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The fabrication and spatial positioning of electrodes are becoming
central issues in battery technology because of emerging needs for
small scale power sources, including those embedded in flexible
substrates and textiles. More generally, novel electrode position-
ing methods could enable the use of nanostructured electrodes
and multidimensional architectures in new battery designs having
improved electrochemical performance. Here, we demonstrate the
synergistic use of biological and nonbiological assembly methods
for fabricating and positioning small battery components that may
enable high performance microbatteries with complex architec-
tures. A self-assembled layer of virus-templated cobalt oxide
nanowires serving as the active anode material in the battery
anode was formed on top of microscale islands of polyelectrolyte
multilayers serving as the battery electrolyte, and this assembly
was stamped onto platinum microband current collectors. The
resulting electrode arrays exhibit full electrochemical functionality.
This versatile approach for fabricating and positioning electrodes
may provide greater flexibility for implementing advanced battery
designs such as those with interdigitated microelectrodes or 3D
architectures.
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Biological systems have developed unique abilities to grow
and assemble nanostructures with an impressive degree of
control, as is evident in biomineralization (1). Increased knowl-
edge about the interface between biological molecules and
inorganic materials has led to novel approaches in the design and
fabrication of man-made devices (2-5). A variety of biomol-
ecules including DNA (6, 7), peptides (8), and proteins have been
functionalized, assembled into nanostructures, and implemented
in electronic devices such as transistors, biosensors, memory
devices, and battery electrodes. In our previous work, we have
shown that the genetically engineered M13 virus serves as a
model system to understand the interaction between peptides
and inorganic materials (9) and can be used as a programmable
molecular building block to template inorganic materials growth
(10) and achieve self-assembly (11, 12). The filamentous M13
virus is ~6.5 nm in diameter and 880 nm in length, with a
genetically modifiable outer protein coat composed of 2,700
identical protein subunits (13). This makes the M13 virus a
versatile toolkit for designing materials “from DNA sequences
to functional devices.” In addition, M13 libraries have been used
extensively for biomolecules selection in biotechnology (13) and
the M13 viruses have well established genetic modification
protocols, and has had much of its structure (14) and biophysics
unveiled (15, 16).

Biological approaches for electronic device fabrication are no
longer in the early proof-of-concept stage but are now beginning
to reveal new ways for improving device performance. For
example, we recently reported that M13 viruses can be used in
electrode fabrication to improve the storage characteristics and
rate capability of a lithium ion battery (5). Through the addition
of a small set of nucleotides into the viral DNA, specific
functional groups with affinity for cobalt ions can be displayed
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on the viral major coat proteins. These engineered viruses were
used to grow nanowires of cobalt oxide, which is representative
of a new class of battery materials with much higher storage
capacity than the carbon-based negative electrodes now used in
lithium—ion batteries. In addition, we have also found that
alternating electrostatic layer-by-layer assembly (LbL) can be
used with the appropriate choice of polyelectrolytes to generate
ultrathin multilayer films with ion transport properties that can
act as solid state electrolytes (17-19). Given that the virus has a
unique ability to self-assemble on top of polyelectrolyte multi-
layers via competitive charge interactions and/or enhanced
polyelectrolyte chain mobility (20), we envisioned the possibility
of using the virus to create a fully self-assembled battery. By
using the toolkits of genetically engineered virus templates for
biomineralization, multilayer assembly methods, and soft lithog-
raphy, we report here the assembly and characterization of a
stamped microbattery.

