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ABSTRACT

The surface-modified Na2/3Co2/3Mn1/3O2 is coated with a conductive Poly (3,4-Ethylene dioxy thiophene)-poly
(styrene sulfonate) (PEDOT/PSS) polymer, and their resulting electrochemical properties were investigated as Na-
ion battery cathode. The surface-modified Na2/3Co2/3Mn1/3O2 cathode material exhibits a high discharge capacity and
good rate capability due to enhanced electron transport by surface PEDOT/PSS. The presence of PEDOT/PSS
surface layer suppresses the growth of a resistive layer, while the dissolution of transition metals of the active
cathode materials is inhibited as well. The resulting surface-modified Na2/3Co2/3Mn1/3O2 shows superior cycling
performance, which is much stable than the pristine one as being the Na-ion battery cathode.
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ABSTRAK

Bahan katoda Na2/3Co2/3Mn1/3O2 termodifikasi permukaan dilapisi dengan Polimer konduktif poly-(3,4-Ethylene
dioxy tiofen)-poly (styrene sulfonate) (PEDOT/PSS), dan menghasilkan sifat elektrokimia dan digunakan sebagai
katoda Na-ion baterai. Bahan katoda Na2/3Co2/3Mn1/3O2 termodifikasi permukaan menunjukkan kapasitas discharge
tinggi dan rate capability yang baik karena transpor elektron ditingkatkan oleh PEDOT/PSS permukaan. Adanya
lapisan permukaan PEDOT/PSS menekan pertumbuhan lapisan resistif, sedangkan kelarutan logam transisi dari
bahan katoda aktif juga dihambat. Na2/3Co2/3Mn1/3O2 termodifikasi permukaan yang dihasilkan pada penelitian ini
menunjukkan cycling performance yang tinggi, yang jauh lebih stabil daripada Na2/3Co2/3Mn1/3O2 termodifikasi
sebagai katoda baterai Na-ion.

Kata Kunci: baterai Na-ion; PEDOT/PSS; katoda; coting permukaan

INTRODUCTION

The large scale applications such as electric
vehicles, smart grid systems uninterruptible power
supplies (UPS) for cloud computing data centers, and so
on, have become a new frontier of rechargeable
batteries and lead to strong demands of lithium-ion
batteries, the most reliable and high energy density
energy storage system to date. In such a large scale
system, the cost of materials (manufacturing cost) and
the cycle performance (maintenance cost) are as
important as fundamental characteristics [1-3]. These
demands on the lower cost electrode materials led to a
rediscovery of sodium ion batteries in recent years. Na-
ion technology can be a promising candidate even the
associated physical and chemical properties not
compatible to Li-ion one. However, it is much more

beneficial when considering the cost, the raw material
abundance and the similar chemistry of Sodium and
Lithium [4-5].

There are many electrode materials for sodium
ion battery have been tested recently such as,
NaxCoO2 [6], Na4Mn9O18 [7], NaFeF3 [8], NaMPO4 [9],
Na1.5VOPO4F0.5 [10], Na2FePO4F [11], NaCrO2 [12],
carbon [13-15], NaxVO2 [16], Na2Ti3O7 [17],
NaTi2(PO4)3 [18], and Na2/3Co2/3Mn1/3O2 [19],
Na3V2(PO4)3 [20] as active materials in cathodes and
anodes.

Sodium lamellar oxides (NaxMO2), were first
studied as a positive electrode for sodium batteries in
the 80’s by Delmas [21-22]. The recent works of
Terasaki [23] and Takada [24] put back on stage the
NaxCoO2 system due to its interesting thermoelectric
properties and superconductivity of the hydrated
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compound of Na0.35CoO2.1.3H2O. The structure of
NaxCoO2 phases can be either P2, P3, P¢3, or O3. This
materials become unstable because it exhibits several
structure phase transition during charging/discharging.
To stabilize the crystalline structure of NaxCoO2, Layered
Na2/3Co2/3Mn1/3O2 materials have attracted much
attention as promising alternative cathode materials
because it has been found that single P2-phases are
formed for Na2/3Co2/3Mn1/3O2 [19]. However, this material
has poor rate capability and also cycling stability, due to
decomposition of the organic electrolyte, this cathode
material, test by cycling performance using 1 M NaClO4

