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ABSTRACT
Introduction: Localized high concentration electrolytes (LHCE) have been intensively studied due
to their unique properties, especially in suppressing the Na dendrite formation and long-term cy-
cling. Therefore, the low electrochemical performance of the P2-type cathode can be overcome
by using LHCE.
Methods: P2-type sodium layered oxides Na2/3Mn2/3M1/3O2 (M = Fe, Co, Ni) cathode materi-
als were synthesized via a simple co-precipitation following a supported solid-state reaction. XRD
and Rietveld method analyzed the phase composition and lattice parameters. SEM images ob-
served themorphology ofmaterials. The half-cell of three cathodewere performed in LHCE consist-
ing of 2.1 M sodium bis(fluorosulfonyl)imide (NaFSI) dissolved in 1,2-dimethoxyethane (DME) and
bis(2,2,2-trifluoroethyl) ether (BTFE) (solvent molar ratio 1:2). The galvanostatic charge-discharge,
striping-plating, and linear sweep voltage tests were carried out to investigate the electrochemical
behaviors.
Results: As-prepared electrode materials exhibited discharge capacities of 94.5, 147.1, and
142.9 mAh/g at C/10 in the potential range of 1.5-4.2 V for Na2/3Mn2/3Fe1/3O2 (MFO),
Na2/3Mn2/3Co1/3O2 (MCO) and Na2/3Mn2/3Ni1/3O2 (MNO), respectively. Interestingly, the MNO
cathodematerial has a superior cycling performancewith 86.5% capacity retention after 100 cycles
than MCO and MFO.
Conclusion: Such superior electrochemical performance of synthesized MNO could be ascribed
to the combined synergistic effects between the nickel partially substituted MNO cathode struc-
ture and using LHCE 2.1 M NaFSI/DME-BTFE (1:2). Nickel substituted MNO cathode exhibited the
enhancement of discharge capacity and the long cycling stability in LHCE due to the mitigation of
dendrite formation on sodium metal anode.
Key words: Sodium-ion batteries, localized high-concentrated electrolyte, P2-type sodium
layered transition oxides, transition metal substitution

INTRODUCTION
Since its commercialization by Sony in 1991, the
rechargeable lithium-ion batteries (LIBs) have been
considered powerful energy storage systems for many
portable electronic devices such as mobile phones,
laptops, electric vehicles, etc. However, with the
rapidly increasing demand for LIBs, the shortage and
cost of lithium resources has driven the research com-
munity to search for new sustainable energy storage
systems. Beyond Li-ion technology, sodium-ion bat-
teries (SIBs) have been attracted as a promising alter-
native due to the natural abundance, worldwide dis-
tribution, and potentially low cost compared to the
LIBs. Although the SIBs exhibit analog chemistry like
LIBs, the development of novel cathode materials for
improving energy storage performances is highly re-

quired due to the larger radius of sodium ion (0.98
Å) than lithium-ion (0.69 Å) and higher standard
electrode potential of Na+/Na (-2.71 V) compared to
Li+/Li (-3.05 V) redox couple1–3. Recently, layered
transition metal oxide NaxMO2 (M = transition met-
als) materials have been intensively investigated due
to their high volumetric energy capacity and rate ca-
pabilities, appropriate for grid application1,4.
Sodium-based layered oxide cathode materials have
been mainly categorized into two groups of O3-type
and P2-type since the 1980s by C. Delmas et al.5. O3-
type structure means that sodium ions are located in
the octahedral sites with three stacking repeat MO2
sheets ofABCABC. InP2- type structure, sodium ions
occupy the prismatic sites provided by two MO2 lay-
ers of ABBA. Notably, the P2-type layered oxide cath-
ode materials provide a stable structure and high dif-
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fusion coefficient. Hence, P2-type structure cathodes
exhibit much better cycle stability and rate perfor-
mance compared to the O3-type structure6. Among
various P2-type layered transition metal oxide mate-
rials, Mn-based cathode materials (NaxMnO2) have
been considered as the most promising candidates
due to the earth-abundance, low cost, and low-toxic
transition metal. Even so, P2-Na0.67MnO2 materi-
als still suffer poor cycling durability owing to the
strong Jahn-Teller effect associated withMn3+/Mn4+