Despite ongoing research over several decades to improve
battery performance, many challenges remain. From the design
perspective, one of the key limitations is that, using presently
available assembly techniques, less than half of the mass and
volume of the battery is occupied by electrochemically active
materials. This challenge is especially severe for smaller batteries
(21): as battery size is reduced, the active fraction further
diminishes. To increase energy density, and specific energy, it is
highly desirable to reduce the relative amount of inactive sup-
porting materials. The use of nanostructured battery materials
represents another major direction of research in pursuit of
improved performance (22-24). Furthermore, because electron-
ics are becoming increasingly ubiquitous in new form factors
ranging from flexible paper-thin cards to fibers to miniaturized
implantable medical devices, there is a growing yet unmet
demand for high-performance batteries in matching form fac-
tors. Although there has been significant research to integrate
electronic nano devices (25-27), fewer investigations have fo-
cused on how to power these nano devices. Here, we present a
versatile approach for fabricating and positioning small battery
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Fig. 1.  Schematic procedure for constructing virus based microbattery elec-
trodes. The virus-based cobalt oxide nanowires assembled on the polyelectrolyte
multilayer were together stamped onto Pt microband current collectors.

components that may enable high performance microbatteries
with complex architectures (e.g., interdigitated or 3D struc-
tures), and which could potentially be placed on flexible sub-
strates (e.g., fibers or flex circuits). In this study, we combine
biological assembly and microcontact printing technology to
fabricate a hierarchically nanostructured battery anode, which is
then positioned together with polymer-based solid electrolyte
and microband current collectors onto a substrate.

Results and Discussion

The schematic procedure for constructing the microbattery
electrode is shown in Fig. 1. A polydimethylsiloxane (PDMS)

stamp of embossed microcylindrical patterns was fabricated by
thermal-curing the prepolymer over a master pattern of pho-
toresist. Two different cylindrical patterns were used to assess
the versatility of this process: a 4-um-diameter post with 5-um
center-to-center spacing (denoted as stamp pattern I) and an
8-um-diameter post with 20-um spacing (stamp pattern II). On
the PDMS stamp pattern, polyelectrolyte multilayers were de-
posited by electrostatic layer-by-layer assembly techniques (28,
29) and served as the solid electrolyte and battery separator.
Linear-polyethylenimine (LPEI, 25,000 M,) was used as the
polycationic building block and anionic polyacrylic acid (PAA,
90,000 M,) was used as a counter charged polymer. Twelve
bilayers of both LPEI and PA A were alternately deposited at pH
5. The height of the electrostatically deposited polymeric sepa-
rator was 150 nm, as determined by ellipsometry. After polymer
deposition, an M13 virus solution was dropcast onto the (LPEI/
PAA)25/PDMS. Tetraglutamate (EEEE-) was fused to the N
terminus of each copy of the major coat p8 protein of the M13
virus by adding the corresponding nucleotides to gene 8. By
dipping the assembled viruses in cobalt oxide precursor solution,
planar micropatterns of cobalt oxide nanowires corresponding to
the stamped patterns were grown on the polyelectrolyte multi-
layers. These multilayers act as a solid electrolyte and separator
for lithium ion transport (30). The microbattery electrodes
comprising the virus-templated cobalt oxide anodes and solid
polymeric electrolyte were transferred onto four lines of plati-
num microband current collectors (Abtech Scientific) by using
an adaptation of the multilayer transfer method (29). The stamp
pattern I (4-um-diameter cylinders) was transferred onto micro-
bands of 10-um width, 10-pum pitch, and 3-mm length; and stamp
pattern IT (8-um-diameter cylinders) was transferred onto micro-
bands of 20-um width, 20-um pitch, and 3-mm length. During
the pattern transfer, a slight pressure of a few bars was applied
to ensure conformal contact between the PDMS mold and the
line-patterned platinum electrode. For more efficient electron
transfer, the platinum electrode was lightly treated with air
plasma for 20 sec to increase the surface energy and rinsed with
a few drops of water. Successful pattern transfers were achieved
irrespective of the pattern size or the width of the platinum
microbands.

