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ABSTRACT: Nanosized LiFePO4 is a kind of promising
material for high performance lithium ion batteries; however,
the synthesis of nanosized LiFePO4 still has some challenges in
forming an orthorhombic phase in atmospheric liquid phase
and protecting the LFP nanoparticles from aggregation, etc. In
this work, LiFePO4 nanocrystals were synthesized through a
high-temperature (350 °C) liquid-phase reduction method.
The size and morphology of nanocrystals can be readily controlled by tuning the ratio of solvents, and the size-dependent
behavior of lithium storage performance is also observed. After a carbon-coating surface treatment, rhombic-shaped LiFePO4
nanocrystals display excellent lithium storage properties with high reversible capacities and good cycle life (141.0 mAh g−1 at 0.5
C after 50 cycles etc.). This method can be extended to prepare LiMnPO4 nanorods by substituting iron source with manganese
salt.
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■ INTRODUCTION
As one of most popular sources of power currently,
rechargeable lithium ion batteries (LIBs) have been widely
used in portable electrical devices, such as mobiles, tablet
computers, video recorders, cameras, and lap tops. Most
importantly, with the rapid expense of fossil resources, LIBs
have also been regarded as one of the most promising new
energies for the new type of transportation tools such as electric
vehicles (EVs) and energy storage equipment in recent years
because of their unique advantages including low cost, high
energy density, and long cycle life.1−5 To achieve this target,
high-quality cathode materials are highly desirable. Among
reported cathode materials, LiFePO4 (LFP) has been
considered as a promising candidate for the next generation
of LIBs with high power and high energy. Compared to the
commercial LiCoO2, LFP materials possess a theoretical
capacity of 170 mAh g−1 and a stable voltage plateau, 3.45 V
versus lithium, which is compatible with the window of a solid-
polymer Li-ion electrolyte, making LFP have excellent cycle
ability and large capacity.6−9 However, the low electric and
ionic conductivities of LFP bulk materials have limited their
battery applications to some extent.10,11 In order to overcome
these drawbacks, several strategies have been taken on reducing
materials to the nanoscale and controlling their morphol-
ogy,12−16 coating the particle’s surface with electrically and
ionically conductive layers (carbon layers,17−19 polymer
layers,20,21 or other conductive layers22) or enhancing the
bulk material’s properties,7,23 etc. So far, various methods have
been employed to synthesize LFP materials, such as solid state
reaction,24 sol−gel,25 hydrothermal,26−28 coprecipitation,29

microwave-assisted,30,31 polyol and solvothermal,32 micro-

emulsion,33 template mediated,34 electrospinning,35 and
mechanical activation processes.36 However, the preparation
of LFP nanocrystals still meets some challenges; for example, it
is hard to form an orthorhombic phase in atmospheric liquid
phase. Iron(II) ion is readily oxidized to hinder the formation
of LFP phase, and the aggregation usually occurs due to high
surface energy.36

Here, we report the synthesis of rhombic-shaped LFP
nanocrystals with good crystallinity via a robust, simple high-
temperature (350 °C) liquid-phase reduction method, in which
the size and morphology of the resulted nanocrystals could be
controlled by tuning the solvent ratio and the final performance
also showed the size and morphology-dependent behavior. In
addition, this synthetic process is a general strategy and can be
extended to prepare LiMnPO4 (LMP) nanorods, which have a
similar olivine structure with LFP.30 The high-temperature
liquid-phase reduction process involved here is based on oleic
acid and oleylamine system,37−39 which can supply several
advantages: (1) offering an experimental environment of high
temperature (about 350 °C) under N2 atmosphere to facilitate
the nucleation and growth of well-crystallized LFP materials;
(2) oleic acid and oleylamine molecules in the system not only
work as the solvent but also serve as the capping and reducing
agents to confine the products stable and within nanoscale; (3)
providing an opportunity to tune the size and morphology of
the products using the synergistic action of these reaction
factors such as temperature, time, and controlled processes.
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After a post carbon-coating process, the carbon-coated LFP
nanocrystals exhibit enhanced electrochemical performance and
application potential for LIBs.

