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HIGHLIGHTS

e Li4Tis0,@NiCo,04 branching nanowires grown on the surface of carbon cloth.

o Capacity and rate performance of Li4TisO2 based composited is enhanced.

o The flexibility and zero volume changes maintained due to branching NW structure.
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The hierarchical carbon cloth supported LigTis012@NiCo;04 branched nanowire (NW) arrays were
fabricated as the flexible, binder-free anode for lithium-ion batteries. The novel composite exhibits
greatly improved specific capacity and rate capability as well as excellent cyclic stability compared to
carbon cloth supported LigTisO12 NW arrays. The results clearly demonstrate that branched growth of
NiCo,04 NWs on the surface of LisTisO12 NWs on carbon cloth enhances lithium diffusion. The superior

electrochemical performance is ascribed to the unique architecture as well as the synergetic effect of
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good flexibility and high conductivity of carbon cloth, almost zero volume change during charge/
discharge process of LisTis012, and high capacity and conductivity of NiCo,04. This novel anode possesses
high potential for applications in high-performance, flexible lithium-ion batteries.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

The design of high-performance electronic/electric systems
including portable electronic devices and hybrid electric vehicles
demands robust energy-storage devices with high volumetric/
gravimetric energy density as well as environmental benignity
[1—6]. Currently, rechargeable lithium-ion batteries (LIBs) are the
predominant power source for portable/small electronics [7].
However, the power density and safety should be further improved
to meet the requirements of ever-growing development of elec-
tronic/electric devices [8]. For instance, graphite is a widely used
anode material in commercial LIBs, but it suffers from a safety issue
that arises from the formation of dendritic lithium due to the low Li
insertion into carbonous materials [9]. Numerous efforts have been
made to address these issues through developing high-
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performance electrode materials [8—22]. In particular, many at-
tentions have been put on transitional metal oxides [8—20].
Li4TisO1, (LTO) has been extensively investigated as one of the
leading candidates because of its almost zero volume change
(0.25%) during Li insertion/extraction [10], which leads to high
safety by preventing the formation of solid-electrolyte interface
(SEI). However, its low electrical conductivity (1073 S cm™1), low
lithium diffusion coefficient (10~° to 10~'3 cm? S~1), low capacity
(175 mA h g71), and relatively high voltage plateau (~1.55 V) limit
its applications [11]. As a result, insufficient lithiation/delithiation
at high rates results in low full cell voltage. Reducing the size of LTO
to nanoscale (e.g. nanowire [12], nanotube [13]), one of effective
methods to enhance lithium diffusion, significantly favors the
improvement of rate capability and cyclic stability. Moreover, using
woven/nonwoven carbon cloth (CC) as the supporting material for
LTO nanostructures improves the performance through enhancing
the conductivity [ 14], serving as electron collector, and avoiding the
use of binders, which are electrical insulator without electro-
chemical capacity [15]. More importantly, the CC substrate renders
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the application of LTO in flexible devices, such as rollup display,
smart card, and wearable devices, due to its good flexibility, con-
ductivity, stability and excellent mechanical properties [16]. How-
ever, the capacity of CC supported LTO nanostructures should be
further enhanced. Since carbon is inactive to lithium at the po-
tential above 1 V (vs. Li/Li™), it will not contribute to the energy
density of the electrode [9].

