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Piezoelectricity in Self-Assembled
Peptides: A New Way towards
Electricity Generation at
Nanoscale

Vladislav Slabov, Svitlana Kopyl, Marco P. Soares dos Santos
and Andrei Kholkin

Abstract

Self-assembled nanostructured peptides are of great interest nowadays due to
their biocompatibility and an array of outstanding functional properties. Among
them, strong piezoelectricity combined with low dielectric constant is beneficial
for high voltage and power generation at the nanoscale. This Chapter is an overview
of the piezoelectric phenomena in self-assembled peptides including effects of the
growth conditions, self-assembly, and measurement techniques on their functional
response as well as the origin of strong piezoelectricity in this material. The cur-
rent status of electrical energy harvesting in self-assembled peptides useful for
biomedical applications along with the challenges and perspectives for using these
piezoelectric biomaterials will be discussed. This Chapter is expected to provide a
guidance towards future design and application of novel functional self-assembled
materials based on nanostructured peptides.

Keywords: self-assembly, peptide, piezoelectricity, nanogenerator,
energy harvesting

1. Introduction

One of the most important trends in modern microelectronics has been the
dramatic reduction in size, decrease in power consumption and, finally, increase in
the functionality. However, the batteries supplying the energy for the devices did
not decrease significantly in size over the last years (power density increased but
only several times, [1]). They represent currently a significant volume and weight
as compared to the overall size and weight of the device itself. As such, advances
in low power design of many electronic components opened up the possibility of
using energy from the environment to power these microdevices. This increases
their functionality as they can be completely autonomous and wearable and will
not require replacing batteries for the entire lifetime of the device. One of the major
mechanisms to achieve electric energy harvesting is piezoelectric effect, which
converts mechanical vibrations into electricity, and pyroelectric energy generation,
which uses temperature changes. The vibration sources are quite abundant and
can be found, e.g., in the human motion, blood flow, low-frequency vibrations of
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buildings, motion of the cars, and acoustic noise. These can be directly applied to
piezoelectric material to generate electric power. In fact, piezoelectric harvesting
allows easy miniaturization because piezoelectric effect is scale-independent and
can be even higher at the nanoscale [2].

The interest in the application of piezoelectrics and pyroelectrics for electrical
energy harvesting has grown significantly last years. Most piezoelectric harvesting
sources can produce power on the order of milliwatts but it is still small for large
systems. However, the generated power is just enough for hand-held and implanted
devices and miniaturized wearable electronics (e.g. sensor networks). Piezoelectric
energy harvesting has been investigated since the late “90s and it is currently consid-
ered as an emerging technology. Miniaturization of the devices requires using
nanoscale dimensions, so that electricity must be harvested timely and exactly
where it can be consumed. For example, it can be used for biomedical purposes, the
piezoelectric scaffolds for cell regeneration being one of such applications [3] and
for instrumented orthopedic implants [4].

Pyroelectric materials are a subclass of piezoelectric crystals with a polar struc-
ture. All pyroelectric materials are also piezoelectric, although the vice versa does
not occur. They exhibit a change in polarization with temperature change [5]. It is
well known that there is a noticeable temperature difference between the human
body and the ambient environment (the average human body temperature being
37°C). Therefore, there is always a heat loss from the human body to the ambient
environment, mainly through skin and through the process of respiration. This
waste heat can be converted into electric energy using pyroelectric effect. Several
pyroelectric nanogenerators have already been reported, which utilized pyroelec-
tric/ferroelectric materials [6-8].