in PC based electrolyte, and has fading until 77% for 50
cycles. To solve this problem, a number of methods
have been used for enhancing the cycling stability and
rate performance of ion insertion materials. Among
them, carbon coating and particle size reduction are the
most common strategies to enhance both the cycling
stability and rate performance of cathode electrodes due
to low electronic conductivity and poor ion diffusivity
[11,20,56-57]. The same problem in lithium ion batteries
was solved by coating the surface of cathode active
materials with conductive polymers as well as inorganic
materials, but in Sodium ion battery there is no report
about conductive polymer coating on the electrode
materials. In order to overcome this poor rate capability
problem by coating the Na2/3Co2/3Mn1/3O2 particles with
various protective layers.

The surface modification of cathode materials with
a conductive polymer is quite beneficial with respect to
the delivery of the original capacity without a reduction of
the amount of the electrochemically active element in the
parent cathode materials. Among various conductive
polymers, poly(3,4-ethylenedioxythiophene) (PEDOT) is
one of the promising coating materials due to its high
electronic conductivity and good electrochemical stability
[42,44-50].

This study examines the effect on the
electrochemical cycling performance of
Na2/3Co2/3Mn1/3O2 by coating its surface with the PEDOT
via solution method. The treatment is expected to affect
the cycle ability and also rate capability. The preparation,
structure and electrochemical performance of the
surface-treated Na2/3Co2/3Mn1/3O2 cathode materials are
discussed in comparison with the pristine one.

EXPERIMENTAL SECTION

Synthesis Na2/3Co2/3Mn1/3O2

Na2/3Co2/3Mn1/3O2 powder were prepared by a co-
precipitation method using CoSO4·7H2O, and
MnSO4·H2O solution with the molar ratio of Co and Mn is
2:1, and mixed with the Na2CO3 solution. This two
solutions dropwise into batch reactor contain DI water 1

L, 60 °C, flow CO2 gas and continue stir for 12 h.
NH4OH solution was added into reactor to adjust
pH = 6.7. The spherical Co2/3Mn1/3CO3 powders were
filtered, washed with de-ionized water, and dried at
80 °C for 24 h to remove adsorbed water. A mixture of
the carbonate Co2/3Mn1/3CO3 and Na2CO3 with the ratio
Na and precursor is 2/3:1 was mixed using 3D mixing
machine. The result was preheated to 500 °C for 10 h
and then heated at 950 °C for 12 h, heating rate
2 °C/min under oxygen gas flow and quench directly
into room temperature [54].

PEDOT/PSS Coated Na2/3Co2/3Mn1/3O2

PEDOT/PSS solution (Aldrich) was dispersed in
N-methyl pyrrolidone (NMP) at different concentration
of 3, 5, and 10 wt.%. The Na2/3Co2/3Mn1/3O2 powders
were immersed in the polymer solution, and the mixture
was stirred at 60 °C for 4 h to induce surface coating of
the Na2/3Co2/3Mn1/3O2 powders. After evaporating the
mixed solution and drying under vacuum at 80 °C for
24 h, the surface-modified Na2/3Co2/3Mn1/3O2 powders
were finally obtained [50].

