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Abstract

This work reports the synthesis and electrochemical properties
of porous carbon composite with lithium iron phosphate
(LiFePOg4) for use as electrode materials in energy storage
devices. Two forms of carbon were prepared; including
activated carbon (AC) and carbon nanofibers (ACNF). The
ACNF/LiFePO4 composite nanostructure was fabricated by
electrospinning  while  the  AC/LiFePO,  composite
nanostructure was obtained by the sol-gel method followed by
the heat treatment process. All samples were characterized by
X-ray diffraction (XRD), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), and
Brunauer-Emmett-Teller analyzer (BET). The electrochemical
properties were tested using cyclic voltammetry (CV) and
galvanostatic charge-discharge at various current densities
(0.25 — 10 Ag™) and various C-rates (0.20 — 5 C). The
AC/LiFePOs electrode showed better electrochemical
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properties than those of the ACNF/LiFePO, electrode. A maximum specific capacitance of 82 F g* at 2 m Vs and initial
discharge capacities of 45 mA hg* at 0.20 C were observed. Moreover, the AC/LiFePO, electrode showed better cycle
performance than that of the ACNF/LiFePO, electrode at all C-rates. The interesting electrochemical properties of AC/LiFePO4
composite nanostructure make it a potential candidate for use as electrode materials in energy storage devices.
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Introduction

With the world’s growing population and the global energy
crisis, especially electrical energy, the demand for
alternative energy resources has been of interest. Currently,
the demand for electrical energy storage systems is growing
in parallel with the need for electrical vehicles (EVs).
Among energy storage devices, lithium-ion batteries (LIB)
are the dominant sustainable energy storage devices due to
their high energy density and low self-discharge rate [1]. It
is well known that high-efficiency electrode material plays
an important role in determining the characteristics of these
devices. Therefore, improved energy density and cycling
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stability of electrode materials has become a breakthrough
challenge for researchers. Various cathode materials such as
LiCoO;, LiMnyOs4, LiNiOz, etc. have been previously
reported [2, 3]. LiFePQg is an olivine structure and was first
reported as a cathode material for lithium-ion batteries in
1997 [4]. This material has attracted much attention because
of its high theoretical capacity170 mA-hg™ [5], high thermal
stability and low toxicity [6]. Unfortunately, low electronic
conductivity (10° — 1072 ¢cm? S!) and poor lithium-ion
diffusion coefficient (1.80 x 107® m? s!) lead to poor
electrochemical properties [7 — 9]. From this perspective, the
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development of high conductivity and high ion diffusion rate
of LiFePO4 has been imperative. Currently, several methods
are being used, for example: reducing particle size to reduce
the path length of lithium-ion diffusion [10], doping with
metal ions as multi-functional hybrid materials to increase
the electronic conductivity [11, 12], and coating with
conductive carbonaceous materials [13]. Carbon is the most
desirable material due to its coating tunable surface
chemistry [14]. Various forms of carbon have been
fabricated for use as electrode materials in energy storage
devices, including carbon nanotubes, carbon nanofibers,
graphene, graphite, carbon aerogel, etc [15 — 18]. Activated
carbon is a form of carbon that has been processed to have
small and low-volume pores. Such behavior enhances the
surface area for the imbedding of ions which significantly
boosts the specific capacitance. Moreover, the high
conductivity of activated carbon is necessary to prevent
energy loss during the charge/discharge process. Both
unique properties of activated carbon are suited to serve as
an electrode material for energy storage devices than other
carbon forms.

Herein, porous carbon in the form of activated carbon
(AC) and activated carbon nanofiber (ACNF) composite
with lithium iron phosphate (AC/LiFePO,, ACNF/LiFePO,
composite nanostructure) were fabricated for use as cathode
material in LIB. The influence of carbon forms on the
composite nanostructure’s structure, morphology, and
electrochemical performance of the composite nanostructure
was discussed in detail.

