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ABSTRACT: Piezoelectric nanowires are an important class
of smart materials for next-generation applications including
energy harvesting, robotic actuation, and bioMEMS. Lead
zirconate titanate (PZT), in particular, has attracted significant
attention, owing to its superior electromechanical conversion
performance. Yet, the ability to synthesize crystalline PZT
nanowires with well-controlled properties remains a challenge.

Applications of common nanosynthesis methods to PZT are hampered by issues such as slow kinetics, lack of suitable catalysts,
and harsh reaction conditions. Here we report a versatile biomimetic method, in which biotemplates are used to define PZT
nanostructures, allowing for rational control over composition and crystallinity. Specifically, stoichiometric PZT nanowires were
synthesized using both polysaccharide (alginate) and bacteriophage templates. The wires possessed measured piezoelectric
constants of up to 132 pm/V after poling, among the highest reported for PZT nanomaterials. Further, integrated devices can
generate up to 0.820 4W/cm? of power. These results suggest that biotemplated piezoelectric nanowires are attractive candidates
for stimuli-responsive nanosensors, adaptive nanoactuators, and nanoscale energy harvesters.

KEYWORDS: Biotemplated nanomaterials, piezoelectric nanowires, biomimetic synthesis, biomechanical energy harvesting

Piezoelectrics are a fascinating class of smart materials
whose properties have been extensively characterized in
the bulk, but much about their behavior at molecular
dimensions is not well understood due to difficulties in
synthesizing these materials at nanometer scales. Lead zirconate
titanate, Pb[Zr,Ti;_,]O; (PZT), possesses superior electro-
mechanical properties, owing to its large piezoelectric charge
constant,' rendering it particularly attractive for applications in
biointerfaced mechanical probes,2 bioMEMS devices,® nano-
robotic actuators,* and energy harvesting.s_7 One-dimensional
piezoelectric nanostructures possess anisotropic geometries
which may be more sensitive to unique deformation modes.*’
Furthermore, such nanostructures may be more resistant to
fatigue and fracture than bulk films, potentially allowing
nanowire-based piezoelectric devices to exhibit longer mechan-
ical lifetimes and improved robustness.'”'" Yet, the perform-
ance of PZT depends critically on its composition, and
common methods for nanowire synthesis are poorly suited
for stoichiometrically complex PZT." " For example, the
vapor—liquid—solid (VLS) growth method is likely precluded
due to the lack of suitable catalysts, and hydrothermal methods
are encumbered by slow kinetics and the need for autoclaves.

-4 ACS Publications  © 2013 American Chemical Society 6197

Alternative routes are desired for the rational synthesis of
PZT nanowires with well-controlled properties. Recently, a
variety of biomimetic approaches have been developed which
have enabled the biotemplating of a broad variety of materials
with high crystallographic orientation and compositional and
geometric control.'*™ A wide range of biomolecules,
including bone protein,®® enzymes,”’ and DNA,** have been
used to template the growth of nanostructures of functional
materials, ranging from metals>>** to semiconductors*>*® to
superconductors.””*® These approaches offer several advan-
tages over conventional synthetic methods, including milder
reaction conditions,'” greater size-control of nanocrystals,** and
inherent structural and chemical specificity.”’ Indeed, many
organisms have evolved the ability to nucleate and assemble
materials of specified shape, size, and composition.30’31 Not
only does nature offer renewable and diverse resources with
nanoscale dimensions, but many biomolecules have highly
specific molecular recognition capabilities.*>>* Some biotem-
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plates can even discriminate not only between different
chemical species but also between different crystallographic
phases of the same compound.*>~>*

Such biomolecules have not yet been used for the
biotemplated synthesis of PZT nanomaterials, despite the
prominence of this material in the ferroelectric and piezo-
electric classes. Using such molecules to template the growth of
PZT nanomaterials would not only provide a unique level of
control over the properties of the resulting structures, it would
also permit milder reaction conditions and fewer toxic
byproducts. Such a development would allow for the
reproducible and rational synthesis of nanowires with precise
spatial, chemical, and crystallographic control, which could lead
to an optimization of their fundamental properties and
performance metrics as building blocks for next generation
NEMS devices. Here, we present such an approach which
involves only two components: (1) a PZT sol and (2) a suitable
biotemplate. We also show that the resulting nanowires exhibit
piezoelectric constants comparable to or better than previously
reported values and that resulting integrated nanogenerators
have high scaled power outputs.