Inorganic ferroelectrics, such as lead zirconate titanate (PZT), lithium niobate
(LNO) and barium titanate (BTO), are widely used as efficient piezoelectrics,
pyroelectrics, memory cells, and electrooptic modulators [9]. They possess high
switchable polarization, strong piezoelectric response, remarkable pyroelectric
and electrooptic properties, but have some disadvantages, such as poor biocompat-
ibility and brittle nature that limits their use in biomedical applications. Moreover,
their processing requires high temperatures, so their miniaturization and integra-
tion with microelectromechanical systems (MEMS) is difficult. Novel organic or
polymer materials (e.g. polyvinylidene fluoride, PVDF) seem to not have these
disadvantages, but still may require a protection from the tissue or cell in the in the
direct contact [10] because they are not biocompatible.

In this context, bioinspired materials with biocompatibility, easy preparation,
nontoxicity and environmental friendliness have been regarded as promising
alternatives [11]. Until recently, properties of organic and biomolecular piezoelec-
trics were considered by far inferior to those of their inorganic counterparts, thus
making their applications as piezoelectrics and pyroelectrics unfeasible. Recent
studies revealed that the softness of hydrogen bonds in some representative classes
of biomolecular polar materials may be the origin of strong piezoelectric effects at
room temperature [12]. It has been reported that the piezoelectric coefficients in
self-assembled short peptides (diphenylalanine, NH,-Phe-Phe-COOH) are practi-
cally the same as in popular transducer material LNO [13]. This discovery has led
to a surge in research on piezoelectric biomaterials. A variety of microstructures
and phases have been produced that could lead to the enhancement of physical and
chemical properties by designing molecular structures, fabricating heterostructures
and introducing dopants [14]. Several reports show that the piezoelectric response
in biomaterials is directly related to their phase, shape and growth direction [15]. It
has been found that piezoelectricity of peptide fibrils and phages in axial direction
is stronger than that in the radial direction [15]. Electric charges generated by the
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physical stimulation of piezoelectric biomaterials were found to stimulate bone
growth, wound healing and tissue regeneration [16].

This Chapter is an overview of the piezoelectric phenomena in self-assembled
peptides, focusing on diphenylalanine, and includes effects of the growth condi-
tions, self-assembly, and polarization of self-assembled nanostructures peptides
on their piezoelectric properties. The discussion will further focus on their applica-
tions as nanogenerators and energy-storage devices.

2. Introduction to self-assembled peptides

Supramolecular self-assembly plays a significant role in building highly ordered
and functional structures in biology. Natural biological tissues are hierarchically
structured, and these structures appear to correlate strongly with tissue properties
and functionalities. A single macromolecule can form various functional structures
when self-assembled under different conditions. Nanotechnology is trying to
imitate what Nature has achieved, with the precision at the nanometer level paving
a way to nanobiotechnology, a division of nanotechnology that involves exploita-
tion of bioorganic molecules on the nanoscale. The nanostructures obtained from
self-assembly of bioorganic molecules are attractive due to their biocompatibility,
ability for molecular recognition and ease of chemical modification, thus providing
an innovative route for fabricating multifunctional bioorganic electronic devices
[17]. Molecular self-assembly is the main bottom-up approach for the affordable
production of bulk quantities of well-defined nanostructures. Proteins and peptides
are the most versatile natural molecular building blocks, due to their extensive
chemical, conformational and functional diversity [18]. Various peptide-based
building blocks, such as aromatic dipeptides have been designed and developed for
the construction of organized supramolecular nanostructures [19].

Diphenylalanine (FF), a fragment of the Alzheimer’ $-amyloid peptide, is one of
the self-assembling dipeptides that have recently been a subject of intense research in
nanotechnology due to unique assembly characteristics [20]. It was found [21] that
the FF self-assemble into semi-crystalline nanotubes in an aqueous solution. X-ray
crystallographic analysis, first presented by Gorbitz [22], showed that FF dipeptide
has hexagonal crystal structure (P61 space group) and can form channel structures as
well as that these simple compounds crystallize with hydrogen-bonded head-to-tail
chains in the shape of helices with four or six peptide molecules per turn. The resulting
structures have chiral hydrophilic channels with a van der Waals’ diameter up to 10 A.
It was later shown that FF peptides can also self-assemble into diverse structures, such
as nanotubes [13, 23], nanowires [24, 25], nanospheres [26], microcrystals [27, 28] or
can be further designed as 0D quantum dots, depending on the deposition conditions
and the type of solvent. The self-assembling mechanism, in which FF nanostructures
are produced, is not yet fully understood. However, the most acceptable explanation
suggests that FF self-assembling mechanism is governed by non-covalent intermo-
lecular interactions such as electrostatic, hydrophobic, van der Waals, as well as by
hydrogen bonds between aromatic rings and n-x stacking interactions [21].

