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Abstract

In this work, LiFeP0O,/C (LFP/C) cathode materials with superior electrochemical performance
have been prepared by coaxial and uniaxial electrospinning method. The electrode materials were
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), and transmission
electron microscopy (TEM). Also, cyclic voltammetry (CV), galvanostatic charge-discharge, and
electrochemical impedance spectroscopy (EIS) measurements were performed on these materials.
The experimental results indicate that the electrochemical properties of LFP/C-C, such as specific
capacity, coulombic efficiency, Li* diffusion coefficient and overpotential are significantly im-
proved. The enhanced electrical conductivity and polarization of the LFP/C-C electrode are mainly
due to its porous morphology and amorphous carbon coating layer.
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1. Introduction

Increased production and usage of electric vehicles and hybrid vehicles in recent years have accelerated the de-
velopment of the lithium-ion battery (LIB) [1]. As one of the most promising cathode materials in lithium ion
batteries, olivine-structured LiFePO, (LFP) has attracted significant attention since the initial groundbreaking
work was conducted in 1997 by Goodenough et al. [2]. LFP exhibits several advantageous features for energy
storage, such as high theoretical capacity (170 mAhg %), acceptable operating voltage (3.4 V vs. Li*/Li), low
cost, environmental friendliness and excellent intrinsic stability [3] [4]. Unfortunately, LFP has several draw-
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backs, including poor electrical conductivity (about 107° - 10 S.<em™) [5] and a relatively low Li* diffusion
coefficient (~10 ™ cm*s™) [6] [7], which limit its applications. Several research efforts have focused on devel-
oping techniques to overcome these drawbacks, and some of the successful approaches include carbon coating
[8] [9], metal ion doping [10] [11], and reduction of LFP particle size [12]-[14]. Moreover, using porous active
LFP materials can also help to improve the basic technical parameters of LIBs. The porous active materials typ-
ically show excellent electrochemical performance due to their significantly higher specific surface area, which
helps the charge transfer between electrode and electrolyte, as well as more available paths for the permeation of
ions. The porous electrode materials can be prepared by many different ways, such as catalytic chemical vapor
deposition (CCVD) [15], hydrothermal method [16] [17], sol-gel method [18], microwave irradiation assisted
synthesis (MIAS) [19] [20], solvothermal method [21] [22], self-assembly [23], and carbothermal reduction
method [24].

The electrospinning technique has been widely employed to fabricate various functional materials. In particu-
lar, the electrode materials of LiFePO, are usually obtained by sintering an electrospun precursor. The electro-
chemical performance of the electrode material can be greatly enhanced by using this preparation method. For
example, single-crystalline nanowires of LiFePO,/C with excellent electrochemical performance have been pre-
pared by uniaxial electrospinning [25]. These nanowires grow along the c-axis with uniform distribution of the
carbon layer. The carbon layer forms an effective conductive carbon network and shortens the diffusion path
along the b-axis, resulting in good cycling capability and rate performance. Ttiaxial nanowire of LiFePO,/C with
core-shell structure have also been prepared using this technique [26], and their unique structure not only helps
increased electron conduction path, but also effectively inhibits the oxidation of Fe?*.

In this paper, porous nanofibers of LiFePO,/C were successfully prepared by sintering the fibers obtained via
coaxial electrospinning method. For comparison purposes, LiFePO,/C nanofibers were also prepared by the un-
iaxial electrospinning method. The physical, chemical and electrochemical properties of both nanofibers were
measured and characterized, and some meaningful results were acquired. The properties of LiFePO, prepared by
coaxial electrospinning are obviously better than those by uniaxial electrospinning.

2. Experimental
2.1. Synthesis

The LiFePO,/C nanofibers were prepared by the coaxial electrospinning method. The three starting materials,
LiH,PO, (0.02 M), Fe(NO3)s-9H,0 (0.02 M), and 1.0 g of polyoxyethylene (PEO), were ultrasonically dissolved
into 40 ml water to form the core solution for spinning. Then, 0.6 g of PEO was ultrasonically dissolved into 40
ml water to obtain the shell solution. These core and shell solutions were filled into different syringes connected
to coaxial needles. A direct current electric field of 23 kV was applied between the needle and the target used for
collection. A flow rate of 0.9 ml-h™ was used in the spinning process. Finally, the as-spun fibers were separated
from the target, and then sintered under Ar gas flow (7%: H,) as per the following conditions: 1) calcined at
400°C for 5 h; and 2) sintered at 750°C for 12 h, successively. The as-prepared LiFePO,/C is denoted by
LFP/C-C. Furthermore, an aqueous solution of LiH,PO, (0.02 M), Fe(NO3)3-9H,0 (0.02 M), and 1.0 g of po-
lyoxyethylene (PEO) was prepared as described above. The mixed solution of LiH,PO,/PEO/Fe(NO3);-9H,0
was filled into the syringe to form uniaxial fibers of precursor. Using the same preparation procedure as for
LFP/C-C, uniaxial fibers of the LiFePO,/C active material were obtained and denoted as LFP/C-U.

