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Electrodes with three-dimensional (3D) nanostructure are expected to improve the energy and power
densities per footprint area of lithium ion microbatteries. Herein, we report a large-scale synthesis of
a SnO,/a-Fe,O3 composite nanotube array on a stainless steel substrate via a ZnO nanowire array as an
in situ sacrificial template without using any strong acid or alkali. Importantly, both SnO, and a-Fe,O3
contribute to the lithium storage, and the hybridization of SnO, and a-Fe,O3 into an integrated
nanotube structure provides them with an elegant synergistic effect when participating in
electrochemical reactions. Large areal capacities and good rate capability are demonstrated for such

a composite nanotube array. Particularly noteworthy is that the areal capacities (e.g. 1.289 mAh cm™

2

at a current rate of 0.1 mA cm?) are much larger than those of many previous thin-film/3D
microbattery electrodes. Our work suggests the possibility of further improving the areal capacity/
energy density of 3D microelectrodes by designing ordered hybrid nanostructure arrays.

Introduction

Rechargeable Li-ion batteries (LIBs) have attracted great interest
in recent years due to their potential applications in modern
portable electronic devices and plug-in hybrid electric vehicles
(PHEVs).'® They are also the vital power sources for a variety of
electronic microsystems, such as computer memory chips,
micromachines, microsensors, drug delivery systems and medical
implant devices." Nevertheless, in contrast to the recent
advancements in these microdevices, reduction of battery size has
not kept pace with the size reduction of electronic devices, partly
due to the difference in the level of research activity and the
difficulty in the manipulation of the small area of the electrode
structure. Hence, future efforts should be made to develop
smaller micro-/nanobatteries with the largest capacity per foot-
print area possible.* Insufficient power and energy from state-of-
the-art two-dimensional (2D) microbattery configurations lead
to the search for the development of a 3D micro-/nanobattery
using cheap and abundant electrode materials.* As compared to
2D thin film structure, 3D structures such as nanowire/nanotube
arrays can potentially utilize the vertical dimension to increase
the active material loading (thus the areal capacity) while
maintaining similar Li ion-transport distances. In addition, it
generally provides a larger surface area to enhance the interfacial
kinetics, sufficient space to accommodate the stress relaxation
and a direct pathway for electron transport.®
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Nanostructured metal oxides, such as a-Fe,O; and SnO,,
have long been considered as superior materials to graphite for
lithium storage because of their higher specific capacities (500—
1000 mAh g') and improved safety.>” ' A major drawback of
tin- and iron-based electrodes is the giant volume expansion/
contraction upon lithium insertion/deinsertion that leads to
cracks within electrode films with the subsequent electrical
isolation and loss of electrochemical activity. A large number of
studies have focused on the improvement of the reversible
capacity and cyclability of «-Fe,O; and SnO, by fabricating
them into delicate nanostructures (nanotubes,> nanowires/
rods,*® and branched nanostructures,'* erc.'>'3) with short
lithium diffusion paths and large surface area. In particular,
nanotubes have gained much more attention due to their hollow
structure, which can provide sufficient space for electrolyte
accommodation, making both the inner and outer tube walls
fully exposed to lithium ions. Despite much progress on using
these smart nanostructures in conventional large-volume LIBs,
there are very few reports on their rechargeable microbattery
application’*** and to the best of our knowledge, there is no
report concerning 3D microbatteries based on SnO,/a-Fe,O3
composite nanotube electrodes.

In this paper, we report a facile route to fabricate a SnO»/a-
Fe,O; composite nanotube array for the anode material of LIBs
using ZnO nanowires that are grown directly on a conductive
stainless steel substrate as the sacrificial template. Interestingly,
during the introduction of a-Fe,O; into the composite, the ZnO
template can be dissolved in situ in the absence of any strong acid
or alkali, which not only simplifies the operation but is also safe
and environmentally-friendly. When used as a 3D microbattery
anode, it is proved by a set of electrochemical experiments that
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the as-grown SnO,/a-Fe,O3 nanotube array electrode exhibits
good electrochemical performance in terms of areal capacity,
cyclability and rate capability, due to the synergistic effect
between these two components in an integrated structure. In
particular, the areal capacities are much higher than many
previous values of thin-film and 3D battery electrodes, including
Si film-based Li-ion microbattery anode. The present work
reveals the great potential of metal oxide composite nanotube
arrays in the application for future 3D micro-/nanobatteries.

