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One dimensional LiFePO,/C composite nanofibers were prepared by electrospinning. Polyacrylonitrile
(PAN) is used as both the electrospinning media and as the carbon source. LiFePO, precursors and
PAN were dissolved in N,N-dimethylformamide (DMF) before electrospinning. LiFePO,
precursors/PAN fibers were heat treated, transforming the LiFePO, precursors into the olivine
structure. Using this method, well-crystallized LiFePO,/C composite nanofibers were synthesized. The
materials were characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), BET surface area, cyclic voltammetry (CV), electrochemical
impedance spectroscopy (EIS) and charge-discharge tests. The characterization data reveal that the
prepared LiFePO4/C composite nanofibers with uniformly dispersed carbon particles on the surface.
The uniformly dispersed particles furnish the products with very large surface-to-volume ratios with
good electronic characteristics. The electrochemical performance of LiFePO,/C composite nanofibers
is markedly improved compared to composites obtained by classical co-precipitation methods. It is
found that the LiFePO4/C composite nanofibers exhibit a higher discharge capacity of 162 mAh g™* at
0.1C rate.
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1. INTRODUCTION

Energy storage devices with high energy and power are being developed for use as power
source sources for electric vehicles (EV) and hybrid electric vehicles (HEV)[1-5].

Among the various alternative cathode materials, the olivine-structured lithium ion phosphate
(LiFePQ,4) has attracted much interest owing to its high theoretical capacity (170 mAh), acceptable
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operating voltage (3.4 V vs. Li/Li"), cycling stability, thermal safety, low cost and environmental
friendliness [2-7]. Despite these favorable characteristics, their widespread use is hampered by poor
rate performance. The features responsible for the poor rate capability are thought to be its intrinsically
poor electronic conductivity (of the order of 10° Scm™) and the sluggish Li* diffusion that occurs
across the LiFePO4/FePO, interface [4, 8-10].

In order to overcome these problems, several strategies have been followed over the years such
as optimized synthesis procedures [2, 3, 11-14], particle-size minimization [9, 15-18], carbon
nanocoating [15, 19-23], metal powder addition [22, 24], doping with alien cations [2, 4, 25, 26] and
the carbothermal formation of the surface conducting phase [17, 22, 23, 27]. It has been well
demonstrated that the electrochemical properties of LiFePO, could be improved by the incorporation
of conductive carbon into active material powders to form carbon-coated LiFePO, (LiFePO,/C)
composites [6, 20, 22, 28]. The behavior of these LiFePO,/C composites is related to the phase purity
of the active material, particle sizes, structure of the carbon additive, the carbon content, the form of
the carbon contact, and the mixing and sintering recipe. Although there have been many studies
regarding LiFePO,/C and polycrystalline and nanocrystalline materials, few studies have examined the
synthesis of LiFePO,/C nanofibers [9, 29]. In this study, we concentrated on fabricating nanostructured
LiFePO,/C in the form of fibers using a sol-gel method in combination with an electrospinning
technique.

The electrospinning technique is a well-know method and was successfully applied to many
polymer systems to prepare nano-fibers and nanostructured materials with high specific surface area
[9, 29-32]. Hosono et al. [33] reported that a composite nanowire of LiFePO,/C could be prepared by
an electrospinning method using a polymer solution that included Li, Fe, and P sources. Moreover,
many authors [9, 29, 34-36] have reported that the electrospinning method is suitable for the synthesis
of the LiFePO4/C composite nanofibers, which have the morphology of one-dimensional LiFePO,
nanostructures causing a shorter Li* diffusion path. The concentration of polymer-gel solution plays a
role in maintaining the fiber-structure in the electrospining process and the polymer functions as the
spinning template and the carbon source. However, the majority of recent work used lower
concentrations of LiFePO, precursors and higher polymer concentrations for the electrospinning
process. This is done in order to obtain excellent fiber-forming ability and chemical stability for the
formation of LiFePO,/C composite nanofibers, causing the residual pyrolyzed carbon from the
polymer to be very high (36.6 ~ 20%) resulted in less active materials of LiFePO, in the composite
nanofibers [33, 35, 36]. Therefore, the goal of this work is to reduce the residual carbon for the
preparation of LiFePO,/C nanofibers via a combination of electrospinning and sol-gel methods. Higher
concentrations of LiFePO, precursors in the polymer-gel solution were applied to obtain LiFePO,/C
nanofibers of defined size and geometry by controlling the electrospinning parameters. The
physicochemical properties and electrochemical behavior of the samples were characterized.

