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Improved lithium ion battery performance by
mesoporous Co3O4 nanosheets grown on self-
standing NiSix nanowires on nickel foam†

Huixin Chen,‡a Qiaobao Zhang,‡b Jiexi Wang,c Daguo Xu,b Xinhai Li,c Yong Yang*a

and Kaili Zhang*b

Novel three-dimensional (3D) hierarchical NiSix/Co3O4 core–shell nanowire arrays composed of NiSix
nanowire cores and branched Co3O4 nanosheet shells have been successfully synthesized by combining

chemical vapor deposition and a simple but effective chemical bath deposition process followed by a

calcination process. The resulting hierarchical NiSix/Co3O4 core–shell nanowire arrays directly serve as

binder- and conductive-agent-free electrodes for lithium ion batteries, which demonstrate remarkably

improved electrochemical performances with excellent capacity retention and high rate capability on

cycling. They can maintain a stable reversible capacity of 1279 mA h g�1 after 100 cycles at a

current density of 400 mA g�1 and a capacity higher than 340 mA h g�1 even at a current density as high

as 8 A g�1. Such superior electrochemical performance of the electrodes made by directly growing

electro-active highly porous Co3O4 on a nanostructured NiSix conductive current collector makes them

very promising for applications in high-performance lithium ion batteries.
1. Introduction

Lithium ion batteries (LIBs) have attracted signicant attention
as they show great promise as power sources for portable elec-
tronic devices because of their high energy density, exible light
weight design and long cycle life.1–5 Nanostructured transitional
metal oxides (MOs, where M is Fe, Co, Ni, and Cu) have been
extensively investigated as potential anode materials for LIBs
due to their high specic capacity as compared to those of
carbon/graphite based materials.1,2,6–13 Among these MOs,
nanostructured Co3O4 has been demonstrated as one of the
most promising candidates because of its high theoretical
specic capacity (890mA h g�1).5,14–16 However, due to their poor
electrical conductivity and large volume expansion occurring
during the cycling process, Co3O4 anode materials always suffer
from rapid capacity fading, leading to less satisfactory cycling
stability.5,16–19

One promising avenue to address the aforementioned
drawbacks and boost their electrochemical performances is
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rational design and smart hybridization of nanostructured
Co3O4 with highly conducting matrices to form novel complex
structures.2,18,20–26 NiSix nanowires with high electronic
conductivity, which are inactive to Li ions, have been intensively
investigated as a good mechanically stable scaffold to form
complex core–shell nanowire structures composed of NiSix
nanowire cores and nanostructured active material shells for
LIBs.27–32 Furthermore, the nanostructured self-standing NiSix
nanowire collector can be a potential choice to enhance the
electrochemical performance of cobalt oxides as promising
anodes for LIBs.32 In this regard, it is supposed to be more
promising to achieve smart hybridization of Co3O4 nano-
structures with NiSix nanowires into three-dimensional (3D)
heterostructured core–shell nanowire arrays for enhanced
electrochemical performances.

To date, various Co3O4 nanostructures on bulky conductive
substrates, including nickel foam, nickel foil, copper foil and Ti
foil, as anodes for LIBs with enhanced electrochemical prop-
erties have been demonstrated.15–17,33–37 Notwithstanding these
advances, developing a facile synthetic approach with the
characteristics of low growth temperature, simple process and
short reaction time without using high pressure to synthesize
Co3O4 nanostructures, as well as the smart combination of
these Co3O4 nanostructures with nanostructured current
collectors into intriguing architectures to achieve high-perfor-
mance LIBs is highly desirable but still very challenging and to
the best of our knowledge, studies on growing Co3O4 nano-
structures on a self-standing NiSix support have been scarcely
reported in the literature.
J. Mater. Chem. A, 2014, 2, 8483–8490 | 8483
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Herein, we rst report the synthesis of novel 3D hierarchical
heterostructure arrays composed of NiSix stems on nickel foam
and net-like Co3O4 nanosheet branches by advantageously
combining the versatility of a facile CVD approach and a simple,
yet effective chemical bath deposition (CBD) method at rela-
tively low temperature. The smart combination of Co3O4

