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ABSTRACT We report the synthesis and electrochemical activity of gold and silver noble metals and their alloy nanowires using
multiple virus clones as anode materials for lithium ion batteries. Using two clones, one for specificity (p8#9 virus) and one versatility
(E4 virus), noble metal nanowires of high-aspect ratio with diameters below 50 nm were successfully synthesized with control over
particle sizes, morphologies, and compositions. The biologically derived noble metal alloy nanowires showed electrochemical activities
toward lithium even when the electrodes were prepared from bulk powder forms. The improvement in capacity retention was
accomplished by alloy formation and surface stabilization. Although the cost of noble metals renders them a less ideal choice for
lithium ion batteries, these noble metal/alloy nanowires serve as great model systems to study electrochemically induced transformation
at the nanoscale. Given the demonstration of the electrochemical activity of noble metal alloy nanowires with various compositions,
the M13 biological toolkit extended its utility for the study on the basic electrochemical property of materials.
KEYWORDS M13 virus, biomineralization, alloy nanowire, energy storage, transformation at the nanoscale

T

he amount of energy stored in the lithium ion
battery clearly depends on the cell’s output potential and capacity, which are determined by the
thermodynamics and chemistry of the system.1 To minimize the reduction of cell voltage and thereby maximize
the energy density, anode materials with very negative
potential and high capacity have been searched for and
studied. Metals or intermetallic compounds that can be
alloyed with lithium are promising candidates due to the
high theoretical capacity.2,3 Major challenges in these
materials lie in the mechanical stress related to large
volume changes and structural changes accompanied by
lithium uptake and release. This mechanical stress results
in pulverization and rapid capacity fading,4 which render
these materials not very practical for prolonged usage.
Among those materials capable of alloying with lithium,
silver (Ag) and gold (Au) react with lithium at low voltage.5
Ag and Au form several alloy phases with lithium and can
alloy with a very high percentage of Li (up to AgLi9 and
Au4Li15). However, little is known about the electrochemical response of Ag and Au with lithium. The available
reports are mostly limited to thin film materials.5-8 When
test electrodes were prepared by a normal fabrication
process from powder, the capacity of Ag electrodes
rapidly decays below 100 mAh/g within 10 cycles.2

Although a thin film material can mitigate the stressrelated problems, the total energy stored in a thin film
battery is not high enough for practical application due
to the limited amount of materials in the thin film.
There is already prevailing evidence that nanostructured
materials can improve the electrochemical properties of
electrode materials compared to the bulk counterparts. Onedimensionally structured nanomaterials such as SnO29 and
Si4 have shown improved performance as anodes for lithium
ion batteries. In addition to excellent surface activity provided by the high surface-to-volume ratio, nanowires with
small diameter can relieve mechanical stress associated with
the large volume change upon lithiation, as well as reduce
the distance over which Li needs to diffuse.
The inherent structural characteristic of the M13 virus
makes this biological building block an excellent template
for the synthesis of various functional nanowires with small
diameter. The wild type filamentous M13 virus has a high
aspect ratio with approximately a 6.5 nm diameter and an
880 nm length.10 Roughly 2700 copies of p8 coat protein
self-assemble into the capsid of the wild-type virus, resulting
in 5-fold symmetry along the length of virus. Computational
simulation of M13 virus shows that the closest distance of
p8 protein neighbors is around 3 nm.11 In addition to these
structural advantages, the functionality of subunit proteins
of the M13 virus can be altered through genetic engineering.
Previously, the virus has been engineered to display peptides
that have affinity to specific target materials and used
to bind, organize, and further nucleate those specific
materials.11-13 For example, a gold-binding virus was se-
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lected through an evolutionary screening process called
biopanning. The M13 virus with a gold-binding peptide motif
(VSGSSPDS) on the p8 major coat protein was named p8#9
and used for assembling gold nanoparticles.12 In addition
to the biomolecular recognition of specific materials identified through biopanning, the surface functionality of M13
virus can be modified independently through genetic engineering. The E4 virus is a modified M13 virus that has
tetraglutamate (EEEE) fused to the amino terminus of each
copy of the p8 major coat protein. Due to the presence of
extra carboxylic acid groups compared with wild type M13
virus (M13KE), the E4 virus exhibited increased ionic interactions with cations and can serve as a template for materials growth. With this E4 virus, materials specificity was
diminished, but versatility was enhanced. Our group reported successful nanowire synthesis of several functional
materials such as Co3O4,14 amorphous FePO4,15 and single
crystalline Ag nanowires16 on the E4 templates. Here, we
report the facile synthesis and improved electrochemical
activity of noble metal and metal alloy nanowires using
multiple virus clones for lithium ion battery anode materials.
In this work, we have synthesized nanowires of pure Ag
and Au noble metals and their alloys with control over
diameter, morphology, and composition using two independent M13 clones, one each for specificity (p8#9) and versatility (E4). The virus-enabled synthesis of noble metal nanowires was remarkably facile resulting in high-yield compared
to the traditional methods for making noble metal nanomaterials.17 Synthesis of pure Ag nanowires was demonstrated
in our previous work with E4 virus using spontaneous
photoreduction.16 The spontaneous reduction produced
straight single crystalline nanowires along the length of the
virus, but the product yield was not high enough for practical
application in bulk devices such as battery electrodes. The
clone we used was termed E4. However, upon repeated
rounds of amplification and followed by sequencing, the
population of virus was determined to consist of mixture of
three glutamate and four glutamate residues, so it is termed
E3/E4. To increase Ag nanowire yield, a reducing agent,
sodium borohydride (NaBH4), was introduced. As seen in the
transmission electron microscopy (TEM) image shown in
Figure 1A, wavy polycrystalline Ag nanowires with rough
surfaces were generated with the reduction with NaBH4. The
nanowire size was estimated to be 15 nm in diameter. The
different morphology could be associated with the increased
nucleation sites from the NaBH4 reduction, in contrast to the
limited nucleation and specific growth on the seeds already
formed in a self-catalyzed spontaneous reduction. The electrochemical properties of viral Ag nanowires were tested in
the voltage window of 0-2.0 V against lithium foil in Figure
1C, which shows the first two discharge/charge curves. The
viral Ag nanowires show pseudoplateaus at 0.08 and 0.02
V during the lithiation process while the removal of lithium
from the alloy occurred in two steps at 0.14 and 0.3 V, which
is in fairly good agreement with the previously reported
© 2010 American Chemical Society

