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ABSTRACT Biotemplated synthesis of functional nanomaterials has received increasing attention
for applications in energy, catalysis, bioimaging, and other technologies. This approach is justified by
the unique abilities of biological systems to guide sophisticated assembly and organization of
molecules and materials into distinctive nanoscale morphologies that exhibit physicochemical
properties highly desirable for specific purposes. Here, we present a high-performance, flexible

nanogenerator using anisotropic BaTiO; (BTO) nanocrystals synthesized on an M13 viral template

through the genetically programmed self-assembly of metal ion precursors. The filamentous viral -
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structural stabilizers, our virus-enabled flexible nanogenerator exhibits a high electrical output up to ~300 nA and ~6 V, indicating the importance of

template realizes the formation of a highly entangled, well-dispersed network of anisotropic BTO
nanostructures with high crystallinity and piezoelectricity. Even without the use of additional

nanoscale structures for device performances. This study shows the biotemplating approach as a facile method to design and fabricate nanoscale materials
particularly suitable for flexible energy harvesting applications.
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nergy harvesting from renewable re-

sources became a critical issue in our

civilization because of environmental
problems associated with fossil fuel-based
energy technologies." In particular, me-
chanical resources are very common and
easily accessible in our everyday lives, mak-
ing them distinctive from other renewable
energy sources (e.g., solar, geothermal, and
biomass energies).>> While several methods
have been developed to convert mechan-
ical energy into electricity,” piezoelectric
systems have attracted increasing attention
due to the direct conversion from mechan-
ical energy to electricity.>>° A nanogenera-
tor, which is a piezoelectric material-based
energy-harvesting device,” ~'? has been stu-
died using perovskite-structured ceramics,
such as PbZr,Ti; 05 (PZT)'* ' and BaTiOs
(BTO).>'® BTO is a particularly attractive
material due to its lead-free biocompatibil-
ity with high piezoelectricity.'” However,
typical methods to synthesize perovskite
nanomaterials use toxic organic solvents
and alkoxide precursors.'®'® Furthermore,
the surface of resultant nanomaterials is
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often contaminated by polymeric residues
and surfactants, which can cause detrimental
effects to the original properties of materials.>°

Recently, as an alternative to conven-
tional techniques, a new synthetic approach
based on biological templates has gained
popularity to generate new inorganic archi-
tectures with unique properties under am-
bient conditions.?'?? For instance, DNA,??
virus,*?> and microorganisms® have been
explored as a template to control the
materials properties (e.g., composition, crystal-
linity, phase, morphology, etc.) as well as
develop environmentally benign and energy-
efficient fabrication processes (e.g., bio-
mineralization).?”® The biogenic routes to
the fabrication of functional nanomaterials
have been investigated for a wide range of
applications, including energy storage,?*>°
photovoltaics,>' water oxidation,>*** mag-
netic resonance imaging,®* etc.3>3¢ In parti-
cular, viruses have been successfully utilized
as a genetically programmable toolkit for the
self-assembly of nanoarchitectured inorganic
structures through specific peptide-mediated
interactions.” For instance, a filamentous M13
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virus encapsulates a single-stranded DNA with 2700
copies of pVIIl major coat proteins along the long-
itudinal viral axis. The genetic modification of pVIll to
render an affinity toward various inorganic materials
allows the formation of anisotropic nanomaterials
through biotemplated synthesis in an aqueous solu-
tion under mild conditions. This noteworthy biological
scaffold has been investigated to realize various
energy devices (e.g., battery and solar cells) with out-
standing performances because the filamentous shape
of an M13 virus can generate a percolated network for
well-dispersed nanostructures.?* 3138 |ikewise, in
nanostructure-embedded piezoelectric devices, the
homogeneous dispersion of piezoelectric nanomater-
ials has been regarded as a key issue for high electrical
outputs as demonstrated in our recent works. For
example, Park et al. used graphitic carbon nanomaterials
as a dispersant for nanogenerators.>'> On the contrary,
we emphasize that a percolated network of piezoelectric
nanomaterials dispersed in a flexible elastomer matrix
can be generated without toxic dispersion enhancers by
employing a simple M13-based biosynthesis for effective
energy harvesting, which enables one to power the
micro/nanoelectronic devices for indoor and in vivo en-
vironments. Recently, it was reported that the piezo-
electric properties of the M13 virus can be utilized to
generate electrical energy,® although the energy level
from the virus was significantly lower than that from
inorganic-based energy harvesters 3'31540

