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Abstract: A symmetric sodium-ion battery with an aqueous
electrolyte is demonstrated; it utilizes the NASICON-struc-
tured Na;MnTi(PO,); as both the anode and the cathode. The
NASICON-structured Na;MnTi(PO,); possesses two electro-
chemically active transition metals with the redox couples of
Ti"* /Tt and Mn*"/Mn*" working on the anode and cathode
sides, respectively. The symmetric cell based on this bipolar
electrode material exhibits a well-defined voltage plateau
centered at about 1.4V in an aqueous electrolyte with
a stable cycle performance and superior rate capability. The
advent of aqueous symmetric sodium-ion battery with high
safety and low cost may provide a solution for large-scale
stationary energy storage.

The development of electric-power storage devices, with the
characteristics of low cost, high-energy-density, and long cycle
life, is a global priority to integrate renewable and clean
electric-power generated from solar and wind energy into
a smart electrical grid.'*! Despite the great achievement of
lithium-ion batteries in portable electronics and electric
vehicles in recent years, the insufficient and unevenly
distributed lithium resources as well as increasing cost may
restrict their application in large-scale electrical energy
storage systems.*”! Consequently, extensive efforts have
been devoted to the investigation of sodium-ion batteries
with nonaqueous electrolytes that share similar scientific and
technological principles to the commercialized lithium-ion
batteries.*¥ Although the utilization of organic liquid
electrolytes enables sodium-ion batteries with a higher volt-
age and a wider choice of electrode materials, safety and
environmental concerns are arising from the toxic and
flammable organic solvents.'*! Furthermore, compared
with aqueous electrolytes, the much lower ionic conductivities
and higher costs of organic liquid electrolytes possibly impose
additional constrains on large-scale application of nonaqu-
eous sodium-ion batteries. To overcome the drawbacks of
organic liquid electrolytes, the development of sodium-ion
batteries with aqueous electrolytes may represent a promising
approach for large-scale storage of electrical energy.!'*”)
Recently, a number of transition metal oxides, Prussian
blue analogues, and polyanionic frameworks have demon-
strated stable sodium storage performance in aqueous
electrolytes.*?* Particular interests have also been focused
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on sodium storage in NASICON (Na Super Ionic Conduc-
tors)-type compounds because of their structural stability,
their large ionic channels, and the abundance of sodium-
insertion sites.”>”! The NASICON-structured materials with
the formula unit of A, M,(XOy,);, where A, M and X are alkali
metal, transition metal and nonmetal atoms, respectively, can
be described as three-dimensional polyanionic frameworks of
corner sharing MO, octahedra and XO, tetrahedra with
interconnected channels for the diffusion of alkali ions.***"
The redox potentials of NASICON-structured materials can
be tuned by changing the elemental composition and/or the
valence states of the transition metal ions.*” The NASICON-
structured NaTi,(PO,); has a sodium-ion insertion potential
well-above the evolution of H, in an aqueous Na,SO,
electrolyte.’! The recently synthesized Na;Ti,(PO,); as
a sodium-bearing anode for aqueous sodium-ion batteries
enables the utilization of sodium-depleted cathode materi-
als.’”! Sodium-ion full-cells with aqueous electrolytes were
also constructed with the NaTi,(PO,); anode and a variety of
cathodes, including Nay,MnO,  Na,NiFe(CN),,
Na,CuFe(CN),,*! Na;V,(PO),,*! and NaMnO,.*")

In this work, a NASICON-type compound of Na;MnTi-
(PO,); was prepared to construct an aqueous symmetric
sodium-ion battery. The design of a symmetric battery is
attractive because the cathode and anode with the same
active material can simplify the fabrication process, reduce
the manufacturing costs, and buffer the volume change of
electrodes (the cathode shrinking accompanied by anode
expansion, and vice versa).’®*! Recently, the layered metal
oxides of O3-Na,sNij,Ti,O, and P2-Na,Ni, ;7C0y 17T 6,0,
were successfully used to realize symmetric sodium-ion
batteries through the utilization of the redox centers of
nickel and cobalt on the cathode side and titanium on the
anode side in organic liquid electrolytes."**!! The realization
of an aqueous symmetric sodium-ion battery requires the
discovery of an electrode material that can be used as
a sodium-rich cathode and a sodium-deficient anode, with
sufficient sodium storage capacities, reversible redox activ-
ities, and especially working within the electrochemical
potential window of water (within the oxygen and hydrogen
evolution potentials). The NASICON-type Na;MnTi(PO,);
forms a three-dimensional framework based on MnOg or TiO4
octahedra sharing all of its corners with PO, tetrahedra
(Figure 1). Two independent types of sodium ions are located
in the interstitial sites of the framework with two different
oxygen environments: A single interstitial site per formula
unit with six-fold coordination (M1 site) is occupied by a less-
mobile sodium-ion, and three equivalent sites per formula
unit with eight-fold coordination (M2 sites) are occupied by
two mobile sodium-ions. Since the sodium ions positioned at
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Figure 1. Schematic illustration of the aqueous symmetric sodium-ion
battery with the NASICON-structured Na;MnTi(PO,); as the anode
and the cathode.

