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Electrodeposited three-dimensional Ni–Si nanocable
arrays as high performance anodes for lithium ion
batteries†

Hao Liu,a Liangbin Hu,a Ying Shirley Meng*b and Quan Li*a

A configuration of three-dimensional Ni–Si nanocable array anodes is proposed to overcome the severe

volume change problem of Si during the charging–discharging process. In the fabrication process, a

simple and low cost electrodeposition is employed to deposit Si instead of the common expansive vapor

phase deposition methods. The optimum composite nanocable array electrode achieves a high specific

capacity �1900 mA h g�1 at 0.05 C. After 100 cycles at 0.5 C, 88% of the initial capacity (�1300 mA h

g�1) remains, suggesting its good capacity retention ability. The high performance of the composite

nanocable electrode is attributed to its excellent adhesion of the active material on the three-

dimensional current collector and short ionic/electronic transport pathways during cycling.
Introduction

In recent years, nanostructured Si has been demonstrated to
overcome the most critical problem of bulk Si in serving as Li-
ion battery (LIB) anodes, that is, severe volume expansion and
thus high stress induced during the lithiation process.1,2 Several
unique characteristics of the nanostructured Si contribute to
the release of the stress built. Nanostructured congurations
are always associated with abundant interspace and/or voids,
which can accommodate the volume expansion of Si during
lithiation.3–6 It has also been found that the small size of Si
helps release mechanical strain during cycling.7 In this way, the
structural stability of the electrode is enhanced, resulting in a
great improvement in capacity retention. In addition, nano-
structured electrodes also provide shortened transport path-
ways for Li and electrons, improving the rate capabilities during
the discharging–charging process.5,6

Two common congurations have been employed using
nanostructured Si as the active material for LIB anodes. The
rst one utilizes free standing nanomaterials (e.g. nano-
particles, nanowires etc.), and relies on binders/additives to
provide mechanical support and enhance electrical contact.3,5,8

Nevertheless, the introduction of binders and additives
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generates undesired interfaces, which increases the complexity
of charge transfer during the discharging–charging process.9

The second one takes nanostructured Si directly grown on
current collectors (e.g. carbon nanotubes or metallic nano-
structures), being free of binders or additives.10–14 This is a
more promising conguration, as it is simple and provides
strong mechanical support. Further strain relaxation is also
expected due to the presence of ductile current collectors.15 To
maximize the electrical conductivity as well as the mechanical
stability, an inactive metallic (that does not alloy with Li)
current collector is desired.12–14,16

One the other hand, a commonly employedmethod to deposit
Si on metallic substrates is via vapor phase deposition, such as
chemical vapor deposition (CVD) and sputtering.3,4,12,14,17 Expan-
sive equipment and/or toxic and ammable gases (e.g. silane) are
usually involved in these deposition methods. More importantly,
the Si layer deposited on topographical substrates suffers from
signicant non-uniformity due to shadow effects.18 A simple and
low cost deposition method is highly desired, and electrodepo-
sition is a promising one. A difficult problem associated with
electrodeposited Si for LIBs is the estimation of Si mass, without
which evaluation of the specic capacities is impossible and
overestimation is commonly encountered. In electrodeposition,
the mass of Si cannot be obtained simply from Faraday's law
(current efficiency <100%)19 or by weighing the material in air
aer the electrodeposition (due to easy oxidation of electro-
deposited Si).19,20

In the present work, three-dimensional (3D) Ni core–Si shell
nanocable arrays are grown as LIB anodes. The metallic Ni
nanowire arrays were rstly prepared as the current collector on a
conductive substrate, before a thin layer of Si was electro-
deposited onto the nanostructured current collector. The mass of
This journal is ª The Royal Society of Chemistry 2013
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the Si was indirectly determined aer its being completely
oxidized to SiO2. The composite nanocable array electrode
exhibits considerable improvement in electrochemical perfor-
mance when compared to its thin lm counterpart of the same
mass. Moreover, an optimal thickness of the Si shell is identied
for improved rate performance.
Experimental section
Preparation of the metallic Ni nanowire arrays on a
conducting substrate

