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N-Methyl-2-pyrrolidone-assisted solvothermal synthesis of nanosize
orthorhombic lithium iron phosphate with improved Li-storage performancef
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Exploring an efficient and effective way for synthesis of lithium iron phosphate (LiFePO,) with good
Li-storage performance is a good way to fully demonstrate their applications for Li-ion batteries. In
this contribution, LiFePO,4 nanoparticles were synthesized by a facile solvothermal process with water/
N-methyl-2-pyrrolidone (NMP) solvent system at a moderate temperature of 180 °C. The product was
determined as single-phase orthorhombic LiFePOy, and the presence of crystal growth inhibitor NMP
was favourable for the formation of smaller-sized LiFePO, particles with improved electrochemical
properties. After a carbon coating process, the LiFePO,/C sample afforded a reversible capacity of 140
mAhg'at0.5C, 106 mA h g~! at 5.0 C at room temperature, and 163 mA h g~' at 0.5 C, 153 mA h
g !at 5.0 C at the higher temperature of 60 °C, respectively. The long cycle test at 0.2 C showed that no
noticeable capacity fading was observed. The present LiFePO, obtained by the facile solvothermal
process had good thermal and electrochemical stability, which were attributed to facile Li ion diffusion
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and a good electron transfer pathway in the solvothermal LiFePO, product.

1. Introduction

Lithium-ion rechargeable batteries are the most important power
source for the increasing demand from portable electronic
devices, electrical vehicles, hybrid electrical vehicles, etc. There
has been a dramatic increase in research and commercialization
activities of lithium-ion batteries for large scale energy storage
and for on-board energy storage in electric vehicles and plug-in
hybrid electric vehicles. Tremendous efforts have been devoted to
explore alternatives to the toxic and expensive cobalt-oxide-
based cathodes currently employed in commercialized lithium-
ion batteries, particularly for potential use in large scale appli-
cations such as hybrid electric vehicles.* There is a great
challenge in making low cost, high-performance, and high-safety
lithium ion batteries for vehicle applications. Lithium iron
phosphate (LiFePO,), whose electrochemical activities were first
reported by Padhi er al.,® is currently the subject of extensive
studies as a cathode material for a new generation of Li-ion
batteries. The main advantages of LiFePO, are its flat voltage
profile, abundant raw material resources, low cost, low toxicity,
remarkable thermal stability, and a relatively high theoretical
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specific capacity of 170 mA h g~'.#% In contrast, the drawbacks
of LiFePQy include its poor electronic conductivity and low ionic
diffusivity. Although the theoretical calculation showed that the
intrinsic ionic diffusion coefficient is as high as 108 (LiFePO,) to
1077 (FePOy4) cm? s~',7 the one-dimensional (1D) channels are
easily blocked by defects and impurities. The blockages in 1D
paths are different from those in two-dimensional (2D) and
three-dimensional (3D) paths where Li ions can move around the
blocked sites.>® The failure of 1D channel causes the slow
kinetics of charging and discharging processes. To avoid the
blockages of long channels, the construction of LiFePO, parti-
cles with certain morphologies is of high interest.*!® Nanosize
pristine LiFePO,4 shows desirable electrochemical properties.**!
The introduction of a second component, such as a conductive
carbon'?*/carbon nanotubes (CNTs)*¥/graphene' coating, doping
with supervalent cations,'® and surface modifications® by using a
non-carbon second phase coating (e.g. metal oxides, polymers)
have been well developed.

