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ABSTRACT: An ecofr iendly cobalt - f ree O3-Na-
[Ni1/3Mn1/3Fe1/3]O2 (NNMF) embedded on conductive
polyaniline (PANI) backbones is synthesized as a hybrid
cathode by a facile chemical polymerization technique. As a
cathode for rechargeable sodium ion batteries (RSIB), the
NNMF with the 0.3 M PANI (NNMF-PANI3) hybrid
electrode displays an enhanced energy density of 567 Wh
kg−1 at a high operating voltage of 2−4.5 V along with
excellent cyclic performance. In addition, the NNMF-PANI3
hybrid electrode exhibits ∼75% capacity retention after 750
cycles at 2 A g−1 current density within 2−4.5 V. Conversely,
the pristine NNMF electrode without PANI fails to
demonstrate adequate electrochemical performance even in
a low cut-off voltage range (2−4.2 V). The superior electrochemical performance of the hybrid electrode is attributed to
effective Na-ion transportation within the hybrid structure in which PANI keeps the NNMF particles interconnected uniformly
and offers better conductive contact between the electrolyte and the active species. Moreover, the presence of a porous PANI
networks allow more electrolyte penetration within its structure and eliminates the inherent mechanical stress during the
electrochemical Na-ion intercalation/deintercalation at high currents. The results obtained in the present investigation reveal
that organic−inorganic hybrids could be realized as promising ecofriendly high-performance cathode materials for RSIB
applications.

■ INTRODUCTION

Lithium ion batteries (LIBs) are currently being used as power
sources for automotive applications such as electric vehicles
(EVs) and hybrid electric vehicles (HEVs) because of their
high working voltage, long-term stability, and large energy
densities.1 However, the high cost, limited lithium sources, and
toxic nature of LIBs have driven researchers to search for
alternative power sources for these applications.2 Because of
the abundance of sodium in the earth’s crust, low cost, and
environmentally friendly behavior, rechargeable sodium ion
batteries (RSIBs) could be considered to be the best
alternative for LIB.3 Although the initial studies on RSIBs
began in the early 1980s, sodium’s relatively high atomic
weight, low working voltage, and lower energy densities
restricted the choice of host materials for such applications.2,4,5

However, because the demand for large-scale batteries has
rapidly increased in recent times, a primary target should be
focused on fabricating large-scale batteries which are not
harmful to the environment and use a chemical element that is
not resource-limited. Considering these circumstances and the
safety-related problems of LIB, the development of energy
storage materials for RSIB is completely justified.

After 2010, intensive studies were dedicated to finding
suitable high-performance electrode materials for RSIB.2,3,6

Surprisingly, some of the sodium-based host cathodes had
unique electrochemical properties compared to their lithium
analogues.7,8 So far, numerous compounds including olivines,
NASICON structures, pyrophosphates, and layered oxides
have been reported as positive electrode materials for RSIB
applications.2,3,6,8−12 Among them, layered transition-metal
oxides (NaMO2, M = Ni, Mn, Co, and Fe) are being explored
extensively as high-capacity electrode materials.13,14 Unlike its
lithium counterparts, NaMO2 possesses different crystal
structures based on the stacking of oxygen layers in which
Na ions are located either in octahedral (O3-type) or in
prismatic (P2-type) sites between the layers of transition-metal
octahedra MO6.

4,5 Numerous sodium-based layered metal
oxides have been found to show Na-ion storage behavior
within various voltage ranges.2−4,6,8,15−22 Composed of a cubic
close-packed oxygen array, O3-type layered α-NaFeO2 is one
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of the most attractive positive cathode materials in terms of
both volumetric and gravimetric energy density as well as its
abundant raw material availability.5,23 α-NaFeO2 has displayed
electrochemical activity with ∼80 mAh g−1 capacity along with
a voltage plateau at 3.3 V according to the Fe3+/Fe4+ redox
couple.23−25 However, the Na/NaFeO2 cell experienced severe
capacity fading when the operating voltage was increased to
values above 3.5 V. This capacity decay mainly resulted from
the irreversible phase transformation attributed to the iron
migration during the sodium removal step, resulting in the loss
of Na-ion conduction paths as confirmed by ex situ X-ray
diffraction studies.24,26

To minimize the irreversible phase transformation, attempts
have been made to substitute nickel and manganese for iron in
NaFeO2. The foreign metal doping in iron sites has
significantly enhanced the energy density and stability of
NaFeO2-based electrode materials.27 Recently, layered O3-
NaFex(Ni1/2Mn1/2)1−xO2 (x = 0, 0.4, 0.6, and 1.0) was
developed, and its potential application in RSIB was
investigated, displaying a discharge capacity of ∼130 mAh
g−1 at a 0.1 C rate within 2−3.8 V along with poor rate
performance.8 Yoshida et al. have proposed NaFe0.5Co0.5O2 as
a high-energy and high-power-density positive electrode for
RSIB, which delivered high capacity but still contained the
toxic and expensive cobalt element, increasing the overall cost
of the battery system.28 Later, Kim et al. proposed that
Na[Ni1/3Fe1/3Mn1/3]O2 (NNMF) cathode materials can
deliver a discharge capacity of ∼125 mAh g−1 at a 0.1 C rate
between 2 and 4 V.29 However, the rate performance of
NNMF was not shown in their report, which is one of the
prerequisites for powering EVs and HEVs. It is well known that
the replacement of Co by Fe in the layered matrix reduces the
electronic conducting profile when compared to the parent
Na(Mn1/3Ni1/3Co1/3)O2, which restricts its high rate perform-
ance.30 In addition, the use of the Fe3+/4+ couple in
electrochemical energy storage reactions is very difficult.29

