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abstract

Using amorphous FePO,4 (a-FePO4) nanoparticles with a high purity, a narrow size distribution and good
dispersion, we successfully developed a new strategy to generate a uniformly dispersed a-FePO4-CNT
nano-composite using the interface interaction between surface-modified a-FePO4 and CNT dispersion
under mild sonication. The uniformly dispersed a-FePO4-CNT nano-composite exhibited the best per-
formance and long-term stability as a cathode material in a lithium-ion battery compared to previously
reported results. The developed nano-composite could deliver a theoretical specific capacity at 0.1 C,
162 mAh gt at 1 C and 117 mAh g at 5 C. No capacity fading was observed at 1 C after 500 cycles, and
nearly 90% of the initial discharge capacity could be retained at 5 C after 2000 cycles. This study confirms
the validity of the proposed strategy to construct a cathode structure, and also describes the potential of
a-FePO, for building high-power energy-storage and conversion systems.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

meet the ever-growing demand for portable devices, electric ve-
hicles and other new energy systems, we still face challenges with

Even though many studies have attempted to develop high- respect to safety, availability, cost, and energy density [1,2].
performance cathode materials for use in lithium-ion batteries to Olivine LiFePQy is currently being researched intensely due to its
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high theoretical energy-storage capacity (170 mAh g’l), low cost,
environmental compatibility, and intrinsic thermal safety. Iron
phosphate, as a precursor of olivine LiFePO,4, determines these
characters to a given extent, and amorphous iron phosphate (a-
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FePO,) is a fascinating cathode material [3e5]. To date, many ad-
vantages of a-FePO, have been described, including its intrinsic
safety [6,7] its environmental friendliness [8] in both usage and
disposal, its abundant and inexpensive source of iron [9,10], its high
theoretical energy-storage capacity of 178 mAh g’l, and its high cell
voltage near 3 V [1112], which is caused by PO3~ inducing a low
Fermi level of the Fe3*/Fe?* redox couple during discharging. Be-
sides, unlike olivine LiFePO4, a-FePOy4 could be obtained via direct
precipitation to inhibit undesirable particle growth and the pres-
ence of residue Fe3*+ phase. Additionally, the transport of the ions is
not limited by the availability of charge conducting pathways,
which allows the intercalation/de-intercalation ions to exhibit
better ion transportation performance. The studying of Li-free
cathode materials can also encourage the development of Li-
containing anodes, such as Li-metal alloys.

However, the practical application of a-FePQy, is still hindered
due to the Kinetic transport limitations of electrons and lithium
ions [13e15], which leads to poor charge and discharge rates during
prolonged cycling. Although reducing the dimension of the elec-
trode materials to the nanoscale has been shown to improve the
material’s sluggish lithium diffusion [16], the dispersion status of
these electrode materials is a decisive factor in their performance.
Carbon coating via organic pyrolysis is an effective method to
improve both the conductivity and dispersion of crystalline
phosphate-based particles as cathode materials; however, this
method is not appropriate for use with a-FePO4 particles. At least
600 °C is required to break CeH bonds and other bonds during
pyrolysis [17], while a-FePOy4 is only stable below 460 °C, above
which it begins to transform into electrochemically inert crystalline
iron phosphate with a hexagonal system, as shown in Fig. S1.
Alternatively, a reasonable strategy is to introduce a-FePO, into as-
prepared high-conductivity carbon materials, such as carbon
nanotubes [18], which requires uniform dispersion of the active and
conductive materials [19,20].

To achieve this goal, researchers typically grow a-FePO4 on
carbon nanotubes (CNTs) or graphene [14]. For examples, Lee et al.
designed the structure of a-FePO4 and CNTs via multiple genetically
engineered M13 viruses and obtained excellent performance
[21,22]. Using DNA to direct the growth of a-FePO,4 nanostructures
on CNTs, Guo et al. claimed that a nearly 100% theoretical capacity
for lithium-ion batteries could be achieved [23]. Through sequen-
tial adsorption of Fe3t and POZ™ ions onto CNTs surfaces, Kim et al.
fabricated a CNT-a-FePO4 core-shell nano-structure with excellent
electrochemical performance [24]. Despite the achievements, new
problems have arisen because the amount of a-FePO, compared to
CNTs is typically limited, which further affects the energy density of
the final system to meet application requirements. Another issue is
the lack of control of the chemical purity of a-FePO,4 that adheres
onto the CNTs; strictly controlling the reaction system, where
multi-component co-precipitation process may occur during the
synthesis of a-FePQy, is already difficult. Thus, other strategies to
produce a uniform a-FePO4 and CNTs nano-composite with a larger
amount of strictly quality-controlled a-FePO, must be developed.

