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ABSTRACT A novel three-dimensional Tobacco mosaic virus assembled silicon anode is reported. This electrode

combines genetically modified virus templates for the production of high aspect ratio nanofeatured surfaces with

electroless deposition to produce an integrated nickel current collector followed by physical vapor deposition of a silicon

layer to form a high capacity silicon anode. This composite silicon anode produced high capacities (3300 mAh/g), excellent

charge—discharge cycling stability (0.20% loss per cycle at 1C), and consistent rate capabilities (46.4% at 4C) between 0

and 1.5 V. The biological templated nanocomposite electrode architecture displays a nearly 10-fold increase in capacity

over currently available graphite anodes with remarkable cycling stability.
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ilicon has emerged as one of the most

promising next-generation anode

materials for lithium-ion batteries due
to its high theoretical capacity of 3572
mAh/g per weight and 8322 mAh/cm? per
volume for Liz7sSi at room temperature.'
Despite its high capacity, however, the ex-
treme volume change, 300—400%,> during
lithium insertion and extraction leads to se-
vere particle pulverization, resulting in elec-
trically disconnected silicon particles and
rapid capacity fading.* Recently, silicon
nanowires and nanotubes have been used
to produce stable silicon anodes.* "' The
architecture of these nanowires and tubes al-
lows for a greater level of expansion to ac-
commodate the volume changes that ac-
company silicon charge and discharge cycles.
This architecture also endows the silicon an-
ode with a capacity of more than 2000
mAh/g at 0.2C and 0.1—1.0 V cycling. At a
1C cycling current, carbon—silicon core—
shell anodes can still provide 800 mAh/g and
maintain this capacity for 80 cycles.? The cy-
cling stability and rate capability of nano-
structured silicon electrodes can be improved
if an electronically conductive core could be
directly patterned on the current collector
substrate without the use of binders.”
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There is a growing interest in harnessing
the self-assembly and inorganic binding
capabilities derived from biological materials
for use in device and energy-storage devel-
opment. In particular, the genetic tractability
of viruses has been exploited to develop
novel bioinorganic interfaces.'?~'® Using
these novel interfaces, viruses have been
structured into conductive nanowires, tran-
sistors, memory devices, and battery elec-
trode materials.'®~2° Our team has devel-
oped Tobacco mosaic virus (TMV) as a novel
bioinorganic template that can be easily pat-
terned on metal substrates to form nano-
scaled three-dimensional (3-D) structures.'

The TMV is a high aspect ratio cylindri-
cal plant virus with a length of 300 nm, an
outer diameter of 18 nm, and an inner di-
ameter of 4 nm. Genetically modifying the
virus to introduce cysteine residues (amino
acids with thiol groups) in its coat protein
enables patterning of the TMV onto metal
surfaces 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
ions.?" In previous work, we have utilized
the TMV1cys (an engineered virus contain-
ing one exposed cysteine residue per coat
protein subunit yielding ~2100 cysteine
residues per virus particle) for the synthesis
of nickel and cobalt nanowires. These struc-
tures self-assemble vertically onto gold sub-
strates due to the surface exposure of
cysteine-derived thiol groups at the 3’ end
of the TMV rod.'* Virus-assembled nanofea-
tures produced a 13—80-fold increase in re-
active surface area depending upon virus
concentration.'® Incorporation of these sur-
faces into simple nickel—zinc microbatter-
ies also improved performance compared
to planar electrode geometries.'*??
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In this study, we demonstrate that metal coatings
on patterned 3-D TMV1cys templates can be used as a
substrate to fabricate multilayered nanoscale 3-D silicon
anodes with the internal metal layer functioning as a
strong current collector. Unlike previously reported
methodologies that have utilized biological templates
for the synthesis of nanomaterials and relied on pow-
der mixing and ink casting for the electrode fabrica-
tion,"® the method presented in this study involves the
direct fabrication of a nanostructured silicon electrode.
Every silicon nanowire is connected to the patterned
current collector, and as a result, the need for binders
or conducting additives, which add extra weight, is
eliminated. This TMV1cys-structured electrode enables
excellent rate capability due to the high electrical con-
ductivity of the inner metal layer within each silicon
nanowire. The simplicity in fabricating electrodes com-
bined with the biorenewable nature of the TMV1cys
template as well as the potential to integrate this tech-
nique into large-scale batch manufacturing processes®?
makes this approach a promising alternative for the re-
alization of next-generation anodes for lithium-ion
batteries.