Experimental section

Our experiment contains two steps: the growth of a ZnO-SnO,
core-shell nanowire array and the fabrication of a SnO,/a-Fe,O3
composite nanotube array. The general process is illustrated in
Scheme 1 in detail. For the synthesis of ZnO-SnO, core-shell
nanowires, two aqueous solutions containing 0.033 g of
K»SnO5-3H,0 and 0.333 g of urea were firstly prepared and
mixed with vigorous stirring. Distilled water was then added to
obtain a final volume of 70 mL. With a stainless steel foil covered
with a pristine ZnO nanowire array (prepared as described
elsewhere'®) placed on the bottom, the above mixture was
transferred into a Teflon®-lined stainless-steel autoclave and
hydrothermally treated at 90 °C for 2 h. After the reaction was
finished, the foil was taken out and ultrasonicated for 7 s and
then rinsed several times with distilled water to remove any
possible impurities. To synthesize the SnO,/a-Fe,O; composite
nanotube array, the foil-supported ZnO-SnO, core-shell nano-
wire array was immersed into an aqueous Fe** solution (0.0025 g
Fe(NO3);-9H,0 mL™") for 2.25 h. After this, the foil substrate
was taken out, dried at 60 °C, and further annealed at 500 °C in
Ar gas for 2 h. It should be pointed out that our synthesis
avoided the use of strong acids (such as HCIl) for the ZnO
template removal, making it more environmentally friendly and
easier to be manipulated.

Products were characterized using powder X-ray diffraction
(XRD)(Bruker D-8 Avance), transmission electron microscopy
(TEM) (JEM-2010FEF, 200kV) and scanning electron micros-
copy (SEM) (JSM-6700F, 5.0kV). The Swagelok-type battery
was assembled in an Ar-filled glove box (Mbraun, Unilab, Ger-
many) by directly using the SnO,/a-Fe,Os3 array (~1 mg) on
stainless steel foil as the anode (the array on one side of the foil
was removed for electrical contacting), Li metal circular foil (0.59
mm thick, 14 mm diameter) was used as the counter and refer-
ence electrodes, a microporous polypropylene membrane as the
separator, and 1 M solution of LiPFg in ethylene carbonate (EC)
and diethyl carbonate (DEC)(1 : 1 by volume) as the electrolyte.
The cells were aged for 12 h before measurement. The charge—
discharge cycling was performed at room temperature by using
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Scheme 1 Schematic illustration of the fabrication process of the
composite nanotube array electrode.

a multichannel battery tester (model SCN, USA). Areal capacity
values were calculated based on the area of the working
electrode.

Results and discussion

Fig. 1a shows the typical SEM image of an aligned ZnO nano-
wire array synthesized based on the protocol reported else-
where.'®'7 It can be seen that there is sufficient space between
neighboring nanowires, which can allow molecules to easily
adsorb onto the nanowire surface. After a 2 h hydrothermal
reaction (the first step in Scheme 1), the ZnO nanowires are
obviously coated by a uniform layer of the nanostructured
shell (Fig. 1b). The shell is constructed by many tiny SnO,
particles, leading to the formation of porous walls. The genera-
tion of SnO; is based on the following reaction: CO(NH,), +
SnO;* + H,O — SnO, + CO3>~ + 2NHj;, which has been
dramatically promoted under hydrothermal conditions. More-
over, as shown in the magnified pictures in Fig. Ic and the inset
of Fig. 1b, gaps generally appear between the ZnO nanowire and
SnO, nanoshell. This is presumably due to partial dissolution of
ZnO in self-generated alkali conditions during the SnO, depo-
sition. Based on Fig. 1c, the thickness of the SnO, shell is esti-
mated to be ~30 nm. Along with SEM observations, the XRD
patterns shown in Fig. 1d clearly demonstrate the composition
evolution. For the core-shell array sample, in addition to the
peaks from ZnO and stainless steel substrate, other peaks at
33.82° etc. can be well indexed to tetragonal rutile SnO, (JCPDS
card No. 41-1445).