Electrode Preparation and Cell Assembly

The positive electrode was prepared by coating
the NMP-based slurry containing surface-modified
Na2/3Co2/3Mn1/3O2 powders, poly (vinylidene fluoride)
(PVdF), and super-P carbon (85:10:5 by weight) on
aluminum foil. After drying under vacuum at 80 °C
overnight, the electrode was punched into a disk. The
geometrical area of the positive electrode was
1.54 cm2. The sodium electrode consisted of a 100 μm 
thick sodium foil. A CR2032-type coin cell composed of
a sodium negative electrode, a glass microfiber filters
separator (GF/C, Whatman), and a Na2/3Co2/3Mn1/3O2

positive electrode was assembled with a liquid
electrolyte. The liquid electrolyte used was 1 M NaPF6

in ethylene carbonate (EC)/propylene carbonate (PC)
(1:1 by volume). All cells were assembled in an argon-
filled dry box (Unilab, Mbruan) in which the moisture
and oxygen contents were maintained less than 1 ppm
[54].

Characterization

X-ray diffraction (XRD, Bruker AXS D2, using Cu
Kα radiation) was used to identify the crystalline phase 
of the pristine and surface-modified Na2/3Co2/3Mn1/3O2

powders. Fourier transform infrared (FTIR) spectra
were recorded on JASCO 460 IR spectrometer using
KBr pellets in the range of 400-4000 cm-1.
Thermogravimetric analysis (TGA) was conducted on
simultaneous TGA/DSC analyzer (SDT Q500, TA
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Instrument) at a heating rate of 5 °C/min under N2 and
O2 flow. AC impedance measurement was then
performed to measure ionic conductivity using an
impedance analyzer over the frequency range of
100 mHz to 1 MHz with an amplitude of 10 mV. Charge
and discharge cycling tests of the Na/Na2/3Co2/3Mn1/3O2

cells were conducted at different current densities over
the voltage range of 1.25−4.3 V using battery testing 
equipment (Arbin machine).

RESULT AND DISCUSSION

To determine if any unexpected effect of PEDOT
coating on the crystalline structure of Na2/3Co2/3Mn1/3O2,
the X-ray powder diffraction was carried out for uncoated
and coated Na2/3Co2/3Mn1/3O2 materials. The XRD
patterns of the bare and PEDOT coated
Na2/3Co2/3Mn1/3O2 in different concentration are
presented in Fig. 1.

The XRD patterns of the bare Na2/3Co2/3Mn1/3O2

and PEDOT-coated Na2/3Co2/3Mn1/3O2 are shown in Fig.
1. All the diffractions were indexed to hexagonal
structure, pure P2 phase with space group of P63/mmc
[19]. There is no significant change in the XRD patterns
for the Na2/3Co2/3Mn1/3O2 materials after PEDOT/PSS
coating, indicating no side reaction between the
polymeric coating and Na2/3Co2/3Mn1/3O2.

To understand the weight percentage of
PEDOT/PSS in the coated Na2/3Co2/3Mn1/3O2, the
associated TGA data of the bare Na2/3Co2/3Mn1/3O2

powder and the coated Na2/3Co2/3Mn1/3O2 with various
PEDOT weight percentages are shown in Fig. 2. The
PEDOT composition are comparatively, more the
product is rich in polymer more it is degraded easily.
Higher percentage of PEDOT, give higher weight losses.

As shown in Fig. 2, it can be clearly observed that
there were three-step weight losses for all three different
PEDOT/PSS content. The polymers initially underwent a
small weight decrease at relatively low temperature
around 120 °C, which may be attributed to moisture
evaporation. With the gradual increasing of the
temperature, another weight loss was found at 300 °C,
which were essentially due to the oxidizing
decomposition of the skeletal PEDOT backbone chain
structures. The last step weight loss at temperatures
500 °C should be attributed to the thermal
decomposition of NaClO4.

