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The present work describes using TiO, nanotube arrays as
the building block to form ordered NiO@TiO, heterojunctions
via pulse electrodeposition and sequential annealing, and a key
finding in the electrochemical investigation is that the enhanced
capacity and rate capability derives from the hybrid nature of the
electrodes with improved conductivity and dual lithium storage
mechanism.

In the past decades, self-organized TiO, nanotube arrays
have received considerable attention with respect to their
dramatic physicochemical properties that could find potential
applications in photocatalysis,' dye-sensitive solar cells,>?
lithium batteries,*> gas sensors,®” and so on. However, to fully
exploit these unique nanotube arrays in applications such as
energy conversion and storage, it is essential to devise new ways
to functionalize the interior space. Among various solutions,®!!
attachment of appropriate chemical functionalities on TiO,
nanotubes could be an effective route for optimizing their
physicochemical and electrochemical properties.

Recently, the complete filling of the interior region of TiO,
nanotubes, which allows for the production of metallic nano-
wires for electronic or magnetic devices, has been reported.'?
Despite the potential advantages for application, the specific
heterostructure would inevitably bring a significant drawback
with respect to the block of vertical channel for mass transport.
Therefore, a tube-in-tube nanostructure, constructed from a
narrow inner tube within a host tube, exhibits multiple
functionalities without harming the original tubular structure
advantage and thus should be more competitive.

Herein, a novel NiO@TiO, nanocomposite with tube-in-
tube structure is successfully fabricated via pulse electrodepo-
sition and subsequent annealing, and the electrochemical lithium
storage of the nanocomposite is investigated on the basis of
improving specific capacity and rate capability.

Self-organized TiO, nanotube arrays were fabricated via
anodic oxidation of Ti foil in the electrolyte of ethylene glycol
containing 0.25wt% NH4F and 2vol% H,0.'*'* The as-
prepared TiO, nanotube arrays were then heat-treated at 450 °C
in air for 1 h to convert amorphous TiO, into crystalline form.
After that, pulse electrodeposition was performed on a
PARSTAT 2273 electrochemical workstation under a three-
electrode system with TiO, nanotubes immersing in the electro-
lyte water bath containing 0.1 mol L~ NiCl,+6H,0, 0.6 mol L™!
Ni,SO4-6H,0, and 0.3 mol L~' H;BO5 at 30°C. Pulse currents
were adopted with anode current 0 mA cm~2 lasting 250 ms and
—100mA cm™2 as cathode current for 25 ms. Subsequently, the
successfully prepared electrode was annealed at 500 °C in air for
90 min to oxidize the metallic Ni into NiO.

The crystal structures of both Ni@TiO, and NiO@TiO,
nanotube arrays were examined by X-ray diffraction (XRD;
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Figure 1. (a) A typical pulse-current waveform with anode
current (OmAcm™2, 250ms) and cathode current (—100
mA cm~2, 25ms). (b) Cyclic voltammograms of pristine TiO,
nanotubes immersed in (I) prepared Ni’*-containing electro-
deposition electrolyte, (II) 1molL~" Na,SO4 solution, and
selected potential-time curve of electrodeposition process
(inset).

Cu K radiation) while the morphology and microstructure were
characterized by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Cyclic voltammetric
(CV) measurement was performed on an IM6ex Workstation
within the potential range between —3.5 and 3 V at a scan rate of
5mVs~L

Cells were assembled in an argon-filled glove box with
NiO@TiO; nanotube arrays as working electrode, metallic Li
sheet as reference and counter electrodes, polypropylene (PP)
film as separator, and 1 M LiPF¢ in a 1:1 mixture of EC and DEC
as electrolyte. Rate capabilities were studied using various
current densities. CV measurements were also conducted within
the potential range between 0 and 3 Vat a scan rate of 0.2 mV s~

The typical pulse-current waveform applied in our experi-
ment is shown in Figure la. The ON-time and OFF-time
constitute one pulse period. According to the CV measurement
discussed in the following section, the cathode current at
—100mA cm™2 was applied to deposit metallic Ni. The anode
current of 0 mA cm™2 aimed to discharge the capacitance of the
barrier layer and promptly replenishing metal ions in the
diffusion layer." It is notable that enhancing the conductivity of
TiO, is necessary for conducting the deposition effectively. In
the current case, electrochemical reduction is a feasible way to
tune the doping level of TiO,, which is accompanied by a charge
compensation via proton intercalation (Ti*' + e~ 4+ H* —
Ti3*H*).!? Consequently, the deposition of Ni could take place
simultaneously with the self-doping of TiO,.