Using a-FePO4 particles and CNTs as starting materials, we can
easily adjust the amount of active material present in the resulting
composite. However, to date, the electrochemical performances
reported in the literature have not been impressive, even if the
energy-intensive, long-duration ball-milling technique was used to
improve solid-phase mixing [25]. In this study, a-FePO4 nano-
particles with a high purity and dispersion are obtained via direct
precipitation under strict controlled conditions in a microreactor
and vacuum drying following careful solvent displacement. Using
this material, we constructed a cathode for a lithium-ion battery
with high-power/energy-density and long-term stability. The pri-
mary steps of this study included: (i) surface modification of the a-

FePO4 nanoparticles with aminopropyltrimethoxysilane (APS) and
surface oxidization of the CNTs in a mixed HNO3 and H,SO4 solu-
tion; (ii) mixing the modified a-FePO,4 nanoparticles and oxidized
CNTs via mild sonication to obtain a uniformly dispersed a-FePOg4
and CNT nano-composite using interface interaction effects. The
obtained nano-composite exhibited the best known rate capacity
and long-term stability compared to other reports in the literature
that used mixtures of a-FePO, and CNTs. It experimentally de-
scribes the potential of a-FePO4 nanoparticles with strict controls of
purity, size and dispersion as a cathode material for use in high-
power energy-storage systems, and also proves the effectiveness
of a new mixing strategy to construct cathode structures with a
large amount of active material via interface interactions.

2. Experimental
2.1 Chemicals

Ferric nitrate (Fe(NO3)3$9H,0, > 98.5%), ammonium phosphate
((NH4)3P04$3H,0, >95%), N-Methyl pyrrolidone (CsHgNO, > 99%)
and anhydrous alcohol (C;HsOH, >99.7%) were purchased from the
Sinopharm Chemical Reagent Co., Ltd. Petroleum ether, sulfuric
acid (H2SOg4, 95€98%), nitric acid (HNO3z, 65€68%) were purchased
from the Beijing Chemical Works. Aminopropyltrimethoxysilane
(APS) was purchased from the Aladdin Industrial Corporation.
Carbon nanotubes (CNTs) were obtained from the Beijing Key
Laboratory of Green Reaction Engineering and Technology of
Tsinghua University. All of the chemicals were used as received
without further purification.

2.2. Synthesis of APS-modified a-FePO4 nanoparticles

Aqueous solutions containing 0.3 mol/L Fe(NO3)3 and 0.3 mol/L
(NH4)3PO4 were used as continuous and dispersed fluids, respec-
tively, and were delivered into the microreactor at 80 °C for mixing
with the same flow rates of 50 mL/min. The slurry was then filtered
and washed with water, alcohol, and petroleum ether in sequence.
The filter cake was dried at 105 °C in air overnight to obtain pure
and well-dispersed a-FeP0O4$2H,0 nanoparticles. The products
were annealed at 300 °C for 6 h to produce anhydrous a-FePOy4
nanoparticles. The a-FePO,4 nanoparticles were further modified by
aminopropyltrimethoxysilane (APS) to create APS-modified a-
FePO4 nanoparticles [26,27]. Typically, 10 mL of APS was added into
40 mL of a-FePO4 suspension (10 mg/mL in alcohol) under mild
mechanical stirring for 24 h. Then, the slurry was further treated by
filtration, alcohol-washing, and drying at 80 °C under vacuum.

2.3. Synthesis of surface oxidized CNTs

A mass of 035 g of multi-walled CNTs was added into
100 mL H,SO4 and HNO3 (3:1 by volume) mixture solution. The
suspension was first sonicated for 10 min and then stirred at 80 °C
for 2 h under reflux. The suspension was first carefully diluted with
ultrapure water (18.2 MU) and then filtered and washed with ul-
trapure water several times until the filtrate was neutral. The
oxidized multi-walled CNTs were obtained after freeze-drying at
—80 °C.

