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A three-dimensional (3D) porous nano-Ni supported Si composite film is successfully fabricated by the
combination of hydrogen bubble template electrodeposition of porous nano-Ni film and radiofrequency
magnetron sputtering amorphous silicon. As anode for lithium-ion batteries, the 3D porous Ni/Si
composite film shows noticeable electrochemical performance with high capacity of 2444 mAh g�1 at
a current density of 0.84 A g�1, superior capacity retention of 83% after 100 cycles, as well as excellent
rate capability with 1420 and 1273 mAh g�1 at chargeedischarge current densities of 4.2 A g�1 and
8.4 A g�1 after 100 cycles, respectively. The enhanced electrochemical performance is mainly attributed
to the highly porous conductive architecture, which provides good mechanical support and electron
conducting pathway for active silicon and alleviates the structure degradation caused by volume
expansion during the cycling process.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

There is great interest in developing high-performance
rechargeable lithium batteries with high energy/power density
and long lifespan for applications in portable electronic devices and
electric vehicles [1e7]. Of the available candidate materials for
lithium-ion batteries, silicon is the most promising and extensively
studied anode material due to its low discharge potential (�0.5 V
vs. Li/Liþ) and high theoretical capacity (4200 mAh g�1 an order of
magnitude beyond that of conventional graphite) [8,9]. Neverthe-
less, its practical application is restrained by the poor cycling
stability resulting from the large specific volume change (volume
change of 300e400%) causing pulverization and deterioration of
active materials during cycling [10]. To overcome these drawbacks,
previous studies heavily focused on Si active/inactive matrix
composites [11e16]. Particularly, preferably Siecarbon composites
have been widely investigated and improved performances have
been demonstrated [17,18]. Despite this progress, it still leaves
much space for achieving the satisfactory cycle performance and
high-rate capability of Si-based anode, particularly in terms of
designing new high-performance Si-based electrode material.
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Nanostructured porous Si films have been intensively investi-
gatedasbuilding components inelectrochemical energystorage and
conversion devices because they provide short diffusion paths to
ions and electrons, and alleviate the structure damage caused by
volume expansion, leading to super cycle stability and high energy
conversion efficiency [2,3]. Self-supported Si nanowires [19e23],
nanotubes [24e26], and 3D macroporous films [27] have been
synthesized and demonstrated to exhibit pretty good cycling
stability since these porous structures provide enough space to
accommodate Si volume changes resulting in enhanced electro-
chemical performance. More recently, great efforts are dedicated to
designing new porous silicon/metal composite films, in which the
porous metal structure can provide the space to accommodate the
volumetric change of the active silicon whereas the additional
component facilitates the electron collection and transport. Previ-
ously, Zhang et al. successfully demonstrated nickel nanocone-array
supported siliconwith enhanced electrochemical performance [28].
Besides, Guo et al. used a CueSi nanocable arrays directly grown on
a current collector to realize high-performance anodes with excel-
lent stabilities and high-rate capabilities [29]. The highly porous
conductive metal (Ni or Cu) films not only act as an integrated
current collector to enhance the electronic conductivity but also
serveas amechanical support and release the structural stress/strain
associated with lithium-ion insertion/extraction processes.

In recent years, three-dimensional (3D) porous nano-metal
films prepared by hydrogen bubble template have elicited much
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Fig. 1. Schematic diagram illustrating the fabrication of 3D porous nano-Ni film supported silicon anode architecture.
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interest due to their distinctive structural features and intriguing
properties. These 3D porous nano-metal films show highly porous
dendritic walls composed of numerous nanoparticles, possessing
extremely high surface area and open porous structure. To date,
several 3D porous nano-metal films have been synthesized by
hydrogen bubble template [30e32]. More recently, our group has
used 3D porous nano-Ni film as scaffold to fabricate 3D porous
nano-Ni/Co(OH)2 composite film for supercapacitor with superior
electrochemical properties [33]. Inspired by these results, herein,
we synthesized a novel porous-structured Si electrode: 3D porous
nano-Ni film supported Si film (3D porous Ni/Si) for lithium-ion
battery application. Fig.1 illustrates a typical preparation procedure
of the electrode. In our case, the electrodeposited 3D porous nano-
Ni film based on hydrogen bubble template acts as a backbone to
Fig. 2. SEM images of 3D porous nano-Ni film: (a) top and cross-sectional (in
deposit amorphous Si by radiofrequency (RF)magnetron sputtering
method. The 3D porous Ni/Si anode exhibits impressive electro-
chemical performance with a high capacity, pretty good cycling
stability and thus promising application.