2. EXPERIMENTAL

LiFePO, and its carbon composites were prepared using a combination of electrospinning and
sol-gel methods. Sol-gel solutions were prepared by dissolving Fe(NO3)3-9H,O (Aldrich, 99%),
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LiNO3 (Aldrich, 99%) and H3PO, (Riedel-deHaén, 85%) in Dimethylformamide (DMF, Aldrich, 99%)
at 1:1:1 Li:Fe:P molar ratio, then polyacrylonitrile (PAN, Aldrich, My = 15000) was added into the
above solution under stirring for 2 h. The concentration of PAN dissolved in DMF plays the role of the
increasing the spinnability of the solution and the carbon content in the resultant LiFePO,/C composite
nanofibers. The concentrations of LiFePO,4 precursor, PAN and DMF in the spinning solution were 13,
3 and 84 wt%, respectively. The resultant precursor was poured into a syringe with a stainless-steel
needle and a positive terminal was connected to the syringe needle tip while an aluminum foil covered
a rotating collector worked as counter electrode. A direct-current electric field of 12 kV was applied to
the solution through the needle tip and the solution feed rate was 0.15 mLh™. The distance between the
needle tip and collector (aluminum foil) was ~15 cm.
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Figure 1. Schematic of the electrospinning setup.

Electrospinning experiments were performed at room temperature with a relative air humidity
of 30— 40%. Fig. 1 displays a schematic illustration of the electrospinning setup. To obtain LiFePO./C
composite nanofibers, the as-spun precursor nanofibers were carried out using a two-step heat
treatment. First, the precursor nanofibers were stabilized in air environment at 300 °C for 5 h with a
heating rate of 3 °Cmin™ and then calcinated at 800 °C for 12 h under reducing atmosphere (Ar/H, =
95/5) with a heating rate of 3 °Cmin™ to yield LiFePO./C composite nanofibers.

A Rigaku-D/MaX-2550 diffractometer with Cu K, radiation (A=1.54 A) was used to obtain X-
ray diffraction (XRD) patterns for the samples. The morphology of the sample was observed using a
scanning electron microscope (SEM, Hitachi S-4300) and transmission electron microscope (TEM,
JEOL JEM-2010). An integrated Raman microscope system, JOBIN-YVON T64000, was used to
analyze the structure and composition of the individual particles in LiFePO,4. Thermogravimetry (TG)
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and differential scanning calorimetry (DSC) apparatus (SETARAM) were used for the thermal
analysis. The Brunauer-Emmett-Teller (BET) method was used to measure the specific surface area of
the powders (ASAP2020). The residual carbon content of the powders was determined by means of an
automatic elemental analyzer (Elementar vario, EL 11I).

For electrochemical evaluation, the composite electrodes were prepared by wet coating, and
were made from as-prepared LiFePO,/C with acetylene black, SFG-6 synthetic flake graphite (Timcal
Ltd.), and poly(vinylidene difluoride) (PVDF) binder (MKB-212C, EIf Atochem) in a weight ratio of
80:5:5:10. The LiFePO,4/C active materials, acetylene black and SFG-6 were first added to a solution
of PVDF in N-methyl-2-pyrrolidone (NMP, Riedel-deHaen). To make a slurry with an appropriate
viscosity, the mixture was stirred for 20 minutes at room temperature using a magnetic stir bar, and
then for 5 minutes by using a turbine at 2000 rpm. The resulting slurry was coated onto a piece of
aluminum foil and dried at 120°C for 40 min. The coating had a thickness of ~100 um with an active
material mass loading of 8 + 1 mg cm™. The quantity of active materials on the electrodes was kept
constant.