2.4. Synthesis of a-FePO4 and CNTs nano-composite and cathode
construction

The uniform APS-modified-a-FePO, and oxidized CNTs nano-
composite was obtained via interface interactions under mild
sonication. Typically, 200 mg of APS-modified-a-FePO4 and 37.5 mg
of oxidized CNTs (FePO4: CNTs = 80:15) were added into two
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beakers, each of which contained 40 mL of water. The two sus-
pensions were sonicated for 30 min. Then, the CNTs suspension was
poured into APS-modified-a-FePO,4 suspension. The obtained
mixture was sonicated for another 30 min to construct the desired
structure; the slurry was then filtered quickly and dried at 100 °C in
vacuum overnight.

To construct the cathode, 250 mg of poly (vinyl difluoride)
(PVDF, 5 wt%) was added into the nano-composite. The mixture (a-
FePO4:CNTs:PVDF = 80:15:5) was thoroughly stirred, placed on
pure aluminum foils and dried at 150 °C for 12 h in an air oven to
obtain the final working electrode. The area of the cathode was
1.33 cm~2. The mass loading density of FePO,4 on the cathode was

around 1.26 mg cm™2.

2.5. Characterization

The morphology of the products was observed via Transmission
Electron Microscopy (TEM; JEM-2010, 120 kV) and Scanning Elec-
tron Microscopy (SEM; HITACHI-SU8010, 15 kV) with an energy
dispersive spectrometer (EDS; HORIBA X-man"). The X-ray powder
diffraction patterns were collected on an X-ray powder diffrac-
tometer (D8-Advance) operating at 40 kV and 40 mA using Cu Ka
radiation at a scanning rate of 5° min~% The elementary composi-
tion of the samples (i.e., iron and phosphorous) was determined via
ICP-OES spectrometry (IRIS Intrepid Il XSP), which used a plasma
power of 1150 W and a peristaltic pump rotating at 100 r min~2.
Thermogravimetric analysis was performed using a Simultaneous
Thermal Analyzer (NETZSCH STA 409 PC/PG) under an Ny atmo-
sphere. Nitrogen sorption isotherms were measured on a Quan-
tachrome Autosorb-1-C chemisorption/physisorption analyzer at
77 K. The specific surface area was calculated using the Brunauer-
Emmett-Teller (BET) method. The zeta potential and particle size
were determined by a particle size analyzer (SZ-100, HORIBA).
Chemical compositions were analyzed using X-ray photoelectron
spectroscopy (XPS, ESCALAB 250Xi, Thermo Fisher) with an energy
step size of 0.05. The contact angle was measured by a visualized
analyzer (OCAH 200, Dataphysics, Germany). Before measurement,
the nano-powders were compressed into smooth plates.

Electrochemical experiments were performed in 2025 coin-type
cells. Lithium foil was used as the counter electrode, and Celgard
2400 (polypropylene) membrane was used as the separator. The
electrolyte consisted of 1 M LiPFg in ethylene carbonate (EC):
diethyl carbonate (DEC): dimethyl carbonate (DMC) at 1:1:1 by
volume. The cells were assembled in an argon-filled glovebox with
the concentrations of moisture and oxygen below 0.1 ppm. The
electrochemical performance was tested at various current den-
sities in a voltage range of 2e4.2 V on a LAND CT2001A Battery
Analyzer. Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) measurements were performed with Solartron
1470E electrochemical workstation. The scanning rate of the CV
measurements was 0.1 mV s, and the frequency range of the EIS
measurement was from 10° to 1072 Hz. The capacities listed below
were calculated based on the active material a-FePOyg4.

3. Results and discussion

The schematic synthesis procedure for highly dispersed and
pure a-FePO4 nanoparticles was shown in Fig. 1a. A microreactor
with a high mixing performance was used to provide a uniform
reaction environment. Fe>* and HPO3~ were adjusted as the reac-
tive ions by using the continuous fluid with pH < 1 and assuring the
pH of the mixed fluid around 9 (Fig. S2). The effluent from the
microreactor was pure a-FePOy slurry, and detailed information can
be found in our previous study [28]. Although most of the solvent in
the slurry could be removed via filtration, evaporation was required

