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Abstract: In September 2015, the ONU approved the Global Agenda for Sustainable Development,
by which all countries of the world are mobilized to adopt a set of goals to be achieved by 2030.
Within these goals, the aim of having a responsible production and consumption, as well as taking
climate action, made is necessary to design new eco-friendly materials. Another important UN goal
is the possibility for all the countries in the world to access affordable energy. The most promising
and renewable energy source is solar energy. Current solar cells use non-biodegradable substrates,
which generally contribute to environmental pollution at the end of their life cycles. Therefore, the
production of green and biodegradable electronic devices is a great challenge, prompted by the need
to find sustainable alternatives to the current materials, particularly in the field of dye-sensitized solar
cells. Within the green alternatives, biopolymers extracted from biomass, such as polysaccharides
and proteins, represent the most promising materials in view of a circular economy perspective. In
particular, peptides, due to their stability, good self-assembly properties, and ease of functionalization,
may be good candidates for the creation of dye sensitized solar cell (DSSC) technology. This work
shows an overview of the use of peptides in DSSC. Peptides, due to their unique self-assembling
properties, have been used both as dyes (mimicking natural photosynthesis) and as templating
materials for TiO, morphology. We are just at the beginning of the exploitation of these promising
biomolecules, and a great deal of work remains to be done.
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1. Introduction

In September 2015, the UN approved the Global Agenda for Sustainable Development,
by which all countries of the world are mobilized to adopt a set of goals to be achieved by
2030. One of these goals is to ensure access to affordable, reliable, and sustainable energy
for all the countries in the world. In order to do this, the transition from the currently used
health-damaging cook stoves to the use of renewable energy sources should be accelerated.
Within the renewable energy sources, solar energy has the greatest potential [1-5]. Each day,
the sun radiates 165,000 TW of power to the face of the Earth, which may be exploited to pro-
duce electricity in a “economical” way. For this reason, in recent years, dye-sensitized solar
cells (DSSCs) have gained widespread attention, thanks to their low production cost, ease of
manufacture, and tunable optical properties. These optical properties include the possibility
of color selection, while still assuring transparency, a low dependence of their performance
on the light angle, a better response in diffuse light compared to semiconductors-based
PV technologies, and environmental sustainability [6-14]. In DSSC technology, a dye
captures the sunlight in a manner similar to the capture of sunlight in natural photosyn-
thesis, producing an electron injection into the conduction band of a metal oxide, giving
rise to charge separation. The schematic assembly of a DSSC is reported in Figure 1A,
while the schematic principle of operation is reported in Figure 1B. The first paper us-
ing this technology employed ruthenium-based dyes in combination with iodide-based
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electrolyte [6]. By using a porphyrin dye, molecularly engineered to attain the archetypal
structure of a donor-m-bridge-acceptor, and a cobalt (II/III) redox couple, an efficiency of
more than 13% (certified value) was achieved [15,16]. Recently, the efficiency has reached
14% (non-certified) by using co-sensitized organic dyes [17,18]. These values, however, are
still less than those offered by first- and second-generation solar cells, i.e., thin-film solar
cells and Si-based solar cells which offer an efficiency of ~20-30% [10,19-21]. Under indoor
light, DSSC exhibits all its potential, with efficiencies above 34% [17,22-25]. The DSSC
improvement in technology efficiency was achieved by focusing on the different materials
and related processes forming the cell: nanostructured metal oxide electrodes [18,26-31],
sensitizers [15,17,32-34], charge transport materials [35,36], and counter electrodes [37].
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Figure 1. (A) The schematic structure and (B) main processes and principles of operation of the
dye-sensitized solar cell.

The industrialization and commercialization of DSSC technology is feasible if the
small-area lab cells are scaled-up to the module (e.g., connection of different cells) and panel
(e.g., connection of different modules) [35,36] size. This complicates the manufacturing,
performance, and stability, with respect to the lab cells [37].

