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a b s t r a c t

Integration of P2 and O3 phases in Na0.5Fe0.5Mn0.5O2 cathode via Li-ion substitution is proposed to
enhance its electrochemical performance for sodium-ion battery applications. The formation of P2 and
the combination of P2/O3 intergrowth were confirmed by X-ray diffraction refinement, high resolution
transmission electron microscopy and X-ray photoelectron microscopy analyses. Various content of
lithium was used to find optimum P2þO3 combinations. The optimized Li-ion substituted Na0.5(Li0.10-
Fe0.45Mn0.45)O2 showed a high initial discharge capacity of 146.2mAh g�1 with improved cycling sta-
bility, whereas the pristine Na0.5Fe0.5Mn0.5O2 initially delivered a discharge capacity of 127.0mAh g�1. In
addition, the combination of P2þO3 increased its average voltage, which is important for achieving high
energy density sodium-ion batteries. Overall, the prepared Na0.5(Li0.10Fe0.45Mn0.45)O2 electrode exhibited
the improved cycling performance in terms of reversible capacity and rate capability compared to
pristine Na0.5Fe0.5Mn0.5O2 electrode material.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

In these days, with a raising demand on energy worldwide
because of the exhaustion of fossil fuels, the development of sub-
stitute energy conversion and storage systems is required for the
advancement of mankind in various fields such as residential, in-
dustry, transportation, space exploration and military [1]. Over the
past few decades, the development of lithium-ion batteries (LIBs)
emerged rapidly due to urgent demand for developing sustainable
energy storage systems for various electronic devices such as
portable laptops, smartphones and so on; because of their high
energy density and excellent cycle life [2e4]. However, to meet the
essential demand of advanced power sources such as electric ve-
hicles and large-scale energy storage systems, further development
in the storage ability is required [5]. Among the various recharge-
able battery systems, sodium-ion battery (SIB) is one of the
promising candidates due to its low cost for large-capacity energy
storage applications [6e10]. Numerous attempts have been made
. Kim).
so far to develop more practical cathode materials for sodium-ion
batteries. Sodium-based layered oxide NaxMO2 materials (M¼ 3d
transition metal) have received much attention due to their
reversible behaviour and large specific capacity. Such layered oxide
materials can be classified into two types; P2 and O3, in which
sodium layers are accommodated with the M layers in prismatic
and octahedral structure, respectively [11e15]. The P2 phase sus-
tains during sodium de-intercalation process due to its direct so-
dium ion diffusion and has a more open pathway. However, the
structural changes are occurred by over-extraction of sodium ions
at higher potential, which restricts the reversible charge and
discharge cycles [16e23]. In contrast, O3 phase acting as sodium
ion accumulator can furnish sufficient amount of sodium ions
during the electrochemical reaction. However, the intrusion of in-
termediate tetrahedral sites during sodium ion migration requires
to overcome the high energy obstacle for O3 type structure, the
ineluctable phase transition affecting the electrochemical reaction,
and sluggish kinetics [16,24e26].

To solve these issues, utilizing the advantages of both phases can
be a practical strategy to prepare the high-performance cathode
materials for sodium-ion batteries. Recently, the combination of
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two phases in a single material by substituting cations has drawn
considerable attention due to its excellent electrochemical perfor-
mance as compared to the single structured electrode material
[27e33]. For example, Guo et al. reported the biphasic
Na0.66Li0.18Mn0.71Ni0.21Co0.08O2þd to deliver a high discharge ca-
pacity of 200mAh g�1 at 0.1 C rate and achieved the stable cycling
behaviour [28]. Li et al. reported that the P2 and O3 biphasic Na2/
3Mn0.55Ni0.25Ti0.2-xLixO2 exhibited a discharge capacity of 158mAh
g�1 at 12mA g�1, which was higher than Li-free cathode material
(147mAh g�1) [30]. More recently, Qi et al. reported the hybrid
structure of Na0.78Ni0.2Fe0.38Mn0.42O2 could deliver a discharge
capacity of 86mAh g�1 with excellent high rate performance [32].
Kwon et al. reported the Na0.7[Mn1-xLix]O2þy had an excellent
cycling stability than the pristine Na0.7MnO2þy, even though the
pristine material showed a higher capacity [33]. However, very
limited studies have been reported so far based on the combination
of two phases in the cathode material of sodium-ion batteries.
There are various types of synthesis techniques available for pre-
paring the layered cathodes [34,35]. Among them, solegel tech-
nique provides many advantages, particularly, it is able to
synthesize the solid-state material from the chemically homoge-
neous precursor. There is a possibility to produce complex inor-
ganic and other nanomaterials even at shorter preparation times
and lower preparation temperatures by snaring the randomness of
the solution of chemicals and reagents [35,36]. In addition, solegel
chemistry can control the morphology and size of the products. By
considering all the above aspects, in this work, we report the
combination of the P2 and O3 phases of lithium-ion substituted
Na0.5[Lix(Fe0.5Mn0.5)1-x]O2 (LNFMO) as a promising cathode for
sodium-ion battery applications by sol-gel technique, which de-
livers a specific capacity of 146.2mAh g�1 with enhanced cyclic
stability, average voltage, coulombic efficiency and rate capability
compared to the single phase P2 structured Na0.5Fe0.5Mn0.5O2
(NFMO) material.
2. Experimental

