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ABSTRACT: The Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers were
synthesized by a simple electrospinning process. Scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM) showed that electrospun nanofibers with small
particle size of 10−30 nm were formed. It was found that the
electrospinning process leads to the formation of an effective
conducting nanofiber, which provides improved intercalation
kinetics. The eletrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers
showed a high discharge capacity of 256 mA h g−1 during the
first cycle. In particular, the electrospun Li1.2Ni0.17Co0.17Mn0.5O2
nanofiber sample exhibited excellent rate capability when compared to the co-precipitated Li1.2Ni0.17Co0.17Mn0.5O2 particle
sample.
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1. INTRODUCTION

As present, LiCoO2 has been widely applied as one of the
cathode materials in commercial lithium-ion batteries, due to its
ease of production, stable electrochemical cycling, and
acceptable specific capacity. The relatively high cost of cobalt
and the lure of larger specific capacity have, however, led to the
study of possible alternatives.1 Recently, Li-rich cathode
materials xLi2MnO3·(1 − x)LiMO2 (M = Ni, Co, Mn, etc.)
have attracted attention as cathode materials for high capacity
of more than 250 mA h g−1, with an operating voltage higher
than 3.5 V vs Li/Li+1.2−4 The role of Li2MnO3, although it is
electrochemically inactive up to 4.4 V, is also to contribute extra
lithium to the reversible capacity (after its activation) and to
facilitate lithium ion transport through the structure.5

However, Li-rich layered cathode materials are believed to
have large irreversible capacity loss at first cycle and inherently
low conductivity.6−9 It is commonly accepted that the poor
electrochemical performance of xLi2MnO3·(1 − x)LiMO2 is
associated with the oxygen loss from the surface9 and insulating
Li2MnO3 component, resulting in poor rate performance.8 In
order to overcome the afore mentioned demerits much effort
has been made to enhance the rate capability of such cathode
materials, like shortening the lithium ion diffusion pathways
through reducing the particle size,10−12 stabilizing the
electrode/electrolyte interface by introducing an inert materi-
al,13,14 and enhancing the electronic conductivity by coating a
conductive surface layer.15,16 Among these solutions, the
preparation of nanostructure electrode has drawn increasing
attention,17 as these cathode materials are normally adopted to

solve the kinetic problems associated with solid-state diffusion
of lithium ion intercalation and electronic conductivity.18

In this paper, Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers were
produced as cathode material for the first time by the
combination of electrospinning and heat treatment. The
physical, chemical, and electrochemical properties of the
Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers were investigated by X-ray
diffraction, field emission−scanning electron microscopy (FE-
SEM), high resolution transmission electron microscopy (HR-
TEM), Fourier transform infrared (FT-IR) spectroscopy,
Brunauer, Emmett, and Teller (BET) measurements, and
galvanostatic tests.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Li1.2Ni0.17Co0.17Mn0.5O2 Nanofiber. The

solution for electrospinning was prepared from polyvinylpyrrolidone
(PVP), N,N-dimethylformamide (DMF), lithium acetate dihydrate
(LiCH3COO·2H2O), manganese acetate (Mn(CH3COO)2·4H2O),
nickel acetate (Ni(CH3COO)2·4H2O), and cobalt acetate (Co-
(CH3COO)2·4H2O). The mixture was stirred vigorously at room
temperature for 24 h. A high voltage power supply (eS-robot®) was
used to provide a high voltage at around 15−20 kV for electro-
spinning. Fibers were collected on an aluminum plate as a mat.
Through those optimization processes, the nanofibers were calcined at
600°C for 12 h in air to eliminate the organic residues. The content of
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carbon in the Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber sample was 0.28 wt %,
as evaluated by CHN elemental analysis.
2.2. Preparation of Li1.2Ni0.17Co0.17Mn0.5O2 Powders for