The FF nanostructures are of a special interest due to their unique physical,
chemical and mechanical properties. For example, FF nanotubes exhibit a high
Young’s modulus of ~ 19 GPa [28], a huge mechanical stiffness of 160 N/m [29]
and are stable under extreme conditions, including boiling water, organic solvents
such as ethanol, acetone and various acidic conditions [30]. The discovery of strong
piezoelectric activity [13], temperature-dependent spontaneous polarization and
phase transitions in these aromatic dipeptides have established them as nanomateri-
als with possible ferroelectric properties [13].
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3. Fabrication methods and piezoelectric properties

The self-assembly process of the FF dipeptide in tubes, as well as in rods,
microribbons, fibers, among others, is carried out in the presence of liquid (mostly
water) [21, 31-33]. The water molecules are contributing by electrostatic charge,
allowing FF molecules to move closer to each other to start the assembly process
[34]. Before mixing the original FF powder with water, it is necessary to prepare a
stock solution. Many studies [35] describe a standard stock solution prepared in a
concentration of 100 mg/ml in a polar solvent (acetic acid or hexafluoroisopropanol
(HFIP)). Usually, to ensure the growth of a different structures, the stock solution
is mixed in a different ratio with water. The standard method for preparing FF
tubes is to dilute the stock solution in deionized water to a final FF concentration of
2 mg/ml [13, 21, 27]. This method produces a multitude of tubes of various lengths
and diameters from tens of nm to hundreds of um. Studies of these FF nanotubes
via Piezoresponse Force Microscopy (PFM) revealed a strong piezoelectric effect,
with the orientation of polarization along the tube axis [13]. The shear piezoelec-
tric coefficient (d;5~60 pm/V) was obtained for the nanotubes with ~200 nm in
diameter and was explained considering the dipeptide nanotubes as a crystalline
nanoceramic with polar structure.

Recently, FF tubes fabricated using this method were studied in two different
configurations [27]: (i) suspended ones (cantilever-type) with one edge clamped
to a rigid support. For the cantilever-like configuration, the tube edge was picked
up with tweezers and placed on the top of a conducting carbon tape whereas for the
study in (ii) longitudinal extensional mode, the tubes were prepared directly on a
patterned glass substrate coated with Au so as to comprise a conducting electrode.
Figure 1 illustrates these structures, focusing on the harvesting mode and experi-
mental configuration.

The vibrational response was investigated using an Atomic Force Microscopy
(AFM) setup where the conducting tip is used both to excite the piezoelectric
vibrations and to study the vibrational response via an additional lock-in ampli-
fier connected to the photodiode and synchronized with the driving voltage. The
measurement scheme is analogous to that used in the PFM method [36] but the
external ac driving was replaced with the internal one commonly used in AFMs for
the cantilever resonance calibration. Figure 2 represents the measured amplitude of
the deflection (DFL) signal in respect to the excitation frequency for the cantilever

(b) (9] AFM Cantilever

Conductive Tape

Substrate

d,, mode

Figure 1.

Schematic of the energy harvesting configurations in (a) dy; and (b) d;, modes. (c) FF tube arrangement in
the experimental situation. AFM cantilever is used to excite piezoelectric resonances and to measure induced
vibrations as a function of frequency. Arrows are used to highlight inhomogeneous distribution of electric
field that helps to induce bending resonances in the system. Reproduced from [27], with the permission of AIP
publishing.
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Figure 2.