Materials and Methods

Chemicals

Iron (111) nitrate nonahydrate (Fe(NO3)3(H20)e, Sigma-
Aldrich), lithium phosphate monobasic (LiH,PO., Sigma-
Aldrich), Polyacrylonitrile ((C3HsN), Sigma-Aldrich), N, N-
dimethylformamide anhydrous (HCON(CHs)., SIAL), and
polyethylene glycol (H(OCH2CH2)Noh, Sigma-Aldrich)
were used as the precursor substances for preparing the
composite materials. Carbon black (C, Alfa Aesar)
polyvinylidene difluoride ((CH2CF2),, Sigma-Aldrich), and
1-Methyl-2pyrolidinone (CsHoNO, Sigma-Aldrich) were
used as the substance for working electrode preparation.
Potassium hydroxide (KOH, Sigma-Aldrich) was used as the
electrolyte in a three-electrode testing system. Lithium
hexafluorophosphate solution was used as an electrolyte in
coin cells.

Synthesis of ACNF/ LiFePO4 composite nanostructures

The ACNF/LiFePO4 composite nanostructures were
prepared by electrospinning technique followed by
stabilization, carbonization, and activation processes,
respectively. For the synthesis, a 2.10 g of polyacrylonitrile
was dispersed into 25 ml of DMF solvent for use as the
carbon source, whereas the LiFePO4 source was prepared by
mixed lithium phosphate monobasic and Iron (I11) nitrate
nonahydrate in 2:1 M in 5 mL of DMF. Both sources were
mixed and converted into fibers via an electrospinning
technique. An applied voltage of 14 kV and a feeding rate of
0.30 mlh was operated in the electrospinning system. The

fibers were dried at 60°C for 48 h and then, transfer to the
heat treatment process as follows: stabilized at 300°C for
4 h in the air atmosphere, carbonized at 700°C for 2 h in the
argon atmosphere, and activated at 800°C for 30 min in the
carbon dioxide atmosphere. Finally, the ACNF/LiFePO4

composite nanostructure was obtained.

Synthesis of AC/ LiFePO,4 composite nanostructures

The AC/LiFePO4 powder was synthesized by the sol-gel
method followed by carbonization, and activation processes,
respectively. Both sources of precursor solution were
prepared in a similar way to the ACNF/LiFePO4composite
nanostructures. After mixed of both source solutions, 2 g of
polyethylene was added to generate a gel solution. The
prepared gel was carbonization at 700°C for 12 h in an argon
atmosphere followed by activated at 800°C for 1 h in a
carbon dioxide atmosphere. The final product was
designated as AC/LiFePO..

Materials characterization

The crystalline phases of prepared samples were
evaluated using X-ray powder diffraction (XRD, Bruker D2
advance). The surface area was observed using the
Brunauer-Emmett-Teller analyzer (BET, BEL SORP MINI
Il, JAPAN). The particle size and morphology were
investigated using field emission scanning electron
microscopy (FE-SEM, Carl Zeiss, Auriga) and was
confirmed using transmission electron microscopy (TEM,
FEI Tecnai G2, USA). The Selected area electron diffraction
(SAED) patterns were also detected.

Electrochemical characterization

The electrochemical performance of the working
electrode was tested using cyclic voltammetry (CV) and
galvanostatic charge-discharge (GCD) via autolab (PG
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STAT 302N, Metrohm). Three-electrode system under a
6 M KOH electrolyte solution was used. An active sample
powder, carbon black, and polyvinylidene difluoride with a
weight ratio of 8:1:1 was used for preparing the working
electrode. Mixed powder in NMP solvent was coated onto
Ni foam substrate, dried at 90°C overnight, and then pressed
to get a working electrode. The cyclic voltammetry was
scanned in the potential window of -1.10 — 1.20 V at rates of
2 — 200 m Vs, The galvanostatic charge/discharge with a
current density of 0.25 — 10 Ag™* was used to measure
between the selected potential windows. Moreover, coin cell
batteries (CR2032) were prepared for galvanostatic charge-
discharge measurement. A mixture of the prepared sample
(ACNF/LiFePO4 or AC/LiFePQ,), poly (vinyl difluoride)
(PVDF), and acetylene black (at the ratio of 8:1:1, wt%) was
coated onto Al foil and then dried at 90°C overnight.
Celgard 2400 membrane and lithium foil were used as the
separator and negative electrode, respectively. The
electrolyte 1 M LiPF6 was dispersed in a 1:1 (v/v) mixture
of ethylene carbonate (EC)/dimethyl carbonate (DMC). The
galvanostatic charge-discharge cycling of coin cells was
conducted at the voltage between 2.50 and 4.20 V at C-rates
of 0.20-5C via a battery testing station (Neware, BTS4000).

