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ABSTRACT: The further development of electrode materials with high capacity and excellent rate capability presents a great
challenge for advanced lithium-ion batteries. Herein, we demonstrate a battery-capacitive synchronous lithium storage
mechanism based on a scrupulous design of TiC/NiO core/shell nanoarchitecture, in which the TiC nanowire core exhibits a
typical double-layer capacitive behavior, and the NiO nanosheet shell acts as active materials for Li* storage. The as-constructed
TiC/NiO (32 wt % NiO) core/shell nanoarchitecture offers high overall capacity and excellent cycling ability, retaining above
507.5 mAh g~' throughout 60 cycles at a current density of 200 mA g~ (much higher than theoretical value of the TiC/NiO
composite). Most importantly, the high rate capability is far superior to that of NiO or other metal oxide electrode materials,
owing to its double-layer capacitive characteristics of TiC nanowire and intrinsic high electrical conductivity for facile electron
transport during Li* storage process. Our work offers a promising approach via a rational hybridization of two electrochemical
energy storage materials for harvesting high capacity and good rate performance.
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B INTRODUCTION

Transition metal carbides (TMCs) have attracted increasing
interest as cutting tools, reinforced components, machine parts,
hard and anticorrosion coating owing to high melting point,
high hardness, excellent chemical stability, and good electrical
conductivity.l_4 Moreover, some TMCs such as WC, TiC,
TaC, etc. show similar sp electronic properties and catalytic
performances with noble metals, so replacing Pt, Au, and Pd
with TMCs can reduce the cost of catalysts significantly.®> For
example, tungsten carbide (WC) has been well-investigated as
the catalyst support or the independent electrocatalyst for
hydrogen evolution reaction,® hydrogen oxidation reaction,”
methanol oxidation reaction,® and oxygen reduction reaction”
over the past decades. Currently, titanium carbide (TiC) is of
special interest owing to its unique properties including good
electrical conductivity (6.8 X 107> Q cm), low density (4.93 g
cm™), and outstanding catalytic activity for CO and O,
adsorption and dissociation.'”"'®> There has been a growing
endeavor in identifying potential applications in the fields of
electrochemical energy storage and electrocatalysis."*~"” Both
theoretical and experimental results reveal that TiC shows the
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highest electrochemical stability among various TMCs thin
films as the support for low-cost electrocatalysts.'® In our
previous work, the fine Pt nanoparticles supported on the TiC
and NbC nanowires exhibit outstanding electrocatalytic
performance toward methanol oxidation reaction, benefiting
from superior chemical stability and good electrical con-
ductivity.*'® TiC also presents high electrocatalytic activity for
triiodide reduction as the counter electrode of dye-sensitized
solar cells (DSSCs).”® In terms of electrochemical energy
storage, Lukatskaya and co-workers”' pointed out “Mxenes”
(Ti,C, Ti,C,) titanium carbide exhibited superior lithium
storage performance due to their low specific resistance. It has
been demonstrated that some nanostructures, such as nano-
wires and core/shell hybrid nanowires, not only provide fast
electron transport and short lithium diffusion path but also
accommodate large volume changes and avoid rapid capacity
fading during long-term cycling especially at high rates.”*>* In
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Figure 1. Schematic of TiC/NiO core/shell nanoarchitecture.
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Figure 2. (a) Low- and (b) high-magnification SEM images of TiC nanowires. (c, d) TEM images of TiC nanowires and an individual nanowire. (e)

HRTEM image of TiC nanowires. (f) XRD pattern of TiC nanowires.

our group, a series of TMC nanowires (TiC, NbC, TaC, SiC,
B,C, etc.) have been successfully fabricated by a biotemplated
carbon-thermal method.**"*” In our group, a series of TMC
nanowires (TiC, NbC, TaC, SiC, B,C etc.) were successfully
synthesized by a facile biotemplated method.>*~>” Considering
the merits of well-defined geometry, high electrochemical
stability, and good electrical conductivity, TiC nanowires shows
fascinating potential for lithium-ion batteries (LIBs). However,
up to now, there are rare reports on TMCs nanowires as
electrode materials for LIBs.