2. Experimental

2.1. Preparation of 3D porous nano-Ni film

All solvents and chemicals were of reagent quality without
further purification. The electrodeposition of 3D porous nano-Ni
films was performed in a standard two-electrode glass cell at room
temperature with electrolyte consisting of 2 M NH4Cl and 0.1 M
NiCl2 at a pH value of 3.5, cleaned Cu foil with one side covered by
set) views, (b), (c) magnified SEM image; (d) TEM image of nano-Ni film.
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insulting tapes as working electrode and a Pt foil as counter elec-
trode. The distance between the two electrodes was 1 cm and the
electrodeposition was carried out at a constant current density of
2 A cm�2 for 25 s. During the electrodeposition, the electrolyte was
vigorously stirredbymagnetic stirrer. Finally, the3Dporousnano-Ni
films were washed with deionized water and dried in vacuum oven
at 60 �C for 2 h. The loading density of Ni was about 2 mg cm�2.
2.2. Fabrication of 3D porous Ni/Si electrodes

RF magnetron deposition of Si on the 3D porous nano-Ni film
was carried out in argon (Ar)-filled environment at room temper-
ature. Prior to deposition, the chamber was pumped down to a base
pressure below 3�10�3 Pa while the work pressure was kept at
0.67 Pa. The distance between the target and the rotating substrate
holder was held constant at 60 mm. Deposition of Si was conducted
at a bias voltage of �100 V and a target current of 0.04 A. The
average loading rate is determined to be 0.3 mg cm�2 in 1 h. In this
experiment, the deposition of Si was carried out for 1 h.
2.3. Electrode characterization

The samples were characterized by X-ray diffraction (XRD,
Rigaku D/max 2550-PC) and Raman spectroscopy (LABRAM
HR-800). The morphologies of all samples were observed by field
emission scanning electron microscopy (FESEM, FEI SIRION). For
the transmission electron microscopy (TEM, JEOL JEM-200CX), the
Fig. 3. SEM images of 3D porous Ni/Si film: (a) top and cross-sectional (inset)
composite film was scratched from the Cu substrate and re-
dispersed in ethanol solution.
2.4. Electrochemical measurements

The 3D porous Ni/Si grown on Cu foils was directly used as
electrodes for electrochemical characterization. Coin cells (2025)
were assembled in an Ar-filled glove box and lithium metal foil as
the counter electrode, a polypropylene (PP) micro-porous film
(Cellgard 2300) as the separator, 1 M LiPF6 in ethylene carbonate
(EC)ediethyl carbonate (DEC) (1:1 in volume) as the electrolyte.
Cyclic voltammetry (CV) measurements were performed on
a CHI660C electrochemical workstation (Chenhua, Shanghai) at
room temperature. The galvanostatic chargeedischarge tests were
conducted on a LAND battery program-control test system.
3. Results and discussion

Self-supported 3D porous nano-Ni film is successfully prepared
by a facile cathodic electrodeposition accompanying hydrogen
evolution. The as-prepared Ni film exhibits a 3D porous structure
with highly porous nanoramified walls. The feature size of the large
pores in the Ni film is around 5e10 mm (Fig. 2a). The cross-sectional
SEM image (inset in Fig. 2a) shows that the Ni walls consist of
numerous dendrites forming a mechanically self-supported film
and the thickness of the porous Ni film is approximately 10 mm.
More importantly, the walls of the Ni film consist of numerous
views, (b), (c) magnified SEM image; (d) TEM image of Ni/Si composite.
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interconnected nanoparticles with diameters of 200e300 nm and
showcontinuous nanopores ranging from 10 to 200 nm (Fig. 2b and
c), which is further confirmed by TEM result (Fig. 2d). The selected
area electronic diffraction (SAED) pattern reveals the existence of
Ni phase with polycrystalline nature (inset in Fig. 2d). Obviously,
the porous structure can make the nano-Ni film capture more
silicon from different directions during the following sputtering
deposition.

