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Silicon (Si) nanowires (NWs) grown on stainless-steel substrates by Cu-catalysed Chemical Vapour Deposition (CVD) have been
prepared to be used as anodes in lithium-ion batteries. The use of NWs can overcome the problems related to the Si volume changes
occurring during lithium alloying by reducing stress relaxation and preventing material fragmentation. Moreover, since the SiNWs
are grown directly on the substrate, which also acts as a current collector, an excellent electrical contact is generated between the two
materials without the necessity to use additional binders or conducting additives. The electrochemical performance of the SiNWs
was tested in cells using lithium metal as the anode. A large irreversible capacity was observed during the first cycle and, to a lesser
extent, during the second cycle. All the subsequent cycles showed good reversibility even if the coulombic efficiency did not exceed
95%, suggesting the formation of an unstable SEI film and a continuous decomposition of the electrolyte on the silicon surface. The
absence of a stable SEI film was assumed responsible for a linear capacity fade observed upon cycling. On the other hand, the
electrochemical characterization performed at different values of the charging current showed that SiNWs possess an
exceptionally high rate capability.

1. Introduction

Rechargeable lithium-ion batteries (LIBs) are considered as
one of the most versatile storage systems to power consumer
electric devices, electric vehicles, and stationary energy stor-
age systems due to their high energy density, long cycle life,
and high-power performance [1, 2]. However, the develop-
ment of new and sustainable electrode materials that can
increase the energy density of LIB is still an open challenge.
State-of-the-art electrode materials for LIBs exhibit a good
capacity retention over many cycles but are characterized
by a relatively low specific capacity (370mAh g-1 and
180mAhg-1 for the anode and cathode, respectively), due
to the limited number of intercalation sites for Li ions. In
recent years, silicon is emerging as a promising candidate to
replace the conventional LIB anode based on graphite,

because it offers an impressive specific capacity (up to
3600mAhg−1) and a low delithiation potential (below 0.5V
against Li/Li+) [3, 4]. However, its practical application has
some drawbacks such as the poor capacity retention related
to the electrode pulverization promoted by the huge volume
expansion (up to 400%) occurring during the charge/-
discharge cycles [5].

To overcome these disadvantages, great effort has been
aimed at the investigation of alternative silicon structures.
In this context, silicon nanoparticles [6, 7], silicon nanowir-
es/nanotubes [8–10], nanosheets [11–13], nanofilms [14],
and 3D porous structures [15, 16] have been intensely stud-
ied to improve the anode performance significantly. At the
same time, extensive research has been carried out to com-
bine the silicon nanostructures with different carbon mate-
rials [17, 18] such as amorphous carbon [19], conductive
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carbon black [20], carbon nanotubes [21], and graphene
[22, 23]. The insertion of metal nanoparticles has been
also explored in terms of surface modification of the Si nano-
structure to improve overall performance, particularly cou-
lombic efficiency and power capability [24, 25].
Furthermore, polymeric coating has been widely investigated
due to the evident improvement of the electrical conductivity
of the Si-based anode and to the better capability of accepting
the volume change during the charge-discharge processes
[26, 27]. As a result, this kind of anode exhibits an excellent
long-term cycling ability with capacity retention of 83.4%
over 350 cycles at 0.5C [28].

Among 1D nanostructures, SiNWs have attracted much
attention due to the large specific surface area, short diffusion
path, and reduced internal stress and, especially, because they
have a high cracking strength that can improve their electro-
chemical performance in terms of capacity retention [29]. In
addition, they can be grown directly on the current collector
eliminating the need for binders or conductive materials.
Despite these promising properties, SiNWs still suffer from
capacity degradation when the number of charge-discharge
cycles increases. In addition, SiNW-based anodes show a
low first cycle coulombic efficiency (about 70%), which has
been attributed to the decomposition of the electrolyte with
the destruction and continuous growth of the SEI layer
[30, 31]. Efficiency increases in subsequent cycles, but the
capacity recovered in the charge is always less than that used
during the discharge process. This aspect can be related to the
enormous increase in volume that silicon undergoes during
the lithiation process. Indeed, many studies have demon-
strated that the large volume change occurring during lith-
ium insertion induces cracking in the SEI that continuously
produces a Si fresh surface leading to Li consumption and
adding new material able to disrupt the previous SEI layer
[32]. Currently, the insertion of various materials into
SiNW-based anodes through metal or metal oxide doping
has clearly shown to be an efficient strategy for the improve-
ment of the electrochemical performances leading to long-
term cycling and an excellent rate performance [33].
Recently, Sadeghipari et al. [34] have demonstrated that the
Al2O3-encapsulated SiNWs can exhibit a high reversible dis-
charge capacity of about 3000mAhg-1 at a rate of C/16, and
at a higher rate density, this electrode can deliver a high
capacity of 965mAhg-1 with an excellent capacity retention
of 94% over 120 cycles.