Our approach proceeded as follows. First, the sol—gel
approach is commonly used in the synthesis of crystalline thin
films of stoichiometric PZT, in which a colloidal solution of the
metal particles may be cast into a desired shape.*” As a result, a
sol route was determined to be the most readily adaptable for a
variety of templates. As piezoelectric properties of PZT peak at
the morphotropic phase boundary at x 0.53,"*" this
particular stoichiometry was chosen as a target for the
biotemplate experiments. Figure la schematically outlines our

a

b [Pr(cH,CO,),-3H,0 in acetic acid

Solution of Zi(OCH,CH,CH,),
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+ Ti[OCH(CH,),],

<— DI water, lactic acid, glycerol,

and ethylene glycol
PZT Sol

Incubation of 10:1 (v/v)
PZT sol:biotemplate

I Pyrolysis and Annealing |

| Crystalline PZT nanowires |

Figure 1. (a) Schematic of nanowire synthesis from a sol and
appropriate biotemplates. (b) Flowchart illustrating the procedure for
synthesis of biotemplated PZT nanowires.

approach. First, a Pb(Zr, 3 Tig4,)Oj; sol was prepared from lead
acetate, zirconium n-propoxide, and titanium-isopropoxide
(Figure 1b).* Stoichiometry was confirmed using EDX, and
the sol was incubated with a biotemplate before undergoing
heat treatments to form crystalline nanowires.

The anionic polysaccharide biopolymer alginate was chosen
for the initial templating experiments. Alginate has been
previously shown to preferentially bind and sequester divalent
metal cations, thereby constraining their growth alon§ the
crystallographic axis during thermal transformations.**** In

what has been called the “egg-box” model, the polysaccharide
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chains of alginate are cross-linked by divalent metal cations
(such as Ca®"), which are effectively encapsulated within the
polymer network in a spatially discrete fashion (Figure 2a).*
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Figure 2. Alginate-templated PZT nanowires. (a) Schematic of
preorganization of Pb** cations between alginate strands. (b) IR
spectra corroborating association of alginate with Pb** cations. (c)
SEM image of annealed nanowire, with corresponding EDX maps.
Scale bar, 250 nm. (d) XRD spectrum of annealed nanowires, with the
ICDD database data in red. Inset: EDX spectrum.

Upon thermal treatment, the polysaccharide network dis-
appears, leaving behind only the nonorganic material in a
preformed fiber shape. A 1:10 ratio of template-to-sol was
found to yield the greatest quantity of high quality nanowires.
Samples were pyrolized at 450 °C to carbonize the template
and annealed at 725 °C to yield the desired perovskite phase.
For both heating steps, a ramp rate of 1 °C/min was found to
be optimal for wire formation, as faster rates led to template
degradation and resulted in only discrete nanoparticles.

A series of control experiments was carried out to confirm
that it was in fact the biopolymers that were responsible for the
formation of the wire structures. No wire structures were

dx.doi.org/10.1021/nl4035708 | Nano Lett. 2013, 13, 6197—6202
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observed if alginate was omitted, if there was insufficient
incubation of template and sol, or if a TiO, sol was used
instead. Additionally, infrared spectroscopy (IR) experiments
were performed to determine whether it was the Pb** cation
that associates with alginate. When alginate was incubated with
individual Pb, Zr, and Ti precursors, IR spectra (Figure 2b)
showed that the Pb-only sample most closely resembled that of
the PZT spectrum, while the Zr and Ti spectra were markedly
different. Both the Pb-alginate and PZT-alginate spectra
exhibited peaks occurring near 1020 cm™' and 1270 cm™,
which have previously been reported as indicators of lead
association.*> A qualitative EDX elemental color heat map
(Figure 2c) of the nanowires demonstrated that the elements
were uniformly distributed over the entire length. X-ray
diffraction (XRD) further corroborated EDX data (Figure 2d)
and matched the ICDD database spectrum for perovskite
Pb(Zry53Tip47) O