The existence of PEDOT on the Na2/3Co2/3Mn1/3O2

particle was further confirmed by comparison of the FTIR
spectra of pristine and surface-modified
Na2/3Co2/3Mn1/3O2 particles. As shown in Fig. 3, the
pristine Na2/3Co2/3Mn1/3O2 particle exhibits a broad band
around 540 cm-1 [50], which comes from the M−O 
vibration [51-52]. No significant shift could be observed
after polymer coating in this region, indicating no strong

Fig 1. X-ray diffraction patterns of Na2/3Co2/3Mn1/3O2

and the PEDOT-coated Na2/3Co2/3Mn1/3O2 in different
concentration

Fig 2. TGA curve of Na2/3Co2/3Mn1/3O2 and the PEDOT-
coated Na2/3Co2/3Mn1/3O2 in different concentration

interactions between PEDOT and Na2/3Co2/3Mn1/3O2.
The presence of PEDOT could be confirmed by the
C=C ring and C−O−R vibration in PEDOT at about 
1120 cm-1 [42,53].

The CV (cyclic voltammetry) was conducted for
the pristine Na2/3Co2/3Mn1/3O2 and PEDOT-coated
Na2/3Co2/3Mn1/3O2 with different PEDOT content. From
the CV curve (Fig. 4) with different concentration of
PEDOT, it is seen all the PEDOT content exhibit four
couple of peak in the anodic and cathodic sweeps. This
suggests that the intercalation and deintercalation of
sodium ions were carried out in four steps. The
cathodic and anodic peaks show different phase
formation of Na2/3Co2/3Mn1/3O2. The first peak in 4 V is
the formation of NaxCo2/3Mn1/3O2, for x = 0.3439. The
second redox peak couple in 3.55 V is another phase
change, x = 0.5. The other redox peaks couple in 3.4 V,
2.5 V and 1.5 V are the phase change for x = 0.52,
0.67 and 0.87, respectively. This behavior was
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observed with the previous work [19]. The redox pairs of
Co and Mn also contribute in the cathode materials. Its
agree with our previous research [54] that the
discharging process for both the Co and the Mn,
suggesting that the redox pairs, that is, Co3+/Co2+ and
Mn4+/Mn3+, are both involved in the reaction.

The cathodic and anodic peaks in the PEDOT/PSS
3% shows the irreversible shift (Fig. 4) from 4.17 V to
3.85 and other anodic and cathodic peak in 3.8 V to 3.5
V suggests that the structural change happen. In
contrast, for the Pristine and other PEDOT/PSS content
5% and 10%, there is no sign of any irreversible
structural change.

These CV data are in good agreement with the
discharge/charge curves in Fig. 5. In the cycling profile,
the significant peaks that can be seen in the CV can be
observed as well. The dominating feature is the plateau
around 4 V, 3.5 V, 2.5 V and 1.5 V.

In order to evaluate the influence of PEDOT/PSS
content on the electrochemical performance of the
pristine and PEDOT-coated Na2/3Co2/3Mn1/3O2, CR2032
coin-type cells were fabricated using Na foil as the
counter electrode and 1 M NaPF6 in EC/PC (1:1 by
volume) as the electrolyte. Fig. 5 presents the cell
voltage versus specific capacity curves for the 1st to 5th

cycles of Na2/3Co2/3Mn1/3O2 and PEDOT-coated
Na2/3Co2/3Mn1/3O2 with different PEDOT contents in the
voltage range of 1.25 to 4.3 V at a constant current rate

Fig 3. FTIR spectra of Na2/3Co2/3Mn1/3O2 and the
PEDOT-coated Na2/3Co2/3Mn1/3O2 in different
concentration

Fig 4. Cyclic Voltammetry curve of Na2/3Co2/3Mn1/3O2 and the PEDOT-coated Na2/3Co2/3Mn1/3O2 in different
PEDOT/PSS content: a) 0 wt.%, b) 3 wt.%, c) 5wt.%, and d) 10 wt.%
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Fig 5. Charge – discharge curve of Na2/3Co2/3Mn1/3O2 and the PEDOT-coated Na2/3Co2/3Mn1/3O2 in different
PEDOT/PSS content : a) 0 wt.%, b) 3 wt.%, c) 5wt.%, and d) 10 wt.%