TMV1cys/Ni/Si anodes were fabricated by vertically
aligning the 300 X 18 nm TMV1cys virus on the stain-
less steel current collector (via genetically engineered
coat protein cysteine residues), followed by chemical
deposition of nickel in an electroless plating bath to
form a 3-D current collector, and finally silicon physical
vapor deposition (PVD). The synthesis process of the sili-
con anode is shown schematically in Figure 1 and con-
sists of four steps. It begins with the TMV1cys self-
assembly (step 1), during which precleaned stainless
steel disks (15.5 mm in diameter) are immersed in a
TMV1cys solution with a concentration of 0.1 g/L in 0.1
M sodium phosphate buffer, pH 7, for 48 h to allow con-
fluent virus attachment across the entire disk surface.
Specifically, the 1cys genetic modification is surface-
accessible only at the 3" end of the virus rod. This con-
figuration promotes the near-vertical attachment of the
virus rod to the rough stainless steel surface. Step 2 in-
volves the activation of the surface-assembled TMV1cys
with palladium catalytic clusters via the reduction of
Pd?* to Pd® on the exposed cysteine residues using a
hypophosphite reducing agent. Following this pro-
cess, nickel is deposited on the Pd® activated virus sur-
face in an electroless plating solution (step 3)."* Acti-
vated TMV1cys templates are put into a 0.1 M NiCl,
plating solution for 5 min with the addition of 0.5 M
(CH53),NHBHs (dimethylamine borane, DMAB) as a re-
ducing agent. After nickel deposition, the samples were
dried overnight in a vacuum oven at 120 °C to evapo-
rate any water left on the surface and avoid oxidation.
After fabricting the patterned TMV1cys/Ni current col-
lector, PVD in an AJA sputtering system (AJA interna-
tional, Inc.) is used to realize the silicon anode. The pro-
cess is performed in RF mode with a power of 200 W,
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Figure 1. Diagram for the assembly of nickel-coated TMV1cys
templates attached to a stainless steel surface, silicon depo-
sition onto templates, and a picture of an assembled
electrode.

an argon gas flow of 20 sccm, and a chamber pressure
of 5 mTorr. The distance between the silicon target and
the virus-coated steel disk substrates was set to ap-
proximately 110 mm, and the chuck was rotated to
achieve better uniformity. An optical image of the as-
sembled and fully coated anode is presented in Figure
1. To estimate the silicon loading, the parameter of in-
terest for capacity calculations, the mass of each disk
was weighed with a high-precision microbalance (Met-
tler Toledo, XS105 dualRange) with an accuracy of 1 pg
both before and after silicon deposition. The electro-
chemical performance of the TMV1cys-structured
anode was evaluated in a half-cell configuration.
TMV1cys/Ni/Si-coated disks are assembled into coin
cells (R2032) in an argon-filled glovebox, using lithium
foil as a counter electrode and a 1 M LiPFg solution in
ethylene carbonate/diethyl carbonate (1:1 by volume)
as electrolyte. Before cell assembly in the argon-filled
glovebox, the TMV1cys/Ni/Si-coated disks are annealed
at 350 °C for 1 h in the glovebox to remove the mois-
ture and other impurities that are absorbed onto nickel
and silicon. An Arbin BT-2000 battery test system with
computer-operated software was used to conduct the
experiments and record the data.