Electrodes were dried overnight at 100°C under vacuum before being transferred into an argon-
filled glove box for cell assembly. For CV experiments, electrodes were placed in an open glass bottle
cell with a 1 cm? square LiFePO4/C cathode electrode and lithium foil as the counter and reference
electrodes. Coin cells of 2032 size were assembled using lithium metal as a counter electrode. A
solution of 1 M LiPFg in a mixed solvent of 1:1 (by volume) of ethylene carbonate/dimethyl carbonate
(EC/DMC) was used as the electrolyte in all cells. The CV experiments were carried out using a CHI
704A potentiostat using a scan rate of 0.1 mVs™. Coin cells were cycled galvanoststically with a BAT-
750B (Acu Tech System) at a constant current of 0.5C with a voltage region of 2.5-4.2 V vs Li/Li" at
room temperature; here, 1C equals 170 mAg™. The current density was calculated based on the mass
of LiFePO,/C in the electrode.

3. RESULTS AND DISCUSSION

TGA/DSC curves (Fig.2) of the PAN and as-spun LiFePO, precursor/PAN nanofibers (ASL-
PAN) were measured in Ar between 25 and 800°C to investigate the decomposition temperature of the
PAN and LiFePOy, precursors. As can be seen in Fig. 2, PAN produced one exothermic peak at ~311°C
with no appreciable weight-loss above 500°C. Moreover, we can observe the weight loss for the ASL-
PAN as a function of temperature. It was observed that the fibers lost ~22% of their weight between
room temperature and 180°C, and 12% when heated between 180 and 310°C, and finally 13% when
heated between 310 — 500°C. Above 500°C, there is no evident weight loss. The first weight loss
below 180°C, with one broad endothermic peak at ~ 137°C, is likely due to the loss of water vapor and
trapped organic solvent (DMF)[37]. The latter two weight losses are assigned to the burn of PAN and
metal salts and to the crystallization of the LiFePO, crystal. Two obvious exothermic peaks at ~ 219
and 317°C result from the decomposition of nitrate salts and PAN, respectively[38, 39]. Moreover, as
shown in the magnified region of Fig.2, the DSC curve of the ASL-PAN exhibits a small exothermic
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peak at 479°C that is related to the transformation of LiFePO4; compound from an amorphous to a
crystalline phase [40].

40

10

Weight (26)
Heat flow (W /g)

. s — PAN o PO
% 137°C essss LiFePO/PAN

-20 T T T T -20
200 400 800 800

Temperature (°C)

Figure 2. TGA/DSC curves of PAN and as-spun LiFePO, precursor/PAN nanofibers (ASL-PAN)
before calcination.
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Figure 3. XRD patterns for (a) theoretical pattern, (b) LiFePO./C composite nanofibers.

All prepared LiFePO4/C powders were deep black in color, in contrast to the gray color of pure
LiFePO, powders. Fig. 3 shows the XRD patterns of the prepared LiFePO4/C composite nanofibers.
All peaks can be identified as a pure and well-crystallized LiFePO, phase with an ordered olivine
structure indexed to the orthorhombic Pnmb space group. Moreover, no peaks but reflections in the
diffractograms of carbon were found in the final product, indicating that carbon generated in the final
product by the pyrolysis of PAN is amorphous.
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The morphology of the as-spun LiFePO, precursor/PAN nanofibers (ASL-PAN) and
LiFePO,/C composite nanofibers were observed using SEM, as shown in Fig. 4. Fig. 4a-b shows the
ASL-PAN before calcination. The general appearance of the ASL-PAN displays a fibrous morphology
with smooth surface and uniform diameter of ~250 nm.

41
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Figure 4. SEM images (a) as-spun LiFePO, precursor/PAN nanofibers (ASL-PAN), (b) ASL-PAN
after 300°C heat treatment, (c) LiFePO4/C composite nanofibers after calcination at 800°C, and
(d) high magnification of the region marked with a square in (c).

Clearly, our study indicates that the sol-gel solution has excellent spinnability at higher salt
concentrations (above 80 wt% in total weight of PAN and salts). After 300°C heat-treatment, the ASL-
PAN maintains nanofibrous morphology (Fig 4b) but has a slight decreased diameter with the presence
of broken fibers. Fig. 4c-d displays the SEM image of the LiFePO,/C composite nanofibers after
calcination at 800°C. From these images, the nanofiber structure is maintained but the diameter (~ 200
nm) decreased likely due to the decomposition of PAN and inorganic salts. However, higher
temperatures (800°C) leads to larger particle sizes, and in this case the fibrous morphology of the
sample is slightly destroyed, which results in the production of a few agglomerates and the appearance
of some spherical particles in the fibers.

