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ABSTRACT: The development of high-performance cathodes for sodium-ion batteries remains a great challenge, while low-
cost, high-capacity Na2/3Fe1/2Mn1/2O2 is an attractive electrode material candidate comprised of earth-abundant elements. In this
work, we designed and fabricated a free-standing, binder-free Na2/3Fe1/2Mn1/2O2@graphene composite via a filtration process.
The porous composite led to excellent electrochemical performance due to the facile transport for electrons and ions that was
characterized by electrochemical impedance spectroscopy at different temperatures. The electrode delivered a reversible capacity
of 156 mAh/g with high Coulombic efficiency. The importance of a fluorinated electrolyte additive with respect to the
performance of this high-voltage cathode in Na-ion batteries was also investigated.
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■ INTRODUCTION

Electrochemical storage devices are indispensable components
in renewable energy systems used to collect energy from
intermittent sources such as solar and wind power. Compared
to those of battery chemistries developed for electric vehicles,
the most critical requirement for these grid-scale stationary
storage devices is low cost ($100/kWh) instead of high energy
density, in sharp contrast to the requirements for portable
electronics and automotive applications.1,2 Other desirable
qualities for grid-scale energy storage include safely and
efficiently capturing and releasing energy, low environmental
impact, high power density, high round trip efficiency (RTE),
long cycle and calendar life, and demonstrating wide service
temperature ranges.3

Currently, only two energy storage technologies meet the
cost target mentioned above: pumped hydroelectric storage and
subsurface compressed air energy storage.1,4 However, their
extensive deployment is impractical because both are restricted
to certain geographic locations, which brings compounded
costs for transmission and distribution. High-electrochemical
potential and low-cost Na-ion battery (NIB) technology
utilizing earth-abundant materials thus emerges as a viable
energy storage alternative to meet the grid storage require-
ments mentioned above.5,6 For this nascent chemistry to work,
rational structural designs for the effective manipulation of the

transport of electrons and ions across multiporous electrodes
are essential.
Various NIB materials have been demonstrated as anodes

and cathodes, the former including Na2C8H4O4, Li4Ti5O12,
Na0.66Li0.22Ti0.78O2, hard carbon, porous hollow carbon spheres
and tubes, and tin and its alloys7−12 and the latter including
bilayer Na2V2O5, P2-Na2/3Fe1/2Mn1/2O2, Na3V2(PO4)3,
NaMn1/3Co1/3Ni1/3PO4, etc.

8,10,13−20 Among all these cathode
materials, Na2/3Fe1/2Mn1/2O2 is particularly attractive because it
provides high capacity while entirely consisting earth-abundant
elements.3 In a recent report, Yabuuchi designed composite
electrodes based on P2-Na2/3Fe1/2Mn1/2O2 and carbon black,
demonstrating a performance breakthrough in NIB technol-
ogy.11 However, the presence of inert carbon black in the
composite decreases the effective mass of the electrode and
lowers the energy density on a full cell level. Furthermore, N-
methyl-2-pyrrolidone (NMP), a solvent commonly used in
battery processing while well-known for its negative environ-
mental impact, has to be used for the reported electrode
coating. For the large-scale production of consumer batteries,
NMP already casts doubt on the sustainability; grid-storage
applications are usually on the megawatt scale, which would
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cause greater concern only if such adverse materials were
required. A greener process is therefore necessary to deploy
sustainable grid-scale energy storage electrode materials in
commercially viable battery technologies.
In this work, we address these issues by designing a process

to prepare a promising NIB cathode material using a scalable
filtration method based on aqueous ink. This process was used
to design a nanocomposite electrode of Na2/3Fe1/2Mn1/2O2

with surfactant-free graphene flakes.21 Electrochemical impe-
dance spectroscopy (EIS) was used to study the ion and
electron transport within the composite electrode at various
temperatures, and the effect of different electrolytes, especially
fluorinated solvent additives, was also investigated.