The growth method of the metallic Ni nanowire arrays was
modied from a literature report.21 Briey, a Ni foil (0.9 mm �
0.9 mm, 0.5 mm thick, 99% purity, Goodfellow) substrate was
mechanically polished and carefully cleaned. Then a stack
consisting of a polished Ni foil cathode, an anodic aluminum
oxide (AAO, Anodisc 13, Whatman), a lter paper (215 mm
thick, mean porous diameter 20 mm, Grade 40, Whatman), and
a Ni foil anode was immersed into an electrolytic bath (350 g
L�1 NiSO4$6H2O, and 45 g L�1 H3BO3). A two-step pulsed
cathodic current prole (step 1, �0.002 A, 0.25 s; step 2, �0.03
A, 0.05 s; 2000 cycles) was used to deposit the Ni nanowire
arrays. Aer that, the AAO template was removed by a 3 M
NaOH solution at 80 �C. At last, to increase the
separation distance between individual Ni nanowires, the
sample was electropolished in an acid solution (60% v/v
H3PO4, 20% v/v H2SO4, 20% v/v H2O) at room temperature. A
two-step pulsed anodic voltage prole (step 1, 0 V, 10 s; step 2,
4 V, 0.08 s; 20 cycles) was used in the electrochemical polishing
process.
Si electrodeposition on the metallic Ni nanowire arrays

Si was electrodeposited on the Ni nanowire arrays using a
three-electrode system in a non-aqueous electrolyte solu-
tion.20,22 The metallic Ni nanowire arrays, Pt foil, and Pt wire
were used as the corresponding working electrode, counter
electrode, and quasi-reference electrode. Before assembling
the electrodes, the back side (without Ni nanowire arrays) of
the Ni foil was covered with teon adhesive tape. The elec-
trolyte solution consisted of 0.5 M tetrachlorosilane (SiCl4,
99.998%, Sigma-aldrich) and 0.1 M tetrabutylammonium
chloride (TBACl, $99.0%, Fluka) in 20 ml propylene carbonate
(PC, anhydrous, 99.7%, Sigma-aldrich). The electrodeposition
of Si was carried out under a constant current density (�1 mA
cm�2) at room temperature in an argon-lled dry glove box
(H2O < 0.1 ppm, O2 < 0.1 ppm, M. Braun Inertgas Systems Co.,
Ltd.). Aer drying, a brownish yellow deposited layer was
observed. Finally, the electrodeposited Si samples were heated
at 350 �C for 30 minutes in the glove box. To determine the
mass of the active materials on the substrate, the samples were
weighed before and aer complete oxidation (90 �C in air for
�10 days) by a semi-micro analytical balance (AEG-80SM,
Shimadzu, readability: 0.01 mg). More details of the mass
calculation of the active material are discussed in the results
and discussion section.
This journal is ª The Royal Society of Chemistry 2013
Characterizations

The crystallinity of the samples was examined by X-ray diffrac-
tion (XRD, SmartLab, Rigaku) with a Cu Ka radiation source
(d ¼ 0.1541 nm). The morphologies and the chemical compo-
sitions were characterized by a eld emission scanning electron
microscope (FESEM, Quanta 200, FEI), equipped with an
energy-dispersive X-ray detector (EDX, Oxford). Transmission
electron microscopy (TEM) was also carried out for the micro-
structural investigation of the samples using a Tecnai F20
microscope operating at 200 kV. In evaluating the mass of Si as
the active material in the electrode, samples were completely
oxidized by exposing them to air at 90 �C for �10 days. The
chemical composition of the oxidized samples was examined by
X-ray photoemission spectroscopy (XPS, PHI Quantum 2000)
and XPS spectra were tted using XPSPEAK soware.
Electrochemical properties of the metallic Ni–Si nanocable
array electrode