Therefore, conductive coatings or composites are necessary to
achieve high-performance Na insertion electrodes.
To alleviate the inherent nonconductive properties of

NNMF compounds, the concept of designing a hybrid cathode
with a conducting polymer matrix is being adopted to form
inorganic−organic composites as high-performance cathode
materials. Among the conducting polymers, polyaniline
(PANI) typically has certain advantages, including higher
chemical stability, higher electrical conductivity, better acid/
base properties, and more stable electrochemical behavior.31

Besides, the large surface area and the doping and dedoping
effects of PANI with many metal ions make PANI the suitable
candidate for preparing organic−inorganic hybrid cathodes for
energy storage applications.32 There are some reports available
on polymer-based hybrid cathodes for enhancing the
conductive nature of lithium intercalation materials such as
LiFePO4, LiNi0.8Co0.2O2, and Li(Mn1/3Ni1/3M1/3)O2 (M = Co
and Fe) for LIB applications.32−37 However, to the best of our
knowledge the electrochemical performance of such hybrids as
cathode active materials in RSIBs has yet to be explored.
Hence, we are reporting the use of novel organic−inorganic
hybrids (NNMF-PANI) as high-performance Na-ion insertion
host materials for the first time. Compared to carbon coating,
the PANI backbone is physically bound to the NNMF particles
and thereby increases the overall surface area, offering more
active reaction sites for electrochemical Na insertion/
reinsertion reactions. The polymer network between the

particles also enhances Na-ion movement to maximize
electrolyte access at high current and cutoff voltages. The
impact of different molar concentrations of PANI on the
electrochemical performance of NNMF has also been
investigated in this work and is explained in detail.

■ EXPERIMENTAL SECTION
Synthesis of NNMF. A mixed hydroxide route is used to

synthesis NNMF particles in which Na2CO3, NaOH, Ni-
(NO3)2, Fe(NO3)2·9H2O, and Co(NO3)2 are used as starting
materials. In a typical synthesis, stoichiometric amounts of Fe,
Ni, and Mn nitrates are dissolved separately in distilled water
and then mixed together. An appropriate amount of aqueous
NaOH is then added dropwise to the above mixture and
stirred for 6 h to produce mixed hydroxide precipitates. Then
the hydroxide precipitates are filtered and washed to remove
residual excess NaOH and dried at 80 °C for 24 h. The NNMF
powders are obtained by firing the precipitates with an excess
amount of Na2CO3 at 850 °C for 12 h in air.

Preparation of NNMF-PANI Hybrids. The hybrid
material is prepared thorough a chemical polymerization
process. Initially, aniline monomer (0.1 M) and 0.5 g of
NNMF are dispersed in 0.1 M HCl solution and sonicated for
15 min. Then, an appropriate amount of ammonium persulfate
(APS) dissolved in 0.1 M HCl is added into the above-
mentioned solution to start the polymerization process. The
reaction takes place under constant stirring for 2 h at room
temperature. In this reaction, APS and HCl act as the oxidative
agent and dopant, respectively, with the dopant used to
enhance the conductivity of the polymer matrix. Finally, the
NNMF-PANI powders are filtered and washed with ethanol
several times and dried at 80 °C under vacuum. It is also
important to study the impact of different molar concen-
trations of polyaniline on the electrochemical stability of
pristine NNMF electrode materials. Hence, hybrid composites
with different aniline molar ratios (0.2 and 0.3 M) are also
prepared in the same way as described above. The NNMF-
PANI hybrid electrodes prepared with 0.1, 0.2, and 0.3 M
aniline are denoted as NNMF-PANI1, NNMF-PANI2, and
NNMF-PANI3, respectively. The PANI content in the
composites is measured using TGA analysis, which is about
3.9, 7.8, and 10.2 wt % for NNMF-PANI1, NNMF-PANI2,
and NNMF-PANI3, respectively.

Characterization. The phase purities of the prepared
materials are examined using X-ray diffraction (XRD) in a
Miniflex 600 (Rigaku, Japan) diffractometer spectrometer with
Kα radiation (λ = 1.5406 nm). The surface morphology of
pristine and NNMF-PANI hybrids is recorded in a field
emission scanning electron microscope (FE-SEM, LEO Zeiss
1550, Switzerland) coupled with energy-dispersive X-ray
spectroscopy (EDS). The amount of PANI in NNMF-PANI
is calculated by thermogravimetric analysis (TGA) between 0
and 400 °C at a rate of 5 °C min−1 in a thermal analyzer
system (TGA, TA Instruments Q500). Brunauer−Emmett−
Teller (BET) surface area analysis is performed using an ASAP
2020 surface analyzer (Micromeritics, USA). Fourier transform
infrared (FT-IR) spectroscopy is conducted on an IRPresitge-
21 spectrometer (Japan).
The CR2032-type coin cell configuration is used to measure

the electrochemical performance of the prepared electrodes in
the 1 M NaClO4-ethylene carbonate/diethyl carbonate (EC/
DEC, 1:1 vol/vol) electrolyte. The coin cells are fabricated by
sandwiching a slurry cathode, a polypropylene separator
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(Celgard 2400), and a Na foil counter electrode. The slurry
cathodes are prepared by mixing 70% active materials (NNMF
or PANI or NNMF-PANI composites), 20% Ketjen black, and
10% Teflonized acetylene black binder and pressed on a
stainless steel mesh current collector. The charge−discharge
(C−D) studies are conducted at different potential ranges and
different current densities (1 C = 240 mA g−1) using a land
battery test system. The cyclic voltammetry (CV) and
electrochemical impedance (EIS) studies are performed
using an electrochemical analyzer (VPS-300, Bio-Logic,
France).

