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Abstract

Hollow structural materials exhibit strong advantages for application in electrode materials. Herein, we report an in situ synthesis
of hollow tubular-fiber LiNig sCog,Mng 30, (HFNCM523) prepared via electrospinning combined with calcination. The fea-
tures of this material were provided with fiber-interconnected 3D network structure, hollow tubular structure, and multi-scale
particle gaps, which are evenly distributed on the fiber’s surface. The multiple synergistic effects of these advantages result in the
remarkably excellent electrochemical performance of the tubular-fiber structures with a high specific capability of 191.2 mAh g~
at 0.1 C and 84% high rate capacity retention after 100 cycles at 1 C. In particular, the LiNiy sCoy,Mng 30, hollow tubular-fiber

structure was well maintained after 100 cycles.
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Introduction

Layer-structured ternary materials LiNi,Co,Mn,_,.,O, had
attracted attention as a cathode material due to its stable struc-
ture, compositional flexibility, and high reversible capacities
[1-4]. Among these materials, LiNiy 5C09,Mng 30,
(NCM523) is viewed as a promising candidate due to its rel-
atively high energy density and low cost [5, 6].

The preparation of the precursor is involved in the tradi-
tional synthesis of layer-structured ternary materials
LiNi,Co,Mn;_,.,O,. The precursor plays an important role in
its electrochemical performance. The geometry, size, tap den-
sity, and homogeneity of precursors largely determine the per-
formance of the final products [7, 8]. Therefore, many ap-
proaches were adopted to synthesize NCM523 precursors,
such as hydrothermal method [9], hydroxide co-precipitation
[10], carbonate co-precipitation [11], and sol-gel method [12].
However, such preparation methods are complicated and
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time-consuming. These conventional synthetic methods also
typically involve subsequent mixing of lithium with the pre-
cursor and calcination at elevated temperatures to obtain the
final products, which greatly increase production cost. Based
on such considerations, the exploitation of high-efficiency and
cost-effective preparation strategies is of great importance for
energy storage technology.

Fortunately, in recent years, the electrospinning technique
is widely used in many fields as an effective and inexpensive
way of truly producing 1D fibers structure from micrometer to
nanometer size ranges in diameter, including the fabrication of
electrode materials, especially anode and cathode materials for
Li-ion batteries [13—17]. The process of subsequent lithium
mixing is reduced compared with the traditional preparation
strategy. Instead, the transition metal and lithium salts are
added together during the preparation of the 1D precursor,
which could be synthesized in situ to acquire the desired prod-
ucts. In addition, 1D nanostructures including nanowires [18],
nanobelts [19], nanofibers [20], nanorods [21], and nanotubes
[22, 23], also show great advantages due to their unique phys-
icochemical properties as follows: (1) 1D materials provide a
direct path for electron transport, which is more conducive to
electron transfer than nanoparticles. (2) They exhibit fast ion
transport. The ion diffusion time constant in the electrode
material is proportional to the square of the diffusion path.
Wherein the shorter the diffusion path, the smaller the time
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constant and the higher the electrode magnification perfor-
mance. (3) The specific surface area of the 1D material is
large, which ensures the contact area between the electrode
and the electrolyte and the electrochemical active site. (4) The
1D material can adapt to the volume expansion of the elec-
trode material and inhibit mechanical degradation, thereby
ensuring the long cycle life of the electrode.

Therefore, in situ synthesis of electrospinning technology
was utilized in this work to produce NCM523. The effect of
temperature on the structure and the electrochemical proper-
ties of NCM523 were investigated in detail. As expected, the
obtained materials with exquisite 1D hollow fiber structure
exhibited superior cyclic capability, which results from the
novel structure that provides fast transport channels for elec-
trons and lithium ions as well as the hollow architecture that
helped to alleviate the structure changes caused by the lithium
insertion/extraction during cycling.

