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Abstract

Spinel-structured LiNi, sMn; 50, (LNMO), which is used as a cathode material for lithium-ion batteries, offers economic and
eco-friendly advantages, as it operates at a high voltage of 5 V and does not require expensive cobalt. However, challenges
such as low electronic conductivity and volume changes due to phase transitions during charging and discharging at 3 V
or lower persist, resulting in capacity degradation. In this study, LNMO nanofibers were created using the electrospinning
method to tackle the volume expansion issue and maintain structural integrity of the material. In addition, the electrode was
constructed with carbon nanotubes as a conductive material to improve electronic conductivity. Electrochemical evaluations
showed that LNMO nanofibers combined with carbon nanotubes exhibited a higher capacity and outstanding cyclability

compared to LNMO powder.
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Introduction

Lithium-ion batteries offer numerous advantages over other
types of metal-ion batteries, such as a high energy density,
high operating voltage, and low discharge rate [1-3]. They
have found widespread use in various applications, including
electric vehicles and hybrid electric vehicles, where a higher
energy density is essential to increase driving range [4-6].
A battery comprises four essential components: an anode,
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cathode, separator, and electrolyte. However, the cathode
materials play a crucial role in determining the battery’s
capacity, depending on how much lithium they contain and
how effectively they function at high voltage [7]. Therefore,
the development of efficient cathode materials is vital in
improving the performance of lithium-ion batteries.

Among the appealing cathode materials, LiNi, sMn, 5O,
(LNMO), with its spinel structure, has gained significant
attention as an economical and eco-friendly option. This is
due to its high operating voltage (4.7 V vs. Li/Li*) achieved
through the Ni**/Ni** redox reaction, and the absence of
expensive and scarce cobalt (Co) [8—11]. However, electro-
lyte decomposition occurs at high or low voltage (<3.0 V
vs. Li/Li"), and the reaction with the electrode is chemi-
cally unstable [12, 13]. As a result, researchers aim to dis-
charge the material at 3 V or less to enhance its capacity.
Moreover, there are challenges such as reduced capacity over
cycles due to volume changes from a cubic to a tetragonal
structure during charging and discharging, as well as lim-
ited rate capability resulting from low electronic and ionic
conductivity.

To solve these problems of LNMO, nanostructuring of
LNMO is being actively researched [14, 15]. In particu-
lar, it is known that nano-sized materials can solve volume
changes and capacity degradation due to phase transitions.
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This is because the large specific surface area allows for a
wide interfacial reaction with the electrolyte, and the short
lithium-ion diffusion length allows for a fast kinetic reac-
tion. In recent years, S. Tao has developed a straightforward
method to synthesize composites consisting of nanoscale
TiO,-coated LNMO, which exhibit outstanding rate capa-
bility and excellent cycling ability [16]. Zhao et al. have
developed nanorod materials and found that they have excel-
lent cycling capability and improved capacity retention [17].
Although the nanoengineering of LNMO is important, there
are still problems such as low electronic conductivity and
limitations in the rational design of LNMO and composite
with electrically conductive materials [18].

In this study, one-dimensional (1D) nanofiber-like
LNMOs were fabricated using a simple electrospinning
method—a versatile, cost-effective, and functional technique
for producing 1D nanofibers—followed by heat treatment.
By creating 1D nanofibers consisting of interconnected
polycrystalline LNMO nanoparticles, the ionic conductiv-
ity could potentially be enhanced through interfacial reac-
tions facilitated by shorter ionic diffusion lengths and larger
specific surface areas. This would allow the LNMO nanofib-
ers to operate stably at low potentials (up to 2.0 V during
discharging) without phase transformation. Moreover, to
address the low electronic conductivity of LNMO, carbon
nanotubes with high electrical conductivity were incorpo-
rated to fabricate electrodes. According to a first cycle test
at 1C, the LNMO nanofiber electrode, coated with carbon
nanotubes, exhibited a capacity of 134 mAh g~!, which was
48 mAh g! higher than that of the LNMO powder electrode.