In this work, we propose a high-performance, flexible
nanogenerator device based on the stable network of
anisotropic BTO nanostructures prepared using an M13
virus as a template. An M13 virus was genetically en-
gineered to display a glutamate trimer (EEE or E3) at the
N-terminus of each pVIIl protein. The virus is denoted as
'E3-M13". The same virus was previously utilized for the
biomineralization of amorphous iron phosphate (a-
FeP0,).2° In this work, it was found that barium and
titanium precursor ions were also strongly associated
with the E3 peptide via metal ion—peptide coordination.
The prepared virus-metal ionic complexes were used to
synthesize virus-templated BTO nanostructures. The fila-
mentous shape of M13 can guide the formation of a
uniform dispersion of anisotropic piezoelectric materials,
which is vitally important to generate effective and well-
distributed piezopotential. The interaction of the metal
ions with the viral capsid proteins, forming virus-metal
ionic complexes, and the subsequent formation of aniso-
tropic BTO nanocrystal structures were carefully char-
acterized. The virus-templated BTO nanostructures with
high crystallinity and effective piezoelectricity were
incorporated into an elastomeric matrix to fabricate a
virus-templated flexible piezoelectric nanogenerator.

RESULTS AND DISCUSSION

The overall synthesis processes of virus-templated
BTO nanostructures are presented in Figure 1a. The
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genetically modified M13 virus was incubated in ligand
solutions to form a virus-metal ionic complex, achiev-
ing highly percolated and well-dispersed nanostruc-
tures obtained via calcination. The simulation for piezo-
electric potential with a simplified virus-templated BTO
model in an elastomer matrix indicates that the en-
tangled network structure of the anisotropic virus-
templated BTO nanostructures is crucial to the energy
harvesting performances of a nanogenerator (Figure 1b).
The piezopotential distribution of anisotropic BTO nano-
structures is presented by a color code with the x-axial
tensile stress. With this finite element analysis (FEA), the
virus-templated filamentous BTO nanostructure can
effectively generate electrical energy from mechanical
agitation much more effectively than BTO nanoparticles
(NPs), which show poor dispersion stability (see Sup-
porting Information).

Figure 1c—e describes the detailed synthetic proce-
dures of virus-templated BTO nanostructures. The pVIlI
major coat proteins can strongly interact with posi-
tively charged metal ion precursors because of the
genetically incorporated extra carboxylates, as illu-
strated in Figure 1c. To prepare a virus-metal ionic
complex (Figure 1d), a 200 mM barium glycolate
solution was initially incubated with 10'® pfu-mL™"
E3-M13 for 2 h at ambient temperature, and then
200 mM titanium glycolate was added to the virus
solution. The titanium precursor solution was added at
80 °C and pH =10 for condensation and diffusion of
the two glycolate precursors onto the viral surface. The
sequential addition is very important because titanium
glycolate chelate, [Ti'V(OCH,CH,0);]*>7, is negatively
charged and thus can be electrostatically repulsed by
highly negative charged E3-M13. In contrast, barium
glycolate chelate, [Ba"(HOCH,CH,OH)4(OH,)1*", is po-
sitively charged,*’ so this barium precursor can be
easily attracted by the virus. Sequentially, the barium
glycolate complexed with the virus can draw the
titanium glycolate through electrostatic attraction
and hydrogen bonding.*'*? It is well-known that octa-
hedral titanium glycolate and the nine-coordinated
barium glycolate can be linked by hydrogen-bonded
pairs.*! If these two precursors were added together at
the same time, the titanium glycolate would be rapidly
self-polymerized in an aqueous solution, generating
large precipitated aggregates, while the barium glyco-
late would exist as a dissolved ligand. In our biotem-
plate approach for a BTO-based nanogenerator, the
heat treatment is needed to form a perovskite crystal-
line structure due to the high crystallization energy of
BTO.** Although the virus-template was eliminated
during calcination, the anisotropic filamentous shape
for BTO nanostructure was well maintained with high
crystallinity (Figure 1e). As we expected, the calcined
species using the single-step incubation process
were only titanium-rich materials, such as BaTi Og
and BaTi,Os (Figure S2).
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Figure 1. Schematic diagram and TEM images of virus-templated BTO synthesis for nanogenerator. (a) Overall fabrication
process of a virus-templated BTO based piezoelectric nanogenerator. (b) Simulation for the piezoelectric potential of
dispersed virus-shaped BTO in a matrix (mechanical tensile stress of 0.33%). (c—e) Schemes of each step to explain synthetic
processes. (c) M13 bacteriophage is shown with the major capsid proteins (pVIil) genetically engineered. Three glutamates
(E3) are expressed on the N-terminus of pVIIl. (d) Virus-metal ion complexation occurs when barium/titanium glycolates
interact with the E3 modified coat proteins. (e) Virus-templated BTO is formed by calcination for not only crystallization but
also elimination of phage templates. BTO crystals have a perovskite structure that can show excellent piezoelectricity. (f—h)
TEM micrographs of each step in the virus-templated BTO synthesis. (f) The well-entangled E3-M13 viruses negative stained.
(Inset) Zeta-potential analysis showing that the E3-M13 virus has more net negative charges than the wild-type virus (M13KE).
(g9) Morphology of the virus-metal ion complex with glycolate precursors. (Inset) The HRTEM image presents that the complex
materials are composed of an amorphous matrix of oxides/glycolates and some titanium oxide crystallites. (h) Virus-
templated BTO nanocrystals after calcination. (Inset) The crystal fringe image by HRTEM corresponding to the lattice
parameter of BTO perovskite structure (a = b = 3.994 A, c = 4.038 A). The power spectrum from the fast-Fourier transform

