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Abstract The electrochemical performances of lithium
iron phosphate (LiFePO4), hard carbon (HC) materials,
and a full cell composed of these two materials were
studied. Both positive and negative electrode materials and
the full cell were characterized by scanning electron
microscopy, transmission electron microscopy, charge–
discharge tests, and alternating current (a.c.) impedance
techniques. Experimental results show that the LiFePO4/
HC full cell exhibits a gradually decreased cell voltage,
and it is capable of delivering a reversible discharge
capacity of 122.1 mAh g−1 at 0.2-C rate. At the higher rate
of 10 C, the efficiency of the full cell remains almost
unchanged from that of 0.2 C. Furthermore, the LiFePO4/
HC battery demonstrated a long life of 2,450 cycles with
40% of capacity change at a 10-C high rate. The internal
resistance of the full cell is rather low as it is revealed
from a.c. impedance measurements. These properties
make the LiFePO4/HC battery an attractive option for
high rate and long cycle life power applications.
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Introduction

Hybrid electric vehicles (HEVs) play an important role in
improving energy efficiency and reducing gas emission.
Currently, lithium-ion batteries are being used in HEVs;
however, there are many issues to be resolved, such as cost,
cycle life, safety, and power density [1, 2]. One of the
widely used commercial Li-ion battery cathode materials is
LiCoO2 [3]; however, it has some drawbacks such as poor
safety and environmental problems which more or less
prevent its application in vehicles [4]. The cathode material
lithium iron phosphate (LiFePO4) has been considered a
promising candidate for HEVs because of its safety, high
theoretical capacity of 170 mAh g−1, low cost, and non-
toxicity [5, 6]. LiFePO4 has a very flat discharge and charge
profile at 3.4 V (vs. Li+/Li), which makes it adaptable in
most electrolytic solutions [7]. In addition, the thermal
stability of LiFePO4 is higher than that of other cathode
materials such as LiCoO2, LiNiO2, and LiMn2O4 [8]. The
main obstacle for practical application is its inherently low
electronic conductivity [9].

For a good electrochemical performance of Li-ion
battery, a suitable anode material will be indispensable.
Graphite materials such as meso-carbon micro-beads are
commonly used in Li-ion batteries as anode because of their
high capacity [10, 11]. Hard carbon is another alternative
for anode. Sony Corporation has used hard carbon derived
from polyfurfuryl alcohol as anode material in its batteries
[12]. Compared to graphite, hard carbon has many
advantages and also some disadvantages. The advantages
include higher capacity, longer life, good rate performance,
and lower cost. The disadvantages are mainly concerned
with larger irreversible capacity, low density, and hysteresis
in the voltage profile [13–15]. In addition, there are some
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other carbon-based anode materials such as graphite–coke
hybrids, vapor-grown carbon fiber, and low-crystallized
carbon [16–18].

The regularly used binder to make Li-ion battery electrodes
is polyvinylidene fluoride which is relatively expensive and
may affect the performance of batteries as cycles proceed, and
the typical solvent is N-methyl-2-pyrrolidone which is also
relatively expensive and toxic. The objective of this work is
to develop an inexpensive Li-ion battery using LiFePO4 as
cathode and hard carbon as anode. Both the cathode and
anode use environmentally friendly aqueous binder styrene
butadiene rubber (SBR) as well as thickening agent
carboxymethyl cellulose sodium (CMC). To the best of our
knowledge, such a system has not been reported previously
in the literature. Electrochemical properties of the LiFePO4/
HC Li-ion batteries are characterized by charge and
discharge tests, cycle life, and alternating current (a.c.)
impedance methods.