2.1. Materials synthesis

Layered LNFMO materials were synthesized by sol-gel tech-
nique, as schematically presented in Fig. 1. The starting precursor
materials (acetates of Li, Na, Fe and Mn) and citric acid were mixed,
Fig. 1. Schematic illustration of the synthesis of pristine NFM
and the mixture was kept with stirring at 80 �C for 12 h. Then,
temperature was increased to 120 �C to form the xerogel. Finally,
the obtained powder was heated to 400 �C for 5 h and followed by
900 �C for 12 h to obtain Na0.5[Lix(Fe0.5Mn0.5)1-x]O2. The same
procedurewas followed to prepare pristine NFMOmaterial without
the addition of Li source. In this work, the amount of lithium was
varied to find out the optimum combination of P2þO3 phase in
Na0.5[Lix(Fe0.5Mn0.5)1-x]O2. For simplicity, the pristine
Na0.5Fe0.5Mn0.5O2 was denoted as NFMO, whereas Li-substituted
Na0.5[Lix(Fe0.5Mn0.5)1-x]O2 was expressed as LNFMO-n. That is,
LNFMO-5 for x¼ 0.05, LNFMO-10 for x¼ 0.10 and LNFMO-20 for
x¼ 0.20.

2.2. Electrode preparation and cell assembly

The electrode slurry was prepared by mixing 70wt% active
materials (LNMFO-n or NFMO) with 20wt% Super-P and 10wt%
poly(vinylidene fluoride) binder in N-methyl pyrrolidine. The
electrode was prepared by coating the slurry onto the Al foil and
drying in a vacuum oven at 110 �C for 12 h. The active mass loading
in the electrode was about 2.5mg cm�2. In order to evaluate the
electrochemical performance of the LNMFO-n electrodes, a
CR2032-type coin cell was assembled by sandwiching a glass fiber
separator (Whatman CAT No. 1823-047) between sodium foil (Alfa
Aesar 99%) and LNMFO-n electrode. A liquid electrolyte consisting
of 1.0M NaClO4 in ethylene carbonate (EC)/propylene carbonate
(PC) (50:50 by volume, battery grade) containing 5.0wt% fluoro-
ethylene carbonate (FEC) as an additive was kindly supplied by
PANAX ETEC Co. Ltd. and was used as received. Karl Fisher titration
using Mettler-Toledo Coulometer confirmed that the water content
in the liquid electrolyte was less than 20 ppm. All the cells were
assembled in glove box under argon atmosphere.

2.3. Characterization and measurements

Crystal structure was identified by powder X-ray diffraction
(XRD). The XRD patterns were collected on an X-ray diffractometer
(D8 Bruker) with Cu Ka radiation (l¼ 1.5405 Å). Rietveld refine-
ment of XRD pattern was performed by General Structure Analysis
System (GSAS) in order to get the detailed structural information.
The morphologies of the prepared samples were investigated by
scanning electron microscope (NOVA Nano SEM-450) equipped
O and LNFMO-n cathode materials by sol-gel technique.



Fig. 2. XRD refinement patterns of (a) pristine NFMO and (b) LNFMO-10 materials. (c)
P2 and O3 crystal structure; yellow, red and blue atoms correspond to sodium, oxygen
and transition metal, respectively. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this article.)
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with energy dispersive spectroscopy (EDS). The stoichiometric
composition of each element in the prepared samples was deter-
mined with inductively coupled plasma-optical emission spec-
trometry (ICP-OES, Perkin Elmer, OPTIMA 8300). A high-resolution
transmission electron microscope (HRTEM, JEOL, JEM 2100F) was
used to observe the morphology of the prepared materials. The X-
ray photoelectron spectroscopy (XPS) was conducted with a spec-
trometer having Mg/Al Ka radiation (XPS, VG Multilab ESCA Sys-
tem, 220i). Cyclic voltammetry (CV) was carried out in the potential
range of 1.5e4.0 V with counter and reference electrodes of sodium
metal, at a scan rate of 0.1mV s�1 using CHI660D electrochemical
workstation. Cycling test was conducted at a constant current
density using battery testing equipment (WBCS 3000,Wonatech) at
25 �C.

