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Abstract. Since the commercialization of Li-ion batteries by Sony in 1990, the performance of cathode materials
used in Li-ion batteries has improved significantly. However, Li-ion batteries cannot respond to the needs of the
energy storage market in terms of energy density. In order to increase theoretical energy density of active
materials, molar mass of the active material should be decreased, or electron number participating per reaction
or reaction potential should be increased. In this study, it was aimed to produce cathode materials for Li-ion
batteries in the form of composite nanofibers via electrospinning method. For this purpose, porous LiFexMn;.
xPO4/C composite nanofibers (1 > x > 0) were synthesized with a scalable, two-step method (electrospinning and
subsequent heat treatment). The morphological, structural and electrochemical properties of the LiFexMns.
«PO4/C composite nanofibers were determined by scanning electron microscope, X-ray diffraction and
galvanostatic charge/discharge tests. Cathodes made of LiFexMn1xPO4/C composite nanofibers showed various
advantages such as long cycle life, improved electrochemical performance etc. due to the presence of carbon and
LiFexMn; PO, in the composite structure. With the addition of Mn to the structure of LiFePO4/C composite
nanofibers, electrochemical performance was improved. LiFeosMno2PO./C composite nanofibers showed the
best performance in terms of energy density among the samples. Further increment in Mn/Fe ratio resulted
declining electrochemical capacity and energy density.
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1. Introduction

Lithium-ion batteries (LIBs) have become the common power sources in commercial applications
such as portable electrical devices, electric vehicles and hybrid vehicles, parallel with the increased
interest in lighter, thinner and smaller products [1]. Demand in high capacity and high voltage electrode
materials is also increasing day by day for high energy applications. Among the cathode materials used
in LIBs, lithium metal phosphates (LiMPOa; M: Fe, Mn, Co) are one of the most promising materials
due to their high capacity, high voltage and safety. Redox potentials for LiIMPO4 (M: Fe, Mn, Co,
M*3/M*2 s, Li/Li*?), are ~3.4, 4.1 and 4.8 V, respectively. Although their theoretical capacities are close
to each other (approximately 170 mA*h g?), the redox reactions occur at different voltages, so
theoretical energy density of LiMnPO4 and LiCoPO4 are 20 and 40 % higher than LiFePOa, respectively
[1, 2]. Inaddition, Fe and Mn are not toxic and they are relatively cheap because of their high abundance,
so low-cost production is possible for commercial LIBs [3-5]. LIMPO4 contains active transition metals
suitable for redox reactions within the stable phosphate structure and demonstrate high lithium-ion
mobility as well as high electrochemical and thermal stability. However, it has very low electrical
conductivity. For this reason, LiMPO4 should be embedded in a conductive matrix in order to be used
effectively as a positive electrode in LIBs [5]. Yamada et al. have suggested that LiFexMn1xPO4 has a
higher energy density than LiMPO4 and can achieve higher capacity level due to the increase in the
amount of Mn. However, with the increase in Mn/Fe ratio the capacity decreased in the different
LiFexMn1xPO4 samples obtained by conventional methods. For this reason, it is very important to
determine the appropriate Mn/Fe ratio [6,7]. In another study, by Zhou et al. synthesized LiFeo.15Mno.gs
PO4/C nanocomposite by using high-energy ball milling. Discharge capacity of 103 mAh g* was
achieved at 1C [8]. The high-energy mixing method used in this study raises questions in terms of
material homogeneity and energy costs [9]. The high-energy mixing method used in this study raises
questions in terms of material homogeneity and energy costs [10]. Meligrana et al. produced LiFexMn;.
xPO4/C (0<x<1) nanocomposites by using surfactant via hydrothermal synthesis method.
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As given in the study, with the increase in the Mn ratio in the composite, the volume of the unit cell
increased and the LiFeo75Mno2sPO4/C sample achieved a capacity of 68 mAh g* at 14C [11]. Wang et
al. synthesized LiFeo.2sMno.75sPO4 nanorods on reduced graphene oxide by solvothermal method and its
discharge capacity was 107 mAh g at 50C [12]. In another study, LiFeosMnosPO4/C nanocomposites
were synthesized by solvothermal synthesis method. Similar to other studies, high capacity values have
been achieved at high C-rates [13]. Although the electrochemical performance, thermal and chemical
stability of materials obtained by these methods are good, the expensive and labor-intensive methods
spark question marks in terms of scalability. On the other hand, electrospinning is a well-known method
for mass production of pristine or composite nanofibers [14-16].