Experimental

Synthesis of LNMO Nanofibers and Powders

The LNMO nanofibers were prepared by electrospinning
and subsequent heat treatment. Initially, an appropri-
ate amount of mixed LiC,H;0,-2H,0 (>63%, Sigma-
Aldrich), Ni(C,H;0,)-4H,0 (98%, Sigma-Aldrich), and
Mn(C,H;0),-4H,0 (99.0%, Sigma-Aldrich) in a molar
ratio of 1.1:0.5:1.5 was dissolved in 5 ml of N,N-dimeth-
ylformamide (DMF, 99.8%, Sigma-Aldrich) and stirred at
room temperature for 4 h. Subsequently, 0.5 g of polyacry-
lonitrile (Mw: 150,000 g/mol, Sigma-Aldrich) was added
to the solution and stirred at 80 °C for 12 h. The precursor
solution was loaded into a plastic syringe with a 23-gauge
tip needle. The voltage was 11-13 kV, and the solution
feeding rate was controlled at 14 pl/min, and aluminum foil
was used to collect the nanofibers. The as-spun fibers were
heated at 800 °C for 5 h with a heating rate of 5 °C/min
under air atmosphere to obtain LNMO oxide nanofibers. As
a reference sample, LNMO powders were synthesized by
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the conventional solid-state reaction method. The Li,CO;
(>99.0%, Sigma-Aldrich) NiO (99.8%, Sigma-Aldrich), and
Mn(C,H;0,),+4H,0 (>99.0%, Sigma-Aldrich) precursors
were homogeneously mixed and then thoroughly ground
for 30 min. The mixed powder is exposed to the calcina-
tion temperature of 850 °C for 12 h and 600 °C for 6 h with
a heating rate of 5 °C min™! under air surroundings in an
alumina crucible.

Materials Characterizations

The morphology of LNMO nanofibers and powders was
observed by scanning electron microscope (SEM; UHR
FE-SEM (SU8230) by Hitachi High-Technologies Corp.,
Japan). TEM and HR-TEM images were taken by JEOL
Cs-corrected scanning transmission electron microscope.
The crystal structure of the nanofibers was characterized
using X-ray diffraction (XRD; MiniFlex600, Rigaku) at a
scan rate of 10° min~'. To determine the oxidation state of
the manufactured LNMO nanofibers, X-ray photoelectron
spectroscopy (XPS; K-alpha +, Thermo Scientific) analysis
was also performed.

Preparation of LNMO/CNT Composites
and Electrochemical Evaluation

LNMO/CNT cathodes were prepared by mixing 75 wt%
active material, 5 wt% CNT and 10 wt% super-P and 10 wt%
polyvinylidene fluoride (PVDF) in N-methyl-2-pyrrolidone
(NMP). The LNMO powder, serving as the active material,
along with super-P and PVDF, was blended in a weight ratio
of 80:10:10 in NMP. CNT content in the composite cathode
material is reported to be optimum for electrochemical per-
formance at 5 wt% content of total amount of the composite
to be used as a cathode material for lithium-ion batteries.
Wau et al., prepared polyimide/CNT nanocomposite, with
CNT content from 1 to 10 wt%, as a cathode material for
lithium-ion batteries and reported that the sample with 5%
CNT content showed a better electrochemical performance
compared to other samples from 1 to 10 wt% CNT content
loading in the composite [19]. Similarly, Cui et al., studied
the electrochemical performance of VOSO,@CNT compos-
ite material as a cathode for lithium-ion battery and dem-
onstrated a good performance of the composite material at
5 wt% CNT content loading [20]. The slurry was pasted
casting onto aluminum foil with a manual doctor blade. This
cathode electrode was dried for 40 min at 100 °C followed
by pressing at 70 MPa, with a final drying process being
conducted under vacuum at 120 °C for 6 h. The loading mass
of active materials was 2.2-2.4 mg/cm?. Electrochemical
performance was tested via half-cell CR2032 coin type cells.
Celgard 2400 was used as a separator and 1.2 M LiPF, in
EC: EMC=3:7(v/v)+ VC 2 wt% was used as electrolyte.
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The cells were assembled in an Ar-filled glove box. The
electrochemical measurements of the cells were performed
by a cycler (WonaTech) battery-testing system at 30 °C.