Piezoelectric resonances excited in the FF microtube. Solid line vepresents the vesonance structure for the AFM
tip located in the middle. Dotted line is the example of the resonance peaks for the AFM tip close to the support.
Table in the set summariges resonance frequencies and quality factors for both configurations. Reproduced from
[27], with the permission of AIP publishing.

configuration shown in Figure 1 for two different tip positions. The studied tube
was 885 pm long and 13 pm in diameter. The measured resonance frequencies and
respective quality factors are shown in the inset to Figure 2. As it is clear from this
Figure, the peaks shift to higher frequencies with increasing distance between the
voltage application point (AFM tip) and the clamping point. However, the ratio
between the second and the first resonance modes is approximately the same, about
3.05-3.1. The quality factors are in the range 20-50 and are close to those reported
for piezoelectrically driven PVDF fibers prepared by electrospinning [37].

It was demonstrated [27] that self-assembled diphenylalanine microtubes pre-
pared from the solution can be used as piezoelectric resonators with the potential
to perform sensing and actuating functions in micro- and nanoelectromechanical
systems. The sharp piezoelectric resonance in the MHz range with the quality fac-
tor > 100 was already demonstrated. These parameters can be further improved by
scaling down the sizes of the devices down to sub-pm ranges.

An in-depth study of the piezoelectric properties of similar FF microtubes using
the advanced PFM were reported by Vasilev et al [38]. Piezoelectric coefficients of
the microtubes were measured in three different configurations (Figure 3). The full
matrix of piezoelectric coefficients was also determined in this work. Piezoelectric
coefficients are important input parameters for the design and fabrication of
harvesting devices based on nanostructured materials, including FF peptides.

Kim et al [25] have shown the influence of the different ratios between the
stock solution and water that impact on the hydrogen bond density, which leads
to a change of the self-assembled microstructure. This fact allows to understand
how the fabrication structure can be controlled. As concerned the manufactur-
ing methodes, it is important to find the deposition techniques suitable for mass
production. By this way, the combination of the solution properties and deposition
technique will allow forming suitable structures for the applications. Today, several
liquid deposition methods can be implemented, e.g. simple drop-casting and inkjet
printing technology. These will be overviewed in the following section.
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Figure 3.

Schematics of different configurations for the measurements of piezoelectric coefficients. (a) Measurement of d.g
(LF signal, displacements ave shown by horizontal arrow) and d,, (DFL signal, vertical arrow).

(b) Measurement of clamped dy; (LF signal, horizontal arrow) and d;, (DFL signal, vertical arrow). Tube was
fixed by conductive glue (c) measurement of d;; (DFL signal, vertical arrow). Red line shows the laser beam
reflecting from the cantilever. Reprinted from [38], copyright (2016), with permission from Elsevier.

3.1 Drop casting method

The first method we discuss here is the drop casting. This method has a similar
principle of operation as inkjet printing, but does not need rheology adjustment and
special techniques to perform the directed growth. For the drop casting method,
one just needs micropipettes, stock solution, and water. Since the crystal growth
occurs in the radial direction of drying drops (from their edges to the center) on the
substrate, the initial form of the droplet determines the orientation of the crystals.
Thus, it is possible to control the growth direction of elongated structures. In order
to implement an unidirectional growth, the method of masking with hydrophilic/
hydrophilic areas was used [39]. In this study, a surface patterning technique was
conducted to align FF peptide nanotubes (PNTs). Patterned regions of Si substrate
were created by the growth of a silicon oxide via UV/ozone exposure through a Si
mask. Further control over the diameter and density of the PNTs is achieved by
heating the FF solution prior to drop casting. Figure 4 highlights the results from
solution with 2 mg/ml concentration grown on the different size of opening masks
(hydrophilic regions).

