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An effective method to screen sodium-based layered materials
for sodium ion batteries
Xu Zhang1, Zihe Zhang1, Sai Yao1, An Chen1, Xudong Zhao1 and Zhen Zhou 1

Due to the high cost and insufficient resource of lithium, sodium-ion batteries are widely investigated for large-scale applications.
Typically, insertion-type materials possess better cyclic stability than alloy-type and conversion-type ones. Therefore, in this work,
we proposed a facile and effective method to screen sodium-based layered materials based on Materials Project database as
potential candidate insertion-type materials for sodium ion batteries. The obtained Na-based layered materials contains 38 kinds of
space group, which reveals that the credibility of our screening approach would not be affected by the space group. Then, some
important indexes of the representative materials, including the average voltage, volume change and sodium ion mobility, were
further studied by means of density functional theory computations. Some materials with extremely low volume changes and Na
diffusion barriers are promising candidates for sodium ion batteries. We believe that our classification algorithm could also be used
to search for other alkali and multivalent ion-based layered materials, to accelerate the development of battery materials.
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INTRODUCTION
Large-scale energy storage systems for the grid are extremely
important for the storage and utilization of the renewable
resources, such as solar and wind power.1,2 Electrochemical
energy storage could satisfy the demand of different grid
functions.3 Currently, lithium-ion batteries (LIBs) have become
the most widely used devices for energy storage.4,5 However, the
high cost and insufficient resource of lithium inhibit the
applications of LIBs in the large-scale electrochemical energy
storage.6 Sodium-ion batteries (SIBs) are extensively investigated
as the most promising alternatives to LIBs due to the natural
abundance and appropriate electrode potential.1,7,8 However, the
ionic radius of Na+ is 55% larger than that of Li+, requiring the
host framework with larger space for the storage and transport of
Na+. Therefore, simply replacing the electrode materials for SIBs
with those for LIBs is impracticable, which makes seeking for
eligible Na+ host materials extremely important.
Some typical insertion-type electrode materials, such as

Na0.44MnO2, NaxCoO2,
9 Na0.66Co0.5Mn0.5O2,

10 Li4Ti5O12,
11 and

Na2Ti3O7,
12 were widely investigated owing to their superior

cyclic stability to the alloy-type and conversion-type ones.13

Among them, Na-containing layered materials have attracted
extensive attention since the layered structure ensures the
reversible intercalation/de-intercalation of Na+ without serious
lattice changes, leading to good cyclic stability and excellent ionic
conductivity. By means of density functional theory (DFT)
computations, many previous reports proposed various electrode
materials for LIBs, SIBs, and multivalent ion batteries, which greatly
promoted their development.14–17 Recently, with the fast devel-
opment of high-performance computations, high-throughput
computational materials design has attracted much attention
and improved the efficiency of materials design, further

accelerating the investigations on materials for various fields,
especially LIBs.18–22

Therefore, in this work, more than 60,000 inorganic compounds
in Materials Project (MP) Database23,24 were investigated to search
for sodium-based layered materials which can potentially be
applied as insertion-type electrode materials for SIBs. Then by
means of DFT computations, some important indexes of the
representative materials, including the average voltage, volume
change and sodium ion mobility, were examined. Besides Na-
based layered materials, we believe that other alkali and multi-
valent ion-based layered materials can also be searched by using
this method, which might favor the development of electrode
materials for batteries.

RESULTS AND DISCUSSION
Our screening approach for Na-based layered materials is shown
in Fig. 1. After the materials screening, over 150 kinds of Na-based
layered materials were obtained. The obtained Na-based layered
materials contain 38 kinds of space group, as shown in Fig. 2,
which belongs to six kinds of crystal systems except the cubic. The
results indicate that the accuracy of our screening approach would
not be affected by the space group of candidate materials.
The structures of some representative Na-based layered

materials are shown in Fig. 3. Na atoms in these materials are
mainly distributed between two layers, indicating that Na atoms
could intercalate/de-intercalate with low energy barriers and
therefore, these materials can be potentially used as insertion-type
electrode materials for SIBs. The results further suggest that our
screening approach is highly efficient and credible. This classifica-
tion algorithm could also be employed to search for other alkali
and multivalent ion-based layered materials as potential insertion-
type electrode materials.
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To further verify the effectiveness of this method to explore
electrode materials for SIBs, some important indexes of repre-
sentative materials, including the average voltage, volume change
and sodium ion mobility were further investigated. The geome-
tries were firstly optimized and the lattice constants are shown in
Supplementary Table 1, which are consistent with the experi-
mental data. Some experimentally widely investigated layered
materials for SIBs, such as Na-based layered transition metal
oxides (TMOs), NaMO2 (M= Co, Fe, V, Ni, etc),13,25,26 were
successfully achieved through screening. Na-based layered TM
sulfides, NaMS2 (M= Ti, Sc, Nb, etc), which have similar structures
to TMOs, were also obtained, as well as layered TM fluorides,
which could possess higher electrode potentials.
Then, the average intercalation voltages were computed based