Recently, NiCoy04 (NCO) has drawn many attentions as an
alternative material of Co,03 for LIBs, owning to its high electrical
conductivity and theoretical specific capacity (884 mA h g ') and
low working potential (0.3—2.3 V) [17]. It, however, experiences
great volume change during lithium insertion/extraction [18].
Herein, given that the characteristics of these two electrochemi-
cally active materials of LTO and NCO, we complementarily inte-
grated LTO and NCO together, and thus rationally designed and
fabricated the hierarchical CC supported LTO@NCO branched
nanowire (NW) arrays (CC/LTO@NCO), which feature the homog-
enous growth of NCO NW branches as the shell on the surface of CC
supported LTO NWs (CC/LTO) as the core. The almost zero volume
change nature of LTO can prevent NWs from failing caused by
volume change, thus ensuring the stability of the composite. More
strikingly, the novel CC/LTO@NCO composite with high flexibility
reveals significantly improved electrochemical properties as an
anode for LIBs compared with CC/LTO. Specifically, the binder-free
composite exhibits a superior specific capacity of 298 mA h g~ ! at
1 C, a remarkable high-rate performance of 203 mAh g~' at 20 C as
well as excellent cyclic stability with capacity retention of 97% for
1200 cycles at 1 C.

2. Experimental
2.1. Material synthesis

Carbon cloth supported TiO, NWs (CC/TiO) were firstly pre-
pared. Typically, 0.3 mLTi(OBu)4 was slowly dropped into a mixture
solution of 13 mL HCI and 15 mL H,0, followed by vigorously stir-
ring for 30 min. The solution and CC were then transferred into a
hydrothermal autoclave at 180 °C for 12 h. After the autoclave was
cooled to room temperature by quenching with water, the sample
was ultrasonically cleaned for 3 min in a 2:1 (v/v) mixture of iso-
propyl alcohol and H;0, and dried under vacuum. Subsequently,
stoichiometric amount of LiOH, which was dissolved in methanol,
was dropped on the CC/TiO, sample and dried under nitrogen flow.
The obtained sample was calcinated at 750 °C for 12 h at a ramping
speed of 2 °C min~! to obtain CC/LTO NWs. Ni and Co seeds were
loaded on the surface of the as-prepared CC/LTO sample through
dipping in 5 mM Ni(OAc), and Co(NOs3), acetone solution for 4
times followed by being calcinated at 350 °C for 30 min on hot
plate. NCO NWs were grown on the surface of LTO NWs through a
hydrothermal reaction in a solution containing 40 mM Ni(NOs)p,
80 mM Co(NOs3); and 480 mM urea at 80 °C for 6 h. After the
autoclave was cooled to room temperature naturally, the sample
was rinsed with water and dried under vacuum. The as-obtained
materials were annealed at 300 °C for 2 h to get CC/LTO@NCO NWs.

2.2. Material characterization

The morphology of the samples was observed using a scanning
electron microscope (SEM, Sigma VP, Carl Zeiss, Germany). The
high-resolution transmission electron microscopy (HRTEM) images
were taken on a JEOL-2010 TEM at an acceleration voltage of
200 kV. Powder X-ray diffraction patterns (XRD) were recorded on
Bruker D8 Advance ECO diffractometer equipped with graphite
monochromatized high-intensity Cu/Ka radiation (A = 1.54178 A).
X-ray photoelectron spectra (XPS) were collected on a physical

electronics PHI5400 using Mg/Ka radiation as the X-ray source. The
specific surface area was calculated from N3 adsorption—desorption
isotherms measured at 77 K on an ASAP-2010 surface area analyzer.
The specific surface area was calculated from the adsorption curve
according to the Barrett-Joyner- Halenda (BJH) method.

2.3. Electrochemical measurements

The cells (CR2032) were assembled in a glovebox (Mbraun, Lab-
Master 100, Germany) under an argon atmosphere by using the as-
synthesized hierarchical NW arrays as the anode. For the flexible
battery, each electrode was cut into a rectangle of 3 x 1 cm with a
narrow strip on edge to connect with wires. The electrodes and
separator were immersed in electrolyte for 12 h before the battery
was assembled and sealed by flexible plastic bag using edge-
bonding machine. All the electrochemical measurements were
performed using an Autolab PGSTAT302N. The counter and refer-
ence electrodes were lithium chips, and the electrolyte solution
was 1M LiPFg, in which the solvent mixture was ethylene carbonate
(EC)/dimethyl carbonate (DMC)/ethyl methyl carbonates (EMC)
(1:1:1 in volume). The cells were charged and discharged over a
voltage range of 0.05—3 V vs. Li*/Li at room temperature. Cyclic
voltammetry was performed in the range of 0.05—3.0 V vs. Li/Li at
a scan rate of 0.5 mV s~ .. Constant-current charge/discharge tests
were carried out at different current densities in the same voltage
range. The interfacial resistance was investigated using EIS over the
frequency range of 1 MHz to 1 Hz under AC stimulus with 10 mV of
amplitude and no applied voltage bias. Before the EIS measure-
ments, the electrodes were cycled for three times, then charged to
3.0 V and kept until the open-circuit voltage was stabilized.