CVs were carried out for choosing the optimal parameters
for the deposition. Curve I in Figure 1b belongs to the CV of
TiO, nanotubes tested in Ni**-containing deposition electrolyte.
In order to exclude the impact of hydrogen evolution and
ascertain the Ni deposition potential, pristine TiO, nanotubes
were intentionally tested in 1molL~! Na,SO4 solution for
comparison (curve II). Evidently, hydrogen evolution occurs
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Figure 2. (a) XRD patterns of (I) pristine TiO, nanotubes,
(II) Ni@TiO, nanotubes fabricated by pulse electrodeposition,
and (III) NiO@TiO, nanotubes annealed at 500 °C for 90 min in
air after electrodeposition. (b) EDX analysis of NiO@TiO,
nanotube arrays.

continuously at more negative potentials, and the cathode peak
located at —2.4 V should be attributed to the reduction of Ni** to
Ni% the corresponding peak current of deposition is about
130 mA cm~2. Accordingly, the inset of Figure 1b illustrates the
actual curve in pulse deposition model, and the parameters are
close to the values obtained by CV.

XRD patterns of the obtained samples are shown in
Figure 2. Strong peaks at 37.8, 53, and 70.6° are indexed to
substrate Ti, and the two obvious peaks at around 25 and 48° are
ascribed to TiO,. After deposition, metallic Ni was embedded
into TiO, nanotubes, and its corresponding peaks appear at 44.6
and 51.9°. In pattern 111, the peak located at 43.2° can be indexed
to NiO phase. The energy dispersive X-ray (EDX) analysis of
Ni@TiO, nanotube arrays in Figure 2b further confirms the
existence of elemental Ni with a weight ratio of 4.35 wt %.

The FESEM images of TiO, nanotube arrays before and
after deposition are illustrated in Figure 3. Figure 3a depicts the
general view of as-prepared TiO, nanotube arrays which are
uniformly and vertically grown on Ti foil substrate. The tube is
approximately 120 nm in diameter and 6.5 um in length. During
the deposition, metallic Ni grew well from the bottom of the
interior wall up to top surface with upright morphology.
Meanwhile, the hollow tubular TiO, structure provided struc-
tural supports and constituted the exterior part of the overall
structure. After deposition, the Ni@TiO, nanotube arrays
present a tube-in-tube structure, as seen in Figure 3b. The inset
of Figure 3b manifests the NiO@TiO, nanotube arrays after
annealing, which keep the good tube-in-tube architecture and
nearly have no modifications in morphology.

The formation of the nickel-based continuous and uniform
tubular structure was further verified by TEM examination.
Clearly, a distinct boundary between the double-layer nanotube
arrays can be observed in Figure 3c, and the distribution and the
wall thickness of the deposited Ni nanotube is uniform, which
indicate the deposition initiated from inner surfaces of the
cup-shaped nanotubes simultaneously (inset). As indicated by
Figure 3d, the outer TiO, layer is approximately 18nm in
thickness and the inner NiO layer 20 nm. It also demonstrates
that the subsequent heat treatment did not lead to the collapse or
deformation of nickel-based nanotubes and that the well-defined
nanotubular structure can maintain very well. Moreover, the
selected area electron diffraction pattern (SAED) image, inset
Figure 3d, presents the polycrystalline (presence of both anatase
and bunsenite) nature of the materials due to the spot and ring
patterns.
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Figure 3. FESEM images of (a) top view and cross-section
(inset) of as-prepared TiO, nanotubes, (b) Ni@TiO, nanotubes
after electrodeposition and the inset of NiO@TiO, nanotubes
after annealing. TEM images of (c) cross-section of Ni@TiO,
nanotubes and single Ni@TiO, nanotube (inset), (d) single
NiO@TiO, nanotube and SAED (inset).
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Figure 4. (a) Cyclic voltammograms of NiO@TiO, and
pristine TiO, nanotube arrays with a scan rate of 0.2mV s~ in
a potential range between 0 and 3 V. (b) Voltage—area capacity
profiles at different current densities and (c) rate cycling
performance for NiO@TiO, and pristine TiO, nanotube arrays
between the voltage ranges of 0.05 and 3 V.