In recent years, transition metal oxides (NiO, Fe,0,, Fe;0,,
CoO, Co0;0, MnO, Mn;0,, etc.) have been considered as
promising alternative anode materials for LIBs because of
higher theoretical capacity (718 mAh g™ for NiO) than
commercial carbon materials.** 3> However, on account of
poor electronic conductivity, large volume changes, and
materials pulverization over extended cycling, the electrical
connection of NiO with current collectors can be damaged, and
the electrode integrity cannot be maintained well. As a result,
most of the NiO materials show low capacity retention, poor
rate performance, and slow kinetics of lithium ions and electron
transport within electrodes. To address these issues, numerous
efforts are devoted to the fabrication of various NiO
nanostructures, for example, nanowire,*> nanorod,>*** nano-
sheet,***” or design of nanocomposite***™*° to optimize and
enhance their electrochemical performance.

Herein, a novel TiC/NiO core/shell nanoarchitecture
(Figure 1) is designed as a promising anode material for
LIBs, demonstrating an interesting battery-capacitive synchro-
nous lithium storage mechanism. The TiC/NiO core/shell
nanoarchitecture offers high specific capacity, good capacity
retention, and remarkable rate capability, which can be ascribed
to the double-layer capacitive characteristics of TiC nanowire
and the intrinsic high electrical conductivity for facile electron
transport during Li* storage process.

B EXPERIMENTAL SECTION

Synthesis of TiC Nanowires. As previously reported in our work,
TiC nanowires were synthesized by a simple, convenient, and cost-
effective biotemplated method using cotton T-shirts as the carbon
source and the template.'””” To remove unwanted elements such as
Ni, Na, CI, etc. derived from the reagents, the acquired sample was
immersed into a mixed solution of 50 mL of hydrochloric acid and 150
mL of deionized water for 0.5 h at room temperature. Finally, the TiC
nanowires were washed by deionized water and dried at 80 °C
overnight.

Synthesis of TiC/NiO Core/Shell Nanoarchitecture. First, 0.1 g
of TiC nanowires and 0.436 g of Ni(NO,),-6H,0 were put into SO
mL of solution of isopropyl alcohol and deionized water (1:1 by
volume) with ultrasound treatment for 1 h. Subsequently, 4 mL of
ammonia solution (NH;-H,O, 25 wt %) was added into the above
suspension slowly. After it was stirred continuously by magnetic
stirring for 1 h, the suspension was transferred into a 100 mL Teflon-
lined stainless steel autoclave, heated at 180 °C for 8 h, and then
cooled to room temperature naturally. The precursor precipitate was
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Figure 3. (a) SEM and (b) TEM images of TiC/NiO core/shell nanoarchitecture. (c) HRTEM image of the square area in b. (d—f) Magnified
HRTEM images of the square areas named part 1, 2, and 3, respectively, in (c).
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Figure 4. Initial charge/discharge profiles of (a) NiO and (b) TiC/NiO core/shell nanoarchitecture at 50 mA g~". (c) Cycling stability and
Coulombic efficiency of the NiO and TiC/NiO core/shell nanoarchitecture at 200 mA g~". (d) CVs of TiC/NiO core/shell nanoarchitecture at 0.1

mV sL

centrifuged and washed with deionized water and ethanol, and dried at
80 °C for 12 h. Finally, the precursor was annealed at 350 °C for 3 h
under nitrogen atmosphere to obtain TiC/NiO core/shell nanowires.
The mass percent of NiO in the nanocomposite was determined by
measuring the sample before and after the NiO deposition on a
microbalance (Mettler Toledo AL104, 0.1 ug of resolution). For
comparison, pure NiO was also prepared by a similar process as that
for the TiC/NiO core/shell nanoarchitecture but without adding TiC
nanowires.

Characterization. X-ray diffraction (XRD) analysis of the samples
was conducted on an Rigaku Ultima IV diffractometer with a Cu Ko
radiation. The morphology and microstructure was characterized by
scanning electron microscope (SEM, Hitachi S-4800) and trans-
mission electron microscope (TEM, FEI Tecnai G* F30). Nitrogen
adsorption—desorption was evaluated by Brunauer—Emmett—Teller

11844

(BET) tests with an ASAP 2020 surface area and pore analyzers
(Micromeritics Instruments).

