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ABSTRACT: Sodium ion batteries (SIBs) are promising
candidates for the applications of large-scale energy storage
due to their cost-effective and environmental-friendly charac-
teristics. Nevertheless, it remains a practical challenge to find a
cathode material of SIBs showing ideal performance (capacity,
reversibility, etc.). We report here a nanocomposite material of
amorphous, porous FePO4 nanoparticles electrically wired by
single-wall carbon nanotubes as a potential cathode material
for SIBs. The hydrothermally synthesized nanocomposite
shows excellent cell performance with unprecedented cycling stability and reversibility. The discharge capacity of as high as 120
mAh/g is delivered at a 0.1 C rate (10 mA/g). The capacity retentions are about 70 mAh/g, 60 mAh/g, and 55 mAh/g at higher
currents of 20 mA/g, 40 mA/g, and 60 mA/g, respectively. Even at a 1 C rate (100 mA/g), a capacity of about 50 mAh/g is still
retained after 300 cycles. With a simple synthetic procedure, cost-effective chemicals, and desirable cell performance, this method
offers a highly promising candidate for commercialized cathode materials of SIBs.
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Recently, sodium ion batteries (SIBs) have drawn
increasing attention from researchers, despite the fact

that lithium ion batteries (LIBs) are still the predominant
power source for home electronics and for future large-scale
energy storage devices.1−4 Compared with LIBs, SIBs can be
manufactured using more abundant resources, far lower prices,
and a greener synthesis while maintaining a similarity in ion
insertion chemistry.1−4 However, many challenges remain
before SIBs can become commercially competitive with LIBs.
For instance, compared to lithium, sodium weighs more and
has a higher ionization potential3 and a larger ionic radius.5

Further, recent computational studies show that the voltages
for the intercalation materials are 0.18−0.57 V lower than that
of the corresponding Li voltages.1 The smaller energy density
of SIBs as compared to LIBs can nevertheless be compensated
by the earth-abundance and lower cost of Na, thus making SIBs
more promising candidates for commercialized large-scale
energy devices and stationary storage.2

Since the characteristic performance of SIBs including
specific capacity and operation voltage is largely dependent
on the electrochemical properties of the electrode materials, it
is of great importance to develop suitable electrode materials
for SIBs. A few examples of cathode materials were developed
and tested for SIBs.1−4,6 Among them, iron phosphate-based
materials show great potential as environmentally friendly and
cost-effective cathodes for SIBs due to their thermal stability
and higher voltage.3 There exist two crystalline phases for
sodium iron phosphate (NaFePO4), the maricite phase and the

olivine phase.6 The olivine NaFePO4 is the electrochemically
active phase showing a very similar channel structure to its Li
counterpart. As the thermally stable phase, the maricite
NaFePO4 shows a structure of one-dimensional, edge-sharing
FeO6 octahedrons in the absence of any cationic channel, thus
appearing to be electrochemically inactive. Consequently, a
direct chemical synthesis pathway appears to be unsuccessful
for the olivine NaFePO4, which, currently, can only be
produced through the cation exchange method from LiFe-
PO4.

6,7 This makes crystalline NaFePO4 a less appealing
substitute for the matching LIBs. It is thus of great significance
to develop a noncrystalline iron phosphate cathode material
through direct chemical synthesis. Amorphous FePO4 nano-
structures, which have been previously investigated for the Li
ion battery,8,9 are promising candidates for SIBs. Compared
with crystalline FePO4 materials, amorphous FePO4 shows the
advantages of a simple and low temperature synthetic
procedure, as well as providing reliable continuous pathways
for metal ions (Na+ or Li+) during the charge−discharge
process.
The vast majority of previous research regarding FePO4-

related cathode materials of SIBs has demonstrated much
poorer cell performance. For instance, Zaghib et al. showed that
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the crystalline NaFePO4 material produced from an electro-
chemical pathway can have a specific capacity of 147 mA h g−1,
however performing poorly in reversibility with a capacity of
50.6 mA h g−1 in the second cycle.10 As other previous research
disclosed less complete results in terms of performance
(reversibility, stability, etc.),4,6 it is necessary to revisit the
same cathode material for SIBs with an emphasis of
performance.
Amorphous FePO4 materials are, however, considered as a

conceptual defect-free phase. Defect-insensitive behaviors of Li
ion have been demonstrated with amorphous FePO4 as a
cathode material for the Li-ion battery. Previous reports show
that amorphous FePO4 nanoparticles of 10−20 nm, produced
from engineered virus structures9 or graphene hybrids,11 show a
first discharge capacity of 165 (at 0.1 C) and 140 mA h g−1 (at
0.125 C), respectively, when used as cathode materials for Li-
ion batteries. The theoretical capacity of this nanostructured
material is as high as 178 mA h g−1.12 To the best of our
knowledge, similar nanostructures have not previously been
applied in the field of Na-ion batteries. In the present work, we
apply a simple hydrothermal method to produce a networked
nanocomposite of single-wall carbon nanotubes (SWNTs)/
amorphous porous FePO4 nanoparticles for SIBs (Figure 1).