The electrochemical properties of the samples were examined
using CR2032 coin-type cells with Li foil as the counter elec-
trode. No binder or conducting carbon was used during the cell
assembly. The liquid electrolyte was 1.0 M LiPF6 in ethylene
carbonate–diethyl carbonate solvent (1 : 1 v/v, Novolyte Co.).
Galvanostatic charge–discharge cycles were tested between 0.02
and 2.0 V under the same charging–discharging rate on a
multichannel battery test system (CT2001A, LAND batteries
testing system, Wuhan Kingnuo Electronic Co., Ltd.). The
electrochemical impedance spectroscopy (EIS) of the batteries
was collected in the frequency range from 100 kHz to 0.1 Hz
under an alternating current (AC) stimulus with a 10 mV
amplitude (CHI 660C, Shanghai Chenhua Instrument Co., Ltd.).
Aer cycling testing, the coin-cells were disassembled to char-
acterize the morphology change in the electrode. The solid-
electrolyte interphase (SEI) layer on the electrode surface was
removed by dilute acetic acid.23
Results and discussion
Characterization of the Ni nanowire arrays

Fig. 1a shows SEM images of the Ni nanowire arrays. The
average diameter of the Ni nanowire is about �200 nm, and the
average separation distance between the individual nanowires
is �130 nm. These parameters are inherited from the pore
diameter and separation distance of the AAO template. The
length of the Ni nanowire can be easily controlled in the range
of several hundreds of nanometers to several tens of microns by
changing the electrodeposition duration. In the present work,
the Ni nanowire arrays with a length of �3 mm were used as the
current collector. In order to create more space to accommodate
active material on the Ni nanowires, the separation distance
between the individual nanowires was increased using electro-
polishing, the result of which can be seen in Fig. 1b. The average
diameter of the Ni nanowires is reduced to�100 nm, while their
separation distance is increased to �230 nm aer electro-
polishing. The length of the nanowire is less affected, that is, it
remains as �3 mm. Only Ni signal is detected in the EDX
Nanoscale, 2013, 5, 10376–10383 | 10377
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Fig. 1 Plan-view SEM images of the (a) as-grown and (b) electropolished Ni
nanowire arrays. The corresponding side-view images are in the insets; (c) EDX
spectrum of the electropolished sample; (d) XRD q–2q scan of the electropolished
Ni nanowire arrays on a copper substrate.
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spectrum (Fig. 1c). To determine the crystallinity of the Ni
nanowires, a specic sample was grown using Cu foil as the
substrate. Fig. 1d discloses the diffraction peaks coming from
the Cu (substrate) and Ni (JCPDS no. 4-850) only.
Electrodeposited Si on the Ni nanowire arrays

Fig. 2a shows the SEM image of the electrodeposited Si on the
Ni nanowire arrays (quantity of charge 0.6 A s passed through
the electrode. To differentiate the electric charge unit “C” from
the charging–discharging rate “C”, here we adopted “A s” for the
former). Each nanowire is enveloped in a shell of fairly uniform
thickness. The average shell thickness is�52� 10 nm. The EDX
Fig. 2 (a) SEM image of the electrodeposited Si (quantity of charge transfer 0.6
A s passed through the electrode) on the Ni nanowire arrays. The inset shows the
EDX spectrum taken from the same sample. (b) XRD q–2q scan of the same
sample. (c) Low magnification TEM images taken from a typical nanocable in the
array. (d) High resolution TEM image taken from the shell region of the nanocable,
disclosing its amorphous nature. (e) High angle annular dark filed (HAADF) image
taken from part of this nanocable. (f)–(h) EDX elemental maps taken from the
sample region shown in (e). (f) Ni map; (g) Si map; and (h) the overlap image of (f)
and (g).

