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a b s t r a c t
A patterned 3D Si anode is fabricated by physical vapor deposition of n-type Si on a self-assembled
TMV1cys-structured nickel current collector. The combination of the large surface area conferred by
the virus-enabled 3D Ni/TMV1cys current collector with the high electric conductivity of n-type Si rods
results in excellent cyclic stability and rate capability for the core-shell n-type Si/Ni/TMV1cys anodes.
Electrochemical impedance spectroscopy reveals that the high electronic conductivity of n-type Si significantly reduces charge transfer resistance, thus even at high current densities the capacity of the n-type
Si is increased to almost 630 mAh/g compared to undoped Si.
© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
In the past decade, the demand for energy-storage technologies for emerging portable electronic devices and fuel-efﬁcient
vehicles has placed tremendous interests on the need to improve
lithium ion batteries in terms of their energy density, power density, cycle life, safety, and cost. The primary commercial anodic
material for lithium ion batteries is graphite with a capacity of
372 mAh/g. Si has been identiﬁed as a potential anode material
for next-generation lithium ion batteries due to its high capacity
of ∼3572 mAh/g (Li15 Si4 ) at room temperature, which is almost 10
times the capacity of graphite. However, the high volume changes
during the lithiation and delithiation processes induces severe
electrode structure failure, resulting in rapid capacity fade. Technologies based on nano-structured materials have been used to
increase the stability and rate performance of the Si anode. Magasinki et al. [1] used a CVD technique to fabricate a hierarchical
structure by depositing nanosized Si on carbon black particles,
forming rigid spherical granules. The particle’s internal porosity
can accommodate the large volume changes of Si during lithiation and delithiation, enabling high capacity (1950 mAh/g) and
stable cycling performance. Using a versatile method, Kim et al.
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[2] demonstrated high initial speciﬁc capacity (2158 mAh/g) of 3D
nano-porous Si/carbon anodes and good stability up to 100 cycles.
This interconnected 3D porous structure enables fast lithium-ion
mobility leading to superior rate performance while the pores in Si
particles act as a “buffer layer” that alleviate the volume changes
during lithiation and delithiation, leading to good cycling stability. In addition to 3D porous Si/C particles, 1D core-shell nanowires
that use carbon [3,4], carbon nanotubes [5], and crystalline Si [6]
as cores and Si as a shell, were also investigated to achieve high
rate performance and long cycling life. To ensure a good connection between nano-Si and current collector, Si nanowires were
well-patterned on a stainless steel substrate by Chan et al. [7]
using a CVD method with silane gas as the Si source. Since the
free spaces among the Si nanowires can accommodate the volume
change of Si nanowires, a high capacity of 3200 mAh/g for nano-Si
wires can be stabilized for 10 cycles. Park et al. [8] reported that
the Si nanotubes can achieve even higher initial charge capacity
of 3247 mAh/g and superior rate performance. To further enhance
the connection area between Si nanowires and current collectors, a
3D current collector architecture with patterned Ni nanowires on a
stainless steel substrate was used to develop core/shell Si/Ni anodes
[9,10]. The 3D Ni current collectors were fabricated using wellpatterned genetically modiﬁed Tobacco mosaic virus (TMV1cys) as
a temperate [11]. An exceptional rate capacity and cycling stability
were achieved using this novel Si/Ni/TMV1cys anode architecture
[9,10].
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The Tobacco mosaic virus (TMV) is a plant virus with cylindrical
structure, 300 nm in length, 18 nm in outer diameter, and 4 nm in
inner diameter. Genetic modiﬁcation introduces cysteine residues
(amino acids with thiol groups) in the virus coat protein structure and enables patterning of the TMV onto metal substrates as
well as enhanced metal coating in electroless plating solutions due
to strong, covalent-like interactions between the thiol groups of
the cysteines and metal. [12] The TMV1cys, containing one exposed
cysteine residue per coat protein subunit yielding ∼2100 cysteine
residues per virus particle, can self-assemble onto gold substrates
vertically due to the surface exposure of the engineered cysteinederived thiol groups at the 3 end of the TMV1cys rods. [11]. TMV1cys
has been used as template to fabricate 3D current collectors to
enhance the rate performance and cycling stability of Li-ion batteries [9–11,13,14]
In previous Si/Ni/TMV1cys anodes, the electron transport
between Si and Ni current collector was shown to be greatly
enhanced. This likely makes the charge transfer resistance or the
electronic conductivity of the Si ﬁlm the limiting step for rate performance since the charge transfer reaction occurs on the interface
between Si and electrolyte, and the electrons have to transport
through the Si ﬁlm. Although carbon coating on the Si surface can
enhance the charge transfer reaction [15–23], the low electronic
conductivity of Si would still limit the rate performance of the
Si/Ni/TMV1cys anodes.
In this work, a phosphorus doped Si (n-type Si) ﬁlm was
deposited onto virus enabled 3D current collectors using a physical
vapor deposition technique. The resulting n-type Si anode demonstrates exceptional rate performance, cyclic stability, and capacity
because the high intrinsic conductivity of the Si layer not only
accelerates electron conduction in Si, but also decreases the charge
transfer resistance.
2. Experimental
The detailed process for the fabrication of nickel coated
TMV1cys current collectors and Si coating using physical vapor
deposition (PVD) has been presented in our previous paper [9].
All the synthesis parameters have been kept similar, except for
the use of an n-type Si target (Kurt J. Lesker Company, USA) and
deposition times (60 min). The n-type Si loading was on the order
of 30 g/cm2 after 60 min deposition. The electrochemical performance of patterned Si electrodes is tested in a coin cell using
lithium metal as the counter electrode and 1 M LiPF6 in EC/DEC (1:1
by volume) as electrolyte (Novolyte technologies, OH, USA). The
charge/discharge behaviors of Si anodes were investigated using
Arbin BT2000 (Arbin Instruments, TX, USA) workstation in a voltage
windows of 0.02–1.5 V. The lithium insertion/extraction kinetics of Si anodes was characterized by electrochemical impedance
spectroscopy using Solartron 1260/1287 electrochemical interface
(Solartron Analytical, UK). Structure studies were performed by
XRD on D8 Advance with LynxEye and SolX (Bruker AXS, WI, USA)
and scanning electron microscopy on a Hitachi (Tokyo, Japan) SU70 HR-SEM with FFT images.
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Fig. 1. SEM image of the 3D n-type silicon anode.