■ RESULTS AND DISCUSSION

Graphene is a well-known material endowed with numerous
advantages that have led to its extensive use as a conductive
additive in Li-ion batteries, including superior electronic
conductivity, a large surface area, and excellent mechanical
strength.22−24 A schematic shown in Figure 1a depicts a

composite material comprised of 10 wt % graphene and 90 wt
% Na2/3Mn1/2Fe1/2O2 particles in which the two-dimensional
graphene sheets serve as the scaffold for the various active
particles to form a three-dimensional (3D) network for electron
transport. The homogeneous distribution of Na2/3Mn1/2Fe1/2-
O2 particles within this 3D conducting matrix minimizes the
distances that the electrons must travel for the redox reaction to
occur. The Na+ storage capacity of such a composite film based
on Na2/3Mn1/2Fe1/2O2@graphene is expected to be fully
utilized while rapidly capturing and releasing charges. Addi-
tionally, the composite’s porous structure would favor electro-
lyte penetration and ion transport. Using the previously
Na2/3Mn1/2Fe1/2O2 and graphene, a free-standing, binder-free
electrode shown in Figure 1b, was prepared by a solution-based
vacuum filtration process.
There are two classifications of sodium-based layered

electrode materials: O3 and P2 phases in which sodium ions
are accommodated at octahedral and prismatic sites,
respectively.25 The X-ray diffraction (XRD) pattern for
crystalline Na2/3Fe1/2Mn1/2O2 is shown in Figure 2a, where
all the diffraction lines are indexed to a hexagonal lattice that is

Figure 1. (a) Schematic of the Na2/3Fe1/2Mn1/2O2@graphene film. (b) Digital image of a free-standing film based on the Na2/3Fe1/2Mn1/2O2@
graphene composite.

Figure 2. (a) X-ray diffraction spectroscopy of P2 phase Na2/3Fe1/2Mn1/2O2. (b) Schematic of the P2-Na2/3Fe1/2Mn1/2O2 structure. (c) SEM image
of the electrode material mixed with graphene. The inset is the TEM diffraction pattern of graphene. (d) SEM image of the composite electrode
before electrochemical testing.
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characteristic of a P2-type layered phase.26 The schematic
structure of Na2/3Fe1/2Mn1/2O2 is shown in Figure 2b, where a
Na+ is accommodated at the prismatic site between two layered
octahedral MnO2 molecules. A longer interlayer distance is
observed for the P2 phase because of the repulsive electrostatic
interaction of the AA-type oxygen stacking that forms the
prismatic sites.14,27,28 Meanwhile, the P2 lattice is more stable
because of its narrow gallery spacing and relatively immobile
pillaring alkali ions. The stronger pillaring effect imparts
structural stability, which is reflected by the electrochemical
reversibility of this material.26 The field emission scanning
electron microscopy (FESEM) images shown in panels c and d
of Figure 2 reveal that the particle size of the Na2/3Fe1/2Mn1/2-
O2 material synthesized in this work is approximately 500 nm.
Thorough mixing of the Na2/3Fe1/2Mn1/2O2 particles and
graphene plates as well as a highly crystalline graphene lattice
was identified in the SEM and transmission electron
microscopy (TEM) images, Figure 2c. It is expected that in
such a nanostructure, electrons can travel submicrometer
distances without scattering in the graphene to provide
excellent electronic conductivity for the electrode.29 In Figure
2d, one can visualize a single sheet of graphene with a high
aspect ratio. Because of the large aspect ratio of the graphene
flakes, a low percolation threshold is needed to achieve an
excellent 3D conductive network. Conductivity measurements
placed the typical resistance of the free-standing film of
Na2/3Fe1/2Mn1/2O2@graphene mentioned above is around 200
Ω, indicating a well-wired composite.
The electrical conductivity of Na2/3Fe1/2Mn1/2O2 was

investigated using the AC impedance technique at various
temperatures. Figure 3a−c shows the typical Nyquist plots