Comparison. Li-excess transition metal oxides were synthesized
using the co-precipitation process. Lithium hydroxide (LiOH·H2O),
manganese acetate (Mn(CH3COO)2·4H2O), nickel acetate (Ni-
(CH3COO)2·4H2O), and cobalt acetate (Co(CH3COO)2·4H2O)
were used, in appropriate mole fractions, to synthesize
Li1.2Ni0.17Co0.17Mn0.5O2. The precursor solutions were prepared by
dissolving transition metal acetates and lithium hydroxide in distilled
water and, after mixing together, were stirred for 24 h. The
precipitated solutions were dried at 120 °C to evaporate water and
annealed in air at 600 °C for 3 h. Subsequently, the powders were
further heat treated at 900 °C for 12 h and quenched.
2.3. Structural and Physical Characterization. X-ray diffraction

(XRD) data were obtained using Cu Kα radiation (Philips X’Pert)
over the angular range 10° ≤ 2θ ≤ 120°, with a step size of 0.026°.
The Rietveld refinement was made with the General Structure Analysis
System (GSAS) program.19 The particle morphologies and sizes were
determined by field emission−scanning electron microscopy (FE-
SEM) and high resolution transmission electron microscopy (HR-
TEM). The SEM images were obtained using an S-4700 from Hitachi,
and the TEM pictures were recorded using an FEI Tecnai F20 at 200
kV, in the Korea Basic Science Institute (KBSI). The BET method was
used to measure the surface area of the powders. Fourier transform
infrared (FT-IR) spectroscopy absorption spectra were recorded using
an IRPresitge-21 from Shimadzu, at room temperature, in the spectral
range 4000−400 cm−1.
2.4. Electrochemical Characterization. The electrochemical

properties of Li1.2Ni0.17Co0.17Mn0.5O2 were evaluated, with lithium
metal as the reference electrode. For the electrochemical measure-
ments, a mass ratio of 75:10:15 of active material, conductive carbon
(KETJEN black), and PTFE binder, respectively, was used for the
electrode fabrication. This mixture was pressed onto a stainless steel
mesh and dried under vacuum at 120 °C for 12 h. A 2032 coin type
cell, consisting of cathode and lithium metal anode separated by a
polymer membrane together with glass fiber, was fabricated in an Ar-
filled glovebox and aged for 12 h, before the electrochemical
measurements. The electrolyte was a 1:1 mixture of ethylene
carbonate (EC) and dimethyl-carbonate (DMC) containing 1 M
LiPF6.

3. RESULTS AND DISCUSSION
3.1. Morphology and Structure Characterization. The

morphology of the products was examined by scanning electron
microscopy (SEM). The Li1.2Ni0.17Co0.17Mn0.5O2 sample
prepared by the co-precipitation indicates the aggregation of
small particles of size around 100−200 nm and irregular shapes,
as in Figures 1a,b. The Li1.2Ni0.17Co0.17Mn0.5O2 sample
prepared by electrospinning showed that the diameters of the
nanofibers were mainly around 100−200 nm, with minimum of
less than 80 nm, as shown in Figures 1c,d. This is clearly linked
to the considerable difference in the BET values of 2.824 m2

g−1 for nanopowder of Li1.2Ni0.17Co0.17Mn0.5O2 sample
prepared by co-precipitation and 17.849 m2 g−1 for nanofiber
of Li1.2Ni0.17Co0.17Mn0.5O2 sample prepared by electrospinning.
Such morphology of the nanofibers is expected to facilitate
electrolyte penetration into the electrode particles, thus
providing more interface area between the electrode material
and the electrolyte.20,21

Figure 1e,f shows TEM images of Li1.2Ni0.17Co0.17Mn0.5O2
nanofibers. Results confirm that Li1.2Ni0.17Co0.17Mn0.5O2 nano-
particles are dispersed inside the nanofiber matrix (Figure 1f).
As shown in Figure 1e, some Li1.2Ni0.17Co0.17Mn0.5O2 nano-
particles aggregate to form clusters, but they are still smaller
than 30 nm. It implied that these Li1.2Ni0.17Co0.17Mn0.5O2
nanofibers were composed of individual crystallites. As shown

in Figure 1f, lattice planes were observed as clear in
Li1.2Ni0.17Co0.17Mn0.5O2, indicating the well crystalline struc-
ture. These results were consistent with XRD analysis. Figure 2
shows schematic diagrams of the electron transfer pathway of
the electrospun Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber.

