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We etched the anodic alumina membranes around CoSb nanowires for different times and thereby obtained CoSb nanowire
arrays with different degrees of order. Test results showed that highly ordered nanowire array structures have a charge—discharge
capacity of more than 200 mA h g~!, with a coulombic efficiency of 86% and a capability retention rate of 28% after 10 cycles. In this
study, we provide evidence to support the hypothesis that a nanowire array structure is propitious in improving the performance of

the anode material in lithium ion batteries.
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The morphology and structure of the electrode
materials used as anodes in lithium ion batteries (LIBs)
materials significantly affect the electrochemical perfor-
mance of the LIBs. The morphology and structure of
one-dimensional (1-D) nanostructured electrode materi-
als, such as nanowires (NWs), nanotubes (NTs) and
nanofilms (NFs), have been widely investigated and
adapted to achieve high-performance LIBs [1,2]. For in-
stance, Chan et al. [3]used the vapor-liquid—solid method
to fabricate Ge NW electrodes with an initial discharge
capacity of 1142 mA h g ' over 20 cycles at the 0.05C rate.
Novel Si NT electrodes prepared by Park et al. [4]showed
an ultrahigh reversible charge capacity of 3247 mA h g ',
with a coulombic efficiency of 89% and superior capacity
retention, even at a 5C rate. In addition, Villevieille et al.
[5] synthesized NiSb NF electrodes by a solid-state reac-
tion, which revealed an initial discharge of 446 mA h g
but displayed a rapid decline of reversible capacity. There
is growing evidence that 1-D nanostructured electrode
materials can improve the electrochemical properties of
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LIBs compared to their bulk counterparts [6]. Among
these 1-D nanostructures, the NW has received much
more attention due to its improvement of the rate capabil-
ities of LIB anode materials [7]. The improved perfor-
mance of NW is due to the following factors: (i) with
each NW contacting the current collector, it possesses
good electronic conduction along the length; (ii) it exhib-
its short Li insertion distances and a high interfacial con-
tact area with the electrolyte; and (iii) it improves material
durability owing to its nanostructure [8,9].

To develop alternative anode materials at low cost,
extensive investigations have focused on exploring novel
Sb-based intermetallic materials with high specific
capacities [10-13]. In this respect, theoretical calculation
has shown that an Sb-based alloy has a high specific
capacity of 660 mA h g~', which is apProximately twice
that of graphitic carbon (372 mA h g™ ) [14]. In our pre-
vious paper, we reported the preparation of CoSb NW
arrays fabricated by electrodeposition in anodic alumina
membranes (AAM). The electrochemical performance
of the CoSb/AAM NW arrays exhibited a high dis-
charge capacity and charge capacity, but the AAM has
a great influence on the performance of such NW arrays
[15]. The challenge is how to dislodge the AAM and get
highly ordered CoSb NW arrays, and then to further
study their electrochemical properties. In this study,
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we focus on the charge-discharge characteristics of
CoSb NWs array after etching the AAM for different
times and attempt to demonstrate the merits of a highly
ordered NW array structure.

The CoSb/AAM NW arrays were fabricated by pulsed
electrodeposition [15]. The typical electrolyte for the elec-
trodeposition consisted of 0.01 M KSbOC H4O¢: 1/
2H,0, 0.2 M CoCl,-6H,0 and 0.18 M H3BOj3. The pH
value of the electrolyte was adjusted to 3.5 and the fabri-
cation was performed at 300 K at a voltage value of
—2.6 V. Both the pulse times and the delay times were
500 ps. To get the CoSb NW anode array structure, we
immersed the samples in 5 wt.% NaOH solution for dif-
ferent times to remove the alumina template and then
washed them several times with deionized water.

The electrochemical performances were evaluated in
two-electrode coin cells (CR2032). The working elec-
trode was the CoSb NW array. A foil of pure lithium
served as the counter electrode. A Celgard 2400 micro-
porous polypropylene membrane was used as a separa-
tor. The electrolyte was 1 M LiPF¢ in a mixture of
ethylene carbonate and dimethyl carbonate (1:1 in vol-
ume). The cells were assembled in a dry sealed glovebox
filled with high-purity argon gas. The charge-discharge
measurements were taken using a multi-channel battery
test system (NEWARE BTS-610). The cells were galva-
nostatically discharged—charged in a voltage range from
0.05 to 4.5 V vs. Li*/Li at a current density of 60 mAg ™"
at ambient condition.

Figure 1 shows the charge (Li-deserting) and dis-
charge (Li-inserting) curves of the CoSb/AAM NW

4.0

array electrode without etching (a), and after etching
for 2 min (b), 5 min (c) and 8 min (d), respectively. Com-
paring these four samples, one can see that the charge-
discharge properties of the CoSb NW array electrode
assembly change considerably with increasing etching
time. It is clear that, aside from the first discharge pro-
cess, these four synthesized CoSb N'Ws samples overall
exhibit good reversibility, as indicated by the nearly
overlapped charge and discharge curves.

As Figure 1(a) shows, the first discharge capacity of
sample 1 is 1095 mA h g~ . The main reduction reaction
is in the first discharge process and occurs at a low pla-
teau of 1.2V, while in the subsequent discharge pro-
cesses there are slope beginning at 0.6 V.

For sample 2 (Fig. 1(b)), the first discharge capacity
of the CoSb NW array electrode etched for 2 min is
1061 mA hg~'. This sample delivers a capacity of
245mA h g ! after 10 cycles.