to remove the solvent that had adhered onto the surface of the
particles. During evaporation, the surface tension between the
solvent and the air dragged the particles to form aggregates. If the
slurry was filtered and washed by only water, a-FePO4 nano-
particles in the aggregates would be difficult to separate due to the
high surface tension of water (Fig. S3a). To weaken the aggregation
of the a-FePO,4 nanoparticles, the solvent displacement with the
sequence of water, alcohol, and petroleum ether, was conducted.
Except for low surface tension, petroleum ether’s low boiling point
(60€90 °C) was helpful to completely remove the solvent. The
contact angles with the water of the produced a-FePO4 nano-
particles were 11.3° after drying in water (Fig. S3b) and 14.6° after
drying in petroleum ether (Fig. S3c), indicating a strong hydro-
philicity of the obtained product and nearly zero solvent residue.

The a-FePO4 that was precipitated from the aqueous solution
was typically hydrated. The thermogravimetric analysis of the as-
prepared nanoparticles revealed a weight loss of approximately
19% at 200 °C, which corresponded to the presence of two water
molecules (Fig. S4a). Anhydrous a-FePO, could be obtained by
annealing as-prepared samples at 300 °C for 6 h, and showed good
dispersion in the TEM image (Fig. 1b). The size distribution of these
nanoparticles was characterized by the counting method using
TEM image processing and the laser scattering method. Both results
indicates an average size of approximately 20 nm with a narrow
size distribution (Fig. 1c), in accordance with excellent dispersion of
a-FePO4 nanoparticles. The BET measurement (Fig. S4d) showed
that the surface area of these nanoparticles could reach as high as
166 m? g’l. The X-ray diffraction characterization (Fig. S4b) showed
that the as-prepared and low-temperature (i.e., below 440 °C)
annealed samples exhibit broad reflections around the scanning
angle of 2q = 25°, which is a typical feature of amorphous materials.
The XRD profile of the product obtained after annealing at 800 °C
matched the standard data of PDF 29e0715 (Fig. S4c), with no
diffraction peaks related to impurities. The ICP-OES analysis
determined that the P:Fe molar ratio was 1.01 (Table S1). Both the
crystal structure and elementary composition could show the
successful preparation of high-purity a-FePOy4, of which the nano-
sized and well-dispersed morphology is one of the key factors for
further construction of a cathode structure.

Considering the hydrophilic property of a-FePO4 nanoparticles,
water is a reasonable choice to prepare a-FePO, and CNTs nano-
composite via the solvent dispersion method. Then, the disper-
sion and surface modification of CNTs and a-FePO, in water, and the
interface interaction between CNTs and a-FePO, nanoparticles
must be investigated. CNTs are known to be highly conductive and
hydrophobic due to sp2 hybridization of C] C bonds, which makes
them difficult to disperse in water. When hydrophilic a-FePO4 and
hydrophobic CNTs are mixed in water, they tend to separate instead
of becoming a uniform composite. To endow CNTs with some hy-
drophilicity, the original CNTs were modified via oxidization. The
original and oxidized CNTs were characterized by X-ray photo-
electron spectroscopy (XPS) and zeta potential measurement
comparatively. After the CNTs were oxidized, a high oxygen peak
appeared and C1s peak could be deconvoluted into four different
components (Fig. 2b). The most intense peak at 284.8 eV could be
assigned to CJ C/CeC, with the components at 285.6, 287.1 and
289 eV assigned to CeO/CeOeC, CJ O and OeC]C, respectively
[26,29]; this signified the formation of carboxylic groups. Thus, the
zeta potential of oxidized CNTs decreased to —72.7 mV, and an ink-
like CNTs aqueous solution became available, which was clearly
different from the poor dispersion of original CNTs in water
(Fig. 2c). Additionally, a-FePO,4 nanoparticles were modified with
aminopropyltrimethoxysilane (APS) to endow them with more
positive zeta potentials, which would help the a-FePO4; nano-
particles and CNTs approach each other by improving interface
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Fig. 1. (a) Schematic of the synthesis procedure for highly dispersed and pure a-FePO, nanoparticles. (b) TEM image of a-FePOy. (c) Particle size distribution of a-FePO4 counted by
TEM images (red line) and measured by a particle size analyzer (black line). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

interaction. The components at 400 eV and 402 eV in the XPS
spectrum of modified a-FePO,4 could been attributed to amino
group from the APS (Fig. 2d) [30]. Correspondingly, the zeta po-
tential of a-FePO4 nanoparticles increased from 11.7 to 20.8 mV,
indicating an effective surface modification. Thus, using water as a
solvent, well-dispersed a-FePO, and CNTs could be prepared
separately. Because these two dispersions were mixed and ho-
mogenized via sonication, surface interaction would induce APS-
modified a-FePO,4 nanoparticles and oxidized CNTs to assemble
into uniformly dispersed a-FePO4-CNTs nano-composite, as shown
in Fig. 2a.