on the reaction energy of Nan+ X→ NanX, where n is the number

of intercalating Na, and X is the rest of the compounds. The
average intercalation voltage and volume change of the
representative Na-based layered compounds are shown in Fig. 4
and Supplementary Table 2. The volume change is a critical
parameter for electrode materials during Na intercalation/de-
intercalation. Large volume changes could lead to the tremendous
damage to electrodes, causing the loss of electrical contact and
rapid capacity fading. Compared with alloy- and conversion-type
electrode materials, the superior cyclic stability of insertion-type
materials lies in much lower volume change during Na insertion/
extraction. As shown in Fig. 4 and Supplementary Table 2, the
volume changes of most materials are smaller than 25%, and for
NaTiF4 and Na2Cu(CO3)2, minor volume changes of 13% imply
good cyclic stability.
However, for some materials as shown in Supplementary Fig. 1,

the volume change is higher than 50%. After Na+ de-intercalation,
the interlayer spacing decreases dramatically, causing large
volume change and collapse of the layered structure. To settle
the issue, some Na atoms should be kept in the materials to
support the layered structure during the de-intercalation of Na.
Besides, introducing heteroatom as pillars is another effective
method to improve the structural stability.27 The average
intercalation voltages of many representative materials range
from 2.5 to 4.5 V, which indicates that they have the potential to
be used as cathode materials for SIBs.
The corresponding gravimetric capacity is also listed in

Supplementary Table 2. It is important to note that the gravimetric
capacity was computed based on the number of Na that the
materials naturally possess. In experiments, some materials could
accommodate extra Na atoms. For example, recently, Na2Mn3O7

has been investigated as an electrode material for SIBs, and the
results indicate that it could reversibly insert and extract two extra
Na atoms.28 Na2Ti3O7, a widely investigated SIB electrode material,
could also accommodate more Na atoms.12

Besides the materials that have been investigated for SIBs
before, many materials are proposed as potential insertion-type
electrode materials. Metal fluorides possess high average voltage
and low volume change, especially NaVF4 with an average voltage
of 4.30 V, which would be promising candidates for cathode
materials of SIBs. Na2Cu(CO3)2, which has a low volume change of
13%, and a high average voltage of 4.39 V, can also be potentially
applied as a cathode material. Some other materials, such as Na2Zr
(CuS2)2, Na(CuO)2, and Na3Co2SbO6, were also found with
appropriate voltage and low volume change.
The rate performance of SIB electrode materials heavily

depends on Na ion mobility; therefore, it is important to estimate
the diffusion of Na in the interlayer. The climbing-image nudged
elastic band (CI-NEB) method, which has been successfully applied
in the study of ion diffusion,17,29–31 was adopted to simulate the
migration of Na. The energy profiles and barriers are shown in Fig.
5 and Table 1. Due to their special layered structure, the diffusion
barriers of Na in the interlayer are quite low. The computed
diffusion barrier of Na in NaCoO2 is only 0.31 eV, which is
consistent with those in previous reports.32,33 For Na-based
layered TM sulfides, the diffusion barriers are even lower
(0.22 eV for NaScS2 and 0.19 eV for NaTiS2), which could be
attributed to the lower electronegativity of S atoms. However, for
some materials, such as NaAlSi, the diffusion barriers are higher
than 0.6 eV, which can be ascribed to the large volume change.
Then, the electronic conductivity can be evaluated based on the

band gaps obtained from MP database in Table 1 and the density
of states in Supplementary Fig. 2. Among them, Na2Ti3O7

possesses the largest band gap of 2.99 eV, which would cause
rather low electronic conductivity. In experiments, some promis-
ing solutions could be applied to overcome this challenge, such as
chemical modification and morphology control.12,34,35 Besides, the
band gaps of other materials are lower than that of Na2Ti3O7,
indicating better electronic conductivity. The partial density of