Figure 3 shows the LeBail fitting results of the XRD profiles
of co-precipitated and electrospun Li1.2Ni0.17Co0.17Mn0.5O2
samples, respectively. On the basis of the LeBail fitting results,
the initial structural models, which approximate the actual
structures of Li1.2Ni0.17Co0.17Mn0.5O2, were constructed with
the crystallographic data previously reported.22 The results
confirmed the single-phase nature of the compounds in the α-
NaFeO2-type structure (R3 ̅m). However, small extra peaks
around 20−23° in the XRD profiles are generally attributed to
the ordering of Li and Mn in the transition-metal layers, which
can be indexed to the Li2MnO3 system.

5 Table 1 lists the fitted
structural parameters and structural information.

3.2. FT-IR Analysis. The Li1.2Ni0.17Co0.17Mn0.5O2 samples
underwent Fourier transform infrared (FT-IR) spectroscopy
analysis to examine the effect of the nature of the PVP

Figure 1. SEM images of (a and b) Li1.2Ni0.17Co0.17Mn0.5O2 particles
and (c and d) Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers and TEM images of
(e and f) Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers.

Figure 2. Schematic diagrams of the electron transfer pathway of the
Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber by electrospinning.
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participating in the chemical reactions. The FT-IR adsorption
band for the metal−oxygen (M−O) of Li1.2Ni0.17Co0.17Mn0.5O2
appears in the wavenumber range of 500−700 cm−1, indicating
the formation of inorganic targets.23 The peaks of
Li1.2Ni0.17Co0.17Mn0.5O2 particles appear at 621.1 and 530.4
cm−1, and those of Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber appear at
621.1 and 538.1 cm−1, as shown in Figure 4. The characteristic
peaks of Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber at 500−700 cm−1

were smoother than those of Li1.2Ni0.17Co0.17Mn0.5O2 particles,
indicating that the decomposition of PVP leads to poor
crystallinity of the compound.24,25 These results are in
a c c o r d a n c e w i t h t h e l owe r i n t e n s i t y o f t h e
Li1.2Ni0.17Co0.17Mn0.5O2 peak in the XRD pattern.
3.3. Electrochemical Performance. To evaluate the

electrochemical performance of the Li1.2Ni0.17Co0.17Mn0.5O2
sample, charge−discharge cycles were conducted at room
temperature, between 2.0 and 4.8 V at a current density of 14.3
mA g−1, and the results are shown in Figure 5. The
Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers delivered a charge capacity
as high as 331 mA h g−1 above 4.5 V and a discharge capacity of
256 mA h g−1, while those of the Li1.2Ni0.17Co0.17Mn0.5O2
particles were observed to be 269 and 193 mA h g−1. The
nanofiber electrode has higher capacity than the nanoparticle

electrode. The large capacity of Li1.2Ni0.17Co0.17Mn0.5O2
nanofibers electrode at first cycle is attributed to large surface
area. With high surface-to-volume ratios, the nanofiber
structure allows more contact between the electrode and
electrolyte.26 Figure 5b presents the capacity retention of the
Li1.2Ni0.17Co0.17Mn0.5O2 sample, at current density of 14.3 mA
g−1. The capacity retentions of Li1.2Ni0.17Co0.17Mn0.5O2 nano-
fibers were 66% and those of particles were 79% at the 60th
c y c l e . T h e p o o r c a p a c i t y r e t e n t i o n o f L i /
Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers is probably due to its poor
crystallinity. These results are in accordance with our XRD and
FT-IR data. However, from the 10th cycle to 60th cycle, the
capacity retentions of Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers were

Figure 3. LeBail fitting results of the powder X-ray diffraction profile
of (a) co-precipitated and (b) electrospun Li1.2Ni0.17Co0.17Mn0.5O2.
Data (points) and fit (lines) show the different profile XRD patterns of
the Li1.2Ni0.17Co0.17Mn0.5O2. Expected reflection positions for the
Li1.2Ni0.17Co0.17Mn0.5O2 are displayed at the top.