Figure 2 shows SEM images of nickel-coated
TMV1cys before and after silicon deposition for 1.0 h.
In Figure 2a, most TMV1cys attach on the stainless steel
surface vertically or near-vertically due to the surface
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Figure 2. SEM image (a) before and (b) after silicon deposition.

roughness. Few TMV1cys lay down on stainless steel be-
cause there is clearly some flexibility in this attach-
ment and in the virus rods themselves when the virus
rods are attached to the rough surface from one end."*
Due to the self-alignment of two or three TMV1cys par-
ticles in the assembly process, the length of surface-
attached TMV1cys rods varies from 300 nm for a single
TMV1cys to 900 nm for three aligned TMV1cys.'* On the
basis of the metal coating thickness L from previous
work (20—40 nm),"* the average length of nickel-
coated TMV1cys rod is ~600 + L = 300 nm. Coated sur-
faces remained stable even after vigorous rinsing to re-
move excess plating solution. After silicon deposition,
the final diameter of the TMV1cys was ~300 nm after
1.0 h silicon PVD (Figure 2b). Since nickel and silicon
were coated both on the top and on the side of the par-
ticle, the final TMV1cys/Ni/Si rods have a length of ~750
%+ 300 nm and a diameter of ~300 nm, which make
the rods retain their columnar structure after nickel and
silicon coatings.

Figure 3 displays TEM and fast Fourier transform
(FFT) images of a single virus rod consisting of two
aligned TMV1cys, nickel, and silicon layers after 45 min

of silicon PVD. The TMV1cys and the nickel and silicon
layers are clearly visible in Figure 3a,d. The high-
resolution TEM (HRTEM) and FFT images clearly show
that the silicon is amorphous.?* The innermost struc-
ture is the rod-shaped TMV1cys with a diameter of 18
nm, which explains why the intensity of the EDS spec-
trum decreases in this region for both nickel and silicon.
A nickel metal layer with 38 nm thickness uniformly
covers the entire TMV1cys outer surface. Our previous
studies demonstrated that these nickel coatings also
fully covered the attachment point of the particle to the
metal substrate,’ forming a continuous 3-D-patterned
Ni current collector. The outermost layer is the silicon-
sputtered material, which has a similar thickness of 38
nm. Silicon layer uniformity obtained via PVD depends
upon the relative orientation of the virus particles. Vi-
ruses assembled onto the current collector were near-
vertically oriented as previously described.'* This align-
ment results in near-uniform silicon coatings (Figure
3a) for near-vertical orientation, which has only a slight
thickening of silicon (Figure 3d) detectable on the up-
per sections of the assembled viruses for nonvertical
TMV1cys. In both cases, however, TEM images indicate

Figure 3. (a) TEM image of a vertical TMV1cys/Ni/Si nanowire after 45 min of silicon PVD, including EDS profiles of nickel
and silicon. (b) HRTEM image of circled area in (a). (c) FFT image of silicon layer and (d) nonvertical TMV1cys/Ni/Si nano-

wires after 45 min of silicon PVD.
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Figure 4. Cyclic performance of the 3-D TMV1cys/Ni/Si anode at (a) 1C, (b) 2C, (c) 4C, and (d) charge—discharge profiles with differential
capacity curves at 1C (1C = 2000 mA/qg) after being annealed at 350 °C for 1 h in argon atmosphere. The capacity calculation is based on

the weight of the active material, silicon.

that for every silicon nanowire there is a nickel core
that directly connects it to the stainless steel disk cur-
rent collector. This novel 3-D nanoarchitecture allows
the coated silicon shell to maintain a direct electrical
connection along the entire length of the virus-
templated nanowire.