10378 | Nanoscale, 2013, 5, 10376–10383
spectrum (inset of Fig. 2a) indicates the shell is mainly
composed of Si, but with signals coming from impurities such
as O and Cl (the Ni signal comes from the nanowire core). It
should be noted that it is not easy to obtain the composition of
the original sample, but more likely an already oxidized sample
due to easy oxidation of electrodeposited Si. This oxidation
phenomenon has been observed by other researchers using XPS
techniques.20,22 No other diffraction peak is found in the XRD
patterns expect those from Ni, indicating the amorphous nature
of Si in the shell (Fig. 2b). A more detailed structural charac-
terization of individual nanowires was carried out by TEM
related techniques. Many nanowires have been examined and
the most representative image is shown Fig. 2c. The light–dark
contrast of the individual wire suggests a core–shell nanocable
conguration. The shell region appears amorphous in the high-
resolution TEM image (Fig. 2d), which is consistent with the
previous XRD analysis. The spatial distribution of the compo-
sitional elements is disclosed by the EDX mapping (Fig. 2f–h),
in which one can see that the Ni and Si are located in the core
and shell regions, respectively.
Determination of the active material mass

The mass of the electrodeposited Si is a crucial parameter in
calculating the specic capacity. However, such a parameter
cannot be obtained simply from Faraday's law. The current
efficiency in the present electrodeposition is lower than 100%.19

In addition, the actual current efficiency is greatly affected by
the different electrodeposition parameters (e.g. concentration
of SiCl4, type and concentration of the supporting electrolyte,
reduction potential of SiCl4, etc.), and thus differs from case to
case. Consequently, using Si mass estimated from a reported
deposition current efficiency can lead to incorrect anode
capacities. On the other hand, weighing the amount of Si aer
electrodeposition is not feasible due to the easy oxidation of Si
when exposed to air.19,20 In the present work, we took a different
approach in evaluating the mass of Si as the active material in
the electrode. Firstly, the Si samples were grown with different
quantities of charge (1, 2, and 3 A s) passed through the elec-
trodes in the argon-lled dry glove box. These samples were
then completely oxidized by exposing to air at 90 �C for �10
days (the Ni substrate was hardly oxidized under these condi-
tion unless the temperature exceeded hundreds of degrees
centigrade).20,24,25 Aer the oxidation, the color of the samples
changed from the initial brownish yellow to white. Moreover,
the atomic ratio of Si to O was 1 : 2 as estimated from EDX
(Fig. S1a in ESI†). To conrm the formation of SiO2, electron
energy loss spectrum (EELS) was carried out on the sample
(Fig. S1b in ESI†). The Si L2,3 near edge structures and the
plasmon peak are characteristic of SiO2.26,27 To further investi-
gate the chemical state of Si and Ni aer oxidation, XPS was
carried out (Fig. S1c–f in ESI†). The peaks of Si 2p3/2 and O 1s are
located at 103.2 eV and 533.1 eV, respectively, being character-
istic of SiO2.28,29 All of the above results indicate that the elec-
trodeposited Si is completely oxidized to SiO2. In addition, the
Ni 2p3/2 spectrum exhibits four peaks at 852.7 eV, 858.1 eV,
869.9 eV and 874.8 eV, being consistent with features of metallic
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Mass calculation of electrodeposited Si

Mass (mg)

Samples with different quantity of charge (A s)

0.2 0.4 0.6 1.0

SiO2 18 36 54 90
Si 8 17 25 42
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Ni.30 By calculating the weight difference between the original
substrate and the oxidized sample, one can deduce the mass of
the SiO2, from which the mass of Si can be calculated.

A linear dependence of the mass of SiO2 on the quantity of
charge passed through the electrode in the electrodeposition
process is expected asmSiO2

fmSi f hQ, wheremSiO2
andmSi are

the corresponding mass of SiO2 and Si, respectively; h repre-
sents the constant current efficiency, and Q is the quantity of
charge passed through the electrode during electrodeposition.
This is consistent with what we observed in Fig. 3. Table 1
shows the weight of the electrodeposited Si calculated from
the mass of SiO2. A current efficiency of �58% is calculated
from the Si mass evaluation, based on a four-electron reaction:
SiCl4 + 4e� / Si + 4Cl�.
Electrochemical properties of the nanocable electrode