3. Results and discussion

Fig. S1 shows the XRD patterns of NFMO and LNFMO-nmaterials
containing different amounts of lithium. Rietveld refinement of
XRD data along with that of the pristine sample was investigated in
order to determine the unit cell parameters, and the detailed XRD
refinement results are summarized in the Supplementary
Materials. The crystalline peaks for pristine NFMO can be indexed
as a hexagonal lattice with the space group P63/mmc, which are
corresponding to the characteristic peak of P2-type, as depicted in
Fig. 2(a). It shows the purity of the P2 structure with space group
P63/mmc and the lattice parameters are refined to be
a¼ b¼ 2.92290 Å, c¼ 11.27188 Å, and V¼ 83.397913Å3 (Detailed
crystallographic data on refined P2-type are listed in Tables S1 and
S2). When substituting lithium into NFMO, O3 layered structure
was formed by diminishing the peak intensity of P2 structure, as
illustrated in Fig. 2(b) and Fig. S1, with slight peak shift and new
peaks at 37.0, 41.7, 44.8, 52.5 and 56.9� corresponding to the O3
phase with the space group of R-3m. The crystalline peaks of
LNFMO-10 are well matched to the standard ICSD card no: 252025
for the O3-phase with the trigonal structure and ICSD card no:
251549 for P2-phase with hexagonal lattice. From the Rietveld
refinement of LNFMO-10, the calculated P2/O3 phase ratio was 32/
68. Here, P2 phase was fitted for lattice parameters of
a¼ b¼ 2.91532 Å, c¼ 11.15800 Å, and V¼ 82.127656Å3, and O3
phase was refined as lattice parameters of a¼ b¼ 2.92010 Å,
c¼ 16.79270 Å, and V¼ 124.007113Å3. The detailed refinement
results of LNFMO-10 were shown in Tables S3eS6. Note that the
major difference is observed between c¼ 11.27188 Å for NFMO and
c¼ 11.15800 Å for LNFMO-10, suggesting that the Li-ion is mainly
entered into transition metal sites and certain amounts of Li-ions
occupy the Na sites, which is consistent with the previous reports
[27,30,38]. When Li content was higher than 0.1, the O3 phase was
dominant compared to P2. Crystal structure of P2 and O3 phases are
represented in Fig. 2(c). The crystal structure of P2 consists of or-
dered layered and stacked MO2 (M¼ Fe and Mn) and Na layers
[12,37]. The prismatic P2 can be denoted because Naþ occupies two
different sites between two prismatic AB-BA layers. In O3 phase,
there is only one occupancy site for Naþ that shares all the six edges
with octahedrons of transition metal layers [39]. Hence, the diffu-
sion of Naþ ions has to surpass the smaller tetrahedron sites, and
this limits ionic conductivity and rate performance. In contrast, the
sodium layers sit between two different sites in P2 phase. Thus,
there is an open pathway along with the face shared triangular
prism, resulting in the improvement of rate performance [40].
Accordingly, the presence of O3 phasewith good structural stability
is anticipated to have the positive impact on retaining the P2 phase
during electrochemical process. Molar ratio of each element in the
NFMO and LNFMO-10 samples was determined by ICP-OES anal-
ysis, and the results are summarized in Table S7. According to ICP-
OES results, the molar composition of each element in the obtained
samples are in close agreement with stoichiometric atomic ratio in
the samples.