Anodes sputter coated for 45 min were assembled
in coin cells against a lithium foil and tested for their cy-
clic ability at room temperature (~25 °C). The silicon
loading on each electrode is approximately 50 ng. Fig-
ure 4 shows capacity retention of a silicon anode
charged and discharged between 0 and 1.5 V at spe-
cific C rates (tests were terminated upon reaching a ca-
pacity of less than 1000 mAh/g). These graphs plot the
anode charge capacities as well as its Coulombic effi-
ciency, defined as the ratio of the charge to discharge
capacities. The Coulombic efficiencies approach 100%
after 5 to 6 cycles for all C rates. As indicated in Figure
4, the average fading rate is 0.20% per cycle for 1C,
0.46% per cycle for 2C, and 0.50% per cycle for 4C. The
discharge capacity during the second cycle is 3343
mAh/g at 1C, 2251 mAh/g at 2C, and 1656 mAh/g at
4C. Compared to previously reported values for silicon
and carbon/silicon nanowires,*'° the TMV1cys-
enabled silicon anode presented here combines high
capacity (up to 3343 mAh/g at 1C), low fading rate (as
low as 0.20% per cycle at 1C), and excellent
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charge—discharge ability (1656 mAh/g at 4C) for a
large number of operating cycles. As discussed previ-
ously, this remarkable cyclic ability can be attributed to
the unique multilayer nanostructure of the anode,
specifically the highly conductive nickel layer encased
by nanolayer coatings of silicon for direct current collec-
tion. In addition to the core—shell structure, the very
thin layer (40 nm) of amorphous silicon also contrib-
uted greatly to the charge/discharge cycling stability.
Graetz et al. reported that amorphous silicon nanofilms
were much more robust compared to nanocrystalline
silicon films during electrochemical cycling.?® This
core—shell structure allows charging at higher C rates
with a higher capacity and stability than previously re-
ported silicon nanowires that have a similar structure
but require a low C rate charging (0.2C) to achieve a
high capacity.*” For the TMV1cys-structured silicon
anode presented here, it takes about 340 cycles at 1C,
120 cycles at 2C, and 75 cycles at 4C to reach the capac-
ity retention of 1000 mAh/g.

The first and second charge—discharge profiles of a
TMV1cys-enabled silicon anode at 1C are shown in Fig-
ure 4d, along with the differential capacity curves. The
irreversible capacity in the first cycle is around 40%. On
the basis of the EDS spectrum, the atomic ratio of sili-
con, nickel, and oxygen is 44:27:29. The oxygen is in-
duced during the nickel electroless deposition and

’
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Figure 5. Occurrence of a sponge-like silicon morphology upon cy-
cling. SEM images of TMV1cys/Ni/Si electrodes after 35 (a) and 75 (b)
cycles at 1C. (c) TEM image with EDS spectra for nickel and silicon after
75 cycles at 1C. (d) HRTEM image of silicon after 75 cycles. (e) FFT im-
age of silicon after 75 cycles.

sample transportation. Most oxygen exists in the forms
of SiO,, which can react with lithium (SiO, + 2xLi = Si +
xLi,O). This reaction is partially reversible, and the re-
versibility depends on the x value.?®?” Thus, the combi-
nation of SiO, reduction and SEI formation in the first

A@%\TA!NK) VOL. 4 = NO.9 = CHEN ET AL.

discharge accounts for the irreversible capacity.?® 32

The bare TMV1cys does not react with lithium in elec-
trolyte in the potential range from 0.0 to 1.5V, as con-
firmed by a control experiment using the uncoated
TMV1cys as a working electrode and lithium film as a
counter electrode (data not shown). The differential ca-
pacity curves of the TMV1cys/Ni/Si anode in Figure 4d
showed a typical amorphous silicon charge—discharge
behavior.>*3* Peaks between 0.4 and 0.6 V in the first
discharge process contribute to the side reaction re-
lated to SEI film formation and disappear in the sec-
ond discharge process. Two peaks at ~0.23 and ~0.1
V during discharge and two peaks at ~0.3 and ~0.45 V
during charge in Figure 4d are consistent with reported
differential capacity curves of thin amorphous silicon
layers.3*3>