Fig. 4 shows the voltage prole of the Ni–Si nanocable elec-
trode (quantity of charge 0.6 A s passed through electrode) in
the rst and second cycles at the rate of 0.025 C. The lithiation
potential shows a sloping prole below 0.35 V vs. Li+/Li, being
consistent with the lithiation behavior of amorphous Si.31,32 In
the rst cycle, the discharging (lithiation) and charging (deli-
thiation) capacities are 5867 mA h g�1 and 2630 mA h g�1

(energy density based on electrode geometric surface area
�0.14 mW h cm�2), respectively. The corresponding initial
coulombic efficiency is �45%, but the following coulombic
efficiency increases to �83% in the second cycle and becomes
>90% aer a few more cycles. The rst large irreversible
capacity is likely contributed to by surface reactions, such as
the formation of an SEI layer (decomposition of electrolyte)33,34

and surface SiOx formation (Si reacts with trace water in the
electrolyte).12,35 A more detailed understanding of the lithiation
process comes from the potentiostatic differential capacity–
voltage curves, which are derived from the voltage proles
(inset of Fig. 4a). In the rst discharging process, two reduc-
tion peaks are located at �0.20 V and �0.08 V vs. Li+/Li, which
can be attributed to the phase transition from a-Si to a-LixSi
and a-LixSi to a-Li3.75Si, respectively.36,37 In addition, a wide
hump between �1.5 and 0.7 V vs. Li+/Li is also observed, likely
coming from the SEI layer formation.38,39 In the following
Fig. 3 Linear dependence between the mass of SiO2 and the quantity of charge
passed through the electrode during electrodeposition of Si.

This journal is ª The Royal Society of Chemistry 2013
charging process, two adjacent peaks are found at 0.32 V and
0.45 V vs. Li+/Li. These two peaks indicate the phase transition
from a-Li3.75Si to a-LixSi then to a-Si. However, the lithiation
behavior in the next cycle is different from that in the rst
cycle. In the second cycle, the wide hump between �1.5 and
0.7 V vs. Li+/Li disappears, indicating less SEI layer were
formed during the second discharging process. In addition,
the two reductive peaks are found to move to �0.33 V and
�0.15 V vs. Li+/Li, respectively, indicating a different lithiation
process during the rst and second discharging processes. The
difference of the reductive peaks (lithiation) during the rst
and second cycles may be explained by the different kinetics of
a-Si lithiation in the corresponding cycles. In the rst cycle, a-
Si lithiation is controlled by the breakup of the strong Si–Si
bonds, while the following delithiation–lithiation is dominated
by the Li diffusion.37 Fig. 4b shows the discharging and
charging voltage proles from the 0.025 C (the 2nd cycle) to 4 C.
The Ni–Si nanocable electrode exhibits high capacities and
good rate capabilities. The charging capacities are calculated at
1612 mA h g�1 and 1133 mA h g�1 at rates of 0.1 C and 1 C,
respectively. Even at a higher rate of 4 C (�17 A g�1), the
charging capacity remains at �740 mA h g�1 which is two
times larger than that of graphite. The advantage brought by
the nanocable conguration becomes obvious when we
compare the performance of the nanocable anode to that of
the thin lm counterpart, i.e., a Si thin lm electrodeposited
on a Ni foil substrate with the same Si mass (lm thickness
�200 nm). Fig. 4c plots the charging capacities of the two
samples (nanocable vs. thin lm) at different rates. It clearly
shows that the capacities of the Ni–Si nanocable electrode are
signicantly larger than those of the thin lm electrode at all
rates. For example, the nanocable electrode achieves a stable
capacity of �1900 mA h g�1 at 0.05 C, while the thin lm
electrode exhibits only �690 mA h g�1 at the same rate. At a
higher rate of 1 C, the nanocable electrode retains a stable
capacity of �1130 mA h g�1, showing a �2160% improvement
when compared to that of the thin lm (�50 mA h g�1). On the
other hand, the nanocable electrode also shows good capacity
retention, as its capacity can be recovered to �1657 mA h g�1

when the charging rate returns to 0.05 C from 4 C. The cycling
performance of the nanocable electrode is shown in Fig. 4d. A
capacity of �1300 mA h g�1 is obtained at 0.5 C rate, and a
slow decay to �1150 mA h g�1 is found aer 100 cycles. This is
to say, only 0.11% of the initial capacity is lost in each cycle.
Moreover, the coulombic efficiency remains at 99.2% during
the cycling test.

