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Abstract — Electrochemical properties of LiMn, gFe, ,PO4 cathode were investigated with gel polymer electrolyte (GPE).
To access fast and efficient transport of ions and electrons during the charge/discharge process, a pure and well-crystallized
LiMn sFe(,PO,4 cathode material was directly synthesized via spray-pyrolysis method. For high operation voltage,
polyacrylonitrile (PAN)-based gel polymer electrolyte was then prepared by electrospinning process. The gel polymer
electrolyte showed high ionic conductivity of 2.9 x 10> S ecm™ at 25°C and good electrochemical stability. Li/GEP/
LiMng gFe)2POy cell delivered a discharge capacity of 159 mAh g at 0.1 C rate that was close to the theoretical value (170
mAh g). The cell allows stable cycle performance (99.3% capacity retention) with discharge capacity of 133.5 mAh g! for
over 300 cycles at 1 C rate and exhibits high rate-capability. PAN-based gel polymer is a suitable electrolyte for application
in LiMn gFe(,PO4/Li batteries with perspective in high energy density and safety.
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1. Introduction

Cathode materials are one of the most important components of
lithium ion batteries [1-3]. For lithium ion batteries, LIMPO, (M =
Fe, Mn, Co, Ni ...) compounds having an olivine structure have
attracted great attention as cathode materials because of stable crystal
structure upon electrochemical reaction with Li* [4]. Among the others,
LiFePOy is recognized as one of the most promising material for
applications in large-scale energy storage due to its good stability,
non-toxicity, low cost and especially high theoretical capacity (~ 170
mAh g) [5,6]. However, LiFePO, has issues of poor conductivity
(both ionic and electronic), which generally causes the loss of capacity
at high charge-discharge current density [7,8]. At the same time,
LiMnPOQy is also attracting attention since its properties are similar to
those of LiFePO,. Furthermore, LiMnPOy, has higher energy density
than LiFePOy (3.4 V vs. Li/ Li") thanks to the higher potential of Li*
storage: 4.1 V vs. Li/ Li* [9-14]. However, also, the LiMnPO, exhibits
low electronic conductivity (<1071 S em™), a slow lithium ion diffusion
(<107'® cm? S compared to the LiFePO, (1.8 x 10 S em™), and thus
low specific discharge capacity and rate performance [15]. Moreover, it
shows the Jahn-Teller effect caused by limits of lattice distortions
since the Mn®" at charged state destroys the structural stability in the
electrochemical activity, which results in poor capacity retention
[16,17]. To overcome these problems, Mn site can be substituted by
Fe, providing advantages of improved stability of LiMnPO, by
better electron conductivity and weakening Jahn-Teller distortion of
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Mn*" ion by forming LiMnyFe; (PO, (LMFP) solid solution [18].
Recently, many studies have been carried out on the synthesis, phase
structure, reaction mechanism and performance improvement of LMFP
[19-23]. LMFP with x < 0.4 has often been employed in lithium ion
batteries, while LMFP with x > 0.75 and Mn-rich phases has not been
investigated due to the poor performance with commercial liquid
electrolyte (EC:DMC 1M LiPF) [24,25].

Polyacrylonitrile (PAN)-based gel polymers are perspective
electrolytes for addressing this problem [26,27]. The PAN has additional
characteristics of low flammability, good processability, oxidative
degradation and electrochemical stability. It contains a nitrile group
with strong polarity that prevents alignment of the polymer chains
during electrospinning, allowing the production of flexible membranes
with excellent mechanical strength. Furthermore, PAN gel polymer
electrolytes exhibited interesting properties such as high ionic conductivity,
high oxidation stability >4.7 V, improved thermal stability, good
electrolyte absorption and compatibility with lithium metal anode [28].
Indeed, it has been proved to minimize the dendrite growth during
charge/discharge [29].

In this study, PAN-based gel polymer electrolyte is used together
with LiMng gFey,PO4 (LMFP) cathode. The PAN membrane was
prepared by electrospinning and showed high ionic conductivity and
electrochemical oxidation stability. By coupling the PAN-based
electrolyte with LMFP cathode in Li-half cells we demonstrate a high
discharge capacity, excellent cycle performance and good rate-capability.

