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Herein, we demonstrate the good performance of TiN
nanowires as anode for lithium-ion batteries. The TiN
nanowires exhibit high cyclic performance with 80% capacity
retention after 100 cycles at 335 mA/g. Additionally, flexible
full battery was fabricated with attractive flexibility and
electrochemical performance.

Flexible devices have captivated tremendous interest in the
exploration of lightweight flexible storage devices due to rapid
development of portable electronic devices. '’ These flexible storage
devices demand high energy and power densities which have given
lithium-ion batteries (LIBs) an attentive opportunity for utilization
since LIBs are agreeable power sources with high energy and power
densities. *'' Base on this background, flexible LIBs becomes the
state-of-art in the field of flexible, bendable and stretchable energy
storage devices. Recently, many attentions have been focusing on
the assembling of flexible LIBs and significant outcome have been
reported. For instance, ZnCo0,0, nanowires/carbon cloth anodes for
flexible LIBs have been reported by Liu et al., ' likewise, Yu et al.
demonstrates three-dimensional hierarchical MoS, nanoflake
array/carbon cloth as flexible LIBs anodes, B flexible MoS,—
graphene hybrid paper for thin film LiBs, '* carbon nanotube/silicon
composite fiber anode for flexible wire-shaped LIBs were also
reported. 5 However, it is still a fundamental objection to further
fabricate  flexible LIBs with remarkable electrochemical
performance.

With respect to improving the high consumption of energy by
humans, electrode materials applied in energy storage devices
becomes vigorously important. '**° Titanium Nitride(TiN), which is
a well-known material for several applications,®® has been
considered as an attractive candidate as electrode material in energy
storage devices™? due to its good electrical conductivity
(4000-55500 S/cm), 2*?? high chemical and thermal stability. *° In
LIBs electrode materials, TiN was often used as a coating material in
order to improve the conductivity of the coated materials. For
instance, they combined with other electrode materials forming
nanocomposites ' such as Li,TisOp/TiN, ** Si/TiN, ** SnOy/TiN **
and hence, the nanocomposites exhibits high electrochemical
performance. ** Less attention has been given to utilizing TiN as
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LIBs electrode active materials. Recently, Cui and his co-workers
have demonstrated titanium vanadium nitride and carbon
nanocomposites in their work reporting an attractive electrochemical
performance of about 650 mAh/g at 74.4 mA/g and 200 mAh/g for
the TiN/C composites. *® Also, Lei et al. also demonstrates TiN/C
nanocomposites reporting a discharge capacity of 76 mAh/g at 50
mA/g after 200 cycles. >’ The discharge capacities delivered by
Cui’s and Lei’s group were still not high enough and still needs
further improvement. Thus, it is still a vital challenge to synthesized
TiN with high discharge capacities.

Recently, we have studied the instability mechanism of TiN
nanowire  supercapacitor electrodes and the irreversible
electrochemical oxidation and structural breakdown are responsible
for their capacitance loss. 3 We found that the stabilized TiN
nanowires with a poly(vinyl alcohol) (PVA)/KOH gel exhibited
excellent capacitive properties when as supercapacitor electrodes. In
this communication, we extend the application of the TiN nanowires
as high-rate anode for LIBs, and demonstrated a flexible
high-performance full LIB device based on a TiN nanowire anode
and a LiCoO, cathode for the first time. The as-prepared TiN
nanowires exhibited an excellent rate performance, achieving a high
capacity of 288 mAh/g at a high current density of 1675 mA/g.
Additionally, it also has outstanding cyclic stability, which delivered
a reversible capacity of 567 mAh/g at 1* cycle and could retain 455
mAh/g after 100 cycles at current density of 335 mA/g. Moreover,
the TIN NW was used as anode in the demonstration of a flexible
LIB device employing LiCoO, as the cathode. This fabricated
LiCoO,//TiN flexible lithium-ion battery device delivers an
outstanding flexibility and good cyclic performance which could
develop of more flexible LIBs.

TiN nanowires were synthesized on a carbon cloth by two-step
approach (see Methods in the Supporting Information, SI). TiO,
nanowires were first grown on the carbon cloth via hydrothermal
method reported elsewhere. *® The surface of the carbon cloth fibers
was covered by single-crystalline TiO, nanowires with a diameters
in a typical range between of 100 and 200 nm and lengths of about
1.5 pm (Figure S1). The TiO, nanowires were then annealed in
ammonia (NH3) gas at 800, 900 and 1000 °C to transform them to
TiN nanowires (denoted as TiN-800, TiN-900 and TiN-1000
respectively). Scanning electron microscopy (SEM) analyses affirm
that that the morphology of the annealed TiO, remains unchanged
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after thermal treatment at 800, 900 and 1000 °C (Figure la-b and
Figure S2). Figure lc display a typical transmission electron
microscopy (TEM) image of TiN-900 sample, showing the TiN
nanowire has a diameter of about 160 nm. The selected area electron
diffraction (SAED) pattern confirmed that the TiN nanowire is a
single crystal with cubic structure (Figure Ic inset). The
high-resolution TEM (HRTEM) image collected at the nanowire
edge disclosed that the nanowires of the TiN has lattice fringes of
0.295 nm, which was designated to “110” of the cubic TiN phase
(Figure 1d).