Table 1. LeBail Fitting Results and Crystal Data for
Li1.2Ni0.17Co0.17Mn0.5O2 by X-ray Diffractiona

coprecipitation electronspun

radiation type Cu Kα
2θ range (degree) 10−120
T, K 295
symmetry trigonal
space group R3 ̅m
a, Å 2.853(2) 2.854(1)
c, Å 14.249(2) 14.214(2)
volume, Å3 100.5(1) 100.3(1)
Z 3 3
Rwp 4.13% 2.64%
χ2 1.950 1.491

aThe numbers in parentheses are the estimated standard deviations of
the last significant figure.

Figure 4. FT-IR spectra of (a) Li1.2Ni0.17Co0.17Mn0.5O2 particles and
(b) Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers.

Figure 5. (a) Voltage profiles of the samples obtained for the first
cycle and (b) cyclabilities in the voltage range of 2.0−4.8 V, at a
current density of 14.3 mA g−1.
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76%. Although from first cycle the Li1.2Ni0.17Co0.17Mn0.5O2
nanofibers showed poor capacity retention, they showed better
capacity retention as the number of cycles increased.
Finally, the rate-performance of the electrodes was tested,

using different current densities. Figure 6 shows variations in

discharge capacities versus charge−discharge cycle number, for
different Li1.2Ni0.17Co0.17Mn0.5O2 electrodes cycled at different
rates, between 2.0 and 4.8 V at room temperature. The cells
were charged using a current density of 14.3 mA g−1, before
each discharge test. The discharge capacity of the
Li1.2Ni0.17Co0.17Mn0.5O2 particles decreases with increasing
current density when cycled between 2.0 and 4.8 V,and reaches
23 and 9% at 228.6 and 457.1 mA g−1, compared with the
specific capacity of 203 mA h g−1 at 14.3 mA g−1, respectively.
On the other hand, the discharge capacity of the
Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers cathode material decreases
to a smaller extent with increasing current density, when cycled
between 2.8 and 4.8 V, and reaches 57 and 43% at 228.6 and
457.1 mA g−1, compared with the capacity of 266 mA h g−1 at
14.3 mA g−1, respectively. This behavior shows that the rate
capability of Li1.2Ni0.17Co0.17Mn0.5O2 was significantly improved
by the electrospinning method.
Many researchers highlighted the role of carbon coating and

morphology on the electrochemical performance of electrospun
nanofiber materials.27−29 In order to determine the factors
affecting the electrochemical properties of electrospun
Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber, we analyzed the presence
of carbon in our Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber by Raman
study. Figure S1 (see Supporting Information) shows the
Raman spectrum of Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber material.
It is notable that this material contains no significant carbon in
Raman analysis, even though we used polymer precursors for
synthesis. The PVP polymer decomposes around 430 °C while
heat treated at 600 °C in air and is shown in the TGA/DSC
result (Figure S2, Supporting Information). These results were
consistent with CHN elemental analysis. This may be the
reason for the absence of carbon in the electrospun
Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber. In this regard, we believe

that the outstanding performance of electrospun
Li1.2Ni0.17Co0.17Mn0.5O2 nanofiber at high current rate can be
understood in terms of morphological features. A key factor for
the limitation in rate capability is due to the difficult solid state
diffusion of Li ion. The electrospun Li1.2Ni0.17Co0.17Mn0.5O2
nanofiber with small particle size of 10−30 nm might be used
to reduce the diffusion distance of Li ion in the solid state.30 In
addition, an effective conducting nanofiber improves the
electrical contact between the cathode particles and results in
improved intercalation kinetics.

4. CONCLUSIONS
Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers were synthesized via a
simple electrospinning process. Their crystal structure,
morphology characteristics, and electrochemical performance
were thoroughly investigated. The electrospun nanofibers with
small particle size of 10−30 nm provided fast lithium ion
intercalation and de-intercalation properties, leading to an
enhanced rate capability for Li1.2Ni0.17Co0.17Mn0.5O2 nanofibers.
The simple synthesis method may be applicable to commerci-
alization of the Li-rich layered cathode materials, which could
be applied in Plug-in Hybrid Electric Vehicle (PHEV) and
Electric Vehicle (EV).
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