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tanding of structural evolution,
ion transport and oxygen stability in layered
NaFeO2†

Yurui Gao, a Zhaoxiang Wang bc and Gang Lu *a

a-NaFeO2 shares a structure similar to many layered electrode materials in Li-ion and Na-ion batteries. In

this work, first-principles calculations are carried out to gain atomistic understanding of structural evolution,

ion transport and oxygen stability in NaFeO2. Based on the calculation results, we provide an atomistic

description of phase transition and structural changes during the charging process. Meanwhile, we

identify a di-vacancy assisted diffusion mechanism for Na ions and estimate the diffusion barrier that

agrees with experimental data. Furthermore, we reveal that lattice strains could modulate both ion

transport and oxygen stability in NaFeO2. A moderate 3% tension in the out-of-plane direction could

render the ion diffusion barrierless. Moreover, it is predicted that in-plane compressions can stabilize

oxygen and suppress oxygen evolution at high potentials. Thus, a combination of the out-of-plane

tension with the in-plane compression is expected to reduce the diffusion barrier and stabilize oxygen

simultaneously.
1. Introduction

Recent crises in energy and environment has prompted intense
research and development of renewable energy technologies,
among which energy storage is of critical importance. Sodium
(Na)-ion batteries (SIBs) are drawing particular attention as
potential power sources thanks to the abundance of Na in
seawater and the Earth's crust. Several common electrode
materials in SIBs1–6 have been studied and their structural
resemblance to the electrode materials in Li-ion batteries (LIBs)
has been explored. Among them, layered oxides with a formula
of AxMO2 are of great interest. Here A represents an alkali metal
ion andM can be either one or more transitionmetal ions. Most
of this oxide family consists of (MO2)n sheets formed by edge-
sharing MO6 octahedrons, between which the alkali ions are
inserted or intercalated into an octahedral (O), tetrahedral (T) or
prismatic (P) motif of oxygen ions. According to the stacking
order of the (MO2)n sheets, the layered oxides can be further
categorized as O2, O3, and P3 structures, etc.7

Among the layered AxMO2, a-NaFeO2 is of particular interest
because of its low cost, nontoxicity and the fact that it has been
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widely used as a prototypical model for this class of materials.8,9

In a-NaFeO2, (FeO2)n sheets arrange themselves in the O3
structure with ABCABC stacking. The theoretical specic
capacity of NaFeO2 can reach 241 mA h g�1 by assuming that all
the Na ions can be extracted. It has been reported that a-NaFeO2

can deliver a stable and reversible specic capacity of
85 mA h g�1 and exhibits a at voltage plateau at 3.3 V with
a charging voltage cutoff of 3.4 V vs. Na+/Na.10–13 However, its
Coulombic efficiency at the rst cycle is relatively low and the
capacity retention remains unsatisfactory. Moreover, its
performance signicantly deteriorates when NaFeO2 is charged
to a higher voltage above 3.5 V, and the material becomes
electrochemically inactive when charged to 4.5 V.11

Much progress has been made to elucidate redox reaction
mechanism and corresponding structural evolutions in a-
NaFeO2. For example, it has been found that NaFeO2 undergoes
Fe3+/Fe4+ redox reaction during the charge/discharge cycles
accompanied by the formation of a monoclinic phase
(Na0.5FeO2, C2/m).12,14,15 Furthermore, Lee16 et al. reported
a continuous evolution from the hexagonal O3 (R�3m) to O003
(R�3m) and to monoclinic C2/m phases during the charge/
discharge process. They also revealed that Fe4+ species can be
spontaneously reduced to Fe3+, in conjunction with the oxida-
tion of the electrolyte, which leads to lowed Coulombic effi-
ciency and increased electrode impedance. More recently, the
structural transition from O3 (R�3m) to monoclinic C2/m was
conrmed in NaFeO2 by in situ X-ray diffraction and its
connection to the redox reactions has been examined.17