2.2. Characterization of the Materials

The crystal structures of the final products were analyzed by X-ray diffraction (XRD), using a DX-2000 X-ray
diffractometer (Dandong Haoyuan Instrument Co. Ltd., China) with Cu-Ko. radiation (4 = 1.5406 A). The sam-
ple morphologies were observed by scanning electron microscopy (SEM, JSM-5900, Japan). Transmission elec-
tron microscopy (TEM) images were obtained using a transmission electron microscope (JEM 2100F, Japan)
with an acceleration voltage of 200 kV. The electrical conductivity of the samples was measured by a four-probe
test platform (SB 120/2, China). Surface area of the samples was measured using a specific surface area and
pore size analyzer (ST-2000, Qing Tiankang Electronic Technology Co. Ltd., China).

2.3. Electrochemical Measurements

Electrochemical characterization of the samples was performed using CR2025 coin-type cells assembled in an
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Ar-filled glove box (ZKX-1, Nanjing nine Automation Technology Co. Ltd., China). About 80 wt% of the ac-
tive material (LFP/C-C or LFP/C-U) was mixed with 10 wt% acetylene black and 10 wt% polyvinylidene in a
suitable amount of N-methylpyrrolidone solvent to form slurry. The cathode electrode of the cell was prepared
by coating the slurry onto an Al foil. The test cell consisted of the cathode and Li-foil anode separated by a mi-
croporous polypropylene membrane (Celgard 2400, Celgard. Inc., USA). The electrolyte was 1 M LiPFg in a
solvent mixture of ethylene carbonate (EC) and dimethyl carbonate (DMC) (1:1, v/v). The galvanostatic charge-
discharge investigation was carried out on a battery measurement system (Land CT2001A, Wuhan Jinnuo Elec-
tricals Co. Ltd., China) within a voltage range of 2.5 - 4.4 V at room temperature. The cyclic voltammetry (CV)
and electrochemical impedance spectroscopy (EIS) measurements were performed with an electrochemical
workstation (Zahner, Zahner-Elektrik Gmbh Co. KG., Germany).

3. Results and Discussion

The LFP/C-C and LFP/C-U samples were characterized by XRD (Figure 1). The XRD patterns of both mate-
rials are similar and match well with the standard pattern (JCPDS card no. 40 - 1499). It is clear that the main
diffraction peaks are narrow and strong, showing high crystallinity of the samples. Since both LFP/C-C and
LFP/C-U samples were prepared in argon atmosphere, it is believed that residual carbon exists in the samples.
However, no diffraction peaks of carbon can be observed in the XRD patterns of LFP/C-C and LFP/C-U in
Figure 1, even though the theoretical carbon content is about 15 wt% for these samples. Therefore, it can be
reasonably assumed that the residual carbon is in amorphous form in the samples.

SEM micrographs of LFP/C-U and LFP/C-C as well as those of their precursors are shown in Figure 2. The
micrograph of the precursor of LFP/C-U (Figure 2(b)) clearly shows that the surface of sample is smooth and
the diameters of the fibers are in the range between 200 and 400 nm. From the micrograph of LFP/C-U (Figure
2(a)), it can be seen that the sample surface is still very smooth. An obvious difference between Figure 2(b) and
Figure 2(a) is that the size of the former is three times larger than that of the latter. For the sample of LFP/C-C,
the micrograph of its precursor shows that the fibers are mostly broken (Figure 2(d)). It must be noted that a
porous morphology is observed for LFP/C-C (Figure 2(c)). As is well known, porous structure of the electrode
material is beneficial to the redox reaction. The direct effect of porous structure is greatly increased contact area
between the active material and electrolyte. The specific surface areas of both LFP/C-U and LFP/C-C were
measured using a specific surface area and pore size analyzer. The specific surface area of LFP/C-U is 30.9841
m?/g, while that of LFP/C-C is as high as 45.5988 m%/g. Hence, it can be expected that the electrochemical per-
formance of LFP/C-C would be better than that of LFP/C-U.
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Figure 1. XRD patterns of LFP/C-C and LFP/C-U.
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Figure 2. SEM images of LFP/C-U (a) and corresponding precursor
(b). SEM images of LFP/C-C (c) and corresponding precursor (d).