This method demonstrates high-quality results by simple control of FF nano-
tubes growing using different wettability of patterned substrates. The modification
of these aligned microtubes allows their application in microdevices.

3.2 Inkjet printing technology

Inkjet printing (IJP) of the materials is a method that allows to form the solid
structure from liquid microdrops. The inkjet printing technology can be used for
directing self-assembly of peptides to create controlled shapes of grown crystals,
by drop geometry for useful for microelectronic applications. IJP structuring of
peptides would allow depositing micro volumes with high precision on different
substrates. However, the IJP method requires special sample preparation. The main
parameters of materials for IJP are rheology, surface tension, pH and particle size.

As was described above, the standard method for self-assembly FF molecules and
microstructure growth is a mixing of stock solution and water. Since this mixture
forms a precipitate, it cannot be used directly for the printing method. Recently, an
ink composition suitable for printing and allowing one to self-assemble the structure
has been developed [40]. This work demonstrated the controlled deposition of FF
using drop-on-demand piezoelectric printing technology combined with high resolu-
tion and reproducibility (Figure 5a). A new conformation of the printed FF-based
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SEM images grown tubes on the different size of opening masks: (a, b)—o.9 cm; (c, d)—o.5 cm; (e, f)—o0.3 cm;
(g)—Schematic of Si substrate preparation: Opening regions treated by UV/ozone for good wettability.
Reproduced from ref. 39 with permission from the Royal Society of Chemistry.

crystals grown from the ink, which was developed for this deposition method was
also demonstrated (Figure 5b). As is well known [40], printing ink must have certain
parameters for successful application. Viscous solvents and surfactants are commonly
used to change the viscosity and surface tension. But how do they affect the self-
assembled structure and its properties? Nowadays, it is known that solvents act on

FF molecules and cause significant electrostatic interactions between them [21]. This
interaction allows the formation of various microstructures, which is quite evident as
exemplified by the methanol — water mixture for the growth FF crystals [41].

In the case of ethylene glycol and surfactant, a change of grown microstructure
was noticed (Figure 5¢). That should mean the change in the self-assembly process.
As aresult, a new crystalline structure was formed: this is not a hexagonal tube, but
a flat rhombic belt. The piezoresponse of that structure was investigated by PFM
method. The obtained FF belt-like crystals exhibited a high piezoelectric response
(Figure 5d), a piezoelectric coefficient d.¢ of 40 + 5 pm/V; this value is smaller
than the one observed for typical hexagonal FF microtubes (60 + 10 pm/V) [13],
but it is still higher than those measured in many organic piezoelectrics including
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polyvinylidene fluoride [42]. The value of the piezoelectric coefficient allows the
use this material for microdevice applications. In addition, the solution was adapted
to IJP technology which opened new possibilities for the application and fabrication
functional structure on the different substrates. In contrast to the simple drop cast
method, IJP allows depositing microstructures with controlled self-assembly order.

()
Initial solution + Surfactant + Ethylene glycol
0.7 nm
(d)
00
100
g
50
NN 5
s g
(")
[+ N
0 1 i 1
0 90 180
Angle a, °
Figure 5.

Optical and PFM investigation of printed FF structure: (a, b) inkjet printed FF crystals grown orthogonal to
the drop edge; (c) influence of the additives on the micvostructuve FF crystals (scale bar 500 pm); (d) PFM
measurement of printed crystals. Reprinted with permission from [40]. Copyright © 2018 American Chemical
Society.
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3.3 Dip coating technology

The dip-coating method is a common technique for the material deposition from
liquids. This method allows fabricating thin and thick films by dipping and pulling
the substrate in the bath with the solution. Since this method allows to control the
velocity of pulling and dipping, —it can be used for crystal growth and it was sug-
gested to align FF nanotubes on the polymer substrate (Figure 6a) [43].