nanostructures and NiSix nanowires on nickel foam holds many
merits for LIBs with enhanced performance. Firstly, inactive
NiSixwith excellent mechanical stability connected directly with
the current collector (nickel foam) provides a mechanically
stable support frame for Co3O4 nanostructures, enables fast
charge transfer pathways, and avoids the use of polymer binders
and conducting additives. Secondly, highly porous Co3O4

branches well wrapped on the surface of NiSix stems can
signicantly enhance the effective electrode/electrolyte contact
areas together with the amount of electro-active sites and
provide a short diffusion path for both electrons and ions.
Finally, the novel branched nanoscale heterostructures with lots
of free spaces among the branched nanowires can allow for the
ease of electrolyte penetration and also accommodate volume
expansion during Li+ uptake/removal. As a result, when used as
a binder- and conductive-agent-free anodes for LIBs, the as-
synthesized 3D hierarchical NiSix/Co3O4 core–shell hetero-
structure array electrodes are able to exhibit remarkably
enhanced electrochemical performances in terms of high rate
capability, large reversible capacity and excellent cycle perfor-
mance as compared to the Co3O4/Ni foam electrode.
2. Experimental section
2.1 Synthesis of NiSix nanowires on nickel foam

The self-catalytic NiSix nanowires were grown on Ni foam via a
CVD growth method with SiH4 diluted in H2 as a precursor.
First, the Ni foam (99.99% purity) with a diameter of 14 mmwas
ultrasonically cleaned and rinsed with diluted oxalic acid (0.1
vol%) and acetone. The cleaned Ni foam was then transferred
into a CVD tube furnace. Aer that, the NiSix nanowires were
synthesized by owing 5 standard cubic centimeter per minute
(sccm) SiH4 and 30 sccm H2 into the CVD system at the
temperature of 570 �C for 60 min.
2.2 Synthesis of hierarchical NiSix/Co3O4 nanowire
heterostructure arrays

In a typical procedure, 1.87 g of (0.075 M) cobalt(II) acetate tet-
rahydrate and 6.79 g of urea (1.132 M) were dissolved in 100 mL
of distilled water in a 250 mL Pyrex beaker and stirred to form a
clear pink solution. The as-prepared NiSix nanowire arrays on Ni
foam were immersed into the reaction solution. The backsides
of substrates were coated with polyimide tape to prevent the
growth of Co3O4. The beaker containing the growth solution
and substrates was covered with aluminum foil and placed in
an oven maintained at 85 �C for 0.5 h to 2 h and then cooled to
room temperature naturally. The substrates were then taken out
of the solution, rinsed with distilled water and cleaned with
alcohol by ultrasonication several times. Finally, the as-fabri-
cated samples were annealed at 300 �C in air for 1.5 h to prepare
8484 | J. Mater. Chem. A, 2014, 2, 8483–8490
hierarchical Co3O4/NiSix nanowire heterostructure arrays. For
comparison, Co3O4 nanosheets grown directly on nickel foam
(Co3O4/Ni foam) were synthesized under the same conditions.
The morphology, crystalline structure and composition of the
as-grown NiSix/Co3O4 core–shell heterostructure arrays were
characterized by eld emission scanning electron microscopy
(Hitachi S4800 FESEM), transmission electron microscopy (FEI
Tecnai G2 20 TEM) and X-ray diffraction (RigakuSmartLab
XRD).
2.3 Electrochemical measurements of hierarchical NiSix/
Co3O4 core–shell nanowire array electrodes