In order to understand the intrinsic difference between the
Ni–Si nanocable and the Si thin lm electrodes, the
Nanoscale, 2013, 5, 10376–10383 | 10379
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Fig. 4 (a) Voltage profile of the Ni–Si nanocable electrode (quantity of charge 0.6 A s passed through the electrode) during the first and second cycles under 0.025 C
rate. The inset shows the differential capacity–voltage curves for the first and second cycles (the region of voltage between 0.5 and 1.8 V vs. Li+/Li is enlarged). (b)
Voltage profile of the Ni–Si nanocable electrode cycled at various rates from 0.025 C to 4 C. (c) The charge capacities of this Ni–Si nanocable and Si thin film electrodes
cycled at different rates. The 1st charge capacities at each rate are plotted in the inset. (d) Cycling characteristic of this Ni–Si nanocable electrode at 0.5 C rate.

Fig. 5 (a) Nyquist plots of the Ni–Si nanocable and Si film electrodes at the
potential of 2 V during the charging process. Plan-view SEM images of those two
electrodes taken after delithiation (b) thin film; (c) nanocable. TEM images taken
from the nanocable sample after delithiation (d) low magnification; (e) high
magnification.
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electrochemical impedance spectrum (EIS) measurements were
carried out at the potential of 2 V during the charging process.
The corresponding Nyquist plots are shown in Fig. 5a. Both of
10380 | Nanoscale, 2013, 5, 10376–10383
the plots consist of a depressed semicircle in the high-to-
medium frequency region and an inclined line following the
semicircle in the low frequency region. The inclined line in the
low frequency region relates to the diffusion of Li in the solid
electrode, while the depressed semicircle in the high-to-
medium frequency region represents the surface resistance
contributed to by the electron transfer resistance and the SEI
layer.40 The surface resistance can be directly determined from
the semicircle diameter in the Nyquist plot. The EIS data taken
from the two samples shows a signicantly larger surface
resistance of the thin lm electrode than that of the nanocable
electrode. This serves as one of the explanations for the much
smaller capacity of the thin lm electrode. The smaller surface
resistance of the nanocable sample benets from its nano-
structured conguration. The large surface to volume ratio
associated with the nanostructure enables the improvement of
the contact between the electrode and the electrolyte, providing
more Li-ion absorption sites. Consequently, the concentration
polarization caused by slow solid-state diffusion of Li is mini-
mized, increasing the usable capacity of the active material. In
addition, the short Li diffusion lengths improve the rate capa-
bilities during charging–discharging process.41 The stability of
the electrode aer cycling is also evaluated by examining the
morphological change of the electrode during electrochemical
testing. The cells were disassembled aer the cycling test.
This journal is ª The Royal Society of Chemistry 2013