2. Experimental

2-1. LiMng gFe(,PO4 synthesis
All chemicals (99%) for LMFP synthesis were obtained from
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Aldrich. Stoichiometric quantities of LiCl, FeCl,4H,O, Mn
(COOCHj3),-4H,0 and H3PO, were dissolved in distilled water, and
homogeneous precursor solution with a concentration of 0.05 M was
gained. HCI was added to control the pH of the precursor solution.
The synthesis started with the atomization of the precursor solution,
which was done by a fluid-nozzle utilizing nitrogen gas. Thus, a fine
aerosol with an average droplet size below 30 um was created. The
aerosol was transported into the reaction chamber, which consisted
of a quartz tube placed in a furnace with three-step heating zones.
For the LiMnygF(,PO4 synthesis the first heat zone was held at
approximately 70 °C to preheat the aerosol. The second and third heat
zones were kept at 800 °C. The product was collected by sedimentation
in a round bottom flask which was held at a temperature of 120 °C to
avoid the condensation of vaporized water.

2-2. Gel-polymer electrolyte (GPE) preparation

Electrospinning process was employed for the preparation of PAN-
based gel polymer electrolyte. In particular, the colloidal solution for
electrospinning was prepared by dissolving 0.6 g of PAN (Mw:
200,000, Polysciences, Inc) in 10mL of dimethylformamide (DMF,
Samchun, 99.5%). The prepared solution was filled in a plastic syringe
equipped with a 21-gauge stainless steel nozzle. The filled solution
was ejected at a flow 0.5 mL !, the rotation speed of the drum collector
was 200 rpm, the applied voltage between the collector and the
syringe tip was maintained at 18 kV. The PAN nanofibers obtained
after electrospinning were dried in a vacuum oven at 80 °C for 12 h.
Finally, the gel polymer electrolyte was prepared by soaking the
electrospun PAN matrix for 3 min in a solution of 1 M LiPFg in ethylene
carbonate (EC)/dimethyl carbonate (DMC) (1:1 by vol.) [PanaX. Etec
Co.].

2-3. Characterization Techniques

The morphology and three-dimensional surface structure were
investigated through field-emission scanning electron microscopy
(FE-SEM, JSM-7610F, JEOL). An energy dispersive x-ray spectrometer
(EDS, JSM-7610F, JEOL) analysis was performed to identify the
overall elemental distribution of the FE-SEM image by color difference.
Phase was analyzed by X-ray diffractometry (XRD, SmartLab3, Rigaku)
using Cu-radiation. The electrochemical property of the LMFP was
analyzed by building coin cells using PAN-based gel polymer as both
electrolyte and separator. For half-cell, lithium metal was used as
counter electrode. The gel polymer electrolyte was used by soaking
PAN matrix in a solution of 1 M LiPFg dissolved in ethylene carbonate
(EC)/dimethyl carbonate (DMC) (1:1 by volume). The cathode was
prepared by mixing LMFP, carbon black and poly vinylidene fluoride
(PVDF) in a weight ratio of 85:8:7. Cyclic voltammetry (CV) measurements
of the Li/GPE/LMFP cells were performed at a scan rate of 0.1 mV ™!
over 2.5~4.4 V. The charge/discharge characteristics of samples
were measured at various current densities in the voltage range of
2.5~4.4 V. Electrochemical performance was tested using an automatic
galvanostatic charge-discharge unit, WBCS3000 battery cycler. The
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area of the cathode was 0.785 cm? with a mass loading 2.6 mg. Rate
performance was investigated at different current densities ranging
from 0.1 C to 5.0 C (1C =170 mA).

3. Results and Discussion

Fig. 1 shows the X-ray diffraction (XRD) patterns of the LMFP:
LMFP has an olivine structure corresponding to standard LiMnPO4
(JCPDS No.74-0375) and LiFePO4 (JCPDS No.40-1499). The
crystalline parameters of LMFP are reported in Table 1. These values
range between LiFePO,4 and LiMnPO,. Refined unit cell parameters
were calculated from XRD patterns as a = 10.41, b=6.07, and ¢ =
4.731, corresponding to orthorhombic unit cell, similar to LiFePO4
and LiMnPO, compounds. There was no evidence of crystalline and
amorphous carbon since there was only very small amount of carbon
and thin layer on LMFP. No impurity phases from the entire diffraction
patterns of LMFP were detected, while quite narrow peaks indicated
well-crystallized structure. Elemental analysis was used to determine
the amount of carbon, i.e., around 2% for all samples.