Experimental
Preparation of LiNig 5C0¢>,Mng 30, hollow fibers

The 1D hollow tubular-fiber LiNig sCog,Mng 30, was syn-
thesized via electrospinning and subsequent heat treatment.
Typically, the first step for the preparation is dissolving the
stoichiometric amount of Ni (CH3C0OO0),-4H,0, Co
(CH3C00);,-4H,0, Mn (CH3C00),4H,0, and
LiCH;COO-4H,0 in 20 g absolute ethanol. Therefore, the
mixture was stirred vigorously at room temperature for 12 h
to form a homogeneous transparent solution. Afterwards,
1.5 g of PVP (M,, = 1,300,000) was added in the above solu-
tion and the mixed solution was further stirred at room tem-
perature for 12 h to form an electrospinning solution. The
resultant spinning solution was then transferred to a plastic
syringe with a 19 G stainless steel needle (inner diameter
0.92 mm). Electrospinning was carried out with a flow rate
of 0.5 mL h™!, a needle-to-collector distance of 120 mm, a
humidity of 25%, a temperature of 25 °C, and a voltage of
25 kV. A high-voltage generator was used to provide a high
voltage for electrospinning. Fibers were collected and placed
on an aluminum foil as a mat. The schematic illustration for

Fig. 1 Schematic illustration of
the synthesis procedure for
LiNi()jCOolen()SOQ hollow
fibers

Plastic syringe
Needle

DC high voltage
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Collector

the synthesis of LiNig sCog>Mng 30, hollow fibers is shown
in Fig. 1. First, the intertwined fibers with a smooth surface
were obtained via electrospinning. The as-spun fibers were
calcinated at 700 °C, 725 °C, 750 °C, 775 °C, and 800 °C
for 20 h in the air to obtain the hollow tubular products, de-
noted as HF700, HF725, HF750, HF775, and HF800,
respectively.

Physical characterization

Powder x-ray diffraction (XRD, D8-ADVANCE) of the as-
prepared materials equipped with Cu-Ko (A= 1.5418 A) ra-
diation was performed to investigated the structure of the sam-
ples. Field emission scanning electron microscopy (FESEM,
JEOL-JSM-7100F) equipped with energy-dispersive x-ray
spectroscopy (EDS) and high-resolution electron microscopy
(HRTEM, JEOL JEM-2100, Japan) were employed to inves-
tigate the morphologies and elemental distributions of the
products. Results of the thermogravimetry analysis (TGA) of
the sample were recorded with a Netzsch STA 449-F3 ther-
mogravimetric analyzer at a heating rate of 5 °C/min in air.

Electrochemical characterization

Electrochemical performance measurements were conducted
using a CR2016 cell. Working electrodes were prepared by
mixing 85 wt% as-prepared materials, 10 wt% Super P, and
5 wt% polyvinylidene fluorides, dissolved in N-
methylpyrrolidinone and formed uniform slurry. The slurry
was spread on an aluminum foil and dried. Cells were assem-
bled in an Ar-filled glove box with Li foil as counter electrode,
Celgard 2400 as separator, and 1 mol L' LiPFg in a 1:1 (by
volume) mixture of ethylene carbonate and ethyl methyl car-
bonate as electrolyte. The galvanostatic charge/discharge tests
were performed between 2.7 and 4.5 V (1 C=200 mA g ')
using a NEWARE battery tester. Cyclic voltammetry (CV,
2.7-4.5V,0.1 mV s ') and electrochemical impedance spec-
troscopy (EIS, 10°~102 Hz) were conducted using an elec-
trochemical workstation (CHI660E). All tests were conducted
at room temperature.

Fiber precursor Calcination Hollow fiber material
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Fig. 2 a TG-DTA curves of the fiber precursor. b XRD patterns of fiber cathode material at different temperatures

Results and discussion
Physical characterization

TG-DTA was performed in air to investigate the thermal de-
composition behavior of fibers in Fig. 2a. Results in Fig. 2a
indicate that the fibers have three distinct weight loss steps
with a total weight loss of 68.67 wt%. The first lost stage
was approximately 5.33 wt% weight below 260 °C, which is
due to the removal of the absorbed moisture and ethanol from
the metal salt precursors. The largest weight loss of around
40.53 wt% occurred between 280 and 380 °C owing to the
decomposition of metal salts as shown by the DTA curve,
indicating an obvious endothermic peak within this tempera-
ture range. Finally, 22.81 wt% mass thermal decomposition
loss is associated with polymers occurred at around 410 °C
with an obvious endothermic peak at about 410 °C. Above
600 °C, no obvious quality loss was observed, indicating the
complete decomposition of the polymers.