All the studies given above were carried out by traditional synthesis methods and there are very
limited studies in which electrospinning method was used. In one of these studies, LiFexMn1.xPO4/C (x:
0, 0.25, 0.50, 0.75 and 1) was synthesized by using polyvinylpyrrolidone (PVP) as a polymeric matrix.
Nanofibers with an average diameter of 220 nm were obtained after heat treatment. Approximately 100
mAh g capacity value was observed at 4C for LiFeosMnosPO4/C composite nanofibers [17]. This study
differs from previous studies in terms of polymeric matrix, Mn/Fe ratios and thermal processing
conditions. In our study, polyacrylonitrile (PAN) was selected as a polymer matrix. As known, PAN is
a polymer commonly used in the production of carbon fibers, carbon nanofibers and carbon nanofiber
composites. In addition, it is a very suitable polymer for obtaining fibers with electrospinning method
due to its high dielectric coefficient. Nanofibers obtained from PAN can be used as separators in LIBs,
or can be converted into carbon nanofibers by applying suitable heat treatment, and these materials can
be used as anodes in LIBs [18]. In addition, PAN can be used for preparation of Fe.O3/C [19], Si/C [20],
Sn0O,/C [21] composite nanofibers and can be used as anode materials in LIBs. Composite nanofibers
such as LiFePO4/C [22] and Li2MnSiO4/C [23] were produced with PAN polymer matrix and were used
as cathode material in LIBs.

In this study, electrospun, porous LiFexMnixPO4/C composite nanofibers (1 > x > 0) were
synthesized via two-step method. In the first step precursor filled PAN solutions were electrospun. In
the second step synthesis of LiFexMn1.xPO4/C composite nanofibers was carried out by heat treatment.
The morphological, structural and electrochemical properties of the LiFexMnixPO4/C composite
nanofibers were determined based on Fe/Mn ratio. Scanning electron microscopy (SEM), x-ray
diffraction analysis (XRD) and electrochemical characterization methods were used to understand the
relationship between performance and morphology/structure of LiFexMn1.xPO4/C composite nanofibers.

2. Materials and methods
2.1. Preparation of LiFexMn1-xPOasp precursor solutions

In order to prepare LiFexMn1xPO4/DMF precursors, lithium acetate dihydrate (CH3COOL.-2H20,
%99.95, Sigma), iron (1) acetate (Fe(CHsCOO)2, %95, Sigma), manganese (1) acetate (Mn(CHsCOO)s,
>9%099, Sigma), phosphoric acid (HsPO4) were dispersed in dimethylformamide (DMF, Merck) with
stoichiometric ratios as shown in Table 1. All chemicals were used without further purification and were
used after drying in a vacuum oven (Daihan Wisd) at 50°C for 24h. The total solid material concentration
in the solutions was 16 wt%.

Table 1. Stoichiometric ratios of chemicals used in the preparation of precursors

Li Acetate Fe Acetate Mn Acetate H3PO4 Fe/Mn Ratio
LiFePOa4 1 1.0 0 1 -
LiFeo.sMno.2PO4 1 0.8 0.2 1 4.00
LiFeo.sMno.4PO4 1 0.6 0.4 1 1.50
LiFeo.4aMno.sPO4 1 0.4 0.6 1 0.33
LiFeo.2MnosPO4 1 0.2 0.8 1 0.25
LiMnPOg4 1 0 1.0 1 -
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2.2. Preparation of PAN solutions

PAN with an average molecular weight of 150 kg mol™ was obtained from Merck. DMF (Merck)
was used as a solvent. All chemicals were used without further purification. PAN was used after drying
in a vacuum oven (Wisd, WOV-20, Daihan) at 40°C for 24 h. 8 wt. % PAN containing solutions were
prepared by magnetic stirring (Wisd, MSH-20A, Daihan) at room temperature for 24 h and LiFexMn;.
xPO4 precursor solutions (Table 1) were incorporated into the PAN solutions.