For testing the electrochemical performance, the as-synthesized
hierarchical NiSix/Co3O4 core–shell heterostructure arrays
grown directly on a nickel foam substrate as the working elec-
trode were dried in a vacuum for 12 h at 120 �C, where the
growth time for Co3O4 is 2 h. The electrode loading density in
this study is 3.25 mg cm�2, containing 80% support frame NiSix
and 20% active material Co3O4. The cells (CR2025) were
assembled in a glovebox (Mbraun, LabMaster 100, Germany)
under an argon atmosphere by directly using the as-synthesized
hierarchical NiSix/Co3O4 core–shell nanowire arrays as the
anode. The counter and reference electrodes were lithiummetal
foil (15 mm diameter), and the electrolyte solution was 1 M
LiPF6 (EC : DMC : EMC ¼ 1 : 1 : 1, in volume). The cells were
charged and discharged over a voltage range of 0.01–3 V (versus
Li+/Li) at room temperature by using a Land CT2001A system
(Wuhan, China). Cyclic voltammetry was performed on a
CHI608A, scanned from 3.0 to 0.01 V vs. Li/Li+ at a scan rate of
0.1 mV s�1. For impedance measurements, the cells were tested
and evaluated. The explored frequency range was from 100 kHz
to 10 mHz under AC stimulus with 10 mV of amplitude and no
applied voltage bias. Before the EIS measurements, the elec-
trodes were cycled for three cycles, then charged to 3.0 V and
kept until the open-circuit voltage was stabilized. On average,
the mass loading of the Co3O4 nanosheets is about 1.2 mg on a
circular disk of Ni foam with a diameter of 14 mm.
3. Results and discussion

Fig. 1 schematically illustrates the synthesis procedure of the 3D
hierarchical NiSix/Co3O4 core–shell nanowire arrays on nickel
foam by a facile CVD approach in combination with a simple
but effective CBD method followed by a calcination process.
First, metallic cores of NiSix nanowire arrays with a high density
are grown vertically on nickel foam by a facile CVD approach.
Second, the formation of a branched Co-precursor (cobalt
hydroxide carbonate)38,39 nanosheet shells around the backbone
of NiSix nanowires is realized by a simple but effective CBD
method. Finally, the corresponding Co3O4 nanosheets are
formed on the surface of NiSix nanowires by thermal conversion
of the as-prepared Co-precursor (cobalt hydroxide carbonate).
The chemical reactions responsible for the formation of Co3O4

nanosheets on NiSix nanowire surfaces are expressed with the
following steps (1–6).38,39
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Schematic illustration of the two-step synthesis of 3D hierar-
chical NiSix/Co3O4 core–shell nanowire arrays on nickel foam.

Fig. 2 (a) Low-magnification SEM image of NiSix on Ni foam, (b) high-
magnification image of NiSix on Ni foam, (c) low-magnification SEM
image of Co3O4 onNi foam, (d) high-magnification image of Co3O4 on
Ni foam, (e) low-magnification SEM image of NiSix/Co3O4 core–shell
nanowire arrays on Ni foam, and (f) high-magnification image of NiSix/
Co3O4 core–shell nanowire array on Ni foam.

Paper Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
5 

M
ar

ch
 2

01
4.

 D
ow

nl
oa

de
d 

by
 X

ia
m

en
 U

ni
ve

rs
ity

 o
n 

12
/0

7/
20

15
 1

0:
04

:2
8.

 
View Article Online
H2NCONH2 + H2O / 2NH3 + CO2 (1)

CO2 + H2O / CO3
2� + 2H+ (2)

NH3 + H2O / NH4
+ + OH� (3)

Co2+ + xOH� + 0.5CO3
2� + 0.11H2O

/ Co(OH)x(CO3)0.5$0.11H2O (4)

6CoðOHÞxðCO3Þ0:5$0:11H2O þ
�
5

2
� 3x

2

�
O2/2Co3O4

þ 3CO2[þ ð3xþ 0:66ÞH2O[ (5)

The corresponding representative photographs of the
synthesis procedures for NiSix/Co3O4 core–shell nanowire
arrays on nickel foam are shown in Fig. S1.†Differential
thermal/thermo-gravimetric analysis (DTA-TG) (see ESI,
Fig. S2†) is used to characterize the thermal decomposition of
the Co-precursor (cobalt hydroxide carbonate). It is clearly
observed that a sharp mass loss appears in the temperature
range from 100 �C to 300 �C, suggesting the thermal decom-
position of the Co-precursor. We therefore selected the
temperature of 300 �C for thermal treatment in order to ensure
the complete decomposition of the Co-precursor.