FIGURE 1. Characterization of surfactant-free pure Ag and pure Au
viral nanowires. (A,B) TEM images of (A) Ag nanowires on E4/E3 virus
and (B) Au nanowires on p8#9 virus; (C,D) First two discharge/charge
curves tested between 0 and 2.0 V. (C) Ag nanowires on E4/E3 virus.
Active material loading was 4.28 mg/cm2. (D) Au nanowires on p8#9
virus. Active material loading was 5.55 mg/cm2.

values.6,7 The plateaus in the potential profile stem from the
two-phase coexistence regions in the phase diagrams. For
a two-component system such as Ag-Li and Au-Li, Gibbs
phase Rule determines the degree of freedom in a two-phase
equilibrium regime as zero that renders the electrode potential independent of composition. While in principle all
two-phase regions in the binary phase diagram should
appear as plateaus,18 only two alloy phases have been
reported to occur reversibly in the reaction with lithium.6
One unknown phase (designated as phase I)6 appeared
during the first lithiation, however, this phase was still
present at the end of the dealloying process and hence is
considered irreversible. Unknown phase II6 was related to
the plateaus at 0.08 V (alloying) and at 0.3 V (dealloying) and
the AgLi β phase was associated with the 0.02 V (alloying)
and 0.14 V (dealloying) plateaus.6 In Figure 1C, a large
irreversible capacity from 0.7 V down to the first alloying
plateau appeared during the first discharge. The irreversible
capacity in this voltage range was partly attributed to the
formation of solid electrolyte interface (SEI) formation on
the electrode surface with the decomposition of elec2434
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trolyte.19-22 The irreversible capacity also arises from the
Super P carbon in the electrode. The irreversible capacity
from Super Pcarbon was previously reported as ∼600 mAh/
g.23 This capacity from Super P carbon was very irreversible
and negligible in the following cycles. The viral silver nanowires delivered 534 mAh/g discharge capacity in the second
cycle, which corresponds to the alloy composition of AgLi2.15.
For the synthesis of pure Au nanowires, the p8#9 virus
was selected for having a peptide motif expressed on the
major coat protein with specific affinity to both gold ions and
gold.12 The specific gold binding sites on p8#9 not only
attract the gold ions in the solution but also initiate the
nucleation of spherical Au nanoparticles on the virus, so the
final product was a collection of 5-7 nm Au nanoparticles
along the M13 virus, rather than continuous nanowires.
Therefore, we were not able to address the specific properties of Au with high aspect ratio from the previous method.
To exploit the unique property of one-dimensional Au
nanowires, the following criteria are required: homogeneous
nanowires without small particles, uniform diameter along
the length, and high nanowire yield from precursors. A
stepwise reduction of Au3+ ions from the first partial reduction during the incubation for templating to the final reduction of Au+ ions with mild reducing agent (ascorbic acid)
resulted in Au nanowires with increasing the yield of continuous nanowires while decreasing the amount of extraneous free nanoparticles. Au3+ ions were introduced to the
dilute aqueous p8#9 virus solution and the resultant mixture
was incubated for half hour. During the incubation, the p8#9
virus attracts Au3+ ions in the solution and also partially
reduces Au3+ ions to Au+ simultaneously. The growth of Au
nanowires was completed by the addition of reducing agent
at an elevated temperature to get continuous nanowire
structures. In Figure 1B, pure Au nanowires with diameter
around 40 nm demonstrated rough surfaces, which can be
smoothened either by the addition of silver ions and surfactants as will be described later.
The electrochemical response of viral Au nanowires with
lithium was examined in the voltage range of 0-2.0 V
(measured against metallic Li) (Figure 1D). Well-defined
plateaus were observed at 0.2 and 0.1 V during alloying with
lithium and at 0.2 and 0.45 V during the dealloying process.
These values are in good agreement with the limited number
of reported values.3,5,8 A large irreversible capacity was also
observed between 0.7 and 0.2 V. The specific discharge
capacity was 501 mAh/g at the second cycle, which corresponds to the alloy composition of AuLi3.69.
To investigate the effect of noble metal alloying on the
lithiation behavior, Au-Ag alloy nanowires with controlled
composition were produced on p8#9. Because of the Auspecificity in the p8#9 virus, preparation of Au-Ag alloy
nanowires with homogeneous composition without any
segregation of single atom was done without difficulty.
However, the addition of Ag atoms not only increased the
Ag contents in the alloy nanowires but also reduced the
© 2010 American Chemical Society

