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Hierarchical non-woven fabric NiO/TiO, film as an
efficient anode material for lithium-ion batteriest
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and Yang Cao (@ *®

Hierarchical non-woven fabric NiO/TiO, film is prepared using a facile two-step synthesis by
electrospinning and subsequent hydrothermal reaction to yield TiO, film decorated with NiO
nanosheets. As an anode material for Li-ion batteries, the NiO/TiO, composite exhibits discharge and
charge capacities of 1251.3 and 1284.3 mA h g~ with good cycling performance and rate capability.
Characterization shows that the NiO nanosheets are distributed on the surface of the TiO, nanofibers.
The total specific capacity of NiO/TiO, is higher than the sum of pure TiO, and NiO, indicating a positive
synergistic effect of TiO, and NiO on the improvement of electrochemical performance. The results
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1. Introduction

With the rapid development of human society, the demand for
green energy is increasing dramatically.”> Owing to the high
voltage, high capacity, and long cycle life, rechargeable lithium-
ion batteries (LIBs) have become power sources for portable
electronic devices and electric vehicles.? Graphite, a commercial
anode material for LIBs, exhibits a low theoretical capacity
(372 mA h g™') and poor rate capability, and thus cannot meet
the increasing requirements of high-performance electrode
materials.*® Comparatively, transition metal oxides (TMOs),
due to their high theoretical capacities and superior electro-
chemical properties, have attracted much attention as alterna-
tive anode materials. In particular, nickel oxide (NiO) is
regarded as one of the most appealing anode materials because
of its high theoretical capacity (718 mA h g~"), high density
(6.67 g cm™?), low cost, environmental benignity, and natural
abundance.®’

Unfortunately, the poor electrical and ionic conductivities of
NiO hinder its electrochemical performances.®**® Besides, the
sluggish kinetics of the conversion reaction and the large
volume expansion (95.69%) of the large-sized electrode mate-
rials severely restrict the development of NiO anodes."* To
address these shortcomings, Poizot et al. first proposed the
nano-sized TMOs that undergo conversion reactions with
lithium and provide two- or three-fold higher reversible capacity
than graphitic anodes.'” After that, great efforts have been made
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suggest that non-woven fabric NiO/TiO, film is a promising anode material for lithium ion batteries.

to improving the performance of NiO as the anode material
through fabricating various nanostructures, including nano-
particles,” nanosheets,'* nanotubes,">'® nanofibers,"” hollow
microspheres,'®* and sandwich-like films.”® The nanoscaled
materials not only shorten the electron and Li" diffusion path-
ways, but also increase the electrode-electrolyte interface,
enhancing the cycling stability and high-rate capacity.”*
Nevertheless, the issues for nanoscaled materials are that they
can easily become aggregated and get more structural defects,
resulting in poor cycling performance.”® Thus, sophisticated
nanomaterials, particularly with designed unique structures,
are highly needed.

Herein,
composed of NiO nanosheets (NSs) grown on TiO, nanofibers is
prepared via an electrospinning method combined with
a hydrothermal post-treatment and used as an efficient anode
material for LIBs. The special three-dimensional (3D) nano-
architecture possesses outstanding advantages. First, the
direct growth of NiO nanosheets on TiO, nanofibers improves
the conductivity and separates active materials from each other,
completely avoiding the aggregation and agglomeration. In
addition, this 3D morphology helps to shorten the pathways for
Li" and electron transport and enlarges exposed surface for
more lithium-exchange channels, leading to high rate capability
and cycling stability.