3. Results and discussion

Fig. 1 shows fabricating schematic of the hierarchical carbon
cloth supported LigTisO12/NiCo,04 branched nanowire arrays (CC/
LTO@NCO). First, TiO, NWs were grown on carbon cloth (CC) via a
facile hydrothermal method' and then lithiated to LisTisO12 (LTO)
through a solid-state reaction [10]. NiCo,04 (NCO) NWs, subse-
quently, were homogeneously and orthogonally grown on the
surface of LTO NWs during another seed-assistant hydrothermal
process, resulting in the formation of CC/LTO@NCO branched NW
arrays.

Scanning electron microscopy (SEM, Fig. 2a—c) reveals that the
surface of carbon fibers in the CC is uniformly covered by TiO, NWs
with an average diameter of 70 nm and a length of 1.2 pm, forming
an initial hierarchical structure. After the following lithiation pro-
cess (Fig. 2d), the NW arrays have a rougher surface and larger
diameter of 90 nm due to the volume expansion caused by the
density difference between LTO and TiO, [10]. The perpendicular
growth of NCO NWs onto the surface of LTO NWs leads to the
generation of a secondary hierarchical architecture with branched
NW arrays (Fig. 2e and f). The needle-like NCO NWs exhibit a
diameter of 20—30 nm and a length of 400—500 nm. High-
resolution transmission electron microscopy (HRTEM) images
show that the observed 0.486 nm lattice spacing corresponds to the
(111) atomic plane of cubic LTO (Fig. 2g), while the 0.287 nm lattice
spacing is consistent with the (220) atomic plane of orthorhombic
NCO (Fig. 2h). The crystal structure was further verified by X-ray
diffraction (XRD) measurements (Fig. 2i). The pattern of TiO; NWs
coated CC sample (CC/TiO;) is in good agreement with rutile-type
TiO; (space group P4;/mnm, no. 136) and graphitic carbon (space
group P6smc, no. 186), which confirms the SEM observation that
rutile TiO, NWs are successfully grown on the CC after the first
hydrothermal reaction. Further lithiation through solid-state reac-
tion leads to complete conversion of rutile TiO, to spinel-type LTO
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Fig. 1. Fabricating route of hierarchical CC/[LTO@NCO branched NWs.
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Fig. 2. Morphology and structural characterizations of CC supported TiO, NWs, LTO NWs, and LTO@NCO NWs. (a)—(c) SEM images of CC/TiO, NWs. (d) SEM image of CC/LTO NWs.
(e)—(f) SEM images of CC/LTO@NCO NWs. (g) HRTEM image of LTO NWs. (h) HRTEM image of NCO NWs. (i) XRD patterns of CC supported TiO; NWs, LTO NWs, and LTO@NCO NWs.

(space group Fd3m, no. 227). Compared with the CC/LTO, XRD
pattern of the CC/LTO@NCO composite exhibits an extra phase,
which assigned to spinel-type NCO (space group Fd3m, no. 227,
JCPDS card no. 20—0781). Besides, the CC/LTO@NCO composite was
subjected to X-ray photoelectron spectroscopy (XPS) study to

further identify the chemical composition and states. Fig. 3a—d
show high-resolution XPS spectra of Ti 2p, Ni 2p, Co 2p, and O 1s
core level peaks, respectively. The peaks in the range from 856.5 to
872.8 eV (Fig. 3a) can be ascribed to Ni*>* [20]. The peaks at 780.2
and 797.8 eV correspond to Co>* in NCO (Fig. 3b) [21]. The peaks at
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Fig. 3. XPS spectra of (a) Ni 2p, (b) Co 2p, (c) Ti 2p, and (d) O1s in the CC/LTO@NCO composite.