FIGURE 2. Structural characterization of CTAB-stabilized AuxAg1-x
alloy nanowires on p8#9 virus. (A) SEM images of Au0.67Ag0.33
nanowires (B) TEM-EDX line scanning exhibits the presence of two
elements Au and Ag in the template nanowires.

roughness of the nanowires by reducing the branched
structures observed in pure viral Au nanowires. To create a
well-developed surface regardless of the Ag contents in the
alloy nanowires, cetyl trimethylammonium bromide (CTAB),
a water-soluble and M13 compatible surfactant molecule,
was introduced. In this surfactant-mediated biomineralization of Au-Ag alloy nanowires, higher concentration of p8#9
was introduced to the CTAB solution resulting in surfactantcoated p8#9. Because of the strong specific interaction
between Au3+ ions and p8#9, Au3+ ions penetrated the
surfactant layer and successfully templated through the
extended incubation time up to three hours. As in the
synthesis of pure Au nanowires, the partial reduction of
yellow Au3+ ions to colorless Au+ ions occurred during the
incubation, and the formation of alloy nanowires was completed by the addition of ascorbic acid and silver ions
sequentially.
In Figure 2A, a porous network of smooth and uniform
nanowires is visualized using scanning electron microscopy
(SEM). A TEM-energy dispersive X-ray spectroscopy (TEMEDX) line scan in Figure 2B clearly verified the formation of
AuxAg1-x alloy, and quantitative EDX analysis determined the
Au/Ag ratio as 2:1 for the nanowires in this image. This
composition was also confirmed by inductively coupled
plasma optical emission spectroscopy (ICP-OES) after two
days of digestion in aqua regia. EDX point analysis of the
same nanowires confirmed that the nanowires have uniform
homogeneous composition. On the other hand, the nanowires grown on the wild-type M13 virus showed nonuniform
2435
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FIGURE 3. Characterization CTAB-stabilized AuxAg1-x alloy nanowires on p8#9 virus. (A,B) Au0.9Ag0.1nanowires. (A) TEM images. (B) First two
discharge/charge curves tested between 0 and 2.0 V with active material loading 5.11 mg/cm2. (C,D) Au0.67Ag0.33 nanowires. (C) TEM images.
(D) First two discharge/charge curves tested between 0 and 2.0 V with active material loading 4.47 mg/cm2. (E,F) Au0.5Ag0.5 nanowires. (E)
TEM images. (F) First two discharge/charge curves tested between 0 and 2.0 V with active material loading 3.89 mg/cm2.