redox couple and the dissolution of manganese in or-
ganic carbonated-based electrolytes7,8. To overcome
these challenges, the partial substitution of man-
ganese by various transition metals (e.g. Fe, Co, Ni,
Cu, Mg, and Zn) in P2/P2’-Na0.67MnO2 structure
and using advanced electrolytes instead of the con-
ventional carbonate-based ones have been considered
as promising strategies for increasing electrochemical
capacity and cycling durability of the SIBs. Recently,
localized high concentrated electrolytes (LHCE) have
been intensively studied due to their unique proper-
ties 3,9,10: preventing the Al current collector corro-
sion, wide electrochemical window, fast-chargeable
ability, suppressing the Li dendrite formation, unique
solvation structures, and functionalities for both LIBs
and SIBs. In the previous report3, J. Zheng and
co-workers found that the LHCE containing 2.1 M
NaFSI/DME-BTFE (1:2) prevents Na dendrite with
high Coulombic efficiency (CE) of >99%. Moreover,
this electrolyte stabilized the cycle life (upon 90.8% af-
ter 40 000 cycles) when cycling at a high current (20C)
in NVP half-cell.
Herein, P2-Na2/3Mn2/3M1/3O2 cathode materials
(M = Fe, Co, Ni) were prepared by a simple
co-precipitation following by an assisted solid-state
step. The long cycling performance of as-prepared
Na2/3Mn2/3Fe1/3O2 (MFO), Na2/3Mn2/3Co1/3O2

(MCO), and Na2/3Mn2/3Ni1/3O2 (MNO) cathode
materials were evaluated in a localized high concen-
trated electrolyte consisting of 2.1 M NaFSI/DME-
BTFE (1:2) as the electrolyte compared to the conven-
tional electrolyte based on NaClO4.

MATERIALS-METHODS
Chemicals
Manganese (II) acetate tetrahydrate
(Mn(CH3COO)2.4H2O, 99%), Iron (II) sulfate
heptahydrate (FeSO4.7H2O, 99.5%), Cobalt (II)
nitrate hexahydrate (Co(NO3)2.6H2O, 99%), Nickel
(II) nitrate hexahydrate (Ni(NO3)2.6H2O, 99%),
1,2-dimethoxyethane (DME, 99%), N-methyl-2-
pyrrolidone (NMP, 99%) and Ethylene carbonate

(EC, 99%) were purchased from Acros Organ-
ics. Sodium hydroxide (NaOH, 99%) was bought
from Merck. Sodium bis(fluorosulfonyl)imide
(NaFSI, 99%), Poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HPF, Mw ~ 400,000),
Poly(vinylene fluoride) (PVDF, Mw ~ 534,000),
Fluoroethylene carbonate (FEC, 99%), Propylene
carbonate (PC, 99.7%), Bis(2,2,2-trifluoroethyl) ether
(BTFE, 98%) and Dimethyl carbonate (DMC, 99%)
were purchased from Sigma-Aldrich. Deionized
water (k < 2 mS.cm−1) was used in all experiments.

Preparation of hydroxide precursors

Typically, a certain amount of Mn(CH3COO)2.4H2O
and FeSO4.7H2O (Co(NO3)2.6H2O or
Ni(NO3)2.6H2O) with a mole ratio of 2:1 were
completely dissolved in 10 mL deionized water
(solution A), and 25 mL of 4 M NaOH was separately
prepared in a three necks glass reactor (solution B)
which was connected with N2 gas line. The metal
salts mixture was precipitated by dropwise adding
solution A to solution B under vigorous stirring at 50
oC in N2 atmosphere for 15 h. The mixed hydroxide
was filtered, rinsed with distilled water several times
until the neutral solution (pH ~ 7), and the obtained
sample was dried in a vacuum oven at 80 oC for 10 h.

P2-Na2/3Mn2/3M1/3O2 synthesis

Dried hydroxide precursors were mixed with
Na2CO3 with a molar ratio of Na/Mn/M = 2/2/1
(M = Fe, Co, and Ni). The resultant powder was
pre-calcined at 500 oC for 6 h in air. After cooling
to room temperature, the powder was ground again.
Finally, it was calcined at 900 oC for 36 h and then at
750 oC for 6 h and quenched to room temperature
in Ar atmosphere. The sample was kept in an
argon-filled glove box to avoid moisture from the air.

Material characterization

X-ray diffraction (XRD) patterns of as-synthesized
samples were recorded at room temperature by
Bruker diffractometer with Cu-Kα radiation (λ =
1.5814 Å) at the scan rate of 0.02◦/step/0.25s. The
phase component and crystalline structure were an-
alyzed by using X’pert Highscore Plus software. The
refinement of the lattice parameters was carried out by
the Rietveld method. The morphology of these sam-
ples was observed by scanning electron microscope
(SEM, Hitachi S-4800) with an accelerating voltage of
5 kV.
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Preparation of localized high-
concentration electrolyte
LHCE electrolyte was prepared by using a previously
reported method of J. Zheng et al 3. Typically, a vol-
ume ratio (1:2, v/v) of DME and BTFE solvents was
initially until a homogenous solution. Then, a pre-
cise amount of NaFSI was weighed and slowly added
to this mixture of DME and BTFE (1:2, v/v) to ob-
tain 2.1 M salt concentration. The conventional elec-
trolytes consisting of 1 M NaClO4 dissolved in PC +
2% FEC (in vol.) and 1 M of NaFSI dissolved in EC-
DMC (1:1, v/v) were also prepared for comparison.
All the preparation steps were performed in the glove-
box.

