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ZnO@TIiO, core-shell nanotube arrays are fabricated combining the anodization and atomic layer
deposition techniques. In this process, thin ZnO layers are coated onto the inner wall surface of the
TiO, nanotubes. The novel three-dimensional material is directly used as anode for lithium ion
batteries and exhibits excellent specific capacity, cycling performance, and rate capability. The
enhanced electrochemical performance can be ascribed to the combination of high specific capacity of
ZnO and the structural stability of TiO, nanotube arrays. On one hand, the ZnO layer increases the
areal capacity of TiO, nanotube arrays from 74 to 170pAh cm™ after 200 cycles. On the other hand,
the special nanotubular structure not only buffers the volume change of ZnO during cycling and but
also facilitates rapid ion diffusion.

Keywords: lithium ion batteries; anode; titania nanotube array; zinc oxide; anodization, atomic layer
deposition.

1. INTRODUCTION

Remarkable efforts have been devoted to expand the application of lithium ion batteries (LIBs)
to military, aerospace, and electric vehicles, beyond the function of energy storage devices in
consumer electronics, mainly due to their excellent energy density, low cost, no memory effect, and a
slow loss of charge when not in use. Despite the great commercial success, LIBs with higher energy
density, more stable cycle life, and better rate performance are still highly desirable. One of the key
issues of achieving the improvement lies in the design and synthesis of novel electrode materials.
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On one hand, transition metal oxides have been attracted considerable interest as anode
materials for LIBs because they exhibited higher capacities and better safety compared to conventional
carbonaceous materials [1-4]. Among them, ZnO has a theoretical capacity as high as 978 mAh g-1.
However, it is rarely investigated in the LIB field because of its poor cycling ability [5, 6]. It is
believed that low electronic conductivity and large volume change during charge/discharge process are
responsible for the poor performance. Therefore some efforts have been made to overcome these
problems by different methods such as coating [7], designing microstructures [8-11], doping with other
materials [12-16] and so on. On the other hand, in recent years well-oriented TiO, nanotube array
(TNTA) have shown promising prospect as an anode material for LIBs [17, 18]. As anode materials,
they have the advantage of stable structure, large surface areas and excellent pathways for Li* to
transfer between interfaces. The only drawback is the low specific capacity of TiO,. Therefore various
approaches have been explored to improve the specific capacity of TNTA. One of those most effective
approaches is utilizing core-shell structures by coating the pores of TNTA with high capacity active
materials layers, such as CugSns, SnO, Fe,0s3, etc [19-23].

So far as we know, there have been no reports on the combination of the advantages of high
theoretical capacity of ZnO and stable structure of TNTA. In this work, ZnO@TiO, core-shell
nanotube arrays (ZNO@TNTA) were firstly fabricated using the techniques of anodization and atomic
layer deposition (ALD). It was expected that by virtue of ZnO coating layers the areal capacity of
TNTA can be improved without any increase in volume and the unique nanotube structure of TNTA
can restrain the volume expansion of ZnO to improve the cycling performance. To our knowledge, this
is the first report about the design, synthesis of ZnO@TNTA and its lithium storage performance.

2. EXPERIMENTAL

TNTA were grown using a Ti foil in the electrolyte of 1 wt% NH4F, 10 wt% H,O and 89 wt%
glycol at 60 V for 1 h and annealed under air at 500 °C for 3 h to convert TiO2 from the amorphous
to the crystalline form. Sequential fabrication that involves the formation of the desired ZnO-core
layers without sacrificing the porous structure was conducted by ALD. A commercial ALD reactor
(BENEQ TFS 200) was utilized to grow thin ZnO layers at 200 °C. Diethyl-zinc (Zn(C;Hs),, DEZ) and
water (H,O) were used as precursors for Zn and oxidant, respectively.

The morphologies of the TNTA and ZnO@TNTA were observed by scanning electron
microscope (SEM, Hitachi, FE-SEM S-4800A) directly. The nanotube arrays were peeled off the Ti
substrate, sonicated in ethanol and characterized by transmission electron microscope (TEM, JEOL
JEM-2010F UHR). The composition was analyzed by an energy dispersive X-ray spectrometer (EDX)
operated at 20 keV (Bruker, QUANTAX 400). The crystal structures were characterized by X-ray
diffraction (XRD), which was performed on a Bruker D8 Advance X-ray diffractometer using Cu Ko
radiation (1.5406 A) from 10 to 90°. The X-ray tube voltage and current are 40 kV and 40 mA,
respectively.

Electrochemical tests were performed using a CR 2016-type coin cell. As-prepared
ZnO@TNTA was used directly as the working electrode. Cell assembly was performed in a glovebox
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(Superstar1220/750, Mikrouna) filled with pure argon. The electrolyte solution was 1 M LiPFg in
ethylene carbonate (EC)/diethyl carbonate (DEC) (1:1 by volume). The cell was assembled with as-
prepared ZNO@TNTA, lithium metal anode and a Celgard 2300 separator. Charge/discharge
experiments were performed on a battery test system (LAND CT2001A, Wuhan Jinnuo Electronic Co.
Ltd, China) between 0.01 V and 3 V at a constant current density of 50 pA cm™. In this work, areal
capacities (nAh cm™) are given because the applications of this novel nanoarchitectured electrode
would be mostly thin film micro-batteries.