Figure 1. (a, b) SEM images, (¢) TEM image and (d) HRTEM
image of the TiN-900 sample. Inset in Figure lc is the
corresponding SAED pattern.

To understand more about the transformation of TiO, to TiN
nanowires, further characterizations were carried out. X-ray
diffraction spectra (XRD) reveal the transformation of rutile TiO, to
cubic TiN when the TiO, nanowires are annealed in NH; at 800, 900
and 1000 °C (Figure 2a). ***' It can also be observed that the
intensity of the TiN nanowires increases with increasing temperature
also indicating successful transformation of TiO, into TiN and high
crystallinity of the TiN. Raman spectra collected to determine the
composition of the TiO, nanowires and after annealing in NH; gas
shows characteristic peaks of TiN nanowires at 208, 313 and 552
cm™ in Figure 2b. Each TiN peaks shifted slightly towards the lower
wavelength of the TiO,. This can be attributed to the formation of
Ti** during nitridation. ** ** The peaks at 1333 and 1607 cm™
corresponds to the D and G bands from the carbon fabric.
Investigations on the surface chemical composition changes and
oxidation states of TiO, and after transformation to TiN nanowires
were determined by X-ray photoelectron spectroscopy (XPS). XPS
survey spectra collected from TiO, and TiN samples confirm the
presence of nitrogen at a binding energy of about 400 eV in the TiN
nanowires without any traces of nitrogen in the TiO, nanowires
(Figure S3a). It was observed in the spectra collected from the N 1s
core level that the characteristic peaks at binding energies of 396.5,
397.5 and 399.2 eV corresponds to Ti—N, Ti—N—O and absorbed N,
peaks respectively (Figure 2c). *** Multiple peaks are evolved at
lower binding energies in the Ti 2p spectra for the TiN nanowires
samples resulting from the deconvolution of TiO, Ti 2p binding
energy at 459.3 eV, which can be assigned as Ti 2ps,. The peaks at
4558 eV, 457.1 eV and 458.7 eV can be associated with Ti-N,
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Ti-N-O and Ti-O peaks respectively (Figure 2d). ** Details about the
O 1s core level were discussed Figure S3a. These outcomes justifies
that the chemical states on surfaces of the TiN nanowires samples
comprises of Ti—-N—O, Ti—N, and Ti—O. The result obtained from
the XRD, Raman and XPS also confirmed the transformation of
TiO, nanowires into TiN nanowires.
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Figure 2. (a) XRD spectra, (b) Raman spectra, (c) core level N
1s XPS spectra and (d) core level Ti 2p XPS spectra of the TiO,,
TiN-800, TiN-900 and TiN-1000 samples.

Electrochemical performance was investigated to figure out the
influence of lithium insertion and extraction process in the TiN
electrodes. We first study the lithium storage mechanism in the TiN
electrodes using the cyclic voltammograms (CV). The CV curves of
the 1% cycle of the samples at a scan rate of 0.1 mVs™ over a voltage
range of 0.01 - 3.0 V (vs Li"/Li) were shown in Figure S4a. During
the first discharge cycle, three redox peaks were observed at
1.53/1.80 V, 0.74/0.92 V and 0.57/0.45 V. The peaks at the high
voltage region (1.53/1.80 V) can be seen clearly Figure S4b. The
reduction peaks corresponds to the reduction of TiN to Ti and
oxidation peaks corresponds to the oxidation of Ti back to TiN. This
indicates that high reversible insertion and extraction of Li" in the
TiN electrodes as indicated in the redox reaction. ***® The possible
reaction mechanism is expressed as follows:

TiN + xLi" + xe” = Ti + xLisN

Very intense redox peaks were observed at low voltage region. This
can be associated with the redox behavior of the carbon fabric. *°
The redox peaks noticed in the CV curves were persistent with the
charge-discharge curves of the TiN electrodes (Figure 3b). The
charge/discharge curves of the TiN electrodes after the first cycle
shows that TiN-900 exhibits highest reversibility of 567 mAh/g
which is higher than that of TiN-800 at 496 mAh/g and TiN-1000 at
478 mAh/g (Figure 3b). A coulombic efficiency of 86% was
calculated for the TiN-900 after the second cycle which later
increases to 97% in the third cycle and approximately 100% at the
100™ cycle (Figure S5). The capacity loss after the first cycle is most
likely due to the irreversible reactions by the formation of the solid
electrolyte interface (SEI) layer 31.47.48 which can be seen from the
shape difference between the discharge voltage profiles of the first
and other continuous cycles up to 100 cycles (Figure S5).