Coin cell assembly and electrochemical
testing
The electrode composite consisting of as-prepared
material, conductive carbon C65, and a binder solu-
tion PVDF-HPF (10% wt. in NMP) was mixed in a
mass ratio of 80:15:5 (wt/wt/wt), respectively. This
combination was thoroughly mixed in 45 minutes by
usingMSK-SFM-3 desk-top high-speed vibrating ball
mill (MTI, USA) to obtain a homogeneous slurry.
Then, the slurry was cast on aluminum (Al) current
collectors by using the MSK-AFA-III automatic thick
film coater (MTI, USA) and dried at 110 oC in a
vacuum oven for 15 hours. The coated Al film was
punched into 12mm ground plates withmass loading
around 2 mg/cm2, which is matched with the dimen-
sions of a CR2032 coin cell kit (MTI, USA). The coin
cell configuration using cathode disc, sodium plate
as negative, and a reference electrode, two glass fiber
separators wetted by an electrolyte of 2.1 M NaFSI
in DME and BTFE (1:2, v/v) (LHCE) were assem-
bled in the glovebox. A similar procedure was carried
out for two compared electrolytes. Galvanostatic dis-
charge/charge was performed on the battery testing
system (LAND, CT-2001A) in a voltage range of 1.5-
4.2 V versus Na/Na+ at currents of C/10 in the first 10
cycles and C/5 in subsequence cycles.
Long cycling performance of the Na plating/stripping
processes in Na∥Cu cell, in which a piece of sodium
metal or Cu foil were used as an anode and a cathode
separated by using aWhatman separator. The sodium
plating was capacity-controlled by setting deposition
time for 1 hour for currents densities of 0.5 mA/cm2

while the stripping process was voltage controlled by
setting the upper cutoff voltage to 1.0 V vs. Na+/Na.
All the cells were cycled at 25 oCon the LANDbattery
testing system.
Linear sweep voltage (LSV) measurements were car-
ried out in Al∥Na cell, in which a piece of sodium

metal or Al foil were used as an anode and a cath-
ode separated by using aWhatman separator to evalu-
ate the oxidation stability of two different electrolytes
(LCHE and conventional electrolyte) upon charging
process at high potential.

RESULTS
Material characterization
X-ray diffraction (XRD) was performed to investigate
the crystal structure of as-prepared sodium layered
transition metal oxide materials. Figure 1 shows the
Rietveld refinement of XRD patterns of MFO, MCO,
and MNO samples with a low value of χ2 factor, in-
dicating that all patterns are well fitted with calcu-
latedmodels. All diffraction peaks are sharp andwell-
defined, which are matched well with a reference pat-
tern of P2-Na2/3Mn2/3Ni1/3O2 (No. 00-054-0894),
suggesting that all as-prepared samples reveal P2-type
structure with a hexagonal P63/mmc space group.
The refined crystallographic parameters are shown in
Table 1. It is observed that the crystallographic pa-
rameters of MNO and MFO are calculated to be a
= b = 2.8875 Å and a = b = 2.9245 Å, respectively,
which are higher than those of the MCO sample (a =
b = 2.8700 Å). Such an increase of lattice parameters
could be ascribed to the larger radius of Ni3+ (0.56 Å)
and Fe3+ (0.55 Å) compared to that of Co3+ (0.545
Å)11.
The morphologies and size of as-prepared materials
were investigated by scanning electron microscopy
(SEM). As shown in Figure 2, the SEM images of
theMNO,MCO, andMFO exhibit some erythrocyte-
like morphologies with a particle size of 0.5-1.0 µm.
These particles sizes are consistent with several related
sodium layered transition metal oxide cathode mate-
rials in the literature8,12.