■ MATERIALS AND METHODS
Synthesis of LiFePO4 Nanocrystals. The precursor solution was

prepared by mixing lithium acetate dehydrate (0.2 mmol, Shanghai
Fengshun Fine Chemical Co.), iron(III) acetylacetonate (0.2 mmol,
Beijing Yilishiji Co.), and tris(2-ethylhexyl) phosphate (0.2 mmol, Alfa
Aesar) with 15 mL of oleic acid (45 mmol, Aldrich) and 15 mL of
oleylamine (45 mmol, Aldrich). The mixture was transferred into a
three-neck flask system, kept stirring under 70 °C for 10 min to
dissolve the reactants, and the solution color changed to dark red.
Then the system was degassed under vacuum to remove water and
other containing impurities at 120 °C for 1 h. Subsequently, the
solution was heated up to 350 °C at the rate of 15 °C min−1 under
nitrogen atmosphere. It could be seen that the reaction solution
remained transparent and dark under 300 °C and rapidly turned to be
turbid and brown over 340 °C, indicating the formation of nuclei and
growth of nanocrystals. The solution was then kept heating at 350 °C
for 1 h, followed by cooling down to the room temperature. The
resulted LFP nanocrystals were precipitated upon adding 30 mL of
ethanol and collected by centrifugation at 8000 rpm; then they were
washed by ethanol and hexane for 5 times to remove the excess
surfactants. The final as-synthesized products were dispersed in hexane
for further characterization.
Synthesis of LiMnPO4 Nanorods. To obtain LMP nanorods,

iron(III) acetylacetonate (0.2 mmol) was substituted with manganese-
(II) acetylacetonate (0.2 mmol, Beijing Yilishiji Co.), and the other
experimental procedure was just the same as that of LFP nanocrystals.
Carbon-Coating Process. The as-synthesized LFP nanocrystals

were mixed with 20 wt % glucose (Beijing Chemical Works) and
milled for 1 h. After that, the mixture was transferred into a tube
furnace (KMT GSL-1300X) and heated to 600 °C at the rate of 5 °C
min−1 under argon atmosphere. Subsequently, the mixture was kept at
that temperature for 4 h and then allowed to cool to room
temperature for further characterization.
Characterizations. X-ray diffraction (XRD) patterns were

obtained using a Rigaku DMAX-2400 X-ray diffractometer equipped
with Cu Kα radiation. The accelerating voltage and current were 40 kV
and 100 mA. The XRD patterns were collected in the 2θ range of 15−
70° at a continuous scan mode with step size of 0.02° and scan rate of
4° min−1. FEI Tecnai T20 and F20 were used to get the transmission
electron microscope (TEM) and high resolution transmission electron
microscope (HRTEM) images of the products. A Hitachi S-4800 was
employed to obtain the field-emission scanning electron microscope
(SEM) image of the products. A Leeman PROFILE SPEC was used
on the inductively coupled plasma (ICP) measurement. Raman spectra
was measured on Renishaw SYSTEM 1000 with laser radiation of
632.8 nm. The thermogravimetric and differential thermal analyses
(TG-DTA) were determined by a SDT Q600 (USA) in air at a heating
rate of 10 °C min−1 from room temperature to 700 °C, and X-ray
photoelectron spectroscopy (XPS) was obtained with Kartos Axis
Ultra with monochromatized Al Kα radiation (1486.6 eV).
Electrochemical Measurements. Electrochemical measurements

were performed in two-electrode cells with lithium foil as both
reference and counter electrodes. The working electrode consisted of
active material, conductive agent (acetylene black), and polymer
binder (ploytetrafluoroethylene, PTFE) in a weight ratio of 75:10:15
was pasted onto aluminum foil. A Celgard 2300 membrane was used
as a separator. The electrolyte used in the measurement was composed
of 1 M LiPF6 solution in ethylene carbonate (EC)/dimethyl carbonate
(DMC) (1:1 by volume). Electrodes were prepared in a dry room, and
the cells were assembled in an argon-filled glovebox.
The electrochemical performance of these cells was measured on a

LAND CT 2001A analyzer (Wuhan Jinnuo) at different current rates
with a voltage window of 2.0−4.2 V for LFP and 2.0−4.5 V for LMP at
25 °C, and the cyclic voltammogram (CV) of the cells was measured

at room temperature at the scan rate of 0.2 mV s−1 on CHI 760C
(Shanghai Chenhua).