The TEM image (Fig. 3a) of the as-prepared a-FePO4 and CNTs
composite (Sample 1) showed that the a-FePO,4 nanoparticles were
uniformly embedded into the stretched network of CNTs. The SEM-
EDS mapping (Fig. 3b) of iron and carbon also demonstrated the
uniformity in the elementary distribution. For comparison, using
the same method, the composites made from self-made a-FePO,4
and CNTs without oxidation (Sample 2, Fig. S5a) with purchased a-
FePO,4 (Sigma Aldrich) and oxidized CNTs (Sample 3, Fig. S5b) were
obtained and characterized via TEM as controlled samples. In
Sample 2, a large portion of CNTs is shown to have completely
separated from the a-FePO4; nanoparticles due to incompatible
hydrophilic and hydrophobic properties, creating a lack of interface
interaction. In Sample 3, the large, heavily aggregated features of
the purchased a-FePO, particles made them unable to embed into
the CNT network, which confirmed that well-dispersed a-FePOg4
nanoparticles were prerequisites for the construction of a uniform
cathode structure via interface interaction.

After constructing the cathode structure, the electrochemical
performance of various a-FePO4-CNTs nano-composite samples
were evaluated by galvanostatic discharge-charge measurements
at voltages of 2e4.2 V to investigate the significance of the
dispersion status improvement in potential applications. Fig. 4aec

exhibited the typical charge/discharge profiles of a a-FePO4 cathode
at various current rates. The potential is shown to increase or
decrease smoothly with the evolution of lithium insertion and
extraction, respectively, which accords with the feature of a-FePO,4
and is different from the existence of a voltage plateau in the well-
known olivine LiFePOseFePO4 system. This phenomenon origi-
nated from the difference in the two materials’ structures and
phase transformation mechanisms with variations in Li concen-
tration [31], as shown in Fig. 4aeb. For olivine FePOy, lithium can
only be inserted and extracted freely along the b-axis. This process
is accompanied by a first-order phase transformation process to
form a Li-poor phase and a Li-rich phase in LixFePOg4. Inside the
miscibility gap, the degree of freedom of the system is 0, which
indicates that the variation of the Gibbs energy of the system is
linear with the lithium concentration. Thus, the voltage is constant
during charging and discharging for the olivine FePO, system.
However, for a-FePOg4, the host material experiences a single phase-
transformation process during lithium insertion and extraction.
The degree of freedom of the system is 1. Therefore, the potential
has a degree of freedom and varies with the lithium concentration.

As shown in Fig. 4cee, Sample 1 with a uniformly dispersed a-
FePO4-CNT nano-composite as the cathode could deliver a specific
capacity of 177 mAh g‘1 at 01 C, where 1 C corresponds to
178 mA g’l multiplied by the weight of active materials on the
cathode (g). This result is nearly the theoretical value of a-FePQg,,
indicating the full utilization of the active material as well as the
high purity of the prepared a-FePQ,. For references, Samples 2 and
3 only produce 91 mAh g*1 and 75 mAh g*1 at the same discharge
rate, respectively. The marked decrease in the specific capacity in-
dicates that the migration of electrons or lithium ions is seriously
hindered, which is strongly influenced by the common feature of
the poor dispersion status of the a-FePO4-CNTs composite in
Samples 2 and 3. The discharge profiles of the uniformly dispersed
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Fig. 2. (a) Flowchart of fabricating a uniformly dispersed a-FePO4-CNTs nano-composite. (b) XPS survey of CNTs before (the lower line) and after (the upper line) modification with
an inset of high-resolution C 1s for oxidized CNTs. (c) Photographs of the CNTs slurry (left) and oxidized CNTs slurry (right). (d) XPS survey of a-FePO, before and after modification

with an inset of high-resolution N 1s.