Fig. 24 is an atomic force microscopic (AFM) image of the
microbattery anode and solid electrolyte assembled on a PDMS
stamp before pattern transfer. The stacking order from top to
bottom is cobalt oxide/virus/(LPEI/PAA)/PDMS. The thicker
deposition of polymer layers near the edges of the patterns
observed was presumably from localized solution condensation
during the repeated dipping and washing steps of the layer-by-
layer deposition. 2D assemblies of viruses on top of the poly-

Fig. 2.  Virus-based microbattery electrodes on PDMS stamp. (A) Height-mode AFM images of virus-based microbattery electrode on PDMS stamp (4-um-
diameter cylinders, pattern 1) measured before the transfer to the current collectors. Z range is 2 um. (B) Phase-mode AFM image of virus assembly before cobalt
oxide growth. (C) AFM image of virus based microelectrode after cobalt oxide growth.
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electrolyte multilayers are shown in Fig. 2B. The virus ordering
is a result of a combination of liquid crystalline repulsive
interactions between the viruses and interdiffusion between
LPEI and PAA. The enhanced surface mobility of the polyelec-
trolytes gained from a polymeric interdiffusion process can
augment the surface mobility of electrostatically bound M13
viruses on top of the polyelectrolyte multilayers, eventually
leading to the formation of a 2D liquid crystalline assembly of
viruses (20). Fig. 2C shows the surface morphology after growth
of cobalt oxide nanowires on the virus-assembled monolayer.
Nanoscale cobalt oxide is representative of a promising class of
lithium—ion battery electrodes that have very high reversible
capacity arising from displacement reactions occurring at the
nanoscale (31). This virus-mediated charge interaction assembly
method is capable of achieving high-nanostructure packing
density of the active materials while maintaining the structural
integrity of the assembled nanostructures (5). In contrast, con-
ventional methods for depositing nanoparticles or nanowires on
multilayers typically result in 3D network structures of low
packing density. The 2D structures presented here show promise
for the high-density assembly of nanowires for applications
including microbatteries and other microdevices. Furthermore,
if supplemented by various adsorption and microfluidics tech-
niques, this method could produce oriented, close-packed viral
systems for templating structures in three dimensions.

For electrochemical characterization, micropads of electro-
chemically active anode material and polymer solid electrolyte
were transferred to a platinum line pattern. Fig. 34 shows
microbattery pattern I (without cathode) on the platinum mi-
croband current collectors. This current collector is composed of
four microbands that broaden at one end to accommodate
external electrical contact as shown in Fig. 34 Lower.

The optical image in Fig. 3B clearly shows the arrangement of
the microbatteries. On average, two columns of 4-um-diameter
microbatteries were placed across one platinum line for pattern
I, and one column of 8-um-diameter was placed across one
platinum line for pattern II. In Fig. 3B, the rectangular outline
shows the exposed active areas; the region outside the box is
passivated by a deposition of insulating silicon dioxide. These
microbattery electrodes could also be placed uniformly over a
larger target area. Furthermore, this method is potentially
applicable to the assembly of other devices requiring small-area
charge storage or sensing components. In particular, the addi-
tional stamping of cathodes onto the same substrate as the
anodes could produce batteries with interdigitated electrode
architectures. Closer observation of the microelectrodes (Fig.
3C) by SEM also validates the uniformity of the transferred
microelectrode over a large-length scale. One interesting feature
visible by SEM is the wrinkle formation on the microelectrode.
The wavelength of the wrinkling is =300 nm. We speculate that
the wrinkling is driven by the swelling and evaporation of solvent
in the polyelectrolyte multilayers.