■ RESULTS AND DISCUSSION
The chemical structures of the products were characterized by
powder XRD analysis. As illustrated in Figure 1, the XRD data

of the as-synthesized sample is in good agreement with the
orthorhombic structure, space group Pnma (JCPDS Card No:
83-2092), either the intensity or position of the diffraction
peaks, identifying the formation of LiFePO4. The obtained
lattice parameters are a = 10.4043 Å, b = 6.0087 Å, and c =
4.7011 Å. The average crystallite size of the sample was
calculated to be about 74 ± 1 nm according to the Scherrer
equation (D = 0.89λ/βcos θ, with β corresponding to the line
width at half-maximum corrected for the instrument broad-
ening assuming a Gaussian profile at the angle of diffraction θ
and λ corresponding to the X-ray radiation wavelength of
0.154056 nm), suggesting the good crystalline feature of the
sample. It should be emphasized that the synthesis of LFP
nanocrystals in the current study was performed at a
temperature of 350 °C, which is much lower than that of
conventional solid state reaction. In other words, our method
reported here offers one high efficient route for the synthesis of
LFP materials. Moreover, as is well-known, the high temper-
ature solid state reaction usually results in microsized or bulk
materials. The carbon-coated sample even after a postcoating
process at 600 °C is kept as nanosized material, whose chemical
structure is still consistent with typical LiFePO4 with lattice
parameters a = 10.2865 Å, b = 5.9936 Å, and c = 4.6828 Å. As
identified by XRD data, there is no identical difference in the
chemical structure of carbon-coated sample compared to the as-
synthesized one. No obvious graphite peaks can be observed in
the pattern of carbon-coated sample, neither.
TEM and HRTEM were employed to characterize the shape

and morphology of the samples. Figure 2a shows the TEM
image of the as-synthesized LFP nanocrystals, displaying
monodisperse rhombic shape with an average length of about
80 nm, and the size distribution plot of the as-synthesized ones
is illustrated in Figure S1, Supporting Information. The
interplanar spacings of 0.350 and 1.035 nm in the HRTEM
image of the as-synthesized products (Figure 2b) correspond to
(201)/(111) and (100) planes of LFP, suggesting good
crystalline state of the sample. Figure 2c is the TEM image
of carbon-coated LFP nanocrystals. Compared to Figure 2a, it
can be seen from Figure 2c that, after milling with glucose and
further heat treatment, there is no big change in the
morphology of LFP nanocrystals and the surface of the
products is coated with an amorphous carbon layer of about 3

Figure 1. XRD patterns of as-synthesized and carbon-coated LFP
nanocrystals.
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nm, as shown by the parallel dashed lines in the HRTEM image
(Figure 2d). The clear lattice fringes of the LFP nanocrystals
exhibit the feature of single crystallinity; the interplanar spacing
of 0.300 nm in Figure 2d can be assigned to the (211)/(020)
plane of LFP, respectively, which is also in good agreement
with the identical peak in the XRD pattern (Figure 1).
It is interesting that the size of LFP nanocrystals could be

readily controlled by tuning the ratio of oleic acid to oleylamine
in the precursor solution, which is an advantage of the high-
temperature liquid-phase reduction process. When the ratio of
oleic acid to oleylamine was kept at 1:2, less than 40 nm
nanoparticles with poor crystallinity were obtained (Figure S2a,
Supporting Information). When the ratio was 1:1, 80 nm
rhombic-shaped LFP nanocrystals were obtained (Figure S2b,
Supporting Information), while when the ratio was increased to
2:1, the products would be crystals with lengths over several
hundred nanometers (Figure S2c, Supporting Information).
The XRD patterns of these samples were shown in Figure S3,
Supporting Information. In this system, oleic acid and
oleylamine worked as both the solvent and surfactants; on
the other hand, oleylamine and the short-chain carbon
decomposed from both of them served as reducing agent.
Note that oleylamine was the critical surfactant with stronger
capping effect on the surface of LFP nanocrystals than oleic
acid,40 which mainly influenced the size and morphology of the
nanocrystals. Thus, when the oleylamine ratio in the whole
solvents was too high, the capping effect was still too strong,
even at high temperature, to make the precursors decompose,
resulting in the poor-crystallized precipitates. While the
oleylamine ratio in the system became low, the capping effect
was weaker at the reaction temperature of 350 °C compared to
the 1:1 condition, and then the crystals grew larger and the
crystallization process took more time.
In order to evaluate the mass ratio of pure LFP in the as-