On the other hand, a uniform and complete carbon coat-
ing of SiNWs was also found to prevent the nanowire expan-
sion needed to exhibit capacities of 2000mAhg-1 over 300
cycles [35, 36].

Unfortunately, despite the evident progress, several draw-
backs still limit the SiNW use in LIBs such as low specific
energy density, low mass loading, and high processing cost.

Based on these considerations, in this paper, we have
investigated the electrochemical properties of Cu-catalysed
SiNWs grown directly on a stainless-steel substrate by the
Vapour-Liquid-Solid (VLS) mechanism in a Chemical
Vapour Deposition (CVD) reactor. The CVD method is
widely used to grow SiNWs mainly with Au metal as the cat-
alyst. However, its practical application is limited because of

its high cost and its involvement in parasitic reactions caus-
ing the decomposition of the electrolyte or of the solvent on
the SiNW surface leading to the formation of an unstable
SEI layer [9, 37, 38]. Among the alternative catalyst materials,
the use of the less expensive, Si-compatible Cu catalyst could
be advantageous for growing SiNWs for LIB applications.
Another advance to improve the ability of SiNWs to be used
as anodes is the possibility to synthesize crystalline-
amorphous core-shell nanowires. The electrochemical activ-
ity of the amorphous Si shells can be limited by selecting the
lithiation potential. In these conditions, the crystalline core
acts as a mechanical support and electrical conductor while
the amorphous part stores the Li ions. Indeed, the
crystalline-amorphous structure plays a fundamental role in
the SiNW technology allowing to obtain high charge storage
capacities (1000mA/g) with 90% capacity retention over 100
cycles [39]. In this work, we report about the CVD synthesis
on stainless steel of Cu-catalysed SiNWs with a well-defined
morphology and core-shell structure. To evaluate their Li
storage properties, the SiNWs were used as electrodes in an
electrochemical cell against lithium metal, without using
any binder or additive. The electrodes showed a large capac-
ity and maintained a good reversibility for the first ten cycles.
On the other hand, long-term cycling was considered unsuit-
able for practical applications.

2. Experimental

2.1. Synthesis of SiNWs. Among the various methods used to
synthesize SiNWs [24], the most popular is surely CVD
based on the VLS mechanism [40, 41]. According to this pro-
cess, we have grown SiNWs directly on 304 stainless-steel
substrates (10 × 10mm2, 30μm thick) without using binders
or additives. Before the insertion of the substrates into the
CVD furnace (Lenton, UK), they were decorated with the
Cu catalyst using a commercial suspension (PlasmaChem)
that provides a known density (6μg/ml) and a known diam-
eter (40 nm) of the primary copper nanoparticles. In order to
obtain a uniform metallic nanoparticle distribution and pre-
vent agglomeration, a modified commercial pneumatic neb-
ulizer for medical use (Chiesi, Clenny A Aerosol) was used.
After the functionalization, the decorated substrates were
inserted into a 1-inch diameter quartz tube using a ceramic
container and placed into the oven.

In order to obtain suitable SiNW electrodes for LIBs, an
accurate choice of the growing parameters was performed.
In particular, the influence of the temperature on the SiNW
growth was investigated. In fact, although the eutectic tem-
perature of the Cu/Si alloy required for the SiNW growth
by the VLS mechanism is 802°C, the synthesis of SiNWs
can also occur at lower temperatures and may be ascribed
to a VSS (Vapour-Solid-Solid) process [42–44]. Based on this
consideration, pure silane gas (used as the Si precursor) was
introduced at a pressure of around 2 Torr with a flux of
6 sccm for 12 minutes. In order to investigate the role of the
temperature on the growth, the temperature was varied from
the 500°C up to 800°C.