Fig. 3. (a) TEM image and (b) SEM-EDS mapping of iron and carbon of a-FePO,4-CNTs nano-composite. Red and green dots correspond to iron and carbon, respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

a-FePO4-CNTs nano-composite also show much lower polarization
(Fig. S8) and a higher specific capacity at various discharge rates up
to 10 C. For example, the composite can deliver high specific ca-
pacities of 168,162, 152,140 and 116 mAh g*1 at current rates of 0.5,
1, 2,3 and 5 C based on the weight of the a-FePO4 component. Even
at 10 C, it can still produce a specific capacity as high as 81 mAh g2
This result is currently the best rate performance of a-FePO4 mixed

with a conductive material reported in the literature (Fig. S6). The
result is even better than the performance of certain reported
LiFePO4/C [26,32,33]. It is well known that the capacity is directly
related to the carbon content in electrode. Thus, we also compared
the carbon content with the reported results, which are listed in
Fig. S6. As shown, the carbon content used in the literature is much
more than 15% of that used in this study, confirming the
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Fig. 4. Illustrations of the structures of a-FePO, (a) and olivine FePO, (b). Charge/discharge profiles at current rates ranging from 0.1 to 10 C of Sample 1 (c), Sample 2 (d) and Sample

3 (e). (f) Rate capacities of Samples 1, 2 and 3.

effectiveness of the proposed strategy. Even compared to a-FePO,
growing on a conductive material, the uniformly dispersed a-
FePO4-CNTs nano-composite also shows the best rate capacity
performance within 4 C and maintains one of the best rate capac-
ities above 4 C (Fig. S7). Using interface interaction, we have
experimentally shown that high-purity, nano-sized a-FePO,4 could
produce a superior rate capacity by constructing uniform disper-
sions of a-FePO4 and CNTs.

Cyclic voltammetry (CV) measurements were further performed
to determine the difference in electrochemical behavior among
various samples, including phase transformation and ionic diffu-
sion during charging and discharging. As shown in Fig. 5a, all CV
curves show a pair of current peaks near 3 V, which corresponds to
the redox of Fe(lll)/Fe(ll). The broad redox peaks also demonstrate a
continuous single-phase redox reaction and agree with the

galvanostatic discharge-charge results. For Sample 1, the redox
peaks are strong, and the potential difference in the peaks is small,
compared to the other two controlled samples, indicating that the
charge and lithium ions transfer rates are faster in the uniformly
dispersed a-FePO4-CNTs nano-composite.

The above conclusion is further confirmed via electrochemical
impedance spectroscopy (EIS) characterization. Fig. 5b shows a
typical Nyquist plot, which shows well-defined semicircles in the
medium- and high-frequency regions, and straight lines in the low-
frequency region. The former is related to the charge transfer
process at the interface between the electrode and the electrolyte,
and the latter corresponds to the Warburg impedance of Li diffu-
sion in a-FePQO,4. As shown, the charge transfer resistance in Sample
1 (Retr = 45 U) is significantly lower than the other two samples
(Retz = 130 U, Rtz = 250 U). A highly conductive network has thus
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low-frequency region of Samples 1, 2 and 3. (d) Gravimetric energy densities of Samples 1, 2 and 3 based on the weight of a-FePO,.

been constructed using uniformly dispersed a-FePO4 in a CNT
network.

In addition to the charge transfer resistance, the apparent
diffusion coefficient of lithium (D) could also be analyzed with the
EIS measurement. The diffusion coefficient of lithium D could be
calculated as follows: D = R?T?/(2A%n*F*C2s?), where R is the gas
constant, T is the absolute temperature, A is the surface area of the
electrode, n is the number of electrons transferred per molecule, F is
the Faraday constant, C is the concentration of Li* in the cathode
material, and S is the Warburg factor. The Warburg factor S can be
calculated by the linear fitting of Z and the reciprocal square root
of the angular frequency (U), as shown in Fig. 5c. The results show
that the apparent diffusion coefficient of lithium in Sample 1 is 5.1
times that of Sample 2, and 13.2 times that of Sample 3, confirming
that a significant increase in the lithium diffusion coefficient has
been achieved using uniformly dispersed a-FePO4 in a CNT
network. Combined with the increased charge transfer rate, an
impressive electrochemical performance is produced by the pro-
posed composite.