synthesized products, inductively coupled plasma (ICP)
spectrometry was recorded. The LFP mass ratios of both

samples (shown in Figure S2b,c, Supporting Information) were
calculated to be about 70% (Table S1, Supporting Informa-
tion). The remaining 30% might be the contribution of the
surfactants or other impurities that were generated during the
synthetic processes and could not be detected by XRD or ICP
spectrometry. With the help of the specific surfactants in the
reacting mixture, the products showed well-controlled
morphology and size-distribution, which were essential to the
synthesis and presented performance of nanosized materials.38

To understand the electrochemical performance of as-
synthesized materials, the capacity vs cycle number plots were
measured, as shown in Figure S4, Supporting Information.
Compared to the others, the 80 nm as-synthesized LFP
nanocrystals with good monodispersity display better electro-
chemical performance,13 i.e., the reversible capacities of 101.9
mAh g−1 at the current of 0.5 C (1 C = 170 mA g−1) after 10
cycles and 81.2 mAh g−1 at the current of 2 C after another 10
cycles (Figure S4a, Supporting Information). The crystals over
several hundred nanometers give reversible capacities of about
88.5 mAh g−1 at the current of 0.5 C after 10 cycles and the
following show about 66.0 mAh g−1 at the current of 2 C after
another 10 cycles (Figure S4b, Supporting Information).
In addition, this simple synthetic strategy can be extended to

produce LMP nanorods by the substitution of Fe(acac)3 with
Mn(acac)2. As seen in XRD pattern (Figure 3), the LMP

samples also have well-crystallized olivine structures (JCPDS
Card No: 33-0804) with the lattice parameters a = 10.4043 Å, b
= 6.0087 Å, and c = 4.7011 Å. TEM and SEM characterizations
indicate that the LMP products possess the rod shape with a
size range of 200−300 nm long and about 30 nm in diameter
(Figure 4). As shown in Figure S5, Supporting Information,
LMP nanorods with a size range of 200−300 nm long and
about 30 nm in diameter exhibit reversible capacities of 61.4
mAh g−1 at the current rate of 0.5 C (also 1 C = 170 mA g−1)

Figure 2. TEM images of (a) as-synthesized and (c) carbon-coated
LFP nanocrystals and HRTEM images of (b) as-synthesized and (d)
carbon-coated ones.

Figure 3. XRD pattern of LMP nanorods.

Figure 4. (a) TEM and (b) SEM images of LMP nanorods.
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after 10 cycles and 26.7 mAh g−1 at the current of 2 C after
another 10 cycles in charge−discharge measurement.
Both the mass ratio and the electrochemical performance of

as-synthesized LFP nanocrystals suggested that there were still
some capping ligands remaining on the surface of the products,
which to some extent decreased the final performance of
products.36,41 In order to improve it, a carbon coating process
was introduced. The as-synthesized LFP nanocrystals were
milled with 20 wt % glucose for 1 h and then annealed at 600
°C for 4 h under argon atmosphere to get an amorphous
carbon layer on the surface of the products. As we expected,
after the coating process, the electric and ionic conductivities
became better42 and their performance was correspondingly
increased (see below).
To further reveal the chemical structures of the products, X-

ray photoelectron spectroscopy (XPS) was therefore employed
to evaluate the ion value states of LFP nanocrystals. In the
spectra of carbon-coated LFP nanocrystals (Figure 5), the C 1s
peak (Figure 5a) at 284.80 eV can be assigned to graphite
carbon on the particle surface.43 The peak at 55.50 eV shown in
Figure 5b corresponds to Li 1s, which is consistent with that in
the reported literature well,44 and the binding energy (BE) of
711.40 eV for Fe 2p3/2 peak (Figure 5c) also matches well with
that of Fe2+ in LFP.43,45 For the other elements, the P 2p peak
at 134.00 eV (Figure 5d) and the O 1s peak at 531.70 eV
(Figure 5e) are assigned to the tetrahedral PO4 group and O
atom bonded with Fe ions, respectively, which are in good
agreement with the reported values.43,45 XPS data also identify