Currently, however, the introduction of perovskite solar cells (PSCs) [38—41], the
innovative lead-based technology that has rapidly and meaningfully exceeded the DSSC
efficiencies by a factor of two in both flexible and rigid devices [22], surpassed the effective
role and prospects of DSSCs for utility-scale solar energy uses. The fabrication procedures,
comparable with those of organic electronics and dye-sensitized solar cells, have driven
their success in terms of the performance of PSC technology [42]. On the other hand, at
present, the stability and toxicity of perovskite materials remain inspiring issues; thus,
DSSCs and other emergent photovoltaic technologies should be developed in order to offer
the possibility to advance solar cells due to their color, transparency, large flexibility, and
tandem configuration [43].

Scientists have developed very innovative materials focusing on the long-term stability
and high efficiency of solar cells, while often setting aside the concept of sustainability.
However, in light of the effective industrialization of this technology, sustainability should
be taken into consideration as an necessary keyword [44]. At the present time, DSSCs
are finding a “new way back” to sustainability, since many reports have focused on the
preparation of green and economical materials to replace the standard substances [13,45-48].
Moreover, the possibility of using recycled materials has been exploited [49,50]. Besides
the improvement in performance, scientists have also modified all the DSSC components,
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i.e,, the sensitizer, the electrolyte, the redox couple, and the counter electrode, in order
to realize more economical, eco-friendly and sustainable next-generation solar cells, in
accordance with the inspiring idea that Gratzel first aimed to achieve [6].

The best way to maintain system efficiency and build sustainable materials is to
take inspiration from nature. Biomimetic photovoltaic solar cells have attracted great
interest during the last few decades and have shown remarkable enhancements in power
conversion efficiency [51].

As a matter of fact, natural selection is the main mechanism of evolution, selecting opti-
mal characteristics for the survival of an organism. For this reason, using the same building
blocks used by nature to create novel materials can be a very helpful solution in solving
engineering problems, while at the same time, assuring material sustainability. In particu-
lar, in nature, all the electron transfer (ET) processes occur efficiently along a consecutive
arrangement of redox groups inserted in polypeptide matrices [52,53]. These polypeptide
media are generally supposed to assume the role of scaffolds to fix the three- dimensional
position of the redox groups, but also of mediators to facilitate ET. The «-helix is the most
recurrent secondary structure found in these matrices, and it is believed to play a central
role in the good efficiency found in the naturally occurring electron transfer process [54].
For ET reactions through model a-helical peptides, a tunnelling factor of 0.66 A~! has been
reported, which is considerably smaller than that obtained in alkyl chains, confirming that
helical peptides are a proper matrix for electron transfer [55]. Furthermore, the macrodipole
moment obtained from the vector sum of the individual peptide dipoles in the x-helical
secondary structure generates an intrinsically polar macromolecule (Figure 2), which has
been demonstrated to notably accelerate ET reactions in the same direction of the generated
electric field, both in the solution [56,57] and on the surface [58].
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Figure 2. (A) Dipole moment of the peptide bond and (B) alignment of all the dipoles along the helix
axis in a helical conformation.

During our studies, we have demonstrated that the 31¢-helix secondary structure also
has the same rectifying property, both in the solution [59] and on the surface [60-62], but to
a lesser degree than that of the a-helix, due to the hydrogen bond distortion along the helix
in the former structure [63].
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Although the tunnelling factor of helical peptides is larger than those of other macro-
molecules, such as phenylene-ethynylene [64,65] or phenylene-vinylene [66,67], helical
peptides have several advantages for the development of practical molecular electronic com-
ponents in terms of well-specified molecular structure, facile molecular design, robustness,
biocompatibility, and arrangement of functional groups along the molecule. Furthermore,
helical peptides have peculiar self-assembling properties, which can be suitably exploited
in the building up of nanostructures, and fundamentally, peptides can be extracted from
natural sources, in order to realize a new generation of green solar cells based on renewable
components. In this prospective article, we provide a description of the most significant
and recent advances in solar energy conversion strategies using peptides. This review
highlights the key advantages of using peptides in DSSC, both as a templating matrix for
light-harvesting dyes and as templating materials to obtain different TiO, nanostructures.

2. Peptides as Dyes

In natural photosynthesis, plants use lipoproteins as templates to sort chlorophyll
dyes in an ideal arrangement, in order to confer directionality to the ET process and reduce
strong interactions between different molecules.

