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Abstract. Based on the density functional theory, we propose a promising cathode material,
NazFe3(SO4)4, applicable for sodium-ion batteries. The crystal structure, stability, average voltage, and
diffusion mechanism are carefully investigated to evaluate the electrochemical properties. The
proposed material exhibits a high voltage of 4.0 V during the Na extraction. A small polaron is proved
to be formed preferably at the first nearest Fe sites to Na vacancy and simultaneously accompanies the
Na vacancy during its migration. Four elementary diffusion processes of the polaron-Na vacancy
complexes, namely two parallel and two crossing processes, have been explored. The significant
difference of activation energies between parallel and crossing processes suggests the substantial effect
of the small polaron migration on the Na vacancy diffusion. We found that the parallel process along
the [001] direction has the lowest activation energy of 808 meV, implying that the Na vacancy
preferably diffuses in a zigzag pathway along the [001] direction.
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1 Introduction such as China, Australia, Argentina, and Bolivia,

would limit the long-term applications and cause
For recent decades, rechargeable Li-ion batteries the dramatic increase in production cost [1].

have predominated the commercial market of the

energy storage systems applicable for portable To struggle with the problems related to Li

. resource, researchers have performed more and
devices, such as laptops, smartphones, and

. more in-depth studies to develop a new positive
cameras. The world’s over-population and the P P P

. . , electrode for rechargeable ion batteries, by using
environmental issues related to global warming

have induced increasing energy demand for other elements, such as Na, K, Mg, and Al as

charge carriers. If lithium is not taken into
rechargeable batteries. However, the scanty global 8

L account, sodium would be the best alternative as a
lithium reserves of only 53 megatons and the

. . . charge carrier for ion batteries [2]. Sodium is the
scattered distribution in a very few countries,
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sixth most abundant element on Earth. Sodium’s
weight contributes to 2.6% of the Earth's crust,
ocean, and atmosphere [3]. Because sodium-based
compounds are more abundant than lithium, it is
expected that Na-ion batteries would have a much
lower production cost. Even though Na ion has a
greater ionic weight than Li ion, Na is lighter than
other elements in the alkaline earth metal group.
Furthermore, Na ion’s radius is just 1.37 times
that of Li, so Na ion can easily diffuse inside
materials with a reasonable energy. Compared
with  analogous lithium-based compounds,
sodium-based cathode materials exhibit high
voltages, good capacities, and high energy
densities [4]. As a result, sodium-based batteries
might replace the Li-ion counterpart to become
the next generation of rechargeable batteries in

the commercial market in the near future.

Transition metal ions play a crucial role in
the electronic structure and electrochemical
properties of cathode materials, and they also
contribute to the production cost of batteries. To
reduce the reliance on Ni or Co compounds,
researchers study other cheaper materials from
abundant transition metals. Among them, iron-
based materials are much cheaper than Ni- or Co-
based compounds because iron is the fourth most
abundant element of the Earth's crust, accounting
for 4.7% of the earth’s weight [3]. Various iron-
based materials, such as oxides and polyanions,
have been reported in many profound works. For
example, Okada et al. [5] report that NaFeO:
exhibit a capacity of 80 mA-h-g-! and a threshold
voltage corresponding to that capacity above 3.4
V. However, due to the movement of iron atoms
to occupy the adjacent Na vacancy sites when Na-
ions are removed, the iron oxide frame structure
would become unstable despite the highest redox
Fe3*/Fet.  The
Nax[Fei2Mni2]O2 [6] show a significantly higher

pairs  of binary  oxides

capacity of 190 mA-h-g-' with a voltage ranging
from 1.8 to 4.2 V. Especially, the polyanion

60

framework compounds gain much attraction from
researchers. An open-circuit voltage of 3.06 V and
a capacity of 110 mA-h-g' of NaFePOsF is
After that, NaFePO: with an
operating voltage of 2.7 V with a capacity of 118
mA-h-g- is also announced [8]. NazFeP207 [9] and
NasFes(POs)2 (P207) [10] exhibiting an overall
voltage of 3.0 and 3.2 V with a capacity of 100

reported [7].

mA-h-g' have also been proposed. In 2014,
Barpanda et al. [11] succeeded in synthesising a
new sulfate-based compound NazFez(SOs)s,
possessing a voltage plateau at 3.8 V with high
mobility of Na-ions along the [001] direction and
requires low activation energy of 280 meV. From
the reported data, it is noted that iron-based
compounds not only have a lower production cost
but also exhibit good electrochemical properties.
These materials are promising for rechargeable

batteries.