Next, we investigated whether this same experimental
protocol would be successful with other biotemplates. M13
bacteriophage was chosen as a second template because (1) it
possesses an inherently thin wiry structure (1 ym in length, 20
nm in width),*® (2) it can be easily reproduced in great
quantities via bacterial infection, and (3) it can be customized
to bind compounds of interest with tailorable specificities based
on the phage display process.'* M13 is a virus that is
encapsulated by thousands of coat proteins, to which functional
motifs can be fused.*”** These fusion sequences are
simultaneously linked with the native genetic material of the
virus, allowing for exact copies to be easily reproduced in high
quantities by bacterial infection. The fusion peptides are
displayed at high densities with well-defined spacings on the
nanometer scale, because the capsid proteins have a
homogeneous size-distribution.*” Phage-displayed peptides
thus serve as robust and versatile templates with programmable
genetic control over composition and phase of nanomaterials.
Interestingly, the native phage have recently been found to
exhibit piezoelectricity when terminated with glutamate groups,
although with small coupling coefficients (d;; < 8 pm/V).

As negatively charged carboxyl groups can bind cations,”"
M13 phages were genetically engineered to display glutamate
groups all along their surface. Specifically, the triglutamate
sequence, EEE, was fused to each of the 2700 copies of the
pVIII coat protein of the virion, creating a high density display
of the functional motif (Figure 3a). It was found that the heat
treatment and template—sol ratio used for alginate were equally
optimal for the phage biotemplate. By contrast, when a random
phage library was utilized, no nanowires were observed (see
Supporting Information). Selected area electron diffraction
(SAED, see Supporting Information) revealed that the wires
were amorphous prior to annealing but became polycrystalline
after the thermal treatment. Annealed nanowires were
examined using scanning electron microscopy, and it was
found that large numbers of wires of uniform morphology
could be readily generated (Figure 3b) with small diameters of
<50 nm (inset, Figure 3b). EDX analysis confirmed the desired
stoichiometry of Pb(Zrys;Tig4;)O; (see Supporting Informa-
tion). High-resolution transmission electron microscopy
(HRTEM) indicated that the wires have a lattice spacing of
4.1 A (Figure 3c), which is expected from this composition and
crystal form of PZT.>

To determine the fundamental performance properties of
these biotemplated PZT nanowires, the piezoelectric coef-
ficient, ds;, which represents the induced polarization per unit
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Figure 3. Phage-templated PZT nanowires. (a) Pb** cations bind to
genetically engineered M13 bacteriophage displaying surface trigluta-
mate (EEE) residues. (b) SEM image of annealed nanowires. Scale
bar, 2 pm. Inset: HRTEM image of a single nanowire. Scale bar, 5 nm.
(c) HRTEM image of a nanowire and inset demonstrating a lattice
spacing of 0.41 nm. Scale bar, S nm.