Experiment

Preparation of LiFePO4 and hard carbon electrodes

Thin Li-ion coin cells (2025) were composed of hard
carbon (BTR, China) as anode, LiFePO4 (Aleees, Taiwan)
as cathode, an organic electrolyte, and a polymer separator.
The electrolyte was 1.3 M LiPF6 in a mixture (1:3 by mass)
of ethylene carbonate and dimethyl carbonate, and the
separator was Celgard 2320. The anode electrode assembly
was prepared from a slurry of hard carbon with 1 wt.% of
conductive carbon (Super-P-Li, Timcal), 2.25% of CMC,
and 2.25% of SBR dissolved in de-ionized water. The paste
was coated by a doctor-blade process onto a 14-μm thick
copper foil current collector. The cathode was prepared by
combining 15% of conductive carbon, 2.5% of CMC, 2.5%
of SBR, and 80% of LiFePO4 mixed in de-ionized water.
The paste was coated on an aluminum foil of 20-μm
thickness. After drying at 75 °C in a vacuum for 2–3 h, the
laminate electrodes were roll pressed to a thickness of about
28 μm for the cathode and 25 μm for the anode. Electrodes
were punched out from the laminates as wafers with 16-mm
diameter, then dried under vacuum at 100 °C for 24 h
before being assembled into 2025 coin cells in a glove box
(Braun) filled with argon gas. The half cell performances of
the anode and cathode electrodes were evaluated separately
using lithium metal as counter electrode.

Measurements

Profiles of the as-prepared samples were analyzed using
scanning electron microscopy (SEM FEI Quanta 200F,
15 kV) and high-resolution transmission electron micros-

copy (Hitachi H-9000, 150 kV). Particle size distribution of
the hard carbon materials was identified by Malvern
Mastersizer 2000. Discharge–charge cycle measurements
were carried out using a constant current method. An
electrochemical workstation IM6ex (Zahner) was employed
to measure electrochemical impedance spectroscopy (EIS).
During the EIS measurements, frequency was scanned from
100 kHz to 100 mHz and an a.c. voltage oscillation of
5 mV.

A battery test system (Land) was used to measure
charge–discharge cycles at room temperature. The cycle
lives of the cathode electrode (LiFePO4/Li), anode elec-
trode (HC/Li), and the full cell (LiFePO4/HC) were tested
under the mode of constant current followed by constant
voltage (CC–CV) for charge and constant current (CC) for
discharge. The end of charge voltage (EOCV) and end of
discharge voltage (EODV) for LiFePO4/Li and LiFePO4/
HC were 3.6 V and 2.2 V, respectively. For the HC/Li half
cell, the EODV and EOCV were 0.01 V and 1.8 V,
respectively. The CV charge voltage at 3.6 V or 1.8 V
was terminated after the current dropped to half value from
its initial constant current. The depth of discharge of the
cells at these EOCV and EODV can be considered 100%
[19]. Before each discharge–charge cycle at high rates
(above 1 C), the cells were charged and discharged at 0.2 C
for two cycles.

Results and discussion

Figure 1 presents SEM and TEM photographs and particle
size distribution of hard carbon material. Spherical-like
carbon particles can be observed from the SEM in Fig. 1a.
Particle size distribution of the hard carbon material shown
in Fig. 1c was rather narrow with an average size of 12 μm
in diameter which is consistent with the result of SEM
observation. A TEM image is shown in Fig. 1b; the hard
carbon has an irregular layered structure, and the distance
between each layer is about 0.5 nm. This structure made
hard carbon material facile for Li-ion insertion which can
result in a high capacity.

Figure 2 shows SEM (a) and TEM (b) photographs of
LiFePO4 material. It can be seen from the images that the
LiFePO4 particles were rather disbursed, without significant
conglomeration. The size of LiFePO4 particles was between
50 and 150 nm in diameter. Carbon fibers can be observed
inter-connecting LiFePO4 particles which benefits conduc-
tivity improvement of the LiFePO4 electrode.