The construction of the SnO,/a-Fe,03; composite nanotube
array was achieved by immersing a ZnO-SnO, core-shell array
directly in Fe*" aqueous solution followed by annealing treat-
ment (the second step in Scheme 1). During the 2.25 h immersion,
Fe** started to hydrolyze, resulting in the formation of the
Fe(OH); colloid and protons (HY) (Fe** + 3H,O — Fe(OH); +
3H"). It’s reasonable to speculate that the ions can easily diffuse
through SnO, to the ZnO surface due to the porous structure of
the SnO, layer. Furthermore, those gaps between the ZnO
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Fig. 1 SEM images of (a) ZnO nanowire array, (b, ¢) ZnO-SnO, core-
shell nanowire array. Inset in Fig. 1b is the enlarged picture of two core-
shell nanowires, showing the gaps between core and shell. (d) XRD

patterns of pure ZnO and the core-shell nanowire arrays.
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nanowire core and SnO, shell observed in SEM (Fig. 1b) could
also allow Fe** ions to enter freely. As a result, the space from the
surface of the SnO, shell to that of the ZnO nanowire was
sufficiently saturated by Fe**. In the vicinity of the core-shell
array, the H* ions from in situ hydrolysis etched ZnO, and the
consumption of H* accelerated the hydrolysis reaction simulta-
neously, leading to a reinforced and heterogeneous deposition of
Fe(OH)s. Intensive hydrolysis and ZnO dissolution was mutually
promoted,'® eventually giving rise to the SnO,-Fe(OH); tubular
array (Fig. 2a). After further annealing, the Fe(OH); colloid was
readily converted into a-Fe>O3 and the SnO»/a-Fe,O3 composite
nanotube array was attained accordingly (Fig. 2b—e), which
maintained a similar array orientation to the initial ZnO array.
Fig. 2c shows the magnified image of the SnO,/a-Fe,O3
composite nanotubes and illustrates that the diameter is about
200-400 nm. Comparing Fig. 2b-e with Fig. 1b and c, the
obvious increase of diameter and the distinct change of surface
topography (increased roughness) are likely to prove the
composition variation. Further observations in Fig. 2d and 2e
represent the close-up pictures of some individual nanotubes
with open ends. In Fig. 2d, a special mention should be made to
the fact that the hexagonal shape of the inner wall results from
the traditional hexagonal contour of the ZnO nanowire template,
which further confirms the templating mechanism in this process.
The XRD pattern shown in Fig. 2f confirms the composition of
the composite nanotubes. Apart from peaks from the substrate,
other peaks successfully confirm the presence of a-Fe,O3
(JCPDS Card No.33-0664) with SnO, and no apparent peaks
from ZnO can be detected, affirming the removal of single-crystal
ZnO sacrificial template.

The structure and morphology evolution of the composite
array was further investigated by TEM. Fig. 3a and its inset
display a TEM image of a single ZnO-SnO, core-shell nanowire.
A porous layer of SnO, is observed on the ZnO nanowire surface,
some of which have already been etched at this growth stage, in
good agreement with SEM observation. The high-resolution
TEM (HRTEM) image in Fig. 3b demonstrates that the SnO,
shell is in fact composed of many interconnected tiny nano-
crystals. The clear lattice spacing of ca. 0.273 nm corresponds to
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Fig. 2 SEM images of (a) SnO,-Fe(OH); tubular array, (b, ¢) SnO,/a-
Fe,O3 composite nanotube array, (d, e) two individual nanotubes with
open tips. (f) XRD pattern of the composite array.