■ RESULTS AND DISCUSSION

The Rietveld refinement analysis of NNMF and NNMF-PANI
hybrid cathodes is presented in Figure 1. The refinement
fittings are based on the assumption of occupancy of alkali,
metal, and oxygen ions in 3a, 3b, and 6c sites, respectively. The
fitted structure based on the α-NaFeO2 type with the R3m
space group is shown as the inset in Figure 1a. The metal and
sodium ions occupy the alternate layers in the closed cubic
framework of oxygen.33 It is clear from Figure 1a−d that the
difference between the original and fitted patterns is very small,
which is further verified by the small difference between Rp %
and Rwp % (listed in Table 1). The XRD pattern of the NNMF-

PANI hybrids in Figure 1 (also presented in Figure S1) does
not display peaks related to the PANI nanofibers, indicating
that the amount of PANI in NNMF-PANI hybrids is too low
to be detected by XRD signals.29,34,35 In addition, all patterns
have intense, sharp XRD peaks, which reveals the highly
crystalline nature of the prepared samples. Lattice parameters a
and c, c/a ratios, and I(003)/I(104) ratios of pristine and hybrid
cathodes are summarized in Table 1. The hexagonal unit
parameters of both pristine and hybrid materials (ah, ch, and c/
a) are almost the same, revealing that the crystal structure of
NNMF is not affected after the chemical polymerization
process. The c/a ratio is a critical indicator of the hexagonal
nature of any layered material, and when c/a is greater than
4.9, the material has typical layered characteristics. As seen
from Table 1, the c/a ratio of all samples is greater than 4.9,
confirming their well-defined layered properties. The calcu-
lated mass percentages of Na, Ni, Mn, and Fe using ICP-EOS
analysis are found to be 0.952, 0.321, 0.319, and 0.315,
respectively, closely matching the expected ratio of NNMF.
The surface morphology of the prepared samples is

illustrated in Figure 2. As seen from the SEM and TEM
image in Figures S2 and 2a, respectively, NNMF prepared
using the mixed hydroxide method showed rapid particle
coarsening with the primary particle size ranging from 200 to
400 nm, The TEM image of PANI in Figure 2b presents the

Figure 1. Rietveld refinement analysis of (a) NNMF, (b) NNMF-PANI1, (c) NNMF-PANI2, and (d) NNMF-PANI3 powders. The refined crystal
structure of NNMF is presented as the inset in Figure 1a.

Table 1. Lattice Content of NNMF and NNMF-PANI Materials

Material ah (Å) ch (Å) c/a I(003)/I(104)ratios Rp (%) Rwp (%)

NNMF 2.875 14.235 4.95 0.942 5.038 7.145
NNMF-PANI1 2.873 14.232 4.95 0.939 5.054 6.925
NNMF-PANI2 2.876 14.237 4.94 0.949 5.415 6.512
NNMF-PANI3 2.867 14.229 4.94 0.944 5.221 6.478
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formation of abundant nanofibers having about a 50 nm
diameter and about a 500 nm length during the chemical
polymerization of the aniline monomer. PANI fibers also
typically have a uniform size and distribution along with
agglomerated surface morphology because of the overlapping
of nanofibers.32,33 It can also be seen from the TEM image of
PANI in Figure 2b that the nanofibers indeed have a uniform
size and distribution. Meanwhile, the PANI nanofibers display
a BET surface area of ∼63 m2 g−1. The pore size distribution of
PANI fibers calculated using BJH analysis is illustrated in
Figure S3. The BJH curves of PANI fibers confirms the
presence of porous structures on the surface, which is a
desirable feature for effective ion transportation during the C−
D process.33,36,38 On the other hand, the TEM image of
NNMF-PANI hybrids in Figure 2c−e clearly shows the
existance of a porous PANI matrix between the NNMF
particles with different levels of PANI distribution. It is evident
from the TEM images that the NNMF-PANI3 (Figure 2e)
composite has a more uniform PANI backbone distribution
compared to that of pristine NNMF-PANI1 (Figure 2c) and
NNMF-PANI2 (Figure 2d) composites. The unprotected
NNMF particle surfaces in NNMF-PANI1 and NNMF-PANI2
allow the acidic electrolyte to attack the particles, resulting in
the dissolution of the electroactive materials into the
electrolyte. This causes severe capacity decay upon the cycling
process. It is worth mentioning here that the linear distribution
of the PANI matrix between the NNMF particles in the
NNMF-PANI3 hybrid ensures higher electrode/electrolyte
interfacial conduct, thus facilitating Na-ion diffusion under
high current operations and alleviating the intrinsic poor rate
capability of other Fe-based electrodes.34,35,39 The flexible
structure significantly enhances the Na-ion movement further
and reduces the mechanical stresses inherent during high
current cycling;33,34 therefore, the volume changes/cracks on
electrodes could be effectively eliminated.34,35 Figure 2f
displays a simple representation of ionic/electronic transfer