obtained at various temperatures for the Ag|Na2/3Fe1/2Mn1/2O2|
Ag symmetric cell. The measured impedance spectra were
deconvoluted by Z-plot software using an equivalent circuit
shown in Figure 3d. In the equivalent circuit, L, Ro, R1, CPE1,
and W represent the inductance, bulk resistance, grain
boundary resistance, constant phase element, and Warburg
element for an air electrode, respectively. The resultant fit using
the equivalent circuit was also overlapped in the impedance
spectra shown in Figure 3a−c. From these results, the electrical
conductivity of Na2/3Fe1/2Mn1/2O2 was determined by the sum

of the bulk and grain boundary resistances (Ro + R1)
normalized by the sample’s geometry (11.64 mm diameter;
1.26 mm height).
Figure 3e shows the Arrhenius plot for the electrical

conductivity of the Na2/3Fe1/2Mn1/2O2 material with a Ag
electrode. The measured total electrical conductivities of the
sample, which includes contributions from the mobility of both
electrons and ions, were 1.47 × 10−5, 5.88 × 10−5, 5.92 × 10−4,
6.12 × 10−3, and 2.15 × 10−2 S/cm at 25, 50, 100, 200, and 300
°C, respectively. The temperature dependence of the electrical
conductivity is expressed by the Arrhenius equation:

σ = −⎜ ⎟⎛
⎝

⎞
⎠

A
T

E
kT

exp a

(1)

where σ, A, T, k, and Ea represent the electrical conductivity,
pre-exponential factor, absolute temperature, Boltzmann’s
constant, and activation energy, respectively. Via application
of eq 1 to the data shown in Figure 3e, the activation energy
was calculated to be approximately 0.44 eV, which is
comparable to the reported values for Na0.44Mn1−xTixO2
cathodes (0.38−0.53 eV).30

Electrochemical half-cells with Na2/3Fe1/2Mn1/2O2@gra-
phene composites were assembled against a metallic sodium
counter electrode and tested in an electrolyte consisting of 1.0
M NaClO4 in propylene carbonate (PC) using 2 vol %
fluorinated ethylene carbonate (FEC) as the electrolyte
additive. Figure 4a shows the voltage profiles of half-cells at a
rate of 0.1 C, while Figure 4b shows their Coulombic efficiency
(CE). Two plateaus at 2.25 and 4.10 V were observed, and the
electrode material demonstrated a first discharge capacity of
156 mAh/g. The CE increased to 99% from the fourth cycle,
indicating a reversible electrochemical intercalation of Na+. The
specific discharge capacity versus cycle number was plotted in
Figure 4c, which shows fairly extensive capacity fading with
cycling; however, the specific capacity still remains higher than
those of most NIB cathode materials.31−33

To understand the cycling stability, EIS data was collected on
half-cells stabilized at the same charged state (4.3 V) within a
frequency range from 1 MHz to 100 mHz with an amplitude of
5 mV. At high frequencies, the intercept of the spectrum and
the real axis is internal resistance Rs, which includes the
electrolyte resistance, the intrinsic electrode resistance, and the
contact resistance at the interface between the electrode and
the current collector comprised of a CNT thin film. The
semicircle at the high- to middle-frequency range represents
charge transfer resistance Rct. As shown in Figure 4d, Rs
experiences a small change from 64 to 75 Ω after 60 cycles.
Meanwhile, the semicircle remains fairly constant, indicating
negligible changes in morphology and electronic structure in
the electrode materials during cycling.
We also evaluated the effect of fluorinated electrolyte

additives on the electrochemical performance of this
Na2/3Fe1/2Mn1/2O2@graphene cathode material for Na-ion
batteries. NaPF6 (1.0 M) dissolved in ethylene carbonate
(EC) and diethyl carbonate (DEC) (1:1 EC:DEC ratio by
volume) was used as the reference to compare with the test
electrolyte (1.0 M NaPF6 in PC with 2% FEC). The
Na2/3Fe1/2Mn1/2O2@graphene electrodes were fabricated, and
the samples with identical parameters were evaluated. The
results demonstrated a substantial difference in electrochemical
performance when the fluorinated solvent additive was present.
Figure 5a shows the voltage profile of the baseline electrolyte