One of the approaches used by scientists in order to follow the teachings of nature is
the immobilization of photosynthetic proteins on gold and TiO; surfaces. Photosynthetic
proteins and Photosystems I and I, have been effectively used as bioinspired devices for
photoinduced electric current generation [68-73], but their low stability, once they venture
far from their natural environment, strictly restricts their use. The possibility of enhancing
protein stability was exploited using bacteriorhodopsin, a thermally stable protein activated
by light [74].

Another approach uses self-assembled monolayers of helical peptides as encouraging
materials for very efficient current generation under light [60-62,75-84]. By using peptides,
it is possible to maintain all the advantages of protein materials (templating properties,
capability of the electrons to be transferred over long lengths, the ability to impede charge
recombination), in addition to their capability to precisely auto-organize on the surface,
creating an oriented two-dimensional array. This assures ET directionality and increments
the molecular density on the surface. Over the years, several studies have explored ET
processes in 2D self-assembled monolayers (SAMs) bound to a gold surface by changing
the peptide length, conformation, and sequence. In particular, it has been demonstrated
that the peptide length influences the electron transfer rate constant and the SAM surface
density. Long peptides (with at least 12 residues) attain helical conformations, while
shorter peptides have disordered secondary structures, which avoid the formation of a
stable self-assembled monolayer. However, the ET rate constant improves by reducing
the chain length, that is, by reducing the distance between the dye and the surface. It
has been demonstrated that using conformationally constrained amino-acids, which are
residues with a double substitution on the C%, as well as very short peptides containing
only six residues, may help to attain helical conformations [60,79-84]. In this way, it is
possible to have a compact SAM, where peptides attain a helical conformation, and in
which the dye is quite close to the surface, thereby assuring a good ET efficiency of the
system. In a further study, by exploiting the helix dipole-dipole interaction, it has been
demonstrated that it was possible to use peptides as building blocks, similar to a “LEGO”
set. In particular, we succeeded in the insertion of a peptide, devoid of the sulphur group,
into an SAM, just by exploiting non-covalent interactions [61].

Recently, the “LEGO kit” was implemented, by introducing not only a peptide able to
laterally interact with the peptides already linked to the gold surface, thereby improving
the SAM compactness, but also by the realization of a 3D supramolecular structure on
the surface, where the film length may be controlled by head-to-tail interactions between
molecules containing the thymine and adenine moieties at the extremities (Figure 3) [85,86].
Interestingly, it has been found that the efficiency of the photocurrent generation process
was influenced by the helical secondary structure attained by the peptide, which was
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modulated by the pH. In particular, the «-helix (obtained at pH 11) was found to be more
efficient than the 319-helix (found at pH 4) [86]. This innovative approach allowed for
the control of the three-dimensional (3D) organization of molecules on surfaces, so as to
confer molecular order and the perfect positioning of different redox centers, which is a
fundamental aspect for the design of artificial photosynthetic systems in order to control
the direction of electronic flow [55-58,63,87].
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Figure 3. Chemical structures of the building blocks used for the construction of films reported
in ref. [85].