composition along the virus even though the average composition was the same as the nanowires grown on the p8#9
virus. TEM images in Figure 3A,C,E also showed homogeneous nanowires of uniform diameter without the side
product. Compared with the nanowires with free surfaces
shown in Figure 1, the nanowires prepared from the surfactant-mediated method have the advantage of having more
uniform diameter and reduced aggregation between nanowires. We assume that these morphological changes are
related to the addition of CTAB surfactant, which serves as
a surface stabilizer reducing surface energies, and thus can
enhance the uniformity of surface morphology.
To explore how the degree of alloying (composition)
affects the lithiation process, alloy nanowires with three
different compositions were prepared and tested in a Li cell,
Au0.5Ag0.5, Au0.67Ag0.33, and Au0.9Ag0.1. Compositions were
determined from quantitative TEM-EDX analysis and ICPOES. The diameters of the nanowires are 25 nm for
© 2010 American Chemical Society

Au0.5Ag0.5, 20 nm for Au0.67Ag0.33, and 30 nm for Au0.9Ag0.1
(Figure 3A,C,E). The galvanostatic response of the AuxAg1-x
alloy nanowires did not show discrete plateaus but gradual
changes in potential from 0.2 to 0 V during discharge, and
from 0 to 0.5 V during charge, indicative of a single-phase
evolution. (Figure 3B,D,F). However, as the Au composition
increases close to 1, the potential profile starts to resemble
that of pure Au.
To find out the alloy phases that form in the electrochemical lithiation process, XRD patterns were obtained at different stages of Li-alloying for pure Au and Au0.5Ag0.5 nanowires
(Figure 4). Since the potential profile of Au with Li is strikingly
similar to the one for Ag-Li (except for the absolute values
of the plateau potentials), and Au and Ag have the same
crystal structure, we consider that similar alloy structures
may form, including phase II and the β phase (AuLi, in this
case) during the lithiation process. The B2-structured β phase
is common to both the Au-Li and Ag-Li phase diagram. In
2436
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FIGURE 5. Electrochemical properties of AuxAg1-x alloy nanowires
with composition (x ) 1, 0.9, 0.67, 0.5, and 0) tested between 0
and 2.0 V. (A) Second discharge curves, (B) second charge curves,
and (C) capacity retention for 10 cycles.

varying site energies for lithium resulting in a changing
potential as lithiation proceeds. Hence, such a “disordered” system acts as a single phase when lithiated with
no discrete phase transitions. However, even the formation of two phases upon lithiation does not necessarily
imply that the potential should be constant. If Au and Ag
are mobile enough to partition between the two phases,
the system can be considered a ternary with respect to
the Gibbs phase Rule and coexistence of two phases (host
AuxAg1-x and ternary alloys of Au-Ag-Li) leaves one
degree of freedom (Gibbs phase Rule at constant temperature and pressure, F ) C - P ) 3 - 2 ) 1). Therefore
the potential can be dependent on the Li content. Note
that this argument becomes invalid if the kinetics of Au
and Ag is so slow that they would not be able to redistribute. In that case, no equilibrium condition can be
applied for the Au and Ag distribution and the system will
act as a pseudo binary.
As the Au content increases in AuxAg1-x alloys, the discharge/charge potentials increase. The discharge/charge
potentials were clearly dependent on the composition. Since
the potential is determined by thermodynamics, the activity
of Li in the materials could be changed in the homogeneous
alloy structure having values dependent on the composition.
The first discharge capacity of all the alloys were all similar
with values 900-965 mAh/g, but because of the high first
cycle irreversible capacity, the second discharge capacities
dropped to 440-534 mAh/g depending on the alloy composition. For most Ag and Au thin film anodes, the discharge
capacity was previously reported as 500-600 mAh/g at the
first cycle and decreased to 100-200 mAh/g in 10 cycles.8,24
The best reported Ag thin film maintained 520 mAh/g for
10 cycles.6,7 When a Ag electrode was prepared from bulk

FIGURE 4. XRD evolution patterns at different stages of alloying
process. Stage #1 and #2 are denoted in Figure 1D and Figure 3F.
(A) Pure Au nanowires and (B) Au0.5Ag0.5 nanowires.