After deposition of Si, the Ni/Si film maintains the 3D porous
structure (Fig. 3a and b). The surface of the 3D porous Ni/Si film
becomes smooth. The Ni dendrites arewrapped by a layer of Si both
on the top and side, resulting in a more compact appearance.
Additionally, at high magnification (Fig. 3b and c), the continuous
nanopores are disappeared and the Si layer shows convex
morphology with caps of cone-shaped ‘lattice’. According to the
previous report [34], the convex morphology is able to release the
internal stress formed during the physical deposition. Hence, it is
expected that similar internal stress induced by lithium-ion inser-
tion into silicon will be also easily released through this convex
morphology. Furthermore, the 3D porous structure provides free
space for stress releasing during lithium-ion insertion. Compared to
the TEM imagebefore Si deposition, the Si layer is uniformly covered
on the porous nanoramified walls (Fig. 3d). And diffraction rings in
the SAED pattern confirm the amorphous characteristics of Si.
Fig. 4. (a) XRD pattern of 3D porous Ni/Si film, (b) Raman spectrum of 3D porous Ni/Si
film.
The amorphous nature of silicon is further confirmed by XRD
and Raman microspectroscopy (Fig. 4a and b). The typical peak of
crystalline Si centered at 2q degree of 28� is not identified [15,35].
All the diffraction peaks are attributed to the copper foil and elec-
trodeposited nano-Ni. The Raman spectrum shows four broad
spectra corresponding to four phonon bands: a broad transverse
optical mode (TO) peak (w480 cm�1), the longitudinal optical
mode (LO) peak (400 cm�1), the longitudinal acoustic mode (LA)
peak (300 cm�1) and transverse acoustic (TA) with a peak at
150 cm�1, which are typical features of amorphous silicon vibration
modes [36,37]. The band observed around 630 cm�1 corresponds to
Fig. 5. (a) CV curves of 3D porous Ni/Si film electrode at a scanning rate of 0.1 mV s�1

(potential range: 0e1.5 V vs. Liþ/Li) for the first 4 cycles. (b) Voltage profiles of the
electrode in half cells cycled between 0.01 V and 1.5 V at a current density of
0.84 A g�1. (c) Cycling behavior for the half cells in (b).
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the 2LA second order phonon Raman scattering and TOþ TA
overtone [38].

Fig. 5a shows the CV profiles of the 3D porous Ni/Si composite
film in a potential window of 0e1.5 V (vs. Liþ/Li) at a scanning rate
of 0.1 mV s�1 for the first 4 cycles. In the case of the first cathodic
half-cycle, a broad cathodic peak at around 0.4 V could be attrib-
uted to the formation of a solid electrolyte interphase (SEI) film
[28,39]. This peak disappears under the subsequent cycles meaning
that no new SEI layer forms under subsequent process. Another
cathodic peak appears at around 0.2 V and becomes quite large
below 0.1 V, which can be ascribed to the formations of a series of
LixSi alloys. After the first cycle, the above peak moves to 0.2 V. In
the case of the first anodic process, two broader anodic peaks at
0.38 and 0.5 V correspond to the phase transition between amor-
phous LixSi and amorphous silicon, respectively. The intensity of
the first anodic peak increases after the first cycle indicating
improvement of Li extraction kinetics, while the second peak at
0.5 V, no matter shape or position, is similar to the subsequent
cycles [40]. It may be due to the surface area changes of the 3D
porous Ni/Si anode after the first cycle. CV behavior presents
remarkably repeatable shapes after the first cycle suggesting high
reversibility of the lithiation/delithiation reaction.

Fig. 5b shows the voltage profiles of the 3D porous Ni/Si anode
between 0.01 and 1.5 V at a current density of 0.84 A g�1. The
sloping drop before 0.5 V might be the reaction of Li with SiOx and
NiO, which are introduced during the sample synthesis and battery
assembly, even though they cannot be detected in Raman spectrum
and XRD. Both of them are partly reversible in the voltage range of
0.01e1.5 V [29,41]. The short plateau at 0.40 V is the SEI formation
potential on a Si surface [28,29]. This plateau disappears during the
following cycles, which is in good agreement with CV measure-
ment. The following sloping region gradually dropping to 0.01 V is
related to the Si lithiation to amorphous LixSi. After the first cycle,
the discharge and charge profiles show typical behavior (sloping
curves) of Li intercalation/extraction into/from the amorphous LixSi
[23,37,38].

The 3D porous Ni/Si anode shows rather good electrochemical
performance in terms of both the specific capacity and cycling
stability. As shown in Fig. 5c, the first discharge and charge
capacities are 4095 mAh g�1 and 2444 mAh g�1, respectively, with
a low initial columbic efficiency of 60%. In addition to the formation
of SEI film, the initial irreversible capacity can also be ascribed to
a few SiOx and NiO coverage as discussed above. The coulombic
efficiencies are increasing gradually with, an efficiency of 94.6% in
Fig. 6. (a) Ex situ SEM image of the fully discharged 3D porous Ni/S
the second cycle. From 5th to 100th cycle, both the discharge and
charge capacities keep a steady level and the coulombic efficiencies
achieve as high as 98% and upwards. The charge capacity for the 5th
cycle is 2292 mAh g�1 and that for the 100th cycle is 2025 mAh g�1,
leaving a retention rate of 88.3%, or 99.8% per cycle. The excellent
cyclability is superior to previously reported Si active/inactive
matrix composites [11,12,14,42] and comparable to those of recent
research on novel nanostructures of silicon anodes (such as nano-
wires, nanotubes, nanorods, nest-like nanospheres, and three-
dimensional porous particles) [8,19e22,24e26,43]. This excellent
electrochemical performance of the Ni/Si composite is attributed to
its unique 3D porous structure. The inactive 3D porous Ni matrix
acts as the confining buffer to accommodate the enormous volume
changes and alleviates the concomitant huge stresses owing to
repeated Li alloying/dealloying with Si.