Despite the intense research on NaFeO2 in the past decades,
some fundamental questions remain to be answered. For
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example, the structural evolution at the atomic scale during the
charge/discharge process is yet to be elucidated. The atomistic
mechanism of ion transport in NaFeO2 has not been estab-
lished. Oxygen stability at high potentials is crucial to the
capacity decay of the electrode, but strategies to stabilize oxygen
are still lacking. Although the presence of lattice strain is
ubiquitous during the charge/discharge process, its effect on
the electrochemical performance of NaFeO2 has not been
explored. As well know, theoretical calculations, modeling and
simulations can provide insight into fundamental process that
are not otherwise accessible, and has become an integral part of
material design.18–22 In this work, we aim to bridge these gaps by
rst-principles investigations. More specically, we provide an
atomistic scale understanding of the structural evolution
during the charge/discharge process. We elucidate the atomistic
mechanism by which Na ion transport takes place. The diffu-
sion energy barrier inferred from the proposed mechanism
matches the experimental data. We examine how lattice strains
could modulate ion transport and oxygen stability in NaFeO2. In
particular, we discover that 3% tensile strain in the out-of-plane
direction could render the ion transport barrierless, leading to
ultrafast rate performance. Furthermore, we predict that the in-
plane compressions can stabilize oxygen and suppress oxygen
evolution at high potentials.
2. Computational methodology

Spin-polarized density functional theory (DFT)23,24 calculations
implemented in Vienna Ab-initio Simulation Package (VASP)
are performed with the projector-augmented-wave pseudopo-
tentials25,26 and Perdew–Burke–Ernzerhof27 exchange-
correlation functional. Na (3s), Fe (3d, 4s) and O (2s, 2p)
orbitals are treated as valence states. The DFT + U approach28 is
used to account for the strongly correlated d-electrons in
(FeO2)n. The choice of U is described below. The cutoff energy of
plane-wave basis is set at 500 eV. The nudged elastic band (NEB)
method29–31 is used to calculate the diffusion energy barrier of
Na ion.

The charging of NaFeO2 is modeled by varying x value in
a NaxFeO2 supercell. For NaxFeO2 in R�3m structure (Fig. 1A) with
Fig. 1 The unit cells of NaxFeO2 in R3�m structure (x > 0.5, (A)) and in C2/
NaFeO2.

2620 | J. Mater. Chem. A, 2019, 7, 2619–2625
x ¼ 1 and 0.67, we use a 3 � 3 � 1 supercell (27 NaxFeO2 units).
To model NaxFeO2 in C2/m structure (Fig. 1B) with x ¼ 0.33 and
0.5, a 2 � 3 � 2 supercell (24 NaxFeO2 units) is used. For each x,
we have to consider all possible arrangements of Na vacancies
in NaxFeO2 and identify the lowest energy conguration. This
conguration represents the ground state structure corre-
sponding to a particular charging state. A G-centered k-point
mesh of 2 � 2 � 1 and 2 � 3 � 2 is used in the R�3m and C2/m
supercells, respectively.

3. Results and discussion
3.1 Calibration of U

In this work, we choose U value according to the desodiation
voltage V of NaFeO2, which is calculated as:

V ¼ EðNaxFeO2Þ � EðNaFeO2Þ þ ð1� xÞEðNaÞ
ð1� xÞe (1)

Here E(NaFeO2), E(NaxFeO2) and E(Na) represent the total
energy of NaFeO2, dis-intercalated NaxFeO2 and metallic Na,
respectively. Because the experimental charging potential
exhibits a rather at plateau for 0.67 < x < 1,17 we consider this
voltage the most appropriate to calibrate U. More specically,
we choose x ¼ 0.67 in eqn (1) to calculate the corresponding
voltage, which depends on U as shown in Fig. 1C. With U ¼
5.2 eV, we obtain V ¼ 3.30 V, which matches the experimental
voltage plateau value.17 Hence U¼ 5.2 eV will be used in the DFT
+ U calculations. Note that this U value is comparable to those
reported by others for similar oxides.32,33

3.2 Diffusion mechanism of Na in NaFeO2

Diffusion mechanism of Na ions is crucial to the rate perfor-
mance of NaFeO2. As Na ions occupy the octahedral sites in the
Na layer, the diffusion energy barriers between two adjacent
octahedral sites are calculated to estimate the diffusion
kinetics. In all calculations, the nal site is assumed to be a Na
vacancy. If there is no additional Na vacancy, the diffusion path
between the two adjacent sites is found to be a straight-line, and
the corresponding energy barrier is 0.79 eV (Fig. 2A). This value
is much higher than the experimental value of 0.31 eV.15
m structure (x # 0.5, (B)); the charging voltage (C) as a function of U in

This journal is © The Royal Society of Chemistry 2019



Fig. 2 Diffusion energy barrier of Na ion between two adjacent octahedral sites in NaFeO2 without a nearby Na vacancy (A) and with a nearby Na
vacancy (B–D). The red arrows connecting the two octahedral sites denote the diffusion pathways.
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Therefore, we speculate that additional vacancies may be
present in assisting the diffusion of Na ions, as examined next.