Results and Discussion

Fabrication of LNMO Nanofibers and LNMO/CNT
Composites

One-dimensional nanostructured LNMO nanofibers were
synthesized by using conventional electrospinning method
(see details in the experimental section) (Fig. 1). Three dif-
ferent elements such as Li, Ni and Mn were contained in the
electrospinning solution using every single element precur-
sor (first step). After appropriate stirring, the solution was
transferred to the electrospinning apparatus and electrospun
by applying high voltage over 15 kV. As-spun nanofiber
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electrospinning

membranes were obtained (second step). Then, the as-spun
nanofibers were thermally treated in a tube furnace in a pure
O, atmosphere for LNMO to be a perfect crystalline, but
not to be defective [21]. This third step produced the 1D
LNMO nanofibers consisting of interconnected polycrystal-
line LNMO nanoparticles. To overcome the issue of intrin-
sically low electronic conductivity, the LNMO nanofib-
ers were homogeneously mixed with multi-walled carbon
nanotubes (MWCNTs) employing a mechanical mixer (final
step). The composite product was used to fabricate cathode
and evaluate lithium-ion battery performance.

Characterizations of Morphology and Chemical
States

Figure 2a shows the scanning electron microscopy (SEM)
image of the polyacrylonitrile (PAN)/acetate composite
fiber in the as-spun state after electrospinning. The image

LiNiQV5Mn1_5O4
nanofibers

LNMO/CNT
composites

Fig. 1 Schematic of the LNMO/CNT composite preparation process. (1) Electrospinning solution preparation, (2) optimized electrospinning, (3)
production of LNMO nanofibers, and (4) final mixing of LNMO and MWCNTs

Fig.2 a SEM images of as-spun PAN/acetate composite fiber b-d SEM image of LNMO nanofibers after calcination for 5 h 800 °C in air. e-g
TEM image and h HR-TEM image of LNMO NFs after calcination for 5 h 800 °C in air
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reveals that the electrospinning method results in uniform
fibers with an average diameter of approximately 400 nm.
So, upon heat treatment of the as-spun fibers at 800 °C for
5 h, the LNMO nanoparticles form one-dimensional fibers,
as shown in Fig. 2b—d. Similarly, the studies involved in
the preparation of crystalline nanofiber reported that a ther-
mal treatment at 800 °C produced optimum [22]. Moreo-
ver, 800 °C was used as the reference temperature at which
previous work employed for comparison between sample
with and without sulfur substitution, which might be the
suitable temperature for comparison [23]. The decrease in
nanofiber size and surface roughness could be attributed to
the depletion of polymer material within the nanofibers due
to heat treatment. The nanoscale dimensions of the material
are beneficial for lithium storage as the small particle size
and reduced diffusion distance for lithium ions can enhance
the performance of the material. This can result in improved
efficiency and faster charging and discharging rates for lith-
ium-ion batteries. In addition, the small pores between the
nanoparticles can serve as void space to accommodate vol-
ume changes that occur during phase transitions upon (de)
lithiation. We conducted a transmission electron microscopy
(TEM) analysis to investigate the morphological and crystal
structures (Fig. e—g). Our analysis confirmed that the LNMO
nanoparticles were crystalline and interconnected, forming
1D nanofibers. The high-resolution TEM (HR-TEM) image

revealed that the as-synthesized LNMO nanofibers had a
cubic crystal structure, as evidenced by the lattice fringe
of (111) crystal planes with a lattice spacing of 0.469 nm
(Fig. (h)). X-ray diffractometer (XRD) patterns further con-
firmed that both the LNMO nanofibers and LNMO powder
possess LiNiy sMn; 5O, crystal structures with the Fd3m
space group, where Ni and Mn ions are disordered in octa-
hedral positions within a cubic spinel structure (JCPDS no.
80-2162; space group: Fd3m; a=b=c=8.170) (Fig. 3a).
The average crystallite sizes of the LNMO nanofibers and
LNMO powders were calculated with Scherrer’s equa-
tion from the XRD data. The average crystallite size of the
LNMO powder was 52.55 nm, and the size of nanofiber
crystalline treated at temperatures of 600 °C, 700 °C and
800 °C was 30.34 nm, 37.33 nm and 61.88 nm, respectively.
The XRD data of the LNMO powders, which were pre-
pared as a reference, matched well with that of the LNMO
nanofibers (Fig. 3b). Although the starting phases of both
the LNMO nanofibers and powders were cubic spinel, they
can be transformed into tetragonal spinel if lithiated at a low
voltage below 3.0 V;; [12].