LiFexMn1-xPO4/DMF precursors and PAN/DMF solutions were mixed 1:1 by weight and mixed by
an ultrasonic mixer for 12 h in order to prepare the final electrospinning solutions. The concentration of
PAN and LiFexMn1.xPOa4 precursors were 4 and 8 wt. % respectively in the final spinning solutions. The
solution concentrations used in this study and the parameters of the electrospinning process were based
on our previous studies [18, 20, 21].

2.3. Production and characterization of LiFexMn1xPO4 precursor/PAN nanocomposite fibers and
LiFexMn1-xPO4 /C nanocomposite fibers

The parameters for the electrospinning process were determined based on our previous optimization
studies and can be given as: 0.5 mL h feed rate, 15 cm tip-to-collector distance, 15 kV potential
difference, ~25°C and ~60% relative humidity. LiFexMn1.xPO4 /C nanocomposite fibers were obtained
after LiFexMn1xPQO4 precursor/PAN nanocomposite fibers were exposed to heat treatment. Two-step
heat treatment was performed. In the first step, known as stabilization, the linear structure of PAN was
deteriorated and turned into a ladder-type structure [18, 20, 21]. This process was performed under air
at 280°C for 5 h. The second step was carried out under Argon at 700°C for 18 h and in this stage
polymer chains in the ladder-type structure were cross-connected to form graphene layers in the
structure.

2.4. Morphological characterization

LiFexMn1.xPOs precursor/PAN nanocomposite fibers and morphology of LiFexMni.xPO4/C
nanocomposite fibers were examined by scanning electron microscope (SEM). In this study the
SEMoscope-Tabletop-SEM device was used at 20 kV. The samples were sputter coated 3-6 nm thick
with Au/Pd alloy before examination.

2.5 X-ray diffraction (XRD) analysis

XRD was used for structural characterization of LiFexMn1.xPO4/C (x: 1, 0.8, 0.6, 0.4, 0.2 and 0)
composite nanofibers. The measurements were carried out in PANanalytical Empyrean at Eskisehir
Osmangazi University Central Research Laboratory Application and Research Center. Measurements
were made using Cu Ka radiation (wavelength 1.5405 A) at 0.05°s scanning speed in the range of 0-
45°,

2.6 Electrochemical characterization

For the electrochemical characterization, approximately 20 um thick composite nanofiber mats were
cut in circular form with a diameter of approximately 12 mm, dried under vacuum at 100°C for 24 h.
CR2032 type half-cells were prepared in the glovebox under Argon atmosphere (H2O<l ppm;
O2<1ppm). Al was used as a current collector, Celgard 2400 was used as a separator and lithium metal
was used as reference electrode. 1M LiPFg salt was dissolved in ethylene carbonate, ethyl methyl
carbonate and dimethyl carbonate (1:1:1 v/v/v) and this solution was used as an electrolyte. LiFexMn;.
xPO4/C composite nanofibers were used directly as positive electrodes in Li-ion half cells. Cycle
performance was analyzed by charging and discharging over 50 cycles in the range of 2.5 -4.2 V at 34
mA g current density (C/5). Schematic representation of experimental procedure of this study was
given in Figure 1.