Replacing Fe atoms with Mn atoms in the
orthorhombic Na:Mns3(SOs)s compound with a
high voltage of 4.48 V [12], we design a new
cathode candidate applicable for sodium
rechargeable batteries. Herein, we employ the
density functional theory (DFT) to examine the
stability, electronic and electrochemical
properties, and diffusion mechanism of the
proposed material. Since a small polaron would
form at the transition metal sites of the transition
metal-based cathode materials and might hinder
the diffusion of alkali ions, we also utilize the
advanced diffusion model proposed by Dinh et al.
[13] to naturally and accurately describe the
diffusion mechanism of alkali ions. This advanced
model has been widely applied to explore the
alkali vacancy-accompanied polaron complexes in
various cathode materials applicable to both
lithium- and sodium-ion batteries [14-21]. The
effect of small polaron migration in each of the
elementary diffusion processes of Na ion-
accompanying polaron complexes is also carefully

addressed.
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2 Calculation scheme

All density functional theory simulations are
performed by using the Projector Augmented
Wave (PAW) method implemented in the Vienna
ab initio Simulation Package (VASP) [22-25]. The
Perdew-Burke-Ernzerhof (PBE) [26] generalized
gradient approximation with a Hubbard-like U
term (GGA+U, Ut = 4.0 eV [27]) is applied to deal
with 3d orbitals of Fe ions. Cut-off energy of 500
eV is used, and a k-point mesh of 1 x 2 x 2 is
applied, corresponding to a 4 f.u. unit cell. The
spin polarizations for antiferromagnetic (AFM),
ferromagnetic (FM), and nonmagnetic (NM)
configurations are investigated for finding out the
most stable magnetic configuration. All of the
optimizations converge when the residual atomic
forces are less than 0.03 eV/A. For examining the
stability, the phonon spectrum is estimated by
using the PHONOPY code [28] with the non-

analytical correction term [29].

The open-circuit voltage is calculated

according to Formula (1)

V= E[NaxFe3(S04)4] —fe[Fe3(SO4)] — xE[Na] o

where E[NaxFes3(SO4)4], E[Fe3(SO4)], and E[Na] are
total energies of NaxFe3(SO4)s, Fe3(SO4)s, and metal
Na, respectively. x stands for the number of Na

atoms in a chemical formula of the considered

compound.

For the diffusion mechanism, the nudged
elastic band (NEB) [30] calculations are performed
with the spring force of — 5 eV/A. NEB
calculations converge when the atomic forces
become smaller than 0.03 eV/A.

3 Results and discussion

3.1 Crystal structure and stability

The orthorhombic structure of

NazFe3(SOs)s (space group Cmc21) [12] is depicted

crystal

in Fig. 1. Similar to Na:Mns(SO4)s, a unit cell

DOI: 10.26459/hueunijns.v130i1B.6190

Fig. 1. Crystal structure of Na2Mns(SO4)4+. Brown,
grey, blue and red balls indicate Fe, S, Na and O
positions, respectively. Brown octahedra and grey
tetrahedra represent FeOs and SO« groups

contains 12 distorted FeOs groups, which share
their corners with other FeOs octahedra and
sulfate groups SO4. Along the [100] direction, two
octahedra FelOs share one oxygen corner to form
a dimer [Fe20u], linking to other dimers by
sharing oxygen ions with the sulfate groups.
Along the [001] direction, groups FelOs are
connected via sharing two oxygen atoms at their
axial corners to form infinite wave-like [Fel'Os]w
chains. The dimer [Fe20u] group and the infinite
chains [Fe''Os]» connect via the sulfate group to
construct a complicated three-dimensional
framework. The blank spaces function as the

tunnels where sodium ions can be sheltered.

To determine the most stable magnetic
configurations, we calculate the total energies of
the different magnetic configurations, including
antiferromagnetic (AFM), ferromagnetic (FM) and
nonmagnetic (NM) orders. It is found that AFM
configuration would be the most stable structure
with significantly lower energy (Egm — Eapm =
0.341 eV and Eny — Eapm =29.851 eV). Since AFM
configuration is much more stable than the others,
we employed the AFM order to examine the

stability of the proposed materials.

In the

representing the relation between frequencies’

literature, phonon dispersions

normal modes and wave vectors in a crystal are

widely estimated to provide evidence of the
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thermal stability of crystal structures. The phonon
dispersions  are using  the
PHONOPY code [28]. As can be seen from Fig. S1

in the Supplement, no imaginary frequency

estimated by

observed in the phonon spectrum implies that the

proposed material exists thermodynamically.