To confirm whether the 3D porous structure still remains for
robust mechanical and electrical support after cycling, we have
investigated the morphology and structure of cycled 3D porous Ni/
Si electrode with SEM. One cell was disassembled after 100 cycles
(charging up to 1.5 V) at a current density of 0.84 A g�1 for SEM
characterization. As shown in Fig. 6, the morphology of the cycled
Ni/Si electrode shows few variations compared to that of the pris-
tine one. The gaps between each dendrite, composed of the porous
wall, become distinct around 1e2 mm. And some crevices can be
seen on the Si layer which covering the dendrite. But the film still
keeps the 3D porous structure and each dendrite maintains its
strong adhesion onto the Cu substrate. Under high magnification
(Fig. 6b), although the surface of the Si layer becomes rough
compared to pristine sample, the amorphous Si is not shed off. This
morphology change is quite different from that of 200 nm-thick Si
film deposited on smooth Cu foil, which mostly peeled off the
substrate after 20 cycles [44].

Another advantage for the 3D porous Ni/Si electrode is its
excellent rate performance. Fig. 7 shows the cycling performance of
the 3D porous Ni/Si electrode at chargeedischarge current densi-
ties of 4.2 A g�1 and 8.4 A g�1 for 100 cycles after being operated at
0.84 A g�1 for five cycles to activate the electrodes slowly as
reported [28,29,45]. The phenomenon that the capacity first
decreases and then increases is observed and also has reported by
Guo’s group [29] and Cui et al. [45]. The discharge capacity at
4.2 A g�1 rapidly declines to 1470 mAh g�1 at 3rd cycle and then
gradually increases to 1640 mAh g�1 at 9th cycle and retains
1420 mAh g�1 after 100 cycles. The coulombic efficiency is over
99%. This phenomenon is more obvious at a chargeedischarge
i electrode after 100 cycles, (b) high-magnification SEM image.



Fig. 7. Cycling behaviors of 3D porous Ni/Si electrode at chargeedischarge current
densities of 4.2 A g�1 and 8.4 A g�1 after activation for 5 cycles (0.84 A g�1) with a cut-
off voltage of 0.01e1.5 V.
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current density of 8.4 A g�1. The discharge capacity at 8.4 A g�1

declines to 972.5 mAh g�1 at the 5th cycle and then slowly
increases to 1346 mAh g�1. The capacity maintains a high value of
1273 mAh g�1 after 100 cycles. High coulombic efficiencies (over
99.3%) are observed as well. It is worth noting that it takes around
10 min to charge/discharge the 3D porous Ni/Si electrode at
8.4 A g�1. This completely off-scale of time is due to the significant
lower capacity compared to the theoretical capacity of Si.

The excellent electrochemical performance of the 3D porous Ni/
Si as lithium-ion battery anode is attributed to its unique 3D porous
structure. Periodic macroporous substrate/silicon structure films
provide several advantages when used as lithium-ion battery
electrodes. Firstly, macroporosity helps to accommodate volume
swings during cycling without losing the structural integrity of the
electrode and enables easy infiltration of electrolyte and fast liquid-
phase lithium diffusion, reducing the concentration polarization
and increasing rate performance and capacity of the cell. Secondly,
the continuous 3D porous nano-Ni provides better electrical
conductivity than aggregates of loosely connected particles and
smooth films, which improves the rate capabilities of the elec-
trodes. Thirdly, the large surface area provides more active sites for
electrochemical reactions and leading to faster kinetics and higher
utilization of active material.

4. Conclusions

In summery, a 3D porous Ni/Si composite film was synthesized
through simple two steps. In this process, the 3D porous nano-Ni
film is first synthesized on Cu substrate via hydrogen bubble
template electrodeposition, and then amorphous silicon is depos-
ited directly on 3D porous nano-Ni film by RF magnetron sputter-
ing. The 3D porous Ni/Si composite film shows superior cycling
stability and excellent rate capability, which are attributed to its
unique 3D porous structure. Periodic macroporous substrate/
silicon structure seems to be a promising material architecture for
fundamental scientific explorations of a new genre of battery
electrode materials.
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