the formation of LiFePO4 after the reaction process at the
temperature of 350 °C.
Raman spectroscopy has been accepted to be a very versatile,

purely optical, high-throughput technique for the character-
ization of carbon.22 The situation of coated carbon layer can be
characterized by calculating the intensity ratio (ID/IG) in
Raman spectra of the sample (Figure S6, Supporting
Information). The peak at ∼1586 cm−1 (G band), arising
from emission of zone-center optical phonons, corresponds to
the doubly degenerate E2g mode of graphite related to the
vibration of sp2-bonded carbon atoms. The disorder-induced D
band is assigned to the peak of 1334 cm−1. The ID/IG ratio is
calculated to be 1.02, showing that there is almost the same
amount of disordered and graphitized carbon in the forming
carbon layer, and the glucose molecules are not totally
graphitized after the heat treatment.
To clarify the mass ratio of the coated carbon on the surface

of final products, the thermogravimetric (TG) data were
measured. As seen in Figure 6, in a typical TG-DTA process,
the sample was heated in air from room temperature to 700 °C
at the rate of 10 °C min−1. For pure LFP, the oxidation
equation is as follows,17,46

+ → +LiFePO 1/4O 1/3Li Fe (PO ) 1/6Fe O4 2 3 2 4 3 2 3 (1)

With the existence of carbon component, the total oxidation
equation for the carbon-coated LFP nanocrystals is transformed
to eq 2,17,46

Figure 5. XPS spectra of carbon-coated LFP nanocrystals (a) C 1s, (b) Li 1s, (c) Fe 2p, (d) P 2p, and (e) O 1s.
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+ + +

→ + +

x x

x

LiFePO C ( 1/4)O

1/3Li Fe (PO ) 1/6Fe O CO
4 2

3 2 4 3 2 3 2 (2)

According to eq 2, the mass ratio of the carbon layer could be
estimated from the weight change in the heating process. It
should be mentioned that the carbon-coated LFP nanocrystals
lost a little weight at the starting part of the heating process due
to the absorbed water evaporation, and then LiFePO4
component started to be oxidized at about 320 °C which
caused the mass increase of the sample.17,46 At about 380 °C,
the carbon layer started to be oxidized to CO2 gas and the
sample began to lose weight.17,46 When the temperature
reached 600 °C, the oxidizing reaction of the sample completed
and the mass was kept constant. Thus, from the TG-DTA data
of the carbon-coated LFP nanocrystals, the mass ratio of the
carbon layer in the products is calculated to be 6.10 wt %. The
calculation process is shown in eq 3. This ratio is ideal for
promoting the electron transfer efficiency of the products.42

+ = + ×

= = + =

157.7 mC (417.7/3 159.6/6) 98.06/99.40

mC 10.3 C% mC/(mC 157.7) 6.10 wt %
(3)

To examine the electrochemical performance of carbon-
coated LFP nanocrystals, the cyclic voltammogram (CV) curve
was first measured at room temperature (Figure S7, Supporting
Information). The major anodic/cathodic peaks between 3.25
and 3.75 V are assigned to the redox couple and structural
transformations of Fe2+/3+ (LiFePO4 ↔ Li+ + FePO4 + e−),
which is also a typical LFP redox property.47 The CV also
indicates no obvious impurity formed in the synthetic process.
To further understand the electrochemical performance of

carbon-coated LFP nanocrystals, the galvanostatic charge−
discharge curves of the samples for the 50th cycle were
measured. As seen in Figure 7, the charge plateaus, originating

from the reaction LiFePO4 → Li+ + FePO4 + e−, shift from 3.5
V to nearly 3.7 V with the increasing current rates, as the
corresponding discharge plateaus, originating from the reaction
Li+ + FePO4 + e− → LiFePO4, shifting from about 3.4 V to
nearly 3.2 V. The increasing voltage differences between the
charge and discharge plateaus indicate the increasing
incompleteness of the charge−discharge processes with the
current rate ranging from 0.1 to 10 C, which also leads to the
specific different discharge capacities as discussed below. As the
plots show, all the samples give good reversibility at the 50th
cycle at different rates, from 0.1 to 10 C. As for the discharge
capacity, interestingly, the electrode containing carbon-coated
LFP nanocrystals exhibit a discharge capacity of 155.7 mAh g−1

at a current rate of 0.1 C, which is about 91.6% of its theoretical
capacity of 170 mAh g−1,44 suggesting that the carbon-coated
LFP nanocrystals possess a rather high capacity according to
the reported value.32