Figure 4A, Au and ordered Au3Li R1 phases were identified
at stage #1 of the 0.2 V discharge plateau. (Refer to Figure
1D for the position of stage #1 and #2.) At stage #2 of the
0.1 V plateau, peak intensities from Au3Li R1 phase were
increased while the intensity of peaks from Au was decreased. No obvious formation of AuLi β phase was observed. For the Au0.5Ag0.5 alloy nanowires, only a single peak
can be observed at stage #1 indicating that lithium was
incorporated into a single phase of Au0.5Ag0.5. (Refer to
Figure 3F for the position of stage #1 and #2.) The peaks at
stage #2 were indexed as an Au3Li-like R1 phase with a small
amount of the initial-Au0.5Ag0.5-like phase. Since the
(Au0.5Ag0.5)3Li R1 phase has not been previously reported,
further chemical composition analysis is required to identify
the exact phase.
The electrochemical responses of AuxAg1-x alloy nanowires for different x are compared in Figure 5. This comparison clearly shows that while Ag and Au react with significant
voltage plateaus, the alloys present gradual changes in the
potential profile with lithiation. In particular the Au0.5Ag0.5
material shows pseudosingle phase behavior with lithium.
The single-phase like potential profile can arise for several
reasons. If Ag and Au cannot separate on the time-scale
of the lithiation, the starting material essentially acts like
a single component material with substantial disorder.
The substitutional disorder of Au and Ag creates locally
© 2010 American Chemical Society
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powder forms, the discharge capacity faded rapidly and
dropped below 50 mAh/g in 10 cycles.2 In Figure 5C, the
capacity retention of the viral pure Ag, Au, and alloy nanowires for 10 cycles is shown. While the pure, surfactant-free
Au and Ag nanowires show rapid capacity fading, the alloys
display improved capacity retention. There have been several reports that some alloys that make an active/inactive
composite structure with lithium can improve cycling performance due to the buffering effect of the inactive component.25 Other alloys that have components both active with
lithium displayed stable capacity retention when the components make intermetallic compounds that have little/
moderate volume changes when alloyed with lithium.2 Since
both Au and Ag are able to alloy with lithium and their alloys
have the same structure as Au and Ag, the improvement in
our Au-Ag alloy system cannot be explained with the
reasons listed above. Instead, we speculate that the improvement of capacity retention in our alloy system is associated
with CTAB surface stabilization and/or the pseudosingle
phase behavior in potential profiles. To demonstrate how the
surface stabilization and alloy formation affect the electrochemical performance of noble metal alloys, Au0.9Ag0.1 and
Au0.5Ag0.5 nanowires were synthesized without CTAB surfactants. We excluded the contribution of CTAB to the
capacity because the content of remaining CTAB after ethanol washing was determined to be only 2 wt % from
thermogravimetric analysis (TGA) results, and the electrochemical response of CTAB with lithium in the testing
voltage window (Supporting Information, Figure S2) was
negligible. In Figure 6A, surfactant-free Au0.9Ag0.1 nanowires
with an average 35 nm in diameter having rough surface
were templated on the virus. The electrochemical responses
in the first three galvanostatic cycles from the two nanowires
with different surfaces were almost identical with slightly
different specific capacities (Supporting Information, Figure
S1A). However, as shown in Figure 6B, capacity retention
for 10 cycles shows a clear difference. The specific capacity
of surfactant-free nanowires decreased rapidly within 10
cycles, while that of nanowires with CTAB-stabilized surface
showed rather moderate fading. For the nanowires with
CTAB-stabilized surface, particle-coalescence upon cycling
could be suppressed due to the presence of the surfaceadsorbed CTAB. More importantly, nanowires grown without CTAB are more branched and thus could experience
more homogenizing force by Oswald ripening, which leads
to poor cycling performance. One might argue that the
different number of virus templates is the reason for better
cycling performance for the CTAB-stabilized alloys, since the
virus-to-metal ratio is higher (about 5 times) for CTABstabilized alloys than for surfactant-free ones (Supporting
Information). When surfactant-free nanowires with the [virus]/
[metal] ratios as high as CTAB-stabilized ones were synthesized and tested, there was no significant change in the
cycling performance thereby ruling out the possible template
effect in the experimental condition used here (Supporting
© 2010 American Chemical Society

FIGURE 6. Effect of surface stabilization and alloy formation on
the capacity retention. Comparison of nanowires with same
compositions but different surfaces (surfactant-free vs CTAB
stabilized). (A,B) Au0.9Ag0.1nanowires with (A) morphology (TEM
images) and (B) capacity retention for 10 cycles. (C,D) Au0.5Ag0.5
nanowires with (C) morphology (TEM images) and (D) capacity
retention for 10 cycles.