a novel hierarchical non-woven fabric film

2. Experimental
2.1 Material fabrication

All chemicals or materials were used directly without further
purification. First, the non-woven fabric film composed of TiO,
nanofibers is prepared according to our previous report.”**
Then, the as-prepared TiO, non-woven fabric film was employed
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as the scaffold for the growth of NiO nanosheets via a hydro-
thermal reaction. Briefly, the non-woven fabric film was tilted
against the wall of the autoclave at a certain angle. 5 mmol of
NiSO,-6H,0 and 10 mmol of hexamethylenetetramine (HMT)
were added to 60 mL of water to form a homogeneous green
solution. Subsequently, the solution was transferred into the
autoclave, which was then tightly sealed and kept in an electric
oven at 100 °C for 12 h. After cooling down naturally to room
temperature, the non-woven fabric film was then taken out,
washed with water thoroughly, and dried at 60 °C overnight.
The obtained non-woven fabric film was placed in a tube
furnace and annealed in air at the temperature of 450 °C with
a heating rate of 2 °C min . After cooling to room temperature,
the resultant non-woven fabric film was donated as NiO/TiO,
film.

2.2 Structure characterization

The compositions of the as-prepared materials were examined
by X-ray diffraction (XRD, D8-ADVANCE) with Cu Ko radiation.
The morphology and elemental distributions of the samples
were investigated by a field emission scanning electron micro-
scope (FE-SEM, JSM-7001F) equipped with energy dispersive X-
ray spectroscopy (EDS) and a transmission electron microscope
(TEM, JEM-2100).

2.3 Electrochemical measurements

Electrochemical measurements were carried out in CR2016
coin-type cells. The testing cells were assembled in an argon-
filled glove box using NiO/TiO, non-woven fabric film and Li
foil as the working electrode and counter electrode, respectively.
Celgard 2400 as the separator, and 1 mol L™' LiPFgin a 1:1
(volume) mixture of ethylene carbonate and ethyl methyl
carbonate as the electrolyte. The charge/discharge test was
performed between 0.01 V and 3 V at various current densities
using a NEWER battery tester. Cyclic voltammetry (CV, 0.01 V to
3V, 0.1 mV s ') and electrochemical impedance spectroscopy
(EIS, 0.01 to 10° Hz) were conducted using electrochemical
workstation (CHI 660E) with 5 mV amplitude. All tests were
carried out at room temperature.

3. Results and discussion

The 1D nanostructures with fewer surface defects are well
recognized as efficient for fast electron transport.>® To preserve
the long fibrous structure of the electrospinning nanofiber,
TiO, non-woven fabric film was used as the current collector,
and NiO NSs are grown on the surface of nanofibers after the
hydrothermal treatment. The detailed fabrication procedure is
illustrated in Scheme 1. Briefly, an electrospinning process was
used to synthesize TiO, non-woven fabric film, which was then
employed as the scaffold for the growth of NiO nanosheets via
a hydrothermal reaction. The composite material film was ob-
tained by calcining in air at 450 °C for 2 h to decompose Ni(OH),
to NiO.

The XRD patterns of the samples are shown in Fig. 1. The
TiO, film exhibits diffraction peaks that agree well with the
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characteristic peaks of anatase TiO, crystal. Namely, the peaks
at 25.4, 48.1 and 54.6° correspond to the (101), (200) and (105)
crystal planes of TiO, (JCPDS card no. 21-1272), respectively. All
the reflections of NiO sample can be perfectly indexed as NiO
(JCPDS card no. 65-2901) in terms of the relative intensity and
position. The well-resolved diffraction peaks appearing at 37.08,
43.23, and 62.81° are correspondingly assigned to the (111),
(200), and (220) planes, respectively. For the NiO/TiO, film, all
the diffraction peaks are in agreement with the standard
patterns of TiO, (JCPDS card no. 21-1272) and NiO (JCPDS card
no. 65-2901), and no impurity diffraction peaks are observed.