The lattice parameters of the most stable
structure are listed in Table 1. The octahedral
FelOs has the Fel-O bond lengths in the range of
2.05-2.32 A, while group FeOs has a broader
range of bond length (2.05-2.51 A). However, the
average Fe-O bond length of the two types of
FeOs octahedra are almost identical. The degree of
distortion A can be estimated according to
Formula (2) [12]

_ 1 dn - (d)
A= Eznzm @ @

where d,, and (d) are the particular and average
Fe-O bond lengths. The groups Fe!'Os have a
larger distortion value than the groups FelOs (5.19
x 10~ as opposed to 1.86 x 10-3).

Furthermore, the three nearest Fe
neighbours surrounding each Na ion can be
divided into three groups. The first group consists
of the first nearest Fe neighbours, denoted as
1NN, with a distance of 3.513 A to the nearest Na
ion. The second group contains the second nearest
Fe neighbours (2NN), 3.572 A far away from the
Na ion. The third one is the third nearest Fe
neighbours, denoted as 3NN, with a longer
distance of 3.724 A. Due to the different distances,
Fe ions in the groups would behave differently

when the Na atom approaches or moves away.

Table 1. The lattice parameters, Fe—O bond lengths of the antiferromagnetic configuration (A)

NazFe3(SO4)4 orthorhombic, space group Crmc21

a=14565 A
b=10.035 A
c=8781 A
V=1283.47 A3
01 02 03 04 05 06 Aver.
Fe! 2.163 2.051 2.193 2.319 2.056 2.223 2.167
Fell 2.091 2.052 2.052 2.193 2.205 2.508 2.183

3.2  Electronic structure

To understand the electronic structure of the
proposed material, we calculate the density of
state (DOS) of NazFe3(SO4)s. As shown in Fig. 2a,
NazFe3(SOs)s exhibits the insulating behaviour
with an up-spin gap/down-spin gap of 3.612/3.682
eV. The valence band is well divided into five
main blocks. The first four blocks under 0.3 eV
are contributed mainly by the 2p O states that
hybridize strongly with the 2p S states in the
region lower than —6.0 eV and with the 3d Fe
states in the range —6.0 to —0.3 eV. While the 3d Fe
states do not predominate the first four blocks,
they hold the lion’s share in the block right below
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Fig. 2. Density of states of NaxFe3(SOus)4 structures,
where x =2 and 1.75. The Fermi level indicated by
the dash line is set at 0.
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the Fermi level, implying that the 3d Fe states

would mainly determine the electronic
conductivity of the material. Furthermore, in the
conduction band, the 3d Fe states dominate the
two first blocks while the 2p O and S states hold a
small share in these blocks. Like Na:Mns(SOs)4
[21], Na24sMni79(SOs)s [31], NaVOPOs [20], and
LiFePOs [13],

electronic properties in terms of the cathode

NazFe3(SOs)s  possesses similar

material applicable for rechargeable batteries.

3.3  Average voltage

Using the formula (1), we calculate the open-
circuit voltage of Na2Fe3(SOs)s. This material
exhibits a high voltage of 4.01 V, which indicates
that NazFe3(SOs)s can be a promising cathode
material applicable for rechargeable batteries.
Compared with NaxMns3(504)4 [12], NazFe3(5O4)4
possesses a slightly lower voltage. However,
NazFe3(SO4)+ has a higher voltage than NaFeO:
(3.3 V) [32] or NaFePOs (2.8 V) [33].

3.4 Formation of small polaron

As mentioned in the introduction section, the
small polaron plays an essential role in the
diffusion processes of the sodium ions in the
transition metal-based cathode materials. When a
sodium atom is removed from the host
NazFes3(SOs)4, a positive hole would appear at a
transition metal site. The strong Coulomb
attraction between the positive hole and the
negative anion O* causes the Fe-O bonds of a
FeOs octahedron to shrink steadily, resulting in a

local distortion at the transition metal site where

the hole appears. The local distortion confines the
hole inside. As a result, a small polaron is formed
at the transition metal sites. In the perfect
structure of NazFe3(SOs)s, three iron atoms in
three FeOs octahedra surround each Na ion. The
iron atoms can be divided into three groups: first
(INN),
neighbours (2NN), and third nearest neighbours
(BNN). The distances from the vacancy of the
sodium ion to INN, 2NN, and 3NN sites are
3.513, 3.572, and 3.724 A, respectively. Therefore,

when one Na vacancy is introduced to the perfect

nearest neighbours second nearest

structure of Na2Fe3(SOs)s, three possible cases,
where small polaron could be localized at one of
the 1NN, 2NN, or 3NN sites, should be
investigated. Among these configurations, the one
with the polaron formed at the INN Fe site is the
most preferable with lower energy (Exnn — Einn =
107 meV and Esnn — Einn = 113 meV), indicating a
higher binding energy between the polaron at the
1NN Fe site and the Na vacancy.