The pore structure of the LiFePO,/C composite nanofibers was determined by nitrogen
adsorption-desorption isothermal measurements. As shown in Fig. 5, the adsorption isothermal curve
of the LiFePO,/C composite nanofibers have a well-defined step as the typical 1V classification with a
Hi-type hysteretic loop in the p/p, range of 0.50 — 1.0, indicating mesoporous material character. These
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findings suggest that the LiFePO,/C composite sample does not contain framework-confined pores but
is rather made up of individual nanofibers.
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Figure 5. Nitrogen sorption isotherm of the LiFePO,/C composite nanofibers.

Figure 6. TEM images (a) LiFePO,/C composite nanofibers, (b) high magnification image of the
region of the marked with a square in (a), and (c) lattice image of the region marked with a
circle in (b).

This is in agreement with the results from the SEM images. Moreover, the measured BET
surface area of LiFePO4/C composite nanofibers is 111.9 m? g**, which is larger than other LiFePO,/C
composite nanofibers prepared from other examples in the literature [29] or our previous LiFePO,/C
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composites prepared using the microemulsion method [12, 13]. Generally, a larger surface area is
important for enhancing the electrochemical properties of LiFePO, materials [41].

The microstructure of the LiFePO4,/C composite nanofibers was investigated using TEM and
corresponding selected-area electron diffraction (SAED). Fig. 6a is a low-magnification image of the
LiFePO4/C composite nanofibers. Fig. 6b shows the magnified region of the marked area in a. The
TEM image further testifies the good fibrous morphology and the fiber consists of many crystalline
LiFePO, grains. The diameter of the fiber in the image is 200 nm, which is also consistent with the
SEM results. In addition, the surface of the composite fiber is coated by a layer of carbon species with
a thickness of ~3 nm and the corresponding SAED of the insert indicates the single-crystal structure of
an individual LiFePQO4 grain as shown in Fig. 6b, c.
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Figure 7. Schematic illustration for the formation of the LiFePO,/C composite nanofiber.

From the above analytical results, a possible formation mechanism of the LiFePO,/C composite
nanofiber is proposed and is shown in Fig.7. A sol-gel solution appropriate for the electrospinning was
prepared by dissolving LiFePO, precursor salts and PAN in DMF. Next, the DMF solvent was
evaporated in the process of the electrospinning and the as-spun LiFePO, presursor salt/PAN nanofiber
was obtained. Next, the as-spun nanofibers were carried out two step heat treatment including 300°C
precalcination in air followed by 800°C calcination under reducing atmosphere (Ar/H, = 95/5). During
precalcination, PAN polymers were oxidized to break their main chains and the inorganic salts were
decomposed to produce amorphous LiFePQ,. Finally, when calcinated at 800°C, a synchronous
process of LiFePO, crystallization and decomposition of the broken PAN into residual carbon occurs
like an in situ synthesis of LiFePO,/C composite and the residual carbon homogeneously coats on the
surface of the LiFePO, crystallite nanofiber. For the further exploration of the mechanism, the
intermediate products need to be analysed during the formation of the LiFePO,/C composite nanofiber.
Obviously, the PAN in the system plays an important role for an electrospinning template to provide
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the spinnability solutions and a highly active carbon source to increase the conductivity of the LiFePO,.
The measured residual carbon content of LiFePO4/C composite nanofibers is ~ 15 wt%, which is lower
than other LiFePO,/C composite nanofibers (36.6 ~ 20%) prepared from other literatures [33, 35, 36].
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Figure 8. Cyclic voltammogram of the third cycle for the LiFePO,/C composite nanofibers.