verifies the rectangular patterns, exhibiting the tetragonal phase of the synthesized BTO.

The overall morphologies and properties of the
produced materials during the virus-templated syn-
thesis were analyzed, as shown in Figure 1f—h.
Figure 1f is a transmission electron microscope (TEM)
image of E3-M13 virus negatively stained capsids by
uranyl acetate, which shows a well-entangled filamen-
tous structure having a diameter of about 7 nm. The
zeta-potential analysis of both E3-M13 and wild-type
M13 (M13KE) in tris buffered saline (TBS) at pH 10
confirms that the E3-M13 is more negatively charged
than M13KE (inset of Figure 1f). After the incubation of
glycolates for the assembly of metal ligands onto the
viral surface, the width of the resulting structure in-
creased to about 20—30 nm, while the percolated
structure of viruses was well maintained (Figure 1g).
Some crystallites in an amorphous matrix of the virus-
metal ionic complex were observed presumably due
to the hydrolysis of titanium glycolates, as presented by
high resolution TEM (HRTEM) analysis (inset of Figure 1g).
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These crystallites seem to be tiny TiO, domains as
determined by selected-area electron diffraction (SAED)
rings; however, the entire X-ray diffraction (XRD) pat-
terns of this virus-templated intermediate show no peak
because most of the complex consists of glycolates/
metal oxides-based amorphous regions (Figure S3).
After calcination, the final virus-templated BTO nano-
structures with the well-dispersed morphology and
anisotropic shape were 50—100 nm in width as a result
of the heat treatment (Figure Th and Figure S5). This
grain size of nanocrystals was large enough to form the
tetragonal phase, which is essential for piezoelectric
properties.** HRTEM and rectangular patterns in the
power spectrum of virus-templated BTO nanostructures
(insets of Figure T1h) show the formation of the tetra-
gonal perovskite structure of BTO from the virus-
templated complex. A comparison of syntheses without
the viral template and with wild-type M13KE is also
described in Supporting Information.
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The M13 virus expressing trimeric or tetrameric
glutamates have been proved to be highly useful for
the templated synthesis of metal oxides; however, the
chemical nature of the virus-metal ionic complexes has
not been well examined. The regions of negatively
charged amino acid lumps on a viral surface have been
just regarded as an origin of Coulombic attractive force
with metal cations. Moreover, our experiment and
some previously reported methods have used chelates
or nonpristine ions as precursors, rather than just using
purely aqueous metal cations. To investigate the che-
mical properties of virus-templated materials, we car-
ried out attenuated total reflection infrared (ATR-IR)
spectroscopy and X-ray photoelectron spectroscopy
(XPS). In the ATR-IR spectra of the virus-metal ionic
complex (Figure 2a—i), the two humps near 2987 and
2901 cm ™" are attributed to the alkanes in the bound
glycolates. The bands at 1395 and 1066 cm ™' are
assigned to the hydroxyl groups and C—O bonds in
EG-based precursors, respectively. In addition, there is
only a carboxylic C—0 bond at 1252 cm™" without a
C=0 bond. These results indicate that both of the two
oxygen atoms in the carboxylic group of glutamate are
involved in the chelation of the metal-center, as in the
similar manner with the EG ligand. The strong chelat-
ing capability of glutamate is reasonable since the
electron density of carboxylate is higher than that of
the hydroxyl group in EG. The metal—oxygen coordi-
nating bond of chelates is visible as a multitude of
peaks® below 670 cm ™. The small band at 860 cm ™"
corresponding to the Ti—O stretching vibrations is
observed* in not only as-calcined final virus-templated
BTO but also the virus-metal ionic complex. Since the
chelation of our approach is achieved by oxygen atoms
surrounding a metal element, the O1s XPS analysis is
vital to inspect the chemical state and binding config-
uration of the complex (Figure 2b—i). In the broad
spectra, the oxygen—metal chelating bond can be
detected at a lower binding energy (530.8 eV) than
C—0binding energy (531.9 eV).*’ Moreover, there is an
obvious envelope of metal oxide at the lowest energy
(529.5 eV), which accords with the crystalline and
amorphous TiO, observed in the results of HRTEM
and SAED from the virus-metal ionic complex. The
shallow shoulder at 533.6 eV corresponds to physically
adsorbed water molecules on organic elements.*® The
XPS curve of pure virus shows no metal-related envel-
ope (Figure S8); that is, the complexation and chelation
events between the virus scaffold and precursors
definitely may happen during the incubation process.
On the other hand, the deep and wide trenches below
600 cm ' in the IR spectra (out of window) are char-
acteristic to BTO as reported previously (Figure 2a-ii).*6
Some deviated signals of the IR analysis of BTO
are induced by oxidized hydrocarbons. Figure 2b-ii only
shows that the BTO specific XPS peak exists at 528.9 eV
after calcination. The down-shift of the oxide peak
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Figure 2. Chemical characterization of virus-metal ions
complex and virus-templated BTO. ATR-IR spectroscopy
and O1s XPS analysis measured before and after calcination.
(a) There are bands suggestive of complexation at the as-
incubated state, whereas only the BTO-specific spectrum is
shown at the as-calcined state. (b) The deconvolution of the
O1s envelope before the calcination process displays chela-
tion between the virus-template and the metal-ions from
glycolates. After calcination, the sharp BTO peak at low
binding energy is emitted with a small hydrocarbon shoulder.