Fig. 2 shows the SEM images of the NiSix nanowire arrays,
Co3O4 nanosheets and NiSix/Co3O4 core–shell nanowire arrays
on nickel foam. As illustrated in Fig. 2(a), high-density NiSix
nanowires with lengths up to tens of micrometers are vertically
grown on the surface of nickel foam with good uniformity.
These nanowires have an average diameter of 20 nm with a very
smooth surface (see Fig. 2(b) and S3(a)†). The morphologies of a
typical Co3O4 nanosheet lm grown on a nickel foam substrate
are shown in Fig. 2c and d. As shown in Fig. 2(c), the nickel foam
This journal is © The Royal Society of Chemistry 2014
skeleton is uniformly covered by many Co3O4 nanosheets.
These Co3O4 nanosheets show a highly porous structure
composed of many interconnected small nanograins (Fig. 2(d)).
Aer the integration of Co3O4 by CBD, the NiSix nanowires
become thicker and show a much rougher surface as can be
seen in Fig. 2(e). Numerous ultrathin nanosheets of Co3O4 grow
fairly homogenously along the NiSix nanowires arrays, forming
3D core–shell architecture (see Fig. 2(f) and S3(b)†), indicating
the intimate interface contact between NiSix nanowire cores and
branched Co3O4 nanosheet shells, which could play the
important role of improving the electrochemical performances.
These branched Co3O4 nanosheet shells are interconnected
with each other and fully cover the entire NiSix nanowire cores
as illustrated in Fig. 2(f) and S3(b).† It is worth noting that the
diameter, length and density of the secondary Co3O4 nano-
sheets can be tailored by simply changing the reaction time as
shown in Fig. S4† and the as-obtained branched Co3O4 nano-
sheets can be realized on a variety of other nanostructures, such
as Si nanowires, CuO nanoneedles, CuO nanoowers and CuO
nanowires (see Fig. S5†). The growthmechanism with respect to
the formation of the secondary Co3O4 nanosheets could attri-
bute to the “oriented attachment” and “self-assembly”
processes.40,41

The detailed microstructure of the NiSix nanowires and
hierarchical NiSix/Co3O4 core–shell nanowires is further
J. Mater. Chem. A, 2014, 2, 8483–8490 | 8485
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Fig. 4 The N2 absorption–desorption isotherm of the as-prepared
Co3O4 nanosheets; the inset is the pore distribution.
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elucidated by TEM and HRTEM. The bare NiSix nanowires have
a very smooth surface with a diameter of 20 nm and are single-
crystalline in nature as shown in Fig. S6.† Aer the growth of
Co3O4 for 30 min, the surface of the NiSix nanowires is deco-
rated by many ultrathin Co3O4 nanoparticles with the thickness
of around 20 nm and the structure of the nanowire is still well
maintained. The corresponding SAED pattern in Fig. S6(c)†
suggests that the NiSix nanowire core still maintain its single
crystalline structure, indicating that no structural damage is
caused by the facile CBD. The HRTEM image of the NiSix
nanowire edge (see Fig. S6(d)†) provides more evidence that
Co3O4 nanoparticles are attached to the NiSix nanowire surface
and the measured d-spacings of 0.46 nm and 0.54 nm are
consistent with the (111) and (020) lattice planes of the cubic
structure Co3O4 (PDF 74-2120) and orthorhombic Ni2Si3
(PDF89-7167), respectively, which are consistent with the
reported results for Co3O4 (ref. 16, 17, 35 and 42) and Ni2Si3.43