Electrochemical Measurements. CR2025-type coin cells were
assembled and used to evaluate the electrochemical performance of as-
synthesized materials. The test electrode consisted of as-synthesized
material, Super-P, and polyvinylidene fluoride (PVDF) binder with the
weight ratio of 70:20:10. The test electrode was prepared by casting
the slurry onto a copper foil and drying in a vacuum oven at 120 °C
overnight. A lithium foil was used as the counter and the reference
electrodes. The electrolyte was a solution of 1 M LiPF dissolved in
dimethyl carbonate(DMC)/ethylene carbonate(EC) (1:1 by volume),
while Cellgard 2300 polypropylene microporous film was selected as
the separator. The charge and discharge tests were operated on a
Shenzhen Neware battery testing instrument in the voltage range of
0.005—3.0 V (vs Li/Li"). Cyclic voltammetry (CV) was performed on
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Figure S. (2) Rate performance of NiO and TiC/NiO core/shell nanoarchitecture. (b) Representative discharge/charge profiles at various current

densities. (c) Nyquist plots of NiO and TiC/NiO electrodes.

a CHI660D electrochemical instrument at various scanning rates of
0.10, 0.25, 0.50, 0.75, 1.00 mV s™', respectively. Electrochemical
impedance spectroscopy (EIS) was measured in the frequency range
from 100 kHz to 0.01 Hz.

B RESULTS AND DISCUSSION

Figure 2a,b displays the SEM images of TiC nanowires. The as-
obtained product contains a great number of homogeneous
nanowires, exhibiting highly oriented growth characteristics.
The diameter is in the range of 100—150 nm, and the length is
up to several micrometers. The TEM images of TiC nanowires
(Figure 2c) and an individual nanowire (Figure 2d) were taken
to display detailed morphological characteristics. It appears that
the surfaces of the nanowires are clear and smooth. In the
HRTEM image of the TiC nanowire (Figure 2e), the spacing
between the adjacent lattice fringes is ~022 nm, which
corresponds to (200) planes of cubic TiC. Figure 2f shows the
XRD pattern of TiC nanowires. All the intense peaks are well-
matched with cubic TiC (Fm3m) (JCPDS No. 65-8807). The
reflections at 36.0°, 41.8°, 60.7°, 72.6°, 76.4° can be indexed to
(111), (200), (220), (311), and (222) crystal planes,
respectively. Ti metal, TiO,C, and Ti,O, phases were not
detected, suggesting that TiO, has been converted into TiC
and that the product purity is extremely high.

Figure 3a represents an SEM image of TiC/NiO core/shell
nanoarchitecture. It can be seen that the NiO shell is composed
of many interconnected NiO nanosheets. These nanosheets
grow on the TiC nanowires, forming a three-dimensional
porous structure. Generally, a highly porous structure facilitates
electrolyte transportation and Li* diffusion and also accom-
modates the volume change associated with Li* insertion and
extraction. However, pure NiO sample synthesized by the same
method exhibits a flowerlike structure, which is assembled by
nanosheets (Supporting Information, Figure Slab). Figure 3c
is taken from the edge area of a TiC/NiO nanowire in Figure
3b. The NiO nanosheets are connected well to the TiC
nanowires substrate so that all the nanosheets contribute to the
capacity. Figure 3d—f presents the magnified HRTEM images
of the marked regions in Figure 3c. The adjacent lattice fringes
with an interplanar spacing of 0.22 nm corresponds to the
(200) crystal planes of cubic TiC, while 0.21 and 0.24 nm are
assigned to the (200) and (111) crystal planes of cubic NiO,
respectively, which are also matching well with the XRD
pattern of TiC/NiO in Supporting Information, Figure S2.