compared to the virus-metal ion complex results from
the elimination of organic residues. A good agreement
between the theoretical value and measurement of the
O1s peak from BTO is observed despite the inevitable
contamination with carbonaceous species from equip-
ment (530.7 eV).*

The intermediate compositions or phases during
heat treatments in various BTO synthesis methods
are highly important because of the large activation
energy of BTO crystallization.43 Thermogravimetry (TG)
and differential scanning calorimetry (DSC) analyses
show that the vaporization of water and the burning of
M13 phage occur at 100—200 and 200—400 °C, re-
spectively (Figure 3a). Although the carbon sources of
glycolates are burned even after 400 °C (see TG), there
is a broad endothermic region in the DSC due to the
annealing and diffusion of the two metal elements. For
calcination at 600—900 °C, the thermal treatment is
insufficient, producing various titanium-rich composi-
tions or phases, as observed by Raman spectroscopy
(Figure 59).>° The bands of Raman shift for final virus-
templated BTO nanostructures correspond to the gen-
eral result of tetragonal perovskite BTO (Figure 3b). In
particular, only the tetragonal phase can show the B,
and E modes at 307 cm ™' and the high-frequency
longitudinal optic mode at 715 cm™', which are
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Figure 3. Thermal analysis during calcination and material characterization of virus template BTO. (a) TG and DSC analysis
during calcination from 50 to 1150 °C with 0.1 °C-s'. (b) Raman scattering spectrum of the virus-templated BTO
nanocrystals. The indexed bands are in agreement with the typical tetragonal phase of perovskite BTO. The inset presents
XRD patterns of virus-templated BTO, corresponding to PAmm crystal symmetry (JCPDS# 005-0626). (c) (i and ii) HRTEM image
and SAED patterns along the [111] zone-axis of the nanostructured BTO. (iii) GBs and one-dimensional defect are indicated in
the TEM micrograph. (d) Remanent piezoresponse hysteresis property as a function of DC voltage bias. The inset hysteresis
curve shows the inversion of the piezoelectric phase (dipole switching). Virus-templated BTO is denoted as 'vt-BTO'.