Figure 2b shows the XRD patterns of the as-prepared
LiNig sCog ,Mny 50, fibers calcined at different temperatures.
All the samples exhibited almost identical diffraction peaks,
which can be indexed to a well-fine hexagonal layered o-
NaFeO, structure with R-3m space group [24]. The obvious
splitting diffractive peaks at (006)/(012) and (018)/(110) indi-
cate the highly ordered layered structure. However, the split-
ting peaks of 006/012 and 018/110 is not obvious when the

Table 1 Lattice

parameters and Samples  a/(A) c/(A) cla

integrated intensity

rations of all samples HF700 2.8729  14.1466  4.9242
HF725 2.8638  14.1478  4.9402
HF750 2.8756  14.2597  4.9588
HF775 2.8812 14.2822  4.9570
HF800 28762  14.2222  4.9448

sample obtained at low temperature such as HF700, which
could be attributed to the low sintering temperature will result
in insufficient crystallization of the layered structure.
Referring to the literature [25], the lithiation process is a phase
transformation process in which lithium and oxygen are
inserted into the crystal surface causing surface reconstruction
at low temperature. The surface reconstruction caused an ex-
tensive migration of Ni atoms to the surface and result in a
strong Ni segregation on the crystal surface, so that the
heterostructured phase was formed during the low tempera-
ture. Low sintering temperature will result in insufficient crys-
tallization of the layered structure. So, the splitting peaks of
006/012 and 018/110 indicating layered structure degree is not
obvious when the sample obtained at low temperature. The
lattice parameters of the resultant samples were obtained and
summarized in Table 1. The ratio of ¢/a is an important pa-
rameter to the layer structure [26]. Generally, a high value of ¢/
a indicates a good layer structure. The largest ¢/a value of
HF750 implies that it has a highly ordered layered structure,
which is beneficial for electrochemical performance.

Figure 3 shows the morphologies of the synthesized fiber
precursors and the final products at series temperatures. The
as-electrospun fiber precursors in Fig. 3a and b with a smooth
surface have a disordered interlaced arrangement with the di-
ameter that is uniformly distributed in the range of 1.5-2 um.
The 1D structure was maintained after calcination at different
temperature. Meanwhile, the as-obtained samples displayed
similar hollow fiber structure. The fiber morphology of the
samples is also relatively regular when the calcination temper-
ature is below 775 °C, as shown in Fig. 3c-h. Among them,
HF750 (Fig. 3g, h) exhibits the most regular tubular structure
and has numerous pores distributed on the tube wall. Figure 3i
and j presents an image of HF775, depicting a change for the
hollow tubular structure, and the particle sizes of the fibers
become larger. Figure 3k and 1 shows that the tubular structure
of the HF800 samples begins to flatten, and the pores on the
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Fig. 3 SEM images of the
samples. a, b fiber precursor. ¢, d
HF700. e, f HE725. g, h HE750. i,
j HF775. k, 1 HF800
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(a) (b)

Fig. 4 a, b TEM images of HF750 and ¢ HRTEM image of HF750

fiber wall disappeared, which can be attributed to a very high
calcination temperature.

The TEM images of HF750 are shown in Fig. 4. The strong
contrast between the dark edges and the bright inside space
indicates that the samples are hollow in Fig. 4a. Figure 4b
further confirmed the well-defined tubular structure with the
thickness about 170 nm of tube wall and 600 nm of the tube
inner diameter. The rough and porous surfaces of the hollow
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tube are composed of many small NCMS523 nanoparticles.
The HRTEM image (Fig. 4c) confirms the high crystallinity
of the hollow tubular fiber. Results of the XRD analysis indi-
cate that the lattice fringe has a spacing of ca. 0.47 nm which
corresponds to a (003) plane of layered structure of the
NCMS523.

Figure 5a presents the initial charge/discharge curves of all
samples at 0.1 C. HF750 delivered a higher initial discharge
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Fig. 5 a Initial charge/discharge curves of samples at 0.1 C. b Cycling performance at 1 C. ¢ Rate capability of samples. d CV curves of the HF750

electrode
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Fig. 6 a Nyquist plots of electrodes after three cycles charged to 4.0 V with the corresponding equivalent circuit model (inset). b the Z' — w2 curves

after three cycles charged to 4.0 V

capacity of 191.2 mAh g !, whereas others had a lower initial
capacity. The HF800 sample exhibited the lowest discharge
capacity, which may be attributed to a certain degree of dam-
age to the hollow structure at excessively high temperatures.
These results show that the calcination temperature is crucial
to electrochemical performance. Figure Sb depicts the cycling
performance of samples at 1 C, showing that the HF750 elec-
trode material exhibited a superior cyclic stability. After 100
cycles, 84% of the capacity retention can be obtained, indicat-
ing that the HF750 electrode has a remarkable stability.
Figure 5c shows the rate properties of the samples at variable
rates from 0.1 to 1 C. Obviously, the HF750 electrode
displayed a relatively higher reversible capacity than the other
samples at various current rates.