M1 sites are strongly bound to the coordinated oxygen atoms,
only the sodium ions residing at M2 sites can be extracted/
inserted for electrochemical activity.*”l We demonstrated that
the extraction of one sodium-ion per formula unit from
Na;MnTi(PO,); with the formation of Na,MnTi(PO,);
through the Mn*"/Mn?" redox couple is well-below the
oxygen evolution potential, and the insertion of one
sodium-ion per formula unit into Na;MnTi(PO,); with the
formation of Na,MnTi(PO,), through the Ti*'/Ti*" redox
couple is well-above the hydrogen evolution potential in the
neutral aqueous electrolyte of Na,SO, (1.0m). Therefore,
Na;MnTi(PO,); enables its utilization as both a sodium-rich
cathode and a sodium-deficient anode for a symmetric
sodium-ion battery in the aqueous electrolyte.
Na;MnTi(PO,); was synthesized by a sol-gel method
followed by calcination of the precursor at 600°C in argon
atmosphere. The XRD diffraction pattern (Figure?2) of
Na;MnTi(PO,); can be indexed into a rhombohedral NASI-
CON-type unit cell with the R3c space group (Table S1,
Supporting Information). The morphology of Na;MnTi(PO,),
was analyzed by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). SEM images
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Figure 2. X-ray diffraction pattern and Rietveld refinement of Na;MnTi-
(PO,)s.
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showed that the particle size of Na;MnTi(PO,); ranges from
a few hundreds of nanometers to several micrometers. TEM
images revealed that the Na;MnTi(PO,); particles are com-
posed of nanosized primary particles well-dispersed in
a carbon matrix. The presence of carbon is used to improve
the electrical conductivity of Na;MnTi(PO,);. The carbon
content is about 7.8 wt.%, determined by thermogravimetric
analysis (TGA) of the Na;MnTi(PO,); sample. The chemical
composition of Na;MnTi(PO,); was confirmed by energy-
dispersive X-ray spectroscopy (EDS) analysis (Figure S1,
Supporting Information).

The electrochemical properties of Na;MnTi(PO,); as
a bipolar electrode material were first assessed in a three-
electrode system with Ag/AgCl as the reference electrode in
the aqueous electrolyte of Na,SO, (1.0m). The cyclic voltam-
mogram (CV) of the Na;MnTi(PO,); electrode features a pair
of redox peaks centered at about 0.6 V vs. Ag/AgCl (Fig-
ure 3 A), which can be attributed to the reversible reactions of
the Mn®"/Mn>" redox couple in the NASICON lattice with
extraction/insertion of sodium-ions from/into Na;MnTi-
(PO,);. The redox voltage of Mn*"/Mn*" in the NASICON-
structured Na;MnTi(PO,); is well-below the oxygen evolution
potential in the neutral aqueous electrolyte (1.1 V vs. Ag/
AgCl), which therefore enables it to be used as a high-voltage
cathode for aqueous sodium-ion batteries.*** In accordance
with the CV results, the Na;MnTi(PO,); electrode exhibited
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Figure 3. The electrochemical performance of Na;MnTi(PO,); for the
Mn**/Mn*" redox couple in a three-electrode system with Ag/AgCl as
the reference electrode. A) The cyclic voltammogram of Na;MnTi(PO,),
(solid line) and the linear sweep voltammogram of the activated
carbon electrode (dot line) at a scan rate of 1.0 mV™'s. B) The
galvanostatic charge/discharge profiles of Na;MnTi(PO,); between 0V
and 1.0V at a rate of 0.5 C.
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charge and discharge profiles with well-defined voltage
plateaus centered at about 0.6V vs. Ag/AgCl with little
polarization (Figure 3B), corresponding to the reversible
reaction of Na;MnTi(PO,);—Na"—e =Na,MnTi(PO,);, with
the oxidation of Mn*" to Mn*" on charge and the reduction of
Mn** to Mn** on discharge,***"! keeping the valence state of
Ti** unchanged (Figure S2, Supporting Information). The
Na;MnTi(PO,); electrode delivers a discharge capacity of
58.4mAhg ! at a rate of 0.5C (1 C=58.7mAg "), corre-
sponding to a nearly 100% utilization of its one sodium
extraction/insertion capacity of the Na;MnTi(PO,); electrode
through the Mn*"/Mn*" redox couple. The structural change
of Na;MnTi(PO,); is reversible during extraction and inser-
tion of one sodium-ion per formula unit through the Mn*"/
Mn?" redox couple. When charging the electrode to 1.0 V vs.
Ag/AgCl, the X-ray diffraction peaks of (012), (113), (024),
and (300) shift to higher angles, indicative of a volume
shrinkage because of the extraction of sodium ions from the
NASICON-structured material.**! Upon discharging to 0 V
vs. Ag/AgCl, the diffraction peaks of the electrode recovered
to its original state (Figure S3, Supporting Information).