We have considered three non-equivalent congurations in
which an additional vacancy is introduced at the adjacent
Fig. 3 Arrangements of Na ions in the lowest-energy configurations of N
panel) and along the a direction (lower panel). Different Na layers in NaFeO
shown for clarity. The vertices of each orange triangle are occupied by

This journal is © The Royal Society of Chemistry 2019
octahedral site of the diffusing Na ion, as shown in Fig. 3B to D.
For the rst conguration in Fig. 2B, the energy barrier (0.80 eV)
and the diffusion path are similar to those in Fig. 2A in the
absence of the additional vacancy. For the second conguration
axFeO2 (x ¼ 1, 0.67, 0.5 and 0.33) viewed along the c direction (upper

2 andNa0.67FeO2 are shown in different colors. Fe andO atoms are not
Fe ions.

J. Mater. Chem. A, 2019, 7, 2619–2625 | 2621
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shown in Fig. 2C, we nd that the pathway is slightly curved
with the similar energy barrier to that in Fig. 2A and B. For the
third conguration in Fig. 2D, however, the energy barrier drops
precipitously to 0.21 eV. The corresponding pathway is curved
towards the vacancy via an intermediary tetrahedral site, which
is made possible by the presence of the vacancy. This planar
octahedral–tetrahedral–octahedral diffusion pathway is similar
to the diffusion pathway of A in Ax(InxSn1�x)O2 (A ¼ Na and K)
reported by Delmas.34 This pathway is also similar to the
tetrahedral-site-hop mechanism in LixCoO2 proposed by Van
der Ven.35,36 Since this diffusion barrier of 0.21 eV is close to the
experimental value,15 the mechanism shown in Fig. 2D is likely
to be operative in NaFeO2. In other words, appropriate amount
of Na vacancies is probably benecial to the rate performance.
Furthermore, we can estimate the diffusion coefficient (D)
according to the following equation:

D ¼ 1

n
l2v0exp

�
� Ea

kbT

�
: (2)

Here, n ¼ 4 for the 2D diffusion in layered NaFeO2; l is the
hopping distance; Ea is the diffusion barrier (0.21 eV); kb is the
Boltzmann constant, T is the temperature, and v0 is the char-
acteristic vibration frequency (�1013 Hz). With these parame-
ters, we estimate the diffusion coefficient as 4.5 � 10�6 cm2 s�1

at 300 K.
Fig. 4 The supercells used in the calculations for the R3�m structure
(left) and C2/m structure (right) for NaxFeO2.
3.3 Structural evolution during desodiation

It is known that during the charging process, NaFeO2 undergoes
a phase transition from hexagonal R�3m phase to monoclinic C2/
m phase at half Na extraction. However, the corresponding
atomistic structural evolution is not clear. In the following, we
carry out rst-principles calculations by considering three
typical desodiation stages: Na0.5FeO2 (half extraction), and
Na0.67FeO2 and Na0.33FeO2 as representatives for less and more
than the half extraction, respectively. Hence, Na0.67FeO2 is
modeled in the R�3m structure while Na0.5FeO2 and Na0.33FeO2

in the C2/m structure.
Our goal is to determine the lowest-energy conguration of

the three representative stages. To this end, we consider all
possible arrangements of Na ions in a single Na layer of Nax-
FeO2. In total, 28, 462 and 330 different congurations of the
inner-layer Na ions are considered for x ¼ 0.67, 0.5 and 0.33,
respectively, and the lowest energy arrangement of Na ions for
each x is identied. Here we assume that each Na layers takes
the identical arrangement, which is justied in an ideal and
uniform charging condition. Furthermore, we consider the
relative shis between the Na layers for each stage, but nd
negligible energy difference (�4.5 meV/f.u.) between the shis,
owing to the large distances between the layers. The nal atomic
structures corresponding to the lowest-energy congurations of
NaxFeO2 (x¼ 0.67, 0.5 and 0.33) are shown in Fig. 3. The dashed
lines in Fig. 3 outline the supercells used in the calculations.

In NaFeO2 (R�3m), Na ions arrange themselves uniformly in
each layer, occupying the vertices of three sets of translated
equilateral triangles. The extraction of 0.33 Na (Na0.67FeO2)
involves removing one Na ion in the a and b directions for every
2622 | J. Mater. Chem. A, 2019, 7, 2619–2625
three Na ions, forming three sets of shied hexagons. The
resultant pattern of Na ions resembles that of Mn ions in
Li2MnO3. From Na0.67FeO2 to Na0.5FeO2, the phase transition
from the hexagonal (R�3m) to the monoclinic (C2/m) structure
takes place, and the remaining Na ions adopt an on-top stack-
ing in the c-direction. Further desodiation to Na0.33FeO2 does
not yield signicantly different structural changes.