experimental evidence of the cubic-to-tetragonal
phase transformation.”’ The XRD patterns also define
the P3 mm crystalline structure of BTO (inset of
Figure 3b). The perfect crystallinity of virus-templated
BTO is presented by the HRTEM and SAED along
the [111] zone-axis, showing near 3-fold symm-
etry (Figure 3c-i,c-ii). The existing grain boundaries
(GBs) and large growth dislocation,*? as indicated in
Figure 3c-iii, confirm that the synthesized virus-
templated BTO nanostructures are derived from the
virus-metal ionic complex, not from just the agglom-
eration of BTO particles. Piezoresponse hysteresis mea-
surement is performed to identify the switching
behavior of polarization in the resultant virus-tem-
plated BTO domains (Figure 3d). This remanent hyster-
esis loop is the result of detecting piezoresponse after
turning off the electric field. The phase hysteresis dis-
plays perfectly switchable dipoles (inset of Figure 3d), so
the retention properties of the piezoelectricity are re-
vealed despite a slight deviation of piezoresponse caused
by the mechanical instability of a silver paste electrode.

To harvest energy using the piezoelectric virus-
templated BTO, a well-established nanogenerator
fabrication process is utilized,® as illustrated by the
schematics of Figure 4a. The stirred and infiltrated
virus-templated BTO nanostructures are mixed with
polydimethylsiloxane (PDMS) to achieve the BTO
piezoelectric layer (Figure 4a-i). The indium tin oxide
(ITO)-coated thick (~175 um) polyethylene terephtha-
late (PET) substrate is covered with PDMS dielectric
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layer to prevent the electric breakdown of device
(Figure 4a-ii). Next, the virus-templated BTO-based
piezoelectric layer (~200 um in thickness, Figure S10)
was spin-casted on a PDMS-coated flexible substrate.
For the top electrode, an ITO-deposited thin PET sub-
strate (~50 um) is subsequently placed on the piezo-
electric layer (Figure 4a-iii). Figure 4a-iv shows the
photograph of fabricated virus-templated BTO nano-
generator, which is malleable and flexible. It is theoretically
and experimentally well-established that percolated nano-
structures of one-dimensional fibrous materials can be well
distributed in three-dimensional active regions.?>*%%3—>>
Figure S11 also shows a well-dispersed, virus-templated
BTO piezo-layer that originated from the percolation of one-
dimensional nanostructures, whereas BTO NPs are signifi-
cantly aggregated in the PDMS matrix>">* Due to the
anisotropic structure of M13, the well-percolated nano-
clusters of the virus-templated BTO were well-distributed
in a soft elastomeric matrix without any dispersion agents,
as shown in the high resolution scanning electron micro-
scope (SEM) image of Figure 4a-v.

Figure 4b shows the output performance of the
virus-templated BTO nanogenerator by periodical
bending/releasing motion. The short-circuit current
and open-circuit voltage measured from the nanogen-
erator device with an effective area of 2.5 x 2.5 cm?
reach up to ~300 nA and ~6 V, respectively, which
correspond to the previously reported theoretical
study.”® In addition, this virus-templated BTO nano-
generator exhibits high output compared to that
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Figure 4. Nanogenerator fabrication and energy harvesting from mechanical deformation. (a) (i—iii) Schematics of the
fabrication process for a nanogenerator device. (iv) Photograph of the final nanogenerator and (v) SEM micrograph of well-entangled
BTO nanocrystal clusters in the PDMS matrix. (b) The measured (i) short-circuit current and (ii) open-circuit voltage signals of the
virus-templated nanogenerator device in both forward and reverse connections with a curvature radius of 5 cm, frequency of 0.3 Hz,
and rate of 0.2 m-s™'. The inversion of signals (switching polarity) indicates that the generated outputs are the genuine results from
the nanogenerator. (c) The mechanism of energy harvesting from the nanogenerator device. (i) Dipole moments of the virus-
templated BTO are definitely aligned in the direction of external electric field during the poling process. (ii) Built-in potential and
current (electrons flow) are generated by the mechanical bending due to the produced piezoelectric potential. (iii) Since the
piezopotential disappears when the stress is released, the accumulated charges flow back to the original state.

reported in other works, as summarized in Table S1. To
confirm that the electrical signals are produced by the
nanogenerator, the output current and voltage were
measured under both forward and reverse connec-
tions with measurement equipment. The polarity of
electrical signals in forward connection was inverted
when the connection is reversely switched, as shown in
Figure 4b-i,b-ii. These electrical outputs are higher than
the results of our previously reported nanocomposite
generator using BTO NPs with carbon nanotubes
(CNTSs) as dispersion improvers. This enhanced perfor-
mance may be caused by the inherently dispersed
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structure of the virus-templated nanocrystals, while
there is only physical mixing in the previous nanocom-
posite fabrication.