To study the lithium storage properties of the as-synthesized
samples, a series of electrochemical measurements were
conducted at room temperature. All the specific capacities are
calculated based on the total mass of the samples. Figure 4a

shows the initial charge/discharge profiles of the NiO electrode
at S0 mA g . A long and flat voltage plateau appears at ~0.70
V during the first discharge process. From the second cycle
onward, the discharge plateaus shifts to ~1.0 V. The NiO
electrode displays a high discharge capacity of 1344.4 mAh g™'
in the first cycle and drops to 1047.9 mAh g™ in the third cycle.
For the TiC/NiO core/shell nanoarchitecture, the first
discharge capacity is only 918.1 mAh g~'; however, better
capacity retention is demonstrated by good overlap of the
charge and discharge curves upon cycling. After the sample was
activated at SO mA g~' for three cycles, the cycling stability and
Coulombic efficiency of the NiO and TiC/NiO core/shell
nanoarchitecture were measured at 200 mA gfl. In Figure 4c,
the specific capacities of TiC/NiO core/shell nanoarchitecture
are higher than that of the NiO electrode except the first
discharging. More importantly, the TiC/NiO electrode
demonstrates much better cycling stability with a slight capacity
fade from S$68.1 to 507.5 mAh g~' during 60 cycles (90%
capacity retention). By contrast, the discharge capacity of the
NiO electrode drops sharply to 79.6 mAh g~' by cycle 60. The
superior capacity retention of the TiC/NiO core/shell
nanoarchitecture can be ascribed to its novel configuration
and high porous structure. First, the voids among NiO
nanosheets provide enough spaces to accommodate and
mitigate the volume change. Second, TiC nanowires have
excellent chemical and electrochemical stability, maintaining
the nanowire integrity well during repeated cycling.

It should be mentioned that the TiC/NiO core/shell
nanoarchitecture has a higher reversible capacity than the
calculated theoretical value. The mass percent of NiO in the
composite is ~32 wt %, determined by measuring the sample
before and after the deposition. Thus, the theoretical value of
the TiC/NiO (32 wt %) composite can be calculated as ~348.8
mAh g~ based on the theoretical capacity of NiO (718 mAh
g™') and actual capacity of TiC nanowires (175 mAh g™') at
200 mA g~ in Supporting Information, Figure S3. Figure 4c
clearly indicates that the actual capacity of the TiC/NiO
composite keeps above 507.5 mAh g™' throughout the cycling
process. This is an abnormal phenomenon for metal oxide
anode material. Very interestingly, our work indicates that the
TiC electrode shows obvious double-layer capacitor behavior,
which is confirmed by both CV and EIS measurements. As
shown in Supporting Information, Figure S4, the CV curves are
nearly rectangular in the potential range of 0.25—-1.25 V,
demonstrating good charge propagation in the TiC electrode.
At a high scan rate of 1.0 mV s™', the CV curves show slight
variance, indicating a characteristic of electrochemical double-
layer capacitor. Supporting Information, Figure S5 shows the
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EIS of TiC electrode. The plots at low frequencies are almost
dispersed along a vertical line, which is similar to that of an
ideal double-layer capacitor. Figure 4d shows the CV curves of
the TiC/NiO electrode at 0.1 mV s™". A strong reduction peak
is observed at 041 V in the first cathodic scanning, which
corresponds to the conversion of NiO into Ni (NiO + 2Li —
Ni + Li,O), the formation of amorphous Li,O, and solid
electrolyte interface (SEI). Because of the drastic lithium
driven, textural, or structural modifications, this reduction peak
moves to 0.93 V in the subsequent scanning. The good overlap
of the CV profiles indicates the good stability and reversibility
of the electrode. Besides redox peaks of NiO, there is a higher
background current in the CV curves of the TiC/NiO electrode
than that of the TiC electrode (Figure S4), implying the TiC/
NiO electrode has a higher specific capacitance than the TiC
electrode. The enhanced capacitive effect can be ascribed to the
large electrode/electrolyte contact area of porous nano-
architecture and to the rational combination of two energy
storage materials. Supporting Information, Figure S6 confirms
that the TiC/NiO core/shell nanoarchitecture show higher
BET surface area than the TiC nanowires. On the basis of these
results, it can be inferred that the high specific capacity
delivered by the TiC/NiO electrode originates from synchro-
nous battery-capacitive energy storage system.