We next pay attention to the changes of the structural motifs
(Fig. 4). As x is reduced from 1 to 0.33, we nd that the distance
between the two adjacent Fe layers (or Na layers), d, increases
from 5.37 to 5.74 Å (or 7% increase, Table 1S†) while the area
(per Fe ion) in the ab-plane shrinks slightly. Moreover, the
thickness of the FeO6 motif (d1) decreases while the thickness of
the NaO6 motif (d2) increases. This is due to the fact that as the
positively charged Na ions are extracted, the net repulsion
acting on the O layers increases, thus d2 is increased. At the
same time, the valence of Fe ions rises from +3 to +4, increasing
the attraction between Fe and O ions, thus d1 decreases. We nd
that the increase in d2 overcompensates the decrease of d1,
hence d (¼d1 + d2) increases as Na is removed. The “abnormal”
volume expansion as Na is removed from NaFeO2 resembles
that observed in NaNbO2.37
3.4 Effects of lattice strain on ion transport and oxygen
stability

In the following, we examine the effect of strains on Na trans-
port in NaFeO2. We apply a uniaxial strain in the c-direction (3¼
Dc/c), ranging from �6.25% (compression) to +6.25% (tension)
and a biaxial strain in the ab-plane (3 ¼ Da/a ¼ Db/b) from �5%
to +5%. Note that the applied strains are not large enough to
induce obvious structural transitions in NaxFeO2. We have
examined the energetics of the sliding of FeO2 slab in NaxFeO2

and found that the O3 stacking structure remains stable under
the strains (Fig. 1S†). Moreover, the R�3m structure at x ¼ 1 and
0.67 or the C2/m structure at x¼ 0.5 and 0.33 can be maintained
under most strains.

Based on the vacancy-assisted diffusion mechanism shown
in Fig. 2D, we calculate the diffusion energy barrier in NaFeO2

as a function of the strain using the NEB method (Fig. 5 and
Table 2S†). We nd that the in-plane biaxial tension decreases
This journal is © The Royal Society of Chemistry 2019



Fig. 5 The diffusion energy barrier of Na ions in NaFeO2 in the presence of biaxial strains in the ab plane (left) and of the uniaxial strain in the c-
direction (right). The positive or negative value of strain represents tension or compression, respectively.
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the energy barrier while the compression increases it. However,
the magnitude of the changes is rather small, less than 0.04 eV.
In contrast, the uniaxial strain in the c-direction has a much
greater effect on the diffusion energy barrier. The uniaxial
tension is found to reduce the energy barrier while the
compression increases it. Remarkably, 3% or greater tension in
the c-direction could render the diffusion barrierless. A close
look at the out-of-plane displacement of the structural motifs
indicates that most of the tension is localized in the NaO2 slabs
containing the Na vacancies. In other words, the tension is
magnied in the slab where the vacancy-assisted diffusion takes
place, yielding a much reduced energy barrier.

The stability of oxygen during de-intercalation is critical to
electrochemical performance, and the instability of oxygen can
lead to oxygen release, causing problems such as irreversible
structure transition, voltage decay and performance deteriora-
tion.38–40 The instability of oxygen at high charging potentials in
NaFeO2 has been observed in our previous work.17 Here, we
extend the previous work and examine the effect of lattice
strains on the oxygen stability in NaFeO2 during Na extraction.
More specically, for each applied strain, we calculate the Gibbs
free energy change (DG) for the following reaction, i.e., O2

evolution from NaFeO2, at different desodiation stages:

NaxFeO2/NaxFeO2�d þ d

2
O2 (3)
Fig. 6 Effect of the biaxial strain in the ab plane (A) and the uniaxial s

NaxFeO2/NaxFeO2�d þ d

2
O2. Average Fe–O bond length as a function o

This journal is © The Royal Society of Chemistry 2019
For eqn (3), the reaction enthalpy can be calculated according
to the following equation:

DH ¼
h
EðNaxFeO2�dÞ þ d

2
EðO2Þ � EðNaxFeO2Þ

i.
ð0:5dÞ (4)