Figure 4c depicts the mechanism of energy conver-
sion by the nanogenerator device. During the poling
process (see Methods), the direction of electrical di-
poles in the virus-templated BTO piezoelectric domain
can be aligned along the external electrical field in
parallel (Figure 4c-i). When the nanogenerator suffers
from the mechanical deformation, the piezoelectric
potential is induced between the top and bottom
electrodes owing to the stress of dipoles (Figure 4c-ii).
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Figure 5. Characteristics and application of the virus-templated BTO nanogenerator device. Output voltage signals
generated by the virus-templated nanogenerator device according to (a) strain rate (0.2 vs 0.005 m-s ') and (b) radius of
curvature (r=5.0—10.5 cm). A larger radius of curvature means a smaller degree of strain. (c and d) Stable energy generation
test performed to confirm the mechanical durability of the virus-templated BTO based nanogenerator device. (e) Captured
photograph of the moment of lighting up the white LED-based optical fibers using the electrical energy stored by the virus-
templated BTO-nanogenerator. The inset shows the three capacitors in series charged by mechanical deformation of the
nanogenerator for 4 h (charged voltage is about 4.6 V). (f) Commercial LCD driven by electric power from bending and
releasing motions of the virus-templated BTO nanogenerator. Logo use permitted by Copyright 2013 KAIST.

The formed built-in potential results in the flow of free
electrons which neutralizes the electric field produced by
the dipoles. Since the virus-templated BTO piezoelectric
layer and the dielectric PDMS are insulators, the current
only flows through external circuitry, so there is no charge
leakage throughout the periodical measurement. At a
static strain, the built-in potential is faded out because the
piezopotential is balanced by the accumulated free
charges at both electrodes. When the strain disappears,
the piezoelectric potential vanishes and an opposite
built-in potential is formed by the free charges accumu-
lated at both ends of the external circuit (Figure 4c-iii).
The free electrons flow back in the opposite direction,
and subsequently the current diminishes to zero.

The output performance of virus-templated BTO
nanogenerator is affected by the strain rate, as the
piezoelectric bound charges are constant at the same
degree of strain. For the constant strain, the faster
strain rate results in a higher output voltage (Figure 5a).
Likewise, the outputs also increase with the bending
curvature at the given strain rate (Figure 5b) since a
more deformed piezoelectric layer can produce a
larger built-in potential along the circuit. The stability
of the virus-templated BTO based nanogenerator
is estimated through measurement over extended
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cycling times (~21000 cycles) at fast frequency.
Figure 5c,d shows that the output signals are relatively
stable with no significant degradation of performance
during the durability test. The generated current and
voltage of the nanogenerator device under fast fre-
quency (3.5 Hz) were almost the same as the measure-
ment under the original frequency. These results
demonstrate that the nanogenerator fabricated by
virus-templated BTO nanostructure is highly stable
and suitable for energy harvesting from irregular agita-
tions (insets of Figure 5¢,d). The slight deviation of
signals may be attributed to the shortage in the
response time of the measurement unit caused by
the harsh mechanical conditions. Also, the generated
electrical energy can be used to operate commercial
devices without an external energy source. Three 1 mF
capacitors connected in parallel were charged by
bending/releasing motions of the virus-templated
BTO nanogenerator device with bridge rectifier circui-
try (Figure S15). The stored voltage of each capacitor
under the external mechanical deformation reaches up
to about 1.5 V generated from the nanogenerator
device (the total stored voltage is about 4.6 V). Finally,
the white light emitting diode (LED)-based optical
fibers are successfully driven (Figure 5e and Video S1).
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Moreover, the LCD was fully operated by the repeated
positive/negative electrical signals from the virus-
templated BTO based nanogenerator (Figure 5f). The
alternating signals can turn on the LCD device with no
rectifier, as an LCD is a nonpolar device. Supporting
Information Video S2 presents the LCD screen driven by
bending/releasing motions of the nanogenerator device
with frequencies of 0.3 and 5 Hz.