lector [9,10]. The length of Ni/TMV1cys varies from 300 nm for a
single TMV1cys to 900 nm for three self-aligned particles [9,10].
After 60-min physical vapor deposition, n-type Si/Ni/TMV1cys
nanorods with diameters of around 300 nm are well patterned on
the substrates to form 3D n-type Si anode as demonstrated by a
top-view SEM image of n-type Si/Ni/TMV1cys in Fig. 1. Most n-type
Si/Ni/TMV1cys nanorods attach on the stainless steel substrates
vertically.
The crystal structure of the deposited n-type Si was investigated
by XRD. For comparison, an undoped-Si ﬁlm deposited similarly
was also investigated. As shown in Fig. 2, there are not any characteristic peaks for n-type Si or undoped Si, and only background
signals for Ni/TMV1cys/SS are present. This indicates that the PVD
deposited undoped Si and n-type Si ﬁlms are amorphous. The characteristic peaks for the 3D Ni/TMV1cys/SS current collector in Fig. 2
are identiﬁed and are consistent with PDF # 00-47-1417 for Fe–Ni
alloy.
Conductivity of deposited amorphous undoped Si and n-type Si
ﬁlms was measured using a block electrode. The block electrodes
were fabricated by deposition of Si or n-type Si ﬁlms onto a smooth
stainless substrate, followed by a silver paste coating on top of
Si ﬁlm as demonstrated in Fig. 3. The thickness of the deposited
undoped Si (or n-type Si) ﬁlm is ∼50 nm. The electric conductivity
of the deposited n-type Si and undoped-Si were obtained by mea(111)
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3. Results and discussion
The n-type Si/Ni/TMV1cys anodes were prepared by physical
vapor deposition of n-type Si target on a 3D Ni/TMV1cys current
collector. The 3D Ni/TMV1cys current collector was fabricated by
chemical deposition of a Ni layer onto patterned TMV1cys which
stand nearly vertical on stainless steel (SS) substrates [9,10]. In
Ni/TMV1cys nanorods, diameter of TMV1cys core is around 18 nm,
and nickel shell is around 40–80 nm, and Ni/TMV1cys nanorods
are patterned very well on the substrates to form 3D current col-
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Fig. 2. XRD patterns for Ni/TMV1cys, undoped Si/Ni/TMV1cys, and n-type
Si/Ni/TMV1cys.
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Fig. 3. Schematic diagram of the sandwich SS/Si/Ag layers for Si conductivity measurements.
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Fig. 5. n-type Si electrode structures after 75 repeating cycles at 2000 mA/g.

suring the impedance of Si ﬁlm using a Solartron 1260/1287. The
L
conductivity was calculated using the equation,  = RS
The conductivities of n-type amorphous Si and undoped
amorphous Si ﬁlms are determined to be 6.8 × 10−7 S/cm and
4.0 × 10−7 S/cm, respectively, which are much lower than that
(>10 S/cm) of the n-type Si target purchased from Kurt J. Lesker
Company and the undoped Si (∼2 × 10−4 S/cm [24]) targets. The
decreases in conductivities may attribute to the structural changes
from crystalline to amorphous, as well as changes in the concentration of dopant in n-type Si during physical vapor deposition.
However, the conductivity of n-type Si ﬁlm is still 1.7 times higher
than that of undoped Si ﬁlm. This result is in good agreement with
results in open literatures [25–27].
Fig. 4 shows the capacity stability of a n-type Si/Ni/TMV1cys
anode during charge/discharge in a voltage between 0.02 and 1.5 V
at 2000 mA/g. A non-zero low cut-off voltage is used to avoid
lithium deposition during the lithiation process. The initial irreversible capacity is high (42.5%), but it sharply decreases to 3.6%
in the second cycle and less than 1% after four cycles. The high
irreversible capacity in the ﬁrst cycle is possibly due to the formation of a solid electrolyte interphase (SEI) ﬁlm and reduction of
oxides induced during the nickel electroless deposition and sample
transportation [9]. The initial charge capacity reaches 3535 mAh/g,
which is much higher than the initial capacity (2962 mAh/g) of
undoped Si/Ni/TMV1cys. The increased capacity of n-type Si anode
at 2000 mA/g may be due to the high electronic conductivity of ntype Si compared to undoped Si at the same cycling current rate.
Even after 90 charge/discharge cycles, a capacity of 2150 mAh/g,