though the conductive porous PANI network. This network
also allows the electrode to store more electrolyte within its
structure, providing more reactive sites for energy storage. The
atomic-level distribution of all elements is also examined using
EDS analysis. The EDS elemental maps of NNMF and
NNMF-PANI1, NNMF-PANI2, and NNMF-PANI3 hybrids
are presented in Figures S4−S7, respectively. It is revealed
from EDX mapping that the atomic-level mixing of Fe, Co, Ni,
and Na ions is uniformly distributed with similar intensities in
both pristine and hybrid materials. The C and N mapping of
NNMF-PANI3 in Figure S6 further confirms the uniform
distribution of porous PANI nanofibers between the NNMF
particles, which acts as a backbone to interconnect the NNMF
particles.
Initially, the Na-ion storage behavior of the NNMF

electrode is examined at a lower potential window of 2−4.2
V at low current densities because iron-based materials have
relatively poor conductive properties.29−33 Figure 3a,b presents
the C−D and cyclic performance of the pristine NNMF
electrode, respectively, measured at a low current of 0.02 A g−1

within a potential range of 2−4.2 V. The NNMF delivered a
discharge capacity of about 132 mAh g−1 at 0.02 A g−1 current
density, which is slightly higher than in the previous report.29

The NNMF electrode shows a smooth and monotonous C−D
curve, which is the typical behavior of layered materials and is
a l so co r re l a t ed we l l w i th the C−D curve o f
Na1.0Li0.2(Ni0.25Mn0.75)Oδ, confirming the single-phase reac-
tion.29,39 In addition, the oxidation and reduction plateau of
Ni2+/4+ could be seen around 4.1 and 3.6 V during the charge
and discharge processes, respectively. It is clear that the
capacity from the NNMF electrode is mainly realized from the
Ni2+/4+ redox couple while the Mn and Fe ions in the NNMF
component act as stabilizing agents to retain the crystal
structure during the Ni4+/2+ redox couple.34,40

It is clear from Figure 3b that the NNMF electrode exhibits
stable cycling performance for up to 50 cycles at lower current

Figure 2. TEM images of (a) NNMF, (b) PANI, (c) NNMF-PANI1, (d) NNMF-PANI2, and (e) NNMF-PANI3. (f) Schematic illustration of the
Na-ion diffusion pathway for the NNMF-PANI hybrid electrode.
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density. However, the rate performance of NNMF is not good
enough for practical applications. The NNMF electrode
delivers discharge capacities of ∼62 and 30 mAh g−1 at 0.1

and 0.2 A g−1 current densities, respectively. As previously
mentioned, it is well known that the rate performance of any
iron-based electrode material is mainly influenced by its poor
conductive nature,34,36 and hence a strong conductive coating/
network is necessary to realize its full capability.34,36 In this
regard, a porous PANI conductive network is introduced
between NNMF particles to improve the inherent con-
ductivity.36 Before testing the electrochemical performance of
NNMF-PANI hybrid electrodes, the Na-ion insertion/
reinsertion performance of PANI nanofibers was tested at
0.2 A g−1 current between 2 and 4.2 V in 1 M NaClO4
electrolyte. Figure 3c presents C−D of the Na+/PANI half-cell
at 0.2 A g−1 current density, which revealed that PANI is
electrochemically active and can accommodate Na ions during
electrochemical reactions. The Na+/PANI cell delivered ∼54
mAh g−1 capacity and maintained good capacity retention, as
shown in Figure 3d.
The influence of PANI concentration on the conductive

profile of the NNMF electrodes has been studied by EIS
spectra, and the results are in Figure 4a. The Nyquist plots of
pristine NNMF and NNMF-PANI hybrids with different PANI
concentrations show two main regions: a semicircle in the
high-frequency region and an inclined line in the low-
frequency region.33 The former is derived from the charge-
transfer process across the electrode/electrolyte interface
(charge-transfer resistance, Rct), and the latter is associated
with the diffusion-controlled process of Na ions (Warburg
resistance).35 The EIS spectra are fitted on the basis of the
equivalent circuit shown in the inset in Figure 4a. As seen from
Figure 4a, the NNMF-PANI3 electrode displayed Rct ≈ 118.1
Ω, which is much lower than for the NNMF (204.6 Ω),
NNMF-PANI1 (180.3 Ω), and NNMF-PANI2 (148.8 Ω)
electrodes. The lower Rct value of the NNMF-PANI3 hybrid
electrode is ascribed to the improvement in electronic

Figure 3. (a) C−D profile of the NNMF electrode at 0.02 A g−1

between 2 and 4.2 V, (b) cyclic stability of the NNMF electrode at
various current densities. (c and d) C−D and cyclic stability of the
PANI electrode, respectively, recorded at 0.2 A g−1 within the 2−4.2
V potential range.

Figure 4. (a) EIS spectra of pristine and NNMF-PANI composites measured at open circuit voltage, (b) C−D and cycle life (inset in b) of the
pristine NNMF electrode cycled at 0.1 A g−1 within 2−4.5 V, (c) C−D, and (d) cyclic performance of NNMF-PANI hybrid electrodes at 0.75 A
g−1 current density between 2 and 4.5 V.
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conducting profiles supported by the more uniform distribu-
tion of the polymer backbone and good adherence properties
of PANI on the current collector.31,33 This leads to better
electrochemical Na-ion properties even at high applied
currents and wide potential ranges. The Na-ion diffusion
coefficient (DNa) values for NNMF and NNMF-PANI were
calculated on the basis of the following equation

σ= [ ]D R T S n F C1/2 /2 2 2 4 4 2 2 (1)

where n is the number of electrons involved in the
electrochemical reaction (n = 1), S is the electrode surface
area (1 cm2), R is the universal gas constant (8.314 J mol−1