By controlling the stock solution concentration in water and pulling speed,
the morphology of FF peptide nanostructures from the vesicles to elongated and
aligned nanotubes was found (Figure 6b). Furthermore, FF nanotubes show
unipolarity (Figure 6¢), which is critical for the fabrication as piezoelectric energy
harvesters as nanogenerators.

3.4 Benefits and limitations of methods

Before comparing the discussed methods, the application areas must be first
defined. If the device to be designed does not require directed growth and the cost
should be low, the drop-casting method will be enough, because it is the simplest
technique and cost-efficient. However, if the device should be anisotropic and
directional response is needed drop casting on hydrophilic and hydrophobic sur-
faces is required [39]. By the puling and dipping of substrate (dip-coating method),
the deposition of oriented tubes on many surfaces can be performed, although it
depends on wettability of the substrates. But two big limitations of dip-coating
are: (1) both sides of the substrate are covered by tubes (2) deposition occurs

DDWHFIP=14

EVaDO'ation

FF solution

Figure 6.

Dip-coated aligned FF nanotubes: (a)—Schematic of the substrate pulling from a mixture of FF stock solution

and water: (b)—SEM image of the aligned FF tubes: (c)—PFM measurement demonstrated one direction of
polarization in parallel tubes. Reprinted with permission from [43]. Copyright © 2018 American Chemical Society.
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everywhere and additional patterning will be required. For the directed deposition,
the most effective method is inkjet printing, which allows jet drop the volumes as
small as 10 pL. The complexity of this method is to find an appropriate solution
formulation. A stock solution, mixed with many solvents, is demanded to prepare
a solution with required rheology, so that the microstructure can be adjusted to
specific application [40].

4. Examples of energy harvesting applications
4.1 Nanogenerator

The discovery of ZnO-based nanogenerators in 2006 [44] significantly
boosted the research on piezoelectric materials for energy harvesting applications.
Piezoelectric nanogenerators are based on the piezoelectric effect through which
mechanical energy is converted into electricity and vice versa via linear coupling of
mechanical strain and electric field. Since the discovery of piezoelectric nanogen-
erators based on ZnO, many other nanogenerators have also been developed, e.g.
based on flexible PVDF [45-47], triboelectric [48-50] and pyroelectric ones [6-8].

Peptide-based biomaterials were also recognized suitable for electrical energy
conversion. Recently, it has been reported [51] that FF vertical microrod arrays grown
under an external applied electric field, exhibit an effective piezoelectric constant
d33 of 179 pm/V The effect of the electric field resulted in a stretching of the peptide
backbone with a concurrent increase of the dipole moment. A power generator
was developed based on vertical FF microrod arrays with uniform polarization by
applying electric fields (Figure 7a, b) [51]. The FF-based power generator provided
an open-circuit voltage of 1.4 V with an applied force of 60 N (Figure 7c, d), and
a power density of 3.3 nW cm™ at 50 MQ, which is about 4 times higher than the
energy harvested by zinc oxide nanowires [44]. The FF-based nanogenerator was
integrated with a single-electrode triboelectric nanogenerator to form a hybrid device
[52]. Hybrid nanogenerator combines the advantages of both piezoelectric and
triboelectric nanogenerators, being able to provide the output voltages of 2.2 V.

Recently, a meniscus-driven self-assembly process was used to fabricate hori-
zontal large-scale FF microtube arrays with an asymmetric shape (Figure 8a) [43].
The FF nanostructure was adjusted by the type of the solvent, the solubility and
pulling speed. The resulting FF nanotube devices produce electrical energy upon
application of mechanical force. The FF-based device exhibited a voltage of 2.8V,
a current of 37.4 nA and a power of 8.2 nW, respectively, when a force of 42 N was
applied [43] and can power multiple liquid-crystal display (LCD) panels and can
power multiple liquid-crystal display panels (Figure 8b, c¢). These peptide-based
energy-harvesting materials are considered as compatible energy source for bio-
medical applications in a recent future. The parameters of several types of piezo-
electric nanogenerators are compared in Table 1. It can be seen that piezoelectric
nanogenerator based on horizontal FF tubes is the most efficient one.

