, whereas the Fe sites in structure
B still have N near neighbors. Whereas the simple chemical argu-

ment presented previously still applies to structure B, keeping its
average voltage relatively low, it no longer holds for structure A
and its “first plateau” in Fig. 4 becomes comparable to the average
voltage in the N-free structure.

Further desodiation from 2 to 0 Na in the unit cell leads to a dif-
ferent oxidation mechanism. The magnetization of the Fe ions no
longer changes, precluding an interpretation based on the simple
removal of d-electrons from Fe. The density of states of the struc-
tures having 2 Na per unit cell shows that the occupied electronic
states near the Fermi level have nitrogen and oxygen character
predominantly, as shown in Fig. 5. Further insight into the nature
of the oxidation process can be gained by considering the differ-
ence in electronic density between a structure with 2 Na ions per
unit cell, and the same structure without sodium (no ionic relax-
ation is allowed in order to compare densities directly). We present
this electronic density difference in Figs. S3 and S4 of the Supple-
mentary Material. It can be seen that upon further oxidation, the
electronic charge is removed mainly from nitrogen as well as from
oxygen ions located on the same tetrahedra as the nitrogen ones.
Therefore, the oxidation corresponds to a collective charge removal
from the covalent network of oxygen and nitrogen, and not from an
atomic-like ionization.

Structure C presents features that are qualitatively different
from A and B, with a lower computed voltage profile in Fig. 3(a)
and desodiated structures that are less thermodynamically unsta-
ble, as seen in Fig. 3(b). The Fe magnetizations shown in Fig. 3(h)
indicate that the Fe ions are not oxidized in going from 6 to 3 Na
per unit cells; this is further supported by the density of states pre-
sented in Fig. 5(c) which confirms that the states oxidized in going
from 6 to 3 Na have a dominant nitrogen character. In fact, as can
be seen in Fig. S5 of the Supplementary Material, the nitrogen ions
are located at nearby interlayer(1) sites; upon desodiation, the
structure relaxes significantly bringing the two nitrogen ions in
close proximity to form an N, bond. Fig. 3(h) reveals that the Fe
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Fig. 3. (a) Computed voltages for structures A, B and C of NasFe;(SO4),(SO3N). The voltage of the substituted structures is compared to that of NayFe,(SO4)s. (b)
Thermodynamic stability energy for all levels of sodiation. Only structures belonging to the corresponding convex hull are considered, i.e. the absence of a bar signals that no
structure with corresponding partial sodiation lies on the hull. (c), (d), (e) Total energy for every partially sodiated structure considered, relative to the energy of a mixture of
the corresponding fully sodiated and fully desodiated structures. Lowest energy points are joined by continuous line segments, forming the convex hull: only these points are
used to compute the voltage profiles. (f), (), (h) Computed magnetizations in units of the Bohr magneton for Fe ions in all structures belonging to convex hulls; full squares
represent Fe which have a N near neighbor and open circles Fe which do not; horizontal lines show the values obtained in the pristine structure; the Fe sites are listed in order

of change in their magnetization.
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Fig. 4. Average of Fe?*/Fe>" voltage plateau from Fig. 3(a) from 0 to 60 mA h g~' and
60-120 mA h g~ ! for the nitrogen-free structure and from 60 to 115mAhg~' and
115-170 mA h g~ ! for structures A and B.

d-orbitals are eventually involved upon further oxidation to 1 and
0 Na per unit cell, leading to voltage plateaux in closer agreement
with the other structures.

4. Summary

The use of non-transition-metal redox offers a promising ave-
nue to increase the capacity and energy density of sodium-based
intercalation cathode materials. In particular, the introduction of
nitrogen in NayFe,(SO4); to form NayFe,(S04),(SO3N) could lead
to a significant increase in the theoretical energy density from
480 W hkg! to 650 Whkg™! (structure A). In the most stable
structures considered (i.e. A and B), nitrogen mildly affects the
redox mechanism based on Fe**/Fe**, and then contributes charge
to the further oxidation of the structure once all the iron are in 3+
configurations, in a way similar to what is proposed in Li;FeSiO4_-
Ny [11] although we find no evidence of Fe** involvement.

This is only a first step, of course, on the pathway to establishing
its interest as battery materials. Next steps will require its synthe-
sis to evaluate its ionic conductivity and its cyclability. Irrespective
of the final verdict on this specific compound, the general concepts
leading to its identification remain.

Indeed, the original structure offers a richness of different
chemical environments for oxygen, leading to the possibility of
having two nitrogen ions in relative proximity (structure C).
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colored curves represent projected DOS. The insets show a close up of the density of states near the Fermi energy.
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Although not the most stable structure when fully sodiated, the
half desodiated structure has comparable excess energy to struc-
ture A. While the energy density of structure C, 507 W hkg™!, is
not a significant improvement over the density of the original
structure, it does suggest the tantalizing possibility of storing elec-
trical energy in the N, bond within a crystalline matrix. If this
mechanism could be realized in a transition-metal-free material,
the lower voltage implied by this mechanism would certainly be
greatly offset by the reduction in weight and cost associated with
the freedom from heavy d-electron elements.
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