The quantity of SiNWs obtained was accurately deter-
mined by measuring the mass of the sample using a
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microbalance (Radwag 60/220/X) before and after the
growth. The mass loading of the prepared SiNWs was about
1.2mg/cm2, and this result is consistent with the literature for
Cu-catalysed SiNWs grown on stainless steel [45].

2.2. Morphological Characterization. The morphology of the
samples was evaluated by Scanning Electron Microscopy
(SEM, HR-FEGSEM LEO 1525) and Transmission Electron
Microscopy (TEM, JEOL JEM2010). When the growth tem-
perature was set to values above 700°C, the SEM images

clearly showed the absence of SiNW and the presence of a
layer of silicon covering the entire surface of the stainless
steel. In fact, at these temperatures, a segregation process that
occurs on the stainless-steel surface and is able to modify the
roughness and surface composition hinders the VLS mecha-
nism preventing the growth of SiNW. To avoid the segrega-
tion and favour the SiNW growth, the temperature must be
lowered to about 600°C. As a result, a remarkable growth of
SiNWs uniformly distributed on the steel substrate is
obtained. SEM images in Figure 1 show the morphology of
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Figure 1: (a) Low- and (b) high-magnification SEM images of SiNWs.
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the so-obtained SiNWs. SiNWs have a length of several
microns (Figure 1(a)) and a diameter of about 300 nm
(Figure 1(b)).

In order to evaluate the SiNW structure, TEM analysis
was performed. The TEM image and the diffraction pattern
of Figure 2 show a core-shell crystalline-amorphous structure
with the presence of a crystalline silicon (c-Si) core having
the same dimension of the copper nanoparticles used as a
catalyst (40 nm) and an amorphous silicon (a-Si) shell,
formed by the pyrolytic decomposition of silane on the crys-
talline core. The thickness of the a-Si directly depends on the
growth time and the length of the SiNWs. This double mor-
phological character of the SiNWs is crucial for the electro-
chemical performance of the cell. In principle, it should be
possible to use only the a-Si for Li+ ion storage employing
the c-Si as an efficient electrical conducting pathway and sta-
ble mechanical support [39]. In this way, it is possible to
improve the performance of the SiNW film when used as
an electrode in LIBs.

2.3. Electrochemical Characterization. The SiNWs deposited
on the stainless-steel substrate were directly used for the elec-
trochemical characterization. The samples were inserted in a
two-electrode cell formed by a polypropylene T-type pipe
connector closed at the ends with two cylindrical stainless
steel (SS316) acting as current collectors. A glass fiber (What-
man 1820-240, grade GF/A) was used as the separator. The
cell was filled with ethylene carbonate/dimethyl carbonate
1 : 1 LiPF6 1M electrolyte solution (LP30, Merck, battery
grade). The cycling tests were carried out automatically by
means of a battery cycler (MACCOR 4000). To assess the
electrochemical performance, the electrodes were galvanos-
tatically cycled between 2.0V and 0.005V vs. Li/Li+. Cell
assembly, test, and storage were performed in a dry room
(R:H:<0:1% at 20°C).

3. Results and Discussion

In order to investigate the structural transition inside the
SiNWs and understand the role of SiNW morphology on
the electrochemical properties, the first and second charge/-
discharge voltage profiles are compared with a more accurate
analysis of the differential capacity dQ/dV (mAhV-1) curves
as shown in Figures 3(a) and 3(b) and Figures 3(c) and 3(d).
The cell was cycled with a current of 0.14mA, corresponding
to the C/10 rate. During the first discharge cycle, a large pla-
teau is observed in the region below 0.15V (Figure 3(a),
lower curve) which corresponds to the sharp peak at
140mV identified by the letter A in the dQ/dV curve
(Figure 3(c)). In this phase, two processes are taking place:
the formation of the SEI film on the surface of Si-NWs and
the formation of the lithium/silicon alloy. The latter occurs
in a two-phase region in which crystalline silicon is lithiated
and a partial amorphous lithiated silicon is formed [9, 46, 47].

