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Abstract A novel silicon nanowire film anode was success-
fully prepared by a combination of magnetron sputtering de-
position and metal-catalyzed electroless etching technology.
Scanning electron microscopy revealed the formation of a Si
film composed of nanowires with a diameter of ~70 nm and
lengths of ~3.5 pm. As-prepared Si nanowire film is directly
grown on current collectors without binders and carbon addi-
tives, which provides a good contact and adhesion of them to
current collector. Furthermore, the defined spacing of nano-
scale Si nanowire allows Si to undergo large volume change
during the alloying/dealloying process without loss of its in-
tegrity. These structural features of the resulting Si nanowire
make it a promising anode for lithium-ion batteries with re-
markably improved electrochemical performance compared
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with the Si film-based electrode prepared without metal-
catalyzed electroless etching process.
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Introduction

Silicon is an attractive anode material for lithium-ion batteries
due to its high theoretical capacity of 4200 mAh g '.
Furthermore, silicon has other advantages such as low cost,
abundance in nature, and excellent environmental friendliness
[1, 2]. Despite these advantages, silicon anode still faces seri-
ous problems, preventing its application, related to its tremen-
dous volume changes (400%) during the alloying/dealloying
of Li with Si, resulting in mechanical disintegration of the
electrode, and thus rapid capacity fading upon cycling [3].

In order to address the problem of the large volume change
of Li-Si alloy and its mechanical rapture, tremendous efforts
have been devoted to design of various Si nanostructures, such
as Si nanowires, hollow Si nanostructure, and Si nanoparticles
[4-13]. In most of these studies, the electrodes were prepared
by preparing a slurry of active material mixed with a polymer
binder and a conducting additive, which was further coated
onto a metallic current collector [14, 15]. However, non-
conductive and electrochemically inactive binder materials
decrease the electrode conductivity, and reduce its volumetric
and gravimetric energy density [16].

The binder-free film Si anodes were considered to avoid
such disadvantages, featuring a good adhesion upon deposi-
tion, providing short ion diffusion passes and high conductiv-
ity, and prepared without use of binders and conductive agents
[6, 17, 18]. Among all preparation techniques, the magnetron
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sputtering has been proven to be a simple and an efficient one
to produce high-quality thin Si films [19-21]. Takamura et al.
[22] demonstrated that an amorphous silicon thin film with a
thickness of 50 nm, prepared by this method, exhibited a sta-
ble capacity as high as 3600 mAh g~ upon cycling for 200 cy-
cles. However, the stability rapidly deteriorated when the
thicker film is used, for example, Si film with thickness of
0.5-1 pm could be cycles 200 cycles, but only 50 cycles could
be done for the 1.8 pum films. This performance deterioration
for the thicker Si films (>1 wm) is attributed to the increased
length of the Li diffusion paths, higher electrical resistance,
and larger internal stress of Li insertion/extraction [23-26].

Recently, metal-catalyzed electroless etching (MCEE) has
been introduced to prepare silicon nanowires as a simple and a
low-cost fabrication technique with mild conditions and
wafer-scale production. In general, MCEE is carried out using
polished silicon wafers with various crystal orientations and
resistivity [27-29]. In contrast, preparation of porous silicon
by metal-catalyzed electroless etching of amorphous silicon
film, obtained by magnetron sputtering deposition, is seldom
reported.

In this work, we combine magnetron sputtering deposition
with metal-catalyzed electroless etching technology to pro-
duce silicon nanowire film, which can be used as an anode
material for LIBs. As-prepared Si film has a large thickness of
3.5 um and exhibited a high initial capacity above
3000 mAh g ! with appealing cycling stability (90% capacity
was retained after 100 cycles).

Experimental

The fabrication process of Si nanowire film is schematically
presented in Fig. 1. A uniform silicon film was deposited on a
Cu current collector (substrate) using magnetron sputtering
(Beijing Logon Sci. & Tech. Co., Ltd) with a SN-pure silicon
target material. The base pressure in the sputtering chamber
was approximately 5 x 10> Pa and was maintained at approx-
imately 0.45 Pa during deposition. A dc voltage was applied
to induce the silicon deposition. This process was conducted
for 5 h and 3.5 um thick silicon film was deposited on the
collector. The film thickness and weight were measured by a
surface profiler and an electric microbalance (XP6U, Mettler-
Toledo Inc.), respectively.