the interplanar distance of the (101) plane of rutile SnO,. To
further verify the composition of the core-shell nanowire, the
nanowire was analyzed by energy-dispersive X-ray spectroscopy
(EDS) at two different positions (A: outer shell; B: inner core-
shell nanowire) (Fig. 3c). Note that the carbon and Cu signals are
from the carbon-supported Cu grid. As expected, while the outer
shell contains only Sn and O, the inner core-shell wire also
contains Zn in addition to Sn and O. Fig. 3d shows a typical
TEM image of two SnO,/a-Fe,O; composite nanotubes, whose
outside surface is magnified in Fig. 3e. In the TEM, the tubular
structure can be unambiguously identified. The tube wall also
consists of numerous nanoparticles; the thickness of the tube wall
is determined to be ~100 nm (see black arrows). HRTEM images
(right part of Fig. 3e) reveal that the later deposited particles are
also single-crystalline with interplanar spacings of about 0.36,
0.27 and 0.25 nm, respectively, consistent with the standard
values for (012), (104) and (110) planes of a-Fe,Os3. Two distinct
spots (C: body of the tube; D: mouth of the tube) were examined
by EDS (Fig. 3f). While the body of the tube contains Fe, Sn and
O, the mouth of the tube is relatively lacking in Sn, which is
reasonably assumed to be caused by the absence of a SnO, cap in
the initial ZnO-SnO, core-shell nanowires and subsequently
a great amount of deposition of ferric compounds during the
immersion period. EDS results clearly demonstrate that SnO,
and a-Fe,0; have been incorporated into an integrated nanotube
structure.

In virtue of the robust mechanical adhesion and good electrical
contact enabled by the direct growth of metal oxide nano-
structures on the current collector, the SnO,/a-Fe,O3 composite
nanotube array was further tested as a lithium ion battery anode.
The electrochemical experiments were conducted in a two-elec-
trode configuration with the as-prepared array on the stainless
steel substrate used directly as the working electrode and Li foil
as the counter electrode. The electrochemical reaction mecha-
nism of Li with SnO, and a-Fe,O3 has been well studied and can
be expressed in the following equations.!®1%-2

SnO, + 4Li* + 4~ — Sn + 2Li,O (1)
xLi* + xe~ + Sn © Li,Sn(0 =< x = 4.4) )
a-Fe,O3 + 6Li" + 6e~ < 2Fe + 3Li,O 3)

To obtain the charge and discharge profiles, the assembled cell
was firstly tested at a constant current density of 0.1 mA cm—2
(~132.7mA g ') with a potential range between SmV and 2.5 V.
The results of the first three cycles are shown in Fig. 4a. The first
real discharge capacity is estimated to be as high as 1.289 mAh
cm 2, whereas, the corresponding charge capacity is approxi-
mately 0.839 mAh cm™2 revealing a Coulombic efficiency of
65%, which is comparable to the previous report of SnO,
nanotube arrays'® (~61%) and much higher than that of the
SnO, nanowire arrays (~56%* and ~58%?2°). Considering that
the reaction of a-Fe,O; with Li is electrochemically revers-
ible,’'* the irreversible reaction of eqn (1) and the formation of
solid-electrolyte interphase (SEI) film are responsible for the
irreversible capacity loss during the first charge-discharge cycle.’
In the second and third cycles, the discharge capacity decreases
gradually to 0.982 and 0.900 mAh cm 2, respectively. The charge
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Fig. 3 (a) TEM image of a single ZnO-SnO, core-shell nanowire. Inset is a low-magnification image. (b) HRTEM image of the shell. (c) EDS results
recorded from spots A and B in Fig. 3a. (d, ¢) TEM image of two individual SnO,/a-Fe,O; nanotubes. Right part in Fig. 3e shows the HRETM images of

the tube wall. (f) EDS spectra recorded from positions C and D in Fig. 3d.