Cycling stability is one of the most important characteristics for
evaluating the life span of electrode materials. We demonstrated the
cyclic stability of the TiN samples by carrying out a
discharge—charge measurements at a current density of 335 mA/g. A
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Figure 3. Electrochemical properties of the TiN electrodes. (a)
Charge/discharge curves of the TiN electrodes. (b) Cycle
performance of TiN electrodes at a voltage range of 0.01 — 3 V (vs.
Li"/Li) for 100 cycles. (c) Rate capability measurements of TiN
electrodes at different current densities. (d) Nyquist plots of the TiN
electrodes at a frequency range of 100 kHz to 0.01 Hz.

discharge capacity of 455 mAh/g was accounted for TiN-900 which
is higher than that of TiN-800 and TiN-1000 at 393 and 443 mAh/g
respectively (Figure 3c). The discharge capacity of TiN-900 first
decreases during the first twenty cycles followed by gradual increase
up to fiftieth cycle (486 mAh/g) before another trivial decrease. This
initial decrease followed by slow increase after the first twenty
cycles were also observed in TiN-800 and TiN-1000. This result is
exemplary compared to other previous reports about nanostructured
TiN and other metal nitride composites ** %7 %" and the highest
capacity reported ever for TiN. Such stability reveals that TiN is a
promising anode for LIBs as it is much better than the conventional
graphite anodes.

To further verify the superiority of TiN-900 among the
electrodes, galvanostatic discharge/charge (lithium insertion/ lithium
extraction) measurements were carried out at various increasing
current densities. TiN-900 delivers a decent discharge capacity of
460, 385, 332, 288 mAh/g at 335, 670, 1005 and 1675 mA/g
respectively (Figure 3d). Upon all the increase in the current
densities, TiN-900 displayed continuously higher capacities (288
mAh/g) than that of TiN-800 and TiN-1000 at 189 and 248 mAh/g
(at 1625 mA/g) respectively. This indicates that the TiN-900 exhibits
higher rate capability among the TiN samples tested.

Electrochemical impedance spectroscopy (EIS) measurement
was performed in order to study the conductivity and internal
resistance of the TiN samples. EIS study was carried out at a
frequency range of 100 kHz to 0.01 Hz. The charge transfer
resistance (the diameter of the semicircle in the impedance spectrum)
of TiN-900 at the high frequency was fiercely smaller than that of
TiN-800 and TiN-1000 showing that the TiN-900 has better
conductivity and low charge-transfer resistance than TiN-800 and
TiN-100 (Figure 3d). The EIS study also demonstrates the
supremacy of TiN-900.

Using the flexible TiN-900 anode and LiCoO, cathode, we then
built a thin, lightweight, and flexible LiCoO,//TiN-900 full battery.
The LiCoO,//TiN-900 full battery electrodes with surface area of 2
cm? were sealed in an Al bag. Figure 4a show the graphical structure
of the flexible LIBs. This flexible battery is able to power a red
light-emitting diode (LED) when bent as demonstrated in Figure 4b.
The initial discharge capacity of the battery is 167 mAh/g at the
normal position with capacity retention of 95% after 120 cycles
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Figure 4. (a) Schematic structure of a flexible Li-ion battery. (b)
Demonstration of the LiCoO,//TiN-900 full battery powering a red
LED at the bending position. (c) Cyclic stability of
LiC00,//TiN-900 up to 120 cycles. (d) Charge-discharge curves of
LiCo0,//TiN-900 at the normal and bent position after the 5* and
10™ cycle respectively. Inset: Nyquist plot of LiCoQ,//TiN-900 at
the normal and bent position.

(Figure 4c). To further justify the flexibility of the LiCoO,//TiN-900
full battery, the battery was cycled for another 10 cycles as presented
in Figure S6. When the battery capacity becomes stable at the 5™
cycle (157 mAh/g), the battery was then bent for another five cycles
retaining a capacity of 154 mAh/g with a Coulombic efficiency of 98%
(Figure S4). The charge/discharge curves plotted for the
LiCoO,//TiN-900 full battery after the 5™ cycle at the normal
position and the 10™ cycle at that bent position were very similar
(Figure 4d). The impedance of the battery at the normal and bent
position is almost the same when the Nyquist plot of the battery was
plotted after performing the EIS measurements (Figure 4d inset).
This result verifies that the bending has no negative effect on the
resistance of the battery.

Conclusions

In conclusion, we have synthesized TiN nanowires by
hydrothermal method and annealing on a carbon fabric. When
utilized in a half-cell, the synthesized TiN nanowires could deliver
high reversible capacity of 566 mAh/g. A discharge capacity of 455
mAh/g at 335 mA/g was retained after 100 cycles resulting in
capacity retention of 80% and at high current density of 1675 mA/g,
the TiN electrode still exhibits discharge capacity of 288 mAh/g.
The TiN NW anode was further used as anode in the fabrication of
flexible LIBs and this device demonstrated high flexibility and
bendability with considerable electrochemical performance. Our
results propose that the synthesis of TiN nanowires could be a
dependable approach to boost the electrochemical properties of
metal nitride anode material and their application in flexible full
LiBs.
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