Information). Although CTAB stabilization can improve cycling performances, there can be another explanation for the
better capacity retention for the AuxAg1-x alloy nanowires.
Strain in a material depends not on the overall volume
change of the lithiation reaction but on the inhomogeneity
of that volume change. Two-phase reactions are inherently
inhomogeneous with a reaction front separating both phases.
Similarly, poor diffusion kinetics can lead to concentration
2438
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TABLE 1. Summary of Second and Tenth Discharge Capacities
for Various Viral Nanowires Tested
materials

surfactant-free

CTAB- stabilized

engineered for specificity (p8#9 virus) and versatility (E4/
E3 virus) served as a template for the synthesis of noble
metal nanowires with diameters below 50 nm. The inherent
structural characteristic of the M13 virus enabled the synthesis of high aspect ratio nanowires. With the synergetic
combination of biological building blocks and synthetic
chemistry, this facile and high-yield synthesis conferred
controls over particle size, morphology, and compositions.
The biologically derived noble metal and alloy nanowires
with diameter below 50 nm showed electrochemical activities toward lithium comparable to thin film electrodes.
Improvement in capacity retention was achieved by tailoring
particle size, alloy formation, and surface stabilization.
Because Au and Ag react poorly with lithium at the micrometer scale, fundamental study on their electrochemical behavior has been limited so far. Although these materials are
not as cost-effective as existing anode materials, these
nanowires serve as a model system in identifying important
parameters that can induce stable electrochemical transformation at the nanoscale. This study elucidated the importance of surface characteristics and reaction/phase homogeneity in maintaining structural stability and electrochemical
performances at the nanoscale. The principles found in this
model system can be applied to improve structural stability
of other technologically important alloy material systems.
With advantages of facile and environmentally benign synthesis, M13 biological platform proved itself as a useful
toolkit for the study on the basic electrochemical property
of materials.

capacities (mAh/g)

composition

size
(diameter)

second
cycle

tenth
cycle

Au
Au0.9Ag0.1
Au0.5Ag0.5
Ag
Au0.9Ag0.1
Au0.67Ag0.33
Au0.5Ag0.5

40 nm
35 nm
30 nm
15 nm
30 nm
20 nm
25 nm

502
471
411
534
439
459
499

146
122
330
280
340
437
415

gradients and hence inhomogeneous volume change. These
inhomogeneities caused by direct lithium gradients in twophase coexistence are believed to be one of the reasons for
poor capacity retention.26 In terms of reaction homogeneity,
the pseudosingle phase behavior in the potential profile for
AuxAg1-x alloys can therefore be beneficial. However, it is
difficult to tell in this study if both homogeneity and surface
stabilization are relevant or if only one of them is relevant
for the better cycling performance. To clearly check the
importance of surface stabilization and reaction homogeneity, surfactant-free Au0.5Ag0.5 alloy nanowires were also
investigated. The potential profiles of the two Au0.5Ag0.5 alloy
nanowires with different surfaces were almost identical but
the surfactant-free one displayed lower specific capacity
(Supporting Information, Figure S1B). Contrary to the goldrich Au0.9Ag0.1 alloy, the capacity retention for 10 cycles was
similar for both CTAB-stabilized and surfactant-free nanowires for Au0.5Ag0.5 alloy (Figure 6D). The specific capacity was
moderately stable for 10 cycles for both nanowires. This
result implies that the capacity retention can be improved
by forming alloys with composition close to Au/Ag ) 1:1
even without surface stabilization. However, for an Au0.9Ag0.1
alloy that is less alloyed and more close to pure Au, surface
characteristics dominate capacity retention. Reducing the
material dimension proved to be effective in decreasing
mechanical stress, however, other factors such as homogeneity and surface stabilization appeared more influencing
for the nanowires with diameter below 50 nm in this study
based on capacity retention of pure Ag nanowires. Surfactant-free pure Ag nanowires with rough surface showed poor
cycling performance even with the smallest particle size
among the tested nanowires (15-20 nm). To numerically
show the importance of surface stabilization and alloy
formation, the second and tenth discharge capacities and
diameters for various viral nanowires tested are summarized
in Table 1. Although the alloy nanowires with diameters
below 30 nm showed moderate improvement in cycling
performance up to 10 cycles, all alloy nanowires eventually
failed to maintain stable capacity when tested up to 20
cycles. Further designing alloy nanostructures on the virus
template to suppress coalescence is under investigation for
better cycling performance.
Biological systems offer capabilities for environmentally
benign materials synthesis. The two M13 viruses, genetically
© 2010 American Chemical Society
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