TEM micrographs of LFP/C-U and LFP/C-C, including HRTEM images, are shown in Figure 3. The
amorphous layer of carbon in both LFP/C-U and LFP/C-C can be observed in the HRTEM images (Figure 3(b)
and Figure 3(d)). The thickness of the amorphous layer is 3 nm for LFP/C-U, and 4 nm for LFP/C-C. The
amorphous carbon layer appears to be coated on the surface of the fibers. This can effectively improve the elec-
trical conductivity of electrode materials. Indeed, the measurements of conductivity confirm that the electrical
transport properties of LFP/C-U and LFP/C-C are significantly improved. Using a standard four probes mea-
surement technique, the conductivity values of LFP/C-U (0.81 S/cm) and LFP/C-C (1.20 S/cm) were measured
and found to be much higher than those reported by other references. For example, the values of conductivity for
LFP/C with fiber morphology previously reported are 1.9 x 10 * S/cm [27] and 9.8 x 102 S/cm [28]. Therefore,
the results of conductivity measurements also support the fact that the fibers of LFP in LFP/C-U and LFP/C-C
are coated by the amorphous carbon layer.

In order to study the intrinsic kinetics of the lithium ion in LFP/C-C and LFP/C-U, cyclic voltammetry (CV)
experiments were carefully performed over a range of scanning rates from 0.1 to 1 mV-s *. One pair of redox
peaks can be observed in the CV curves measured at various scanning rates for LFP/C-U (Figure 4(a)) and
LFP/C-C (Figure 4(b)). The redox peaks correspond to the transformation of Fe?*/Fe® phases, indicating that
the lithium ion extraction/insertion reactions in the active material are reversible. The overpotential (AV) be-
tween the oxidation and reduction peaks derived from the CV curves increases gradually as the scan rate (v) in-
creases, suggesting that the electrode material becomes more polarized with increasing scan rates. The AV val-
ues determined in this work for LFP/C-C and LFP/C-U are lower than those reported by other research groups.
For example, the AV values from the CV curves measured at 0.1 mV-s* are 0.24 V (LFP/C-C) and 0.31 V
(LFP/C-U), which are significantly lower than the results measured at similar conditions previously reported by
Kim et al. [29] (AV = 0.90 V) and Lalia et al. [30] (AV = 0.42 V). Obviously, the polarization of LFP/C is re-
lated to the preparation method of the samples. Moreover, it is expected that the LFP/C prepared through elec-
trospinning will have enhanced electrochemical properties, such as coulomb efficiency.

Diffusion coefficient of the lithium ion is an important factor in the electrochemical performance of a lithium
ion battery. The relationships between peak currents (I,) and square root of scan rate (v?) for LFP/C-U and
LFP/C-C are shown in Figure 4(c) and Figure 4(d), respectively. The diffusion coefficient of Li ions (D) in the
electrode can be determined using the Randles-Sevcik equation [19] [31], as follows:

|, = 2.69x10° ACD"*n¥*v"? (1)

where I, is the peak current, A = 0.785 cm? is the effective area of the electrode, C = 0.0228 mol-cm™ is the bulk
concentration of Li" in the electrode, D is the diffusion coefficient of Li*, n is the number of electrons involved
in the redox process (for Fe?*/Fe®*, n = 1), and v is the potential scan rate. The values of Li* diffusion coefficient
for LFP/C-U and LFP/C-C are listed in Table 1. As mentioned earlier, the LFP/C sample prepared by sintering
the coaxial precursor, i.e. LFP/C-C, consists of porous nanofibers. Such a porous structure provides a considera-
bly large contact area between the electrode materials and the electrolyte, which facilitates deeper penetration of

(=)
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Figure 3. TEM micrograph of LFP/C-U and the corresponding HRTEM image are shown in (a) and (b), respectively. TEM
micrograph of LFP/C-C and HRTEM image are shown in (c) and (d), respectively.
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Figure 4. CV curves of LFP/C-U (a) and LFP/C-C (b) measured at various scanning rates from 0.1 mV-s* to 1.0 mV-s ™.
The relationship between I, and v'Z determined by CV curves of LFP/C-U (c) and LFP/C-C (d).

liquid electrolyte into the nanofibers and shortens the electrical conducting path. Hence, the enhancement of Li*
diffusion coefficient of LFP/C-C can be attributed to its porous structure.