Electrochemical performances
The sodium cycling behavior was performed with
fixed area capacity (0.5 mAh/cm2) in Na∥Cu cells us-
ing LHCE of 2.1 M NaFSI/DME-BTFE (1:2) com-
pared to conventional carbonate-based electrolytes.
Na-metal was repeatedly electroplated and stripped at
a current density of 0.5 mA/cm2 using the bare cop-
per (Cu) foil as a substrate in these electrolytes. The
estimated Coulombic efficiency (CE) for each cycle,
which ismeasured of the reversibility and roughly cal-
culated based on the ratio given by the capacity of Na
stripped to that of Na deposited, and its CE is illus-
trated in Figure 3. TheNa∥Cu cell using LHCE reveals
a negligible voltage gap between Na deposition and
stripping (Figure 3a) while the one in two compared
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Figure1: XRDpatterns of as-prepared (a)MFO, (b)MCOand (c)MNO samples and their Rietveld refinement results

Table 1: Lattice parameters of MFO, MCO andMNO after Rietveld refinement

MFO: a = b = 2.9245 Å, c = 11.2649 Å, and V = 83.437 Å3

MCO: a = b = 2.8700 Å, c = 11.1841 Å, and V = 79.780 Å3

MNO: a = b = 2.8875 Å, c = 11.1606 Å and V = 80.586 Å3

Atoms x y Z Occupancy

Me 0 0 0 1/3

Mn 0 0 0 2/3

O 1/3 2/3 0.09 2

Na(f) 0 0 0.25 0.26

Na(e) 1/3 2/3 0.75 0.43

1992



Science & Technology Development Journal, 24(2):1889-1897

Figure 2: SEM images of (a) MFO, (b) MCO, and (c) MNO at the magnification 6500 times (scale bar 5 µm)

carbonate-based electrolytes exhibited larger voltage
gaps (Figure 3b, c). Moreover, it can be observed that
the Na metal CE at the first cycle is 71% in LCHE;
then it is remarkably increased over 98% and main-
tained stable for over 100 cycles. In comparison, other
electrolytes salt-solvent combinations were unable to
achieve such high reversibility; typically, 1M NaFSI
in carbonate solvents EC-DMC (1:1 in v/v) and 1M
NaClO4 in PC (2% FEC in vol. as an additive) showed
very low CE, less than 30% (Figure 3d).
The galvanostatic charge-discharge tests of MFO,
MCO, and MNO in LHCE were performed at 0.1
C rate in the potential window of 1.5-4.2 V. Fig-
ure 4a shows voltage profiles of the first cycle for as-
prepared MFO, MCO, and MNO cathode materials,
in which charging curves reveal a distinctive slope
and a plateau region corresponding to redox cou-
ples of Mn3+/Mn4+ and M3+/M4+. It is noticeable
that MFO and MCO charging curves exhibit a higher
slope compared to the potential curve of MNO, indi-
cating the higher activated Mn3+/Mn4+ content for
MNO. Besides, MCO and MNO showed a large dif-
ference in discharge capacities between charge and
discharge processes, whereas the ratio of capacities
between charge and discharge processes for the case
of MFO exhibits nearly a unit. This may be due
to higher porosity in the P2 structure of MCO and
MNO compared to that of MFO, resulting in the im-
provement of Na+ diffusion in the initial host struc-
ture. As shown in Figure 4b-d, the capacity differ-
ences for MFO between the 5th, 10th cycle (with a
rate of 0.1 C) and 20th, 50th cycle (with a rate of
0.2 C) seem to be larger than those of MCO and
MNO cathode materials. The poor cycling perfor-
mance of MFO can be originated from both Jahn–
Teller distortion and the unstable structure when oxi-
dation potential raising over 4.0 V, at which the Fe3+

species can be converted to Fe4+, leading to struc-
tural instability and capacities fading. Moreover, in

carbonate-based solvents, NaFSI is oxidized at the po-
tential of over 3.95 V. However, the oxidation poten-
tial is much higher for the commonly used electrolyte
of 1 M NaClO4/PC + 2% FEC (in vol.), as shown in
the LSV result (Figure 5). Therefore, this electrolyte
is not compatible with P2-Na2/3Mn2/3M1/3O2 cath-
ode due to its high upper cutoff voltage (4.2 V). The
poor charge/discharge curves of MNO and MFO in
the electrolyte 1 M NaFSI/EC-DMC (1:1) have been
strongly related to this phenomenon.
These results are correlated to the NaFSI salt in
carbonate-based solvents, which is the factor
leading to Al corrosion13. Meanwhile, P2-
Na2/3Mn2/3M1/3O2 exhibited good properties
when cycling in LHCE electrolyte due to its oxidation
stability at the working voltage of the cathode. As
a result, LHCE has successfully prevented the Al
current collector from corroding with FSI− anion.
The cycling performances of all as-prepared cathode
materials are shown in Figure 6. Notably, the first 10
cycles were measured at 0.1 C, while a current density
of 0.2 C was applied for the cycles from the 11th-100th

