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Abstract The carbon microtubules core structure LiFePOy4
is synthesized using a cotton fiber template-assisted method.
The crystalline structure and morphology of the product is
characterized by X-ray diffraction and field emission scan-
ning electron microscopy. The charge—discharge kinetics of
the LiFePO, electrode is investigated using cyclic
voltammetry and electrochemical impedance spectroscopy.
The result shows that the well-crystallized carbon microtu-
bules core structure LiFePO, is successfully synthesized.
The as-synthesized material exhibits a high initial discharge
capacity of 167 mAh g~' at 0.2 C rate. The material also
shows good high-rate discharge performance and cycling
stability, about 127 mAh g~ and 94.7 % capacity retention
after 100 cycles even at 5.0 C rate.

Keywords Template-assisted method - Lithium iron
phosphate - Cathode - Li-ion batteries

Introduction

Since the pioneering work of Padhi and coworkers [1] in
1997, the olivine structure lithium iron phosphate (LiFePO,)
has been recognized as a promising cathode material for
lithium-ion batteries. Compared with other cathode mate-
rials, LiFePO, exhibits the advantages of high theory
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capacity (~170 mAh g"), excellent thermal stability, no
toxicity, low cost, and high reversibility, and so on.
However, its intrinsic low electronic conductivity
(~10° S em™') and low Li-ions diffusion coefficient
(~10""* cm? s7") limit the rate capability and then its appli-
cation. Many efforts have been tried to solve these prob-
lems, such as coating some conductive materials on the
surface of the particles, doping some cations or anions into
the structure, and minimizing the particle size, etc. [2—6].

LiFePO, usually be prepared by using sol-gel, hydro-
thermal route, carbon thermal reduction, and rheological
method [7-11], and some groups also have been synthesized
by using various morphology cathode materials through a
template-assisted method, and some very interesting results
are obtained [12—-14].

Cotton fiber, a kind of natural fiber, is mainly composed
of cellulose. The cotton fiber is very suitable for template
because it, without having being removed after chemistry
reaction, is very cheap and environmentally friendly. In fact,
cotton fiber has been used as a template to synthesize metal
oxide microtubules such as biomorphic SnO, microtubules
[15] and TiO, hollow fibers [16]. Therefore, the cheap
cotton fiber was chosen as the template to synthesize the
carbon microtubules core structure LiFePO, in the experi-
ment. The structure, morphology, and electrochemical per-
formances are studied in detail.

Experiments

Preparation of the carbon microtubules core structure
LIFGPO4

The carbon microtubules core structure LiFePO, was syn-
thesized by using a template-assisted method (cotton fiber as
the template). All the reagents used in the experiment were
in analytical purity and used without further purification.
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FePO4-2H,0 and Li,CO3; were chosen as starting materials
to prepare the precursor and oxalic acid as both complexant
and reductant. The stoichiometric amount of FePO,4-2H,O0,
Li,CO;, and oxalic acid were dissolved in an appropriate
quantity of distilled water with continuous stirring at 90 °C,
until a light green clear sol was obtained. Then, an appro-
priate amount of cotton fiber was added into the green sol
and stirred continually at 90 °C for 10 h. After washing and
filtering, the precursor was sintered at 350 °C for 5 h and at
700 °C for 10 h, respectively, under N, atmosphere to
prevent the formation of Fe*" impurities.

For comparison, we also prepared LiFePO,/C using a
conventional sol-gel method with the same reagents used
above, and the sintering process was also the same as above.

To evaluate the carbon content in the prepared compos-
ites, a simple method was used as described in articles [17,
18]. The sample was heated to 700 °C at a rate of 5 °C/min
for 6 h in air to burn off the residual carbon. At the same
time, the LiFePO, will be oxidized to LizFe,(PO,4); and
Fe,05 (the weight will be increased by 5.1 %). So, the
amount of carbon content can be calculated as follows:

c:(m*m’)/m—i—0.0Sl (1)

where c is the carbon content, and m and m' are the weight
of the sample before and after heat treatment. Based on Eq.
(1), we can calculate the carbon content of the prepared
carbon microtubules core structure LiFePO, to be about
13.2 %.

Characterization of the carbon microtubules core structure
LiFePO,

The crystalline phase was analyzed by X-ray diffraction
(XRD, RINT-2500V, Rigaku Co.) with Cu Ko radiation
(A=1.5418 A) in the range of 15°<20<75° with a scanning
rate of 2° per min. The particle morphologies of the pre-
pared powders were determined by field emission scanning
electron microscopy (FESEM, Supra 55VP).