The first four CV curves of HF750 are presented in Fig. 5d.
All curves exhibit only one redox couple, corresponding to the
Ni**/Ni** redox reaction [27-29]. The voltage difference
(AEp) between the oxidation and reduction peaks reflects the
degree of electrochemical reversibility and polarization of the
as-prepared electrodes [30]. The AEp between the anodic peak
potential and cathodic peak potential of the HF750 electrode
for the first four cycles are 0.235, 0.187, 0.185, and 0.183 V,
respectively. The gradually decreasing potential difference in-
dicates a good electrochemical reversibility and low polariza-
tion of the electrode, which are good and consistent with the
results of the cycle performance tests discussed above. Based
on the above analysis, 750 °C is the optimal calcination tem-
perature, and the resulting 1D structure and porous surface
ensure excellent electrode—electrolyte contact, while the hol-
low structure provides a short pathway for electron and Li*
diffusion, both of which could significantly improve electro-
chemical performance.

Figure 6a shows the Nyquist plots of all samples after three
cycles. The intercept of semicircle at the high frequency re-
gion is assigned to the ohm impedance (R;), the semicircle in

@ Springer

the high and middle-frequency region is regarded as the sum
of film resistance (R,) and the charge transfer resistance (R.,);
Among, the film resistance (R) derived from the formation of
SEI film during activation. And the straight line the in low-
frequency region corresponds to the Warburg impedance (W)
[31-33]. Notably, the sum of R, and R., of HF750 is the
smallest among the samples (Table 2), demonstrating its su-
perior electrode kinetics characteristics. Accordingly, the out-
standing electrochemical performance delivered by HF750
cathode material can be attributed to its relatively low polari-
zation rate that is benefited by its sophisticated and unique
hollow tubular-fiber structure, which is in good agreement
with the above electrochemical tests. The sloping line of EIS
in the low-frequency region is related to Li* diffusion in elec-
trode, and the diffusion coefficient (D) can be further calcu-
lated using the following equation [34, 35]:

R2T?
T AR

where R is the gas constant, 7'is the absolute temperature, A is
the electrode area, n is the number of electrons transferred
involved in reaction, F is the Faraday constant, C is the molar
concentration of Li" in the electrode, and o is the Warburg

Table 2 Parameters of impedance spectra and Li* ion diffusion
coefficients of samples after three cycles

Samples R, () Re+ Ry () Dt (em?s Y
HF700 4.8 258.1 553x10° "
HF725 3.7 209.7 734x10 1
HF750 3.9 1612 3.77x1071°
HF775 3.5 168.4 1.18x10°1°
HF800 4.0 261.5 8.81x10 "
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Fig. 7 a, b SEM images of
HF750 electrodes before the
cycle. ¢, d Electrodes after 100
cycles at 1 C. e Corresponding
elemental mapping images

impedance coefficient, which can be obtained from the slope
of Z' — w ' relationship at low frequency as shown in Fig. 6b
[36]. The Li* diffusion coefficient of the samples after three
cycles were calculated and summarized in Table 2. The higher
D of HF750 than those of the other samples indicating that its
good structure facilitates the diffusion of Li*, which further
explains its excellent electrochemical performance.

For the sake of exploring the structural properties of
HF750 electrode materials, The SEM images of HF750
electrodes before and after 100 cycles at 1 C are shown
in Fig. 7. In contrast to the morphologies of the electrodes
before cycling (Fig. 7a, b), (Fig. 7c and d shows that the
morphology of HF750 hardly changed and it remained
maintaining a hollow tubular-fiber structure, indicating
its good structural stability, which further proves the ex-
cellent cycle performance of HF750 (Fig. 5b). The map-
ping results in Fig. 7e indicate the presence and homoge-
neous distribution of Ni, Co, Mn, P, and F. A series of

results indicates the superior structural stability of the
NCM523 hollow tubular 1D cathode material.

Conclusions

This paper reported an in situ synthesis of the hollow tu-
bular NCM523, which is reported as a new high-stability
cathode material for Li-ion batteries. Calcination tempera-
ture is critical to the electrochemical properties of the hol-
low tubular-fiber NCM523. The as-prepared HF750 exhib-
ited the best electrochemical performance with retention of
84% after 100 cycles at 1 C, which is attributed to the
well-guided charge transfer kinetics with short ionic diffu-
sion pathways of the hollow fiber structure, as well as the
large effective contact area with the electrolyte during
cycling.
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