The electrochemical performances of both NiO@TiO, and
pristine TiO, nanotube arrays as anode materials were inves-
tigated in Figure 4. Figure 4a shows the cyclic voltammogram
curves. The typical pair of peaks located at ca. 1.75 and ca. 2.0 V
vs. Li*/Li is attributed to the TiO,, corresponding to the lithium
insertion and extraction behavior from tetrahedral and octahedral
sites of anatase lattice respectively (eq 1). In addition, the peaks
at ca. 1.2 and ca. 1.45 V are related to the redox reaction of NiO.
Accordingly, the overall reversible reaction mechanisms for
NiO@TiO, nanocomposite can be described as:

TiO; + xLit +xe~ = Li,TiO, (0 <x < 1) (1)
NiO + 2Li* 4+ 2¢~ = Li;O + Ni 2)
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As mentioned above, the extra redox peaks in Figure 4a
correspond to the mechanism of Li reactivity for NiO. The
cathodic peak located at 1.2V is ascribed to the reduction of
NiO into metallic Ni and the formation of amorphous Li,O and
the solid electrolyte interphase (SEI). In the anodic scan, the
broad peaks at 1.45 and 2.2V (overlapped with TiO, anodic
peak) are consistent with the oxidation of NiO and decom-
position of Li,O and the SEL'®

Figure 4b shows the charge/discharge curves at different
current densities of 0.02, 0.04, 0.1, and 0.2 mA cm~2. During the
charge/discharge process, voltage plateaus located at around
1.75 and 2V are attributed to Lit insertion/extraction in
crystalline TiO, nanotubes. As the current density increases,
the voltage plateaus become much shorter and the voltage
differences become wider, both to pristine TiO, and NiO@TiO,
nanotube arrays. Actually, the fast kinetics shortens the charge/
discharge time, and Li* ions may possibly not have sufficient
time to insert into or extract from the nanotubular matrix. In
addition, NiO@TiO, delivers a much higher capacity and longer
voltage plateau than pristine TiO, at the same current density.
Intrinsically, plausible mechanisms for the contributions of Ni
to the capacity are elucidated as follows: (1) the increased defect
sites caused by Ti ions between the TiO, and Ni layer were
partially reduced from Ti** to Ti’*t/Ti** under annealing,
leading to an oxygen-deficient environment at the interface
which may indicate a slight increase in the electronic con-
ductivity of the TiO,, thereby inducing the formation of
favorable electron transport;!” (2) the residual metallic Ni after
annealing and metallic Ni formed during discharge would also
contribute to the increase of electronic conductivity and be
beneficial to the electrochemical reaction activity of the nano-
composite.'®

Rate capacities dependent on cycle numbers are shown in
Figure 4c. Different current densities ranging from 0.02 to
2mA cm™? are applied. At the current density of 0.02 mA cm™2,
pristine TiO, delivers a capacity of only 199.8 uA hcm~2 while
NiO@TiO, up to 280.02 uA hem™2, with an elevation of 40%
in capacity. When current density rise to 0.2mA cm™, their
capacities are 128.5 and 176.95 uA h cm™ respectively, keeping
the capacity elevation of 38%. Actually, to some extent, there is
always an obvious increase for NiO@TiO; in capacity compared
to pristine TiO, at different kinetics. Furthermore, with the
current density shifts from 0.02mAcm™ up to high rate of
02mAcm™>, 63% of capacity retention still remains for
NiO@TiO, nanotube arrays. When back to the initial 0.02
mA cm™2, the electrode almost reassumes the original capacity
(approximately 192 uAhcm™2), this being another confirmation
of the exceptional capability of this electrode to keep its integrity
not only for a long number of cycles but also at high rates.

Generally speaking, the total stored charges (Li*) in the
films are strongly dependent on the charge/discharge rates. As
the rate increases, the total amount of stored charges decreases.
This indicates that full storage capacity could not been reached
at the given rate because of kinetic limitations associated with
the diffusion of Lit through the active materials. That is, the
decreasing capacity with increasing current rate is most probably
due to limited lithium diffusion; namely, the Li* could only
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diffuse and intercalate into a certain depth of the materials at
high rates. Besides, the poor conductivity at high rates also
restricts the electron transport and diffusion.

In summary, we have successfully fabricated novel
NiO@TiO, nanotube arrays with a tube-in-tube structure.
Besides, electrochemical tests manifest that this new material
has excellent advantages in cycling performance and rate
capability. Combining the merits of high aspect ratio and
convenience for ion transport, NiO@TiO, nanotube arrays are
promising and desirable anode materials for lithium-ion bat-
teries. More importantly, the synthetic method presented here
may also provide a general strategy for the fabrication of other
inorganic tube-in-tube nanostructures.
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