Cell assembly and electrochemical tests

Electrochemical performances of the prepared LiFePO,
were investigated using CR2025 coin cell. The cathode
was fabricated from a mixture of the as-synthesized pow-
ders, acetylene black, and polyvinylidene fluoride with a
weight ratio of 80:15:5, and the electrolyte was 1 M LiPF¢
in a mixture of ethyl carbonate, diethyl carbonate, and
dimethyl carbonate (volume ratio 1:1:1). The slurry was
then cast on an aluminum foil and dried at 120 °C overnight
under a vacuum. The cells (CR2025) were assembled in an
argon-filled glove box using a lithium metal foil as the
counter electrode and microporous polypropylene sheet
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(Celgard 2400, Celgard, Inc., USA) as the separator. The
cells were charged and discharged between 2.3 and 4.3 Von
a charge/discharge apparatus (BTS-51, Neware, China).
Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were conducted by using the CHI650
electrochemical working station.

Results and discussion
Material characterizations

Figure 1 shows the XRD pattern of the carbon microtubules
core structure LiFePO,4 (sample) which was prepared by using
a template-assisted method. The strong and narrow diffraction
peaks of the sample indicate that the orthorhombic olivine
structure LiFePO,4 (JCPDS 83-2092) is successfully synthe-
sized [19] in the experiment. All the diffraction peaks can be
indexed on the basis of the orthorhombic olivine-type struc-
ture with the Pnma space group. In addition, there are no any
other peaks such as carbon diffraction peaks found, indicating
that the cotton fiber did not destroy the lattice of LiFePO,, and
the generated carbon may exist in an amorphous state.

Since the morphology and particle sizes of LiFePO,4 have a
great influence on their electrochemical performance, FESEM
and TEM analyses of the prepared carbon microtubules core
structure LiFePO, were carried out. The FESEM and TEM
images are shown in Fig. 2. A carbon microtubules core
structure is clearly shown in Fig. 2a, b. The diameter of the
carbon microtubule is about 6 um, the wall thickness is about
0.8 wm, and the LiFePO, particles (about 50~100 nm) are
distributed on the surface of the carbon microtubules. Such a
structure is favorable for Li" ions diffusion and electrons
transport during the charge and discharge process. Because
the electrolyte is able to penetrate into the carbon
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Fig. 1 XRD patterns of the LiFePO,
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Fig. 2 FESEM and TEM images of as-synthesized LiFePO,4

microtubules, reduce the diffusion distance of Li" ions, and
increase the contact area between cathode material and elec-
trolyte, these are all the benefits for Li" ions diffusion. At the
same time, the carbon microtubules can provide a channel for
electrons transport, decreasing the cell resistance and improv-
ing the electron conductivity of the cathode material, as shown
in Fig. 3. The electrons will transport along the wall of the
carbon microtubules easily, and the Li" ions will migrate
directly into the electrolyte in charge process.

Fig. 3 The conductive mechanisms diagram of the as-synthesized
LiFePOy, in charge process
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Fig. 4 The initial charge/discharge curves of the as-synthesized
LiFePO, and the contrast sample LiFePO,

Electrochemical properties

The initial charge—discharge curves of the as-synthesized
LiFePO, and the contrast sample between 2.3 and 4.3 V at
0.2 C (1.0 C=150 mA/g) rate are shown in Fig. 4 (the
obtained charge or discharge capacity is calculated based
on LiFePO, not including the amorphous carbon). The two
samples are all shown as a long and flat voltage plateau at
3.397~3.459 and 3.396~3.464 V (according to the initial
discharge capacity of 167 and 156 mAh g ', respectively),
which is the main characteristic of the two-phase reaction of
LiFePO,. The polarization potential of the as-synthesized
samples and contrast sample is 62 and 68 mV, respectively
(insert of Fig. 4), indicating that the kinetics of the as-
synthesized samples is indeed improved. Especially, the
polarization potential of the as-synthesized samples is only
62 mV, which is smaller than the previous reports [20, 21],
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Fig. 5 The discharge curves and the rate performance of the as-
synthesized LiFePO, at 0.2, 0.5, 1.0, 2.0, and 5.0 C rate under room
temperature
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Fig. 6 The cycling curves at 5.0 C rate under room temperature

indicating a higher reaction kinetics of the as-synthesized
LiFePO, and better electrochemical reversibility.

Figure 5 shows the discharge curves and the rate perfor-
mance of the as-synthesized LiFePO, at 0.2, 0.5, 1.0, 2.0, and
5.0 C rate under room temperature. It was seen that with the
current density increasing gradually, the discharge capacity of
the LiFePO, also decreases. The discharge capacities are 167,
156,150, 144, and 136 mAh g ' at0.2,0.5,1.0,2.0,and 5.0 C
rate, respectively. At the same time, when recovering the
former testing rate (1.0 C rate in the experiment), the discharge
capacity which almost has no any decrease indicates the good
cyclic reversibility of the electrode. In addition, as the dis-
charge current increases, the discharge capacity gradually de-
creases, but the electrode still maintains a long and flat voltage
plateau as shown in Fig. 5. This phenomenon is directly
related to the short Li" ions diffusion distance and high elec-
trons conductivity during charge—discharge progress and then
the good cyclic reversibility.
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Fig. 7 The CV profiles of the as-synthesized LiFePO, electrode

between 2.3 and 4.3 V at different scanning rates (0.1, 0.2, 0.5, and
1.0mVs"