CONCLUSION

In this study, we have developed a biological self-
assembly method for dispersed and high crystalline
perovskite material using a genetically modified virus
to fabricate the self-powered flexible energy harvest-
ing device. The virus-templated BTO nanostructure
originated from the virus-metal ionic complex based

METHODS

Virus-Templated BTO Synthesis. BaCl,-2H,0 (Sigma-Aldrich)
and TiCl, (Sigma-Aldrich) were dissolved into ethylene glycol
(Sigma-Aldrich) with magnetic stirring overnight to make
barium and titanium glycolate solutions, respectively. The E3-M13
virus solution was prepared as a concentration of 10 pfu-mL™"
suspended in TBS (pH 7.5).

First, 0.1 mL of the barium glycolate solution was mixed with
20 mL of the virus solution, and then 5 M NaOH (Sigma-Aldrich)
solution was slowly added to adjust pH to 10. The virus solution
was incubated with the barium precursor with magnetic stirring
at 200 rpm for 2 h. Next, 0.1 mL of the titanium glycolate
solution was added to the barium glycolate preincubated virus
solution. The total solution was maintained at 80 °C overnight to
form a virus-metal ionic complex. The obtained virus-metal
ionic complex was purified by centrifugation (RFC 11000g)
and washing with deionized water (DI water, Milli-Q, Millipore)
three times. The freeze-drying process was performed to eva-
porate water from the purified complex. After calcination of the
virus-metal ionic complex at 1000 °C for 1—2 h in ambient air
condition, virus-templated high-crystalline BTO was formed.

Nanogenerator Fabrication. The synthesized virus-templated
BTO nanocrystals were mixed with a PDMS elastomer (Sylgard
184, Dow Corning) matrix for the piezoelectric layer (1:5 w/w ratio of
BTO to PDMS). Then, this piezoelectric layer was spin-casted onto a
PDMS/ITO (100 nm)/PET (175 um, Sigma-Aldrich) flexible substrate
at a rate of 1500 rpm for 40 s and cured at 75 °C for 5 min. Next,
another ITO-deposited PET film (50 xm, SKC) was placed on a
bottom piezoelectric layer/PDMS/ITO/PET substrate and fully har-
dened at 75 °C for 24 h. Copper cables were connected to ITO
electrodes by using conductive epoxy (Chemtronics) to measure
the output current and voltage signals. Finally, to enhance the
piezoelectric effect of device, the virus-templated BTO nanogen-
erator device was poled at 130 °C with a direct current (DC) voltage
of 2kV for 12 h.
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Supporting Information Available: Texts explaining detailed
virus-engineering steps, analyses equipment, and calculation
for yield of synthesis. Figures and texts of an additional COM-
SOL-FEA simulation, TEM images and Raman spectra of various
synthesis conditions, SAED and XRD patterns before calcination,
issue of bundling and aggregation, a low-magnified TEM micro-
graph for showing well-dispersed virus-templated BTO, XPS
data of bare E3-M13 bacteriophage, generated electrical out-
puts from the virus-templated BTO nanogenerator poled with
various external fields, generated outputs from the only BTO
NPs composite-based nanogenerator, and the rectified voltage
of virus-templated BTO nanogenerator. A table providing a
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on the crucial interactions between metal-based li-
gands and genetic engineered proteins. The com-
plexation and calcination events are characterized to
investigate their chemical states and materials proper-
ties. Excellent output performance (~300 nA and ~6 V)
is successfully obtained from the virus-templated BTO
nanogenerator by periodical mechanical motions. The
commercial electrical devices are driven by the harvested
energy from the virus-templated BTO nanogenerator. We
expect that the charge effect of ligands and chelating effect
of glutamates studied in our research can help to under-
stand the versatility of biotemplate synthesis. Further-
more, we believe that our biosynthetic route for inorganic
nanostructures can open a new era of bioinspired self-
assembly technology, such as biomechanical energy har-
vesting, thermoelectric applications, and biofuel cells.

comparison of this study with previously reported nanogenera-
tors. Videos showing operated LED-based optical fibers and LCD
screen by generated electrical energy from the virus-templated
BTO nanogenerator. This material is available free of charge via
the Internet at http://pubs.acs.org.
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