Up to now, both the solid state route (solid-state reaction,
mechanochemical activation, carbothermal reduction, and
microwave processing) and solution chemistry route (hydro/
solvothermal processing, sol-gel process, precipitation, emul-
sion-drying and spray pyrolysis method) have been widely used
for efficient synthesis of LiFePO,.'” The wet chemical prepara-
tion routes have an indisputable advantage over solid-state
reactions in achieving better homogeneity and mixing of the
starting compounds on the molecular level. A low temperature,
soft chemistry route, such as hydro/solvothermal, is efficient,
inexpensive, and sufficiently flexible so that the material’s
properties (e.g. cation distribution, particle size, and
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morphology) can be generally tailored by tuning the synthetic
parameters.'® For instance, Yang et al. reported a hydrothermal
method for crystalline LiFePO,4 with a size of ca. 4 um and an
initial discharge capacity of 91 mA h g~'.** LiFePO, synthesized
by a hydrothermal process at 170 °C with a particle size of 0.5 um
exhibited a discharge capacity of 65 mA h g~'.2° Well-crystallized
LiFePO4 NPs,*' LiFePO4 microspheres with an average size of
0.5-1 (ref. 22) or ~3 um (ref. 23) have been synthesized by a facile
hydrothermal route. The size reduction strategy has been
employed to improve the performance of LiFePO, during the
hydro/solvothermal process. LiFePO, nanospheres with an
average diameter of ~300 nm lodged in a 3D porous carbon
structure were prepared by the mechanical ball milling activation
of reactive precursors and a subsequent aging procedure in
tanks.>* LiFePOy, hierarchical nanostructures self-assembled by
nanoplates were successfully synthesized using poly-
vinylpyrrolidone (PVP) as the surfactant in a benzyl alcohol
system.? Uniform LiFePO,4 nanoplates were obtained by a sol-
vothermal method with ethylene glycol as the solvent.'®?¢ The
presence of ethylene glycol can unexpectedly induce the forma-
tion of gel-like intermediates, resulting in LiFePO,4 nanoparticles
with a three-dimensional (3D) lattice structure.?” It is highly
expected that the Li-storage performance can be further
improved if the role of the solvent and initial precursor for
LiFePO, hydro/solvothermal growth can be well understood.
Herein, we report a solvothermal strategy for the synthesis of
LiFePOy4 NPs in N-methyl-2-pyrrolidone (NMP) to provide new
insights in the materials chemistry of LiFePO, synthesis and its
energy storage properties. The reason for choosing NMP as the
solvent is mainly due to its advantages in stability at ambient
temperature, low volatility, low flammability, no clear toxicity
profile, and its industrial scale usage in polymerization, petro-
chemical processing, surface coating and the plastics industry.?®
Assisted by NMP in the solvothermal synthesis and a further
carbon coating process, small-sized LiFePO, NPs with an
average diameter of ca. 100 nm with improved electrochemical
Li-storage performance have been successfully acquired.

2. Experimental
2.1. Synthesis of LiFePO4 NPs and LiFePO4/C

LiFePO, NPs were synthesized by a facile solvothermal route
with the molar ratio of LiOH-H,O : FeSO4-7H,0 : H;PO,
(85 wt%) = 3 : 1 : 1. All reagents were analytical grade and used
as received without further purification. In a typical procedure,
0.02 mol FeSO4-7H,O was dissolved in 20 mL deionized (DI)
water, and 0.02 mol HsPO,4 was added to the above FeSO,
solution. 0.06 mol LiOH-H,O was dissolved in 24 mL DI
water under magnetic stirring, and the resultant solution was
slowly added to the former FeSO, solution, leading to a sticky
gray white slurry. After that 50 mL NMP was added to the
slurry under vigorous magnetic stirring for 20 min at room
temperature, with the protection of N,. Subsequently, the
homogeneous slurry was transferred into a Teflon-lined stainless
steel autoclave with a capacity of 200 mL, which was heated to
180 °C and kept in an isothermal state for 6.0 h. After the
hydrothermal treatment, the autoclave was cooled down to
room temperature naturally, and the as-synthesized gray

white precipitate was filtered, washed with DI water three times,
and finally vacuum dried at 80 °C for 24 h. To investigate
the effect of NMP on the LiFePO, synthesis, LiFePO, was
also prepared by a similar hydrothermal route using 50 mL of
DI water as the sole solvent, with other conditions kept the
same.