capacity, however, has similar values around 0.811 mAh cm—2.
The charge—discharge profiles of the composite tube array should
have contributions from both SnO, and «-Fe,Os. Electro-
chemical behaviors and features of these two active materials®**
are properly reflected in Fig. 4a. The long plateau of the first
discharge curve between 0.6 and 1.25 V can be ascribed to the
decomposition of SnO, to Sn and Li,O (eqn (1)) and the
formation of cubic Li,Fe,O5 (the first step of Li insertion into
a-Fe,03). The plot with the potential below 0.6 V corresponds to
the alloying reaction between Sn and Li (forward reaction in eqn
(2)) and the reduction from Fe** to Fe’ with the formation of
amorphous LiyO.'®12%252¢ The above results can be further
verified by the differential capacity versus voltage plot, as shown
in Fig. 4b, with three main peaks centered at ~1.0, ~0.73 and
~0.24 V respectively during the discharge process. The remaining
small peak at ~0.45 V in the same process is probably due to the

irreversible decomposition reaction of electrolyte.’*¢ Mean-
while, during the charge process, two broad peaks centered
at ~0.5 and ~1.65 V are also observed, corresponding to the
dealloying of Li,Sn and reversible oxidation of Fe° to Fe*,
respectively.?’

The rate capability was further tested for the SnO,/a-Fe,O;
composite nanotube array electrode, which is of significant
importance for high-power energy storage.'”?® The first charge—
discharge curves at different current densities of 0.2, 0.25, 0.3,
0.4, 0.6 mA cm~2 were recorded, as revealed in Fig. 4c. The
charge capacities at these rates are 0.675, 0.572, 0.433, 0.388,
0.293 mAh cm~2, while the discharge capacities are 1.144, 0.949,
0.744, 0.634, 0.507 mAh cm™2, respectively. The discharge
capacity per unit weight (1518 mAh g') at 0.2 mA cm™
(265.4 mA g') is comparable to that of previous SnO, nanotube
arrays (~1600 mAh g~' at 200 mA g'). Fig. 4d displays the first

This journal is © The Royal Society of Chemistry 2012
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Fig. 4 (a) Charge-discharge profiles of the SnO,/a-Fe,O3; composite
nanotube array for the first three cycles. (b) The Ist-cycle differential
capacity versus voltage plots. (c) Rate performance of SnO,/a-Fe,O3
array. d) Discharge capacity and the 1st Coulombic efficiency of the
composite array versus current density plots. The current density ranges
from 0.1 to 0.6 mA cm2.

Coulumbic efficiency of the electrode and the discharge capacity
of the first cycle under different current densities varies from 0.1
to 0.6 mA cm2 The result indicates that when the current is
gradually increased to 0.6 mA cm~2, the Coulombic efficiencies
stabilize at around 60%. At 0.4 mA cm—, for example, the
electrode exhibits charge and discharge capacities of 0.388 and
0.634 mAh cm~2, and the corresponding Coulombic efficiency is
over 61%. Additionally, the discharge capacity can be retained at
around 0.51 mAh cm~2 as the current density increases to 5 times
of the initial one to 0.6 mA cm 2, which is somewhat superior to
that of many previous reports.*»>2%3 The rate performance of
electrodes are greatly determined by the microstructure of the
active materials when the components are confirmed. In our case,
the SnO,/a-Fe,O5 composite is constructed in the form of porous
nanotube arrays. On one hand, the porous nature of the tube
wall facilities the diffusion of Li ions while also providing large
surface area reaction sites. The hollow structure of nanotubes
helps to enlarge the space for electrolyte storage, with which
lithium ions can insert into both inner and outer tube walls more
easily and freely. On the other hand, the ordered architecture
ensures the direct pathway for electron transport from/to the
current collector. Both of these together can lead to enhanced
interfacial kinetics, which meets the key requirement for quick
charge and discharge.

What’s more, the cyclability test was carried out to demon-
strate the advantages of a SnO,/a-Fe,O; composite nanotube
array electrode at the current densities of both 0.1 and 0.3
mA cm~2 The charge-discharge cycling was tested for up to
50 cycles, and the result is displayed in Fig. 5. It is evident that
although the areal capacity decreases sharply during the first
three cycles, the electrode still shows a high discharge capacity of
0.727 mAh cm? after 50 cycles at a current density of 0.1 mA
cm 2, maintaining ~56% of the first cycle. This cycling property
is better than that of the SnO, nanotube array anode reported
recently'® (after 20 cycles retains ~50%). The charge capacity
retention (84.7% after 50 cycles) is also higher than that of the
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Fig. 5 Cycling stability of SnO,/a-Fe,O3 composite nanotube array.