The oxidation state of the cathode materials under consider-
ation was investigated using XPS spectra (Fig. S2 and Fig. 3). The
Li1s core-level spectrum in Fig. 3(a) shows only one peak at 54.7 eV.
Na1s core-level spectrum of pristine NFMO exhibits only one peak
at 1070.7 eV (Fig. S2(a)). In case of LNFMO-10, Na1s peak resides in
almost same energy (1070.8 eV) like NFMO, as shown in Fig. 3(b).
Two major peaks were observed at 711.7 and 725.6 eV in the Fe2p
core-level spectrum of pristine NFMO (Fig. S2(b)), which could be
assigned to Fe2p3/2 and Fe2p1/2, respectively. Very small shifts in
binding energies (712.0 and 726.1 eV) for LNFMO-10 (Fig. 3(c)) were



Fig. 3. XPS spectra of (a) Li1s core-level, (b) Na1s core-level, (c) Fe2p core-level and (d) Mn2p core-level of LNFMO-10 material.
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observed, indicating stable oxidation state of Fe2þ. The satellite
peaks were observed for each Fe2p core-levels. In the Mn2p spec-
trum of pristine NFMO (Fig. S2(c)), two major peaks were observed
Fig. 4. (a) HR-TEM image and (b) SAED pattern of pristine NFMO. (c) HR-TEM image and (d)
fringes.
at 642.6 and 654 eV, which correspond to Mn2p3/2 and Mn2p1/2,
respectively. Fig. 3(d) reveals that Mn2p peaks are shifted to lower
energies, indicating the Li-ion substitution into NFMO causes a
SAED pattern of LNFMO-10. Insets in (a) and (c) are FFT images of corresponding lattice
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slight change in oxidation state of Mn from Mn3þ to Mn4þ

[26,41,42]. These XPS results suggest that the substitution of Li-ion
into NFMO changes the valence state of Mn rather than that of Fe,
which is closely related to the discharge capacity of the samples
[43].

The FE-SEM images of the prepared materials are presented in
Fig. S3 at same magnification. As can be seen from the figures, the
pristine NFMO shows the particle like structure with several mm in
particle size. When Li substitutes into NFMO, it does not make any
significant changes in the morphology and size of the particles.
Fig. 4(a) presents the HR-TEM image of pristine NFMO. The calcu-
lated interlayer distance (0.248 nm) is in good agreement with the
(101) plane of P2 NFMO. The corresponding SAED pattern in
Fig. 4(b) shows an equal distance of 8.28 1/nm in the hexagonal
bright spots for NFMO. In case of LNFMO-10, a similar structure was
observed in Fig. 4(c). HR-TEM image of LNFMO-10 confirms the
presence of P2 and O3 phases. Along with the (101) plane of P2
phase, one more plane was observed in the interlayer distance of
0.54 nm, which can be assigned to the (003) plane for O3 phase
(0.55 nm), which indicates the formation of O3 phase by Li-ion
substitution. The stacking of these two structures demonstrates
the topotactic intergrowth at atomic level, which is consistent with
the previous reports [27,32]. In the SAED pattern of LNFMO-10
(Fig. 4(d)), the hexagonal bright spots are observed about 9.29 1/
nm in distance (green and red) and distance of 8.26 1/nm (yellow).
These results suggest that the substitution of lithium into NFMO
widens the interlayer spacing of the P2 phase but slightly tighten
that of the O3 phase, which limits the sodium ion diffusion.
Fig. 5. CV curves of the (a) NFMO, (b) LNFMO-5, (c) LNFMO-10 and (
However, the presence of O3 in the P2 phase acts as a sodium ion
reservoir when combined with the P2, which improves the elec-
trochemical performance [28].

Electrochemical characteristics of the pristine NFMO and
LNFMO-n electrodes were investigated by cyclic voltammetry (CV).
Fig. 5 shows the CV curves of various electrodes in the voltage range
of 1.5e4.0 V at 0.1mV s�1. The pristine NFMO electrode exhibits
two oxidation peaks at 2.57 and 3.80 V, which correspond to the
Mn3þ/Mn4þ and Fe3þ/Fe4þ reactions, respectively. When intro-
ducing the Li content to 0.05 into NFMO, the oxidation state of Mn
increases to maintain the charge neutrality, however, there is no
change in the oxidation state of Fe. Fig. 5 (b) shows that the peak
current for Mn3þ/Mn4þ is reduced and Fe3þ/Fe4þ is greatly
increased. A small peak shift is observed as compared to pristine
NFMO, which is mainly caused by electrode polarization [39].
When Li content is increased to 0.10 and 0.20, the redox currents for
Fe3þ/Fe4þ are further increased. The substitution of high amounts
of Li into pristine NFMO increases the oxidation state of Mn from
Mn3þ to Mn4þ, which affects the specific capacity of the electrode
material. Although the inactive Mn4þ may lead to loss of capacity in
LNFMO-20, it can improve the cycling stability by stabilizing the
crystal structure during the sodiation/de-sodiation process [44,45].
Among the various electrode materials, the LNFMO-10 electrode
exhibited the best reversibility.

