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In this paper, a hierarchical nanostructure LiFePO,@C
composite was firstly fabricated by oleylamine mediated
method. The oleylamine played a multi-functional role in
restricting the particle size, and forming the porous nano-
structure of LiFePO,@C composite. Benefiting from its
hierarchical structure, LiFePO,@C exhibited superior
electrochemical performance, especially at low temperature.
It can deliver the capacity of 117 mAh g at current density
up to 700 mA g* (about 5 C) at -20 °C.

Since Padhi’s work at 1997, olivine-type lithium transition-metal
phosphates have attracted considerable attentions as one of the
most promising lithium ion battery cathode materials for electric
vehicles (EVs), plug-in hybrid electric vehicles (HEVS) and green
grid, owing to its high theoretical capacity (~170 mAh g%,
durability, thermal safety and low cost.%® However, comparing to
the high electrical conductivity of LiCoO, (10° S cm™) and
LiMn,0, (10° S cm™),° LiFePO, has low electrical conductivities
(10° S cm™)” and sluggish lithium ion diffusion kinetics (at least
three orders of magnitude lower than LiCoO,). Numerous efforts
have been paid to overcome these deficiencies, such as
conductive materials coating (such as: carbon,® polymer®™,
poorly crystallized pyrophosphate'?), doping® **** and
minimizing particle size.® ' According to these strategies,
various methods (such as solid state reaction,** polyol and
solvothermal,®® ** hydrothermal,® ionothermal,? supercritical,??
microwave-assisted,”® electrospinning,®* biological,”® and spray
pyrolysis®) have been developed to synthesize LiFePO, with
different nanostructures. Nanosized particles can provide both
shorter diffusion pathway and larger surface area for charge
transfer, nanoporous electrode can benefit the immersion of
electrolyte, and these efforts lead to the successful
commercialization of LiFePO, with viable electrochemical
performance. And there have been several reports on LiFePO,
with ultrahigh rate performance (up to 100 C) at room
temperature.'® 27 However, it is still a challenge for LiFePO, to
achieve a considerable electrochemical performance at low
temperature, which retards its practice application of the electric
vehicles in winter or in cold areas. To date, LiFePO, are still
difficult to operate at rate >1 C, when the temperature falls below
-20 °C.

Herein, a LiFePO,@C hierarchical structure with superior low

temperature electrochemistry performance is firstly synthesized
by oleylamine-mediated strategy. The hierarchical LiFePO,@C

so cathode exhibited the superior electrochemical performance. It
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can deliver the specific capacity of 149 mAh g™, 140 mAh g%,
124 mAh g* and 107 mAh gt at 5 C, 10 C, 50 C and 100 C at
room temperature, respectively. Moreover, the as-prepared
LiFePO,@C cathode can deliver the capacity of 117 mAh g™ at
current density of 700 mA g(about 5 C) when the temperature
drops to -20 °C. As shown in Scheme 1, the nano-size pristine
LiFePO, particles with uniformly oleylamine coating shell were
produced in the first solvothermal procedure. Then, the
oleylamine converts to the uniformly carbon shell during the
following sinter step, forming LiFePO,@C composite. The
carbon shell improves the conductivity of the electrode and
prevents the agglomeration of nano LiFePO, Finally, the
hierarchical LiFePO,@C composite was achieved from the self-
assembly of the LiFePO,@C nanoparticles in micrometer scale
with porous structure.

o« ~_~ Oleylamine
Scheme 1 The preparation process for the nano-LiFePO,@C composite.

(. LiFePO, nanoparticles

The size, morphology and crystal structure of the products
were investigated by high resolution transmission electron
microscopy (HRTEM), scanning electron microscopy (SEM) and
X-ray diffraction (XRD). As shown in Figure la and 1b,
LiFePO,@C composite after sinter was consisted of mono-
disperse primary nano particles within 30 nm, assembling into
micrometer-scale particles. A thin carbon shell within 2 nm
coating uniformly on the LiFePO, particles can be observed in
the TEM image (Figure 1c). D and G bands of carbon occurring
at 1345 cm™ and 1594 cm™ confirm that oleylamine can be
carbonized during the sinter process and the average carbon
content is determined to be 6.7 wt% by CHN element analysis

g0 (Figure S1). The porous structure and the Brunauer-Emmett-

Teller (BET) surface area of LiFePO,@C were also investigated
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by N, adsorption—desorption experiments at 77 K (Figure S2).
The BET surface area was measured to be 81.5 m? g*. The
average pore diameter was as large as 6.2 nm calculated from the
desorption branch of the isotherm using the Barrett-Joyner—

s Halenda (BJH) method, which would favor the electrolyte
immersion. The high BET surface area and the narrow average
pore would facilitate the diffusion of lithium ion within the
hierarchical structure of LiFePO,@C.2® XRD patterns of
LiFePO,@C (Figure 1d) are broadened due to the nano-scale of

10 particles and still match well with the theoretical XRD patterns of
LiFePO,.
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Figure 1. Morphology characterization of LiFePO,@C. a, b) SEM
images and ¢) HRTEM image of LiFePO,@C composite; d) X-ray
15 diffraction (XRD) patterns of LiFePO,@C composite.