a-Fe,03 nanotube array (~78%).!® In addition, at ~0.1 mA cm 2
(~132.7 mA g'), our composite nanotube array electrode
demonstrated higher capacity per unit weight (~965 mAh g')
than the pure a-Fe>O3 nanotube array (~700 mAh g=')'® after 50
cycles. The Coulombic efficiencies for the first three cycles are
about 65%, 83%, 90% respectively, while those of the other cycles
stay steadily at more than 95%, which is comparable to the
previous reports.’®2%2 When the current density increases twice
to 0.3 mA cm 2, the array electrode demonstrated similar cycling
stability. The areal discharge capacity after 50 cycles is still
maintained over 0.344 mAh cm 2 and ~50% of the first discharge
capacity is retained.

To the best of our knowledge, the areal capacity displayed here
is much higher than many previous reports, such as TiO,
nanotubes®! (first discharge capacity is 0.678 mAh c¢cm~ and
decreases to 0.2 mAh cm? after 45 cycles at current density of
0.025 mA cm2), Fe304 thin film*® (0.3 mAh cm~ at 0.01 mA
cm™?), crystalline SnO, nanowire/TiO, nanotube® (0.14 mAh
cm~2at 0.05 mA cm~2), Si columnar thin film® (0.09 mAh cm—2 at
0.012 mA cm?), and a carbon micro-net film?® (0.15 mAh cm—2
at 0.006 mA cm). Typically, the current densities in our
experiment are much larger, but the areal capacities and cycla-
bility of our SnO,/a-Fe,O3; composite nanotube arrays are much
better.

The reason for the performance improvement (larger areal
capacity, better rate capability and cycling stability, etc.) can be
ascribed to the elegant combination of SnO, and a-Fe,03, two
promising LIB anode materials, into an integrated tubular
architecture. Compared with a 2D thin film structure, the extra
dimension of a 3D nanotube array can be of vital help to increase
the active material loading while maintaining similar Li ion-
transport efficiency, which is beneficial to the enhancement of
areal capacity. This was realized by the templating method, using
inexpensive ZnO nanowires in our case. Moreover, the syner-
gistic effect between SnO, and a-Fe,O3 is of great importance. In
each nanotube, SnO, nanoparticles are dispersed with o-Fe,O5
around them. As revealed in the charge-discharge profiles,
alloying and dealloying is the dominant process contributing to
lithium storage and delivery for SnO, after the first cycle, which
occurs at a lower potential as compared to the electrochemical
reaction of a-Fe,O; with Li. As a result, when SnO, nano-
particles are electrochemically engaged, Fe,O3 nanoparticles are
almost inactive and can function as a buffering matrix to
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alleviate the huge strain stress during the alloying and dealloying
process, as well as a block to prevent against generated Sn
aggregating. Similarly, at high potential, SnO, (Sn particles and
Li,O formed after the first cycle) can also help to buffer the
volume change of Fe;Oj3. This kind of mutual interaction would
be essential to maintain a high areal capacity even after tens of
cycles. In addition, it has been reported that the transition metal
Fe produced by the conversion reaction (forward reaction of eqn
(3)) has a catalytic function to promote the backwards reaction
of eqn (1),'*3? which should be responsible for the observed
larger Coulombic efficiency.

Conclusions

In summary, starting with a ZnO nanowire array as the sacrificial
template, we have successfully fabricated a SnO,/a-Fe,O3
composite nanotube array on the current collector substrate. The
electrochemical performance of such a hybrid array as a binder-
and additive-free electrode for LIBs was systematically investi-
gated. The results indicated that the array electrode has a large
areal capacity, good rate capability and high Coulombic effi-
ciency. The comprehensive electrochemical property is much
better than many of the previously reported thin-film and 3D
nanostructured anodes, which could be attributed to a syner-
gistic effect between SnO, and a-Fe,O5 as well as the porous and
ordered nanotubes that provide increased electrochemical reac-
tion kinetics. Moreover, such a strategy can be readily extended
to synthesize other metal oxide composite nanotube array
electrodes, which have potential applications in small-scale
energy storage devices such as microbatteries and micro-
supercapacitors.
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