The typical TEM image of hierarchical NiSix/Co3O4 core–shell
nanowires with Co3O4 growth of 2 h is shown in Fig. 3. As
illustrated in Fig. 3(a), the NiSix nanowire core is uniformly
wrapped by numerous ultrathin Co3O4 nanosheets, which is in
accordance with the SEM results. The corresponding SAED
pattern of the nanosheet shell taken from the rectangular area
marked I in Fig. 3(a) conrms the existence of spinel poly-
crystalline Co3O4. Three typical rings can be readily indexed to
the (111), (220), and (311) planes of the cubic Co3O4 phase
(JCPDS 74-2120). The magnied TEM image shown in Fig. 3(c)
of the Co3O4 nanosheet shell taken from the rectangular area
marked II in Fig. 3(a), clearly demonstrates that the Co3O4

nanosheet shells are highly porous composed of nano-
crystallites of 5–10 nm in size. The porosity of the Co3O4
Fig. 3 (a) The low-magnification TEM image of NiSix/Co3O4 core–
shell nanowires (b) the SAED pattern of branch Co3O4 taken from the
rectangular area marked in (a). (c) The enlarged TEM images of
branched Co3O4 nanosheets (d) high-magnification TEM images of
branched Co3O4 nanosheets.

8486 | J. Mater. Chem. A, 2014, 2, 8483–8490
nanosheets is characterized by nitrogen isothermal adsorption–
desorption measurements. From Fig. 4, a typical IV isotherm
with a distinct hysteresis loop in the pressure range of 0.7–1.0
P/P0 can be clearly observed, suggesting the presence of a
mesoporous structure of nanosheets.44,45 The inset of Fig. 4
shows the pore size distribution of the sample calculated by
desorption isotherm via the Barret–Joyner–Halenda (BJH)
method, which demonstrates that the as-synthesized Co3O4

nanosheets possess narrow pore size distribution centered at
around 7.7 nm. This result further conrms the mesoporous
feature of Co3O4 nanosheets. The Brunauer–Emmett–Teller
(BET) specic surface area was measured to be 47.2 m2 g�1.The
formation of the mesopores of Co3O4 could be attributed to the
gas release during the decomposition of the Co-precursor by
heat treatment.44,46,47 This highly porous feature of the Co3O4

would allow for the ease of electrolyte penetration, favor the
efficient electrode/electrolyte interface contact and also
enhance Li+ and electron diffusion, which is more favorable for
the enhancement in electrochemical performances.48,49 The
HRTEM image (Fig. 3(d)) shows clear fringes with a measured
interplanar spacing of 0.46 nm, corresponding to the inter-
planar distance of the (111) plane of cubic Co3O4 (d¼ 4.67 Å), in
good agreement with the reported results.16,44 XRD patterns of
the as-prepared NiSix nanowires, Co3O4 nanosheets, and NiSix/
Co3O4 core–shell nanowire arrays on nickel foam are shown in
Fig. S7.† For the NiSix nanowires, except for the three strong
peaks and one weak peak coming from the nickel foam and the
byproduct of the NiSi phase, respectively, the major diffraction
peaks can be indexed to the orthorhombic phase of Ni3Si2
(JCPDS 89-7167), which is consistent with the reported results.
Aer the growth of Co3O4, three new peaks are observed in
addition to the diffraction peaks from the Ni2Si3, NiSi and
nickel foam. These three peaks are centered at 31.4, 37.1 and
43.9, respectively, which can be indexed respectively to the
(220), (331) and (400) planes of the cubic structure of Co3O4

(JCPDS 74-2120), suggesting that Co3O4 has been successfully
assembled on the surface of NiSix nanowires.