The morphology of the sample was observed by field-emission
scanning electron microscopy (FE-SEM) while the element distribution
by using the FE-SEM energy dispersive x-rays spectroscopy (EDS).
The FE-SEM images, Fig. 2(a), show that all particles have spherical
morphology with a uniform fine-grained microstructure and particle
size in the range of 2~3 um. The LMFP microspheres are composed
of smaller primary particles with sizes of about 80 nm. The microspherical
morphology is necessary to improve the tap density of the electrode
powder because they can be better packed together [30-32]. In fact,
the LMFP electrode has high tap density of 1.25 g cm™, which is higher

(111

011
(200)

& (020)

E(101)

LiMnPO4 (# 74-0375)
I |I| | Illl.. |I.lll| e e

Intensity (a.u.)

LiFePO4 (# 40-1499)

1 III. | Ilu‘l .,.1....,l et
10 20 30 40 50 60 70 80
20 (degrees)

Fig. 1. XRD patterns of standard LiFePO4, LiMnPOy4 and prepared
LiMIl()_xFe(]_2P04.

Table 1. Unit cell parameters of LiFePO4, LiMnPO4 and prepared

LiMIl()_xFe(]_zPO4
Cell parameter (A)
Sample
a b c
LMFP 10.41 6.07 4.731
LiMnPO, 10.46 6.10 4.744
LiFePO, 10.35 6.02 4.704
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Fig. 2. SEM images (a) and EDX images (b) of LMFP microspherical powders.

than typical tap densities of nanoparticles (0.3~0.8 g cm™) [33]. The P is very uniform in the particles. Furthermore, the distribution of C
high tap density improves the volumetric capacity. Fig. 2(b) shows element is also homogeneous, confirming a uniform layer on the surface
the SEM images of LMFP and the corresponding EDS element mapping of LMFP microspheres.

of Fe, O, C, P, and Mn. The distribution of elements, Fe, Mn, O, and The PAN matrix is fabricated through electrospinning. Fig. 3(a)
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Fig. 3. SEM images of electrospun PAN membrane (a) and gel polymer electrolyte (b), electrochemical impedance spectroscopy (c¢) and LSV
(d) of gel polymer electrolyte.
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shows FE-SEM images of the electrospun PAN nanofibers. The fibers
display homogeneously distributed diameters in the range 200 to 350 nm
and a relatively smooth and straight surface structure. They are made
up of a network of interlaid fibers, and the interconnection of the
fibers imparts sufficient mechanical strength to the membrane for
safe handling. Fig. 3(b) shows FE-SEM images of the PAN membrane
after soaking in the electrolyte. Membranes that absorb large amounts of
liquid electrolyte appeared to have high porosity and partial gelation
of PAN membranes. The gelation of porous PAN membranes is
attributed to the affinity with the electrolyte solution for the presence
of polar functional groups present in the PAN [34]. The ionic conductivity
of PAN-based gel polymer electrolytes is calculated from o = L/AR,A).
(where R, is the bulk resistance of the gel electrolyte obtained from
the complex impedance measurement, L and 4 are the thickness and
area of the sample membrane disk, respectively). R, could be obtained
from the real axial intercept of the complex impedance at the high
frequency end of the Nyquist plot [35,36]. Fig. 3(c) shows the complex
impedance spectra of the PAN-based gel polymer electrolyte at room
temperature. The ionic conductivity is of 2.9x10 S/em. Fig. 3(d)
shows the linear sweep voltammograms (LSV) of PAN-based gel
polymer electrolyte. The gel polymer electrolyte has high electrochemical
oxidation stability up to 4.9 V. From the electrochemical window
results, it is established that PAN-based gel polymer electrolyte is
acceptable with high voltage intercalation compound cathodes like
LMFP.

Fig. 4 displays the electrolyte uptakes of the PAN membrane with
time. The membrane reached its respective maximum amounts
within 2 min. The PAN matrix exhibited high absorption (~370%)
because it consists of fibers with pores. The liquid electrolyte is trapped
in the spaces formed between the polymer fibers, resulting in the
absorption of higher amount of liquid electrolyte. The high uptake
of liquid electrolyte in gel phase is beneficial to achieving high
electrochemical properties.

