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� PEDOT-coating.
� Outstanding rate-capability.
� 70% retention over 700 cycles.
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Na2FePO4F encircled by a nanolayer composed of a conductive polymer, poly(3,4-ethylenedioxythiophene)
(PEDOT), is prepared using a simple low-temperature process, and X-ray diffraction analysis indicates that the
Na2FePO4F–PEDOT composite is the pure phase without any impurities. The existence and uniform encapsula
tion of PEDOT on the surface of the Na2FePO4F particles are clearly confirmed through Fourier-transform
infrared spectroscopy and transmission electron microscopy. The PEDOT coating results in remarkably
enhanced electrochemical performance compared with that of pristine Na2FePO4F. At C/5 (1C ¼ 124 mA g 1),
the Na2FePO4F–PEDOT composite retains a specific capacity of ~123.1 mAh g 1, which is close to its theoretical
capacity. Even at 10C, the Na2FePO4F–PEDOT composite delivers a capacity of ~76.1 mAh g 1, which is ~10
times higher than that of pristine Na2FePO4F under the same conditions. Furthermore, the Na2FePO4F–PEDOT
composite maintains ~70% of its initial discharge capacity over 700 cycles at 1C.

1. Introduction
Environmental problems such as air pollution and the greenhouse

effect have led to considerable efforts to develop eco-friendly vehicles
such as electric vehicles (EVs). Although Li-ion batteries (LIBs) are
extensively applied as energy storage systems (ESSs) for portable
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electronic devices such as cellphones and laptops because of their high
energy/power density [1–4], the limited Li sources in the earth result in
a high production cost for LIBs. Therefore, it is not sufficient to rely on
LIBs alone to satisfy the ever-increasing demands for ESSs [5–8]. Na-ion
batteries (NIBs) are considered attractive alternatives to LIBs because of
the unlimited Na sources in the earth as well as their similar reaction
mechanism to LIBs [7–20]. Various studies have focused on the devel
opment of NIBs, resulting in improved safety, power, and energy den
sities. Na2FePO4F has received attention as a promising cathode
material for NIBs because of its low production cost resulting from the
Fe-based redox reaction and its high operation voltage of ~3.0 V (vs.
Naþ/Na) with structural stability induced by the existence of PO4F
polyanions in the structure [7,9,21–23]. However, its intrinsically low
electronic conductivity results in poor power capability, which is
considered the major obstacle preventing the widespread use of
Na2FePO4F [5–10,24–28].
To improve the low conductivity of electrode materials, carbon
coating by simple mechanical mixing with conductive carbon [29,30] or
carbonization using an organic compound [7,31,32] has generally been
performed. Carbonization using an organic compound is considered
better than other carbon-coating methods to improve the electro
chemical performance of electrode materials because this process results
in a uniform carbon coating on the surface of the particles. However,
these organic-based carbon coating processes can result in the formation
of non-environmentally friendly contamination such as volatile organic
compounds (VOCs), CO, and CO2 [33,34]. To improve the power
capability of Na2FePO4F without causing pollution, we attempted to
envelop the particles of Na2FePO4F with a conducting polymer, poly(3,
4-ethylenedioxythiophene) (PEDOT). Conductive polymers are attrac
tive alternatives to conductive carbon to improve not only the electrical
conductivity but also the mechanical flexibility of electrodes or elec
trolytes for rechargeable batteries [35–42]. In addition, conducting
polymers can be uniformly coated on the surface of materials using
low-temperature processes, which can prevent the evolution of
air-polluting gases, unlike carbonization, which uses organic com
pounds [33,34]. Recent reports support the ability of conducting poly
mers to improve the electrochemical performances of electrode
materials for rechargeable batteries [33–37,40–44].
Herein, we demonstrated that Na2FePO4F can deliver outstanding
electrochemical performance after homogeneous encapsulation of a
nanolayer of PEDOT on the surface of the particles. The Na2Fe
PO4F–PEDOT composite delivered a capacity of ~123.1 mAh g 1 at C/5
(1C ¼ ~124.2 mA g 1). Even at 10C, the specific capacity of Na2Fe
PO4F–PEDOT was maintained up to ~76.1 mAh g 1, which is ~10 times
higher than that of pristine Na2FePO4F. Furthermore, Na2Fe
PO4F–PEDOT exhibited excellent capacity retention of ~70% (vs. its
initial capacity) over 700 cycles at 1C.