Fig. 6 shows the charge and discharge curves (after one pre-
conditioning cycle at 10mA g�1) of the pristine NFMO, LNFMO-5,
LNFMO-10 and LNFMO-20 electrodes, respectively, in the voltage
range of 1.5e4.0 V at a constant current of 20mA g�1. The charge
d) LNFMO-20 electrodes at 0.1mV s�1 during three initial cycles.



Fig. 6. Charge and discharge curves of (a) NFMO, (b) LNFMO-5, (c) LNFMO-10 and (d) LNFMO-20 electrodes at constant current density of 20mA g�1.
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and discharge curves showed two plateaus around 3.8 and 2.1 V, as
previously reported in the literature [42,46,47]. It is found that the
average voltage of pristine NFMO electrode was increased from
2.60 to 2.72 V for LNFMO-5, 2.77 V for LNFMO-10 and 2.85 V for
LNFMO-20 during the 1st discharge process. Interestingly, the for-
mation of P2þO3 biphasic LNFMO-n by substitution of Li increase
the average cell voltage compared to pristine NFMO electrode,
which is essential for increasing the energy density of SIBs. It is also
found that reversible capacity is increased by substituting Li up to
10 mol% into the pristine NFMO. An initial discharge capacity of
146.2 mAh g�1 was obtained for the LNFMO-10 electrode, which
was higher than those of the pristine NFMO and other LNFMO-n
electrodes. A decrease of reversible capacity with further
increasing the Li content over 10 mol% can be ascribed to the
dominance of O3 phase in P2þO3 LNFMO biphase. Fig. S4 shows the
charge and discharge curves of the various electrodes at different
current densities from 10 to 300mA g�1. At high current rates,
LNFMO-10 electrode shows the highest specific capacity among the
electrode materials investigated.

Fig. 7(a) presents the cycling performance of the NFMO and
LNFMO-n electrodes at 20mA g�1. For pristine NFMO electrode, a
capacity retention of 85.4% was obtained, whereas both capacity
retention and coulombic efficiency were slightly increased for
LNFMO-5. The LNFMO-10 electrode exhibited a capacity retention
of 92.5% with improved coulombic efficiency compared to pristine
NFMO and LNFMO-5. Over the lithium content of 10mol%, the
dominance of O3 phase is occurred, which causes the decrease in
specific capacity even though showing relatively high coulombic
efficiency and good stability. The rate capability of the electrodes
was evaluated, and the results are shown in Fig. 7(b). The pristine
NFMO delivered a discharge capacity of 143.2mAh g�1 at 10mA g�1

and the capacity was drastically dropped to 48.9mAh g�1 at
300mA g�1. The addition of Li to 5mol% increased the discharge
capacities at all current densities. It should be noted that the
LNFMO-10 electrode exhibited the highest discharge capacities at
all the current rates investigated. In the case of LNFMO-20 elec-
trode, even though the initial discharge capacity is low at low
current density, the discharge capacity wasmaintained to 70.8mAh
g�1 at 300mA g�1. These results suggest that the enhanced rate
capability can be achieved by P2 and O3 interface architecture. That
is to say, the presence of O3 phase provides enough sodium for the
intercalation reaction, and the presence of P2 phase favours the
enlargement in layered spacing, which further facilitates the so-
dium ion diffusion and also elevates the average voltage for
achieving the high energy density sodium-ion battery.

4. Conclusions

Layered P2þO3 biphasic LNFMO cathode materials were suc-
cessfully synthesized via lithium-ion substitution by a facile sol-gel
approach, and their electrochemical properties were investigated
for sodium-ion battery applications. Among various combinations
of P2 and O3 biphase, the LNFMO-10 electrode exhibited the
highest discharge capacity of 146.2 mAh g�1 with enhanced rate
capability and good reversible behaviour compared to the pristine
NFMO and other LNFMO-n materials. The improved capacity with
enhanced rate performance could be achieved through the
enlargement in the layered spacing by the prismatic P2-sites
combining with the abundant sodium reservoir of the O3-sites.
There are a plenty of layered cathode materials available to



Fig. 7. (a) Cycling performance at 20mA g�1, and (b) rate capability of the NFMO, LNFMO-5, LNFMO-10 and LNFMO-20 electrodes.

G.K. Veerasubramani et al. / Electrochimica Acta 296 (2019) 1027e1034 1033
intergrowth with various combinations to create a new avenue for
designing novel architecture cathodes with superior electro-
chemical performance. Hence, the present work will provide a
facile and novel strategy for designing high-performance cathode
materials for sodium-ion batteries.
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