stress applied in the poling direction, was measured using
piezoresponse force microscopy (PFM). Here, an AC signal
was applied between the AFM tip (NT-MDT, NSG03/Pt, 35
nm resolution) and a bottom contact electrode. A single wire
was located and poled by applying 100 kV/cm to the AFM tip
while scanning slowly in contact mode. Subsequently, d;; was
determined by ramping the applied voltage from 0 to 10 V and
measuring the piezoelectric displacement. Before poling, the
average dy; measured at different points along the wire was 21
+ 2.3 pm/V, which subsequently increased to 132 + 8.4 pm/V
after poling (Figure 4a). This is on par with or 1a1'5§er than the
values found for microfabricated PZT ribbons.>*~

dx.doi.org/10.1021/nl4035708 | Nano Lett. 2013, 13, 6197—6202
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Figure 4. Characterization of piezoelectric properties of phage-
templated nanowires. (a) Piezoresponse amplitude of a single wire,
before and after poling. Inset: average dy; measured over the length of
the wire, and standard deviation with N S locations. (b)
Construction of a device composed of biotemplate synthesized
nanowires and a photo of the completed device. (c) Short-circuit
current signal generated while applying a force on the device at 100
Hz. (d) Power output of the device as a function of both the frequency
of the applied force and the magnitude of the external resistive load.
Inset: photo of an LED illuminated by stored power generated by the
device.

Next, as a proof-of-concept for energy harvesting applica-
tions, multiwire devices were fabricated from assembled films of
biotemplated PZT nanowires. A collection of wires was
sandwiched between gold-coated electrodes and encapsulated
in PDMS (Figure 4b). To measure the power output of the
device, compressive forces were applied periodically using a
vibration generator connected to a mechanical indenter.
Measurements were conducted at various resistive loads and
frequencies while recording current signals (Figure 4c). Power
was calculated via I’R and found to peak at a value of 84 nW at
a frequency of 100 Hz and a matching load of 1 GQ (Figure
4d), which closely matched the internal resistance of the device
itself. For a 3.2 mm X 3.2 mm X 170 ym film, this translates to
normalized powers of 0.820 yW/cm?* or 48.3 uW/cm®. These
values are appreciably greater than previously cited values of
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0.03 W for nanofibers®® and 0.2 yW/cm>” and 11 pW/cm®
for thin films.>® Lastly, the device was used to power a light-
emitting diode (LED). A circuit was built with a rectifying
bridge and a 25 uF capacitor. After actuating the device at 25
Hz for 20 min, sufficient power was generated to illuminate a
commercial LED for ~1 s (Figure 4d).

Finally, a one-dimensional model for the system was
developed to corroborate the experimental results (details in
the Supporting Information). This model estimates the power
as

R
(R+ R,

_ A R AdLY?
qauz (R+R) e

where A is the amplitude of the time-varying deformation, R is
the external resistive load, ¢, is an electromechanical
conversion factor, equal to the ratio of the permittivity (&) to
the electromechanical coupling coefficient, Y is the Young’s
modulus, and R; is intrinsic resistance. The PZT nanowire-
based film is taken to have negligible capacitance and therefore
be purely resistive. Intrinsic resistance was calculated to be ~1
GQ, which agrees with both the measured value, and
consequently with the value at peak power output. Significantly,
across various frequencies, all theoretical power calculations
were found to be within 10% of experimental results (see
Supporting Information).

In conclusion, crystalline PZT nanowires with excellent
piezoresponses were synthesized via a biomimetic approach
using a variety of biotemplates. The nanowires were found to
have high crystallinity, well-controlled stoichiometries, and
exhibit excellent ds; values. Further, nanogenerators comprised
of collections of the wires were capable of generating 84 nW of
power. In addition to being able to rationally tailor material
properties with high precision, this method can also be adapted
to template more complex architectures or different materials.
For example, many biomolecules, including M13 phage, have
been shown capable of forming nanorings and three-dimen-
sional structures.*® Future work will also look into increasing
yield by further optimizing sol-template ratios, as well as
methods for controlled assembly of these nanowires by transfer
printing,ss flow alignment,60 Langmuir—Blodgett assembly,61
dry transfer,%” or dielectrophoresis approaches.”® The ability to
synthesize high-quality, high-performance piezoelectric nano-
wires and more sophisticated shapes using this novel,
sustainable synthesis route could have profound implications
for nanogenerators, soft robotics, self-powered nanosensors,
and bioNEMS devices.
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