458.6 and 464.3 eV (Fig. 3c) are assigned to Ti 2p3j and Ti 2pq2,
respectively, with a typical Ti 2p spin-orbit splitting of 5.7 eV,
which is the characteristic of Ti** in LTO [22]. The peaks of O 1s
(Fig. 3d) are contributed by lattice oxygen of Ni—O, Ti—0 and Co—0
bonds at 529.4, 531.2 and 532.8 eV, respectively, and the surface
adsorbed oxygen at 527.6 eV. Thus, the XPS result further suggests
the successfully continuous growth of LTO and NCO on the CC. The
content of LTO and NCO is determined by XPS to be about 25 wt%
and 5 wt%. The characterizations well exhibit that the CC/LTO@NCO
composite presents a hierarchical branched NW structure,
featuring highly crystallized NCO orthogonally grown on LTO NWs,
which vertically coat on the surface of CC. The formation of NW
branches enhances the surface area and hence could shorten the
lithium immigration length as well as expose more active site,
facilitating lithium immigration during lithiation/delithiation pro-
cess and therefore favoring the improvement of electrochemical
activities.

Next, the electrochemical performance of the CC/LTO@NCO
composite was evaluated as the anode for LIBs. Fig. 4a shows cyclic
voltammogram (CV) curves of the CC/LTO@NCO composite at a scan
rate of 0.5 mV s~ with a cut-off voltage of 0.05—3 V. The current
peak at 1.30 V for the first cycle, which shifts to 1.41 V for the second
and third cycles, corresponds to lithiation of LTO; while the peaks at
1.62 V for all three cycles are ascribed to delithiation of LTO, in good
accordance with the previous report [10]. Cathodic current peaks
centered at 0.58 V for the first cycle and at 0.75 V for the second and
third cycles can be attributed to the reduction of Ni>* and Co>* to Ni
and Co, respectively. The anodic current peaks around 2.1 V are
assigned to the oxidation of Co to Co>*. The shift of peak position
for the second and third cycles can be attributed to the formation of
solid-electrolyte interface (SEI) [19]. More strikingly, the CV curves
for the second and third cycles exhibit good reproducibility with
almost the same peak current and integrated area of the cathodic/
anodic peak, suggesting high reversibility of lithium storage of the
CC/LTO@NCO composite. As shown in Fig. 4b, the charge/discharge
curves of CC/LTO at different current rates from 1 to 20 C display

slow voltage plateaus around 1.5 V, reflecting Femi level changes
between LTO and Li;Tis01, phases during lithiation and delithation
processes [10]; while after growth of the dense and uniform NCO
NW branches on the surface, the obvious plateaus are no more
observed. Notably, the CC/LTO delivers a specific discharge capacity
of 172 mA h g~ ! at the initial low rate of 1 C, which is very close to
the theoretical capacity of LTO (175 mA h g~ '), whereas the CC/
LTO@NCO composites exhibit a much higher capacity of
298 mA h g~ owing to capacity contribution from branched NCO
NWs with high electrical conductivity and theoretical specific ca-
pacity (884 mA h g !). The enhanced capacity reveals the
improvement of Li electroactivity by the formation of the branched
NCO NWs coating.