Figure 3. Typical Nyquist plots obtained for Na2/3Fe1/2Mn1/2O2 in air
at (a) 300 °C (red stars), (b) 250 °C (orange circles), and (c) 200 °C
(blue squares) using a Ag|Na2/3Fe1/2Mn1/2O2|Ag symmetric cell over
the frequency range from 1 MHz to 0.1 Hz. (d) Equivalent circuit. The
solid lines in panels a−c represent the fitted results using the
equivalent circuit. (e) Arrhenius plot for the total electrical
conductivity of Na2/3Fe1/2Mn1/2O2 measured from 25 to 300 °C.
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with a stability window up to 3.9 V. In panels a and c of Figure
4 and panel a of Figure 5, a different electrolyte was used. On
the basis of our study, we found that the electrolyte plays an
important role for the sodium-ion battery. In Figure 4, the cell
with 2% FEC electrolyte demonstrated stable charge−discharge
performance up to 4.3 V. In Figure 5a, we used the electrolyte
without FEC as the control sample. In this case, the electrolyte

decomposed dramatically and the electrode cannot be charged
above 3.9 V. Thus, the specific capacity accessed in Figure 5a is
much smaller than what should be stored by Na2/3Fe1/2Mn1/2-
O2, as evidenced by the 90 mAh/g initial discharge capacity for
the first cycle. That is the reason why the initial discharge
capacity in panel a of Figure 5 is much lower than in panels a
and c of Figure 4. After 140 cycles, the remaining discharge

Figure 4. Electrode performance of P2 phase Na2/3Fe1/2Mn1/2O2 using 1.0 M NaClO4 PC:FEC as the electrolyte. (a) Galvanostatic charge−
discharge curve of the first cycle. Cells were tested in the voltage range from 1.5 to 4.3 V at a rate of 0.1 C. (b) Coulombic efficiency vs cycle number.
(c) Discharge capacity at different cycles. (d) EIS data collected from a cell consisting of P2-Na2/3Fe1/2Mn1/2O2 mixed with graphene in 1.0 M
NaClO4 PC:FEC. The scan frequency was 1 MHz to 100 mHz.

Figure 5. Influence of fluorinated ethylene carbonate (FEC) as an electrolyte additive for rechargeable Na batteries. (a) Voltage profile of P2-
Na2/3Fe1/2Mn1/2O2 with 1.0 M NaPF6 EC:DEC as the electrolyte at a rate of 0.1 C in the first cycle. (b) Cell cycling performance of P2-
Na2/3Fe1/2Mn1/2O2 with 1.0 M NaPF6 EC:DEC as the electrolyte at a rate of 0.1 C. (c) Voltage profile of P2-Na2/3Fe1/2Mn1/2O2 with 1.0 M NaPF6
PC:FEC as the electrolyte at a rate of 0.1 C in the first cycle. (d) EIS curve comparison of P2-Na2/3Fe1/2Mn1/2O2 with two different electrolytes: 1.0
M NaPF6 EC:DEC and 1.0 M NaPF6 PC:FEC. Both cells were tested at a potential of 2.5 V to Na+/Na.
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capacity is 60 mAh/g (Figure 5b). However, the cycling
stability of Na2/3Fe1/2Mn1/2O2 charged to 3.9 V is better than
when it is charged to 4.3 V because of the more stable electrode
structure. With only 2% FEC as shown in Figure 5c, the
cathode−electrolyte interface was stabilized, and the assembled
composite cell could be charged to 4.3 V with the second
plateau at 4.1 V, which released additional capacity equal to 138
mAh/g. The interface plays an important role in sodium-ion
batteries.34,35 We speculate that the FEC additive formed a
distinctly different interfacial chemistry on the cathode surface
that allowed sodium intercalation at higher voltages. On the
basis of the existing understanding of FEC’s electrochemical
behavior, it is more than likely there is oxidative breakdown on
the cathode in the first cycle leaving behind an F-containing SEI
layer.36 Figure 5d shows the cell’s EIS data at the same open
circuit voltage (2.5 V). A substantial difference was observed
between the cells with the baseline electrolyte and the
corresponding FEC-containing electrolyte. FEC seems to
demonstrate better electrochemical performance while having
a much lower charge transfer resistance. We believe that this
fluorinated electrolyte additive plays an important role in high-
voltage cathode materials for Na-ion battery, and it merits more
detailed investigation to decipher the precise reasoning behind
the phenomenon mentioned above.