The morphologies of the samples were examined by field-
emission scanning electron microscope (SEM) and trans-
mission electron microscope (TEM). Fig. 2 shows the SEM
images of the TiO, nanofibers (Fig. 2a and b) and the NiO/TiO,
composite (Fig. 2c and d). It can be seen that the electro-
spinning TiO, nanofibers have a relatively smooth surface with
diameters ranging from 350 to 700 nm, which are intact during
the film fabrication process. The long fiber structure should be
effective in facilitating electron transport. The nanofibers stack
loosely with each other, leaving lots of voids, which facilitate the
electrolyte penetration as well as Li" transport between the
electrode and the electrolyte. After the hydrothermal treatment,
as shown in Fig. 2c and d, each nanofiber is coated with NiO
nanosheets with the average thickness of ~7 nm and height of
~350 nm. The TEM analyses (Fig. 2e and f) also demonstrate the
highly branched structure, in which NSs are disorderly grown
on the surface. The high-resolution TEM (HR-TEM) image
(Fig. 2g) of a single NS shows a typical lattice distance of
0.21 nm, which is indexed to the (200) plane of NiO. Compared
with the pristine TiO, nanofiber film, the large interspaces
between fibers are filled with NSs, resulting in more active sites
of the composite film. The corresponding element mapping of
Ti, O, and Ni in Fig. 3 also confirms the uniform dispersion of
NiO nanosheets on the TiO, fiber surface. However, in the
absence of TiO, nanofibers, NiO NSs tend to self-assemble into
nanoflowers with sizes ranging from 6 to 10 pm (Fig. S17).

Cyclic voltammetry (CV) tests and galvanostatic discharge/
charge measurements were investigated in half-cell configura-
tions to evaluate the lithium storage properties of the as-
prepared NiO/TiO, composite film as an anode electrode in
LIBs. Fig. 4a shows the CV curves of the NiO/TiO, film for the 1st
and 2nd cycles at a scan rate of 0.01 mV s~ ' over the voltage
range of 0.01-3 V. In the first cathodic scan, a strong peak
appears at ~0.47 V, which corresponds to the formation of
a solid electrolyte interphase (SEI) film and the reduction of NiO
to Ni.”” In the following cycle, this cathodic peak significantly
shifts to about 0.9 V, which agrees well with previous reports.?*?°
The anodic scans show similar profiles, in which two oxidation
peaks are found at 1.49 V and 2.1 V, indicating the decompo-
sition of the SEI film and the oxidation of Ni to NiO,
respectively.*

Fig. 4b and c show the discharge/charge curves of NiO and
NiO/TiO, electrodes at 0.1C and 0.2C (1C = 718 mA h g ),
respectively. The NiO electrode exhibits discharge and charge
capacities of 615.8 and 662.6 mA h g~ " at 0.1C, and 626.4 and
579.6 mA h g ' at 0.2C. Impressively, the NiO/TiO, electrode
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Scheme 1 Schematic diagram for the fabrication of the hierarchical NiO/TiO film.
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Fig. 1 XRD patterns of the TiO,, NiO and NiO/TiO,, respectively.

exhibits discharge and charge capacities of 1251.3 and
1284.3mAh g ' at 0.1C, and 1075 and 1154.4 mA h g~ " at 0.2C,
with the coulombic efficiency of 97% and 93%, respectively.
Thus, the discharge and charge capacities of the NiO/TiO,
electrode are about twofold of those delivered by the NiO
electrode.

The electrochemical performance is crucial for the potential
anode materials in LIBs. The rate performance of the NiO/TiO,
electrode is first examined at different charge/discharge rates
from 0.05C to 0.5C for 5 cycles, and then returns to 0.05C. As
illustrated in Fig. 4d, the NiO/TiO, electrode exhibits high
discharge capacities at lower current densities, which is
1388.9 mA h g ' at the rate of 0.05C and decreases to
509.5 mA h g~ ' at 0.5C. When the current returns to 0.05C, the
discharge capacity recovers to 1015 mA h g ', showing good

Fig. 2 (a) Low- and (b) high-magnification SEM images of the TiO, fibers. The inset figure shows the TiO, electrode. (c) Low- and (d) high-
magnification SEM images of the NiO/TiO, composite film. (e and f) TEM images of the NiO/TiO, composite. (g) HRTEM and (h) SAED images of

NiO NS.
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Fig. 3
map.

stability. Fig. 4e presents the cycling performance of the two
electrodes. The initial discharge capacity of NiO/TiO, electrode
is 1285.6 mA h g ', and the capacity maintains a high value of
487.1 mA h g~ ! after 50 cycles at 0.1C. While for the NiO elec-
trode, the initial discharge capacity is 655.2 mA h g/,
decreasing to only 198.9 mA h g~ ' after 50 cycles.