Detailed electrochemical analysis was conducted on the 8-um-
diameter composite anodes and the polyelectrolyte printed from
stamp pattern II onto 20-um-wide 3-mm-long platinum microband
current collectors. As shown in Fig. 34, all four platinum micro-
bands were jointed to a single external copper contact. The
assembled sample was tested against a counterelectrode made of
1-cm? lithium foil (FMC Lithium) mounted on copper foil (20-um
thick, Alfa Aesar). The test cell was assembled with a porous
polymer separator (20-um thick, polyethylene-polypropylene-
polyethylene, Tonen) separating the two electrodes. The stacked
cell was heat-sealed in a metallized polymer bag, filled with liquid
electrolyte (battery-grade electrolyte, 1.3M LiPF; in propylene
carbonate/ethylene carbonate/dimethylene carbonate, Ferro) and
allowed to reach equilibrium before electrochemical testing was
initiated.
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Fig. 3. Self-assembled and stamped microbattery electrode based on the
M13 viruses. (A) Image of microbatteries on the Pt current collector. (B) Optical
microscopy image of the microbattery electrode (4-um diameter) on four Pt
microband current collectors (10-um width). (C) SEM image of the stamped
microbattery electrode.

Using a Solartron 1287 potentiostat with electrochemical
interface (Solartron Analytical), the assembled cells were gal-
vanostically cycled between 3.0 and 0.1 V at various currents
from 255 to 26 nA. In each cycle, the cell was allowed to rest for
2 hr after charging to observe the polarization relaxation and to
allow equilibration at a stable open-circuit voltage. The cell was
then galvanostatically discharged to 0.1 V at various currents to
determine the microelectrode’s charge storage capacity and rate
performance (Fig. 4C). Voltage/capacity curves (Fig. 44) for the
microelectrode cell show similar behavior to those for Cosz0y4
nanoparticles produced by other methods (31). At the slowest
charging rate (26 nA), the microelectrode array showed dis-
charge capacity ranging from 375 to 460 nAh. In previous work
with platinum current collectors, we found that the platinum
itself can contribute a limited amount of lithium storage capacity
because of formation of intermetallic compounds such LiPt;,
LiPt,, LiPt, and Li,Pt, especially at slow charging rates. In the
current geometry, the four platinum microbands are estimated
to contribute 41 nAh capacity or ~10% of the total capacity
measured at the slowest charging rate. The gravimetric specific
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Fig.4. Electrochemical testing of stamped microbatteries based on the M13
viruses (A) Charge-discharge curve for a virus assembled cobalt oxide micro-
electrode tested vs. Li/Li™, cell cycled between 3 and 0.01 V at a rate of 26 nA.
(B) Capacity vs. cycle number for the same cell at six different charging
currents. (C) Charge-discharge curve at a rate of 255 nA. A 2-h rest after
charging and discharging in each cycle allows for cell equilibration. Stable
cycling of the microbattery is exhibited.

capacity (mAh/g) was not calculated in these experiments be-
cause of the difficulty of determining the exact mass of cobalt
oxide in the microelectrode. However, we assume that the
specific capacity of the virus-based cobalt oxide nanowires
should be similar to our previous data (5) on a 2D planar
assembly, because these nanowires were synthesized by using the
same synthesis method. Because there are 150 microelectrodes
on each platinum microband of 20-um width, we estimate that
each microelectrode can have a storage capacity between 625
and 766 pAh.

17230 | www.pnas.org/cgi/doi/10.1073/pnas.0711620105

Fig. 4B is a summary plot of the discharge capacity (nAh) of the
microelectrode assembly consisting of the composite anodes and
polyelectrolyte on the microbands, as a function of discharge rate.
The capacity ranges from 380 to 460 nAh at low discharge current
(26 nA) to 100-150 nAh at high discharge current (255 nA).
Discharge currents higher than 64 nA led to a decrease of the
capacity to 25% of the maximum value but with no further
decreases with increasing current. We used SEM to analyze the
mechanical stability of our microelectrode after 25 cycles at various
charging. The analysis shows that the microbattery electrodes are
structurally stable and do not fall apart from the Pt electrodes after
cycling [see supporting information (SI) Fig. S1].