Fig. 1. Schematic illustration of the fabrication process for the Na2Fe
PO4F–PEDOT composite. PEDOT was uniformly deposited on the surface
of Na2FePO4F.

desodiated Na2 xFePO4F, and Na2FePO4F–PEDOT. No contamination or
second phases were detected in any of the XRD patterns. The XRD
pattern and lattice parameters of Na2FePO4F changed as a function of
the Na content in the structure. As observed in Supporting Table T1,
during desodiation, the a and c lattice parameters of Na2FePO4F
decreased and the b lattice parameter increased. Inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) analysis revealed that
~0.3 Na ions were deintercalated from the structure by chemical des
odiation. The XRD pattern of the Na2FePO4F–PEDOT composite in
Fig. 2a shows that after polymerization, ~0.3 Na ions were re-inserted
into the structure without any impurities. The lattice parameters of
the Na2FePO4F–PEDOT composite with Pbcn symmetry were calculated
to be a ¼ 5.2352(2) Å, b ¼ 13.8365(4) Å, and c ¼ 11.7728(3) Å, which
agreewell with previously reported data [45]. Detailed structural in
formation for the Na2FePO4F–PEDOT composite is provided in the
Supporting Table T2. Full occupation of the Na sites was observed,
which indicates that Na ions were successfully re-inserted into the
structure. The atomic ratio of Na:Fe:P in the Na2FePO4F–PEDOT com
posite was confirmed to be 2:1:1 by ICP-AES analysis. Additionally, a
bond–valence–sum (BVS) energy map was prepared for visualization of
the possible Na diffusion paths using the Bond_Str program implemented
in the FullProf package [46,47]. The Na2FePO4F framework is a
layered-type structure, with each layer composed of a combination of
bioctahedra Fe2O6F3 and PO4 tetrahedra. The bioctahedra Fe2O6F3 units
are formed through the face-sharing of two Fe-based octahedra, and the
Fe2O6F3 units are linked to each other via a F atom. The infinite chains of
Fe2O6F3 propagate along the a-axis, and each chain is connected with
PO4 tetrahedra in the ac plane. Na ions occupy the interlayer space
between [Fe2O6F3– PO4]∞ chains. As shown in Fig. 2b, the Na ions in
Na2FePO4F are interconnected in large two-dimensional (2D) diffusion
paths within the ac plane, which indicates that Na2FePO4F can exhibit
great power capability if its electronic conductivity is improved through
the PEDOT coating.
The existence of PEDOT in the composite was confirmed by Fouriertransform infrared spectroscopy (FT-IR) analysis. Compared with