However, despite fundamental achievements in the field, very few results concerning
peptide-based DSSC have so far been reported in the literature. In particular, as already
reported, in nature, ET processes occur in photosynthetic proteins, which are predominantly
in helical conformations. It has been demonstrated that the helix is fundamental to make
ET possible over long distances (>10 A). Furthermore, the large electric dipole moment
(about 3.6 D per residue) associated with a helical conformation makes the system behave
as a molecular photodiode, accelerating ET in the same direction of the dipole-generated
electric field, and inhibiting charge recombination [75]. Recently, trying to mimic this
natural process, a peptide-based dye sensitized solar cell (DSSC) was built: a helical
hexapeptide, able to self-organize on the surface in an ordered manner, has been able to
create an oriented two-dimensional array, conferring rectifying properties to the surface
(Figure 4) [88]. Despite the fact that the peptide used had dye absorbing capabilities only in
the UV region, and despite the use of a non-standard water-based electrolyte, this system
was able to improve the photoconversion efficiency of the only dye by 10 times. Moreover,
the system was stable after several cycles of measurement.
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Figure 4. (a) Chemical formula and acronym of the peptide investigated in the work of the authors
of [88]. (b) Schematic representation of the peptide on the gold-covered TiO, nanostructured surface.
(c) Photocurrent vs. voltage behavior of the peptide-based cell (black solid curve). The photoresponse
of the Au/TiO,/FTO electrode is also reported for comparison (red dotted line). (d) Time course
of the photocurrent generated by the SSU6Pyr film on the Au/TiO,/FTO electrode (dotted red
line) as compared to the bare Au/TiO,/FTO electrode (continuous black line) and to the pyrene
chromophore adsorbed on the Au/TiO,/FTO electrode (dashed grey line). The measurements have
been performed in aqueous TEOA solution, at 0 V vs. Ag/AgCl, upon photoirradiation at different
wavelengths (every 10 nm from 320 to 390 nm). (e) Schematic representation of the energy levels
involved in the photocurrent process. Reproduced with permission from ref. [88], copyright Wiley.

In another study, a dodecapeptide was synthesized (TAMRA-AMRKLPDAPGMH,
acronym: T12) containing a specific binding sequence, namely the hexapeptide motif
RKLPDA, which is able to bind to the TiO, surface [89]. The peptide was functionalized
with a tetramethylrhodamine dye. Photocurrent generation experiments were therefore
performed to determine the photon-to-current conversion efficiency (IPCE) of a DSSC, of
which the photoactive component was composed of TAMRA-AMRKLPDAPGMH /TiO,
(Figure 5). The obtained IPCE was 0.65%, a value that is certainly quite low, but is, in any
case, higher than those previously reported for similar bioinspired DSSCs. These results
point out that peptide scaffolds can be considered as encouraging materials for the design
of molecular building blocks to be used in DSSCs.
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Figure 5. Photocurrent generation experiments performed on the T12 peptide immobilized on a
TiO, /FTO electrode. (a) Photocurrent on-off graphic at 0 V bias potential, under illumination at
A =550, 560, and 570 nm. (b) Scheme of the energy states and of the electron transfer flow responsible
for the photocurrent process. (c) I-V characteristics of the T12/TiO, /FTO electrode (continuous
line) and of the bare TiO,/FTO electrode (dotted line). Adapted from ref. [89], with permission
from Elsevier.

All these results demonstrate that conformationally constrained peptides are good
candidates for solar cell technology, paving the way for the use of peptides extracted from
plants or algae in a new generation of green solar cells based on renewable components.

3. Peptides as Templating Materials

Another important application of peptides into DSSC is the possibility of using them
as templating materials. In order to enhance the efficiency of DSSCs, several parameters
should be controlled, including the physicochemical properties of the TiO, components.
In particular, a larger surface area for better dye adsorption, greater pore volumes and
diameters, hole conduction efficiency, and a network of individual nano-structures are
crucial in a DSSC [90,91]. Conversely, the application of TiO, nanoparticles in DSSCs causes
electron trapping in the nanostructured film, limiting the power conversion efficiency
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of these devices. The time scale for injection and carrying of the electrons by TiO, is
similar to the time scale of charge recombination by the electrolyte [92]. The competition
between these time scales fixes the photon-to-current conversion efficiency of the DSSC. The
principal problem of DSSCs is the loss of electrons at the TiO,—electrolyte interface. It has
been demonstrated that charge transport through a one-dimensional TiO, nanostructures
is easier because this structure causes minor resistance to diffusion [93].