To further describe the application potential of a-FePO, in high-
power energy-storage and conversion systems, gravimetric energy
densities were calculated based on the weight of a-FePQy4, and the
results are shown in Fig. 5d. At a relatively low discharge rate (e.g.,
<2 C), the uniformly dispersed a-FePO4 and CNT electrode could
deliver a gravimetric energy density as high as 480 Wh kg~% At a
specific discharge rate of 5 C, the gravimetric energy density

sustains nearly 300 Wh kg’l. Even at the high specific discharge
rate of 10 C, the gravimetric energy density can still be nearly
200 Wh kg’l. Using the total mass of the packaged device and a
correction factor of 35% (i.e., active materials mass are typically
considered to be 35e40% of the total packaged mass with lithium
anodes, membranes and electrolytes included [34,35]), the power
and energy density remains superior to other advanced systems, as
shown in Fig. S9. These results suggest that a-FePO4 can be effec-
tively used in high-power energy-storage and conversion systems.

Amorphous cathode materials may not be commonly used due
to problems with capacity fading after long-term cycling, because
they only consist of a kinetically stable phase. However, the pro-
posed material with its specific type of polyanion, which exhibits a
high cohesive energy and a strong inductive effect due to the
phosphate and iron in its structure, respectively, may make it
unigue. We cycled these a-FePO, cathodes at current rates of 1 and
5 C to test their long-term stability performances. The results sur-
prisingly showed that capacity fading was hardly observed for
Sample 1 after 500 cycles at 1 C, as shown in Fig. S10. Even after
2000 times cycling at 5 C, they can still remain at nearly 90% of the
initial capacity (Fig. 6¢). To the best of our knowledge, the longest
cycling performance for a-FePOy4 in a battery reported in the liter-
ature to date was at 1 C for 200 cycles with 15% capacity fading
(Table S2). For the other two controlled samples, the long-term
cycling performance was also extremely impressive, even though
they delivered low original specific capacities, and the capacity



T. Zhang et al. / Journal of Power Sources 324 (2016) 52e60 59

Fig. 6. SEM images of Sample (a) before and (b) after 2000 cycles at 5 C. (c) Cycling performances of Samples 1, 2 and 3 at 5 C. The black line indicates to the coulombic efficiencies of

Sample 1.

fading after 2000 cycles at 5 C was negligible. These results show
that a-FePQOy, is an intrinsically stable cathode material for use in
lithium-ion batteries, and its stability even exceeds that of certain
crystalline cathodes. The SEM images of the electrode in Sample 1
before and after 2000 cycles at 5 C are also shown in Fig. 6a and b,
respectively. It can be clearly observed that after long-term cycling,
certain a-FePO4 nanoparticles became fused to form larger parti-
cles, which might be responsible for the gradual capacity fading.
However, most of the a-FePO,4 nanoparticles still remained in their
original morphology, indicating their good stress-relieving ability
during the Lit intercalation/de-intercalation process, which was
originated from its amorphous structure, as shown in Fig. 4a.

4. Conclusions

Based on the strict quality control of a-FePO,4 with regard to
purity, particle size and dispersity, a new strategy for generating a
uniformly dispersed a-FePO4-CNT nano-composite was success-
fully introduced via interface interaction of the surface modified a-
FePO4 and CNT dispersions under mild sonication. The proposed
uniformly dispersed a-FePO4-CNTs nano-composite could facilitate
cathode construction. Additionally, galvanostatic discharge-charge
measurements proved that a well-dispersed a-FePO4-CNT nano-
composite could perform as a high-performance cathode material
in lithium-ion batteries with high performance and long-term
stability with a theoretical specific capacity at 0.1 C, 162 mAh g’l
at 1 C and 117 mAh g‘1 at 5 C. Nearly 90% of the initial discharge
capacity could be retained after 2000 cycles at 5 C. The rate capacity
and long-term stability of the proposed material are the best results
compared to other reports currently in the literature, which verifies
the reliability of the proposed strategy for constructing cathode
structures. Comprehensively considering its safety, price and sta-
bility, a-FePO4 has great potential for building advanced energy-
storage and conversion devices, such as electric vehicle (EVs),

hybrid electric vehicle (HEVs) and uninterruptable power supply
(UPS) system. An up-scaling of our proposed process for cathode
construction is very possible due to the feasibility of the large-scale
preparation of a-FePO,4 nanoparticle, and it will be a topic in frame
of ongoing studies.
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