Fig 6. Cycling performance of Na2/3Co2/3Mn1/3O2 and the
PEDOT-coated Na2/3Co2/3Mn1/3O2 with different
PEDOT/PSS content at the rate 0.1C and scan range
1.25 – 4.3 V

of 0.1 C. The cells were galvanostatically charged and
discharged repeatedly at the rate 0.1 C between 1.25 V
and 4.3 V at room temperature. From Fig. 5, it is seen
that for the Na2/3Co2/3Mn1/3O2 and PEDOT-coated
Na2/3Co2/3Mn1/3O2 with different PEDOT content, there
are four charge plateaus at 4; 3.55; 2.67 and 1.45 V as
well as four discharge plateaus at 4.1; 3.7; 2.7; and 1.75
V, which agrees with the CV results (Fig. 4). It also the
same result with the previous work [54].

The PEDOT coated Na2/3Co2/3Mn1/3O2 with
PEDOT content 10% exhibits the lowest initial
discharge capacity of 100.06 mAh/g, compare with
Na2/3Co2/3Mn1/3O2 and other PEDOT-coated
Na2/3Co2/3Mn1/3O2 sample. The PEDOT-coated
Na2/3Co2/3Mn1/3O2 with the PEDOT content 10% shows
the worse discharge capacity due to the PEDOT on the
surface to much, so the sodium intercalation from
active material was inhibit by PEDOT (the coating to
thick). In contrast, the PEDOT-coated
Na2/3Co2/3Mn1/3O2 with 5 wt.% PEDOT exhibits the
highest initial discharge capacity of 133.55 mAh/g. The
conductive polymer coating is expected to reduce the
contact resistance between the active cathode particles
and facilitate electron transport in the positive
electrode. It is also plausible that the PEDOT layer can
provide reversible capacity as a cathode active
material. As a result, the Na2/3Co2/3Mn1/3O2 cathode
material coated by the PEDOT exhibited a higher
discharge capacity.

The capacity retention was also improved when
using the PEDOT-coated Na2/3Co2/3Mn1/3O2 electrode.
The capacity loss of the surface-modified
Na2/3Co2/3Mn1/3O2 electrode by PEDOT was only 2.8%
after 40 cycles, while the pristine electrode suffered a
6% capacity loss (Fig. 6). The good capacity retention
in the cell with the surface-modified Na2/3Co2/3Mn1/3O2
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Table 1. Efficiency and capacity retention of Na2/3Co2/3Mn1/3O2 and PEDOT-coated Na2/3Co2/3Mn1/3O2 with different
PEDOT content at the rate 0.5C and scan range 1.25–4.3 V

Sample name
1st charge capacity

(mAh/g)
1st discharge capacity

(mAh/g)
Efficiency 1st cycle

(%)
100th discharge

capacity (mAh/g)
Capacity

retention (%)

Pristine 84.29366 79.35233 94 56.69337 70
PEDOT/PSS 3% 91.74377 87.55316 95 61.29334 71
PEDOT/PSS 5% 127.58791 123.82171 97 103.98194 84
PEDOT/PSS 10% 74.31743 67.65846 91 53.41046 79

Fig 7. Rate capability of Na2/3Co2/3Mn1/3O2 and the
PEDOT-coated Na2/3Co2/3Mn1/3O2 with different
PEDOT/PSS content at the rate 0.1C and scan range
1.25–4.3 V

Fig 8. Cycling performance of Na2/3Co2/3Mn1/3O2 and
the PEDOT-coated Na2/3Co2/3Mn1/3O2 with different
PEDOT/PSS content at the rate 0.5C and scan range
1.25– 4.3 V

particles can be ascribed to the presence of a
conductive polymer film on the active sites of the
cathode.

This conductive polymer film functions as a
protective layer to cover the active cathode sites and
reduce the oxidative decomposition of the electrolyte,
such that the structural stability of cathode material can
be enhanced. This result suggests that the surface
coating conductive polymer is more effective for high
discharge capacity and good capacity retention.