After this process has completed, a second process starts
at a lower voltage, and it can be identified in the dQ/dV curve
as the sharp peak centred at around 50mV and identified in
Figure 3(c) by the letter B. This process continues until the
cut-off potential set at 0.05V vs Li+/Li is reached. This peak

can be attributed to a further lithiation step which trans-
forms the amorphous lithiated silicon in a new crystalline
Li15Si4 phase. At the end of the process, the capacity used
for SEI film formation and Si lithiation amounts to about
2500mAh/g. In the following charge curve (Figure 3(a),
upper curve), it is evident that only part of the capacity
(1800mAh/g) is reversibly extracted from the electrode.
The corresponding dQ/dV curve (Figure 3(c)) shows two
broad peaks at 360mV and 460mV (identified by the letters
C and D, respectively) which can be attributed to the extrac-
tion of lithium from two different delithiation degrees of
amorphous lithiated silicon to form amorphous silicon.

During the second discharge cycle, an additional slop-
ing region at about 0.3-0.2V appears in the discharge
curve (Figure 3(b), lower curve). This plateau corresponds
to the peak located at 230mV (A) in the dQ/dV curve
(Figure 3(d)) which is assigned to the lithiation process of
the amorphous silicon coming from the dealloying reaction.
As a result, the discharge capacity is reduced down to about
1900mAh/g. Similarly, to the first discharge curve, the
second lithiation cycle also shows a sharp peak (B in
Figure 3(d)) at a voltage below 50mV attributed to a further
lithiation able to transform the amorphous lithiated silicon in
crystalline Li15Si4. The voltage profile in the second charge
cycle appears similar to the profile exhibited during the first
cycle with the capacity maintaining a stable value of about
1800mAh/g (Figure 3(b), upper curve). This investigation
has permitted to better understand the role of the
crystalline-amorphous core-shell structure of the SiNWs on
the charge and discharge processes. In particular, as
described above, while the reversible process can be attrib-
uted to the lithiation of crystalline Si, the high irreversible
capacity (70%) found in the first cycle can be ascribed to
the formation of a SEI passivation layer on the silicon nano-
wire surface, induced by the reduction of the electrolyte [48,
49]. Some authors showed that a carbon coating or a conduc-
tive polymer used as a binder can drastically reduce this irre-
versible loss [36, 37].

In Figure 4, the discharge/charge capacity versus cycle
number for the SiNW electrode together with the charge effi-
ciency (CE) is shown. The CE is defined as the ratio between
the capacity inserted into the electrode in charge and the
capacity released in the previous discharge cycle (Qch/Qdis).

(a) (b)

Figure 2: TEM image of Cu-catalysed SiNWs (a) and diffraction
pattern (b).
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The first test was conducted at a very low charge-discharge
current (C/10 rate) and included a limited number of cycles
(14 cycles). However, the limited number of cycles was
enough to evaluate the goodness of the SiNWs when used
as anodes in LIBs. In fact, SiNWs with inappropriate mor-
phologies exhibit poor cycling just after few cycles due to
the degradation of the Si structure occurring during the
lithiation and delithiation processes [8, 14, 37]. In our case,
all cycles show a discharge capacity (circles) larger than the
charge capacity (squares). After the first cycle, the CE
increases up to 95%, and this value was kept constant in the
subsequent cycles, suggesting that no drastic change of the
core-shell SiNW structure occurs and that the SiNWs remain
well connected with the stainless-steel current collector. To
evaluate the rate capability of the SiNWs, the cell was cycled
at various charge rates. The discharge was always carried out
galvanostatically at 0.2mA (C/10 rate), and Figure 5 shows
the correspondent voltage profiles. At the lowest charge
current value (C/10 rate), the cell exhibits a specific capacity
approaching 2000mAh/g. Slightly lower values were
observed when the charging current was increased from

C/10 to the 1C rate. When the current is increased to 2C,
the capacity drops down to 1600mAh/g. Another notable
decrease in capacity is observed when charging the cell at
3C and 5C. At the 5C rate, the specific capacity goes down
to 1200mAh/g. From this result, it is possible to state that
the SiNWs show good capacity retention with increasing
charging rates, being able to provide 60% of the capacity
exhibited at low current when discharged with a current 50
times higher. Therefore, our SiNW electrodes show good
areal capacities also at fast charge/discharge rates (e.g., from
2.4mAh cm-2 at 1C to 1.4mAh cm-2 at 5C) although they
have low material loading of 1.2mg cm-2.