cycle. The discharge capacities of MFO, MCO, and
MNO are obtained from the 2nd cycle, which is 94.5,
147.1, and 142.9 mAh/g, respectively. After 10 cycles,
the MFO, MCO, and MNO exhibit capacities reten-
tion of 92.2, 97.0, and nearly 100% at the rate of 0.1 C,
respectively. A similar trend of capacities retention
for the cycles from the 11th-100th at 0.2 C, whereas
the MNO reveals remarkable cycling performance of
86.5% compared to that of MCO (81.8%) and MFO
(65.8%). Moreover, CE of all as-synthesized samples
reaches nearly 98% except for the initial CE (1st cy-
cle), indicating the high reversibility of deintercala-
tion/intercalation reactions ofNa+ ionswith the cath-
ode materials in the LHCE system.

DISCUSSION
As mention in the results section, the electrolyte
LHCE consists of 2.1 M NaFSI dissolved in DME
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Figure 3: Voltage profile of Na plating-stripping processes in (a) 2.1 M NaFSI/BTFE-DME (1:2), (b) 1 M NaFSI/EC-
DMC (1:1), (c) 1 M NaClO4/PC + 2% FEC and their Coulombic efficiency with cycling measured in Na∥Cu cell (d) by
repeated plating and stripping processes at 0.5 mA/cm2

Figure 4: (a) Charge and discharge profiles of MFO, MCO, and MNO at 0.1 C for the first cycle. The voltage profiles
of different cycles at 0.2 C for (b) MFO, (c) MCO, and (d) MNO
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Figure 5: Oxidation ability of some carbonate-based electrolytes: 1 M NaFSI/EC-DMC (1:1) (red line) and 1 M Na-
ClO4/PC + 2% FEC (blue line)

Figure 6: Cycling performances of MFO, MCO, and MNO at 0.1 C in the first 10 cycles and at 0.2 C after 10 cycles
and their corresponding Coulombic efficiencies
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and BTFE (1:2, v/v) can overcome the disadvan-
tages of low concentration carbonate-based solvents.
LHCE can prevent the corrosion of Al current collec-
tor caused by FSI- anion. It can be explained by the
solvation of ions becoming more strongly in LHCE,
which obstructs the reaction between FSI- anion and
Al at a low voltage of 3.7 V (Figure 5). Addition-
ally, using LHCE pushes the efficiency of sodium plat-
ing/striping up to nearly 100%. In the stripping-
plating technique (Figure 3), Na can be electrostrip-
ping and electroplating almost reversibly, indicating
that LHCE can be used as a promising electrolyte for
anode-free cells.
The high content of sodium salts in the composition
of LHCE leads to the high cost of the electrolyte and
also increases the viscosity that lowers the ionic con-
ductivity. Therefore, the capacity of MFO, MNO, and
MCO materials cycling in LHCE are lowered than
other carbonate-based electrolytes8,14. The capacity
is contributed by the oxidation/reduction couples of
the doped element M4+/M3+ and Mn4+/Mn3+ in-
creases in order: MNO > MCO > MFO. The high ag-
glomeration, the bigger the particle size of MFO that
hinders the kinetics, can contribute to the low capac-
ity. On the other hand, Ni is active species and pos-
sesses 2 electrons mechanism that brings additional
capacity to MNO material15. Interestingly, it is no-
ticeable that LHCE can enable the long-term cycling
of these materials, which was an important factor for
grid-scale energy storage systems.

CONCLUSION
The effects of transition metal (Fe, Co, Ni) substi-
tution in the structure of P2-Na2/3Mn2/3M1/3O2
and their electrochemical behaviors with the localized
high concentrated electrolyte of 2.1 M NaFSI/DME-
BTFE (1:2) have been successfully investigated. It was
found that the MNO shows a high specific capacity
of 142.9 mAh/g and outstanding cycling performance
with 86.5% capacities retention after 100 cycles at 0.2
C compared to the MCO and MFO. Such remark-
able electrochemical performance at MNO could be
attributed to the Ni doping in the cathode structure,
helping to mitigate the Jahn-Teller effect and stabi-
lize layered oxide structure. Also, the LHCE system
plays a vital role in preventing dendrite formation at
the sodium anode, thus enhances long-term cycling
durability and suppress the Al corrosion causing by
FSI− anion, which are critical points for the practical
application of sodium-ion batteries.
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LIB: lithium-ion battery
SIB: Sodium-ion battery
MFO: Na2/3Mn2/3Fe1/3O2
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