3. RESULTS AND DISCUSSION
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Figure 1. A schematic illustration of the preparation process for ZNO@TNTA

Figure 2. (al-a3) SEM and TEM images of TNTA, (b1-b6) SEM and TEM images of ZnO@TNTA
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A schematic diagram of the preparation process used to fabricate ZNO@TNTA materials is
shown in Figure 1. ZnO layers were grown on the wall surface of TiO, nanotubes using ALD method.
ALD technique was used to grow ZnO layers due to its capability of preparing uniform and conformal
thin films as well as excellent thickness controllability and good step coverage on complex structures
[24, 25]. Figure 2 (al-a3) shows the typical SEM and TEM images of TNTA before ZnO coating.
Highly ordered TiO, nanotubes with inner diameters larger than 100 nm are vertically aligned on the
Ti substrate. After deposition of ZnO, the morphology of the nanotube arrays was also characterized
by SEM and TEM (Figure 2 (b1-b6)). Figure 2 (b1-b3) display that the hollow structure is still
retained, although the inner diameters of the nanotubes become smaller than that of the bare TiO,
nanotubes as a result of the encapsulation of ZnO core layers. The ZnO layer is consisted of
nanoparticles which could be seen clearly at high magnification in Figure 2 (b4-b6). In brief, the
images demonstrate that ZnO@TiO; core-shell nanotube array were fabricated successfully combining
the techniques of anodization and ALD. This special structure is believed to facilitate the rapid mass
transport and increase the surface areas. Moreover, the TiO, nanotube might buffer the volume change
of ZnO during charge-discharge process.
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Figure 3. (a) EDX pattern of ZnO@TNTA, (b) XRD patterns of TNTA and ZnO@TNTA
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Figure 4. Electrochemical performances of TNTA and ZnO@TNTA: (a) Charge—discharge profiles of
TNTA, (b) Charge—discharge profiles of ZnO@TNTA, (c) Cycling performance of TNTA and
ZnO@TNTA, (d) Rate capability of TNTA and ZnO@TNTA

The chemical composition of the ZnO@TNTA was measured using EDX, as shown in Figure 3
(@). The peaks of Zn, Ti and O are clearly identified, indicating the possible existence of ZnO and
TiO,. Figure 3 (b) gives the XRD patterns of the TNTA (spectrum A) and ZnO@TNTA (spectrum B).
In spectrum A, the diffraction peaks are ascribed to TiO, and titanium substrate. Compared with
spectrum A, new diffraction peaks at 31.6° and 36.1° emerge in the XRD pattern of ZnO@TNTA
(spectrum B), which correspond to (100) and (101) plane of ZnO (JCPDS, Card No. 89-1397). In
addition, the peaks of TiO, become weaker after the deposition of ZnO. The emergence of ZnO peaks
and the weakening of TiO, peaks evidently confirm the successful growth of ZnO layers.

The electrochemical performance of TNTA and ZnO@TNTA were evaluated by galvanostatic
discharge/charge tests. Figure 4 (a) shows their discharge/charge curves at a current density of 50 pA
cm™. In general, as anode materials for LIBs, TiO- is usually discharged to 1.0 V and ZnO is normally
discharged to 0.01 V. For a better comparison, both TNTA and ZnO@TNTA were discharged to 0.01
V in this work. The TNTA shows potential plateaus at 1.75 V (Li" insertion) and 2.0 V (Li*
extraction), which is in good agreement with the previous report about TiO, [17]. It delivers a
discharge capacity of 127 uAh cm? and a reversible charge capacity of 92 pAh cm? in the first
discharge/charge cycle, corresponding to a Coulombic efficiency of 72%. This value is similar to
literature values [18-22], despite small variations of experimental conditions. For ZnO@TNTA (Figure
4 (b)), in addition to the discharge/charge plateaus of TiO,, there is a discharge potential plateau at
about 0.45 V which is attributed to the reduction of ZnO into Zn, then followed by a slope to 0.01 V
corresponding to subsequent alloy process [5-16]. The initial discharge and charge capacity are 427
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and 291 pAh cm™, respectively, indicating a Coulombic efficiency of 68%. Figure 4 (c) displays the
discharge/charge cycling performance of the bare TNTA and the ZnO@TNTA at a current density of
50 pA cm. The TNTA exhibit an excellent cycling stability: the charge capacity remains 74 pAh cm™
after 200 cycles and the capacity retention is 80%. The capacity of ZnO@TNTA decreases in the first
20 cycles and becomes stable thereafter. As can be seen clearly, the charge capacity after 200 cycles
remains 170 pAh ecm™, which is more than twice of the bare TNTA. It demonstrates that the areal
energy capacity was greatly improved due to the introduction of thin ZnO layer. In addition, the
nanotubular structure of TiO, buffers the volume change of ZnO during the charge/discharge process
and guarantees the good overall cycling stability. Figure 4 (d) reveals the result of the rate capability
test for ZNO@TNTA. With the increasing current densities from 25 to 400 pA cm’?, the ZNO@TNTA
deliver charge areal capacities of 268, 230, 193, 173, 155, and 140 pAh cm™ at various rates. Finally,
the charge capacity can recover to 249 pAh cm™ with a capacity retention of 93% when the current
density returns back to 25 pA cm™. The good rate and retention capability of ZnO@TNTA material are
attributed to the unique core-shell nanotubular structure, which not only facilitates the Li* diffusion
but also lessens volume expansion during cycling.

4. CONCLUSION

A novel ZnO@TNTA composite material with a core-shell nanotubular structure was
successfully fabricated by combining the techniques of anodization and ALD. Its excellent
electrochemical performance as anode material for LIBs shows that this design is an efficient way not
only to buffer the volume expansion of ZnO during cycling and facilitate ion diffusion, but also to
enhance the specific capacity of TNTA greatly. In summary, the novel ZnO@TNTA material has been
demonstrated to be a promising candidate of anode material for LIBs. Moreover, it is believed that the
special strategy can be applied to synthesize other TNTA-based functional materials for versatile
applications, such as solar cells, fuel cells, sensors, heterogeneous catalysis and so on.
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