MCEE technique was used to fabricate silicon film. Before
etching, the collector was sealed by anti-acid tape and then
cleaned with deionized (DI) water, acetone, and ethanol, re-
spectively to remove the impurities, then rinsed in DI water for
several times. The cleaned silicon film was immediately im-
mersed into HF/AgNOj; solution (0.01 M AgNOs, 1 M HF) in
a sealed reactor and silicon film was obtained after 5 min. As-
prepared silicon film was immersed in diluted nitric acid
(10%) for 30 min to remove residual silver particles. Further,
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the silicon film was treated with buffered 0.036 M HF solution
and rinsed with DI water for several times. After drying, the
silicon film on Cu current collector was cut into 1 cm 2 disk
electrodes and transferred into vacuum oven and dried at
105 °C. The weight of Si nanowire in the electrode is
0.9 mg cm .

The samples morphology was investigated using scanning
electron microscopy (FE-SEM, Leo-1530, Zeiss), and their
interior structure was examined by means of transmission
electron microscopy (TEM, JEM-2100F, JEOL).

The electrochemical performance of Si nanowire film elec-
trode was investigated using coin-type cells (CR2032). The
cell was composed of lithium metal counter electrode and Si
film working electrode separated by a microporous polypro-
pylene separator soaked in 1 mol L' solution of LiPFg in 1:1
(v/v) ethylene carbonate/diethyl carbonate (EC/DEC) electro-
lyte. The coin cells were assembled in an MBraun glove box
filled with high purity argon (99.9995% purity). The cells
were tested galvanostatically on a multichannel battery tester
(BT-2000, Arbin Instruments) between 0.01 and 2 V vs. Li*/
Li electrode. Applied currents and specific capacities were
calculated on the basis of the weight of silicon in the electrode.

Results and discussion

Figure 2a shows the surface SEM image of the pristine Si film
on the copper foil. The surface of the film was quite rough
with grain sizes ranging between 1 and 5 um. Metal-catalyzed
electroless etching technique remarkably changes the mor-
phology and structure of the pristine Si film. One can see from
Fig. 2b and c that after sliver was deposited onto the Si surface
via metal-catalyzed electroless etching reaction in a HF/
AgNO; solution, the Si nanowire was successfully synthe-
sized on the surface of Cu substrate. It can be also seen that
the etching direction was almost perpendicular to the general
surface of Cu foil. From a cross-section SEM (Fig. 2¢) and
HRTEM (Fig. 2d) of the as-prepared film, Si nanowires with
an average length of 3.5 um and an average diameter of
~70 nm could be observed. Amorphous Si nanowire was stud-
ied by SAED, and its pattern is presented in the inset of Fig.
2d. This nanowire structure could provide buffering for the Si
expansion and favor good stability of the electrode materials,
which was confirmed in the following battery tests.

The electrochemical performance of pristine Si film and Si
nanowire film electrode in galvanostatic charge/discharge cy-
cle tests is shown in Fig. 3a. At a current density of 200 mA
g ', the capacity degradation is almost negligible in the Si
nanowire electrode, which maintains a reversible capacity of
2840 mAh g " after 100 cycles, demonstrating a good capac-
ity retention. In contrast, discharge capacity of pristine Si film
electrode drops to 1695 mAh g~ by the 50th cycle, which is
only about a half of that nanowire counterpart. Furthermore,
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Fig. 1 Schematic of preparation Cu foil
of the Si nanowire film

Sifilm @ Cu

. sputtering

Electroless deposited

Self-assembly AgNPs @ Si/Cu

AgNPs- catalyzed etching

Si NWs arrays Electrode SiNWs arrays @ Cu

Fig. 3a data demonstrate a higher coulombic efficiency for the
Si nanowire film, above 99% (except the 1st cycle). We be-
lieve that this significant cyclability improvement mainly
stems from the nanowire structure of the electrode, which
could provide buffering voids to accommodate the Si expan-
sion upon cycling.