The carbon coating process for LiFePO,/C was performed as
follows: 4.0 g LiFePO,4 and 0.50 g glucose were added to a
stainless steel shearer. After sufficient grinding, the mixtures were
annealed within a tube furnace at 700 °C for 5 h under the mixed
atmosphere of Ar and H, (volume ratio of Ar: H, = 95:5).
After annealing, the as-obtained LiFePO, sample with carbon
coating, i.e. LiFePO4/C, was cooled down to room temperature
naturally within the tube furnace and then collected for further
characterization.

2.2. Electrochemical performance evaluation

To prepare the working cathode, a slurry was first made by
mixing the LiFePO4/C active material, CNTs, and poly-
vinylidene fluoride (PVDF) in NMP with a mass ratio of
LiFePO,/C: CNTs : PVDF = 80:15:5. The slurry was
vigorously magnetically stirred for ca. 18 h, leading to a
homogeneously mixed slurry, which was coated on an Al foil,
and then dried in a vacuum drying oven at 120 °C for 12 h.
Subsequently, the foil was punched into disks with a diameter of
13 mm for the working electrode. The electrochemical testing
was carried out by coin cells of CR2025 with a Li foil as the
anode, a microporous polyethylene sheet (Celgard 2400) as the
separator, and LiPF¢ (1.0 M) as the electrolyte which was
dissolved in a mixed solution of ethylene carbonate (EC)—
dimethyl carbonate (DMC)-ethylene methyl carbonate (EMC)
(mass ratio of EC: DMC:EMC = 1:1:1). The loading
amount of LiFePO, electrodes is 1.30 and 1.46 mg cm ™2 for
hydro- and solvo-thermal samples, respectively. The carbon
content is ca. 5 wt% in LiFePO4/C NPs. All the assembly
processes for the coin cells were conducted in an Ar-filled glove
box. The cells were charged and discharged over a voltage range
of 2.5-4.0 V at different currents. The cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) were carried
out on a Solartron Analytical 1470E electrochemical worksta-
tion at a sweep rate of 0.1 mV s~! between 2.5 and 4.0 V (vs. Li/
Li*). The specific discharge capacity of the battery was calcu-
lated based on the mass of pure LiFePO, in the working
electrode.

2.3. Characterization

The structure of the sample was identified by an X-ray powder
diffractometer (XRD, D8-Advance, Bruker, Germany) using Cu
K, radiation (A = 1.54178 A) and a fixed power source (40.0 kV,
40.0 mA). The morphology and microstructure of the samples
were examined by field emission scanning electron microscopy
(SEM, JSM 7401F, JEOL, Japan) and high resolution trans-
mission electron microscopy (TEM, JEM-2010, JEOL, Japan).
Brunauer—-Emmett-Teller (BET) surface area measurements
were conducted in a Quadarasorb SI automated surface area and
porosity analyzer with N, as the adsorption gas.

This journal is © The Royal Society of Chemistry 2012
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3. Results and discussion

3.1. The pristine hydro-/solvo-thermal LiFePO, nanoparticles

Fig. 1 shows the composition and morphology of the products
obtained by the hydro- (Fig. 1(a; and b)) and solvo-thermal
(Fig. 1(a; and c)) processes. The XRD patterns showed that both
the hydro- (Fig. 1(a;)) and solvo-thermal (Fig. 1(a,)) products
were composed of pure phase, orthorhombic olivine LiFePO4
(JCPDS no. 83-2092). No distinct diffraction peaks of other
impurities were detected, indicating the high purity of the
products. The obtained lattice parameters for the hydro- and
solvo-thermal LiFePO, are a = 10.2838 A, b = 5.9562 10\, c=
4.6459 A, and a = 10.2323 A, b = 5.9353, ¢ = 4.6609, respec-
tively. These values are comparable with reported values in the
literature.’ The BET surface area of the hydro- and solvo-
thermal LiFePO, NPs were 4.5 and 11.8 m? g™, respectively. In
addition, compared with that of the hydrothermal product, the
X-ray diffraction peaks of the as-obtained solvothermal product
exhibited a broadening characteristic, revealing that the intro-
duction of NMP promoted the formation of LiFePO4 NPs with a
smaller size, which is the key factor for a high-performance
electrode material.'*52°