The rate performance of the NiO and TiC/NiO core/shell
nanoarchitecture electrodes at various current rates (increase
stepwise from 50 to 3000 mA g~' and finally return to 50 mA
g~') are presented in Figure Sa. The discharge capacity of the
TiC/NiO core/shell nanoarchitecture decreases gradually with
increasing the current rate. A satisfactory capacity of 367.6 mAh
g~! is obtained even at a high rate of 3000 mA g~'. As for this
capacity, the portion derived from NiO is calculated to be ~770
mAh g, which is comparable with the previously reported
values for NiO, such as mesoporous NiO microspheres*'
delivering a capacity of 621 mAh g~' at 1000 mA g~', NiO
nanosheets/graphene composite achieving a reversible
capacity of 550 mAh g™' at 2.5 A g, and pollen-templated
NiO/C* with a capacity of 352 mAh g™ at 3 A g'. When the
current density returns to SO mA g, this material can recover
the initial capacity and even surpass it. By comparison, the
discharge capacity of NiO drops dramatically as the current
density increases from SO to 3000 mA g~'. Figure Sa clearly
demonstrates that the rate capability of the TiC/NiO electrode
is much better as compared to the NiO electrode.

To further clarify the battery-capacitive energy storage
mechanism of the TiC/NiO electrode, the representative
discharge/charge profiles at various current densities are
displayed in Figure Sb. The discharge capacities at 50, 100,
250, 500, 1000, and 3000 mA g~" are 635.6, 609.0, 564.3, 523.8,
468.6, and 369.4 mAh g™, respectively. It is noteworthy that, at
a low rate of 50 and 100 mA g™/, two charge plateaus and one
discharge plateau can be identified, somewhat similar to that of
NiO. With increasing the current density, however, these
voltage plateaus gradually become vague. At a high rate of 3000
mA g, the charge/discharge curves are nearly inclined in
shape with good symmetry, exhibiting a typical characteristic of
double-layer capacitor. The outstanding rate capability suggests
fast and facile electron/ion transport due to its capacitive
energy storage mechanism.

Figure Sc shows the Nyquist plots of fresh NiO and TiC/
NiO core/shell nanoarchitecture electrodes, which were
measured in a frequency range between 0.01 Hz and 100
kHz. The EIS of NiO electrode is composed of a depressed

semicircle in the high-frequency zone and a sloping line in the
low-frequency zone. The semicircle is attributed to the charge-
transfer resistance on the electrode/electrolyte interface; the
sloping line is called the Warburg resistance, representing Li*
diffusion kinetics in the electrode. Obviously, the semicircle size
of the TiC/NiO electrode is much smaller than the NiO
electrode, indicating that the electron/ion transport on the
electrode/electrolyte interface is strikingly enhanced. This may
be related to the good electrical conductivity of TiC nanowires
and increased electrode/electrolyte contact area owing to the
core/shell nanoarchitecture. Furthermore, the low-frequency
line of the TiC/NiO electrode displays a large slope (~90°),
which closely corresponds to an ideal capacitor. Such an steep
line is a symbol of high Li-ion diffusion rate in the electrode.
Therefore, it can be concluded that these combined merits of
low charge-transfer resistance, fast Li-ion diffusion rate, and
extraordinary double-layer capacitor behavior lead to out-
standing rate performance of TiC/NiO core/shell nano-
architecture.

B CONCLUSIONS

In summary, a novel TiC/NiO core/shell nanoarchitecture has
been fabricated, demonstrating a battery-capacitive synchro-
nous Li storage mechanism. The TiC/NiO electrode offers
high overall capacity and excellent rate capability. The
reversible capacity reaches 568.1 mAh g™ at 200 mA g~!
with the capacity retention of 90% after 60 cycles. It can still
deliver a satisfactory capacity of 367.6 mAh g~' even at 3000
mA g~'. The sparking results can be attributed to the facile
electron/ionic transport and the improved reaction kinetics
resulting from the core/shell nanoarchitecture and the
combination of two energy storage materials. Moreover, the
obvious double-layer capacitive and high electrical conductivity
of the TiC nanowire core have also made a great contribution
to the outstanding electrochemical performance.

B ASSOCIATED CONTENT

© Supporting Information

Additional experimental data including SEM of pure NiO, XRD
of pure NiO and TiC/NiO core/shell nanoarchitecture, cycling
performance, cyclic voltammograms and Nyquist plots of TiC
nanowires, nitrogen adsorption—desorption isotherms of TiC/
NiO core/shell nanoarchitecture and TiC nanowires. The
Supporting Information is available free of charge on the ACS
Publications website at DOI: 10.1021/acsami.5b01372.
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