Figure 3 (a) shows the charge and discharge behavior of
the LiFePO4 cathode material at 0.2-C rate in a voltage
range of 2.2 V to 3.6 V. The discharge capacity was
157.5 mAh g−1, and the coulombic efficiency was at an
outstanding 97.3% which can be attributed to the improved
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conductivity of LiFePO4 due to added carbon fibers. The
discharge–charge profiles of the first two cycles at 0.2 C for
the HC/Li half cell are shown in Fig. 3b. The mechanism
that Li-ion inserts in hard carbon material is different from
that in graphite material. Though hard carbon is not as fully
crystallized as graphite, there is a larger inter-layer space
structure in hard carbon. The behavior of Li-ion insertion in
hard carbon is determined by surface phenomena at high-

energy sites and the filling of micropores [20, 21]. The
curve shape of the HC/Li half cell in Fig. 3b is similar to
that of the HC anode reported previously [22], and in
addition, it has demonstrated better initial coulombic
efficiency at 83.0%. Since the surface area of the hard
carbon material is quite low at 3.2 m2 g−1, there is less
consumption of surface layer carbon material in reaction
with the electrolyte during first charge, and this could be

Fig. 1 SEM (a), TEM (b)
photographs and particle size
distribution (c) of hard carbon
material

Fig. 2 SEM (a) and TEM (b)
images of LiFePO4 particles
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one of the reasons for the high efficiency at first SEI film
formation. The charge capacity (Li de-intercalation) of
322.7 mAh g−1 observed in Fig. 3b for hard carbon can be
considered a fair value which is comparable to that of
graphite. This is a result of combination behavior from
disordered low crystalline structure of hard carbon which
diminishes Li-ion capacity and also from the enlarged
carbon layer gap of hard carbon which facilitates easier
Li-ion insertion/extraction thus contributing to enhanced
capacity.

Typical discharge–charge profiles of the LiFePO4/HC
full cell at a 0.2-C rate are shown in Fig. 3c; as it is seen,
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Fig. 3 First two discharge–charge cycles of the half cells of LiFePO4/
Li (a), HC/Li (b), and the full cell LiFePO4/HC (c) at 0.2-C rate
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Fig. 5 Cycle performance of half cells (LiFePO4/Li and HC/Li) and
full cell (LiFePO4/HC) at 10-C rate
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the first charge and discharge capacities are 168 mAh g−1

and 121 mAh g−1, respectively, which corresponds to a
coulombic efficiency of the first cycle to be 72%.
Formation of SEI film at anode is considered to be the
main contribution to the loss of efficiency [23, 24]. The
shape of the curves is similar to that of the LiCoO2/HC cell
reported by Sun [25]; the voltage of the cell gradually
decreases which is characteristic of hard carbon material.
This is in contrast to the LiFePO4/graphite battery which
has a near flat voltage at 3.2 V. A reversible capacity of
123.6 mAh g−1 (based on the mass of the LiFePO4

material in the positive electrode) was displayed in the
second cycle.

The rate performance of the LiFePO4/HC full cell is
shown in Fig. 4. The original specific charge and discharge

capacity was achieved at 164.9 and 122.1 mAh g−1 at a
0.2-C rate, respectively. At a higher rate of 10 C, the
discharge capacity is changed to 69.4 mAh g−1, a 43%
drop from that of the 0.2-C rate. However, the coulombic
efficiency almost remains unchanged at 71.1% compared
to that at 0.2-C rate.

The cycle behavior of the LiFePO4/Li, HC/Li half cells,
and the LiFePO4/HC full cell at a 10-C rate is shown in
Fig. 5. It can be seen that the cycle life of the full cell was
longer than that of each half cell of anode or cathode. After
178 cycles, the discharge capacity of the HC/Li half cell has
dropped to 60% of its first discharge capacity. For the
LiFePO4 electrode, it took 330 cycles for the discharge
capacity to change to 60% from its initial value. The
LiFePO4/HC full cell, however, was tested for 2,450
cycles at a 10-C rate, and the discharge capacity was
changed from 69.4 mAh g−1 to 41.4 mAh g−1. This high
rate and long cycle performance demonstrate that the
LiFePO4 and hard carbon material combination can result
in a promising Li-ion battery.