High mass loading of active materials and high volumetric ca-
pacity are still one of challenges for nanostructured materials, due
to difficulties to achieve robust electronic and ionic connections
between neighboring nanoparticles [23]. The developed anode has
a mass loading of 6.29 mg cm™2, which is higher than that of the
reported CC supported LTO or NCO nanostructures (usually
1.0-5.1 mg cm?, depending on the structure) [24]. The unique
structure of hierarchical CC supported LTO@NCO branched NWs
enhances the loading of active materials, and thus benefits the
improvement of gravimetric and volumetric capacity. CC/LTO@NCO
composites can deliver areal capacity of 1.87 mA h cm~2, which is
higher than that of NCO NWs grown on CC [24]. And the corre-
sponding volumetric capacity is determined to be 51.94 mA h cm~3,
based on the CC thickness of 360 pum, given that the commercialized
CC with an average diameter of 10 um is used in this study.

The rate performance of the CC/LTO@NCO composite at various
current densities ranging from 1 C to 20 C was also investigated,
compared to that of the CC/LTO (Fig. 4b). For each current rate, 20
cycles were conducted. The CC/LTO@NCO composite exhibits
excellent rate performance. The specific discharge capacity de-
creases slightly and slowly from 298 mA h g ! at the rate of
1C—262mAhg'at3C,250mAhg 'at5C and235mAhg ! at
10 C. Even at a very high rate of 20 C, the specific discharge capacity
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Fig. 4. Electrochemical performance of the CC/LTO@NCO electrode. (a) CV curves of the CC/[LTO@NCO composite for the first, second, and third cycles at a scan rate of 0.5 mV s~ . (b)
Charge/discharge curves of CC/LTO and CC/LTO@NCO between 0.05 and 3 V at different current rates. (c) Rate performance of CC/LTO and CC/LTO@NCO at different current rates. (d)
Cyclic stability performance at the rates of 1 C and 20 C as well as the corresponding Coulombic efficiency at the rate of 1 C. (e) Comparison of charging/discharging curves of the flat
and bent batteries after 20 times bending. Inserted image in (e) is photograph of flexible CC/LTO@NCO electrode material. (f) Cyclic performance of the flat and bent batteries.

still reaches to 203 mA h g, which is even much greater than that
of the CC/LTO at the low rate of 1 C (172 mA h g~ '). The CC/LTO,
however, shows remarkably decreased capacity from 1 C
(172 mA h g ') to 20 C (14 mA h g~ !). More importantly, the CC/
LTO@NCO composite displays good capacity retention at various
rates. When the rate is reduced back to 1 C after more than 100
cycles, a stable original discharge capacity (~298 mA h g 1) is
recovered, demonstrating excellent electrochemical reversibility.
Furthermore, the cyclic performance of the CC/LTO@NCO compos-
ites was evaluated at the charge/discharge rates of 1 C and 20 C
(Fig. 4d). The CC/LTO@NCO composites display outstanding capac-
ity retention with slight capacity declination of ~3% at 1 C and 14%
at 20 C over 1200 charge/discharge cycles, suggesting the excellent
cyclic performance. And the Coulombic efficiency keeps at almost
100%. This result demonstrates that the CC/LTO@NCO is very stable,
and the electrochemical Li* insertion/extraction process is quite
reversible. The excellent rate performance and cyclic stability of the
CC/LTO@NCO composite in the voltage range from 0.05 to 3 V
manifest good application potentials for high-power outputs at low
working voltage. It is worth noting that the CC/LTO@NCO electrode
exhibits good flexibility with bending more than 180 °C (inserted

image in Fig. 4e). After 20 bends, the battery shows negligible
change in capacity and overpotential, compared with that of the
original flat battery (Fig. 3e). Furthermore, the flexible battery ex-
hibits an excellent cyclic stability even after bending. The capacity
retention is ~98% after the first 20 cycles without bending and ~96%
after another 20 cycles with bending (Fig. 3f). The observation well
demonstrates the excellent stability and capacity retention of the
CC/LTO@NCO anode under bending. The outstanding electro-
chemical properties may be attributed to the synergetic effect of
outer NCO and core LTO. NCO has high capacity and electrical
conductivity but suffers large volume change during lithiation/
delithation, which in turn reduces the cyclability; whereas LTO
possesses the almost zero volume change during charge/discharge
process, which enables LTO the ideal core material, although it has a
low capacity. Therefore, in this study, LTO as core material and NCO
as shell material are continuously and hierarchically grown on the
surface of the flexible CC, which could complementarily take
advantage of the stability of LTO and high capacity of NCO as well as
the flexibility of CC.