K−1), T is the absolute temperature (298.15 K), F is the
Faraday constant (96 485 C mol−1), and C is the molar
concentration of Na ions in the electrolyte. σ represents the
Warburg factor that is calculated from the slope of the
Warburg line in the EIS spectra. On the basis of eq 1, the
calculated DNa values for NNMF-PANI1 and NNMF are 4.72
× 10−13, 3.47 × 10−13, 3.23 × 10−13, and 2.31 × 10−13 cm2 s−1.
It is clear that the Na-ion diffusion rate within the NNMF-
PANI3 hybrid is higher than that of the bare NNMF electrode,
resulting in lower polarization.33

It is important to achieve high capacity and stability at a high
voltage cutoff operation to adopt any electrode materials for
large-scale applications. Hence, the organic−inorganic hybrid
cathodes are tested in a high voltage window of 2−4.5 V. The
electrochemical C−D profile of the NNMF electrode at 0.1 A
g−1 current density within 2−4.5 V is displayed in Figure 4b.
The electrode delivered around 110 mAh g−1 capacity with a
severe capacity decay in which its cyclic performance (shown
as the inset in Figure 4b) clearly shows only 27% capacity
retention after 100 cycles. The deep capacity decay with high
cutoff voltage is probably due to its low conductive property
and the dissolution of active materials into the electrolyte.32

Although the pristine NNMF electrode exhibits very stable C−
D behavior within 2−4.2 V as shown in Figure 3b, it failed to
maintain the stability at a high cutoff voltage even at a low
current density (inset in Figure 4b). The electrochemical C−D
and cyclic behavior of NNMF-PANI1, NNMF-PANI2, and
NNMF-PANI3 are presented in Figure 4c,d, respectively. The
NNMF-PANI1, NNMF-PANI2, and NNMF-PANI3 electro-
des show discharge capacities of 113, 113, and 115 mAh g−1,
respectively, at 0.75 A g−1 current density within 2−4.5 V.
Despite delivering almost the same discharge capacity values in
the first cycle, continuous capacity fading is observed for
NNMF-PANI1 and NNMF-PANI2, whereas the cell con-
structed with NNMF-PANI3 has very stable electrochemical

stability as presented in Figure 4d. Moreover, the NNMF-
PANI1, NNMF-PANI2, and NNMF-PANI3 electrodes exhibit
initial Coulombic efficiencies of about 73, 76, and 98%,
respectively. These results reveal that the amount of PANI in
NNMF-PANI1 and NNMF-PANI2 hybrid electrodes is not
enough to attain the desired conductivity and also cannot
improve the flexible nature of the electrode and thereby
reduces the cyclic stability. On the other hand, the enhanced
Coulombic efficiency and cyclic stability of the NNMF-PANI3
electrode are probably due to the uniform distribution of the
PANI network between the particles, ensuring that the
electrolyte is more accessible and thereby decreasing the
resistance within the cell and remarkably improving its
electrochemical activity. The excellent performance of
NNMF-PANI3 is also attributed to the improved Na-ion
diffusion and enhanced conductivity, which are in agreement
with the results obtained from EIS measurements. In addition,
lowing the Rct directly enhances the current flow on the
NNMF-PANI3 surface, improving the electrochemical per-
formance of the electrode.
EIS measurement of the NNMF-PANI composites is also

conducted after 60 cycles at 0.75 A g−1 current density, with
the curves presented in Figure S9. It is evident from Figure S9
that the NNMF-PANI3 electrode displays the lowest Rct value
among all electrodes. This suggests that the optimal
concentration of PANI in the composite not only defends
the electrode surface from the acidic electrolyte and
subsequent metal dissolution but also stabilizes the solid−
electrolyte interface formation, even after the cycling process.
These results prove that designing the PANI backbone
between the NNMF particles has a noteworthy influence on
the electrochemical behavior of the NNMF electrode,
particularly in a high cutoff voltage range, and could be used
to develop high-energy-density SIBs. Because the NNMF-
PANI3 electrode delivered excellent Na-ion storage behavior,
this electrode is chosen for further physical and electro-
chemical analysis in comparison to the pristine NNMF
electrode.
The Raman spectra of NNMF and NNMF-PANI3 hybrid

are shown in Figure 5a. Typically, layered compounds exhibit
Raman active modes between 400 and 650 cm−1, which are
related to the M−O and O−M−O bending modes,
respectively, that originate from the vibration of oxygen
atoms.41 In the present investigation, the peaks associated with
Raman-active species Eg and A1g modes are observed at ∼490
and 587 cm−1, respectively, for both samples. It is clear from
Figure 5a that the oscillation strength of the A1g mode has

Figure 5. (a) Raman spectrum of pristine and hybrid composite materials and (b) FT-IR spectrum of PANI and NNMF-PANI3 composites.
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much higher intensity than the Eg mode.42,43 The FTIR
spectrum of the NNMF-PANI3 hybrid in Figure 5b displays
the characteristic peaks associated with PANI organic moieties,
demonstrating the successful oxidation of aniline monomer by
APS in the 0.1 M HCl dopant.33 The peaks observed at ∼1579
and ∼1489 cm−1 represent the stretching vibrations of quinoid
and benzenoid, respectively, which indicate the presence of its
emeraldine salt.34,35 In the case of NNMF-PANI3, the peak
shift observed for quinoid rings toward higher frequencies
compared to the parent PANI signifies the quinoid rings
predominate in the hybrid cathode.32 This suggests that the
degree of oxidation of PANI is high because of the interaction
with the metal oxide surfaces.34,38 It is well known that the
surface interaction between polymer and layered components
enhances the conducting properties of pristine materials,
thereby improving their electrochemical energy storage
behavior.32−36 The absorption bands located at ∼1249 and
∼1313 cm−1 could be assigned to the stretching vibrations of
Ph−N and C−NH+ functionalities of PANI, respectively.35