Here, E(NaxFeO2�d), E(NaxFeO2) and E(O2) are the total energy of
NaxFeO2�d, NaxFeO2 and O2, respectively. The structure of
oxygen-decient NaxFeO2�d is obtained by removing an oxygen
atom, which has the least amount of negative charge, from the
ground-state conguration of NaxFeO2; the structure is then
relaxed to compute E(NaxFeO2�d). Considering the entropy of O2

gas at the standard conditions, e.g.,�TDS¼�0.63 eV, 1 bar and
298 K,41,42 the reaction Gibbs free energy of O2 release can be
estimated. The results of DG are shown in Fig. 6A and B as
a function of the biaxial strain in the ab-plane and the uniaxial
strain in the c-direction. In the absence of strain, as Na is
removed from NaFeO2, DG decreases, suggesting that oxygen
becomes less stable. When DG turns negative, the release of O2

is considered spontaneous. Thus, in the absence of strain, the
oxygen evolution is exothermic when x# 0.4. In the presence of
in-plane biaxial strains, we nd that compression tends to
stabilize oxygen while tension destabilizes it. For example, in
the presence of 3% compression, oxygen remains stable as long
as x # 0.33. However, under 3% tension, oxygen becomes
unstable as soon as x is less than 0.5. In other words, one can
tune the stability of oxygen by the in-plane strains. On the other
train in the c-direction (B) on DG for the oxygen evolution reaction:

f the strain (C).

J. Mater. Chem. A, 2019, 7, 2619–2625 | 2623
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hand, the uniaxial strains in the c-direction are found to have
negligible effect on the oxygen stability. To explain the con-
trasting strain-dependent behaviors, we calculate the average
length of Fe–O bonds in NaFeO2 as a function of the strains,
shown in Fig. 6C. It is found that the average Fe–O bond length
depends much more sensitively on the in-plane strains than on
the out-of-plane strains. Because the stability of oxygen corre-
lates strongly to the strength of Fe–O bonds, thus the bond
lengths, the oxygen stability should also depend more strongly
on the in-plane strains than the out-of-plane strains.

Our previous study17 has revealed that Fe ion tends to
migrate into the Na layer in NaxFeO2 at a high voltage and when
this happens, the Fe ion hinders the transport of Na ions. To
examine how strains would affect this behavior, we have
calculated the diffusion energy barriers of Na ion under strains
in the presence of Fe ion at the Na layer in NaxFeO2 (x ¼ 0.5 and
0.33). As shown in Fig. 2S,† we nd that the c-direction uniaxial
tension reduces the diffusion energy barrier of Na while the in-
plane biaxial tension increases it. These trends in strain
dependence are the same as those in the absence of the Fe ion at
the Na layer. However, we note that 3% tension in the c-direc-
tion could no longer render Na diffusion barrierless. In other
words, the strain effect becomes weaker in the presence of Fe
ion at the Na layer. Finally, we observe that the presence of Fe
ion at the Na layer decreases the oxygen stability substantially,
which, however, could be mitigated by strains, such as an in-
plane compression or a c-direction tension.
4. Conclusions

In summary, we have carried out rst-principles calculations
to gain atomistic understanding of structural evolution, ion
transport and oxygen stability in layered NaFeO2 in the
absence and the presence of applied strains. We identify a di-
vacancy assisted diffusion mechanism in the NaO6 slab whose
diffusion barrier agrees well to the experimental value. We nd
that while both the in-plane and out-of-plane strains can
modulate the diffusion barrier, the latter has a much greater
effect than the former. In particular, we discover that 3%
tension in the c-direction renders the diffusion barrierless,
thus could drastically enhance the rate performance of the
electrode. We have examined the structural evolution of
NaFeO2 during desodiation and observed an “abnormal”
volume expansion as Na ions are removed. Finally, we study
the stability of oxygen in the desodiation process and explore
how the stability can be tuned by the lattice strains. We reveal
that the in-plane compressions can improve oxygen stability
while the out-of-plane strains have little effect on it. With
a positive Poisson ratio in NaFeO2, a tension in the out-of-
plane direction yields a compression in the plane, and vice
versa. Therefore, if a sufficient in-plane compression is applied
to NaFeO2, it would stabilize oxygen and at the same time
lower the diffusion barrier. A possible strategy of applying
desirable strains to the oxide is to fabricate thin-lm NaFeO2

on a hard or so substrate. Interfacial strains can be trans-
mitted either passively or actively onto NaFeO2.
2624 | J. Mater. Chem. A, 2019, 7, 2619–2625
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