This 3D core–shell heterostructure is also supported by TEM
elemental mapping as shown in Fig. 5. It is observed that the
signals of Co and O are strongly detected in the backbone and
This journal is © The Royal Society of Chemistry 2014
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Fig. 5 EDS mapping results of a single hierarchical NiSix/Co3O4 core–
shell nanowire.
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branch region, while the Ni and Si signals are dominant in the
backbone region. According to all these aforementioned results,
it is reasonable to assume that branched Co3O4 nanosheet
shells have been successfully synthesized on the surface of NiSix
core nanowires. This result is further supported by STEM scan
lines shown in Fig. S8.†

Enlightened by the novel 3D hierarchical NiSix/Co3O4 core–
shell nanowire array architectures, their lithium storage prop-
erties have been investigated when directly used as an inte-
grated binder- and conductive agent-free anode for LIBs. Note
that, the capacity contribution of NiSix nanowires in LIBs has
been proven to be neglected.27,30 For double check, we tested the
Fig. 6 (a) The first three CV curves of the NiSix/Co3O4 core–shell nanowi
mV s�1, (b) selected discharge–charge curves at a current density of 400
array electrode and the Co3O4/Ni foam electrode at a current density of
array electrode at various current densities.

This journal is © The Royal Society of Chemistry 2014
bare NiSix nanowires on Ni foam under heat treatment at 300 �C
for 1.5 h as anodes for LIBs. No apparent potential plateau in
the potential range of 0.01 to 3.00 V can be observed
(Fig. S9(a)†), indicating that the bare NiSix nanowires are elec-
trochemically inactive. Fig. 6(a) shows the CV curves in the rst
three cycles of the NiSix/Co3O4 core–shell nanowire array elec-
trode with a scan rate of 0.1 mV s�1 in the potential range of
0.01–3.0 V. The CV curves are similar to the reported results of
Co3O4 anodes,44,48–53 indicating that the NiSix core nanowires are
indeed electrochemically inactive and just serve as the
mechanical support and current collector. In the rst cathodic
scan, an intense peak located at around 0.72 V can be clearly
observed, corresponding to a multi-step electrochemical tran-
sition of Co3O4 to metallic cobalt.15,33,48 Then in the rst anodic
process, one dominant broad oxidative peak at around 2.13 V
can be attributed to reversible oxidation of metal Co to cobalt
oxide.44,48 In subsequent cycles, all the redox peaks are found to
shi to higher potentials. More interestingly, the subsequent
CV curves exhibit good reproducibility with almost the same
peak current and integrated area of the cathodic/anodic peak,
suggesting high reversibility of lithium storage. The voltage
plateau characteristics of the selected discharge–charge proles
measured at a current density of 400 mA g�1 are shown in
Fig. 6(b). The initial discharge and charge capacities of the as-
fabricated NiSix/Co3O4 core–shell nanowire array electrode are
2084 and 1540 mA h g�1, respectively, accounting for a
coulombic efficiency of 73.9% as shown in Fig. 6(c). The rela-
tively large irreversible capacity loss in the 1st cycle is likely to
be attributed to the electrolyte decomposition and SEI forma-
tion, which has been reported by many authors.15,16,33,48 This
phenomenon is also commonly observed in other transition
re array electrode in the potential range of 0.01–3 V at a scan rate of 0.1
mA g�1, (c) cycle performance of the NiSix/Co3O4 core–shell nanowire
400 mA g�1, (d) rate capability of the NiSix/Co3O4 core–shell nanowire

J. Mater. Chem. A, 2014, 2, 8483–8490 | 8487

http://dx.doi.org/10.1039/c4ta00967c


Fig. 7 Nyquist plots of the NiSix/Co3O4 core–shell nanowire array
electrode and the Co3O4/Ni foam electrode at open-circuit voltage
after three cycles.
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metal oxide anodes.47,54,55 Nevertheless, the discharge–charge
curve from the 2nd cycle shows good reproducibility and the
coulombic efficiency is increased to above 94.6%, suggesting
superior cycle performances.