As shown in Fig. 1(b), the hydrothermal product particles
synthesized in the absence of NMP were mainly composed of
irregular quasi-hexagonal or rhombic plates. From the size
distribution shown as the inset of Fig. 1(b), the LiFePO, particles
had a length of 0.3-1.0 pm, a width of 0.15-0.7 um, and a
thickness of 0.1-0.2 um. In comparison, the solvothermal

~

a) LiFePO,
JCPDS No.83-2092

(412)(610)

Intensity (a.u.)

product particles obtained in the presence of NMP consisted of
relatively uniform NPs (Fig. 1(c and d)). As illustrated in the
inset of Fig. 1(d), the solvothermal LiFePO, NPs are much
smaller than the hydrothermal products. Obviously, the intro-
duction of the solvent NMP favored the formation of smaller
particles of LiFePO, (Fig. 1(c and d)), in accordance with the
XRD results (Fig. 1(a; and a,)). The LiFePO, crystal growth
mechanism during the solvothermal reaction was deemed to
consist of the dissolution of the precursor and nucleation, growth
and aggregation, partial dissolution, and complete crystalliza-
tion.*® As a strong polar organic solvent, the activated NMP
obtained by boiling purified NMP with H,O and O, is an
effective reducing agent that allows rapid reduction of metal
ions. During the solvothermal growth of LiFePQ,, the polar
NMP molecules are assumed to be a weak reducing agent that
prevents the oxidation of Fe?" to Fe®" during the LiFePO,
growth and helps ensure the purity of the products. The NMP
affords a much higher viscosity than common solvents such as
water and ethanol, therefore, the ion diffusion rate was slowed
down and large particle growth was prevented. Therefore, the
NMP can not only act as a solvent, but also as a crystal growth
inhibitor of LiFePO,. Ag nanoparticles’® and ferrite nano-
crystals®® have been available when NMP has been used as the
solvent in previous publications. Herein the nanosized LiFePOy,
particles are expected to have a short diffusion length for Li*
diffusion during the charge-discharge process. This is well
confirmed by the rate performance shown in Fig. S1(a). The
solvothermal LiFePO, particles render a reversible capacity of

400 nm
e ——

Fig.1 (a) XRD patterns and (b, c and d) SEM images of the (a; and b) hydrothermal and (a,, ¢ and d) solvothermal LiFePOy, synthesized at 180 °C for
6.0 h, with the molar ratio of Li* : Fe?* : PO,>~ =3 : 1 : 1. The vertical lines in the XRD patterns are the standard pattern of orthorhombic LiFePO,.

The insets in (b) and (d) are the length distributions of the LiFePO, NPs.
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82mAh g’l ata current rate of 0.2 C, while that of hydrothermal
LiFePO, is only 75 mA h g~'. After annealing at 700 °C, the
crystallization of the LiFePO,4 samples improved, and the defect
density decreased. As a result, the Li-ion diffusion through the
1D channel became easy. The capacities of hydro- and solvo-
thermal samples rise to 94 and 110 mA h g~' after annealing,
respectively (Fig. S1(b)}). The smaller NPs of solvothermal
LiFePO, exhibit a higher discharge capacity than the large
LiFePO, obtained by hydrothermal synthesis. Nanosize particles
with a short Li* diffusion length are promising advanced elec-
trode materials. However, the capacity of carbon-free LiFePOy, is
still low, which can be attributed to its poor electrical conduc-
tivity and the limited utilization of the cathode materials.