Fig. 1 Flow diagram of the screening approach for Na-based
layered materials
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states (PDOS) reveals that Na contributes little to the states near
the Fermi level. For some materials, such as NaTiS2, the high peaks
around the Fermi level imply high-concentration carriers and thus
good electronic conductivity.
Based on the computed average voltage, volume change,

gravimetric capacity, diffusion barrier and band gap, the electro-
chemical performance of representative Na-based layered materi-
als for SIBs could be predicted. Compared with alloy-type and
conversion-type materials, Na-based layered materials possess
lower volume change after the de-intercalation of Na. The volume
change of most materials is lower than 25%. Besides, the diffusion
barrier of Na in the interlayer is extremely low, indicating excellent
rate performance. In this work, we proposed some insertion-type
electrode materials for SIBs, such as Na(CuO)2, NaTiF4, Na2Zr
(CuS2)2, Na3Co2SbO6, and Na2Cu(CO3)2, which possess appropriate
voltage, high capacity, low volume change, Na diffusion barrier
and band gap, and can be potentially used as cathode materials
for SIBs. Detailed computations about the voltage and volume
change for Na3Co2SbO6 and Na2Cu(CO3)2 are shown in Supple-
mentary Fig. 3 and Supplementary Table 3. We would like to invite
experimental colleagues to explore the practical performances of
these materials in SIBs.

Fig. 2 Distribution of space groups for the obtained Na-based layered materials

Fig. 3 Structures of some representative Na-based layered materials. The purple balls represent Na

Fig. 4 The volume change after the de-intercalation of Na vs.
average intercalation voltage
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In conclusion, we proposed a facile and effective method to
search for sodium-based layered materials from MP database. The
obtained layered materials contain 38 kinds of space group,
indicating that our screening approach would not be affected by
the space group. Then the average voltage, volume change and
Na ion mobility were further investigated by means of DFT. The
results confirm that the volume change and Na ion diffusion
barrier are extremely low, making them promising candidate
electrode materials for SIBs. We believe that our method could

also be employed to search for other alkali and multivalent ion-
based layered compounds as potential insertion-type electrode
materials, and further accelerate the development of next-
generation batteries.

METHODS
Vienna ab initio simulation package (VASP) was used to perform DFT
computations.36 The ion-electron interaction was described by using the

Fig. 5 Calculated minimum energy profiles of Na migration at the interlayer in some representative Na-based layered materials
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projector augmented wave (PAW) method.37 A 520 eV cutoff was applied
for the plane-wave basis set. The functional of Perdew, Burke, and
Ernzerhof (PBE) was employed to describe the exchange-correlation
energy.38 In order to accurately deal with the van der Waals force for
weak interactions, the DFT-D3 method with Becke-Jonson damping was
used.39,40 K-point separation of 0.03 Å−1 was employed. Considering the
strong electron correlation effects, the U–J parameters were applied as the
same as those adoped by Materials Project.23 Also, magnetic ions were
intialized ferromagnetically. The energy barriers of Na ion migration were
computed by the CI-NEB method.41 The average voltage was caculated as:

Vave ¼ ðEde þ nENa � EintÞ= neð Þ (1)

where Ede, Eint, and ENa represent the energy of the Na de-intercalation and
intercalation structure, and the energy of Na atom in the metal crystal,
respectively; n is the number of intercalated Na. The volume change was
computed according to

vchange ¼ vde � vinð Þ=vin (2)

where vin and vde represent the volume before and after the de-
intercalation of Na.
The inorganic materials from MP database are the candidates for

screening. The stability of the candidate compound was examined by
using two criteria, (i) the compound must have an Inorganic Crystal
Structure Database (ICSD)42 ID, indicating the experimental feasibility; (ii)
the energy above convex hull must be zero, which ensures that it is the
most energetically stable phase compared with its competing phases.
Besides, only the compounds containing Na were chosen to ensure their
capability for Na accommodation.
We proposed a simple method to search for Na-based layered materials.

The covalent bonds in the unit cell of the candidate materials were
identified based on:

T1 ´ rcovi þ rcovj

� �
<dij<T2 ´ rcovi þ rcovj

� �
(3)

in which dij is the distance between the atom i and j; ri
cov and rj

cov are
the experiential covalent radius of atom i and j, respectively; and T1 and T2
represent the lower and upper bond-length tolerance, respectively. In this
work, T1 and T2 were set as 0.6 and 1.15, respectively, which were also
applied as default values in Materials Studio. The Na-containing bonds in
the candidate materials were ignored in order to make sure a precise
evaluation of the structure of other atoms. Then, the atoms connected by
covalent bonds were regarded as a cluster, and the number of clusters in a
unit cell was defined as N1. Similarly, the number of clusters in a 2 × 2 ×
2 supercell was denoted by N2. If N2/N1= 2, the compounds can be judged
to be Na-based layered materials.

Data availability
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available within the paper, and the comparison of the lattice parameters,

average intercalation voltage, volume change, gravimetric capacity, atomic
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(CO3)2 and Na3Co2SbO6 are available in its supplementary information files.
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