Fig. 7 shows the Rate capability of
Na2/3Co2/3Mn1/3O2 and the PEDOT-coated
Na2/3Co2/3Mn1/3O2 with different PEDOT/PSS content.
The PEDOT-coated Na2/3Co2/3Mn1/3O2 delivered higher
discharge capacities at high C rates, and 5% PEDOT-
coated Na2/3Co2/3Mn1/3O2 delivered the highest discharge
capacity in the same rate. For example, the PEDOT-
coated Na2/3Co2/3Mn1/3O2 with the PEDOT content 0%,
3%, 5% and 10% delivered a discharge capacity of
66.58, 67.85, 100.27, and 58.01 mAh/g at 1 C rate,
respectively. By coating a conductive polymer on the
surface of the cathode material, the electronic
conductivity was improved, which facilitates the charge
transfer reaction. In this way, the PEDOT acts as a
conducting network that increases the rate of electron in
the depth of the electrode.

Fig. 8 shows the cycling performance of
Na2/3Co2/3Mn1/3O2 and the PEDOT-coated
Na2/3Co2/3Mn1/3O2 with different PEDOT/PSS content in
the high C rate, 0.5 C. The same behavior was
observed with the smaller C rate, 0.1 C. The
comparison of the result can be seen in Table 1. From
Table 1, it showed the comparation about the efficiency
in first cycle and capacity retention after 100 cycles for
all sample. The PEDOT-coated Na2/3Co2/3Mn1/3O2 with
5 wt.% PEDOT exhibits the highest efficiency and also
capacity retention after 100 cycles in the high C rate,
0.5 C.

In order to understand the effect of the PEDOT on
the ac impedance behavior of the Na/Na2/3Co2/3Mn1/3O2

cells, ac impedance measurements were performed
after cycling at room temperature. The ac impedances
of the cells were measured after 5 cycles, and the
resultant ac impedance spectra are shown in Fig. 9. In
all the cells, it observed the semicircle in the high
frequency range that can be attributed to the resistance
due to Na+ ion migration through the surface film on the
electrode (Rf), while the semicircle observed in the
medium-to-low frequency range is due to the charge
transfer resistance between the electrode and
electrolyte (Rct) [55-56]. Both surface film resistance
and charge transfer resistance in the cell with the
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Fig 9. Nyquist plots of Na2/3Co2/3Mn1/3O2 and the
PEDOT-coated Na2/3Co2/3Mn1/3O2 in different
PEDOT/PSS content

PEDOT coated Na2/3Co2/3Mn1/3O2 material are lower than
those of the cells containing pristine Na2/3Co2/3Mn1/3O2.
By increasing the PEDOT content, the Rf and Rct also
decrease. This supports the notion that a protective
conductive polymer layer on the cathode limits the
growth of a resistive layer due to the oxidative
decomposition of electrolyte. A conductive polymer layer
on the surface of the active material would also produce
good electrical contact between the less conductive
Na2/3Co2/3Mn1/3O2 particles as well as give rise to
protection of the cathode particle from HF attack, which
facilitates electron transfer. These results indicate that
the surface modification of the Na2/3Co2/3Mn1/3O2 active
materials by the conductive PEDOT layer is very
effective for reducing interfacial resistances during
cycling.

CONCLUSION

The Na2/3Co2/3Mn1/3O2 cathode materials were
synthesized and surface-modified by coating with a
conductive PEDOT copolymer. The surface modified
Na2/3Co2/3Mn1/3O2 cathode material delivered a higher
initial discharge capacity and exhibited more stable
cycling characteristics than the pristine Na2/3Co2/3Mn1/3O2

materials. The presence of the conductive polymer layer
formed on the cathode enhanced the high rate
performance due to enhanced transport of electrons as
well as good electrical contact between the
Na2/3Co2/3Mn1/3O2 particles. It can be concluded that the
surface modification of the Na2/3Co2/3Mn1/3O2 cathode
materials with the PEDOT/PSS polymer provides a high
reversible capacity, stable cycling characteristics, and
good rate capability.
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