The Fe-O bond

magnetization moment of Fe ions of the most

lengths and the

stable configuration, where the polaron is at INN
site, are given in Table 2. The average Fe-O bond
shrinkage at the 1NN Fe site by 0.12 A (from 2.167
A to 2.047 A), together with the increase in the
magnitude of magnetic moment at the INN Fe
site from 3.782 to 4.292 us, confirms the polaron
formation at the INN Fe site. Furthermore, the
appearance of the bound state in the bandgap of
the density of states of NaiszsFe3(SO4)s, as shown
in Fig. 2b, also provides stringent evidence to
reveal the self-trapping phenomena of a hole in a

local distortion.

o

Table 2. Fe-O bond length and magnetic moment change before and after polaron formed at 1NN site (A)

o1 02 03 05 06 Aver. Mag. (ug)
Before 2.163 2.051 2.193 2.319 2.056 2.223 2.167 3.782
After 2.12 2.008 1.990 2.205 1.982 1.975 2.047 4.292
DOI: 10.26459/hueunijns.v130i1B.6190 63
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3.5 Diffusion mechanism

To understand the ionic conductivity deeply, we
investigate the diffusion mechanism of Na-
vacancy in the proposed material. For this
purpose, we first define all the possible
elementary diffusion processes (EDPs) inside the
material. Each EDP is a simultaneous diffusion
process of Na vacancy and its accompanying
polaron. Three typical elementary diffusion
processes are single, crossing, and parallel
processes [13]. The single process occurs when the
accompanying polaron stays at its site during the
movement of Na vacancy. The crossing or parallel
processes occur when the polaron hops between
two adjacent transition sites across or parallel to
the Na vacancy trajectory. In this material, the
single process cannot occur due to the
arrangement of the Fe sites. As indicated in Fig. 3
and Fig. 4, four different EDPs between two
adjacent Na-vacancy sites of NazFe3(SOs)s can be

explored from NEB calculations:

(i)  Parallel [Nai-FeiOe]
complex diffuses to the [Nas—FesOs] complex with

process pl: the

a reaction coordinate of 6.0 A. This process has an

activation energy of 816 meV.

(i)  Parallel [Nas—FesOs]
complex migrates to the [Nas-FesOs] with a

process p2: the

reaction coordinate of 8.2 A. The activation energy
of this process is at the lowest value of 808 meV.

(iii) Crossing process cl: the [Nai—FeiOs]
complex jumps to the [Nas—FesOs] complex with
an activation energy of 915 meV, which is larger
than one of the previous parallel processes. The
trajectory of Na-vacancy also has the form of a

parabola with a 7 A distance.

[Nai—Fei1Os¢]
complex moves to the [Nas-FesOs] complex. The

(iv) Crossing process c2: the

reaction coordinate is about 7.8 A. The activation
energy of this process is highest and equal to 946
meV, and this is probably the least preferable one

among the four diffusion processes.

Fig. 3. Four elementary diffusion processes including parallel processes p1 (a) and p2 (b); crossing processes c1 (e)
and c2 (d). The dark blue and green balls illustrate the diffusion trace of Na vacancy, initial and final position of Na
vacancy. The arrows represent the polaron hopping between two green FeOs octahedra.
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Fig. 4. Activation energy profiles with respect to
reaction coordinates of four elementary diffusion
processes

Obviously, pl and p2 are more preferable
diffusion processes because they have lower
activation energy by 100 meV than the crossing
processes. It implies that the effect of positive
polaron migration on Na vacancy diffusion is
substantial in the proposed material. The p1 and
p2 processes have a small activation energy
difference of only 8 meV, implying that both
However, for the

processes may  oOccur.

continuous diffusion in the whole material, the p1

process would proceed with combinations with
the c1 or ¢2 process. Thus, the pl process hardly
occurs at a high Na regime while the p2 process is
preferable.  Consequently, the favourable
diffusion pathway would be a combination with
the p2 process, as illustrated by the zigzag-like

trajectory along the [001] direction in Fig. 5.

The proposed material exhibits slightly
lower activation energy than Na:Mns3(5O4)4,
indicating that this proposed material may have a
slightly =~ higher  ionic = conductivity  than
NazMns3(SOs)s. Besides, in both Na2Mns3(SOs)s and
NazFe3(SOs)4, the Na vacancy favourably diffuses
in a one-dimensional pathway along the [001]

direction.

4 Conclusion

The crystal structure, electronic structure, voltage,
and the diffusion mechanism of a new cathode
NazFe3(SOs)s  are

investigated. The proposed material exhibits a

material systematically
high open-circuit voltage of about 4.0 V and an
activation energy of 808 meV for the Na ion

diffusion and can be expected as a promising

candidate for cathode materials.

Fig. 5. The most preferable diffusion pathway along the [001] direction
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