Mater. Plast., 58 (2), 2021, 211-219 213 https://doi.org/10.37358/MP.21.2.5493


https://revmaterialeplastice.ro/

MATERIALE PLASTICE @ (3)
https://revmaterialeplastice.ro
https://doi.org/10.37358/Mat.Plast.1964

K

Figure 1. Schematical
representation of
experimental procedure
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3. Results and discussions
3.1 Morphological characterization

In order to analyze the morphology of the electrospun fibers and fibers after carbonization process
samples were analyzed by SEM. The electrospun fibers are shown in the first column in Figure 2 (a, e,
I, m, r,Vv), in the second column in Figure 2 (b, f, j, n, s, w) carbonized nanofibers are given. The diameter
distribution graphs of electrospun fibers (c, g, k, 0, t, X) and carbonized fibers (d, h, I, p, u, y) are given
in the third and fourth columns of Figure 2, respectively.
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Figure 2 SEM images of electrospun fibers (a, e, I, m, r, v), carbonized nanoflbers
(b, f, j, n, s, w) the diameter distribution graphs of electrospun fibers (c, g, k, o, t, X) and
carbonized fibers (d, h, I, p, u, y)

As can be seen from the first column of Figure 2 all samples were successfully electrospun with
right-skewed diameter distribution. However, some irregularities such as agglomerations, bead
formation were also observed in these samples due to high filler content. The average diameter of
electrospun fibers nanofibers with the following precursors LiFePOa, LiFeo sMng2PO4, LiFeo.sMno 4POs4,
LiFeo.4MnoePOs4, LiFeo2MnogPOs, LIMNPO4 were determined as 254, 344, 310, 231, 327, 306 nm,
respectively.

As can be seen from images (Figure 2 a, e, i, m, r, v) precursors were homogeneously
dispersed/embedded in the PAN matrix that is very critical for the synthesis and performance of the
cathode materials. The average fiber diameter values for LiFePO4/C, LiFegsMno2PO4/C,
LiFeosMno4PO4/C, LiFeo4aMnosPO4/C, LiFeo2MnosPO4/C, were calculated as 192, 287, 217, 162, 232,
212 nm respectively. As seen from images (Figure 2 b, f, j, n, s, w) active materials were nicely coated
by carbon. After the carbonization process since PAN was converted into carbon, all fibers shrunk, and
fiber diameter values decreased (Table 2) around 17-30%. It can be interpreted from SEM images,
addition of Mn into the spinning solution, generally led to increase in the average fiber diameter
compared to LiFePOyq fibers. For LIMnPO4/C at some places continuous fiber form was lost because of
the agglomeration of the active materials. However, no direct relationship and significant difference
were found between composition and fiber diameter for other Mn containing samples. That was also
previously reported for LiFexMn1xPO4/C composites synthesized by a solid-state route [26].

Table 2. Average fiber diameter, fiber diameter distribution and crystallite size values

Before heat-treatment After heat-treatment
07 (nm) FDU DT (nm) FDU C8% (nm)
LiFeP(Dy/C 2534 1.72 192 (-24.4 %) 1.51 31.05
LiFepsMnp :POLC 344 207 287 (-16.6 %) 2.0 36.42
LiFep sMnp sPOLC 310 1.36 217 (-30 %) 1.53 32.58
LiFep sMnp sPOL'C 231 1.09 162 (-29.9 %) 1.16 29.07
LiFep:MnpsPO4'C 327 1.60 232 (-29°9 'j 1.29 3481
LiMnPOy/'C 306 2.64 212 (-30.7 %) 2.62 31.18

Df: average diameter; CS*: crystallite size
In addition to fiber diameter distribution, fiber uniformity was also calculated. The following formula

was used to determine the uniformity of the diameter distributions (FDU) of the fibers obtained before
and after heat treatment:
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Accordingly, D90, D50, D10 values correspond diameter value, which is 90%, 50% and 10% of the
fibers, respectively. The closer the FDU value is to 1, the greater the uniformity of the diameter
distribution [18]. Table 2 shows the change in the values of FDU for different samples before and after
heat treatment. When Table 2 is examined, LiFeo.4MngsPO4 precursor/PAN and LiFeo.4MnoPO4/C were
determined as the samples those showing the narrowest diameter distribution.