3.2. Carbon coating of the LiFePQO,4 nanoparticles

The most effective way to increase conductivity is to apply a
carbon coating on the LiFePO, particles surface. The carbon
particles play the role of forming a conductive network in the
cathode coating to improve surface electronic conductivity of
LiFePO, particles and decrease the polarization resistance of the
electrode, helping to obtain the best rate performance. Further-
more, the additional carbon source is a driving force for the
formation of small particles, which are covered with a few
nanometers-thick carbon coating.>*>** The morphologies and
structures of the LiFePO,/C particles are shown in Fig. 2 and
S2.+ After hydro-/solvo-thermal reaction and heat treatment at
700 °C for 5 h using glucose as carbon source, the LiFePOy,
agglomerates dispersed into separated particles during the
carbon coating process. The structure of LiFePO, was well
preserved after annealing and carbon coating (Fig. S21). Some
small pores were observed, which was anticipated to be helpful
for electrolyte penetration.** Compared with LiFePO,/C parti-
cles obtained by the hydrothermal process (Fig. 2(a and c)), the
size of LiFePO,4/C particles through solvothermal process was
much smaller (Fig. 2(b and e)). The solvothermal LiFePO, NPs
were with a length of ca. 100-200 nm (inset in Fig. 2(b)). A 2.5 or
2.3 nm-thick carbon layer was observed on the surface of the two
samples, respectively (Fig. 2(d and f)). The LiFePO,4 NPs derived
from hydro- or solvo-thermal processes also displayed homo-
geneous lattice fringes in high resolution TEM images with a
spacing of 0.299 or 0.296 nm, which were assigned to the (211)
crystal plane of the orthorhombic LiFePO,. The BET surface
area of the hydro- and solvo-thermal LiFePO4/C were 10.5 and
24.9 m* g !, respectively.

3.3. Electrochemical performance of LiFePQ, from
solvothermal route

In order to explore the potential applications of LiFePO, in high-
power Li-ion batteries, the electrochemical properties of LiFePOy
and LiFePO,4/C samples were evaluated with 2025-type coin half-
cells at both 25 and 60 °C. CV was performed for both the hydro-
and solvo-thermal samples, with the operation voltage in the range
2.5t0 4.0V ys. Li/Li*. Fig. 3(a and b) show the first three cycles of
the CV profiles of both samples at a scanning rate of 0.1 mV s~ '.
The electrodes of both samples show a couple of anodic and
cathodic peaks in the range of 3.26 to 3.60 V, corresponding to the

two-phase charge/discharge reaction between LiFePO,4 and FePOj,.

The positions of redox peaks correspond to the extraction and
insertion of Li*.>** During the first cycle of hydrothermal NP
electrodes, the anodic peak is at 3.7 V, the corresponding cathodic
peakisat 3.3 V. In the second and third cycles, the anodic peak is at
3.58 V, and the corresponding cathodic peak is unaltered. The
anodic and cathodic peaks are at 3.58 and 3.33 V, respectively, for
the solvothermal electrodes during the first cycle. In the subsequent
two cycles, both the anodic and cathodic peak intensities increase.
The solvothermal LiFePO,/C cathode material with a smaller size
distribution affords approximately symmetrical peaks, indicating
the better insertion/extraction reversibility than that of the hydro-
thermal sample.

Fig. 4(a) shows the first and second charge-discharge curves of
the hydro/solvothermal LiFePO,/C samples at 0.2 C. The sol-
vothermal LiFePO,/C composite exhibits a discharge capacity of
147 mA h g, while that of the hydrothermal LiFePO,/C is 118
mA h g~'. Moreover, both the solvothermal and hydrothermal
samples demonstrate a flat plateau around 3.4 V, while the voltage
plateau for solvothermal LiFePO4/C NPs shows a lower degree of
polarization and also a longer voltage plateau. The superior Li
storage performance is attributed to the excellent electronic
conductivity and ionic diffusivity of LiFePO4 nanoparticles derived
from the LiFePO4 NPs and the uniform carbon coating.