To confirm the electrochemical kinetics related to Li" diffu-
sion, electrochemical impedance spectroscopy (EIS) measure-
ments were carried out. Fig. 4f presents the Nyquist plots of the
electrodes in the frequency range of 10~ > to 10> Hz at the open-
circuit potential. The semicircle in the high-frequency region is
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Ti O Ni

(a) SEM image of NiO/TiO, and (b—e) the corresponding EDX element mapping of (b) Ti, (c) O, (d) Ni, and (e) the reconstructed chemical

attributed to the charge transfer resistance (R.) at the elec-
trode-electrolyte interface, and the inclined line in the low-
frequency range (the Warburg impedance) corresponds to Li-
ion diffusion in the electrode.** The NiO/TiO, electrode shows
the lowest R, and Warburg impedance among the testing
electrodes. The low R is ascribed to the high number of elec-
troactive sites due to the good dispersion of NiO nanosheets,
while the tunneled TiO, nanofibers shorten the Li* diffusion
pathways, reducing the Warburg impedance.

Cycling performance under high charging/discharging rate
was also examined to explore the potential of the NiO/TiO,
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Fig. 4 (a) Cyclic voltammograms of the NiO/TiO, film at a scan rate of 0.1 mV s~ for the first two cycles. (b and c) Charge—discharge voltage
profiles of (b) NiO and (c) NiO/TiO, electrodes at current densities of 0.1C and 0.2C. (d) Rate performance of the NiO/TiO, electrode at different
current densities. (e) Cycling performance of NiO and NiO/TiO, electrodes at a current density of 0.1C. (f) Nyquist plots of NiO and NiO/TiO,

electrodes.
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Fig. 5 Long cycling stability of the NiO/TiO, electrode at 6C.

electrode. Fig. 5 records its capacity variation under high
current density of 6C (for NiO, 1C = 718 mA g ') for 500 cycles.
To start with, the discharge capacity of NiO/TiO, decreases to
152.4 mA h g " in the beginning 100 cycles. Then excitingly, it
increases steadily in the following cycles. Afterwards, it gradu-
ally rises to 243.9 mA h g~ * at the 500th cycle. Even though the
capacity experiences some up and down movements, which may
be related with the domination of the interfacial Li" storage
mechanism, the long life under such high power is still
remarkable.*> In addition, high coulombic efficiencies (about
100% in average) are also found after the first cycle. The Fig. S2f
reveal that after suffering intense cycling test, the NiO/TiO,
remains original structure with uniform solid electrolyte inter-
face (SEI) layer coating on the surface, which prevents the
aggregation of the active materials. In addition, the integrity of
the electrode is well preserved.

Fig. 6 outlines the proposed electron transfer and Li" diffu-
sion mechanism during the lithiation-delithiation process. The
reasons for the high electrochemical performance can be
explained as follows. First, high conductive TiO, non-woven
fabric film as the current collector can enhance the electron

Fig. 6 Schematic illustration of the lithiation—delithiation process of
the NiO/TiO, composite film.
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transfer and effectively suppress the aggregation of NiO NSs,
enabling the electrode material to achieve good rate capability.
Second, the large interfacial areas can provide more sites for Li"
storage as well as facilitate the Li" transport between the elec-
trode and the electrolyte.®***

4. Conclusions

In conclusion, a non-woven fabric film composed of ultrathin
NiO nanosheet arrays vertically grown on TiO, nanofibers has
been fabricated through an electrospinning method followed by
a solvothermal process. The as-fabricated NiO/TiO, electrode
exhibits excellent electrochemical performance, which is
attributed to the ultrathin thickness of NiO nanosheets and the
direct contact with the 3D non-woven fabric TiO, film. This
facile synthesis method of ultrathin NiO nanosheet arrays
opens up new strategies for developing advanced electrodes for
high-performance LIBs.
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