To demonstrate the advantages of hierarchical core–shell
nanowire array architectures and NiSix nanowire arrays as a
good mechanical support and current collector, the electro-
chemical performances of NiSix/Co3O4 core–shell nanowire
arrays on nickel foam and Co3O4 directly grown on nickel foam
without pre-synthesized NiSix nanowires(Co3O4/Ni foam, see
Fig. 2c and d) are compared. Fig. 6(c) displays the cycle
performances of the electrodes made by NiSix/Co3O4 core–shell
nanowire arrays and Co3O4/Ni foam at a current density of 400
mA g�1. Evidently, the NiSix/Co3O4 core–shell nanowire array
electrode exhibits better cycling performance and much higher
initial capacity and reversible capacity over 100 cycles than
those of the Co3O4/Ni foam electrode. From Fig. 6(c), it can be
clearly seen that the NiSix/Co3O4 composite electrode delivers
an initial capacity of 1540 mA h g�1, while only an initial
capacity of 664 mA h g�1 is delivered by the Co3O4/Ni foam
electrode. More remarkably, the NiSix/Co3O4 composite elec-
trode retains a high reversible capacity of 1279 mA h g�1

with 83% capacity retention aer 100 cycles. In contrast, the
Co3O4/Ni foam electrode only maintains a reversible capacity of
522 mA h g�1 with 79% capacity retention aer 100 cycles. The
improved electrochemical performances are due to the fact that
NiSix nanowires on Ni foam as a nanostructured current
collector are benecial in providing an increased surface area
compared with that of the bulky Ni foam, which signicantly
enhances the loading of active materials.2 Moreover, the NiSix
nanowires can provide a 1D pathway for electron/ion transport,
resulting in a short diffusion length and an enhanced electronic
conductivity necessary for higher capacity.29,30,32 In addition, the
synergistic contribution from the NiSix nanowires and meso-
porous Co3O4 nanosheets should be another reason that
accounts for their enhanced electrochemical performances. The
enhanced performance is even better than the reported results
of Co3O4 anodes with different morphologies14,17,44,56 and other
metal oxide composite anode materials.36,57,58

It is interesting to note that in our case the measured
capacities are found to be higher than the theoretical capacity
for the bulk Co3O4 of 890 mA h g�1. Similar results have also
been observed in Co3O4 anodes in the literature.33,42,44,48–50,59–63

For example, Zhan et al. showed that the a high reversible
capacity of 1450 mA h g�1 aer 25 cycles at a current density of
50 mA g�1 could be retained by porous Co3O4 nanosheets.62 Hu
et al. demonstrated that a high charge capacity of 1465 mA h g�1

aer 50 cycles at a current density of 300 mA g�1 could be
maintained by Co3O4 porous nanocages.49 Xiao et al.48 reported
that mesoporous Co3O4 hierarchical nanobundles were able to
retain a capacity up to 1492.4 mA h g�1 even aer 100 cycles at a
current density of 500 mA g�1. This phenomenon could be
associated with the mesoporous feature of Co3O4 nanosheets,
which can provide extra active sites for Li ion insertion and
dramatically facilitate electrolyte penetration as well as effec-
tively increase the amounts of Li+ transfer, more benecial for
the enhancement of surface Li storage capacities leading to
8488 | J. Mater. Chem. A, 2014, 2, 8483–8490
high extra capacity.33,48,49 In addition, the reversible formation/
dissolution of a polymeric gel-like lm originating from the
decomposition of the electrolyte could deliver an extra capacity
via a so-called “pseudo-capacitive behavior”.45

The rate capability of the NiSix/Co3O4 core–shell nanowire
array electrode at different current densities is also evaluated as
shown in Fig. 6(d). It can be seen that the NiSix/Co3O4 core–shell
nanowire array electrode exhibits outstanding rate capability
with charge capacities of 1581, 1402, 1212, 937, 612, and 340mA
h g�1 aer 10 cycles at current densities of 0.1, 0.4, 1, 2, 4, and 8
A g�1, respectively. A capacity higher than 340 mA h g�1 even at
a current density as high as 8 A g�1 is maintained, which is still
comparable to that of commercially used graphite. Remarkably,
when the high current density is reversed back to low current
density, the original high capacity can be regained, indicating
the excellent reversibility.