As with the requirement for electric vehicle applications, rate
performance and thermal stability are also key factors for
lithium-ion battery cathode materials.**3* The LiFePO,/C from
the hydrothermal process exhibits a reversible discharge capacity
of 122 or 79 mA h g~ ! at a charge—discharge current of 0.2 C or
5.0 C (red line, filled symbols, Fig. 4(b)) at room temperature. In
contrast, the LiFePO,/C from the solvothermal process has
reversible capacities of 150, 140, and 106 mA h g{l at a rate of
0.2, 0.5, and 5.0 C, respectively (black line, filled symbols,
Fig. 4(b)). Although the specific capacity gradually decreases
with increasing current rate, a high capacity still remains at 5.0 C.
This indicates that the solvothermal LiFePO,/C can endure high
rate charge and discharge. The current Li storage performance
affords a significantly improved Li-storage performance than the
early LiFePO, product by hydrothermal process (a discharge
capacity of 91 mA h g~ at 0.14 mA cm > (ref. 19) or 65 mA h g~
at 0.1 C (ref. 20)), and is competitive to recent progress of
LiFePO,/C nanocomposites, such as the core-shell LiFePO,@C
composites with a discharge capacity of 138 mA h g~!at 0.1 C,%
olivine-type LiFePO, using dimethyl sulfoxide as a boiling point
raiser and crystal growth inhibitor with a discharge capacity of
157.7mA h g~ at 0.2 C,*” and hierarchically porous LiFePO,/C
nanocomposites with a discharge capacity of 140 mA h g~! at 0.1
C.*® In the present work, the solvothermal LiFePO, affords an
improved Li storage performance, especially at high current rate,
which is speculated to be due to the small size and facile Li ion
diffusion. The carbon outer layer provides an efficient electron
pathway. This is similar to the reports by Qin ez al.* They found
that LiFePO, obtained by hydrothermal growth affords a
discharge capacity of 128 mA h g~! at 0.5 C, while an improved
capacity of 160 mA h g~! at 0.5 C was presented for LiFePO,
nanoparticles prepared with ethylene glycol (EG) as solvent and
template.®® The obvious improvement is attributed to simulta-
neous suppression of crystal growth and defect concentration
reduction of the FeLi antisite during solvothermal synthesis in
EG solution.

This journal is © The Royal Society of Chemistry 2012
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50 nm
—

Fig.2 SEM images of (a) hydrothermal and (b) solvothermal LiFePO,/C NPs; TEM and high resolution TEM images of (c and d) hydrothermal and (e
and f) solvothermal LiFePO4/C nanoparticles. The insets in (a) and (b) are the length distributions of the LiFePO,/C NPs. Annealing conditions:

temperature: 700 °C, time: 5 h, weight ratio: LiFePO, : glucose = 8 : 1.

The Li-ion storage capability of the LiFePO, electrode is
greatly affected by the operation temperature. Fig. 4(c) shows the
high temperature performances of the two samples. Both samples
were tested at 60 °C at various charge and discharge currents.
When the operation temperature increased, the Li* diffusion was
enhanced. As a result, the charge and discharge capacities of
hydro- and solvo-thermal LiFePO,/C NPs were increased obvi-
ously compared with the results obtained at 25 °C, especially for
the LiFePO,4 nanoparticles obtained by solvothermal process.
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Fig. 3 The representative CV profiles of the (a) hydrothermal and (b) solvothermal LiFePO4/C samples at a scan rate of 0.1 mV s

With the increasing of charge—discharge current densities, the
Columbic efficiency was boosted to around 100% (5.0 C). The
typical solvothermal sample shows specific capacities of 163, 159,
and 153 mA h g~! at currents of 0.5, 2.0, and 5.0 C, respectively.
Both samples exhibit excellent thermal and electrochemical
stability, suggesting that the olivine type structure of the samples
has been maintained even at high rate charge and discharge. This
is similar to the reports by Kurita ez al.,*® in which the discharge
capacity of LiFePO4 enhanced with increasing temperature
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Fig.4 (a) The first and second charge—discharge curves of the hydrothermal and solvothermal LiFePO4/C NPs at a current of 0.2 C (1 C =170 mA g%,
a rate of n C corresponds to the full discharge in 1/n h); the rate performance (charge—discharge capacity) of the hydrothermal and solvothermal
LiFePO4/C NPs at (b) 25 °C and (c) 60 °C; (d) the cycling performance (charge—discharge capacity) of the hydrothermal and solvothermal LiFePO,/C
NPs at a current of 0.2 C. Filled symbols: charge capacity; open symbols: discharge capacity.