The silicon anode structure after 35 and 75 cycles
at 1C rate was examined to investigate degradation
mechanisms on the virus-structured nanowires. Prior
to disassembling the coin cell, a constant voltage of 1.5
V was applied on the silicon electrodes for a period of
48 h to completely extract lithium from the silicon.
Shown in Figure 5 are SEM images after 35 (a) and 75
(b) cycles of operation. A porous sponge-like silicon
structure developed during repeated lithium insertions
and extractions, as evidenced by the SEM images before
cycling (Figure 2b), after 35 cycles (Figure 5a), and after
75 cycles (Figure 5b). This observation suggested that
the volume of silicon gradually increased during the
charge/discharge cycles. The delithiated silicon layer ex-
panded from 38 nm (Figure 3a) to 150 nm (Figure 5c)
in thickness after 75 charge/discharge cycles. Previous
reports indicate that silicon volume expands ~3-fold af-
ter full lithiation at room temperature.®® The volume of
the delithiated porous sponge-like silicon layer on the
virus-enabled anode was still 3—4 times greater than
the volume of the silicon layer prior to lithiation (Fig-
ures 5c and 3a). This observation suggests that once the
volume of the sponge-like silicon layer has expanded
it is not reversible, which greatly enhanced the cycling
stability of TMV1cys/Ni/Si anodes. As demonstrated in
Figure 5c¢, after expansion, silicon shell coatings remain
connected to the conductive nickel core. The mechani-
cal integrity between silicon, nickel, and the surface-
mounted virus proved to be highly resistant to the
stresses associated with silicon expansion. Therefore,
the increased silicon volume combined with the me-
chanical integrity of the TMV1cys/Ni/Si surface likely ac-
counts for the observed cycling stability of this anode.
The HRTEM image in Figure 5d and the FFT image in
Figure 5e demonstrate that the silicon still remains
amorphous after 75 charge/discharge cycles. The fiber-
like structure in Figure 5¢,d is most likely induced by the
different density of the porous silicon.

The expanded volume of the sponge-like silicon
layer is expected to increase the available surface area
and enhance the electrochemical reactions. To examine

www.acsnano.org
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Figure 6. Impedance investigations after the 12th, 19th,
and 88th discharge to 0.0 V followed by 2.0 h of rest in an
open-circuit potential. The depressed semicircle in the high-
frequency region is attributed to the overlap between the
SEl impedance and charge transfer impedance.

the effects of the sponge-like silicon layer on the elec-
trochemical performance, the charge/discharge kinetics
of the anode were analyzed using electrochemical im-
pedance spectroscopy. Figure 6 shows the impedance
of TMV1cys/Ni/Si anodes at the 12th, 19th, and 88th
cycles. All of the impedance spectra have similar fea-
tures: a medium-to-high frequency depressed semi-
circle and an inclined low-frequency line, a behavior
that is in good agreement with previously reported im-
pedance spectra for silicon nanowires.” The inclined
line in the low-frequency region represents the lithium
diffusion impedance,®” while the depressed semicircle
is attributed to the overlap between the SEI film and the
interfacial charge transfer impedance.” Impedance
studies revealed that the total SEl and charge transfer
resistances slightly increase at first and then decrease
after the 19th cycle. SEM images of the TMV1cys/Ni/Si
anodes demonstrated that the sponge-like silicon struc-
tures were formed by the 35th cycle and were fully de-
veloped by the 75th cycle. These findings suggest that
the observed sponge-like silicon layer is responsible for
the enhanced reaction kinetics.

In most cases when silicon nanowires have been
used as anode materials, silicon stability and improve-
ments in cycling stability are achieved by using higher
discharge (lithiation) cutoff voltages of 10 to 150 mV>~?
as a means to avoid the inhomogeneous and detrimen-
tal volume changes that occur between amorphous
and crystalline silicon at ~60 mV.?® In this work,
TMV1cys-structured anodes were cycled between 0.0
and 1.5 V without significantly compromising the stabil-
ity of the silicon anode. The high capacity obtained
from this anode, even at a 0.0 V cutoff limit, is an indi-
cation of the robustness of the synthesized virus-based
materials.

www.acsnano.org

In summary, the TMV1cys-enabled silicon anode re-
ported here has a novel 3-D nanostructure. The macro-
molecular structure of the TMV1cys functions as a nano-
scale scaffold for the assembly of a nickel conducting
core that provides the support for the deposition of the
silicon-sputtered anode material as well as a highly con-
ductive matrix connecting the surface of the nano-
wires to the steel current collector. After more than
340 cycles between 0.0 and 1.5V at 1C, more than 1100
mAh/g capacity remained. Interestingly, a sponge-like
silicon structure formed after repeated charge/
discharge cycles enhances both reaction kinetics and
anode stability. These results, combined with the sim-
plicity of the TMV1cys self-assembly and patterning
process (neutral pH, room temperature), represent a
new strategy for the development of inexpensive and
versatile synthesis techniques for energy-storage
applications.
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