DU

3.2 Structural characterization of LiFexMn1-xPO4/C nanocomposite fibers

XRD has been used for structural characterization of LiFexMn1xPO4/C composite nanofibers.
Scherrer equation was used to determine the average crystallite size (CS) of LiFexMn1.xPO4/C composite
nanofibers [18]:

09 x4
" B % cosf @)

where 1 is wavelength of the x-ray; @ is the Bragg angle; g is the half-height width of the peak and the
K is the correction factor obtained at the end of XRD. The crystallite sizes of the 5 most pronounced
peaks were calculated and the average of these values was taken in the calculation of the average
crystallite size. Accordingly, characteristic peaks for LiFexMn1xPO4/C composite nanofibers were
observed at 35.59° (131), 25.56° (111), 29.70° (121), 20.77° (110) and 17.15° (020), respectively. Table
2 shows the average crystallite size and average diameter values for different samples after heat
treatment. As a general trend, increase in the fiber diameter led to formation of bigger crystallites. That
was probably caused by the higher probability of particle grow. In the case of higher diameter, the
amount of precursor in the cross-section was assumed to be higher and that led to higher chance to
formation of bigger particles. As obvious from the Figure 3, all samples matched with the olivine
structure and no foreign crystal phases were observed. In parallel with the literature, as the Fe/Mn ratio
increased XRD patterns appeared to shift to higher Bragg angles [8]. In addition to these results, Rietveld
analysis with Highscore Plus software was also performed and, it was observed that all samples had
orthorhombic crystal structure with Pnmb space group. Another observation related with the structure
was small peak shift from 36° to 35° with the increase in the Mn content. That could be related to the
lattice change from LiFePO4 to LiMnPO4 [26].

3.3 Electrochemical characterization of LiFexMn1xPO4/C nanocomposite fibers

LiFexMn1.xPO4/C composite nanofibers were used directly as positive electrodes in Li-ion half cells.
Cycle performance of the cathodes was analyzed by charging and discharging over 50 cycles in the range
of 2.5 4.2 V at 34 mA g* current density (C/5). The cyclic performance results are given in Figure 4.
Accordingly, LiFePO4/C composite nanofibers showed the best cyclic performance. In general, as the
Mn/Fe ratio in the LMPO4/C (M: Fe, Mn) structure increased, the capacity value decreased. When the
composite nanofibers were compared, LiFeq.sMno2PO4/C showed the most stable performance. The first
cycle charge capacities for LiFexMn1xPO4/C composite nanofibers with the value of x=1, 0.8, 0.6, 0.4,
0.2 and 0 were found to be 140, 120, 100, 60, 60 and 6 mAh g, respectively. Accordingly, the first
cycle Coulombic efficiencies for LiFexMn1.xPO4/C composite nanofibers with the value of x= 1, 0.8,
0.6, 0.4, 0.2 and 0 were calculated as 82, 71, 62, 55, 55 and 12 %, respectively. With the addition of Mn
into LiFePO4, Coulombic efficiency decreased. There are basically two reasons for the decrease in
electrochemical performance. One of them is the structural change given in XRD results. In the case of
higher Mn/Fe ratio of LiFexMn1-xPO4/C composite nanofibers, the shift was observed that was an
indication of inherent lower electrical conductivity. The other reason can be given as the morphology
of the active material. As can be seen from Figure 2, for LIMnPO4/C at some places continuous fiber
form was lost because of the agglomeration of the active materials. Since the connecting electrically
conductive network formation was disturbed the electrochemical performance of LiMnPO./C was the
lowest in all samples. The initial increase in capacity was thought to be due to the delayed penetration
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of the electrolyte. As the electrolyte diffused into the porous structure over time, capacity values
increased. However, these values are very inadequate for this sample to be commercialized. As noted by
Yamada et al., the Mn-rich phase ((1-x) > 0.8) in LiFexMn1.xPOx4 is not suitable for high-specific capacity
cathode materials. The strong electron—lattice interaction (Mn®*": 3d4) in particular charged state
((Fex**Mn1>")PQ4) causes Jahn-Teller effect and limits the expansion and narrowing of the lattice, thus
reducing the electrochemical activity [7, 8].