1000
800 -
/
e 600 - /
ey
S} /
N
400 - /
_I
200 - /
/
V4
0 e = = . . .
0 100 200 300 400 500
Z'/ohm

Figure 9. AC impedance spectroscopy of LiFePO,/C composite nanofibers.
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The CV plot of LiFePO4/C composite nanofibers cycled between 2.5 and 4.2 V with 0.1 mV s™
and 1 M LiPFg + EC/DMC (1:1) electrolyte are shown in Fig. 8. The CV curve exhibited two peaks
located at 3.6 V in the anodic sweep and 3.3 V in the cathodic sweep, consistent with a two-phase
redox reaction at ~ 3.5 V vs. Li/Li*. No other peaks were observed, indicating the absence of
electroactive iron impurities. According to the estimation of the CV curve, the sample has a coulombic
efficiency of 99%. Electrochemical impedance spectroscopy (EIS) was measured using coin cells in
the fully charge state. Fig. 9 shows the typical Nyquist plot of the LiFePO,/C composite nanofibers.
The plot has an intercept at high frequency, followed by a semicircular plot in the medium-to-high
frequency region and a sloping line in the low frequency region. The intercept at the Z’ axis in the high
frequency region corresponds to the ohmic resistance (R.) of the electrolyte and the electrical contact.
The semicircular plot in the medium frequency range can be attributed to the charge transfer resistance
(Rct) of the electrochemical reaction and the sloping line in the low frequency region represents the
diffusion of lithium ions into the bulk of the cathode material, namely the Warburg impedance[25]. As
indicated in Fig. 9, the R value for the LiFePO,/C composite nanofibers is 99 Q.
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Figure 10. The capacity retention of the LiFePO./C composite nanofibers cycled at 0.1C rate between
2.5 and 4.2 V. The insert is the 5™ charge/discharge curves.

Fig. 10 shows a plot of capacity versus cycle number for the cell composed of LiFePO,/C
composite nanofibers. The cell displayed stable cycle performance upon 30 repeated cycles. The insert
in Fig. 10 shows the charge-discharge voltage profiles of the LiFePO,/C composite nanofibers at 0.1 C
rate between 2.5 and 4.2 V during the 5™ cycle. The cell exhibits a charge-discharge curve plateau over
a wide voltage range at approximately 3.4 V (vs. Li/Li"), implying that a two-phase Fe**/Fe** redox
reaction proceeds via a first-order transition between FePO, and LiFePO,. The small voltage
difference between the charge-discharge plateaus of FePO, and LiFePQO, indicates good kinetics. The
cell delivers the discharge capacity of 162 mAhg™ in the 5™ cycle which is ~ 95% of the theoretical
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capacity (170 mAhg™). The columbic efficiency of all samples is approximate 99% which is in good
agreement with the CV measurements. Cycle stabilities of the cell with various discharge current rates
are presented in Fig. 11. At a rate of 1C, a reversible capacity of 139 mAhg™ can be achieved, which is
~ 86% of the initial capacity at 0.1C rate.
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Figure 11. Cycle stability of the LiFePO./C composite nanofibers with various discharge current rates.

This retention of LiFePO,/C capacity shows that the LiFePO,/C possesses an excellent rate
capability and good cycle life. As expected, the excellent electrochemical performance of the
LiFePO,/C composite nanofibers can be attributed to their smaller particle sizes, larger specific surface
areas, and highly uniform carbon distribution on the surface of the nanofibers.

4. CONCLUSION

One-dimensional LiFePO,/C composite nanofibers with lower carbon content have been
synthesized using a combination of electrospinning and sol-gel methods. The measured residual carbon
of LiFePO,/C composite nanofibers was ~15 wt%. The average diameter and BET surface area of
LiFePO4/C composite nanofibers was 200 nm and 111.9 m?g™, respectively. It was found that the
LiFePO,/C composite nanofibers exhibit a higher discharge capacity which at 0.1C rate, a reversible
capacity of 162 mAhg™ can be achieved. Obviously, the LiFePO./C nanofibers prepared using a
combination of electrospinning and sol gel methods exhibit superior electrochemical performance
compared to currently used cathodes in lithium ion batteries, which can be ascribed to the effect of
one-dimensional LiFePO,4 nanostructures with uniformly dispersed carbon on the surface and large
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surface-to-volume ratios on the nanofibers.
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