below 100 °C. Such significant improvement of the thermal
performance is attributed to enhancement of the reaction speed
of LiFePOy electrode and an improved lithium-ion conductivity
following the Arrhenius equation.

The cycling performance of both samples at 0.2 C was also
investigated. Both electrodes from hydro- and solvo-thermal
processes show a stable cycling performance (Fig. 4(d)). The test
cells were with a capacity degradation of less than 3.0% after 100
cycles. After 100 cycles, the test cell of the solvothermal sample
still delivered a specific capacity of 150 mA h g~!, demonstrating
a stable cycling performance at a low current rate for LiFePO,/C
nanocomposites.

Electrochemical impedance spectroscopy was used to under-
stand the electrode kinetics and evaluate electrode impedance of
the hydrothermal and solvothermal LiFePO,/C cathodes. The
impedance spectra were measured with Li-metal as the counter
electrode at various voltages (2.5-4.0 V) during the first charge—
discharge cycle. Fig. S31 shows the Nyquist plots for the two
samples. During both charge—discharge cycles a single semicircle
can be observed and the fitting equivalent circuit is shown in
Fig. S4,7° in which R; is associated with the solution resistance
of electrolyte, Rrand CPE] are related to the solid-state diffusion
of Li* through the solid electrolyte interface and its corre-
sponding constant phase element (CPE), R, and CPE2 signify
the charge transfer resistance and the corresponding CPE. W is
the Warburg impedance element attributable to the diffusion of
lithium ions in the active materials, C; is the intercalation
capacitance. The fitting results are listed in Table S1.f The
resistance values of both hydro- and solvo-thermal LiFePO,/C
NPs electrodes during the charge—discharge cycles show a similar

trend, however, the Ry values at various voltages of sol-
vothermal LiFePO4/C NPs are smaller than those of the hydro-
thermal LiFePO,/C NPs. Such fitting results provided
unambiguous evidence for the easy and fast Li ion diffusion and
good electron transfer pathway of the solvothermal products.
Such improved kinetics for the solvothermal LiFePO,/C elec-
trode benefit from the smaller size of the NPs, which has been
confirmed by the XRD patterns, SEM and TEM images
(Fig. 1 and 2).

4. Conclusions

Single-phase orthorhombic LiFePO, NPs were synthesized by a
facile solvothermal process with a water/NMP solvent system at
a moderate temperature of 180 °C. The presence of NMP is
speculated to be an effective reducing agent and crystal growth
inhibitor, therefore, the as-obtained LiFePO,4 NPs had a reduced
size. After a carbon coating process, the LiFePO4/C
sample showed a reversible capacity of 140 mA h g~' at 0.5 C,
106 mA h g~! at 5.0 C at room temperature, and 163 mA h g~! at
0.5 C, 153 mA h g~ at 5.0 C at elevated temperature (60 °C).
During a long cycle test at 0.2 C, the discharge capacity showed
no noticeable fading. The electrochemical performance was
superior to LiFePO,4 nanoparticles from a hydrothermal process.
Such excellent electrochemical performance was attributed to the
easy and fast Liion diffusion and good electron transfer pathway
in the solvothermal products. This provided a facile chemical
way to obtain a LiFePO4/C nanocomposite with excellent Li
storage performance for board applications in hybrid electrical
vehicles and plug-in hybrid electric vehicles.

This journal is © The Royal Society of Chemistry 2012
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