Quantifying the rate performance of the SiNWs is possi-
ble by the use of a parameter as proposed by Prosini [50] and
Fongy et al. [51]. They suggested the use of a parameter k (in
hours) to characterize the system response in power. The k
parameter is defined by Q =Q0 + kIm, where Q is the charge
capacity at the charge current Im andQ0 is the (pseudo) equi-
librium charge capacity (mAh), i.e., the capacity evaluated at
the lower charge rate. The higher is the k parameter, the
worse is the electrode performance in terms of power.
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Figure 3: Voltage profiles as a function of capacity for the SiNWs cycled in a lithium cell at C/10 rate during the first (a) and the second (b)
cycle and differential dQ/dV vs. V curves corresponding to the first (c) and the second (d) cycle.
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Figure 6 shows the dependence of the capacity as a func-
tion of the charge current for the SiNW electrode. In our case,
a linear behaviour is observed, and it is possible to evaluate
the k value. From the slope of the regression line, the k value
was calculated to be -0.095h. This value is very low especially
when compared to other active materials used in lithium-ion
technology confirming the high rate capability of Cu-
catalysed SiNWs [50, 51].

The cycling of the electrode at various charge rates was
prolonged to evaluate the stability of the SiNWs as a function
of the cycle number, and Figure 7 reports the values of the
capacity at various C rates vs. cycle numbers. Contrary to
what was observed during the cycles conducted at the C/10
rate, a severe capacity fading was observed for all the dis-

charge currents. To explain this behaviour, we hypothesized
that at higher rates, the current distribution is uneven, and
part of the silicon nanowire grows faster than the other parts.
The greater expansion of these parts causes the breakdown of
the SEI film and the detachment of silicon microparticles
from the nanowires. These parts become electrochemically
inactive, hindering the complete lithiation of silicon nano-
wires in subsequent cycles. Bloom et al. [52] demonstrated
that the degradation of the power capability during cycling
of a Li-ion cell can be related to the increase of the cell inter-
nal resistance which can also be related to the properties of
the SEI. Therefore, when nanostructured silicon electrodes
are cycled at very high current rates, fresh surface areas are
produced by the silicon expansion during the lithiation, as
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well described by the extension of Pinson’s model shown in
ref. [53]. According to this model, the linear capacity fade
observed during the lithiation/delithiation processes of the
cell can be attributed to the SEI formation on freshly exposed
surfaces [31, 32]. This result confirms the crucial role of the
SEI formation on the capacity fading and cycle life of the cell.

4. Conclusions

In conclusion, SiNWs were grown directly on a stainless-steel
substrate by Cu nanoparticle-catalysed CVD. SEM images
show that the so-obtained SiNWs have a length of several
microns and diameter ranging from 200nm to 500nm.
TEM images confirm the core-shell structure of the SiNWs
with the presence of a crystalline silicon core of around
40nm (the same dimension of the copper nanoparticles)
and an amorphous silicon shell.

The electrochemical properties of the silicon electrode
have been investigated using lithium foil as the counter and
reference electrode. The high irreversible capacity observed
mainly in the first cycle was attributed to the formation of
the SEI layer on the silicon surface, while the other cycles
have shown good capacity retention with a high charge effi-
ciency above 90%. This result confirms the good electrical
contact existing between the SiNWs and the stainless-steel
current collector. When compared with other active mate-
rials used in lithium-ion technology, the SiNWs exhibited
a high rate capability, being able to provide 60% of the
capacity exhibited at the C/10 rate when discharged with
a 50 times higher current. The SiNW electrodes showed
rapid capacity fade during the lithiation/delithiation pro-
cesses probably attributed to the SEI formation on freshly
exposed surfaces. Further investigations on the mechanism
of the SEI growth can help to limit this fading, improving
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the performance of the cell in terms of capacity retention
and long cycle life.
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