The possible phase transition between cubic and
tetragonal structures is presented schematically in
Fig. 3c. X-ray photoelectron spectroscopy (XPS) analy-
sis was performed to analyze the surface of the mate-
rial (Fig. 3d-f). Figure 3d shows the Mn 2p spectrum
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Fig.3 XRD patterns of a the three LNMO nanofibers materials 600 °C, 700 °C, 800 °C and b the LNMO nanofibers and LNMO powder. ¢
Schematic structures of disordered (Fd3m) and tetragonal (I41/amd) d—f XPS pattern of Mn 2p, Ni 2p and O 1s of LNMO NFs
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of LNMO nanofibers, where double peaks of Mn 2p;,,
and Mn 2p,,, were observed in the Mn 2p spectrum. It
was found that the peak appearing at about 642.4 eV in
Mn 2p;, represents the binding energy of Mn®*, and the
peak located at 643.7 eV represents the binding energy of
Mn**. In addition, the O 1 s spectrum shows the binding
of metal ions to oxygen at about 530.28 eV. The peaks
registered at 532.58 and 533.88 eV within the O 1 s spec-
trum signify the presence of C—O and C = O functional
groups [24]. The peak at 854.68 eV represents the binding
energy of Ni**, and the peak at 856.2 eV represents the
binding energy of Ni**, and the peak at 860.98 eV repre-
sents the binding energy of satellite spectrum [25]. These
XPS results confirm that the LNMO nanofibers have tran-
sition metal elements with general oxidation states [26].
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Electrochemical Performance of Li-lon Battery Cells

Cycle voltammetry was conducted to analyze the electro-
chemical properties of the prepared LNMO nanofibers and
LNMO powders, both at a scan rate of 0.1 mV/s. Figure 4a
shows cyclic voltammetry for LNMO powders at a voltage
range of 3.5-5 V, while Fig. 4b displays cyclic voltammetry
for LNMO nanofibers at a voltage range of 2.0-4.8 V. Due
to the nanostructuring effects of the LNMO nanofibers, the
operating voltage can be lowered down to 2.0 V, which sig-
nificantly expands the voltage window and offers advantages
for achieving high energy density.

By introducing conductive CNTs, wide voltage windows
and superior rate capabilities are expected. Both nanofiber
and powder samples exhibited oxidation reactions of Ni**/
Ni** and Ni**/Ni**, indicated by the generated peaks at
around 4.7 V during the initial charging cycle [27, 28].
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Fig.4 a CV graph of LNMO powder, b CV graph of LNMO nanofibers, ¢ voltage profile of LNMO powder, d voltage profile of LNMO

nanofibers
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During the initial discharging cycle, a distinct reduction
peak was observed at 2.34 V for the LNMO nanofibers,
attributed to a phase change from cubic spinel (Fd3m) to
tetragonal spinel (I4,/amd) [29-31]. After the first cycle,
oxidation peaks at 3.08 V appeared for the LNMO nanofib-
ers, indicating a reversible phase transition from tetragonal
to cubic phases in the second and third cycles. The cutoff
voltage of the LNMO powders was limited up to 3.5 V,
as the LNMO bulk particles cannot withstand the strains
caused by the phase transformation. Therefore, the voltage
plateau associated with the phase variation in the CV data
of LNMO powders was not observed. The subsequent oxida-
tion peaks corresponding to the reactions of Ni>*/Ni** and
Ni**/Ni** were highly reversible for the control group.
Figure 4c and d displays the charge and discharge volt-
age curves of the samples. The LNMO nanofibers exhibit
several voltage plateaus due to the two-phase reactions,
as mentioned in the CV results above. In the 1st, 2nd,
10th, 50th, and 100th cycles, the discharge capacities
of the LNMO nanofibers were 196, 134, 115, 79, and
64 mAh/g, respectively. In contrast, the LNMO powder
exhibited lower discharge capacities of 160, 73, 71, 55,
and 46 mAh/g, respectively, than the LNMO nanofiber. As
can be seen in Fig. 4c and d, the nominal voltage for both
the LNMO powder and nanofiber is in a similar region.
However, the difference between the capacities of LNMO
(~ 150 mAh/g) and the nanofiber (~200 mAh/g) at the sim-
ilar nominal voltage region in the first cycle is remarkably
higher. A similar kind of capacity difference can be seen
in the second and third cycles between LNMO powder and