Fig. 5 reports the cyclic voltammetry (CV) of LiFePO4 and LMFP
in the voltage range between 2.5 and 4.4 V. The CV of LMFP shows
the redox activity of the Mn>"/Mn’" and Fe*'/Fe*" couples (peak potentials
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Fig. 4. Uptake analysis of electrospun PAN membrane.
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Fig. 5. Cyclic voltammetry of LiFePO4 and LMFP cells.

at about 4.18/3.94 V and 3.67/3.48 V, respectively) at the expected
ratio of the charges involved (4:1). On the comparison with LiFePOy,
the oxidation peak potential of Fe,"/Fes" shifts slightly to lower
potential (from 3.57 V to 3.67 V), while reduction peak to higher
(from 3.3 V to 3.48 V). This means that the Fe redox pair of LMFP is
more reversible than in LiFePOj. It is clear that the presence of Mn?"
is affected by the electrochemical reaction of the Fe.

Fig. 6(a) shows the discharge-charge voltage profiles of Li/GPE/
LMEFP cell from 1% to 5% cycles, using a current of 0.1C (17 mA g™).
The discharge capacity reaches 159 mAh g in the 1% cycle and
159.7mAh g and 160.1 mAh g in the 2" and 5% cycles, respectively,
with a low irreversible capacity in 1%
highlight two distinct plateaus at ~ 3.5 and ~ 4.0 V, respectively, associated
with the Fe?" / Fe** and Mn?" / Mn*" redox couples. A slope profile is
highlighted in the Fe** / Fe>* reaction region, which is related to the

cycle. The voltage profiles

solid solution phase transformation mechanism [37,38]. A broad flat
plateau around 4 V shows a two-phase equilibrium between the phase
of fully lithiated LiMnPO, and the phase of fully delithiated MnPO,
[24]. The discharge capacity and operation potential is higher than
the reported Li/LiFePO4 and LiMnPOy, gel polymer cells [22,28,29].
The rate performance of Li/GPE/LMFP cells is reported in Fig. 6(b)
at different current rates within 10 cycles. The reversible discharge
capacity remains 147.3 mAh g at 0.5 C and 84.8 mAh g atthe 5 C
rate without any capacity fade for over 70 cycles. The LMFP cell shows
good capacity stability at every rate and the cell recovers almost the
full discharge capacity at initial cycle when the current is lowered
back to 0.1 C after 50 cycles at different rates, which means that the
cell has good rate capability. The prolonged cycling performance of
Li/GPE/LMFP cell at 1.0 C rate was also evaluated. As shown in
Fig. 6(c), the discharge capacity of LMFP remains stable at 133.5
mAh g for over 300 cycles. The discharge capacity retention rate
measured in the first cycle was 99.3%, while Coulombic efficiency
at the first cycle was 98%, while is higher than 99% from 2" until
the 300™ cycle, with no capacity loss.
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Fig. 6. Charge-discharge profiles (a), rate-capability (b) and cycle performance Li/GPE/LMFP cells.

4. Conclusions

The electrochemical performance of high voltage Li/LiMny gFey,PO4
cell was evaluated using a PAN-based gel polymer electrolyte. The
LiMng gFe,PO, synthesized by spray-pyrolysis method showed
well-crystallized structure with microspherical morphology. The
electrospun PAN-based gel polymer electrolyte demonstrated high
jonic conductivity, of about 2.9 x 102 S em™ at 25 °C, and high
electrochemical oxidation stability. The PAN polymer electrolyte
coupled with LiMnggFe(,PO, in Li-half cells exhibited high and
excellent cycling performance with initial discharge capacity of 159.0,
147.3, 134.8 and 84.8 mAh g" at 0.1, 0.5, 1 and 5 C-rates, respectively.
In addition, even after 300 cycles at the high current rate of 1 C, a
discharge capacity of 133.5 mAh g'! was obtained with high retention
and low capacity loss of only 0.004% per cycle. The results here
reported demonstrate that PAN-based gel polymers prepared through
electrospinning techniques are suitable electrolytes for application in
Li/LiMng gFe,POy4 cells.
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