2. Results and discussion
Fig. 1 presents a schematic illustration of the fabrication process for
the Na2FePO4F–PEDOT composite. We prepared the partially des
odiated phase Na2 xFePO4F using NO2BF4, which is a strong oxidizing
agent with a high redox potential of NO2/NOþ
2 . These oxidized transition
metal ions can accelerate the polymerization of the 3,4-ethylenedioxy
thiophene (EDOT) monomer for formation of the conductive PEDOT.
Thus, EDOT monomers would be predominantly polymerized on the
surface of the particles of the desodiated phase Na2 xFePO4F. Further
more, persulfate was applied as the counter ion for the oxidized state of
PEDOT, enabling the formation of a polymer with high conductivity [33,
44]. After polymerization of EDOT to obtain the PEDOT coating, Na ions
were re-inserted into the structure, and finally, we prepared the
Na2FePO4F–PEDOT composite. To verify the structural change resulting
from the PEDOT coating on the Na2FePO4F particles, X-ray diffraction
(XRD) patterns of each sample were analyzed using Rietveld refinement.
Supporting Fig. S1 presents the XRD patterns of pristine Na2FePO4F,
2
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thickness. Energy-dispersive X-ray spectroscopy (EDS) analysis
confirmed that the amorphous layer was PEDOT containing sulfur (S)
atoms in the structure, as shown in Fig. 3c and d. Additionally, as
observed in Fig. 3e, elemental line-scan analyses revealed that less Fe
and P than S appeared at the edges of the particles. These results are
indicative of successful PEDOT coating on the surface of the Na2FePO4F
particles. The weight percentage of PEDOT in the Na2FePO4F–PEDOT
composite was measured using thermogravimetric analysis (TGA). The
difference in the weight loss between the pristine Na2FePO4F and
Na2FePO4F–PEDOT composite was ~6%, which corresponds to the
amount of PEDOT in the composite (Supporting Fig. S3). Moreover, as
shown in Supporting Fig. S4, electrochemical impedance spectroscopy
(EIS) revealed that the charge-transfer resistance of Na2FePO4F–PEDOT
was much lower than that of pristine Na2FePO4F, which indicates that
the presence of the conductive polymer (PEDOT) plays an important role
in improving the electrical conductivity of Na2FePO4F. The effect of the
PEDOT coating on Na2FePO4F was confirmed by electrochemical mea
surements, which were compared with those for a pristine Na2FePO4F
electrode using an equivalent weight of conductive carbon (6 wt%)
instead of PEDOT. The power capabilities of the two samples were tested
under various current rates (C/5, C/3, C/2, 1C, 2C, 3C, 5C, and 10C)
from 4.2 to 2.0 V. As observed in Fig. 4a, the Na2FePO4F–PEDOT com
posite delivered exceedingly higher capacities than pristine Na2FePO4F
at all the current rates. The discharge capacity and the charge capacity of
the Na2FePO4F–PEDOT composite at C/5 was ~123.1 mAh g 1 and
~123.6 mAh g 1, which is close to the theoretical capacity of Na2Fe
PO4F. The discharge capacity of Na2FePO4F–PEDOT at 10C was ~10
times higher than that of pristine Na2FePO4F (Fig. 4b). We performed
further electrochemical test to verify the specific capacity of pristine
Na2FePO4F at the low current rate such as C/10, C/20 and C/50. As
shown in Supporting Fig. S5, at C/50, the pristine Na2FePO4F delivers
the specific capacity of ~100 mAh g 1. Furthermore, comparison of the
cycle performances of pristine Na2FePO4F and the Na2FePO4F–PEDOT
composite (Supporting Fig. S6) reveals that the Na2FePO4F–PEDOT
composite exhibited remarkably enhanced cyclability. As observed in
Fig. 4c and d, the Na2FePO4F–PEDOT composite maintained up to
~70% of its initial discharge capacity over 700 cycles with a high
coulombic efficiency of more than 98.5%.
To verify the structural change of the Na2FePO4F–PEDOT composite
during the charge/discharge process, we performed ex situ XRD analysis
on Na2-xFePO4F–PEDOT samples with various Na contents. In

Fig. 2. (a) Refined XRD patterns of Na2FePO4F–PEDOT composite
(RP ¼ 5.39%, RI ¼ 6.92%, RF ¼ 6.36%, and χ2 ¼ 8.14%) and BVS energy maps of
Na2FePO4F in (b) bc plane and (c) ab plane.

pristine Na2FePO4F, additional vibrations were observed for the
Na2FePO4F–PEDOT composite, including C¼C ring and C–O–R vibra
tions at 1183 and 1114 cm 1, respectively; C–S vibration at 943 cm 1;
polymer p-doping band vibration at 1320 cm 1; and vibration by ring
stretching of thiophene ring at 1520 cm 1 as well as vibrations by PO4
tetrahedra (508 and 630 cm 1 for O–P–O bonds and 1010–1197 cm 1
for νas of P–O bonds in PO3) (Supporting Fig. S2). These findings indicate
the successful formation of PEDOT in the composite. Furthermore, the
high-resolution transmission electron microscopy (HRTEM) images in
Fig. 3a and b clearly show that the primary particles with sizes of
~200 nm were completely coated by an amorphous layer of 5-nm

Fig. 3. (a) ~ (b): HRTEM image of (a) Na2Fe
PO4F–PEDOT composite and (b) enlargement of
boxed area in (a). (c) ~ (e): STEM analyses in (c)
bright-field mode, (d) elemental analysis using EDX
mapping (Fe: blue, P: green, S: red) of Na2Fe
PO4F–PEDOT composite, and (e) cross-sectional
composition line profiles (V: blue, P: green, S: red)
of Na2FePO4F–PEDOT composite. (For interpretation
of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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Fig. 4. (a) Specific discharge capacity of Na2FePO4F–PEDOT composite and (b) pristine Na2FePO4F in the voltage range of 2.0–4.2 V for various current rates (C/5,
C/3, C/2, 1C, 2C, 3C, 5C, and 10C). (c) ~ (d) Specific charge/discharge capacity and coulombic efficiency of Na2FePO4F–PEDOT at 1C (1C ¼ ~124 mA g 1).