The characteristic peak detected at ∼1133 cm−1 was attributed
to the measurement of the electrons’ delocalization, that is, the
electronic conductivity.34,35,38

Because PANI nanofibers have electrochemical activity over
wide potential ranges, the impact of the polymer matrix toward
improving the stability is tested in different operating voltage
ranges such as 2−4.2 and 2−4.5 V. As already seen from Figure
3b, the pristine NNMF showed poor Na-ion storage ability at
high current densities, and hence the hybrid electrode is also
tested at high current densities to check the influence of 0.3 M
PANI on the electrochemical performance. The C−D
performance of NNMF-PANI3 is studied at a current of 0.2
A g−1 between 2 and 4.2 V, and the corresponding curves are
presented in Figure 6a, confirming the better performance of
the NNMF-PANI3 hybrid electrode compared to that of
pristine NNMF electrodes. A discharge capacity of ∼125 mAh
g−1 could be achieved from the hybrid at a current of 0.2 A g−1,
while NNMF electrode delivered only ∼30 mAh g−1 at the
same current density. It is notable that the capacity realized for
the NNMF-PANI hybrid electrode is much higher than the
values reported for O3-type layered sodium-based cathode
materials containing iron.25,29,44,8,45−49 Moreover, the NNMF-
PANI3 hybrid electrodes exhibit very stable cyclic stability at
0.2 A g−1 current density, as shown in Figure 6b. The
enhanced electrochemical performance of the NNMF-PANI3
electrode is attributed to the improved conductive nature
through the formation of porous PANI nanofiber networks
between the NNMF particles as illustrated in Figure 2e. In
addition, the uniform distribution of porous PANI conductive
networks not only enhances the conductive nature of pristine
NNMF particles but also enables electrolyte adsorption
through the open polymer matrix and stabilizes the
electrode−electrolyte interface, improving the reversible
capacity and stability.32,33,36

The C−D curves of the Na+/NNMF-PANI3 cell at 0.1, 0.2,
and 0.5 A g−1 currents are given in Figure 6c. As expected, the
discharge capacity decreased with increased current rates as a
result of the polarization of the electrodes as well as less
participation of active material at high current rates.34,40 Figure
6d demonstrates that the NNMF-PANI3 hybrid electrode
delivers discharge capacities of ∼137, 125, 100, 90, and 62
mAh g−1 at 0.1, 0.2, 0.5, 1, and 2 A g−1, respectively while the
pristine NNMF electrode has discharge capacities of 62, 30, 15,
and 11 mAh g−1 at 0.1, 0.2, 0.5, 1 A g−1, respectively. The

pristine electrode had a discharge capacity of less than 10 mAh
g−1 at a 2 A g−1 current density. Furthermore, the NNMF-
PANI3 electrode retained its capacity of ∼130 mAh g−1 when
the current reverted back to 0.1 A g−1 whereas the pristine
NNMF electrode displayed only 54 mAh g−1. The enhanced
rate performance of the PANI electrode was attributed to its
large surface area (37 m2 g−1) and the distribution of a porous
conductive network between NNMF particles as observed
from BET and SEM images.35 Moreover, the inherent higher
electronic conductivity facilitated the electron and Na-ion
diffusion rates during the intercalation/deintercalation process,
enhancing the reversible capacity and rate capability.34,35,39

Furthermore, the NNMF-PANI3 electrode exhibits stable
performance at high current cyclic operation within 2−4.2 V.
Figure S8a presents cyclic behavior of the NNMF-PANI3 cell
measured at 2 A g−1 current for 200 cycles. The electrode
delivers ∼62 mAh g−1 capacity during the initial cycle and
shows stable capacity retention of 97% after 200 cycles. This
outstanding cyclic behavior at high current rate could come
from its enhanced morphological and conductive proper-
ties.34,35,50 As observed from the TEM and EDS images in
Figure 2f and Figure S7, respectively, the distribution of the
highly conductive PANI backbone between the NNMF
particles allows for the adsorption of more electrolyte through
the open porous matrix, which improves the Na-ion
intercalation/deintercalation process at high current
rates.34,35 In the meantime, electrolyte adsorption within the
high-surface-area NNMF-PANI3 structure also provides a
flexible structure against volume expansion/contraction during
the cycling progress, thus stabilizing cycling performance even
at high current rates.33,35 It is well known that the high polarity
of PANI nanofibers makes them compatible with organic

Figure 6. (a) C−D curves and (b) cyclic performance of NNMF and
the NNMF-PANI3 hybrid cathode recorded at 0.2 A g−1 within the
2−4.2 V range, (c) C−D curves of the NNMF-PANI3 cathode at
various current densities, and (d) rate performance of pristine and
hybrid cathodes at different current rates.
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electrolytes by adjusting the polarity difference between the
active materials and electrolyte.34−36 Moreover, the porous
PANI backbone also acts as the reservoir for electrolyte
storage. Hence, the electrolyte penetration into the structure is
significantly promoted in the electroactive materials compared
to conventional conductive additives such as amorphous
carbon, carbon nanotubes, and so forth.34,35 Besides, PANI
has a slightly higher density compared to carbonaceous
materials, which prevents severe detrimental effects of
volumetric capacity, delivering high energy storage character-
istics.32,36 Figure S8b presents the Nyquist plots of the NNMF-
PANI3/Na+ cell recorded before and after 50 and 200 cycles at
2 A g−1 current density. The solution resistance of the NNMF-
PANI3 electrode is slightly increased after 50 and 200 cycles
because of unwanted side reactions occurring during the initial
cycles.51 A small difference of 26.6 Ω in Rct can be observed
from Table 2 for the cell cycled after 50 and 200 cycles,