For sample 3 (Fig. 1(c)), the first discharge capacity of
the CoSb NW array electrode etched for 5 min is only
942 mA h g~ !, which is lower than both samples 1 and
2. However, this sample delivers a capacity of
267 mA h g~ after 10 cycles, which indicates a more stea-
dy capacity. The well-defined plateau of the first discharge
at about 0.25 V is due to the reaction of CoSb with Li"
and the subsequent formation of Li;Sb, while that of
the subsequent discharge at nearly 0.6 V is due to the
breakdown of CoSb structure, the reaction of Sb with
Li" and the formation of Li;Sb [16,17]. This means the
CoSb structure is destroyed during the reaction of CoSb
with Li". It can be seen from Figure 1(c) that the
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Figure 1. Charge-discharge curves of the CoSb NW array electrode without etching (a), and after etching for 2 min (b), 5 min (c) and 8 min (d),

respectively.
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Figure 2. Charge (a) and discharge (b) cycle lives of samples 1-4, respectively.

subsequent charge and discharge cycles are reproducible
with increasing cycle numbers, namely, the charge and
discharge plateaus of CoSb NWs electrode are fixed at
1.25 and 0.6 V, respectively. This implies that reversible
reactions occur after the first discharge. In addition, high
anode working voltages will be of benefit to the safety of
the charge and discharge processes by avoiding Li den-
dritic crystal growth.

As shown in Figure 1(d), the first discharge capacity of
the sample 4 CoSb NW array electrode is 831 mA h g™,
which is much lower than samples 1, 2 and 3. In addition,
sample 4 delivers a capacity of less than 200 mA h g™,
indicating a weaker electrochemical performance.

Figure 2 presents the charge (a) and discharge (b) cy-
cle lives of samples 1-4. As expected, the electrochemical
performance of the sample 1 is poor. This is attributed
to the AAM. With increasing etching time, samples 2
and 3 have better charge—discharge capacities than sam-
ple 1. However, the charge—discharge capacity does not
always increase with etching time: sample 4 clearly
shows a rapid decrease in charge—discharge capacity as
a function of cycle number. Furthermore, after 10 cy-
cles, the discharge capacities of samples 2 and 3 are both
maintained above 200mA hg~!, but the discharge
capacity of sample 4 is about 160 mA h g~', which
means that the Coulomb efficiency of sample 4 is poor.
It can also be seen from Figure 2(b) that the capacity
retention rate of sample 3 is above 28% after 10 cycles,
and the discharge capability of the sample 3 is better
than that of the sample 2.
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Several factors that affect the electrochemical perfor-
mance of the NW arrays as anode materials are as fol-
lows: the length and diameter of NWs; the structural
integrity of the NW arrays; and contact with the current
collector [18,19]. The length and diameter of NWs deter-
mine their surface area and the path length for Li ion
transport. In a highly ordered NW structure, the open
space between neighbouring NWs allows for easy diffu-
sion of electrolyte into the inner region of the electrode.
In our experiment, we fabricated the electrode by the
pulsed electrodeposition method, and each NW is con-
nected to the Au current collector. This is advantageous
for the transport of charge and the irreversible reduction
in capacity [20]. In this typical experiment, the CoSb/
AAM arrays were etched with 5 wt.% NaOH solution
for different times. As Figure 3(a) illustrates, before
etching, the NW is totally encapsulated by AAM. In this
case, Li" is transported only from the top of the wire,
making it difficult for the Li* to become embedded
and thus reducing the area of the NWs that is interca-
lated with Li. This also reduces the wettability of the
CoSb NWs. More AAM is removed as the etching time
increases (see Fig. 3(b) and (c)), thus exposing more of
the CoSb N'Ws. This increases the wetting of the NWs
and the diffusion of Li ions. Furthermore, increasing
numbers of CoSb N'Ws participate in Li removal (inser-
tion), thus improving the electrochemical performance
of the CoSb NW arrays. However, the larger specific
surface area can promote the decomposition of electro-
lytes and the formation of a solid electrolyte interphase
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Figure 3. Schematic structure chart of CoSb NW arrays without etching (a), and after etching for 2 min (b), 5 min (c) and 8 min (d), respectively.
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layer [21,22], resulting in the irreversible increases in
capacity. However, the concrete cause needs to be stud-
ied further. As the etching time increases to 8 min or
more (Fig. 3(d)), the bare NWs are no longer parallel.
The agglomeration of NWs will lead to the deterioration
in contact between the electrode and the electrolyte, and
a longer transmission path for Li ions. At the same time,
as the number of broken NWs increases, the contact be-
tween the NW arrays and the Au current collector will
become poorer, causing the conductive efficiency to de-
crease. We can thus see that the electrochemical cycling
performance of sample 4 degrades drastically.

In summary, on the basis of the successful synthesis
of an array of CoSb NWs reported in our previous pa-
per, we have further investigated their electrochemical
performance when they act as an anode material for
LIBs. By comparison, the electrochemical performance
measurements show that the CoSb NW array electrode
etched with 5 wt.% NaOH solution for 5 min displays
better capacity retention and a higher discharge capac-
ity. Moreover, the testing results show that the first irre-
versible capacity decreases continually with increasing
etching time, and the highly ordered NW array structure
improves the charge—discharge capacity and cycle life
for LIBs. Optimization of the NW structure is therefore
a promising way to improve the electrode materials for
LIBs. We are constantly seeking to improve the elec-
trode fabrication process to highlight the advantage of
the NW array structure, and to further study the mech-
anism of lithium intercalation/deintercalation.
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