The electrochemical performance of LiFePO,@C was
examined by coin-type cells within 4.2-24 V and all the
capacities were calculated based on the mass of LiFePO,. The
LiFePO,@C cathode exhibits the superior high-rate capability

20 (Figure 2a). It can diliver 72% capacity of its theoretical value
when rate is up to 100 C without severe polarization at room
temperature (Figure S3). Even under the extreme high current
density (200 C rate, corresponding to 34,000 mA g%), it was also
able to deliver substantial capacity of 80 mAh g™. It is among the

2 highest value reported (Table S1).* % The as-prepared
LiFePO,@C cathode also exhibits excellent cycle stability. As
shown in Figure 2b, no obvious fading was observed over 300
cycles at 0.5 C (85 mA ¢g%) and 10 C (1,700 mA g*) rates.
Furthermore, there was only 0.012% capacity fading per cycle

s when the current density was raised up to 20 C (3,400 mA g?),
and with almost 100% coulombic efficiency.

At present, it is believed that the battery performance of
LiFePO, drops drastically at low temperatures should be due to
the sluggish lithium ion diffusion kinetic, the increasing internal

s resistance and electrolyte freezing.?*3! As listed in Table S1, the
capacity of LiFePO, was no more than 100 mAh g™ at -20 °C at
only 1 C rate at presnet.?” 3% However, the as-prepared
hierarchical nanostructure LiFePO,@C demonstrated excellent

4

o

electrochemical performance at low temperatures. When tested
a0 under 0 °C and -20 °C, it can deliver the capacities of 138 mAh g’
Y and 117 mAh g at 5 C (the current density of 700 mA g™),
respectively. It should be noted that the charge current density
was the same as the discharge process, and both processes were
performed at the same temperature. Furthermore, no capacity
fading was found during the cycling at the 5 C rate, exhibiting the
excellent stability at low temperature. To our best knowledge, it

is the best result of LiFePO, electrode at the -20 °C.
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Figure 2. a) Rate performance of LiFePO,@C at room temperature. b)
s0 Cycling performance of LiFePO,@C. 1 C=170 mA g™*.

To further understand the electrochemical kinetic of
LiFePO,@C composite, cyclic voltammetry (CV) and impedance
measurements (EIS) were performed. AE, between anodic and
cathodic peaks is only 0.13 V which indicates a highly reversible

ss redox reaction of LiFePO,@C during the intercalation and
deintercalation process at room temperatrue (Figure S7).
Electrochemical impedance measurements of the LiFePO,@C
electrode at different temperatures were performed and fitted by
using equivalent circuit model (Figure S8). The semicircle in the
e middle frequency range corresponds to the charge transfer
resistance (Rct) while the sloping line in the lower frequency
represents Li ion Warburg diffusion.®® The impedance parameters
derived using equivalent circuit model and diffusion coefficient
are listed in Table S2.
The Rct increased from 11.73 Q at 25 °C to 9258 Q at -40 °C,
abiding the Arrhenius equation. The Arrhenius activation energy
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Figure 3. a) Discharge capacity versus cycle number plots of LiFePO,@C from 0.5 C to 10 C and cycling at 5 C (700 mA g™) at 0 °C and -20 °C. b)
Discharge capacity at 0.5 C, 1 C and 2 C on temperature in the range of -40 °C~25 °C.

is calculated to be 59.35 kJ mol™ (Figure S9). High activation
energy means that the charge transfer process is influenced
greatly by temperatures. The linear relationship between 1000/T
and In(1/Rct) indicates that the electrode/electrolyte interface can
maintain well even at -40 °C. The diffusion coefficients at
various temperatures according to Warburg diffusion area of EIS
results, are estimated to 3.93x10%? cm? s at 25 °C and is
9.23x10™% cm? s at -20 °C, respectively. And the diffusion time
for Li* diffuse over 30 nm (the particle size of as-prepared
LiFePQ,) can be estimated to be ~10 s and ~1000 s at 25 °C and -
20 °C respectively, according to equation t=L%D,;. (L is the
particle size). These were consistent with the electrochemical
results (200C at 25 °C, around 9 s and 2 C at -20 °C, around 1300
s). The diffusion coefficients demonstrate that the limiting step of
as-prepared LiFePO,@C at high rate is the Li* diffusion kinetic
in bulk phase rather than interface. When the temperature is
higher than -20 °C, LiFePO,@C still has the ability to retain
considerable battery performance (Figure 3a and 3b). As the
temperature below -20 °C, the capacities of as-prepared
LiFePO,@C electrode were steeply decreased from 121 mAh g*
at -20 °C to 32 mAh g* at -40 °C at the current density of 2 C.
The Dy no longer meets Arrhenius equation when the
temperature below -20 °C (Figure S11), suggesting a more
restricted electrochemical kinetics occurred. It might result from
the low lithium ion diffusion coefficient in electrolyte.®

In summary, the superior Kinetic character of as-prepared
LiFePO,@C electrode is benefiting from its special structure: (1)
the hierarchical nano-structure constituted by particles and pores
in different nano-scale; (2) every particle in the hierarchical
structure is in nano-scale within 30 nm; (3) every particle in the
hierarchical stucture is uniformly coated with a 2 nm carbon shell.
In favor of its porous structure, uniformly carbon coating and
nanosized particle, the as-prepared LiFePO,@C electrode shows
superior electrochemical performance, especially at low
temperature, which is an important character for the practice
application of EVS/HEVs in the winter. Moreover, this method
can be easily extended to synthesize other energy storage
materials such as LiMnPO,.
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