indicating that the NNMF-PANI3 hybrid cathode has excellent
Na-ion storage performance between 2 and 4.2 V, which
supports the results of the cycling test presented in Figure S8a.
Because the NNMF prepared with 0.3 M PANI shows

excellent capacity retention at lower potentials, the long-term
cyclability of the NNMF-PANI3 hybrid electrode is also
investigated at a high operating voltage of 2−4.5 V at high
current densities. Figure 7a illustrates the C−D curves of the
NNMF-PANI3 electrode recorded at 0.25, 0.75, and 1.5 A g−1

current densities within 2−4.5 V. Apparently, extended
monotonous C−D curves are noted at a high potential
window compared to the lower potential range (2−4.2 V) due
to the increased participation of Na+ in the electrochemical
storage reaction. Moreover, the enhanced electron-conductive
nature of the hybrid cathode provided by the conducting
polymer PANI matrix directly promotes the redox reaction of
transition metals even in a high potential range.33,34 Discharge
capacities of 162, 115, and 90 mAh g−1 are realized from the
NNMF-PANI3 hybrid cathode at current densities of 0.25,
0.75, and 1.5 A g−1, respectively, which are higher than the
electrochemical performance of the pristine NNMF electrode
as presented in Figure 3b,c. It is interesting that the NNMF-
PANI3 electrode not only delivers higher capacity values in a
high potential range but also still shows stable cyclic
performance as presented in Figure 7b. The NNMF-PANI
cell displayed excellent capacity retention of 92 and 94% after
100 cycles at 0.75 and 2 A g−1 current densities, respectively. In
addition, the cell containing the NNMF-PANI3 hybrid
electrode has discharge capacities of 132 and 79 mAh g−1 at
0.65 and 2 A g−1 current densities (Figure 7c), respectively. An
energy density of approximately 567 Wh kg−1 is calculated on
the basis of the average cell voltage of 3.5 V at 0.25 A g−1. It is
worth mentioning here that the energy density delivered by the
NNMF-PANI3 hybrid electrode in the present investigation is

comparable to commercial Li-ion battery electrode materials.
For instance, olivine-type LiFePO4 and monoclinic Li2MnO4
materials deliver energy densities of 530 and 450 Wh kg−1,
respectively.1

To the best of our knowledge, the capacity values and
stability achieved from the NNMF-PANI3 electrode at
elevated cycling conditions is the best reported value among
O3-layered materials.24,44,46,52−64 The capacity and stability
comparison of various O3-layered materials with the NNMF-
PANI3 electrode is summarized in Table 3, which further
demonstrates the enhanced performance of this hybrid
electrode. For instance, Yabuuchi et al. obtained a capacity
retention of 61% after only 30 cycles from an O3−
Na[Fe0.5Mn0.5]O2 electrode between 1.5 and 4.3 V at 12 mA
g−1.8,64 Because the long-term cyclability is a key factor in
implementing any rechargeable energy storage systems in
practical applications, the NNMF-PANI3/Na+ cell is cycled for
750 cycles at a 2 A g−1 current density between 2 and 4.5 V
with the result presented in Figure 7d. It is clear that the cell is
capable of delivering excellent cyclability, maintaining ∼75% of
its initial value after 750 cycles. This excellent Na-ion storage
behavior even at high cutoff voltage is associated with the
conductive PANI nanotubes covering both the outer and inner
surfaces of NNMF particles, which act as a “flexible backbone”,
thus preventing electrode structure breakdown and pulveriza-
tion of the NNMF active species during cycling, even at high
currents.
The energy storage strategy of our investigation can be

reiterated by Figure 8, wherein the PANI conductive matrix
ensures the effective ambipolar Na-ion diffusion rate of NNMF
regardless of the electrical conductivity. The pristine NNMF
electrode suffers a huge capacity loss during the Na-ion
insertion/extraction process at high current densities, which
results from the disintegration of the NNMF electrode surface.
In addition, the high mechanical stress formed during the
cycling process causes the pristine NNMF surface to form

Table 2. Electrochemical Impedance Parameters of Pristine
and NNMF-PANI3 Electrodes before and after Cycling
between 2 and 4.2 V

Rs (Ω) Rct (Ω)