The porous structures of the amorphous FePO4 will provide
further assistance for Na+ migration, which appears to be much
larger than Li+. The interconnecting SWNTs will provide
conductive pathways for electron transportation.
The synthesis follows a one-step hydrothermal approach, and

a similar protocol of graphene−amorphous FePO4 hollow
nanosphere hybrids has been reported previously.11 In a typical
synthesis, iron(II) ammonium sulfate ((NH4)2Fe(SO4)2,
0.0392 g), phosphoric acid (H3PO4, 41 μL), urea (1.2 g),
and sodium dodecylsulfate (SDS, 0.1 g), along with 20 mg of
SWNTs (−COOH or −OH functionalized), were dissolved in
20 mL of DI-water. The mixture was then vigorously stirred for
5−10 min, transferred into an autoclave, and heated to
maintained temperature of 80 °C, which was maintained for
12 h. The resulting products were collected by centrifugation
and washed subsequently with anhydrous ethanol and DI-water
three times. The final products were obtained after drying at 80
°C for 12 h.
The transmission electron microscopic (TEM) images

(Figure 2a) indicate that the as-prepared FePO4 nanoparticles
(NPs), with a size range of 30−300 nm, are interconnecting
with SWNTs, forming a closely interacted network of
nanocomposites. High-resolution TEM images clearly illustrate
the porous (Figure 2b) and amorphous (Figure 2c) nature of

these FePO4 NPs. The inner cavities are clearly revealed by the
contrast between the inner and outer part of the spheres
(Figure 2b). The sizes of the porous space within FePO4 NPs
range from a few to tens of nanometers. The scanning electron
microscopy (SEM) images (Figure 3a) further confirm the
interconnecting network of SWNTs and amorphous FePO4
NPs. The energy dispersive X-ray spectroscopy (EDX)
mapping analysis shows that the nanoparticles are composed
of Fe, P, and O, confirming the composition (Figure 3b).
As shown in Figure S1 in the Supporting Information, the

porous nature of the surfaces of the FePO4 nanoparticles is
clearly visualized, and the size of the cavities is in the range of
1−10 nm. This observation is further confirmed with our
Brunauer−Emmett−Teller (BET) surface analysis on the
FePO4 nanoparticles. As shown in Figure S4 in the Supporting
Information, the surface area and pore size of the FePO4
nanoparticles were tested with a Micromeritics ASAP 2020
Porosimeter Test Station. The testing range of pore size is
between 17.000 Å and 3000.000 Å. The BET surface area is
determined to be 222.5351 m2/g, and the Barrett−Joyner−
Halenda (BJH) adsorption average pore width (4 V/A) is
97.673 Å. On the basis of the N2 adsorption/desorption
isotherm distribution plot, we can derive that most of the pores
areis distributed in the nanometer range. Further, Figure S2 in
the Supporting Information includes additional SEM images of
the as-prepared complex of the FePO4 nanoparticles and
SWNTs, showing the interconnecting network nature of the
complex. As shown in Figure S2, the spherical-shaped FePO4
nanoparticles (marked with blue arrows) are indisputably
connected by SWNTs/or their bundles (marked with red
arrows), forming an interconnecting network of the complex.
Further, Figure S3 includes additional TEM images of the as-
prepared complex of the FePO4 nanoparticles and SWNTs,
showing both the amorphous and porous nature of the FePO4
nanoparticles and the interconnecting network nature of the
complex. As shown in Figure S3, the amorphous and porous
nature of the FePO4 nanoparticles is confirmed by the contrast
in the images, and note that the same strategies have been used
to determine porous or hollow interior structures by quite a few
groups.8,15 Moreover, on the basis of a comparison between our
observations and the previous reported data,8,15 we believe that
the porous structures of cavities not only exist on the surface of
the FePO4 nanoparticles as shown in the above SEM images,
but also in the interiors of the nanoparticles, indicated by TEM
images (Figure S3) and BET data (Figure S4). The
interconnecting nature of the FePO4 nanoparticles and
SWNTs is also confirmed by Figure S3. To further confirm
the amorphous nature of the FePO4 nanoparticles in the
complex, X-ray diffraction (XRD) study has been performed.
The XRD spectroscopy of the as-prepared complex of the
FePO4 nanoparticles and SWNTs is shown in Figure S5. The
two broad peaks observed at 25 and 44 are corresponding to
SWNTs, in good agreement with a previous report.8 The
absence of the characteristic peaks of the corresponding
crystalline FePO4, along with the energy dispersive X-ray
spectroscopy (EDX) mapping analysis showing that the
nanoparticles are composed of FePO4 (Figure 3b), indicates
the amorphous nature of the FePO4 nanoparticles.
The as-prepared network of SWNTs and amorphous FePO4