The EIS results of LiFePO4/Li, HC/Li, and LiFePO4/HC
cells in the frequency range from 100 kHz to 100 mHz are
shown in Fig. 6a. All Nyquist plots are composed of a
semicircle and a straight line in the low-frequency region.
The interception at the Z′ axis at high frequency and the
semicircle in the middle frequency range are related to the
solution resistance (Rs) and the charge transfer resistance
(Rct), respectively. The straight line at the low frequency
represents the Warburg impedance (Zw), which is attributed
to the diffusion of lithium ions. In the Nyquist plots, the
characteristic depressed semi-circles at the high-frequency
region can be observed due to the porous nature of powder
electrode materials [26–28].

Equivalent circuit of the LiFePO4/Li, HC/Li half cells
and LiFePO4/HC full cell is depicted in Fig. 6b. Simula-
tion using ZSimpWin software involving the equivalent
circuit model is carried out. The fitting results to the
experimental data are quite satisfactory as it is shown in
Fig. 6a. The EIS simulation parameters corresponding to
the equivalent circuit components are listed in Table 1.
The physical meaning of the constant phase element

-50 0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
-100

0

100

200

300

400

500

600
a

 LiFePO
4
/Li

 HC/Li
 LiFePO

4
/HC

 Fitted results

0 1 2 3 4 5 6 7 8
0

1

2

3

4

5

6

7

8

Z
" 

( 
  )Ω

ZwRct

Rs

CPE 

b

Z
" 

(Ω
)

Z' (Ω)

Z' (Ω)

Fig. 6 Impedance spectra of LiFePO4/Li, HC/Li, and LiFePO4/HC
cells (a) and the equivalent circuit (b)

Cells Rs (Ω cm2) CPE (Sn cm−2) n Rct (Ω cm2) W (S0.5 cm−2)

LiFePO4/Li 3.54 4.11×10−5 0.62 292.2 0.00118

HC/Li 4.57 3.99×10−5 0.62 354.5 0.000233

LiFePO4/HC 1.86 1.67×10−5 0.81 4.99 5.78×10−5

Table 1 EIS simulation
parameters of LiFePO4/Li,
HC/Li, and LiFePO4/HC cells
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(CPE) represents double layer capacitance with a rough
electrode surface. From Fig. 6a and Table 1, it can be
seen clearly that the LiFePO4/HC cell displayed a much
lower Rct than the half cells of LiFePO4/Li and HC/Li.
This phenomenon indicates that the charge transfer
reaction at electrode/electrolyte interfaces of the full cell
was much easier than that of each half cell, and as a
result, the overall battery internal resistance is decreased.
The reaction at the Li/electrolyte interface could be an
impeding process, which results in a degrading overall
performance of the half cells. In addition, the possible
formation of microdendrites of lithium metal could be the
leading cause of short cycle life half cells at high rates.
However, the full cell of LiFePO4/HC has demonstrated
satisfactory cycle performance at high rates as it is
displayed in Fig. 5.

Conclusions

In this work, the electrochemical performance of the
LiFePO4/HC battery was investigated along with LiFePO4

positive and hard carbon negative electrode materials. The
hard carbon anode material with an average particle size of
12 μm demonstrated a high initial coulombic efficiency of
83.0% and a charge capacity of 322.7 mAh g−1 due to the
combined contribution of low crystallization and larger
layer gap structure of the hard carbon. The discharge
voltage of the LiFePO4/HC cell decreases gradually in
contrast to that of the LiFePO4/graphite battery which has a
flat voltage. This could be an advantage with convenience
in the determination of the state of charge for the LiFePO4/
HC battery. Cycle performance tests show the LiFePO4/HC
full cell is capable of delivering a long cycle life (2,450
cycles) at a high rate of 10 C. Such a battery could be used
in power applications requiring high power and long cycle
performance.
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