The redox couple of Ti**/Ti*" in the NASICON-structured
Na;MnTi(PO,); was also evaluated in a three-electrode
system in the aqueous electrolyte of Na,SO, (1.0m). The
main feature of the CV curves of Na;MnTi(PO,); is a pair of
redox peaks centered at about —0.8V vs. Ag/AgCl (Fig-
ure 4 A), corresponding to the reversible insertion/extraction
reaction of one sodium-ion per formula unit into/from the
Na;MnTi(PO,); lattice operating in a reversible reaction of
Na;MnTi(PO,); + Na* + e =Na,MnTi(PO,);. The observed
voltage of the Ti*'/Ti*" redox couple in Na;MnTi(PO,); is in
accordance with the voltage of the Ti*"/Ti’" redox couple in
NaTi,(PO,);, which is sufficiently higher than the hydrogen
evolution potential in the neutral aqueous electrolyte (—1.2 V
vs. Ag/AgCl)."*>" The galvanostatic discharge/charge profiles
revealed that the Na;MnTi(PO,); electrode delivers a sodia-
tion capacity of 58.2 mAhg ' at a rate of 0.5 C, corresponding
to almost full utilization of the Ti*'/Ti** redox couple in
Na;MnTi(PO,);, with the reduction of Ti*" to Ti*" upon the
insertion of one sodium-ion per formula unit and the
oxidation of Ti*" to Ti*' upon the extraction of the inserted
sodium-ion, without changing the valence state of Mn?"
(Figure S4, Supporting Information).”*? In addition, the
charge and discharge reaction of Na;MnTi(PO,); proceeded
mostly at a flat plateau centered at about —0.8 V vs. Ag/AgCl
without significant polarization, suggesting an excellent
electrochemical reversibility of the Na;MnTi(PO,); electrode
(Figure 4B). When discharging the electrode to —1.3 V vs.
Ag/AgCl, the X-ray diffraction peaks of (113), (024), (211),
and (300) shift to lower angles, because of a volume expansion
after the insertion of sodium-ions into the NASICON-
structured material.’? After the extraction of the inserted
sodium-ions, the material transforms back completely to its
original phase (Figure S5, Supporting Information).

Since the sodium-ion insertion/extraction reactions
through the Mn**/Mn*" and Ti*"/Ti*" redox couples in
Na;MnTi(PO,); take place within the -electrochemical
window of the aqueous electrolyte, it is thus expected
a symmetric sodium-ion battery with Na;MnTi(PO,); as the
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Figure 4. The electrochemical performance of Na;MnTi(PO,); for the
Ti**/Ti** redox couple in a three-electrode system with Ag/AgCl as the
reference electrode. A) The cyclic voltammogram of Na;MnTi(PO,);
(solid line) and the linear sweep voltammogram of the activated
carbon electrode (dot line) at a scan rate of 1.0 mV~'s. B) The
galvanostatic charge/discharge profiles of Na;MnTi(PO,); between
—1.3Vand 0V at a rate of 0.5 C.

cathode and the anode would have a high capacity utilization
and a stable cycling performance in the aqueous electrolyte of
Na,SO, (1.0m). Furthermore, the combination of the Mn**/
Mn?" and Ti*'/Ti** redox couples in Na;MnTi(PO,); would
enable the symmetric battery to possess a high output voltage
of approximately 1.4 V. Figure 5 A illustrates the CV curve of
the symmetric cell within the voltage of 0.4 Vand 1.8 V in the
aqueous electrolyte. The oxidation and reduction peaks were
centered at about 1.4 V, which is consistent with the predicted
value on the basis of the voltage difference between the Mn**/
Mn** and Ti*"/Ti*" redox couples in Na;MnTi(PO,);. As
shown in Figure 5B, the charge/discharge profiles of the
symmetric cell are centered at about 1.4 V without obvious
polarization, delivering a reversible capacity of 57.9 mAhg™!
at a charge/discharge rate of 0.5 C. The energy density of the
symmetric cell is about 40 Whkg ™! based on the total weight
of the active materials in the anode and cathode, which is
comparable to or higher than the conventional aqueous
rechargeable batteries and the recently developed aqueous
sodium-ion batteries (Table S2, Supporting Information). The
rate capability of the symmetric cell is also evaluated at
different charge/discharge rates from 0.5C to 10 C (Fig-
ure 5C). The reversible capacity of the symmetric cell was
56.5 mAhg™' at the rate of 1 C, and 46.7 mAhg" at the rate of
10 C. When the rate was back to 0.5 C, the capacity of
57.8 mAhg ' was recovered, demonstrating an excellent rate
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