and their 2θ positions shifted. Through X-ray absorption near-edge
structure (XANES) analyses, it was verified that the Fe oxidation state
of Na2-xFePO4F–PEDOT continuously changed between þ2 and þ 3 as a
function of Na content (Fig. 5b), which indicates that all the Na2-xFe
PO4F–PEDOT samples for the ex situ XRD analyses were successfully
prepared. In addition, we determined the volume and lattice parameters
of the Na2-xFePO4F–PEDOT samples using Rietveld refinement [48]. As
observed in Fig. 6, the total volume change of Na2FePO4F during the
charge/discharge process was ~4.70%, which is relatively larger than
that of other cathode materials with outstanding cycle performance [22,
49]. Thus, we supposed that the capacity fading of Na2FePO4F-PEDOT
composite may mainly result from the repeated volume expansion/
shrinkage of Na2FePO4F phase over 700 cycles. As shown in Supporting
Fig. S8, the morphology of Na2FePO4F-PEDOT electrode was very
similar both before and after cycling for 700 cycles (S7a and S7b).
Furthermore, XRD patterns (S7c) were almost same despite large vol
ume change during cycling. We speculate that the particular modifica
tion of Na2FePO4F using the PEDOT coating results in the outstanding
cycle performance of the Na2FePO4F–PEDOT composite (comparable to
that reported for other NIB electrode materials with surface coatings)
despite its large volume change during the charge/discharge process
[48].

Supporting Fig. S7, it was showed Na deintercalation curve of Na2-xFe
PO4F-PEDOT (0 � x � 0.99), and the overall XRD pattern of Na2-xFe
PO4F–PEDOT (Fig. 5a) verified the change of structure when Na
deintercalated from the structure. In particular, the intensities of some
XRD peaks, such as 020, 002, 022, 102, and 023, significantly changed,

3. Conclusions
In summary, we successfully prepared a Na2FePO4F–PEDOT com
posite with high power capability for use in NIBs using a simple and lowtemperature process. During the PEDOT-coating process, no irreversible
reactions occurred. In addition, XRD analysis with Rietveld refinement
confirmed that the Na2FePO4F–PEDOT composite was a pure phase
without any impurities. The homogeneous PEDOT coating was verified
using FT-IR and TEM analyses and resulted in highly enhanced elec
trochemical performance of Na2FePO4F. The discharge capacity of the
Na2FePO4F–PEDOT composite measured at C/5 was ~123.1 mAh g 1,
corresponding to its theoretical capacity. Even at 10C, the Na2Fe
PO4F–PEDOT composite delivered a capacity of ~76.1 mAh g 1, which
is ~10 times higher than that of pristine Na2FePO4F. Furthermore, the
PEDOT coating resulted in significantly enhanced cycle performance of
Na2FePO4F, with ~70% retention of its initial capacity over 700 cycles
at 1C. This study provides insight into possible methods to improve the

Fig. 5. (a) Ex situ XRD patterns of Na2-xFePO4F–PEDOT (0 � x � 0.99). (b) Fe Kedge XANES spectra of Na2-xFePO4F–PEDOT (0 � x � 0.99).
4
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Fig. 6. Change in (a) volume and (b) a, (c) b and (d) c lattice parameters of Na2-xFePO4F–PEDOT (0 � x � 0.99) samples (error bars, black).

electrochemical performance of electrode materials for not only NIBs
but also other rechargeable batteries.

Na2FePO4F phase, we performed additional sodiation using NaI under
argon reflux. To discover the optimal condition for preparation of
Na2FePO4F-PEDOT composite, we performed various experiments with
changing the mass ratio between EDOT and Na2-xFePO4F. When the
amount of EDOT per 0.5 g Na2-xFePO4F was decreased to 0.3 ml, we
could not detect any signals on PEDOT in the FT-IR results, which in
dicates that the polymerization from EDOT to PEDOT was not occurred
at the condition of 0.3 ml EDOT/0.5 g Na2-xFePO4F (Supporting
Fig. S9a). Furthermore, when the amount of EDOT per 0.5 g Na2-xFe
PO4F was increased to 0.5 ml, despite successful polymerization of
PEDOT (Supporting Fig. S9a), the crystal structure of Na2FePO4F was
damaged, and then, it was transformed into an unknown crystal struc
ture (Supporting Fig. S9b). Thus, we supposed that the condition of
0.4 ml EDOT/0.5 g Na2-xFePO4F is optimal for preparation of Na2-xFe
PO4F-PEDOT composite.