Results and Discussions

Fig. 1 shows the XRD pattern of AC/LiFePO, and
ACNF/LiFePO4 composite nanostructures carbonized at
700°C. The characteristic peaks at 20 of ACNF/LiFePO4
composite nanostructures were attributed to the reflections
of (200), (101), (210), (111), (211), (301), (311), (121) (410)
(002) (112) (321) (212) (022) (131) (222) (412) (331) and
(620), respectively, crystalline plan of orthorhombic
LiFePO,4 (PDF card no. 01-081-1173) [19]. A few asterisks
in thexrd pattern (*) showed some accompanying impurities
are often unavoidable for LiFePOs. For AC/LiFePO4
composite nanostructures, some diffraction peaks ((212)
(131) and (331)) could not be detected, which may be
ascribed to either the high content of the carbon phase or low
content LiFePO4 phase. The crystallinity percentage of
LiFePO,4 was calculated by dividing the area of crystalline
peaks by the area of all peaks and multiplying the result by
100. The values of 63.20% and 53.70% were observed for
AC/LiFePO4 and ACNF/LiFePO4, respectively. Moreover,
the crystallite size (D) of LiFePO,4 was calculated by the
Scherrer equation. The values of 41 and 47 nm were
observed for AC/LiFePO; and  ACNF/LiFePOs.,
respectively. The diffraction plan (002) at about 25° can be

ascribed to the graphitized structure in JCPDS card
no. 75-1621 [20]. The broad peak characteristic indicated
amorphous carbon [21].
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Fig. 1 XRD patterns of the ACNF/LiFePOs and
AC/LiFePO4 composite nanostructures.

Fig. 2 shows the morphologies of ACNF/LiFePO, and
AC/LiFePO4 composite nanostructures carbonized at 700°C.
The ACNF/LiFePO, composite nanostructure revealed long
straight fiber, smooth and uniform in cross-section with an
average diameter of ~260 nm. Uniform LiFePO, particles
with a spherical shape and an average size of 77 nm were
embedded in carbon fibers (Fig. 2 (a), (c), (e)). Non-woven
carbon nanofibers may possibly not form a continuous
network thus limiting the growth of LiFePO4 nanoparticles.
However, small-sized LiFePOs can be beneficial in
shortening the diffusion path of ions and enhancing the
effective reaction areas between particles and electrolytes
[22]. The AC/LiFePO4composite nanostructure exhibited a
carbon matrix embedded with uniform spherical LiFePO4
particles with an average size of 154 nm (Fig. 2 (b)). It is
well known that different methods of synthesis cause
different sizes of LiFePOy particles. For example, 50 — 100
nm by solid-state route [23], 100 — 200 nm by hydrothermal
[24], and colloidal process [25]. It was expected that our
prepared samples in nanoscale would offer a short length for
charge diffusion and thus improve the high specific
capacitance and cycling stability of the electrode.

Fig. 3 shows TEM images and SAED patterns of both
prepared samples. The TEM images of the ACNF/LiFePO4
composite nanostructure showed clearly that the LiFePO,
nanoparticles with spherical shape were embedded within
the activated carbon nanofiber (ACNF) (Fig. 3 (a)). The
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Fig. 2 (a) SEM images and the histograms of (c) particle size and (e) fiber diameter for the ACNF/LiFePO4 composite
nanostructure. (b) SEM images and (d) the histograms of particle size for the AC/LiFePO, composite nanostructures.

average particle size of LiFePO4 measured from the TEM
image was 80 nm. The corresponding SAED patterns
showed diffraction spots which could be indexed to the high
crystallinity of LiFePOs (Fig. 3 (c)). For AC/LiFePO4
composite nanostructure, the carbon matrix was embedded
with LiFePO, nanoparticles with an average size of 110 nm
(Fig. 3 (b)). No spotty rings were observed in the SAED

patterns of the activated carbon area, which suggested the
large amorphous characteristics of carbon (Fig. 3 (d)).