the nanofiber. The capacity difference in the first cycle of
LNMO and the nanofiber suggests an approximately 25%
higher energy density in the LNMO nanofiber. The volt-
age characteristics of both LNMO samples appear highly
reversible, indicating that the redox reactions for lithiation/
delithiation during cycling are based on the same electro-
chemical behaviors in similar crystal structures. Despite
the harsh environment that facilitated (tetragonal <> cubic)
phase changes for the LNMO nanofibers during reaction
with Li%, it is noticeable that the LNMO nanofibers have
a much more stable nanostructure compared to the LNMO
powders.

Figure 5 shows a comparison of the electrochemical per-
formance of the LNMO nanofiber/CNT electrode and the
LNMO powder electrode over 100 cycles. The formation
cycle was conducted at a rate of 0.1C (1C =140 mA/g),
while the charge and discharge cycles for the subsequent
100 cycles were at 1C. The LNMO nanofiber/CNT electrode
exhibited a low coulombic efficiency of approximately 68%
in both the formation and second cycles. The initial cycle
had a specific charge capacity of 289 mAh/g and a discharge
capacity of 196 mAh/g. Meanwhile, the second cycle had a
specific charge capacity of 200 mAh/g and a specific dis-
charge capacity of 134 mAh/g, indicating a decrease in dis-
charge capacity of 62 mAh/g in the second cycle compared
to the formation cycle. The LNMO powder electrode exhib-
ited a charging capacity of 165 mAh/g and a discharging
capacity of 160 mAh/g. However, during the second cycle,
the charging and discharging capacities decreased to 131 and
73 mAh/g, respectively.

Fig.5 Comparison of cycle test 250 120
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During the formation cycle, the coulombic efficiency was
observed to be high at 97%; however, in the second cycle, it
significantly decreased to a value of 55%. LNMO nanofib-
ers exhibited a very large initial irreversible capacity due to
electrolyte decomposition and manganese elution at high
voltages. The reason for the larger irreversible capacity of
nanofibers structures lies in their significantly increased sur-
face area compared to bulk LNMO structures, which facili-
tates the formation of a substantial solid electrolyte interface
(SEID) at the interface between the solid electrolyte and the
nanofibers. Additionally, LNMO nanofibers electrodes with
higher porosity are more likely to absorb liquid electrolyte
more readily than LNMO powder electrodes, thereby ena-
bling faster interfacial reactions and the subsequent forma-
tion of the SEI [32]. However, over the course of 100 cycles,
the LNMO nanofiber electrode with carbon nanotubes as the
conductive material demonstrated a higher capacity than the
LNMO powder electrode. With a capacity of 66.44 mAh/g,
it had a higher capacity than the LNMO powder electrode,
which had a capacity of 45.5 mAh/g.

Conclusion

In conclusion, the use of spinel-structured LiNi, sMn, 50,
(LNMO) as a cathode material for lithium-ion batteries
offers economic and eco-friendly advantages. However, low
electronic conductivity and volume changes due to phase
transitions during charging and discharging at 3 V or lower
remain a challenge, resulting in capacity degradation. To
address this, LNMO nanofibers were synthesized using
the electrospinning method to mitigate volume expansion
issues and maintain the structural integrity of the mate-
rial. Moreover, the electrode was constructed with carbon
nanotubes as a conductive material to improve electronic
conductivity. Electrochemical evaluations demonstrated that
LNMO nanofibers combined with carbon nanotubes exhib-
ited higher capacity and outstanding cyclability compared to
LNMO powder, providing a potential solution to the issues
faced by conventional LNMO cathodes.
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