In order to verify the effect of NCO NW branches covering on the
surface of CC/LTO, Brunauer-Emmett-Teller (BET) measurements
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were firstly conducted (Fig. 5). The CC/LTO@NCO composites
exhibit a much higher specific surface area of 174.5 m? g~ ! than that
(98.2 m? g~ 1) of CC/LTO. Therefore, the CC/LTO@NCO electrode can
deliver more contact with Li™ ion in the electrolyte, benefiting the
improved lithium diffusion and intercalation. Next, the electro-
chemical impedance spectroscopy (EIS) was carried out to evaluate
charge transfer in the anode before and after 120 charge/discharge
cycles, compared with that of CC/LTO (Fig. 6), and the fitting data
are shown in Table 1. The semicircular arc diameter in the curves is
related to charge transfer resistance (R¢t) [25,26]. The semicircular
arc diameter of the CC/LTO@NCO composite decreases compared
with that of the CC/LTO, indicating that the CC/LTO@NCO electrode
has a lower charge transfer resistance. Thus the NCO NWs coating
results in faster charge transfer and improved lithium diffusion,
which may arise from the large surface area and high conductivity
after coating. Therefore, the unique structure of hierarchical CC
supported LTO@NCO branched NWs composite also benefits the

120 O CC/LTO@NCO

10040 CC/LTO
A CC/LTO@NCO after cycles

c zz - EE'B
N 404

204

C. _CPE

0 50 100 150 200 250 300
Z'(Q)

Fig. 6. EIS plots of CC/LTO and CC/LTO@NCO before and after 120 charge/discharges
cycles, respectively. Inserted circuit model: R, resistance of solution; R, charge
transfer resistance; CPE, constant phase element; R, the resistance of SEI and Csg;, the
capacitance of SEL

Table 1

Equivalent circuit parameters obtained from EIS measurements.
Sample Rs (Q) Ree (Q)
CC/LTO 9.1 3159
CC/LTO@NCO 3.7 184.3
CC/LTO@NCO after cycles 5.0 190.2

superior electrochemical properties. The curve after cycling is
composed of two partially overlapped semicircles in the high-to-
medium frequency range and a low frequency sloping line, which
is an evidence of the SEI formation. Such an EIS pattern can be fitted
by an equivalent circuit shown in the inset, where R is the bulk
resistance of the cell, reflecting the electric conductivity of elec-
trolyte, separator and electrodes; Rsej and Csej are the resistance and
capacitance of SEI, corresponding to the first semicircle at high
frequency [27]. After 120 charge/discharge cycles, the shape of the
EIS curve shows a small change, indicating that the SEI formation
does not increase the ionic and electronic resistance and inhibit the
charge transfer process in the significant way. Then small Rs and Rt
differences before and after charge/discharge cycles suggest good
electrons transfer between the electrode and current collector as
well as charge transfer. The low volume-change of the core material
LTO during charge/discharge prevents the formation of thick SEI,
and thus benefits the charge transfer.

4. Conclusions

We have successfully developed a novel, binder-free CC/
LTO@NCO composite by first coating LTO NWs on the surface of
carbon cloth, followed by the orthogonal growth of NCO NW
branches on the CC/LTO NWs. Benefiting from the unique hierar-
chical structure and the synergetic effect of CC/LTO and NCO, the
flexible composite exhibits remarkable specific capacity, high rate
capability, and excellent long-term cyclic performance with 97%
capacity retention over 1200 cycles at 1 C when used as anode for
lithium-ion batteries. This novel composite electrode holds the
promising use in flexible LIBs.
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