5 M 3 0 3 4N &
LiMnPO/CNEs * ' o 1%
L D i
| 1 | =11
I = 160F LiFePO/CNFs
LiFep,Mn,,POJC NFs | ¢ MM "
ST Emw “op %0y
~_ u‘g“l‘;\,,‘\ ‘”‘q\q"-“w A ~ 120 ”“W‘hﬂ"’"’m
= L.Feo7Mn06F04/c NFs | ) R ™
CJ . (‘ \“ 'S l(l)w»»”.» ", " 2
g #,;u_wguq U ] < L LiFe, ;Mn, PO,/C NFs ", ™
Z P =9 »
= LlFeo_ﬂ‘MnO_‘,fO,,/CNFs \ & 80P LiFe, Mn, PO,/C NFs
g I‘ fi | u, & R o ot " ot '"',ﬁhﬁw
8 U oo o @ o
1< LiFeuﬁMn“PO,,/CNFs E'n [ LiFe, ,Mn, JPOJCNFs
= I T « dp
W, _J“u' HMW“\_‘-' ] \:\\_’, ‘_'__ o — b
LnFcPO CNFs o 204
! ]7' \ o - LiMnPO,/C NFs
| ‘| r ‘I“ i Q ’rnnr;l:::ﬂ!::& ISR ENNBgANRIERAE SN2 EsEOagee
. ) A JWan g
w0 0 10 2 30 4 m
15 20 25 30 3B 40 5 Gvde Numd
Figure 3. XRD patterns of Figure 4. Cyclic performance of LiFexMn1xPO4/C
LiFexMn1.xPO4/C composite nanofibers composite nanofiber based half-cells at

El-

Figure 5. The first cycle energy
densities of half cells produced from
LiFexMn1xPO4/C composite
nanofibers

40

Energy Density (Wh kg')
£

Sanples

In Figure 5, the charge/discharge energy densities of LiFexMn1xPO4/C composite nanofibers were
evaluated. When Figure 5 was examined, the first cycle discharge energy densities obtained from
LiFexMn1xPO4/C composite nanofibers with the value of x: 1, 0.8, 0.6, 0.4, 0.2 and 0 were determined
as approximately 430, 450, 337, 214, 229 and 15 Wh kg2, respectively. Accordingly, the highest energy
density was obtained for LiFeosMno2PO4/C composite nanofibers during charging and discharging.
When the Mn ratio in the LiFexMn1.xPO4/C structure was more than 0.2, significant reduction in capacity
and energy density were observed.
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4. Conclusions

In this study, LiFexMn1xPO4/C composite nanofibers were synthesized via combination of
electrospinning and thermal process. PAN was used as the binder material for the precursors in the
electrospinning solution and as the carbon source for the cathode material. The morphological, structural
and electrochemical characteristics of the fibers were determined. Precursor containing nanofibers were
successfully electrospun. LiFexMn1.xPO4/C composite nanofibers showed lower average fiber diameter
values compared to precursor filled samples. The structure of LiFexMn1.xPO4/C composite nanofibers
matched with the olivine structure and no foreign crystal phases were observed. As the Fe/Mn ratio
increased, XRD patterns appeared to shift to higher Bragg angles and all samples had orthorhombic
crystal structure with pnmb space group. The first cycle charge capacity values of LiFexMn1.xPO4/C
composite nanofibers with the value of x=1, 0.8, 0.6, 0.4, 0.2 and 0 were determined as 140, 120, 100,
60, 60 and 6 mAh g?, respectively. The first cycle Coulombic efficiencies for LiFexMn1.«PO4/C
composite nanofibers with the value of x=1, 0.8, 0.6, 0.4, 0.2 and 0 were determined as 82, 71, 62, 55,
55 and 12%, respectively. In general, the charge capacity and Columbic efficiencies decreased as the
Mn/Fe ratio in the composite nanofiber structure increased. Among all composite nanofiber samples,
LiFeosMno2PO4/C showed the most stable performance with the highest energy density.
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