is still maintained, which is about 6 times the capacity of a commercial graphite anode. The capacity loss per cycle is about 0.4%.
The high cycling stability of the n-type Si/Ni/TMV1cys anodes is
due to formation of nano-porous Si structure during lithiation and
delithiation cycles, which is similar to undoped Si [9]. Fig. 5 demonstrates that the n-type Si layer swells 3–4 times in volume after
75 cycles, however, the structure maintains its integrity. Voids
between the nanorods are believed to accommodate the signiﬁcant
volume change of the n-type Si and thus efﬁciently alleviate the
pulverization of the n-type Si ﬁlm during the lithiation and delithiation processes. The free space in the electrode structure efﬁciently
relieves the strain and stress during the expansion and shrinkage.
The effect of electrode conductivity on the rate capacity was
also investigated by comparing the rate performance of n-type
Si and undoped-Si on the Ni/TMV1cys current collector. Fig. 6
shows the rate performance of n-type Si/Ni/TMV1cys and undoped
Si/Ni/TMV1cys anodes at different current densities. To ensure the
reliability of the reported readings, the batteries were tested for 20
cycles at each current densities. The capacity at every current density is very stable except the initial few cycles. As shown in Fig. 6,
the n-type Si/Ni/TMV1cys shows average charge capacities of 3019,
2362, 1593, 650, and 2165 mAh/g at 2000, 4000, 16000, 64000,
and 2000 mA/g, respectively; the undoped Si/Ni/TMV1cys shows
average charge capacities of 2568, 1749, 642, 37, and 1625 mAh/g
at 2000, 4000, 16000, 64000, and 2000 mA/g. Comparing the rate
performance of n-type Si/Ni/TMV1cys and undoped Si/Ni/TMV1cys,
the capacity of n-type Si/Ni/TMV1cys is 630 mAh/g higher in average than that of the undoped Si/Ni/TMV1cys at all current densities.
This indicates that the high electric conductivity of n-type Si
6000
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Fig. 4. Cyclic performance of a coin cell using n-type Si/Ni/TMV1cys as the working
electrode and lithium metal as the counter electrode.

Fig. 6. Rate performances of n-type Si/Ni/TMV1cys and undoped Si/Ni/TMV1cys
anodes at various current densities.
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Fig. 7. Electrochemical impedance spectroscopy data for anodes with n-type
Si/Ni/TMV1cys and undoped Si/Ni/TMV1cys.

improves the rate performance of n-type Si anodes since both
anodes were fabricated using the same parameters. Speciﬁcally, the
capacity of undoped Si/Ni/TMV1cys is close to zero at 64000 mA/g,
but that of the n-type Si/Ni/TMV1cys is 650 mAh/g at the same
current density.
The mechanism behind the exceptional rate performance of ntype Si anodes was investigated by comparing the charge/discharge
kinetics of the doped and undoped Si anodes using electrochemical impedance spectroscopy. Fig. 7 shows the impedance of n-type
Si/Ni/TMV1cys and undoped Si/Ni/TMV1cys at the 12th, 19th,
and 88th cycles after fully discharging the cells at 2000 mA/g.
All impedance spectra have similar features: a depressed semicircle in high frequency and an inclined line in low frequency.
The impedance plot in Fig. 7 is in good agreement with previously reported impedance spectra for Si nanowires [28]. The
inclined line in the low frequency region represents the lithium
diffusion impedance, while the depressed semicircle consists of
interfacial charge transfer impedance at the middle frequency
which is overlapped by high-frequency SEI ﬁlm impedance [29].
The detail impedance analysis of n-type Si/Ni/TMV1cys and
undoped Si/Ni/TMV1cys electrodes reveals that the SEI resistance
remains relatively stable after the ﬁrst cycle, but the charge
transfer resistances slightly increase at ﬁrst, and then decrease
after the 19th cycle especially for undoped-Si/Ni/TMV1cys electrodes. The decrease in charge transfer resistance after the 19th
cycle is due to the aforementioned sponge-like structure, which
enlarges the charge transfer reaction sites, thus enhancing reaction kinetics [9,30]. However, the charge transfer impedance of
n-type Si/Ni/TMV1cys is much smaller than those of undoped
Si/Ni/TMV1cys. For example, at 19th cycle, the charge transfer
impedance for undoped Si/Ni/TMV1cys is about 280 , but for the
n-type Si/Ni/TMV1cys it is only about 85 . This result indicates
that the high electronic conductivity of n-type Si not only enhances
the electron conduction of Si but also greatly enhances charge
transfer kinetics, resulting in a high rate performance and cycling
stability.
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