Fig. 2 SEM images of (a)
pristine Si film; (b) top view and
(¢) cross-section of the Si
nanowire film; (d) TEM images
of Si nanowire. Inset:the SAED
pattern of Si nanowire

Figure 3b shows the 1st, 10th, and 100th galvanostatic
discharge/charge curves of the Si nanowire film electrode cy-
cled at a current density of 200 mA g'. A flat lithiation pla-
teau is observed at the initial cycle, yielding a high discharge
capacity of 3158 mAh g_l. A reversible capacity of 3008 and
2840 mAh g71 were obtained at the 10th and 100th cycles,
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Fig.3 a Cycling performances of
lithium cells with pristine Si film
and Si nanowire film electrodes at
200 mA g '; b charge/discharge
profiles of lithium cells with the
Si nanowire film electrodes at
200 mA g'; ¢ rate capability of
the Si nanowire film electrodes
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respectively. During these cycles, cathodic plateau around
0.2 V could be observed, which is consistent with the
lithiation process of amorphous Si. Meanwhile, an anodic pla-
teau around 0.4 V can be observed during the delithiation
process, which is related to the phase transition from Li,Si
phase to the amorphous Si. Furthermore, the potential profiles
almost overlap with each other, suggesting the completion of
the activation stage/process and reaching the electrochemical
stability in operation of the Si nanowire electrode [30].

Bulk Si

\/

Lithiation

Fig. 4 Schematic representations
(cross-section view) of structural
evolution of the pristine Si film

(left) and Si nanowire film (right)
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The rate capability tests, as depicted in Fig. 3c, reveal an
excellent performance stability of the Si nanowire film at var-
ious current densities. After the initial activation cycle, the Si
nanowire delivers a high reversible discharge capacity of
2830 mAh g ' at a current density of 250 mA g .
Although, there is a gradual capacity reduction with the cur-
rent density increase, a reversible capacity of 1523 mAh g™
could be sustained even at a current density of 3200 mA g .
More importantly, after the current density was returned to
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250 mA g ', a capacity around 2790 mAh g could still be
restored. This superb rate performance can be attributed to the
nanowire structure of the Si electrode prepared in this work,
facilitating the infiltration and circulation of the electrolyte in
its bulk, thus favoring a rapid ion transport.

The structural evolution of silicon films upon charge-
discharge cycling are illustrated in Fig. 4, where the left
panel image is for the Si-Cu electrode, fabricated by mag-
netron sputtering deposition on the Cu foil current collec-
tor, while the right panel represents the Si nanowire film
on the Cu foil prepared through metal-catalyzed electro-
less etching. The pristine Si film typically has a rough
surface, while, after the metal-catalyzed electroless etch-
ing process, the highly developed nanowire structure is
formed. During charge-discharge cycling, the pristine Si
film undergoes a significant volume expansion and pul-
verizes into discontinuous particles and only small
amounts of silicon stay on the current collector after cy-
cling. As for the Si nanowire film, the hierarchical nano-
wire structure provides a sufficient accommodation for the
volume change of silicon during the lithiation/delithiation
processes, and Si stays tightly connected to the Cu foil
current collector, which results in the high capacity and
excellent cyclability.

Conclusions

In summary, the Si nanowire film anode was prepared by a
combination of magnetron sputtering deposition with metal-
catalyzed electroless etching (MCEE). As obtained nanowire
structure due to its unique nanowire structure provides a suf-
ficient accommodation for the volumetric expansion and
shrinkage of silicon film upon cycling, which allows for
achieving the high capacity and excellent cyclability. The pre-
pared anode delivers the initial reversible discharge capacity
of 3158 mAh g ' and maintains a capacity of 2840 mAh g '
after 100 cycles when cycled at a current density of
200 mA g ', and 1523 mAh g ' at a current density of
3200 mA g .
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