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c3nr02635c


Paper Nanoscale

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
A

ug
us

t 2
01

3.
 D

ow
nl

oa
de

d 
on

 1
0/

21
/2

02
5 

9:
23

:1
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Before disassembling, the cells were held at 2 V for 20 h to
extract Li from the Si as much as possible. Fig. 5b–e show the
morphologies of thin lm and nanocable arrays aer delithia-
tion (the SEI layer was already removed by dilute acetic acid).
Lots of granular protrusions and cracks (Fig. 5b) are formed on
surface of the thin lm electrode. In contrast, the conguration
of the nanocable arrays is preserved aer the delithiation.
However, the surface roughness of the nanocable seems to have
increased in the SEM image (Fig. 5c). The increased surface
roughness is clearly disclosed by TEM, as shown in Fig. 5d and
e. The magnied TEM image shows the presence of nanopores
(light contrast) in the Si shell. This would contribute to the
further increase of the surface roughness and surface area.
Similar observations have been made in other nanostructured
electrodes such as crystalline Si3,11,23 and germanium42 during
delithiation. The formation of nanopores is caused by the faster
transport rate of Li-ions in the electrode.42,43 This provides an
additional and effective way to release the stress during the
lithiation process, which explains the stability of the nanocable
conguration. Nonetheless, the formation of those pores will
further amplify the surface area, leading to more SEI layer
formation. These would contribute to the capacity decay in the
later charge–discharge process until a balance is reached
(Fig. 4d).
Fig. 6 (a) Schematic diagram of the Ni–Si nanocable with different shell thick-
ness. Plan-view SEM images of the electrodeposited Si with different quantities of
charge passed through the electrodes (b) 0.2 A s; (c) 0.4 A s; (d) 1.0 A s. (e)
Comparison of the capacity retention of the nanocable electrodes deposited with
Si shell thickness ranging from 28–81 nm. (f) Nyquist plots of those nanocable
electrodes at the potential of 2 V during the charging process. The high-to-
medium frequency region is enlarged in the inset.
Optimal thickness of the Si shell for better rate performance

With such a promising nanocable array conguration, it is
important to determine the optimum Si shell thickness for the
best electrochemical performance. Generally speaking, a
thinner shell of Si can shorten the transport pathways of ions
and electrons, which will enhance the rate performance of the
electrode. However, the formation of the SEI layer will
consume a certain amount of Si atoms, reducing the actual
mass of the active material. This effect is more signicant
when the Si shell is very thin (Fig. 6a). Therefore, an optimal
thickness for the Si shell should be found. To identify the
optimum Si shell thickness, we electrodeposited Si on the Ni
nanowire arrays with different quantities of charge passed at
the electrodes (0.2, 0.4, and 1.0 A s, as shown in Fig. 6b–d). The
thickness of the Si shells is 28 � 3 nm, 42 � 6 nm, and 81 � 9
nm, correspondingly. During the electrochemical test, all
samples (including the previous sample with a 52 nm Si shell)
exhibit similar capacities (�2000 mA h g�1) at the very low rate
of 0.05 C. The rate retention of those nanocable electrodes at
various charging rates are shown in Fig. 6e. For all samples,
the rate retention drops when the rate is increased. However,
when the shell thickness is increased from 28 nm to 52 nm,
the capacity retention is improved. As the shell thickness is
further increased to 81 nm, the capacity retention declines
sharply (especially at high rates). At the rate of 4 C, the capacity
retention of this sample is only �11%, while the other samples
with thinner Si shells remain at �30–38%. EIS analysis indi-
cates that the surface resistance rises with the Si shell thick-
ness increase and becomes largest when the thickness of the Si
shell reaches 81 nm (Fig. 6f). The high surface resistance and
long Li diffusion path length results in the worst rate
This journal is ª The Royal Society of Chemistry 2013
performance of this thicker sample (81 nm). On the other
hand, the adverse effect of the SEI layer is more noticeable for
the nanocable electrode with the thinnest Si shell (e.g. 28 nm).
As a result, an optimal thickness of the Si shell of �52 nm is
identied for the present nanocable array electrodes for the
best rate performance (Fig. 6e).
Nanoscale, 2013, 5, 10376–10383 | 10381
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Conclusions

In summary, 3D Ni core–Si shell nanocable array anodes were
fabricated by electrodeposition. In this composite conguration,
the metallic Ni nanowire arrays act both as a mechanical support
and a nanostructural current collector for the electrodeposited
active material Si. Moreover, the internal pores of the nanocable
array electrodes help to accommodate the large volume change
during the lithiation–delithiation process, thus mitigating the
internal stress built up. Consequently, the composite nanocable
array electrode exhibits a considerable improvement in electro-
chemical performance when compared to its thin lm counter-
part of the samemass. It achieves a stable capacity of�1900mA h
g�1 at 0.05 C, with �1130 mA h g�1 at a higher rate of 1 C
(�2160% improvement compared to that of the thin lm) with
good capacity retention. Furthermore, an optimal thickness of
the Si shell of �52 nm is identied for the present nanocable
array electrodes with the best rate performance.
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