■ CONCLUSION

We successfully designed and fabricated a binder-free
Na2/3Fe1/2Mn1/2O2@graphene composite with aqueous gra-
phene ink via a scalable fabrication method. Such water-based
process will be “greener” than the commonly adopted industry
processes for coating electrodes with a PVDF binder in NMP
solvents. The cell kinetics of this Na2/3Fe1/2Mn1/2O2@graphene
composite were also investigated by EIS spectra at various
temperatures, while studies of the effects of the electrolyte on
cathode performance revealed the positive influence of
fluorinated solvents with regard to sodium cells. This study
can help design better cathodes and electrolytes for NIBs
fabricated with scalable and more environmentally friendly
processes.

■ EXPERIMENTAL SECTION
Powder Synthesis. Na2/3Fe1/2Mn1/2O2 was synthesized via a

conventional solid state reaction.11 The starting materials were Na2O2
(Sigma-Aldrich, 97%), Fe2O3 (Alfa Aesar, 99.945%), and MnO2 (Alfa
Aesar, 99.9%). The initial materials were mixed in stoichiometric
proportions and ball milled for 24 h in ethanol. After being dried at
100 °C, the material was calcined for 12 h in an alumina crucible at
900 °C. The calcined powder was then ball milled once more for 24 h
before being dried at 100 °C.
Character i zat ion . The e l e c t r i c a l conduc t i v i t y o f

Na2/3Fe1/2Mn1/2O2 was measured by electrochemical impedance
spectroscopy (EIS). The sample powder was pressed uniaxially into
a pellet with a pressure of 132 MPa in a 13 mm diameter steel die
before it was sintered for 8 h in an alumina crucible at 950 °C. Ag
electrodes were deposited on both surfaces of the pellet by brush
painting and were annealed at 750 °C for 1 h in air. Silver mesh
attached to the platinum leads was embedded in the silver paste prior
to sintering. The Ag|Na2/3Fe1/2Mn1/2O2|Ag symmetric cell was loaded
on the quartz tube reactor and measured by two-point probe EIS using
a Solartron 1260 instrument with an AC voltage amplitude of 50 mV
over the frequency range from 1 MHz to 0.1 Hz in air. The
temperature range was from 25 °C (room temperature) to 300 °C,
and the cell was equilibrated at a constant temperature prior to each
EIS measurement.

Free-Standing Electrode Preparation. Na2/3Fe1/2Mn1/2O2 (90
wt %) was mixed with 10 wt % graphene in deionized water and
sonicated for 30 min. The suspension was then vacuum filtered using
an anodic aluminum oxide (AAO) membrane. A thin layer of CNT
was prefiltered as the current collector. The film peeled off
automatically from the AAO after it dried.

Battery Assembly and Electrochemical Measurements. Half-
cells composed of a Na2/3Fe1/2Mn1/2O2@graphene working electrode
and solid Na metal (99%, Sigma-Alrich) counter electrode were
assembled for electrochemical characterization. Separators and
CR2032 coin cell cases were purchased from MTI, Inc. The
electrochemical performance of the cells was tested using a Biologic
VMP3 electrochemical potentiostat.
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