4.1.1 Energy storage

Piezoelectric biomaterials as exemplified by nanostructured peptides can be also
used for supercapacitors, due to their large specific surface area. Vapor deposition
technology has been recently used to grow FF peptide nanotubes arrays as a part of
electric double layer capacitor (EDLC) [55]. The capacitor based on these nanotubes
asmodified electrode showed a high areal capacitance of 480 uF cm™ which was is

10
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(a) Schematic of the FF peptide-based generator connected to the measurement equipment. Bottom-vight inset:
Photography of a real device. (b) Schematic of the measurement set-up in which a linear motor pushes with
controlled forces on the top electrode in (a). The linear motor was programmed to always keep contact with the
top electrode to minimize the effect of static charges. (c, d) open-circuit voltage (c) and short-circuit curvent (d)
from a generator using microrods from positive-EF growth. Reproduced from [51] with the permission.
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Figure 8.

(a) Schematic illustration of FF peptide-based piezoelectric energy harvester (PEH); (b) Output voltage
responses with 1 G external load; (c) Photograph of the LCD driven by pressing the PEH with a finger.
Reprinted with permission from [43]. Copyright © 2018 American Chemical Society.

four times as high as that for carbon nanotubes modified electrodesand 30 times
higher than that for carbon electrodes without any modification. The FF nanotubes-
based capacitor demonstrated very high cycle stability and no significant capacity
loss after 10,000 charge-discharge cycles [55]. An external electric field was
applied to generate unidirectionally aligned and stable FF nanotube/microtube
arrays at room temperature [56]. The FF nanotube/microtubes with open ends
morphology and multi-layer walls were considered as the origin of the large specific
surface area. The FF nanostructures were used as electrodes to fabricate a superca-
pacitor, and a high specific capacity of 1000 uF cm™ at a scan rate of 50 mV s~ was

obtained (Figure 9).

11
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Generator Voc, V Energy ds, Applied force,
density pm/V N
PENG based on ZnO [53] 1.26 2.7 nW/em® 12.0 [54] —
PENG based on vertical FF [51] 14 3.3 nW/cm? 179 60
PENG based on horizontal FF [43] 2.8 8.2nW — 42
Table 1.

Parameters of piezolectric (PENG) nanogenerators.
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Figure 9.
Cyclic voltammetry measurements of the FTO electrode coated with unidirectionally aligned NTs/MTs (red
line). Reprinted by permission from [56]. Springer nature. Copyright © 2014.

It has been reported [14, 55, 57] that FF nanostructures hold a potential as
high-capacity ultracapacitors for fast charging in energy storage applications
such as batteries for mobile devices and electric vehicles. In particular, vertical FF
nanostructures can increase the effective activation area of modified electrodes and
increase electrical conductivity [55].

5. Conclusions

The purpose of this book chapter was to give an overview of the most relevant
findings in the piezoelectric studies on self-assembled peptides, in particular using
diphenylalanine. Diphenylalanine, as a piezoelectric self-assembled dipeptide, is
important from both the fundamental point of view and real-world energy harvest-
ing applications. The morphology of FF peptide, the mechanism of self-assembly,
the doping/composite structure are of particular interest due to their effect on
piezoelectricity From the point of view of applications, two major applications were
highlighted: nanogenerators based on piezoelectric biomaterials, such as FF peptides,
and energy storage capacitors. Both types of nanogenerators described in this Chapter
combine high efficiency, stability and self-assembled features for energy harvesting
and storage that are desirable for future applications. Further, the research on self-
assembled materials with a high piezoelectric response, by controlling their composi-
tion and structure, can lead to the next generation of nanogenerators in a near future.
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