Fig. 4 shows the N adsorption/desorption isotherm of

the AC/LiPFePO4 (Fig. 4 (a)) and ACNF/LiPFePO4 (Fig. 4
(b)) composite nanostructures. The sample showed a typical

type-1V isotherm with a small degree of the hysteresis loop,
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indicating the presence of a mesoporous structure [26]. The
pore size distribution is shown as an inset. The AC/LiFePO4
showed a predominant peak at 19 nm, whereas
ACNF/LiFePQ, displayed a peak at approximately 27 nm.

AC/LiFePO4

LiFePO4

ACNF/LiFePO4

Fig. 3 TEM images of the ACNF/LiFePO4 (a) and the

AC/LiFePO,s (b) composite nanostructure. The SAED
patterns of ACNF/LiFePO, (c) and the AC area of
AC/LiFePO4 composite nanostructure (d).

The specific surface areas of 41.78 and 106.43 m?>g* were
observed for  ACNF/LiFePOs and  AC/LiFePOy,
respectively. In this study, a large value of the surface area
was required in order to possess more active sites, provide
high accessibility to electrolyte ions and facilitate fast ions
transfer between electrode and electrolyte. The summary of
specific surface area, average pore size, and total pore
volume are presented in Table. 1.
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Fig. 4 Nz adsorption-desorption isotherm and BJH pore size

distribution plot (inset) of (a) AC/LiPFePO, and (b)
ACNF/LiPFePO4 composite nanostructures.

Table. 1 lists of surface area (a), average pore size (rav), pore volume (Vy), average fiber diameter (fave), LiFePO4 size (dave),
specific capacitance (Cs), and the first discharge capacities (Cis) of prepared samples.

A lave (nm) Vp fave dave Cs Cis
samples (m?gh) (cm3gY  (nm)  (nm) (Fgh (mAhg™)
adsorption desorption 2mVs! 0.20C
ACNF/LiFePO,4 41.78 65.82 35.89 0.02 260 77 42 5.20
AC/LiFePO4 106.43 44.19 17.28 0.10 - 154 82 45
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Fig. 5 shows CV curves over a voltage range of -1 to —

1.20 VvV for activated carbon, AC/LiFePO, and
ACNF/LiFePO4 composite nanostructures. The CV curves
for pristine activated carbon (AC) were also measured for
comparison. The rounding of CV curve corners with small
redox peaks inferred the charge storage behavior of the
carbonaceous material with resistances (EDLC) and metal
oxides (pseudocapacitance) [16]. The magnitude of

pseudocapacitance is markedly larger than EDLC. This is
because charge storage in pseudocapacitors occurs by means
of redox reaction throughout the bulk of the electrode
material while it occurs only at the surface in EDLC [27].
The CV curves increased with an increase in the scan range
suggesting the high rate capability of materials. The specific
capacitance from the CV curve was calculated by equation
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where 1dV is the area under the CV curve, V is the
scan rate, m is the prepared active mass, and AV is the
potential window. The calculation results show that the
specific capacitance decreased with an increase in the scan
rate (Fig. 5 (d). A lower capacitance at higher scan rates is
due to none sufficient time for electrolyte ions to penetrate
into the electrode materials [28]. Interestingly, the
AC/LiFePOs showed higher values than those of the
ACNF/LiFePO, and pristine AC at low scan rates (2 —50 m

Fig. 6 displays GCD spectra for AC/LiFePO. (Fig. 6 (a)) and

ACNF/LiFePQ, (Fig. 6 (b)) electrodes. The GCD spectra
deviating from a straight line mainly came from the redox
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Fig. 5 (a) Cyclic voltammetry curves for the ACNF/LiFePOg, (b) AC/LiFePQs, (c) Pristine activated carbon and (d) The

corresponding specific capacitance.
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reactions of metal oxide [29]. No IR drop was observed
indicating good electrochemical stability and implying that
the composite material had a good capacitive characteristic
[14]. From the GCD spectra, the specific capacitance can be
calculated based on equation (2)