The plots of specific discharge capacities versus the cycle
number at different current rates are shown in Figure 8. It can

be seen that the carbon-coated LFP nanocrystals give an initial
discharge capacity of 162.4 mAh g−1 and remain a capacity of
155.7 mAh g−1 after 50 cycles at the current rate of 0.1 C,
which is consistent with that in Figure 7. At the current of 0.5
C, the sample shows a reversible capacity of 140.9 mAh g−1

after 50 cycles which is still 91.0% of the initial cycle value, and
compared with the as-synthesized ones (Figure S3, Supporting
Information), the capacity is enhanced by about 37% (from
101.2 to 140.9 mAh g−1), which is a great achievement of the
carbon-coating process. The sample displays a capacity of 121.8
mAh g−1, which is 83.5% of the initial cycle value after 50 cycles
at the current rate of 1 C. At higher current rates, the LFP
nanocrystals show reversible capacities of 110.0 mAh g−1 at the
current of 2 C, which also increase a lot compared to the as-
synthesized ones, and give about 85.0 mAh g−1 at 5 C after 50
cycles (Figure 8), and remain a capacity of 66.7 mAh g−1 at 10
C even after 80 cycles, as shown in Figure S8, Supporting
Information. These results demonstrate the cycle stabilities and
good retentions of the carbon-coated LFP nanocrystals.
Moreover, the Columbic efficiency (the ratio of charge capacity
to discharge capacity) for the sample’s first cycle is 102.2% and
remains 101% over all the 50 cycles (Figure 9), indicating a
good reversibility. The smaller particle size of the sample and
coated carbon may contribute to the better charge and
discharge capabilities, which may arise from the enhanced
contact area between the LFP cathode and the electrolytes.44

It should be mentioned that, compared to as-synthesized
sample, the carbon-coated LFP nanocrystals exhibit excellent

Figure 6. TG-DTA plots of the carbon-coated LFP nanocrystals.

Figure 7. Galvanostatic charge−discharge curves of carbon-coated
LFP nanocrystals for the 50th cycle at various charge−discharge rates
(a) 0.1 C, (b) 0.5 C, (c) 1 C, (d) 2 C, (e) 5 C, and (f) 10 C.

Figure 8. Discharge capacity vs cycle number plots of carbon-coated
LFP nanocrystals at various charge−discharge rates (a) 0.1 C, (b) 0.5
C, (c) 1 C, (d) 2 C, (e) 5 C, and (f) 10 C.
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electrochemical efficiencies and can display good lithium
storage performance at different charge−discharge current
rates, from low (0.1 C) to high (10 C), it means that their
electrochemical performance is greatly enhanced after the
simple carbon-coating process (about 37% at 0.5 C, etc.),42

showing great potential application in the LIBs.36 On the other
hand, the discharge performance of carbon-coated LFP
nanocrystals at high rates is relatively poor, which reminds us
that the electronic conductivity and lithium-ion diffusion
coefficient should be further improved in our next step,
although both of them are the intrinsic problems of LFP
materials.

■ CONCLUSIONS
In conclusion, LiFePO4 nanocrystals with good crystallinity,
controllable size, and morphology can be synthesized by tuning
the solvent composition via a new high-temperature liquid-
phase reduction process. Among them, the 80 nm rhombic-
shaped LFP nanocrystals exhibit the best original capacities.
With the enhancement of electric and ionic conductivities by
the carbon layers, the carbon-coated LFP nanocrystals display
better reversible capacities at different charge−discharge
current rates (from 0.1 to 10 C, e.g., the capacities at the
current of 0.1 C is 155.7 mAh g−1). This work offers one simple
and robust route to prepare LiFePO4 nanocrystals, which can
be extended to other materials, such as LiMnPO4, for next
generation high power and performance of LIBs.
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