In order to study the electrochemical behavior of the active materials further, galvanostatic charge-discharge
performances of LFP/C-C and LFP/C-U were measured at different C-rates (Figure 5(a) and Figure 5(b)). The
specific discharge capacities of LFP/C-C at different rates are 157.7 mAhg™* (0.2 C), 143.8 mAhg* (0.5 C),
135.7 mAhg* (1 C) and 104.3 mAhg * (5 C), respectively, which are significantly higher than those of LFP/C-U,

()
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Table 1. Lithium ion diffusion coefficients of different samples.

Sample Slope D/cm?s*
LFP/C-U Oxidation peak 0.532 1.22x10°®
Reduction peak -0.443 8.47x107°
LFP/C-C
Oxidation peak 1.362 8.00x10°®
Reduction peak -0.920 365%x10°°
4.4 4.4
(a) 5C 1C 0.5C 0.2C (b) §C 1C 0.5C 0.2C
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Figure 5. Charge/discharge curves of LFP/C-C (a) and LFP/C-U (b) electrodes at various rates; discharge capacities at vari-
ous rates (c) and cycling performances at 1C (d) of LFP/C-C and LFP/C-U electrodes.

i.e. 125.4 mAhg™ (0.2 C), 109.6 mAhg™ (0.5 C), 96.4 mAhg* (1 C) and 73.5 mAhg™* (5 C), respectively.
Moreover, it is worth noting that the coulombic efficiencies of both LFP/C-C and LFP/C-U are quite high
(Figure 5(a) and Figure 5(b)). Comparing the rate performance and cycling performance of LFP/C-C to those
of LFP/C-U, plotted in Figure 5(c) and Figure 5(d), it can be concluded that the superior electrochemical per-
formance of LFP/C-C is due to its porous structure.

The EIS spectra of the LFP/C-C and LFP/C-U electrode materials are plotted in Figure 6. The impedance
spectra can be understood by an equivalent circuit (the inset of Figure 6), in which R, is the uncompensated re-
sistance, R is the charge transfer resistance, Cq is the double-layer capacitance, and Z,, is the Warburg imped-
ance. R, includes the particle contact resistance, electrolyte resistance, and the resistance between the electrode
and the current collector. Ry is related to the electrochemical reaction at the interface between electrode and
electrolyte, and to the contact between the particles. The value of R, can be obtained from high frequency inter-
cept of the semicircle, while R is determined by the diameter of the semicircle. The main fitting parameters of
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Figure 6. Impedance spectra of LFP/C-C and LFP/C-U electrodes recorded in the frequency
range from 100 kHz to 10 mHz. The inset is an equivalent circuit of fitting curves.

Table 2. Fitting parameters of R, and R;.

Samples R/Q Re/Q
LFP/C-C 5.22 76.29
LFP/C-U 353 127.7

the equivalent circuit (R, and Ry) are listed in Table 2. It can be seen that the charge transfer resistance of
LFP/C-C is clearly lower than that of LFP/C-U, due to the former’s porous structure. On the other hand, the total
resistance of the equivalent circuit is mainly determined by the sum of R and R,. Hence the conductive beha-
vior of LFP/C-C is better than that of LFP/C-U, although the former’s R, is relatively high. This conclusion is
consistent with the results of the conductivity measurements, as discussed above.

4. Conclusion

In summary, nanofibers of LFP/C-C and LFP/C-U cathode materials have been synthesized via a coaxial/
uniaxial electrospinning technique followed by sintering. LFP/C-C shows a porous nanofiber morphology, and a
layer of amorphous carbon is coated on the surface of the fibers. The electrochemical properties of LFP/C-C, in-
cluding specific capacity, diffusion coefficient of lithium ion, and overpotential are significantly improved. The
enhancement of electrical conductivity and polarization of LFP/C-C is mainly due to the porous morphology and
amorphous carbon coating layer, which are strongly related to improved electrochemical performance.
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