NPs are promising cathode materials for SIBs. Na ions can
easily diffuse in and out of the amorphous FePO4 NPs due to
their periodic, porous structures at the nanometer scale. The
interconnecting SWNTs provide fast transport pathways for

Figure 1. Systematic diagram for the nanocomposite of SWNT−
amorphous porous FePO4 nanoparticles.
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electrons, which provides effective transport between the
individual porous FePO4 NPs. Thus, these nanocomposite
materials are expected to significantly enhance battery perform-
ance by improving Na ion and electron transport. Moreover,
the rough surfaces of the FePO4 NPs provide more interface
area between the active materials (FePO4) and the electrolyte.
In the present synthetic procedure, multiwall carbon nanotubes
or graphene, which have a much lower cost compared to
SWNTs, can be used to produce the corresponding nano-
composites of amorphous FePO4 and carbon-based materials.
The electrochemical performance of the FePO4/SWNTs

composite was examined in a coin cell using sodium as the
counter electrode. Figure 4a shows the charge/discharge
profiles in the 10th, 100th, 200th, and 300th cycles of the
amorphous FePO4/SWNTs composite. Different from crystal-

line materials, whose potential plateaus are a typical feature due
to phase transitions caused by ion insertion/extraction,6,13

smooth slopes were observed with the evolution of sodium ion
insertion/extraction in our material. This confirms the
amorphous structure of the porous FePO4 in the composite.
Based on the studies of porous materials for Li-ion cells,8,14,15 it
could be suggested that sodium ions were inserted in or
adhered to the surface of porous FePO4, which is superior to
what is seen for bulk materials. Figure 4b and c shows the
cycling stability and Coulombic efficiency at a current density
of 50 mA/g. The FePO4/SWNT composite delivered charge
and discharge capacities of as high as 98 mAh/g and 66 mAh/g,
respectively, in the first cycle, corresponding to a Coulombic
efficiency of 67%. The capacity slightly decreased to ∼60 mAh/
g and then became stable up to 300 cycles. The Coulombic

Figure 2. (a) TEM images of the as-prepared networks of SWNTs-amorphous porous FePO4 nanoparticles. High-resolution images of (b) two
FePO4 nanoparticles on SWNTs and (c) one individual nanoparticle, showing the amorphous nature.

Figure 3. (a) SEM images of the as-prepared nanocomposites, showing interconnecting amorphous FePO4 nanoparticle with SWNTs. (b) Elemental
mapping analysis of the one individual FePO4 nanoparticle, showing the compositions of Fe (red), P (green), and O (blue).
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efficiency approaches 98% after 40 cycles (Figure 4c),
indicating excellent cycling stability and reversibility.
Until now, such a long cycling lifetime has not been reported

for cathode electrode materials in sodium-ion batteries.6,16−18

For example, Nazar and co-workers investigated the inter-
calation of sodium ions in a set of olivine-based metal
phospha t e s ( such as FePO4 , NaMn0 . 5Fe 0 . 5PO4 ,
NaMn0.8Ca0.2PO4, NaMn0.8Mg0.2PO4, and Na2FePO4F).

4,20,21

However, no cycling performance was presented. The electro-
chemical and intercalated phase properties of FePO4,
NaFePO4, NaFePO4F, Na3V2(PO4)3F3, NaV1−xCrxPO4F, and
some other compounds were also studied by other groups
either without cycling behaviors or limited cycle num-
bers.6,10,18,22−28 In addition to phosphate crystal materials,
layered metal oxide (Na4Mn9O18, Na0.44CrO2, NaNi0.5Mn0.5O2,
and Na2/3Fe1/2Mn1/2O2) materials16,29−33 have been reported

as cathodes for Na-ion batteries but have also exhibited poor
stability.
The results show that the amorphous FePO4/SWNT

composite is a promising cathode material for viable sodium-
ion batteries. First, unlike the crystal-insertion reaction in which
the structure phase changes upon ion insertion/extraction, the
Na-ion insertion/extraction reaction does not change the
structure of the amorphous FePO4 materials, improving cycling
stability.8,14,15 Second, the large surface area of the porous
FePO4 ensures a high electrode−electrolyte contact area, which
could significantly improve the charge transfer reaction for
sodium ions and thus its kinetic property.8,15