Fig. 4C shows the cycling stability of the virus-based micro-
battery electrode. The stable open-circuit voltage after each
charge or discharge cycle and the consistent open circuit voltage
values between cycles, shows that the electrochemical reaction of
Li with the Co304 nanowires is stable and reversible, as was the
case for these nanowires tested in a previous configuration. More
detailed graphs of the charging (0.7-1.8 h) and discharging curve
(3.6-4.4 h) of Fig. 4C (Fig. S2) demonstrate that the microbat-
tery electrodes exhibit a similar charging/discharging curve as
that of Co3O4 nanoparticles produced by other methods, even at
a high charging rate of 255 nA. Direct comparison to other
microbattery assembly approaches, such as thin-film vapor dep-
osition (32), laser direct-write printing (33), and sol gel printing
(34), cannot be made easily because of differences in the
electrode materials tested and the electrode geometries.

The microbattery electrodes can be easily transferred to a variety
of substrates by stamping. The microcontact printing technique
demonstrated in this study could enable economical small-scale
patterning of viruses and virus-templated nanostructures on a
variety of substrates with a vast range of chemical functionalities.
Until now, microcontact printing techniques have been used solely
for fabricating functional electronic devices, complex optical de-
vices, and biological devices (35, 36). This work demonstrates the
use of microcontact printing to position microbattery electrodes
formed by virus-based assembly.

Conclusion

The approach presented here for combining polymer electro-
static assembly techniques and biological self-assembly at mul-
tiple lengthscales may be used to construct small-scale power
sources embedded in various system structures. Here, we dem-
onstrated that traditional soft lithography technology and an
understanding of the interface between polymers, viruses and
inorganic materials can be combined for the fabrication and
positioning of microbattery electrodes. Furthermore, such mi-
crobattery electrodes can be easily stamped on a variety of rigid
or flexible substrates to construct microbatteries with stable,
reliable performance. This versatile approach incorporating
both biological and nonbiological assembly strategies may pro-
vide greater flexibility for implementing advanced battery de-
signs such as those with interdigitated microelectrodes or 3D
architectures. Cathode materials are currently being investigated
for a fully self-assembled microbattery. We anticipate that
further advances in biotemplating, self-assembly, and polymeric
nanopattern designs will provide additional flexibility in the
design of novel battery architectures.

Methods

Layer-by-Layer Deposition of Polyelectrolyte Multilayers. LPEI (25,000 and
250,000 M) (Polysciences) and PAA (90,000 M,, 25% aqueous solution) (Poly-
sciences) were prepared as 0.02-M solutions based on the repeat-unit molec-
ular weight in Milli-Q water. The pH of the LPEI and PAA solutions was
adjusted to 5.0. LPEI/PAA multilayer thin films were deposited on PDMS mold
by conventional LbL method by using an HMS programmable slide stainer
(Zeiss).

Nam et al.
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Virus-Enabled Synthesis and Assembly of Microbattery Electrode. Tetragluta-
mate (EEEE-) was fused to the N terminus of each copy of the major coat p8
protein of M13 viruses through adding the corresponding nucleotides to gene
8, as described (5). The genetically engineered M13 viruses were amplified by
using Escherichia coli bacteria medium. The viruses were diluted in a water to
have a concentration of 10'0 phages/ml, and the pH was adjusted to 5.0 by
adding 0.01 M HCl. Then, 1 ml of the virus solution was dropped on LPEI/PAA
film (2 X 4 cm). After incubation for 30 min, the virus-assembled film was
rinsed with Milli-Q water and dried by blowing with nitrogen. The virus-
assembled LPEI/PAA film on PDMS pattern was incubated in 15-ml aqueous
solution of cobalt chloride (1 mM) for 15 min. Then 15 ml of NaBH4 (5 mM) was
added to nucleate cobalt on the M13 virus templates. The incubation of virus
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templated cobalt in aqueous solution resulted in the spontaneous oxidation
into cobalt oxide.

Microscopy Analysis. The phase or height image of the assembled and trans-
ferred microbatteries was analyzed by using AFM in tapping mode (Dimension
3000, Veeco Instruments). Transferred microbatteries on the platinum micro-
bands were observed by using an Olympus microscope (IX51).
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