@ Springer

Fig. 8 Variation of redox peak current I, to scan rate v!2 for the as-
synthesized LiFePO, material

In addition, the cycle performance of the as-synthesized
sample was also measured. The cycling curves at 5.0 C rate
under room temperature are shown in Fig. 6. The discharge
capacities are 127 mAh g ' after 100 cycles. The discharge
capacity retentions are about 94.7 %. It shows good cycling
stability, and the electrode shows only a capacity fading of
0.05 % per cycle. It is also attributed to the short Li" ions
diffusion distance and high electrons conductivity in the carbon
microtubules core structure LiFePQO,, and then the low irrevers-
ible capacity loss, to good cycling stability even at a high rate.

CV measurements

CV is a well-suited technique to evaluate the cathode per-
formance and electrode kinetics. Figure 7 shows the CV
profiles of the as-synthesized LiFePO, electrode between
2.3 and 4.3 V at different scanning rates (0.1, 0.2, 0.5, and
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Fig. 9 The Nyquist plot of the as-synthesized LiFePO, tested at fully
discharged state (2.3 V)
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1.0 mV s', respectively). A couple of redox peaks is
observed at 3.328 and 3.535 V in the CV curve obtained
at the scanning rate of 0.1 mV s '. These peaks correspond
to the extraction and insertion of lithium ions in the elec-
trode. As the scanning rate is raised, the oxidation peak
current shifts to a higher and the reduction peak current
shifts to lower, indicating the increased kinetic polarization
and increased internal resistance [22]. Because the peak
current I, is proportional to the square root of the scan rate
v (as shown in Fig. 8), so I, can be expressed by the
classical Randles—Sevchik equation:

3/2 1/2 1/2
1,=2.69x10°n/ "AD/ "Cv (2)

where 7 is the number of electrons per species reaction, A4 is
the interface between the electrolyte and the active material,
C is the concentration of Li" ions, D is the diffusion coef-
ficient of Li* ions, and v is the potential scan rate. Based on
Eq. (2) and the scan rate, peak current, the apparent diffu-
sion coefficient of Li" ions can be calculated to be at an
order of 107" ecm? S™' for both charging and discharging
electrodes. The obtained Li" ions diffusion coefficient by
CV curves is three orders of magnitude larger than the pure
LiFePOy (~10""* cm? S™1). However, the value of lithium-
ion diffusion coefficient D obtained by CV is not accurate
enough in such a two-phase reaction system, and the value
of D may be overestimated, because the liquid electrolyte
could penetrate into the carbon microtubules core structure
LiFePO, during charge and discharge process [23-25] as
discussed above.

EIS measurements

To further understand the kinetics process of the elec-
trode materials, EIS measurements were carried out in
the two-electrode coin cell CR2025. The Nyquist plot of
the as-synthesized LiFePO, sample was presented in
Fig. 9. The semicircle at high-to-medium frequency is
attributed to the charge transfer resistance (R.), and the
inclined line at low frequency represents Li" ions diffu-
sion resistance in electrode bulk, namely, the Warburg
impedance. The numerical value of diameter of the
semicircle (at high-to-medium frequency) on the real
axis is approximately equal to R [26]. As shown in
Fig. 9, the as-synthesized LiFePO, electrode exhibits the
R, as small as about 15 (2, indicating the low electro-
chemical polarization, fast electrode/electrolyte interface
reaction, and lithium diffusion processes. The low elec-
trochemical resistances are attributed to the special
structure of the as-synthesized LiFePO, material, which
is favorable for Li" ions diffusion and electrons
transport.

Conclusion

The carbon microtubules core structure LiFePO, was syn-
thesized by using a cotton fiber template-assisted method.
XRD and FESEM analysis indicate that the well-crystallized
carbon microtubules core structure LiFePO, was success-
fully prepared. The charge—discharge tests show that the
prepared composite has good electrochemical performances
as follows:

1. High discharge capacity (the initial discharge capacity is
167 mAh g ' at 0.2 C rate)

2. Good rate performance (167, 156, 150, 144, and
136 mAh g_l at 0.2, 0.5, 1.0, 2.0, and 5.0 C rate,
respectively)

3. Good high rate cycling stability (retained about 94.7 %
of'its initial capacity after 100 cycles even at 5.0 C rate)

These performances attribute to the special structure,
which is favorable for Li" ions diffusion (shortening the
diffusion distance of Li+ions) and electrons transport (pro-
viding the channel for electrons transport). The results dem-
onstrated that a cotton fiber template-assisted method is a
promising approach to prepare high-performance LiFePO,
composite for lithium-ion batteries.
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