Due to the poor electrochemical performance of electrode
materials in sodium-ion batteries, the rate capability of
electrodes for Na-ion battery has seldom been reported
previously.16−19 Here, the rate behaviors of the FePO4/
SWNTs composite were investigated at increased currents,
shown in Figure 4d. The discharge capacity of as high as 120
mAh/g was delivered at a 0.1 C rate (10 mA/g), which is
higher than most reported values of cathode materials for Na-
ion cells. The capacity retentions are about 70 mAh/g, 60
mAh/g, and 55 mAh/g at higher currents of 20 mA/g, 40 mA/
g, and 60 mA/g, respectively. Even at a 1 C rate (100 mA/g), a
capacity of about 50 mAh/g was still retained. The high
capacity retention at increased current clearly indicates high
rate capability of the porous amorphous FePO4/SWNTs
composite. The improved electrochemical properties are
believed to be associated with the unique structure of the
composite. The carbon nanotube network and the porous
structure provide good and fast transportation of electrons and
sodium ions and facilitate the exchange of electrons and sodium
ions at the FePO4/electrolyte interface.
Cyclic voltammetry tests both on the complex of the FePO4

nanoparticles and SWNTs and on pure SWNTs have also been
performed, and the data are shown in Figure S6 in the
Supporting Information. The electrochemical performance is
different for materials with crystalline and amorphous
structures. Typically, amorphous materials exhibit slope
charge/discharge profiles, while crystal materials present flat
plateaus. In the current case of the complex of amorphous
FePO4 nanoparticles and SWNTs, a slope feature was observed.
But the curve observed (shown as black curves in Figure S6) is
distinctively different from those of capacitors, since for
capacitors, rectangular cyclic voltammetry curves are typical
profiles. However, the CV curves observed from our materials
(shown as black curves in Figure S6) clearly show redox peaks
including a reduction peak at 1.8 V and an oxidation peak at
2.25 V, which are typical features for rechargeable batteries. On
the contrary, a CV curve was collected for pure SWNTs
(shown as red curves in Figure S6), and does not show any
redox peaks. This observation once again confirms the redox
reactions between Na and FePO4.
In conclusion, a new type nanocomposite as a cathode

material of SIBs has been produced following a one-step, facile
hydrothermal process. The nanocomposite comprises of
amorphous, porous FePO4 nanoparticles connected by single-
wall carbon nanotubes (SWNTs). While the porous FePO4
nanostructures provide fast pathways for sodium ion trans-
portation, SWNTs facilitate electron transportation. Conse-
quently, the nanocomposite demonstrates an excellent cell
performance with discharge capacities of as high as 66 mAh/g,
along with a superior reversibility and stability for at least 300
cycles. Our current efforts are to extend this synthetic protocol

Figure 4. (a) Charge/discharge profiles in the 10th, 100th, 200th, and
300th cycles, (b) cycling stability at 50 mA/g, (c) Coulombic
efficiency, and (d) rate capability of sodium-ion cells with FePO4-
SWNTs as the cathode.
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to other commercially available, low cost carbon-based
materials, such as graphene, for better commercialization.
Experimental Section. Materials. Iron(II) ammonium

sulfate hexahydrate ((NH4)2Fe(SO4)2·6H2O, 99%), phosphoric
acid (H3PO4, 49−51%), urea (NH2CONH2), and sodium
dodecylsulfate (SDS, ≥ 99.0%) were purchased from Aldrich,
while the single-wall carbon nanotubes (−COOH or −OH
functionalized) were purchased from SkySpring Nanomaterials,
Inc. All chemicals and reagents were used as received.
Characterization. Samples for transmission electron micros-

copy (TEM) characterization were prepared by placing several
drops of nanocrystal solutions in chloroform onto 300-mesh
copper or nickel grids with carbon support film (no. 01753 or
no. 01800, Ted Pella). Samples for scanning electron
microscopy (SEM) were prepared by adding a couple drops
of nanocrystal solutions in chloroform onto silica wafers. All
high-resolution TEM (HR-TEM) images were taken from
JEOL 2100F field-emission and 2100 LaB6 TEMs at 200 kV,
while SEM images were taken on a Hitachi SU-70 Schottky
field emission gun scanning electron microscope. Scanning
TEM (STEM) images and energy-dispersive X-ray spectrosco-
py (EDX) spectra were acquired on a JEOL 2100F field-
emission TEM operated at 200 kV.
Electrochemical Measurements. The FePO4/SWNT com-

posite was mixed with carbon black and poly(vinylidene
difluoride) (PVDF) binder to form a slurry at the weight ratio
of 8:1:1. The electrode was prepared by casting the slurry onto
aluminum foil using a doctor blade and then dried in a vacuum
oven at 100 °C overnight. Na-ion batteries were assembled with
sodium as the counter electrode, 1 M NaClO4 in a mixture of
ethylene carbonate/dimethyl carbonate (EC/DMC, 1:1 by
volume) as the electrolyte, and Celgard3501 (Celgard, LLC
Corp., USA) as the separator. Electrochemical performance was
tested using Arbin battery test station (BT2000, Arbin
Instruments, USA). The capacity was calculated on the basis
of the mass of FePO4.
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