Sample
1st
cycle

50th
cycle

200th
cycle

1st
cycle

50th
cycle

200th
cycle

NNMF 25.02 - - 204.6 - -
NNMF-
PANI3

26.76 38.63 41.24 118.1 443.58 470.24

Figure 7. (a) C−D profile of the NNMF-PANI3 hybrid cathode at
different current densities between 2 and 4.5 V and (b) cyclic and (c)
rate performance of the NNMF-PANI3 electrode at different current
densities. (d) Long-term cyclicality of the NNMF-PANI3 hybrid
cathode at 2 A g−1 for 750 cycles within 2−4.5 V.
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cracks, which greatly affects the flow of current on the
electrode surface. This uneven current flow results in high
resistance, which has a great impact on electrode stability.
However, the porous PANI network offers more space to
accommodate the volume changes, thus mitigating the stress
and preventing structural pulverization during high current
cycling. To prove this phenomenon, EIS analysis is conducted
on the NNMF and NNMF-PANI3 cells after cycling at 0.1 and
0.75 A g−1, respectively for 60 cycles within 2−4.5 V, with the
corresponding spectra presented in Figure S10 in the
Supporting Information. It is clear from Figure S10 that the
NNMF-PANI3 electrode exhibits a lower charge-transfer
resistance than does the pristine NNMF electrode even after
cycling at high current density. The NNMF-PANI electrode
with reduced resistance increases the current flow on the
surface and facilitates the electron and Na-ion diffusion rate in
the electrode. Moreover, the NNMF particles are hierarchically
built up with the PANI nanofiber as shown in Figure 8,
avoiding the aggregation of NNMF particles and retaining
small dimensions along with large surface areas. Such unique
hierarchical structure significantly enhances the Na ions’
storage performance by shorting the diffusion paths of Na
ions. The large BET area of NNMF-PANI3 offers more
reaction sites for the Na-ion intercalation/deintercalation
reaction, resulting in a high discharge capacity at high currents
compared to that for the pristine NNMF electrode. These

results clearly reveal that adopting PANI to prepare a novel
hybrid cathode for RSIB ensures less reactivity toward
electrolyte counterparts while increasing the electronic
conductivity of the electrode, thus enabling enhanced
reversible capacity and cyclability at high current and voltage
cycling. Therefore, the NNMF-PANI hybrid could be a
promising candidate for next-generation electrochemical
storage devices.

■ CONCLUSIONS
A novel high-performance Na-ion battery is constructed with a
new organic−inorganic hybrid of a conducting polymer with a
layered Na-intercalating component. The cell fabricated with a
Na(Ni1/3Mn1/3Fe1/3)O2−0.3 M PANI (NNMF-PANI3) hy-
brid cathode and Na foil anode exhibits greatly improved Na-
ion storage properties compared to that of the pristine NNMF
electrode, delivering a maximum discharge capacity of ∼162
mAh g−1 at a rate of 0.25 A g−1 within a potential window of
2−4.5 V along with excellent cycling behavior. Furthermore, it
also displays excellent stability (∼75% capacity retention) even
at a high current density after 750 cycles with a high cutoff
voltage. A maximum energy density value of 567 Wh kg−1 is
obtained from the NNMF-PANI-based battery, which is
comparable to those of other commercially available lithium-
ion battery cathode materials. The hybrid electrode also
surpasses the disadvantage of electrolyte depletion during high

Table 3. Comparison of Cyclic Stability of NNMF-PANI with Various O3-Layered Materials

Materials Voltage Range (V) Current Density Capacity (mAh g−1) Capacity Retention (%) Ref.

α-NaFeO2 2.5−3.5 12 mA g−1 100 60% after 30 cycles 8
O3-Na[Ni1/3Fe1/3Mn1/3]O2 2−4 13 mA g−1 122 95% after 10 cycles 27

O3-Na[Fe0.5Mn0.5]O2 1.5−4.3 12 mA g−1 126 61% after 30 cycles 42
O3-NaNi0.5Fe0.5O2 2−4.2 20 mA g−1 150 66% after 10 cycles 44

O3-Na0.9Ni0.45Mn0.33Ti0.25O2 1.5−4.2 12 mA g−1 148 80% after 5 cycles 50
O3-O3-NaFe0.5Co0.5O2 2.5−4 12 mA g−1 140 85% after 50 cycles 51
O3-NaFe0.3Ni0.7O2 2.5−3.8 30 mA g−1 135 74% after 30 cycles 52

O3-NaNi0.5Mn0.2Ti0.3O2 2−4.2 240 mA g−1 120 85% after 200 cycles 53
O3-NaTi0.25Fe0.25Co0.25Ni0.25O2 2−4.2 12 mA g−1 145 83% after 60 cycles 54

O3-Na0.5FeO2 1−4 0.25 mA cm−2 80 not given 55
O3-Na1.2Ni0.2Mn0.2Ru0.4O2 1.5−3.8 52 mA g−1 119 95% after 60 cycles 56
O3-Na1.3Nb0.3Mn0.4O2 1−4 13 mA g−1 200 50% after 30 cycles 57

O3-Na[Ni0.25Fe0.5Mn0.25]O2 0.5−3.6 13 mA g−1 130 75% after 150 cycles 58
O3-NaLi0.05Ni0.23Fe0.24Mn0.475O2 1.7−4.4 65 mA g−1 135 76% after 200 cycles 59

O3-NaFe0.5Ni0.5O2 2−3.8 30 mA g−1 128 90% after 10 cycles 60
O3-NaFe0.5Co0.5O2 2−3.8 30 mA g−1 138 85% after 10 cycles 60
O3-NaFe0.67Mn0.33O2 1.5−3.8 13 mA g−1 136 72% after 10 cycles 61

O3-NNMF 2−4.2 20 mA g−1 129 80% after 50 cycles Present Work
O3-NNMF-PANI3 2−4.5 750 mA g−1 115 94% after 100 cycles Present Work
O3-NNMF-PANI3 2−4.5 2000 mA g−1 79 ∼75% after 750 cycles Present Work

Figure 8. Illustration of Na-ion storage and ionic movement within the hybrid cathode structure.
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current cycling as a result of its structure having a porous
polymer network, which also increases the Na-ion storage
capability at high current rates. Sodium ion batteries
containing composites of layered Na-insertion cathode and
conducting polymer as energy sources in nonaqueous media
represent a new class of improved high-performance electro-
chemical storage devices. Such devices could be used as
potential energy storage systems in low-environmental-impact
devices such as hybrid and electric vehicles that require high
specific energy and improved rate performance, good cycle life,
high safety, and low cost.
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