To understand further the advantages of the NiSix/Co3O4

core–shell nanowire array electrode, the as-fabricated NiSix/
Co3O4 core–shell nanowire array electrode and the Co3O4/Ni
foam electrode at open-circuit potential aer three cycles are
analyzed by EIS. As shown in Fig. 7, the Nyquist plots are
composed of one semicircle followed by a slope line. The
semicircle represents the charge-transfer impedance of the
cell.32,64 The charge transfer resistances Rct of Co3O4/Ni foam
(33 U) is approximately double that of NiSix/Co3O4 core–shell
nanowire arrays (17 U), indicating that the use of NiSix nano-
wires on nickel foam as a nanostructured current collector
could enable much easier charge transfer at the electrode/
electrolyte interface (as compared to Ni foam only) and boost
the electronic conductivity.

To investigate the structural stability of the NiSix/Co3O4

core–shell nanowire array electrode during cycling and under
different current densities, the morphology of the electrode
aer cycling and high-rate discharge–charge process is charac-
terized. Fig. 8 shows the SEM images of NiSix/Co3O4 core–shell
nanowire array electrodes aer discharging–charging for 100
cycles at a current density of 400 mA g�1 and 80 discharges–
This journal is © The Royal Society of Chemistry 2014
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Fig. 8 SEM images of the NiSix/Co3O4 core–shell nanowire arrays: (a)
after discharging–charging for 100 cycles at a current density of
400 mA g�1 and (b) after the cycling test at various current rates for 80
cycles.
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charge cycles at various current rates, respectively. As can be
seen, the electrode can still relatively well retain its integrity,
except for the increased roughness on the electrode surface and
some expansion and merging of branches caused by the redox
reactions during the repeated charge–discharge processes,
indicating the stable structure of the core–shell architecture.

Based on the aforementioned electrochemical measure-
ments, it is reasonable to conclude that the rational design of
integrating active Co3O4 branches with the Li inactive NiSix
nanowires that are directly connected on the current collector
could signicantly enhance the Li+ storage capacity and stability
of Co3O4 materials. The excellent performance of the 3D hier-
archical NiSix/Co3O4 core–shell nanowire arrays on nickel foam
for being used as the anode for LIBs could be caused by the
following aspects. Firstly, the inactive NiSix nanowires directly
grown on the nickel foam current collector could act as a good
mechanical support, and more importantly as an effective
conductive pathway for electron transport between the Co3O4

materials and the nickel foam current collector.30 Secondly, the
highly porous Co3O4 with a high specic surface area greatly
facilitates transport of the electrolyte and largely increases the
amount of electroactive sites.41 Finally, the voids among
neighboring core–shell nanowire arrays provide sufficient space
to buffer the volume change of the NiSix/Co3O4 core–shell
nanowire array electrode during lithium insertion–extraction
and benet the structural stability and rate capability.
4. Conclusions

In summary, a novel 3D branched NiSix/Co3O4 heterostructure
has been successfully synthesized by a combination of the CVD
method and CBD strategy, in which single-crystalline NiSix
nanowire arrays are primarily grown on nickel foam by a facile
CVD approach and then a simple but effective CBD method
followed by a heat treatment process induces the growth of
branched Co3O4 nanosheets around the NiSix nanowires.
Beneting from the 3D branched nanowire heterostructure
features, the NiSix/Co3O4 core–shell nanowire array electrode
has exhibited high capacity together with excellent rate capa-
bility and cyclic stability as compared to those of the Co3O4/Ni
foam electrode. It maintains a high reversible capacity of 1279
mA h g�1 over 100 cycles at a current density of 400 mA g�1 and
a capacity up to 340 mA h g�1 aer 10 cycles even at a current
This journal is © The Royal Society of Chemistry 2014
density as high as 8 A g�1. Considering the outstanding
performance and cost-effective large-scale fabrication, we
believe that the NiSix/Co3O4 core–shell nanowire arrays grown
directly on nickel foam hold great promise as anode materials
for advanced high performance lithium ion batteries and may
also have wide potential applications in other elds.
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