It
C=— )

mV
where 1 is the constant current, t is the discharge time, m is
the active mass of electrode material, and V is the potential
window. The charge/discharge time of AC/LiFePO4 spectra

was longer than that of ACNF/LiFePO, as clearly seen at a
current density of 0.25 Ag™ (Fig. 6 (c)). Such a result
indicated higher specific capacitance of AC/LiFePO,
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compared to ACNF/LiFePO, electrode and well agreed with
CV results. Fig. 7 (a) and (c) show the first charge/discharge

profiles between 2.50 — 4.20 V at various C-rates (0.20 —
5 C) for AC/LiFePOs and ACNF/LiFePO4 electrodes,
respectively. Almost no plateau region was observed in the
ACNF/LiFePQO,electrode spectra, while a short plateau with
a large slope region as the capacitive behavior at the reaction
interface was observed for AC/LiFePO.. Such behavior has
been reported for nanomaterials with high surface area
[30 — 31]. The initial discharge capacities of 45, 39, 29, 19,
and 5 mA hg for AC/LiFePO, electrodes were observed at
0.20, 0.50, 1, 2, and 5 C, respectively. Meanwhile, the initial

discharge capacities of the ACNF/LiFePQO, electrodes were
5.20, 2.90, 1.47, 0.78, and 0.30, mA hg™, respectively.
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Fig. 6 GCD spectra at various current densities (0.25 — 10.0 Ag™?) for (a) AC/LiFePO,4 and (b) ACNF/LiFePO4 electrodes.

(c) GCD spectra at a current density of 0.25 Ag.
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The low electrochemical performance of ACNF/LiFePO4
might have been from non-woven carbon nanofibers
providing slow electronic transport during charge-discharge
processes. The rate performance at 0.20 — 5 C of
AC/LiFePO4 and ACNF/LiFePO, composite materials are
shown in Fig.7 (b) and (d), respectively. It was found that
the AC/LiFePQ, electrode showed better discharge capacity
than that of the ACNF/LiFePO, electrode at all C-rates.
Such behavior may have been due to the activation carbon
(AC) providing more sites for LiFePO, and constructing
continuous pathways for electrons compared to activated
carbon nanofiber (ACNF). These facilitated the movement
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of electrons from all directions and thus improved electronic
contact between electrode materials [32]. Fig.8 shows the
cycle performance of AC/LiFePOs and ACNF/LiFePO4
electrodes at 0.20 C. The AC/LiFePQO, electrode delivered
higher discharge capacities (45 mA hg™) than that of the
ACNF/LiFePO, electrode (5 mA hg™) after 50" cycles at
0.20 C. The high discharge capacity of the AC/LiFePO4
electrode could have been caused by the synergistic effect
between materials. The distribution of LiFePO4
nanoparticles wrapped with a carbon sheet matrix may have
been better than that of non-woven carbon nanofibers.
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Fig. 7 First charge-discharge profiles of (a) AC/LiFePO, and (c) ACNF/LiFePO4electrodes. The rate capability of

(b) AC/LiFePQO4 and (d) ACNF/LiFePO, electrodes.
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Conclusion

Activated carbon nanofiber/lithium iron phosphate
composite nanostructures (ACNF/LiFePO4) and activated
carbon /lithium iron phosphate composite nanostructures
(AC/LiFePOQ4) were synthesized using electrospinning and
sol-gel methods, respectively, followed by the heat treatment
process. The prepared sample exhibited a uniform
nanosphere shape of LiFePO,4 with an average particle size
below 300 nm embedded in the porous carbon matrix. The
AC/LiFePO,4 electrode presented better electrochemical
properties than those of the ACNF/LiFePQO, electrode. A
maximum specific capacitance of 82 F g~* was observed at
2 m Vs, An initial discharge capacity of 45 mA hg™* was
observed at 0.20 C. Moreover, the AC/LiFePO, electrode
showed better cycle performance than that of the
ACNF/LiFePOs electrode at all C-rates. Good
electrochemical performance of AC/LiFePOs may be
assigned to (i) the formation of well-distributed activated
carbon matrix (AC) around LiFePO4 making great electronic
interconnections (ii) the nanoscale of LiFePO, particle size
reducing the diffusion distance of electron/ions and (iii) the
high surface area supporting a large number of sites for
electrolyte ions penetration. The interesting electrochemical
properties of AC/LiFePO, composite nanostructure make it
a potential candidate for use as electrode materials in energy
storage devices.
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