One-dimensional titania nanostructures give rise to an enhancement in the short cir-
cuit current (Jsc) and open circuit voltage (V.), since when they are used as a support for
light absorbing molecules, they are able to transport electrons before the recombination
process takes place. The possibility of using self-assembled nanofibers of amyloid-like
peptides as an organic template able to favor the growth of one-dimensional TiO, nanos-
tructures can promote an eco-friendly strategy to build this kind of anodic materials in
DSSCs [94,95]. In general, the peptide used for this kind of application is diphenylalanine
(FF). FF is a well-known structural motif for the 3-amyloid, associated with Alzheimer’s
disease, giving rise to supramolecular peptide nanotubes [96]. By combining peptide
self-assembly and the atomic layer deposition technique (ALD), Kim et al. fabricated an
empty TiO, nanoribbon network using a biotemplating process [94]. First, the peptide was
self-assembled onto the surface, and then a thin TiO, layer was deposited at the surface of
the peptide template via ALD. After the pyrolysis of the peptide template, a nanotubular
TiO, framework was successfully prepared. It was also possible to control the evolution of
the crystal phase and crystallite size of the TiO, nanostructure by controlling the calcination
temperature. The authors integrated a hollow TiO; nanoribbon network electrode into
a DSSC device, and they discovered that the photo-electrochemical performance of this
cell showed a power conversion efficiency of 3.8%, which is comparable to a conventional
TiO, nanoparticle-based DSSC (3.5%). Interestingly, the aromatic peptide self-assembly
exhibits high thermal stability, allowing a fine temperature control of the process, and thus
the possibility to apply conventional vacuum deposition techniques.

A similar methodology was followed by Guler et al., exploiting two de novo designed
hexapeptides, with high binding affinity to metal ions, for the synthesis of nanostructured
TiO, [95]. Both peptides have an FF group to favor aggregation, but differ for the N- and
C-terminal residues, being a lysine (K) residue in peptide 1 (P1, Figure 6a, Ac-KFFAAK) and
a glutamate (E) residue in peptide 2 (P2, Figure 6b, Ac-EFFAAE). These terminal groups act
as nucleation and growth centers for TiO,. Owing to the long side chains of the K residues,
P1 is longer than P2 (Figure 6a,b). For this reason, the self-assembled peptide nanofibers
formed by P1, having an average diameter of 11.4 £ 0.4 nm, are slightly thicker than the
ones formed by P2 (Figure 7a,b), which showed an average diameter of 9.1 £ 0.6 nm.
Interestingly, this small difference strongly affects the morphology of TiO, nanostructures.
P1 was found to template the growth of a nanotubular TiO; structure, while P2 favored a
TiO, nanowire architecture (Figure 7a,b). To understand the effect of the morphology of
TiO, nanostructures morphology on the DSSC performance, three samples were studied:
Pl-templated TiO,, P2-templated TiO,, and template-free synthesized TiO,. It has been
shown that the K residues in P1 prevented the complete sintering of the material into
nanowires during the calcination process, giving rise to nanotubular structures. These
structures were characterized by a surface area that was, respectively, five and three times
higher than the surface area of the template-free TiO, nanoparticles. The J-V curves
showed that the nanostructured devices exhibited higher photovoltaic performance. In
particular, P1 nanotubes (efficiency 0.83%) were definitely more efficient than the nanowire
structures obtained with P2 (efficiency 0.44%), and both showed higher efficiencies than
the template-free substrate (efficiency 0.27%).
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Figure 6. Molecular structure of P1 (a) and P2 (b) peptides reported in [95], with permission from the
Royal Society of Chemistry.

Figure 7. TEM images of P1-templated TiO, nanotubes (a) and P2-templated TiO, nanowires (b) obtained
after calcination, adapted from [95], with permission of the Royal Society of Chemistry.

4. Conclusions and Future Directions

In conclusion, in this review, we have discussed the function of peptides as sustainable
materials in DSSC. In particular, we have learned about the possibility of using peptides
as bridges between a dye and the electrode surface, such use favoring the photo-induced
electron transfer process in one specific direction and avoiding charge recombination. This
photodiode-like capability improves the process efficiency, making peptide-based DSSC
very promising.

Secondly, peptides can also be used as templating materials due to their abilities to
self-assemble in a fascinating and ordered way. Different peptides may give rise to different
supramolecular structures, modulating the properties of the TiO, film obtained. In the
future, the possibility of using peptides extracted from natural sources may improve both
the production capability and the economic and environmental sustainability of the process.

Due to their biodegradability and biocompatibility, peptides are a new class of materi-
als that can help to heal the future of our planet.
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