4. Experimental section
4.1. Synthesis of Na2FePO4F
Na2FePO4F powder was synthesized using conventional solid-state
synthesis. NaF (Alfa Aesar, 99%), Na2CO3 (Sigma Aldrich, 99.5%),
FeC2O4▪2H2O (Sigma Aldrich, 99%), and NH4H2PO4 (Sigma Aldrich,
98%) with a molar ratio of 1:0.5:1:1 were used as precursors. The pre
cursors were mixed using high-energy ball-milling at 500 rpm for 12 h.
After ball-milling, the mixture was finely ground and calcined at 350 � C
under Ar þ 5 wt% H2 conditions for 5 h. After pre-heating, the powder
was re-ground and calcined again at 600 � C under Ar þ 5 wt% H2
conditions for 10 h.

4.4. Materials preparation

4.2. Preparation of Na2 xFePO4F

XRD patterns for the Na2FePO4F–PEDOT composite were obtained
using an X-ray diffractometer (PANalytical) equipped with Cu-Kα radi
ation (λ ¼ 1.5406 Å). The XRD measurements were performed over the
2θ range of 10� –80� with a step size of 0.01� . Each step was exposed for
4 s. Structural refinements were performed using the Rietveld method
and FullProf software. The morphology and particle size parameters
were analyzed using field-emission transmission electron microscopy
(FETEM, PHILIPS Tecnai F20) operating at 200 kV. The samples were
further characterized using Fourier-transform infrared (FT-IR) spec
troscopy (JASCO) using KBr pellet analysis. The atomic ratios of ele
ments such as Na, Fe, and P were determined using inductively coupled
plasma atomic emission spectroscopy (ICP-AES; Thermo Jarrel Ash,
Polyscan 60E, USA).

To prepare the Na2 xFePO4F samples, the synthesized Na2FePO4F
was chemically desodiation by NO2BF4 (Aldrich, 95%) according to the
following reaction:
Na2FePO4F þ xNO2BF4 → Na2 xFePO4F þ xNaBF4 þ xNO2.
NO2BF4 is a strong oxidizing agent with a high redox potential of
þ
NOþ
2 /NO2 at ~4.8 V vs. Na /Na. The composition of Na2 xFePO4F was
controlled by adjusting the time of the reaction between the Na2FePO4F
and NO2BF4 with a molar ratio of 1:0.3 in acetonitrile (Aldrich, 98%) at
60 � C in an Ar-filled glove box. The final product was transferred to a
filter and rinsed with acetonitrile.
4.3. Preparation of Na2FePO4F–PEDOT

4.5. Electrochemistry

Sodium persulfate (1 g), EDOT (0.4 ml, Aldrich), and Na2 xFePO4F
(0.5 g) were added to ethanol (12 ml) and sealed [50]. This solution was
stirred at 35 � C for 1 day. After 1 day, the color of the mixture turned
slightly blue. The mixture was transferred to a filter and rinsed several
times with ethanol and acetonitrile. The Na2FePO4F–PEDOT was dried
at 80 � C overnight in a vacuum oven. To prepare the fully sodiated

A slurry of 80 wt% Na2FePO4F–PEDOT composite (74 wt% Na2Fe
PO4F and 6 wt% PEDOT), 10 wt% Super P, and 10 wt% polyvinylidene
fluoride (PVDF) dispersed in N-methy1-2-pyrrolidone (NMP) was pre
pared and cast on aluminium foil. NMP was evaporated at 70 � C for 2 h.
5
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The composition of the pristine Na2FePO4F electrode was 74 wt%
Na2FePO4F, 16 wt% carbon, and 10 wt% PVDF. The fabrication process
for the pristine Na2FePO4F electrode was the same as that for the
Na2FePO4F–PEDOT composite. Electrochemical tests were performed
using CR2032-type coin cells assembled in an Ar-filled glovebox. The
mass loading of the active material on the working electrode was
~2 mg cm 2. The cell was assembled using a Na counter electrode, a
separator (GF/F glass fiber), and a 1 M solution of NaPF6 in ethyl car
bonate/propylene carbonate (EC/PC, 1:1 v/v) in an Ar-filled glove box.
The electrochemical cells were assembled under an atmosphere of
highly pure argon in a glove box. The charge/discharge tests were
performed using a galvanostat (WonA Tech). 1C corresponds to
~124 mA g 1.
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